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Abstract

Abstract

In this doctoral thesis, the influence of integrating larger particle size distributions (PSDs) up to 20-
125 um into laser powder bed fusion (LPBF) of aluminium and titanium alloys is investigated. The aim
is to identify unexploited potential for significant resource and cost savings by increasing atomization
yields up to 74 %. Despite the considerable advantages of LPBF in producing intricate geometries with
high precision, the high cost of metal powders remains a barrier to its widespread adoption. By focus-
ing on resource and cost efficiency while maintaining part quality, the research aims to determine
whether sound-quality parts are manufacturable using larger PSDs, without compromising quality. Ad-
ditionally, in this thesis, material cost-saving opportunities by integrating larger PSDs originally frac-
tioned for electron beam-based powder bed fusion (EBM) are identified.

The generation of distinct PSDs through blending and sieving is investigated and successfully con-
firmed. As a suitable tool for generating homogeneous blends in an inert gas atmosphere without sig-
nificant particle degradation, the V-shape blender is identified and consequently developed and
tested. Thermal oxidation proved to be an effective method for particle marking to verify blending
homogeneity, which is achieved after approximately 10 minutes of blending at 40 rounds per minute.

AlMg11 (commercially known as AIMgty®) and Ti-6Al-4V are examined as representatives of powder
specially atomized for LPBF and as AM material with the highest metal feedstock consumption in 2020-
2023, respectively. Six PSDs, ranging from 20-45 um to 20-170 um, are generated and evaluated for
their flowability, processability, and mechanical properties. For AIMg11, wider PSDs (up to 20-125 um)
achieve consistent apparent and tapped densities and reduce Hall flow rates from 37 to 32 s/50g when
compared to PSD of 20-70 um. Relative densities above 99.5 % are reached in printed parts for all PSDs,
with scanning speeds ranging from 805 to 1,405 mm/s.

For Ti-6Al-4V, blending LPBF_20-53 and EBM_45-106 powders into Ti64_20-100 enhances flowability.
To reach relative part densities above 99.9 %, adapted process parameters are developed such as a
10 W higher laser power, a 0.05 mm smaller hatch distance, and 300 mm/s faster scanning speed for
the larger PSDs.

Mechanical properties of printed parts are assessed for both alloys. AIMg11 shows consistent relative
densities above 99.5 %, but multiple solidification defects such as pores and cracks are noted. Hardness
remains within a range of 112-115 HV10 across all AIMgl1 PSDs, and tensile properties decrease
slightly with larger PSDs, likely due to heat retention. Ti-6Al-4V specimens meet industry reference
values using adapted process parameters, with relative densities exceeding 99.9 % and comparable
tensile properties across all PSDs. Hardness differences are minimal, with LPBF_20-53 showing a
slightly lower hardness of 322 HV10 compared to 334-336 HV10 due to slower cooling rates.

Resource and cost analysis proves that a PSD of 20-100 pum increases atomization yield by 44 %, leading
to potential material cost savings of up to 20 %, particularly for Ti-6Al-4V through the blending of LPBF
and EBM powders. Further expanding the AIMgl11 PSD from 20-70 um to 20-125 um results ina 72 %
increase in the atomization yield. This research confirms that increasing the atomization yield through
larger PSDs is a viable strategy for improving the cost-effectiveness and sustainability of the LPBF pro-
cess without sacrificing part quality.
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Abbreviation

Description

3D
316L
Al
AM
Ar
ASTM
BJ
BSE

CA
CAD
Cu
D10/50/90
DED
DEM
DIN
DOE
EBM
ELI

EN
EOS
Fe

GA

H

HV
ICP-OES
IGF-TC
ISO
LMD
LPBF
MFFF
Mg

Three Dimensional

Stainless Steel 1.4404 CrNiMo-alloy
Aluminium

Additive Manufacturing

Argon

American Society for Testing and Materials
Binder Jetting

Backscattered Electron

Carbonium, Carbon

Carbon Analysis

Computer-Aided Design

Cuprum, Copper

Decile with 10/50/90 %

Direct Energy Deposition

Discrete Element Method

German Institute for Standardization
Design Of Experiment

Electron Beam Melting

Extra Low Interstitial

European Standard

EOS GmbH (Electro Optical Systems)
Ferrum, Iron

Gas Atomization

Hydrogen

Vickers Microhardness

Inductively Coupled Plasma Optical Emission Spectroscopy
Inert Gas Fusion using thermal conductivity
International Organization for Standardization
Laser Metal Deposition

Laser Powder Bed Fusion

Metal Fused Filament Fabrication

Magnesium
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Abbreviation Description

Mn Manganese

N Nitrogen

0] Oxygen

OP-S/U Oxide Polishing Solution

oVvS Oversize

PBF-LB/M Laser-Based Powder Bed Fusion of Metals
PREP Plasma Rotating Electrode Process
PSD Particle Size Distribution

rpm Rounds Per Minute

RH Relative Humidity

SEM Scanning Electron Microscope

Si Silicon

SOTA State-of-the-art

Ti Titanium

TO Thermal Oxidation

Y Vanadium

VED Volumetric Energy Density

VDI Association of German Engineers
WAAM Wire Arc Additive Manufacturing
Zn Zinc




Nomenclature

Nomenclature
Symbol Description Unit
A Elongation at break %
Ap Surface area of a powder particle um?
br Build Rate cm?/h
C Cohesion Index [-]
Dcrop Diameter cropped of GranuDrum Drum Diameter mm
do Tensile specimen diameter middle part mm
E Line Energy J/m
HR Hausner Ratio [-]
Ip Length of particle pm
LT Layer Thickness mm
m Mass of powder g
n Sample size [-]
P Laser power W
PLD Powder Layer Density g/cm?3
ppm Parts per million, used for 0.0001 wt.-% wt. -%
Q(x) Cumulative distribution %
q(x) Frequency distribution %/um
riz Minimum distance to centre of area of particle pum
re Correlation coefficient [-]
Ra Arithmetic average of profile height deviations from the mean line pm
Rm Tensile strength N/mm?
Rpo.2 Yield strength at 0.2 % elongation N/mm?
SPHT Sphericity measured by Camsizer X2 [-]
Span PSD-Span (D90-D10 = Span) [-]
Symm Symmetry measured by Camsizer X2 [-]
Ttransus B-transus temperature °C
U Particle Circumference pum
% Volume of Hall-Funnel container cm?
VED Volumetric Energy Density J/mm3
Vp Volume of a powder particle um?3
Vs Scanning speed mm/s

\



Nomenclature

Symbol Description Unit

Wp Width of particle pm

Xorea Arefa of particle a-pproximated to a circle of the same size and the re- um
sulting diameter is assumed

Xc min Minimum diameter pum

XFe max Feret-maximum: Maximum diameter between two parallel tangents um

Ays Hatch distance pm

a a phase, hexagonal close-packed of titanium or titanium alloys [-]

o' Martensitic structure in titanium or titanium alloys [-]

a" Orthorhombic martensitic structure in titanium or titanium alloys [-]

oa Avalanche angle °

oc Correlation significance %

B B-phase, body centred cubic phase of titanium or titanium alloys [-]

B-transus B-phase transus temperature °C

w Sphericity [-]

Pa Apparent density according to the funnel method g/cm?3

Pt Tapped density according to the funnel method g/cm?3

Ocl Standard deviation of cohesion index [-]

VI



Introduction

1 Introduction

The market volume of metal Additive Manufacturing (AM) has been growing from 2.08 billion US dol-
larsin 2021 to 2.71 billion US dollars in 2023 with laser-based powder bed fusion (LPBF?) exhibiting the
highest equipment revenue share of 40 % in 2023. With more installed LPBF machines, the latest mar-
ket growth is driven by the metal feedstock consumption, that is expected to grow by up to 176 % from
3.32 billion US dollars in 2023 to 6.23 billion US dollars until 2028. [2]

The particle size distribution (PSD) for LPBF remains consistent over the last decade. It is investigated
in the early 2010s, as demonstrated in studies by Spierings et al. in 2011. The PSDs are chosen based
on layer thickness (LT) ranging between 30-60 um [3]. Improvements of the LPBF machines such as an
increase in laser powers from 200 W to 1000 W are not aligned with adaptions of the PSD. This is why
the industry still relies on typical PSDs such as 10-45 pum, 20-53 pm, 20-63 um or 20-70 um [4]. These
PSDs achieve an atomization yield ranging from 10 to 50 %. The usage of larger PSDs up to 20-125 um
offers unexploited potential for resource and cost savings by increasing the atomization yield to 30-
60 % [5—8]. The quantitative contribution of this thesis to the state-of-the-art (SOTA) is presented in
Figure 1-1. The target is to increase in atomization yield by 44 % and cost-effectiveness by 20 %, while
maintaining consistent part quality.

A
1.20 — . quality criteria®
(]
c
g
‘5 1.10 — ) .
D ) consistent quality
5 3
5] + ::>
(%]
(o}
o
1.00 — @ ﬁ
4
VT T T T T
30 40 50 60

atomization yield in % ’

Figure 1-1: Diagram of the variables for a quantitative description of the contribution to the state-of-the-art (SOTA) (left) and
list of quality criteria (right).

1 Laser-Based Powder Bed Fusion of Metals (PBF-LB/M), as defined in ISO/ASTM 52911-1, is referred to as LPBF in this the-
sis [1].

2 The calculation of cost-effectiveness is provided in Equation (1.1): cost ef fectiveness = il 7Y

(1.1).

costStarget

3 Sound-quality according to VDI 3405 2.4 for Ti-6Al-4V and according to AIMgty80-datasheet for AIMg11 [9, 10].

2



Objectives and Proceeding

2 Objectives and Proceeding

To investigate the influence of PSD on manufacturability, this thesis addresses the material flow from
the vertical LPBF process chain, presented in Figure 2-1. The horizontal process chain demonstrates
the pre-process, LPBF and post-process.

Material Flow

Powder Handling

Pre-Process # Post-Process

E @ Machine Setup ¢
L] 9 el ¥

CAD/ Process Heat Post Pro-  Surface Quality
CAM Parameter LPBF Process powderlng Treatment tachlng cessing Finishing Assurance

%z
.

Unpacking

”~
e

Recycling

Figure 2-1: Schematic drawing of the LPBF process chain with the detailed vertical material flow.

The objective of this work is to save resources and material costs for LPBF by increasing the atomization
yield by 44 % and the cost-effectiveness by 20 % without compromising quality. Therefore, the largest
processable PSD from six self-generated PSDs ranging between 20-45 pum and 20-170 um is identified
by assessing the influence of PSD on flowability, process parameters and mechanical properties. Pro-
cessability is given in case of generic defect free printability of the powder. The manufacturability of a
PSD is defined as achieving sound quality. Sound quality implies compliance with the mechanical prop-
erties from the AlIMgty80 data sheet for AIMg11 and from VDI 3405 sheet 2.4 for Ti-6Al-4V. To ensure
that the self-generated PSDs feature a homogeneous distribution, and the particle shape is not af-
fected, the blending process is validated in advance.

To achieve resource and cost savings, the identified research gaps are systematically addressed.
Knowledge and findings on the processability of PSDs up to 170 um to manufacture sound-quality parts
must be acquired to answer the research question: Can sound-quality parts with increased atomization
yield be manufactured using LPBF aluminium and titanium alloys? The systematics of the research ap-
proach are presented in Figure 2-2:
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Motivation

resource and cost savings

LPBF Post-Process

| | | |
Chemical Composition Atomization Process Atomization Yield Re-use Recycling

Research Question
Can sound-quality parts with increased atomization yield be manufactured using LPBF aluminium
and titanium alloys?

h. 4

Approach

Increase processable atomisation yield leading to increase in PSD for LPBF

Chapter 4 Chapter 5 and 6 Chapter 5 and 6 Chapter 7

Generation of Investigation of Investigation of Investigation of

varied PSDs for LPBF processability manufacturability resource and cost-
saving potentials

Figure 2-2: Graphical flow chart of systematics.

Chapter 5: Generation of varied PSDs for LPBF

In the first step, six PSDs are generated in the range from 20-45 um to 20-170 um to determine the
highest processable atomization yield. A self-developed V-shape tumbling blender and sieves with
aligned mesh sizes are used for this purpose. To ensure homogeneous powder blends in subsequent
studies, the blending results are verified in advance. All generated PSDs are characterized by particle
size, particle size distribution and particle shape. Addressing the first sub-question, “Can different PSDs
be generated from commercial PSDs for LPBF?”.

Chapter 6 and 7: Processability and Manufacturability of varied PSDs

The second step is to identify the influences of PSD on processability. Additionally, the influence of PSD
on the flowability is determined by measuring apparent and tapped density, Hausner ratio, Hall flow-
ability, avalanche angle, and cohesion index. For each PSD, process parameter adjustments are applied
to establish a process window* for a generic, defect-free material build-up with densities exceeding
99.5 % (resp. 99.9 % for Ti-6Al-4V). If both criteria are met, processability is achieved. This contributes
to answering the second sub-question: “What is the effect of the PSD on processability?”.

If processability is assured, the influence on manufacturability and, consequently, the mechanical
properties are investigated in the third step. Specimens are manufactured and analysed for density,
microstructure, hardness and tensile properties. If the mechanical properties meet the sound-quality
criteria, the PSD is manufacturable. The results are compared to those obtained using typical LPBF

4 Process window: LPBF parameter range that leads to processability.

4



Objectives and Proceeding

PSDs’ to exclude machine and environmental influences, thereby addressing the third sub-question:
“How do the different PSDs affect the mechanical properties of the manufactured parts?”.

Chapter 8: Investigation of Resource and Cost-Saving Potentials

Finally, the effect of the manufacturable PSD on the achievable resource and cost savings is examined.
Representative atomization yields are used to approximate the resource savings with the achieved
atomization yield. Additionally, market prices are analysed to determine cost-saving potentials for
PSDs available on the market, clarifying the sub-question: “How does PSD influence resources and
costs?”.

Two alloys are investigated: AIMg11 and Ti-6Al-4V. AIMg11 (traded as AlMgty®) is used as a repre-
sentative of powders specially atomized for LPBF. Increasing the atomization yield for this alloy offers
particularly potential for saving resources and costs by reducing the quantity of unused particles. Ti-
6Al-4V serves as a representative of high-cost powders. The availability of various PSDs for Ti-6Al-4V
on the market enables the purchase of more cost-efficient PSDs, such as 45-106 um [11]. The relatively
high price® of titanium alloy powders, along with their widespread use, offers potential cost savings for
LPBF users, for example, by utilizing the electron beam melting (EBM) PSD of 45-106 um.

All steps are carried out using both alloys, with processability and manufacturability are investigated
separately. For AlMg11, the focus is on identifying the PSDs that are processable. Therefore, the spec-
imens are manufactured with the same process parameters. For Ti-6Al-4V, the emphasis is on the
comparability of manufacturability, which is why the process parameters are adapted for each PSD.

5 LPBF PSDs: 10-45, 20-53, 20-63 or 20-70 um [4].
6 Pricing median Titanium is 5,734 €/kg > Aluminium > stainless steel for a single part [2].

5
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3 State-of-the-art

In this chapter, a comprehensive review of current advancements and methodologies in LPBF, focusing
on metal powders and the influence of PSD, is provided. Understanding these factors is crucial for
analysing processability and manufacturability in LPBF, as well as for evaluating their impact on me-
chanical properties and cost-effectiveness.

3.1 Additive Manufacturing

The term additive manufacturing (AM) refers to the creation of material cohesion for the production
of physical components from 3D data models through iterative and layer-by-layer construction [1].
With DIN 8580, additive manufacturing is counted among the primary forming manufacturing pro-
cesses [12]. This procedure differs from conventional, subtractive processes (e.g. milling or drilling),
shaping processes (e.g. casting or forging) or joining processes (e.g. welding or soldering). There are
various direct metal, additive manufacturing processes, including powder bed processes with laser
(LPBF) or electron beam (EBM), direct energy deposition (DED) with laser (LMD) or wire arc (WAAM)
to deposit powder or wires or metal AM processes with a sintering step afterwards, like binder jetting
(BJ) or metal fused filament fabrication (MFFF). An overview is presented in Figure 3-1. Each of these
technologies offers advantages and limitations in terms of processable materials, build volume, pro-
cessing speed, part quality (mechanical properties, dimensional accuracy and surface roughness) and
the additional post-processing. [13—16]

LPBF EBM LMD WAAM BJ MFFF
|| '_ — |
- : ! v
& ‘e E— [ —
| |
. — I I
==1|aser beam == == o|ectron beam '/'heat source ‘ arc binder
metal powder metal wire 33/- metal part

Figure 3-1: Schematic drawing of AM technologies: LPBF, EBM, LMD, WAAM, BJ, and MFFF [17].

The additive build-up allows for the production of complex structures, for material savings with near-
net shape designs, and for the integration of functions [13, 18, 19]. Industries such as aviation, space,
and automotive benefit from the advantages of LPBF technology. For instance, lightweight alloys are
employed in these sectors to achieve weight savings and reduce fuel consumption. The most used
lightweight alloys are aluminium and titanium alloys [1, 3, 13], which is why this investigation focuses
on these materials. The AM technology used is LPBF, presented in more detail in the following section
[20-23].

3.1.1 LPBF

Laser-based powder bed fusion (LPBF) is an iterative process, where metal powder is selectively melted
in a powder bed using the energy input of a laser beam (200-1000 W) and then re-solidifies to form a
component. The powder is applied from the storage tank to the building platform with a blade. The
applied powder layer should be homogeneous and possess a consistent powder density. The quality
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of this layer directly impacts part quality, as irregularities cause defects. A laser beam scans the com-
ponent contour of the respective layer and thus melts the powder [1, 18, 24, 25]. A stereotypical LPBF
machine system is displayed in Figure 3-2 (a) and a schematic drawing of the melting track in Figure
3-2 (b).

(@)  laser source (b) scanning

mirror direction

melt pool

recoater
overflow supply
build platform re-solidified melt layer thickness

lanes

Figure 3-2: Schematic drawing of (a) a stereotypical LPBF machine and (b) LPBF melting track [26].

The entire build chamber is flooded with an inert gas, usually argon or nitrogen, to set the oxygen
content to 0.01-0.05 ppm [25]. This prevents oxygen pickup in the part during the process and protects
against discharges that trigger explosions. The melted particles re-solidify together to form a compo-
nent featuring vertical grain growth over multiple layers with densities up to 99.99 % [25, 27]. After
scanning each layer, the build platform is lowered to set the targeted layer thickness and new powder
is applied [3, 25]. According to Wang et al. and Jing et al. layer thickness from 20-150 um are used [28,
29]. Overflow powder is collected in a storage container. This powder is sieved to remove spatters and
agglomerates to recycle the powder for further usage.

The process parameters laser beam shape and diameter, laser power, scanning speed, hatch distance,
layer thickness, pre-heat temperature, blade type and scanning strategy are adapted to the material,
the powder, the desired mechanical properties and productivity [30—32]. The interaction of the pro-
cess parameters with the particle size and their influence on the mechanical properties is described in
more detail in Section 3.2.2.2.

3.1.2 Alloys

The chemical composition of the powder determines the chemical composition of the part and there-
fore its properties. LPBF is similar to a welding process with the melting of the powder and the re-
solidification into a component, which is why many LPBF powders are based on welding alloys such as
AlSi10Mg, Ti-6Al-4V and 316L [33]. Custom LPBF alloys are developed to increase processability and
manufacturability and to achieve the desired mechanical properties [30]. The alloying elements vary
in melting temperatures and laser radiation absorptions, leading to different melting behaviour in the
process. Boley et al. determined the alloy dependent laser absorption of the materials, with 0.22 for
Al and 0.64 for Ti [34].
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3.1.2.1 AlMgll

The aluminium alloy AIMg11 features a density of 2.6 g/cm? and is a precipitation-hardening material.
The melting point of aluminium (Al) is 660 °C, while for magnesium (Mg), it is 650 °C [8]. The average
strength of this alloys results mainly from solid solution strengthening, in addition precipitation and
grain refinement contribute to the strength. Suzuki et al. describe a formation of hierarchical micro-
structures in LPBF for aluminium alloys [35]. AIMg11 features natural corrosion resistance against sea-
water. Therefore, it is used in shipbuilding and containers [36, 37]. The full AIMgl1-alloy composition
is demonstrated in Table 3-1.

Table 3-1: Chemical composition of AIMg11 according to AIMgty80 material data sheet [9].

Al Si Fe Cu Mn Mg Zn Ti

Rest <0,1% <0,1% <0,05% <0,05% 9-11% <0,05% 0,011-0,5%

The values from the AIMgty80 material data sheet (in Table 3-2) apply as a reference for the assess-
ment of the achieved mechanical properties.

Table 3-2: Mechanical properties of AIMgl1 according to AIMgty80 material data sheet [9].

Mechanical properties Target values in as-built condition
Yield Strength at 0.2 % Rpo.2 <220 MPa
Tensile Strength Rm > 340 MPa
Elongation A <15%
Vickers Hardness 100-115 HV10

3.1.2.2 Ti-6Al-4V

Ti-6Al-4V features a density of 4.42 g/cm? and a melting temperature range of approx. 1604-1664 °C
[38, 39]. The Ti-6Al-4V extra low interstitial (ELI) Grade 23 features a defined chemical composition
with a maximum oxygen content of 0.13 wt.-% and a maximum hydrogen content of 0.012 wt.-%. In
comparison, Grade 5 features a maximum oxygen content of 0.20 % and a maximum hydrogen content
of 0.015 % [40]. The alloy composition is presented in Table 3-3.

Table 3-3: Chemical composition of Ti-6Al-4V Grade23 — ELI according to ASTM B348 [41].

Ti Al Vv Fe C (0] N H
Powder in in in in in in in in
[wt.-%] [wt.-%] [wt.-%] [wt.-%] [wt.-%] [wt.-%] [wt.-%] [wt.-%]

Ti-6Al-4V

- - < < < <
Gr 23 — ELl Balance 5.5-6.5 3.5-4.5 <0.25 <0.08 <0.13 <0.05 0.012

Asherloo et al. describe the microstructure obtained from LPBF as an a'-martensitic, fine needle-like
structure in columnar prior B grains and prior B grain boundaries [42, 43]. This structure exhibits a
nanoscale B phase (approximately up to 4 %), along with an orthorhombic a' phase within the Vana-
dium (V) oversaturated regions [43—48]. Grain growth aligns with the build direction with grains grow-
ing several hundred micrometres through re-melting of previous layers [42, 49, 50]. Thijs et al. identify
a B-columnar structure with a 90° scanning pattern rotation in LPBF [42].
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A desired microstructure is formed in situ with an adapted process parameter combination or ex-situ
with heat treatment [43]. In situ: Xu et al. decrease the layer thickness from 90 um to 30 pum, which
results in finer grain structure of average 15 um instead of an average of 70 um. With an increased
hatch distance from 0.12 to 0.18 mm, the energy density is reduced from 50.62 to 33.74 J/mm?3, which
forms a dominant a’ martensite phase instead of ultrafine lamellar (a+f3) [51]. Ex situ: Heat treatment:
Yadroitsev et al. show that to influence an anisotropic characteristic, the B-transus temperature of
around 980-996 °C must be reached, which allows for a phase re-nucleation [52-55]. A heat treatment
between 760 °C-850 °C transforms the a'-martensite into an acicular a-phase inside prior B-grain
boundaries [56]. With a heat treatment of 800 °C for 2 h, Sallica-Leva et al. achieve an increase in
ductility from 8.5 to 11 %, due to a full decomposition of martensite and a refinement of
microstructure [57]. Strengthening mechanisms in Ti-6Al-4V include strain hardening, solid solution
strengthening, precipitation hardening, and grain refinement [37].

As a reference for industry standard, the mechanical properties presented in VDI 3405 part 2.4 are
used. For a more comprehensive interpretation of the findings in this thesis, published values from
Xue et al., EOS Optical Systems GmbH and Nikon SLM are referenced, as presented in Table 3-4 [10,
50, 58, 59]. The properties obtained in this study are compared to these references to assess if industry
standards are met. The results depend on various factors, including the type of machine used, process
parameters, and heat treatment, and are therefore only transferable to a limited extent.

Table 3-4: Mechanical properties of Ti-6Al-4V based on literature review [10, 50, 58, 59].

Heat LT Rm Rpo.2 A
Study Hardness
Treatment in[um] in [N/mm?] in[N/mm3] in[%]
VDI 3405 part 2.4 843°C4.5h / 990 898 12.4 HV10 339
(min. value)
Xue et al. (horizontal) 800°C2h 60 1029 956 14.3 /
Xue et al. (vertical) 800°C2h 60 1041 978 16.2 /
EOS (horizontal) 800°C2h 40 1050 940 14 /
EOS (vertical) 800°C2h 40 1050 980 15 /
Nikon SLM (horizontal) 940°C4h 60 987 894 12
307 HV10
Nikon SLM (vertical) 940°C4h 60 991 905 15

3.1.2.3 Humidity and Oxygen

Powders tend to absorb moisture, e.g. the relative humidity (RH) of the atmosphere in the form of
H,0, which forms liquid bridges between the particles [60]. Weiss et al. expose AlSi10Mg powder for
14 h and a temperature of 50 °C to a relative humidity of 80 %. They measure an increase in moisture
content from 0.084 wt.-% in the as-received-state to 0.098 wt.-% after exposure, corresponding to an
increase of one sixth [61]. Cordova et al. expose Ti-6Al-4V powder to the atmosphere for 72 h at 50 °C
and 80 % RH and measure an increase of 0.035 wt.-% in moisture content [60]. The same exposure for
AISi10Mg results in an increase from 0.057 to 0.437 wt.-%.

This shows, that an uptake of H,O is dependent on the alloy, the exposure to relative humidity, and
exposed time, and temperature [62, 63]. In tendency, moisture uptake increases if relative humidity
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increases, exposure time increases and temperature increases. Weiss et al. measure an increase in
avalanche angles from 47° to 49° for AlISi10Mg after exposing it for 14 hours to 80 % RH in 50 °C [61].
Agglomerates are formed, which reduces flowability [61, 64]. An oversaturated melt causes so-called
hydrogen porosity [65—67]. Either dissolved hydrogen is precipitated during the re-solidification of the
melt or the metal oxides are reduced by the hydrogen with the formation of water vapour [68].

Seyda et al. investigate the impact of oxygen content in the powder on the static mechanical properties
of Ti-6Al-4V. A powder with an oxygen content of 0.073 wt.- % achieves a tensile strength of 1020 MPa,
an elongation of 7 % and a hardness of 360 HV1. In comparison to a powder with a higher oxygen
content of 0.139 wt.- %, that exhibits a tensile strength of 1100 MPa, an elongation of 4.5 % and a
hardness of 390 HV1. An increased oxygen content leads to a higher tensile strength, a higher hardness
and a reduced ductility. [69, 70]

The oxygen contents of different PSDs are investigated by Xiongfei et al. for Ti-6Al-4V, who observe an
oxygen content below 1000 pg/g for 45-150 pm and about 1500 pg/g for particles below 45 um, due
to higher specific surface area of the smaller particles [7]. Balbaa et al. measure the oxygen content of
AISi10Mg parts produced with 5-15 um and 20-56 um PSD. The smaller powder features up to
35 wt.- % oxygen content, which is 30 wt.- % more than the 5 wt.- % oxygen content of the larger pow-
der [20].

3.2 Metal Powder for LPBF

Metal powders are a frequently used feedstock material in AM, they are utilized according to
ISO 52900 in the processes EBM, DED, BJ and LPBF [1, 71]. In the following section, an overview of the
state-of-the-art of metal powders for LPBF is presented. The material life cycle of the metal powder
serves as the framework for this section. Initially, atomization technologies of the powders used are
explained. Subsequently, the powder characteristics affecting LPBF and part properties are described.

3.2.1 Powder Atomization

Metal powder is produced through solid state reduction, mechanical grinding, atomization, electrolysis
or chemical processes [71]. The production process determines the powder's characteristics, which
influence the physical, mechanical, and microstructural properties of the printed component [69, 71,
72]. Key characteristics include morphology, density, particle size and distribution, flowability, and
chemical composition [73].

The atomization technologies differ in their raw materials, melting technology (heat element or plasma
torch), the nozzle designs and the atomization medium used, such as gas (GA), water, plasma. [71, 74].
The powders investigated in this work are produced via gas atomization and plasma atomization, as
shown in Figure 3-3.

10
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Plasma Atomization

Gas Atomization
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Figure 3-3: Schematic drawings for (a) gas atomization and (b) plasma atomization and exemplary SEM images of the result-
ing powders [74, 75].

Qi et al. report an atomization yield of 10 % for a gas atomized PSD range of 20-70 um for FeCrNiBSiNb
[5]. Anderson and Terpstra achieve with gas atomization an atomization yield of 50 % for the same PSD
for 316L [6]. Xiongfei et al. investigate plasma rotating electrode process (PREP) with 10 % atomization
yield for a PSD below 45 um and electrode induction guiding gas atomization with 35 % [7]. Exemplary
cumulative particle diameters for gas atomization from Qi et al. and Anderson and Terpstra are shown
in Figure 3-4, highlighting yields from 20-70 um. [5, 6]

(a) .| [.20-70 um (b) _20-70 um
100 T
© [ particle diameter distribution (%) | 100 Jemeemmmooooo b
£ 4 7 7‘\ particle diameter i S
S cumulative (%) o 75 o H
2 180 ¢
23 A particle diameter b= 20-70 pm: 50%
= distribution (%) S
k%] 160 €
© S 501 1
52 puf AP A
g 120 &
c [}
8 £ 25 E
T 1 120 .8 particle diameter
% ] R g cumulative (%)
£ 20-70 pym: 10% | < '
3 . B T SLESS — 0 s O rrr v
L] T
0 200 400 600 800 2 9 10 100 1000

particle diameter in pm

particle diameter in um

Figure 3-4: Diagrams of particle diameter distributions with GA atomization yields, a) from Qi et al. [5] and b) from Ander-
son and Terpstra [6].
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3.2.2 Powder Characteristics

The characteristics of the powder influence the flowability, therefore the spreadability in the building
chamber and thus the mechanical properties of the resulting part [19, 27, 71, 76]. That is why the
particle shape, size and flowability are explained in detail in the following sections.

3.2.2.1 Morphology / Particle Shape

Morphology (Greek popdr morphé — shape, form) is the study of form, shape, and structure [77]. The
particle shape is formed during the atomization process and is determined by the technology used as
well as the settings during atomization [69, 71]. The particle shapes for LPBF vary between spherical
and irregular, as presented in Figure 3-5:

spherical irregular

Figure 3-5: Schematic drawings of the particles shapes: spherical and irregular [65].

In 1935, geologist Hakon Wadell defined the term sphericity W, that describes how spherical a body
or, in this work, a particle is with the Equation (3-1) [78].

1 2
v = T3 * (6 * VP)3
Ap

(3-1) [78]

Vp = Volume of a powder particle in m3
Ap = Surface area of a powder particle in m?2

The surface of the particle being examined is compared to that of a sphere with the same volume, and
the ratio describes the sphericity (W) [78, 79]. A perfect sphere particle features a sphericity of one,
irregularities decreasing the ratio. In LPBF, irregularly shaped spatters are formed and ejected from
the melt pool. Agglomerates are satellite-shaped clusters of particles that are not materially con-
nected, with a total surface area similar to the sum of individual particles [80]. With interparticle forces,
agglomerates are bonding [80, 81]. The particle surface structure exhibits smooth, dendritic, or uneven
characteristics.

3.2.2.2 Particle Size and Particle Size Distribution

Metal powder is the feedstock material for LPBF. The powder consists of particles in different sizes,
typically indicated by particle diameter and the deciles D10, D50, and D90. These values represent the
percentage of particles below the specified value: For example, a D50 value of 45 um indicates that
50 % of the particles are smaller than 45 um, with D10 and D90 representing the same for 10 % and
90 % of the particles, respectively. Graphically, the PSD is presented as a frequency distribution, or sum
distribution, as demonstrated in Figure 3-6. [82]

Typical PSDs for LPBF are 20-53 pm, 20-63 um, and 20-70 um, while a smaller distribution of 15-44 um
is commonly used for steels, oriented to the respective layer thickness [4]. According to VDI 3405
part 2, the maximum particle diameter should be one-third of the selected layer thickness [83]. Meier
et al. recommend the smallest layer thickness of two to three times the maximum particle diameter
to form a homogeneous powder bed [84]. Most PSDs follow a monomodal Gaussian distribution [50].
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Haferkamp et al. state that bimodal distributions do not affect part density [85]. A typical layer thick-
ness for LPBF is between 30-60 um [25]. Wischeropp et al. demonstrate that the effective layer thick-
ness on top of the part is 4-5.5 times higher than the levelling height, because of the shrinkage due to
re-solidification [26].

20 monomodal /

80 distribution
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Figure 3-6: Diagram of a frequency and sum distribution of a Ti-6Al-4V 45-106 um powder based on own measurement.

To produce dense parts (above 99.5 % relative density), Rausch et al. increase the line energy’ from
60 J/m for 30 um mean particle diameter to 67 J/m for 90 um mean particle diameter for Ti-6Al-4V
[86]. This finding aligns with Spierings et al., who demonstrate a relationship between the required
volumetric energy density (VED) and the PSD: to achieve a relative density above 99.0 %, the VED is
20 J/mm3 higher for a D50 of 37 um compared to a D50 of 15 pum [3]. Zhang et al. investigate the scan-
ning track dimensions and identify that for a powder with a D50 of 5 um, the track width is 200 um
and the track depth is 205 pum. For a powder with a D50 of 48 um, the track width is reduced to 165 um
and the track depth to 45 um, using the same process parameters. This shows a 17.5 % decrease in
track width and a 78 % decrease in track depth, with an increase in D50 from 5 um to 43 um [87]. Li et
al. investigate the melt pool size of AlSi10Mg for increasing laser exposure time. The width increases
from 110 to 130 um and the depth from 40 to 60 um by increasing the exposure time from 100 to
180 ps [88]. Baitimerov et al. conclude that process parameters should be adapted to the particle sizes
[18].

The impact of particle size on the mechanical properties of various alloys is analysed in several studies.
Spierings et al. investigate the influence of particle size on the mechanical properties of 316L (1.4404).
With a layer thickness of 45 um, the lowest surface roughness occurs at 50-60 J/mm3 VED, measuring
4 pm Ra for 7-25 pm particles and 7 um Ra for 15-55 um particles. Particles up to 55 um reduce tensile
strength from 750 MPa to 600 MPa and yield strength from 650 MPa to 450 MPa, while elongation at
break increases from 30 % to 40 %. [27]

7 EL = Pi/vs with the laser power P, and the scanning speed v; [86].
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Gu et al. identify no significant differences in microstructure for PSDs with mean particle diameters of
30 um and 38 um for Ti-6Al-4V printed, using the same process parameters [49].

Xue et al. identify a process window for Ti-6Al-4V with 99.9 % relative density between 33-50 J/mm?3
VED for PSDs ranging from 0-53 um to 15-105 um. The surface roughness on a 45° up-skin surface is
8.66 um with a PSD of 15-53 um compared to 9.88 um with a PSD of 15-105 um. [50]

Balbaa et al. report that AlSi10Mg with 5-15 um powder results in 57 % larger cell sizes compared to
23-67 um powder. They attribute this difference to higher absorptivity of the smaller particles, which
increases the melt pool temperature and decreases the cooling rate. The relative density of the smaller
powder is 95 % compared to 99 % of the larger powder. [20]

The studies indicate that PSD significantly influences the powder bed quality, melt pool characteristics,
and mechanical properties in LPBF processes.

3.2.2.3 Flowability

Flowability refers to the ease with which a powder begins to roll and slide due to gravity, without other
external forces (gravity excluded) [89]. When gravitational forces outweigh interparticle forces, the
powder slips. 8Approximately 80-90 % of interparticle forces are generated by Van der Waals forces
[91]. In addition, hydrogen bonds, electrostatic and magnetic effects contribute to interparticle forces
[92]. Relative smaller particles feature a higher specific surface area and lower weight, leading to
increased interparticle forces relative to gravitational or resistance forces. Consequently, as the parti-
cle size decreases, the interparticle forces increase in relation to gravitational or resistance forces.
While an exact determination of interparticle forces for the powders investigated is beyond the scope
of this thesis, a relative comparison is employed instead. For more details on the calculation of
interparticle forces, see Castellanos [93].

In LPBF, spreadability describes the powder's ability to form an even and dense powder layer® during
recoating [27, 94]. Therefore, flowability is a key indicator of a powder's spreadability for LPBF. Meier
et al. state that an even powder package stabilizes the melting area, avoiding irregularities in the part
[70]. To accurately assess flowability for LPBF powders, it is essential to select methods that closely
mimic the powder's spreadability during the process. Although powder flowability depends on particle
properties, itis also influenced by the powder's interaction with its environment [69]. Given the various
physical characteristics that affect flowability, a comprehensive understanding of powder
characteristics and their movement, as well as different characterization methods, are necessary [69,
95, 96]. Typical techniques include optical evaluation, apparent and tapped density, Hausner ratio, Hall
flowability, avalanche angle, cohesion, surface fractal analysis, powder rheology, and shear tests [69].
Each technique applies distinct stresses to the powder, yielding condition-specific results. That is why
multiple flowability measurements are applied [96]. When comparing the values among each other, a
higher value means a lower flowability because more interparticle forces must be overcome.

8 Haferkamp et al. identified a higher Hausner ratio of 1.11 for AISi10Mg, which features a lower density of 2.67 g/cm?, com-
pared to a Hausner ratio of 1.05 for 316L, which features a density of 8 g/cm?3 [90]. This demonstrates how chemical compo-
sition affects the Hausner ratio.

9 Powder Layer Density (PLD): 53-56 % for Ti-6Al-4V according to Wischeropp et al. [26].
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3.2.2.3.1 Influence of Particle Size on Flowability

Xue et al. investigate the influence of particle size on the flowability and processability of Ti-6Al-4V
powders. They identify that the apparent and tapped densities are higher for the 15-105 um powder,
at 2.41 g/cm?® and 2.92 g/cm3, respectively, compared to 2.3 g/cm? and 2.84 g/cm? for the 15-53 um
powder. The larger particles (above 53 um) fill in between the smaller particles (below 53 um), reduc-
ing overall interparticle forces and resulting in enhanced flowability. A broader particle size span of
90 um seems sensible in terms of higher powder density. [50]

Habibnejad-korayem et al. identify the highest flowability for a 45-106 um Ti-6Al-4V powder, with an
apparent density of 2.61 g/cm3, tapped density of 2.77 g/cm3, a Hausner ratio of 1.06, and a cohesion
index of 5.8. The lowest flowability exhibits a 15-75 um powder, with an apparent density of
2.56 g/cm3, tapped density of 2.83 g/cm?, a Hausner ratio of 1.11, and a cohesion index of 9.5. [97]

Baitimerov et al. compare two AlSi12 powders, both atomized with gas from different suppliers. The
powder with a PSD of 24-71 um features higher flowability, with an apparent density of 1.20 g/cm?
and a Hall flowability of 65.4 s/50g, compared to the powder with a PSD of 17-84 um, which features
an apparent density of 1.28 g/cm? and a Hall flowability of 72.2 s/50g. The 24-71 um powder achieves
a relative density of 99.4 %, compared to 95.6 % for the 17-84 um powder, using the same process
parameters. The higher flowability influenced the higher density, though no significant differences in
microstructure are detected. [18]

Balbaa et al. analyse two AlSi1OMg powders: one with a small PSD of 5-15 pum and one with a large PSD
of 23-67 um. The small powder shows no Hall flowability, while the large powder flows for 76 s/50g
through the funnel. The flowability of the large powder results in a 21 % higher powder bed density of
53 % compared to the small powder. [20]

These studies collectively suggest that small particles fill the voids between larger particles, enhancing
packing density and flowability. Therefore, a mixture of small and large particles is recommended to
exploit the advantages of both sizes and mitigate the negative properties for compactibility. This con-
clusion counters the idea of using ever smaller powders to achieve thinner and smoother layers, thus
challenging the notion that smaller powders lead to lower surface roughness of components. [3, 98,
99]

3.2.2.3.2 Influence of Particle Shape on Flowability

The influence of particle shapes on flowability is investigated by Haferkamp et al., who compare pow-
ders with similar PSD and different particle shapes to their flowability and packing density. For 1.4404,
the lowest sphericity of 0.68 in a water-atomized powder results in a Hausner ratio of 1.24. In contrast,
an almost spherical PREP-atomized powder with a sphericity of 0.99 features a Hausner ratio of 1.05.
The lower packing density leads to a reduced part density of 98.1 % compared to 99.4 %, despite using
the same process parameters. In a similar measurement with AISi10Mg, the powder with the highest
sphericity of 0.98 features a Hausner ratio of 1.11 and a part density of 98.4 % with a D50 of 38 um.
The powder with the lower sphericity of 0.94 and a Hausner ratio of 1.13 achieves a higher part density
of 98.6 %, with a D50 of 48 um. This shows a clear correlation of higher sphericity and higher flowabil-
ity, but no clear correlation between sphericity and part density. [90]
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Brika et al. investigate three Ti-6Al-4V powders, all within the PSD range of 20-50 um. The powder with
a sphericity of 0.91 features a Hausner ratio of 1.07 and a part density of 99.5 % at 30 um layer thick-
ness and 99.3 % at 60 um. The powder with a sphericity of 0.97 yields a relative density of 99.8 % at
30 um and 99.5 % at 60 um. Both studies indicate that more irregular powders tend to exhibit lower
flowability, leading to reduced densities. [73]

Chu et al. compare two AlSi10Mg powder batches, one spherical (qualitatively analysed via scanning
electron microscope (SEM) images) with 20-55 um PSD and one irregularly shaped with attached sat-
ellites and a PSD of 22-68 um. The spherical powder, with a repose angle of 39° and cohesion stress of
0.3 kPa, features an enhanced flowability in contrast to the irregularly shaped powder with a repose
angle of 41° and cohesion stress of 0.4 kPa. With a VED of 69 J/mm3, the spherical powder yields a
higher part density of 99.9 % compared to 99.8 % for the irregularly shaped powder. With a VED of
84 J/mm3, the relative density of the spherical powder is 99.6 % and the melt pool is overall smaller:
53 um height and 144 pm width compared to 98.3 % relative density of the irregularly shaped powder
with a 62 pm melt pool height and 166 pm melt pool width with a VED of 69 J/mm3. [31]

In tendency, smooth and regular-shaped particles reduce the particle contact points and minimize the
frictional forces, leading to higher flowability and homogeneous packing properties that stabilize the
melting zone. Irregularly shaped particles cause geometric snagging, leading to uneven powder layers.
This results in variations in energy absorption and laser reflection, negatively affecting part density.
[19, 22,71, 100-102]

3.2.3 Research Needs for Increased Particle Sizes

Within the identified literature, listed in Table 3-5 and Table 3-6, there are several gaps in the system-
atic investigation of PSDs above 70 um for LPBF. Current studies largely focus on typical PSDs and do
not address process parameter adaptations to PSDs for the analysis of mechanical properties or the
use of up-to-date LPBF machines. The atomization yield of 10-50 % for LPBF powders and the restricted
material selection further highlight the need for research into larger PSDs. Closing these gaps aims to
improve resource efficiency and reduce costs in AM.
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Literature review | — studies on increased PSDs [18, 49, 84, 86, 103—105].

Table 3-5
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Literature review Il — studies on increased PSDs [3, 24, 50, 69, 87, 106—108].

Table 3-6
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3.3 Powder Blending

Powder blending is presented as a method of PSD generation. Blending of two powders is classified as
solid-solid blending. As the only blending category used in this investigation, it will be referred to as
“blending” in the following. Blending of several powders represents a basic operation of mechanical
process engineering. Blending aims to homogenize the powders to a complete random state [109—
111]. Furthermore, blending processes are classified concerning their conveying directions (axial, radial
and tangential) [112].

3.3.1 Solid-Solid Blending

The blending of two powders presupposes a movement of particles. The movement is subdivided in
terms of its spatial extent. A distinction is made between convection and dispersion, analogously clas-
sified as coarse blending and fine blending. The two forms of blending take place at the same time and
overlap. Their transition to each other is fluid. In Figure 3-7, the blending processes are shown sche-
matically after an initial blending. Filled and blank dots represent particles of two powders (powder A
and powder B). [113]
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Figure 3-7: Schematic drawing of (a) convection, (b) dispersion, and (c) convection and dispersion overlapped mechanisms
during blending [113].

Convection refers to the transport of particle groups within the blending chamber. The separation of
the material takes place at random points. In this way, the size of the single-powder groups is gradually
reduced. There are completely segregated phases at the beginning of the blending process. Convection
increasingly abolishes the separation of the phases. This results in randomly distributed groups of

smaller initial components. [113]

Dispersion works alongside dispersion blending. This form of blending is described as dissolving the
boundaries of the groups. Dispersion takes place at the particle level. Through the random exchange
of neighbouring particles, the boundaries between the groups of the same powder are blurred. The
range of dispersion is limited to the neighbouring particles. The effectiveness of dispersion therefore
increases as convection progresses, increasing the number of particles in adjacent positions to particles
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of other components. The effectiveness of fine blending also determines the achievable blending qual-
ity. [113]

3.3.2 Segregation

The homogeneous random distribution as a blending result is subjected to potential segregation. In-
fluencing factors are particle interactions, which reduce the free particle movement. Differences in
particle size, shape, and density are decisive for the intensity of segregation [111, 113, 114]. According
to Weinekotter and Gericke, the particle size is supposed to exert the biggest influence [113]. A differ-
ence in particle size of 1:1.3 leads to segregation, which is intensified by increasing size ratio. Cohesive
interparticle forces reduce the particle-ratio-effect. Segregation occurs at any time due to different
mechanisms separately or, more likely, multiple parallel mechanisms [89]. A blend container design
that enforces re-blending while emptying the container, such as one using mass flow, prevents it [89].
Segregation is not to be equated with over-blending, which leads to a deterioration of material char-
acteristics [111]. The two segregation effects that are most relevant for this work, slip-of-slope and
percolation, are presented in Figure 3-8:

(a) Slip-of-Slope (b) Percolation

shake
(vertical)
(.
PSD edges @
SovoR
PSD centre mechanism

Figure 3-8: Schematic drawings of segregation mechanisms: (a) slip-of-slope and (b) percolation [89].
1) Slip-of-Slope

Particles of different sizes exhibit variations in their momentum and cohesion. When a flowing powder
impacts a heap, the smaller particles, with relatively lower momentum, tend to settle directly below
the point of impact. In contrast, the larger particles, with relatively higher momentum, accumulate at
the outer edge of the heap, as demonstrated in Figure 3-8 (a). This phenomenon is known as the slip-
of-slope effect or momentum segregation. [111]

2) Percolation

During the movement of a powder, particles interact and create gaps between each other. Particles
fitting into the gaps preferentially flow into these. Since gravity is the dominant external force in most
powder applications, the relatively smaller particles drift downwards within the moving powder. This
effect. Known as percolation or sifting, is demonstrated in Figure 3-8 (b). [89]

3.3.3 Research Needs for Powder Blending

For PSD generation, a homogeneous powder blend is crucial. Irregularities in particle sizes lead to var-
ying interparticle forces and flowabilities. These irregularities affect the applied powder layer, causing
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defects in the final part. Currently, powder blending plays an inferior role in the powder handling for

LPBF. In Table 3-7, an overview of the blender utilization for LPBF is presented.

Table 3-7: Literature review — studies with Powder Blenders for LPBF [24, 85, 115-121].

Author Year ‘ Blender Purpose Research Gap
Mechanical blender - Focus on comparing the ho-
(Custom made at Stel- | -  Alloy fabrication mogenization progress of dif-
Churu 2022
lenbosch University — - 15 minat 65 rpm ferent powder mixtures dur-
South Africa) ing solid-state sintering.
) ) - Qualitative verification = no
- Generating different
Rotating cylindrical quantitative verification
Haferkamp 2021 PSDs
drum 2h - No differentiation between
powder batches
Huang 2022 Tubular rotation - Alloy fabrication - No blending grade analysis
- Compacts made of blends
o . - Alloy/Powder fabrication ) .
Ma 2023 Biconical mixer . - No typical blending process
- 4 hblending o
of two similar powders
- Fabrication of low-cost - No detailed information
Powder mixing ma- powder of different parti- about blending process
Medina 2013
chine (Tumbler) cle shapes - No blending of two spherical
- 5 min blending time powders
- Alloy fabrication
- Mixed in plastic con- - No quantitative analysation
Parker 2021 3D Turbula® mixer tainer in Ar with of blending grade
- 250 rpm for 15 min - Focus on powder quality
- 200 rpm for 20 min
- No further information on
Rotary multiple-tube - Alloy fabrication blending process
Thamae 2023
batch mixer - Analysing blending result | -  Verification via powder quali-
ties
Turbula Mixer
- Generating different - No further information on
Young 2022 (WAB, Allendale, NJ,
PSDs blending process
USA)

The review demonstrates the limited information available on powder blending for LPBF. The selection
process for powder blenders is not addressed in the identified literature. With the frequently used
plastic containers, there is a risk of abrasion, which leads to contamination. Furthermore, there is
rarely a quantitative analysation of the blending grade. Only a few studies, such as those from Haf-
erkamp et al. and Thamae et al., investigate the influence of the blending process on powder quality.
[90, 121, 122]

Therefore, in this work, the blending of AM powders for PSD generation is analysed using a self-devel-
oped V-blender. A powder marking method is developed to validate the blending grade for different
blending times and different rotational speeds, aiming to address the research gaps in powder blend-
ing for LPBF.
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4 Experimental Setup

In this chapter, the investigated PSDs and the experimental setup are presented, including the PSD
generation, the analysis of the powder characteristics, the adaption of process parameters and the
subsequent mechanical testing.

4.1 Particle Size Distribution Generation

Two alloys are investigated using different approaches: AIMgl1, which represents powders specifically
atomized for LPBF, and Ti-6Al-4V, which represents high-cost powders. The investigation of AlMgl1
primarily focuses on determining the highest atomization yield that is processable in LPBF from a de-
fined range of six powders, as presented in Table 4-1, including the respective atomization yieldsZ°.
The PSDs encompass small and large particle sizes ranging from 20 um to 170 um, as well as narrow
(25 um) and wide (150 um) particle size spans. For LPBF, the reference powder is distributed within
the PSD range of 20-70 um (LPBF_20-70). To generate various PSDs, the excess oversize powder with
70-170 um (OVS_70-170) is utilized. The two base powders, LPBF_20-70 and OVS_70-170, are blended
using a self-developed V-shape tumbling blender (V-blender) and then sieved to achieve the desired
PSDs. The selected PSDs are aligned with standard sieving mesh sizes of 45 um, 80 um, 100 um, and
125 pm.

Table 4-1: Overview of AIMgl1 powder nomenclature, target PSD, atomization yield, and the base powders used for PSD
generation.

Powder Target PSD Atorrt|zat|on
Nomenclature in [um] Yield Base Powders
W in [%]
LPBF_20-70 20-70 43 /
OVS_70-170 70-170 47 /
PSD1_20-45 20-45 24 LPBF_20-70
c
o
PSD2_45-70 45-70 21 = LPBF_20-70
N
PSD3_70-125 70-125 31 g o OVS_70-170
o
PSD4_20-100 20-100 62 g’ > LPBF_20-70 + OVS_70-170
1%}
©
PSD5_20-125 20-125 74 g LPBF_20-70 + OVS_70-170
c
PSD6_20-170 20-170 90 ‘L LPBF_20-70 + OVS_70-170

Second, the cost-saving potential for LPBF-users is analysed using Ti-6Al-4V. A typical LPBF PSD for Ti-
6Al-4V of 20-53 um is used as a reference and compared with an EBM-PSD of 45-106 um, which rep-
resents the lower-cost powder. Additionally, both PSDs are blended with the V-blender and sieved at
100 um. This approach allows for a comparison with the results from the AlMg11 investigations and
reflects the higher atomization yield in the Ti-6Al-4V tests. The nomenclature and a basic description
of the powders are given in Table 4-2:

10 Atomization yields are determined from PSD measurement of the entire atomization batch, as shown in Figure 3-4.
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Table 4-2: Overview of Ti-6l-4V powder nomenclature, target PSD, and the base powders used for PSD generation.

No:\‘;‘:“’::::ure Tai;gﬁfr:fo Blended/Sieved with
LPBF_20-53 20-53 LPBF
EBM_45-106 45-106 EBM
Ti64_20-100 20-100 LPBF + EBM

4.1.1 V-shape Tumbling Blender

A tumbling blender with a V-shaped container is developed and manufactured for this investigation.
The initial technical drawing, the Computer-Aided Design (CAD) model and the final manufactured
blending rig, is illustrated in Figure 4-1.

V-leg of the A-A
V-leg flange container
-6’]0
<,
: %
“ i
i o
N %
L s
N p
B s
N s
N ¥
V-leg of the b3
container
outlet i
@) connection |
\

KF40 flanges,
and butterfly |

valves |

mounted V-shape
container

mounting for oxygen
and overpressure
sensors

bottle for
powder
infill

flexible /

suspension
system

b) V-shape container

Figure 4-1: a) technical drawing of the V-shape container and its cross-section; b) CAD-Image of V-shape container with in-
tegrated mountings and c) image of manufactured blender test rig.

The systematic approach of the selection process for a V-shape blender is described in the Appen-
dix A.3. The V-shaped container features a total volume of 31, corresponding to 2.1 1 at a recom-
mended filling level of 60-70 % [111]. The container is filled with 99.996 % argon gas until the oxygen
concentration inside is reduced to below 5 %. The powder is filled into the container using a powder
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bottle, which is connected via KF40 flanges and two butterfly valves secured by clamps to ensure leak-
free filling. Additionally, the same connection features used for the powder bottle are employed to
mount oxygen and overpressure sensors on the other V-leg of the container (see Figure 4-1(b)).

4.1.2 Powder Marking

To validate the blending grade, it is essential that the powders remain distinguishable after the blend-
ing process. Powders are distinguishable by characteristics such as size, shape, alloy, density, or colour.
The selected characteristic for distinction should not affect the blending behaviour. In this case, colour
is chosen due to its high visibility and minimal impact on powder properties and flow behaviour. Since
two batches of the same metal alloy exhibit the same colour appearance, colour differentiation is not
feasible for powders of the same alloy.

To produce a distinct colour, thermal oxidation (TO) is employed. Therefore, Ti-6Al-4V powder is placed
into a flat bowl to a height of 1 cm, as illustrated in Figure 4-2 (a). The bowl is then heated in a furnace
at 550 °Cfor 2 hin atmospheric conditions'!. The ambient oxygen concentration of approximately 21 %
and the temperature of 550 °C initiate the formation of an oxide layer. The colour variation is depend-
ent on the thickness of this oxide layer: 25-40 nm thickness results in purple hue, 40-50 nm in dark
blue and around 60 nm in light blue, as shown in Figure 4-2 (b). The phenomenon is attributed to light

interference. Microscopy images of the original and marked Ti-6Al-4V powders are displayed in Figure
4-2 (c) and (d). [123-125]

F(b) aﬁer TO

flat bowl

colour gradient from
light blue to purple

handle

S gt

(c) orinal

) grey
» dark spots

light blue -

dark blue oot

Figure 4-2: (a) Image of flat bow! with original Ti-6Al-4V powder; (b) image of flat bowl with marked Ti-6Al-4V powder;
(c) light microscopy image of original Ti-6Al-4V powder; (d) light microscopy image of marked Ti-6Al-4V powder.

11 Temperature and duration are identified in pre-tests.
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4.1.3 Evaluation of Blending Result

To measure the blending result, powder samples are taken and subdivided into five subsamples for
statistical analysis. Each subsample is positioned on a double-layered metal plate featuring eight cavi-
ties (0.5 mm in depth) on the upper layer. This thin powder layer enables the measurement using a
Keyence VHX5000 optical light microscope without introducing any additional medium in the back-
ground. The captured images are processed using image analysis software, where they are binarized
to differentiate between the marked and original particles. Specifically, each pixel in the image is clas-
sified as either a marked or original particle based on an image threshold value of 150 (contrast and
brightness). Exemplary original and processed images are presented in Figure 4-3.

(a) original light microscopy image (b)  processed light microscopy image
with marked particles with detected areas
marked
particles with
blue oxide
layer
detected

marked
particles
coloured red

Figure 4-3: (a) Light microscopy image of blended powder with marked particles and (b) processed light microscopy image
with detected areas.

4.1.4 Determination of Blending Settings

For the initial blending operation, the blending settings rotational speed and blending time are deter-
mined. Ti-6Al-4V powder is separated into three distinct batches, each mixed with 10 % of marked
powder at different rotational speeds of 20, 40, and 60 rounds per minute (rpm). The three rotational
speeds cover three levels of induced stress on the powder. Systematic sampling is conducted from
both the top and bottom of the blending container at 1-minute intervals ranging from 1 to 10 minutes
to assess the progression of the blending ratio over time.

The area percentage of marked particles in each image is calculated, and the mean value is compared
to the expected 10 % marked particle content. The findings are visualized using a box plot diagram,
which displays both the mean values and the distribution of the eight individual results.

4.1.5 Degradation Test

To further ensure the avoidance of particle degradation, the blending settings are tested for their im-
pact on particle characteristics. Therefore, the powders (original and marked) are characterized by size
and shape (as described in Section 4.2.1) both before and after an extended blending period of
180 minutes. The target values are calculated using the before-values in the blending ratio of 90:10 of
the original and marked powders. The deviation of these calculated target values and the measured
after-values determines the degradation through the blending process. The test is performed at the
three pre-selected rotational speeds of 20, 40, and 60 rpm. The powder samples are taken at 1-minute
intervals for the first 10 minutes, then every 5 minutes for the next 30 minutes. Subsequently, samples
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are taken at 1-hour intervals until 180 minutes in total are reached. After 180 minutes, two samples
from each V-leg and one from the bottom of the container are additionally taken to analyse particle
size and shape from different areas of the container.

4.2 Powder Characteristics

To assess the impact of varied PSDs on LPBF processability and manufacturability of the powders, the
key powder characteristics (particle size, particle shape, chemical composition, and flowability) are
systematically measured and analysed.

4.2.1 Particle Size and Shape

The particle morphology is analysed using dynamic image analysis according to ISO 13322-2 with the
Camsizer X2 from Microtrac Retsch GmbH. A schematic drawing of the Camsizer X2 is presented in
Figure 4-4. For the dynamic image analysis, the powder sample is filled into a channel via a funnel and
guided evenly to the feed inlet by vibration. The powder falls through a gap in front of a nozzle that
disperses the powder with compressed air. The particles are thereby separated from each other and
are analysed individually. In a measuring shaft, the particles are captured by two cameras and recorded
in greyscale images.

- - mpl

dichroic SE ps

. chamber

filter
light oo |

ic camer.
source 2 . asic camera
; 4

N J P | zoom camera |
- 4
light
source 1 ! u

plano-convex ) reflection
lens - prisms
: . | . . :
. . * . L) i *
. * L4 e . . i
L] .
o . 8 » - o L4
. L]
L] e ‘o L
basic camera zoom camera zoom camera
image section of basic image
camera image

Figure 4-4: Schematic drawing of the Camsizer X2 setup as originally published in [126].

Using algorithms, the images are converted into binary format, where the contours of individual par-
ticles are identified by analysing the individual pixels. Based on these contours, the particle size and
shape are measured [127]. The diameters used for calculations are described in Table 4-3:
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Table 4-3: Overview of diameters used for morphology determination [128].

Diameter Description
The particle's area A is estimated by approximating it to a circle of equiva-
Xares lent size, and the resulting diameter is then assumed
Xc min Minimum diameter
XEe max Feret -Maximum: Maximum diameter between two parallel tangents

The particle size is indicated in this thesis by the particle diameter Xqrq (Equation (4.1)) [128]. It allows
comparing different particle sizes without being falsified by the non-shape of the particles.

4Ap
Xarea = E— (4.1) [128]
s
The particle size is plotted on the x-axis, the first y-axis shows the cumulative distribution Q(x) and the
second y-axis the frequency distribution q(x), which is determined by the derivative of the cumulative

distribution (Equation (4.2)):

d
qr(x) = aQr(x) (4.2) [128]

The PSD is specified within a range, such as 20-70 pum. To confirm that the PSD falls within the declared
limits, the D10 and D90 values must lie within this range, with deviations of up to 10 % considered
acceptable. The D50 is targeted as the mean value, so for a PSD range of 20-70 um, a D50 of 45 um is
acceptable, with a deviation of £5 %. The PSD span, representing the difference between D10 and D90,
is also acceptable with a deviation of 5 %.

The particle shape is determined via the aspect ratio, symmetry, and sphericity with the dynamic image
analysis of the Camsizer X2. The aspect ratio is calculated from the width and length ratio of the nar-
rowest chord (xc min) and the longest measured Feret diameter X max, as described in Equation (4.3):

Wp Xc min

lP XFe max

(4.3) [128]

The sphericity is determined by the particle area and the particle circumference in Equation (4.4).

4mA
SPHT = =27 (4.4) [128]

The symmetry is defined in Equation (4.5) from the minimum distances r; and r; to the centre of the
area from several measurements, each perpendicular to the scanning direction:

Symm = %[1 + min (:—l)] (4.5) [128]
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In a comparison to the reference powder, a deviation of 5 % in shape values is considered acceptable
for similarity. The evaluation of the particles is carried out according to the volume-related index 3.
[128, 129]

For detailed analysis of the particle shape across different particle sizes, averaged values from defined
size classes are used. Up to 100 um particle size, the classes are in intervals of 10 um; up to 150 um
they are in 25 um intervals, and the final class extends to 200 um.

4.2.2 Chemical Composition

The Optima 7300 V from PerkinElmer Inc. is used for Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) to determine the chemical element composition according to ASTM E2371
[130]. This technique simultaneously quantifies elements in a sample, such as aluminium and magne-
sium. In this method, a plasma source excites the atoms and ions in the sample to emit light at a char-
acteristic wavelength, which allows for element identification. The concentration of each element is
determined by the intensity of the emitted light (amplitude).

Carrier gas hot extraction is used to measure the oxygen content in the powder, with the measure-
ments conducted using a LECO TCH 600CR. When the sample is melted in a hot graphite crucible, gases
are released. These gases are transferred to sensors via the carrier gas flow, where the oxygen content
is then recorded. This procedure follows the guidelines of ISO 22963. [131-133]

For Ti-6Al-4V, the oxygen and nitrogen are measured using Inert Gas Fusion according to ASTM E1409
[133]. The hydrogen is determined with Inert Gas Fusion with detection using thermal conductivity
(IGF-TC) according to ASTM E1447 [134]. The carbon is determined by combustion analysis (CA) ac-
cording to ASTM E1941 [135].

4.2.3 Scanning Electron Microscope

The morphology of the AIMgl11 powders is analysed using a scanning electron microscope (SEM), spe-
cifically the JSM-6490LV from JEOL Ltd. During this process, an electron beam excites the atoms in the
sample, causing the emission of secondary electrons. These are detected by a secondary electron de-
tector, allowing for detailed examinations of the powder morphology. [136]

4.3 Flowability

As a key aspect of processability, the influence of increased PSD on flowability is assessed. Flowability
refers to the ease and consistency with which powder particles move under applied force. This char-
acteristic is compared relatively between different PSDs and alloys, with deviations of 5 % or less in
mean values considered as similar. Flowability is measured using both Hall funnel and rotating drum
methods.
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4.3.1 Flowability Measurement using the Hall Funnel

A schematic diagram of the Hall funnel is presented in Figure 4-5. This device is used to measure ap-
parent and tapped density, and thus to calculate Hausner ratio and determine Hall flowability.

Hall
[—] r—r—'—ﬁ/ funnel
1 1 | . |
— S E—
stand N/
\ ra
\ A 7 o diameter
& /
\ é// of 2.5 mm
| container
I' I with a
I ‘If volume
} } of 25 cm?
I |
| |

l S |

Figure 4-5: Schematic drawing of the Hall funnel setup, including the funnel and stand [137].

4.3.1.1 Apparent and Tapped Density and Hausner Ratio

The apparent and tapped densities of the powder are determined in accordance with DIN EN ISO 3923-
1 and DIN EN ISO 3953. A sample of at least 100 cm3 is taken to allow for three separate measurements
statistically required. The powder is poured through the Hall funnel (Figure 4-5) until the standardized
container with a filling volume (V) of 25 cm? overflows. The excess powder is then scraped off, and the
remaining powder quantity is weighed to determine the apparent density using Equation (4.6). [138,
139]

Mg mq

Pa = & T S5 (4.6) [138]

By compacting the powder with tapping and refilling the container with additional powder three times
until it overflows, the excess powder is again scraped off. The tapped density is then determined after
weighing, as described in Equation (4.7).

mg mg

Pe = T 35 (4.7) [139]

The Hausner ratio, a key indicator for flowability, is calculated as the ratio of tapped to apparent den-
sity (Equation (4.8)). A Hausner ratio below 1.25 indicates a good flowability, suggesting high compact-
ibility after powder recoating without the need for additional external compression, making it suitable
for LPBF processing. [96, 140]

HR = % (4.8) [140]
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In Table 4-4, the Hausner ratio values are categorized into different flowability classes by Hausner:

Table 4-4: Flowability classification based on Hauser ratio [107, 140].

Hausner Ratio Flowability Class
1.00-1.11 Excellent
1.12-1.18 Good
1.19-1.25 Fair
1.26-1.34 Passable
1.35-1.45 Poor
1.46-1.59 Very poor

>1.60 non-flowable

Apparent and tapped densities, along with Hall flowability, are measured by Xue et al. and Xiongfei et
al. for Ti-6Al-4V powders with different PSDs as shown in Table 4-5 [7, 50]. These values serve as ref-
erence points for the investigated Ti-6Al-4V powders. For AIMgl11, no reference data could be identi-
fied.

Table 4-5: Flowability reference values for apparent and tapped density and Hall flowability for Ti-6Al-4V based on litera-
ture [7, 26, 50].

PSD Apparent Density ~ Tapped Density Hausner Ratio  Hall Flowability
. ) ] . Reference
in [um] in [g/cm?] in [g/cm?] [-] in [s/50g]

15-53 2.3 2.84 1.24 34.29 [50]
28-48 2.42 2.90 1.20 / [26]
15-105 2.41 2.92 1.21 24.30 [50]
45-150 2.58 / / 24.3 [7]

4.3.1.2 Hall Flowability

The Hall flowability test is conducted according to DIN EN I1SO 4490 using the standardized Hall funnel
(Figure 4-5). A sample of 50 g + 0.1 g powder is poured into the Hall funnel while the outlet is manually
kept closed. The outlet is then opened, and the time taken for the 50 g of powder to flow through the
funnel is recorded. If powder clogging occurs, a single tap on the funnel is permitted. The Hall flowa-
bility is expressed in seconds per 50 g (s/50 g). A shorter Hall flowability time indicates easier move-
ment of the particles by gravity, which is advantageous for achieving uniform powder application in
LPBF. [137]

4.3.2 Flowability Measurement using the Rotating Drum

The GranuDrum from Granutools™ is a 100 ml glass-walled drum that is partially filled with 50 ml of
powder, as illustrated in Figure 4-6. The drum is backlit, allowing a front-facing camera to capture the
contour of the powder during rotation. The flowability of the powder is dynamically measured under
varying stress conditions, which are induced by different rotational speeds in accordance with
ISO/ASTM TR 52952 [141]. This approach allows for a more detailed analysis of the flowability, closely
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mirroring the powder's behaviour during application and enabling the identification of time-depend-
ent and stress-induced thickening mechanisms.

GranuDrum: Setup Analysis: Avalanche Angle Analysis: Cohesion Index
rotational direction
A/ \A

¥ &
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interface
temporal
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Figure 4-6: Schematic drawing of the GranuDrum setup and a sectional view of the drum with the measured variables [142].
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The measurement method employed in this work is referred to as Speed Hysteresis. This method
involves a sequence of increasing and then decreasing rotational speeds: 2, 4, 6, 8, 10, 15, 25, 35, 45,
and 55 rpm. The sequence is designed to cover a range of stress levels. At each speed, 20 individual
measurements are taken, and the mean values for each rotational speed are calculated. These mean
values are presented as data points in the diagrams within this thesis, and the relationship between
these points is represented by a linear trend line. Measurements where the powder is agitated (tossed)
are excluded, as flowability is not reliably detectable under these conditions. Since the results for
decreasing speeds do not differ significantly from those for increasing speeds, only the data for
ascending rotational speeds are displayed.

The avalanche angle ax is measured, representing the highest gradient before the powder slips in an
avalanche-like manner. Additionally, the cohesion index is calculated, which is the normalized standard
deviation of surface fluctuations. This index describes the smoothness of the powder surface,
independent of the avalanche angle. The calculations are given in Equation (4.9) and Equation (4.10).
[142, 143]

SO F() — y,(x))?

oc(x) = i=1 NG (4.9) [142]
y

Doror j o(x) dx (4.10) [142]

In Table 4-6, the flowability is classified based on the avalanche angle and cohesion index. An avalanche
angle of less than 45° and a cohesion index below 30 are classified as indicating passable processability
[71, 144].
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Table 4-6: Classification of flowability based on avalanche angle and cohesion index [71, 144].

Avalarjlchoe Angle Cohesion Index Flowability Class
in[°] -]
<30 0-5 Excellent
31-35 5-10 Good I
36-40 11-20 Fair 2
=
41-45 21-30 Passable &
()
(8]
46-55 31-40 Poor 2
o
56-65 41-50 Very poor
>65 51-60 non-flowable N

4.4 LPBF Process

In the following sections, the procedure for analysing the processability with increased PSD is de-
scribed. This includes the machines used, the process parameter development, and a powder applica-
tion test.

44.1 M290 EOS

The build jobs with AIMg11 powders are conducted on an EOS M290 system from EOS Electro Optical
Systems, equipped with a 400 W Ytterbium-fibre laser with a fixed 105 um laser beam diameter. The
building chamber dimensions are 250 mm x 250 mm x 350 mm (length x width x height). A double-lip
rubber coater blade is used as the recoating element. The processing chamber is flooded with 99.996 %
argon as an inert gas, and no pre-platform heating is applied. The build jobs are performed with a layer
thickness of 50 um, in accordance with the AIMgl1-material data sheet. The scan strategy for the EOS
M290 print jobs is continuous, bidirectional and involves a 67° rotating exposure to minimize anisot-
ropy. [30, 145] The samples are removed by wire cutting.

4.4.2 M2 Concept Laser

The Ti-6Al-4V build jobs are conducted on an M2 Cusing system from Concept Laser to avoid cross
contamination. One of the two equipped Ytterbium-400 W lasers is used, ensuring comparability with
the AlMgl1-tests and eliminating additional influences on the specimen characteristics. The laser
beam is set to a 100 um diameter to match the conditions used in the AlMgl1 experiments. The pro-
cessing chamber is filled with 99.996 % argon as an inert gas, and no pre-platform heating is applied.
A double lip rubber coater blade is used as a recoating element. The building chamber dimensions are
250 mm x 250 mm x 250 mm (length x width x height). All build jobs are performed with a layer thick-
ness of 60 um, which is typical for productivity oriented Ti-6Al-4V print jobs [50, 59]. The scan strategy
follows a continuous, bidirectional, 90° rotating exposure, which is the closest setting on the M2 Cusing
machine to the 67° rotation used on the EOS M290 machine.

To relief internal stresses, all Ti-6Al-4V specimens undergo heat treatment at 800 °C for 2 hours in a
vacuum furnace, followed by furnace cooling. After heat treatment, the specimens are removed by
wire cutting.
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4.4.3 Process Parameter Development

The process parameters are developed with the aim of reaching relative densities higher than 99.5 %
for AIMg11 and 99.9 % for Ti-6Al-4V according to their respective data sheets [9, 10]. To determine the
relative density, density cubes (10x10x10 mm?3) are printed with varying process parameters with a
pyramid cone connection, as illustrated in Figure 4-7. This allows the cubes to be built without a sup-
port structure and therefore easier to detach from the building platform. The cubes serve as specimens
for relative density, hardness and microstructure measurements, as described in the following sec-

tions. [30]
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build direction

pyramid cone connection

Figure 4-7: Rendered CAD image of a density cube with a pyramid cone connection.

In Figure 4-8, the positions of the infill and contour vectors are displayed schematically as a depend-
ency of the CAD contour. The development of the process parameters concentrates on the infill-pa-
rameter. A variation of the contour parameter is deliberately omitted to avoid influences on the me-

chanical properties due to surface roughness in the tensile test specimens.
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Figure 4-8: Schematic drawing of the contour and infill scanning vectors as originally published in [146]. Based on the CAD
contour, the offset of the infill and contour vectors are indicated.

The process parameter development includes variations of the laser power P;, the scanning speed vs
and the hatch distance Ays. The three process parameters are visualized in Figure 4-9. In addition, the

fixed layer thickness LT is indicated
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scan vector
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Figure 4-9: Schematic drawing of the process parameters laser power, scanning speed, hatch distance and layer thickness
as originally published in [147].

The varied parameters are summarized in the key figure volumetric energy density (VED) in J/mm?3 as
shown in Equation (4.11) and the build rate (br) as shown in Equation (4.12):

Py
VED = m (4.11) [148]
br = wvg* LT * Ayg (4.12) [148]

4.43.1 Almgll

To determine the highest atomization yield that is processable in LPBF for the alloy AIMg11, density
cubes are produced from each PSD. Processability is confirmed when a generic defect-free build up is
achieved, with a target relative density of 99.5 %, in line with the data sheet specifications. [9]

For each PSD, a build-job with 36 density cubes is built, as schematically shown in Figure 4-10. The
Ytterbium fibre laser in the EOS M290 has a maximum power of 400 W, with an effective usable power
of 370 W, which is therefore used as the maximum in these studies. A process parameter with a VED
of 62.9 J/mm?3, developed in previous studies, serves as reference. This reference process parameter
is applied to the density cubes located at the corners and centre, as highlighted in Figure 4-10. This
setup allows for a direct comparison of the mechanical properties of the varied PSDs against the ma-
terial properties specified in the data sheet for LPBF_20-70 powder.

For the remaining density cubes, the scanning speed is varied to account for both increases and de-
creases in VED, enabling the analysis of how the varied PSDs influence processability. The scanning
speed is adjusted from 805 mm/s to 1405 mm/s in 20 mm/s increments and is assigned to the corre-
sponding density cubes as illustrated in Figure 4-10. This approach ensures both a detailed mapping of
the scanning speed's influence and a broad variation in VED around the reference process parameter.
Rotating the density cubes by -15° around the y-axis reduces the initial point of contact between the
recoater and each density cube, thereby minimizing the risk of detachment caused by the initial im-
pact.
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Figure 4-10: Schematic drawing of the build plate with the density cube placement with the scanning speed indicated.

The PSDs utilized for printing mechanical test specimens are selected based on their processability and
the highest atomization yield among the investigated PSDs. To facilitate an accurate analysis of the
influence of increased PSDs on manufacturability, all specimens are manufactured using the identical
reference process parameters.

4.4.3.2 Ti-6Al-4V

The second alloy Ti-6Al-4V is used to specifically investigate the manufacturability of the adapted PSDs.
Mechanical specimens are produced with process parameters adapted to each PSDs. This approach
aims to determine whether adjustments to the process parameters for each PSD achieve manufactur-
ability that meets industry reference values, as outlined in Table 3-4, in addition to ensuring processa-
bility.

The process parameters laser power P, scanning speed vs and the hatch distance Ays are adapted for
each PSD based on the criterion of high relative density, specifically above 99.9 %. These process pa-
rameter variations are performed using a fractional factorial design of experiments (DOE). In each build
job, 36 cubes are placed on the build platform of an M2 Cusing from Concept Laser, similar to Figure
4-10. The standard process parameter from a comparable LPBF machine is initially applied to the
LPBF_20-53 powder for the first stage of parameter development. For the larger EBM_45-106 powder,
the approach involves increasing the VED compared to that used for LPBF_20-53, ensuring complete
melting of the larger particles. The amount of VED increase is determined through experimental test-
ing. The Ti64_20-100 powder, a blend of LPBF_20-53 and EBM_45-106 powders, combines small
(20 um) and large (100 um) particles resulting in a wide distribution (span of 80 um). It is assumed that
the VED of the final Ti64_20-100 process parameter will fall within the VED range established for the
other two powders.
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In the final print jobs for each PSD, density cubes and tensile specimens are manufactured using the
identified, adapted processes parameters. This allows for the determination of mechanical properties
and as assessment of the manufacturability of parts meeting the specified industry standards.

4.4.4 Powder Application Analysis

A powder application analysis is conducted to determine the particle sizes applied on the build plate.
Powder samples are collected from the supply, the build chamber, and the overflow as indicated in
Figure 4-11. The PSD is measured using dynamic image analysis as described in Subsection 4.2.1. The
PSDs of the samples are then compared to those of the initial supply and the set layer thickness. The
differences in D10, D50, and D90 values are presented in a bar chart, with the layer thickness indicated
by a red bar.

powder sampling points

overflow supply

build chamber

Figure 4-11: Schematic drawing of the LPBF machine setup, with indication of powder sampling points in the supply, build
chamber and overflow.

4.5 Mechanical Properties

The mechanical properties evaluated in this thesis include relative density, microstructure, hardness,
and tensile properties. The corresponding testing methods are described in the following sections.

4.5.1 Relative Density

The relative density of the printed cubes is measured after preparation. The cubes are warm-embed-
ded in a polymer matrix (ClaroFast) using the CitroPress from Struers. The embedded specimens are
then ground and polished. For polishing, a 0.04 um oxide polishing solution (OP-S) suspension is used
for the AIMg11 samples, while a 0.04 um OP-U suspension is applied to the Ti-6Al-4V samples. Each
material is processed using a specific program that adjust grinding roughness, duration, pressure and
grinding direction according to the material requirements.

Images of the polished samples are captured using a VHX-5000 reflected-light microscope from
Keyence, with 50x magnification in dark-field exposure. Each micrograph of a cube is composed of
several individual images stitched together. The relative density is calculated using the image pro-
cessing software provided by Keyence, as described in Section 4.1.3.
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4.5.2 Microstructure

An exemplary examination of the microstructure is conducted to identify general differences in the
build-up of the various PSDs. The embedded and polished specimens used in the relative density anal-
ysis are also utilized for microstructure analysis. High-resolution microscopy is performed using a JEOL
7200 F Scanning electron microscope (SEM), with backscattered electron (BSE) images to capture de-
tailed microstructural features. For the Ti-6Al-4V specimens, conductivity is achieved by connecting
them to the socket using a copper band.

4.,5.3 Hardness

The hardness is measured on the polished surface of the density cubes using a DuraScan from Struers
according to DIN 6507-1. The Vickers hardness HV10 is measured with a 4-sided diamond pyramid
featuring a square base and an angle of 136°, applying a load of 10 kgf (98 N). For statistical validation,
the measurement is repeated at five points per cube, as illustrated in Figure 4-12 and the arithmetic
mean is calculated.

crosshair indicates
orientation of the
measurement imprint
pattern

»
»
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building direction
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Figure 4-12: Schematic drawing of a longitudinal section of a density cube, with indication of the 5-point imprint pattern.

4.5.4 Tensile Properties

To determine the static mechanical properties, tensile specimens are manufactured in form B accord-
ing to the standard DIN 50125. The detailed geometric dimensions for specimens with the diameters
do =4 and 5 mm are specified in DIN 50125 [149]. The specimens are printed with an offset of 1 mm
and finish machined to conform to form B specifications to exclude potential notch effects due to var-
ying surface roughness. Five specimens are tested for each orientation. The orientation of 0° refers to
a horizontal position relative to the polar angles, while 90° refers to a vertical position on the building
platform, according to DIN 52921, as shown in Figure 4-13 [150].
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Figure 4-13: Schematic drawing of rendered CADs of tensile specimens with assigned orientations according to
DIN 52921 [150].

Tensile testing is performed by external accredited laboratories in accordance with DIN EN ISO 6892-1
at 20 °C. The testing machine used is a Galdabini — Quasar with a capacity of 600 kN/50 kN. The prop-
erties determined include yield strength at 0.2 % offset (Rp0.2), tensile strength (Rn), and elongation
after fracture (A). [149-151]

4.5.5 Correlation Analysis

The correlation analysis is conducted using the statistical software R, applying Pearson's correlation
coefficient (rc) to assess linear relationships between two variables. The Pearson correlation coefficient
is calculated using Equation (4.13). It is scaled between -1 and +1 for each variable. A value of -1
indicates a perfect inverse correlation, +1 represents a perfect direct correlation, and a value of 0 im-
plies no correlation. The Pearson correlation coefficient is considered to indicate a strong correlation
if it exceeds +0.7. This threshold is typically regarded in literature as indicative of a high correlation,
thus ensuring substantial statistical relevance. [108]

. Yie1(xi =) — )
¢ (X =0y —9)?

(4.13) [152]

Xi, Vi = values of the two variables x and y
X,y = mean values of the two variables x and y
n = sample size

To determine if the observed correlation is likely to be a genuine trend rather than a random occur-
rence, the correlation coefficient is compared to a significance level (oac), typically set above 5 %. This
implies a 95 % probability that the observed correlation reflects a true relationship rather than occur-
ring by chance. [153-155]

The results are presented in a correlation matrix, where positive correlations are indicated in blue and
negative correlations in red. The size of the circles in the matrix represents the significance of the
correlation: larger circles denote higher significance. The causal relationship is analysed for each vali-
dated correlation. [153]
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4.6 Resources and Costs

The impact of implementing larger powders, such as EBM powder with a PSD of 45-106 um, on poten-
tial resource and cost savings is assessed.

To estimate resource savings, atomization yields from the literature are reviewed. Based on these
studies, the yield from the LPBF reference PSD is compared with the previously identified largest PSD
that exhibits processability and manufacturability in LPBF. This comparison is used to assess the po-
tential increase in atomization yield. An increase of atomization yield corresponds to resource savings,
as higher atomization efficiency reduces raw material waste and enables more effective resource uti-
lization during production. However, the exact determination of these resource savings is not possible
due to the proprietary nature of the data held by powder atomizers.

To estimate the cost reduction potential by utilizing larger particles, a market survey is performed.
Offers from 22 powder suppliers, including both traders and manufacturers, are requested for Ti-6Al-
4V ELI grade 23 in quantities of 100 kg and 1,000 kg, covering both EBM and LPBF PSDs. Machine sup-
pliers are not considered. For LPBF, the prices are summarized for typical LPBF PSDs ranging from 20-
53 and 20-63 um. For EBM, prices are summarized for PSDs of 44-106 um, 45-100 um and 45-125 pm.
Prices are not negotiated, and all offers are received between June 1st to August 31st, 2021. Currency
conversions are performed on September 2nd, 2021, to align the prices. Four suppliers are declared
as outliers, leaving a database of eleven suppliers for analysis. It is noted that suppliers offer fixed
PSDs, so a direct comparison of identical PSDs is not possible.

39



Generation of varied PSDs for LPBF

5 Generation of varied PSDs for LPBF

The foundation of investigating the influence of varied PSD on processability and manufacturability, is
the generation of homogeneous, blended PSDs. In the following sections, the suitability of the self-
developed V-Blenders is assessed. After successful validation, PSD variations are generated and char-
acterized to identify any deviations. These deviations are then linked to variations in processability and
manufacturability in the subsequent investigations.

5.1 Validation of Blending Methodology

To generate variations in PSD using the self-manufactured V-blender, a series of preliminary validation
steps is performed to ensure a homogeneous blending result. These steps are outlined as follows:

e Step 1: Validation of particle marking methodology

e Step 2: Determination of blending settings

e Step 3: Assessment of powder degradation
If all three steps are validated successfully, the V-blender is approved for use in generating the PSD
variations required for subsequent experiments.
5.1.1 Step 1: Validation of Particle Marking Methodology

In the following sections, the results of the validation of the particle marking methodology are
presented and discussed.

5.1.1.1 Results of the Validation of Particle Marking Methodology

The particle marking methodology is validated to ensure it does not influence the blending outcome
by confirming the similarity of the marked powder to the original powder, in terms of:

e particle size distribution
e flowability

To verify this, Ti-6Al-4V powder is divided into two batches: one original and one marked through
thermal oxidation, as detailed in Subsection 4.1.2. To rule out any influence of the oxide layer from the
marking process on particle size, the frequency distribution of the original and marked powder is com-
pared in Figure 5-1. Both powders exhibit similar monomodal curves, with a local maximum around
30 um and inflection points around 20 and 50 pum. No influence of the particle marking on the particle
size is observed.
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Figure 5-1: Diagram of the frequency distribution comparing original and marked Ti-6Al-4V powders.

The primary requirement for the marked powder is that its blending behaviour closely resembles that
of the original powder. This similarity ensures the validation of the blending process operation with
marked and original particles to reliably transfer to blends of original and unmarked powders. Flowa-
bility functions as an indicator of the particle movement while blending. That is why, the flowability of
both the original and marked powders is measured, and the results are demonstrated in Table 5-1.

Table 5-1: Overview of apparent and tapped density, Hausner ratio Hall flowability of original and marked Ti-6Al-4V
Powders.

Apparertnt Density Tappeq Density Hausner ratio Hall flqwablllty
Powder in in L] in
[g/cm’] [g/cm’] [s/50g]
original 2.46 +0.01 2.83+0.01 1.15 23.1+0.1
marked 2.45+0.00 v 2.80+0.01 Y 114v 2434031 +5.2%

The results for apparent and tapped density are comparable, with deviations of up to 0.03 g/cm3. The
resulting Hausner ratio is also similar. However, the Hall flowability of the marked powder is 1.2 s/50g
higher than that of the original powder. This difference corresponds to a 5.2 % increase, which is
slightly above the accepted 5 % deviation threshold.

5.1.1.2 Discussion of the Validation of Particle Marking Methodology

Validating particle blending presents challenges that require careful attention to both particle charac-
teristics and validation methodologies. The characteristic chosen for tracking, such as alloy composi-
tion, shape, size, and colour, directly affects the choice of appropriate validation techniques.

This thesis does not account for variations in the chemical composition of particles during the blending
process. As noted by Dietrich et al., the chemical composition significantly influences powder melting
behaviour and the mechanical properties of printed parts [156]. Consequently, verifying blending re-
sults through chemical composition analysis is primarily suitable for initial operations and alloy pro-
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duction. Achieving a high level of homogeneity is critical for processing powders, as differences in den-
sity impact powder flowability, which, in turn, affects the blending outcome when using different al-
loys. Methods like ICP-OES or with EDX are effective for evaluating compositional differences and serve
as a useful validation technique for alloy production [157, 158].

Particle shape influences powder flowability and blending performance. In tendency, irregular particle
shapes reduce blending homogeneity or increase the required blending time [71]. Distinct variations
in particle shapes are observed between different atomization methods, while the same technology
yields minimal differences [74]. Therefore, particle shape is a suitable criterion when blending powders
produced through different atomization technologies. Differentiating between spherical and irregular
shapes poses a challenge in image-based particle tracking, requiring advanced strategies. Qualitative
assessments using SEM images, as described by Young et al., offer a practical approach [24].

Particle size affects flowability, with relatively smaller particles demonstrating stronger interparticle
forces that potentially lead to agglomeration [71]. Despite these challenges, particle size is advanta-
geous due to its ease of measurement using methods as dynamic image analysis, allowing for statisti-
cally robust assessments. Dynamic image analysis reveals if a distribution is homogeneous, which is
especially relevant when blending powders of varying sizes for specific applications. This method offers
the added benefit of preserving the powder’s suitability for processes like LPBF.

The particle colour does not differ between powders of the same alloy. That is why this criterion is not
suitable for particle tracking without any treatment. Thermal oxidation enables effective particle dif-
ferentiation of original greyish particles through the formation of colourful, nanometre-thin oxide lay-
ers on particle surfaces [123-125]. An advantage of the oxide layer is that it forms over the entire
particle. For coatings, the powders need to be agitated for full coverage. The coating must exhibit a
strong adhesion so that the layer is not rubbed off during the blending process. Irregularities that lead
to a change in particle shape could occur.

Comparing the assessment criteria of particle size and colour, dynamic image analysis typically pro-
duces lower quality scores in contrast to area measurement, though it offers greater quantitative ac-
curacy. Therefore, a combination of both methods is recommended to ensure robust validation of
blending results. Moreover, alternative validation techniques, such as elemental composition analysis,
should be considered, particularly in alloy production, to enhance the validation process and ensure
the integrity of blended powders.

The influence of the added oxide layer on the flowability and blending behaviour is investigated. A
minimal impact on particle size, shape, and flowability, measured as apparent and tapped density as
well as the Hausner ratio and Hall flowability, is confirmed. This proves that the blending result is not
affected by the oxide layer.

In conclusion: Thermal oxidation for particle marking shows no significant influence on particle size or
frequency distribution. The flowability of the marked powder is generally comparable to that of the
original powder, with only a slight decrease in Hall flowability. Therefore, the marked particles are
suitable for particle tracking to validate the blending result.

42



Generation of varied PSDs for LPBF

5.1.2 Step 2: Determination of Blending Settings

In the following sections, the results of the determination of the blending settings are presented and
discussed.

5.1.2.1 Results of the Determination of Blending Settings

The blending settings for achieving a homogeneous blend are determined by:
e Identifying the rotational speed for effective!? blending.
e Identifying the required blending time to ensure homogeneity.

Three batches of 10 % marked powder and 90 % original powder are blended at three rotational
speeds of 20, 40, and 60 rpm. Samples are taken over time as described in Subsection 4.1.4. The target
is to achieve a homogeneous distribution with 10 % marked particles. The results are demonstrated in

Figure 5-2.
14
X
£ 1
w
9
(%]
£
8 10
©
Q
= ‘
g 8 j“: o8 : homogeneous
s 4{( & : blend with 10 %
g ‘ H i marked particles
8 6 ' NO :
c A Ny’
g p% target W20 rpm
s _{ 5 reached
a 4 ¥ [140 rpm
~ W60 rpm
0
1 2 3 4 5 6 7 8 9 10

Blending time in min

Figure 5-2: Diagram of the percentage of marked particles over 10 minutes at rotational speed of 20, 40 and 60 rpm.

An increase in the concentration of marked particles is detected over time for all three rotational
speeds. At 20 rpm, it takes the longest time, 9 minutes, to reach the target of 10 % marked particles.
At 60 rpm, the target is achieved after 3 minutes and remains consistent with further blending. At
40 rpm, the target is reached after 5 minutes.

Light microscopy images are presented from samples blended for 1, 5 and 10 minutes at 20 rpm in
Figure 5-3. These images qualitatively assess the homogeneity of the marked particle distribution
within the original powder. After 1 minute of blending, single marked particles are observed, which
are homogeneously distributed. By 5 minutes, clusters of marked particles begin to appear. After
10 minutes, the target of 10 % homogeneous, randomly distributed marked particles is achieved, vali-
dating the quantitative results obtained from the optical image analysis shown in Figure 5-3.

12 Effective: The shortest blending time needed to achieve a homogeneous blend with minimal impact on particles.
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Figure 5-3: Light microscopy images of blended powder with marked and non-marked particles after 1, 5 and 10 minutes of
blending at 20 rpm.

5.1.2.2 Discussion of Determination of Blending Settings

In the analysis of the microscope images, it is observed that 1-2 % more area tends to be counted than
what is marked. This discrepancy is primarily caused by light reflections on the spherical particle shape
and their shiny surfaces, as well as increased radiation at the image edges due to the angle of light
incidence. Since this effect is consistent across all images, the full image is used for evaluation. An
alternative approach is the analysis of the image core, which would yield more accurate results for that
section but reduce the sample size and provide less qualitative information about the overall blend.
The larger image section represents a compromise. A qualitative review of the images by the analyst
argues in favour of the use of the full image, acknowledging a consistent exaggeration of the results
that still reflects the overall trend.

The image analysis of the blending results with marked particles is feasible using an optical microscope.
The primary limitation is the small sample size on the double metal plate that is analysed. To address
this, multiple samples (in this case eight) are taken and measured, significantly increasing the evalua-
tion effort. Additionally, the formation of an oxide layer makes the powder unsuitable for further use
in LPBF, due to the increased risk of brittleness caused by elevated oxygen levels, as reported by Meier
et al. [70]. The oxygen content is likely to exceed the Ti-6Al-4V standards, potentially reducing strength
and ductility [41, 70, 159-161]. While particle marking is suitable for an initial validation of blending,
it is not a viable method for long-term operation. In situ methods using high-speed cameras and syn-
chrotron X-ray imaging, such as those developed by Priyadarshi et al. and Kohlwes et al., provide the
advantage of particle tracking without the need for marking [162, 163]. These methods are more ap-
propriate for powders intended for LPBF processing, though they are limited by restricted powder ac-
cessibility during the blending process.

The blending results are discussed in terms of blending time and percentage of marked particles and
their homogeneous distribution. The desired blending degree is achieved in less than 10 minutes, par-
ticularly at higher rotational speeds of 40 and 60 rpm. Initially, the two powders (marked and original)
are completely separated. As blending progresses, clusters of marked particles dispersed among the
original particles, as illustrated in Figure 5-3 after 5 minutes. After 10 minutes of blending at 20 rpm,
the mechanisms of convection and dispersion result in a homogeneous, random particle distribution,
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also depicted in Figure 5-3. Paul et al. state that the degree of blending is determined by powder vol-
ume and the number of rotations, which is confirmed by shorter blending times at higher rotational
speeds [111].

In conclusion: All three rotational speeds achieve a homogeneous blending result within 10 minutes,
as confirmed through both qualitatively and quantitively analyses. The final selection of blending set-
tings is based on their impact on particle quality, i.e., whether degradation occurs.

5.1.3 Step 3: Assessment of Powder Degradation
In the following sections, the results of the assessment of the powder degradation are presented and
discussed.

5.1.3.1 Results of Assessment of Powder Degradation

Within this assessment, the impact of blending on particle of powder quality is evaluated. Therefore,
the particles are examined for:

o Alterations in particle shape
o Alterations in particle size

The blending impact aims to be gentle enough to prevent degradation of particle characteristics. To
test for degradation, the particle size and shape are measured over 180 minutes of blending at 20, 40
and 60 rpm as described in Section 4.1.5. The results, presented in Table 5-2, feature a standard devi-
ation of 0.000 within the three measurements per sample.

Table 5-2: Particle shape comparison after 180 minutes at 20; 40 and 60 rpm.

20 rpm 40 rpm 60 rpm
shape target
result Ain %" result Ain%" result Ain %"
@ SPHT 0.879 0.875 -0.45 0.877 -0.23 0.877 -0.23
@ Symm 0.930 0.927 -0.32 0.931 +0.11 0.929 -0.11
@ we/lp 0.864 0.859 -0.58 0.866 +0.23 0.863 -0.16

* >5 % deviation classifies as significant

The measured values are compared to the calculated target for a 90:10 ratio of original and marked
powder. The target sphericity, symmetry, and aspect ratio are achieved at all rotational speeds. The
deviations range between 0.11 % for the symmetry at 40 and 60 rpm to 0.58 % for the aspect ratio at
20 rpm. Overall, no significant shape degradation is observed after 180 minutes of blending.

The calculated target size values and the measured particle sizes are presented in Table 5-3. All target
values for D10, D50 and D90 are met at all three rotational speeds. The highest deviation is observed
for D10 at 20 rpm with a difference of 4.07 %. Across all three rotational speeds, a slight decrease in
D10 values and a slight decrease in D90 values are observed, while no clear trend is detectable for D50.
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Table 5-3: Overview of target and measured D10, D50 and D90 values after 180 minutes blending at 20; 40 and 60 rpm.

. target 20 rpm 40 rpm 60 rpm
Deciles )
in[um]  resultin[um] Ain%* resultin[um] Ain%"  resultin[um] Ain %
@ D10 36.13 37.6+0.7 +4.07 36.4+0.9 +0.75 37.1+£0.8 +2.68
@ D50 55.43 56.9+1.1 +2.65 54.8+0.7 -1.14 55.2+1.0 -0.41
@ D90 110.42 108.4+£0.7 -1.83 106.5+0.6 -3.55 106.9£0.9 -3.19

* >5 % deviation classifies as significant

The results for all three rotational speeds are similar, with 40 rpm providing the best balance between
effective blending, achieving homogeneity after 5 minutes, and minimizing the impact on particle
quality. Therefore, 40 rpm with a blending time of 10 minutes is established as blending settings.

The results for samples taken over 180 minutes at 40 rpm, as presented in Figure 5-4, demonstrate
whether the blend quality remains consistent over time. This analysis serves as the final validation for
the blender’s performance.
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Figure 5-4: Box plot diagram showing the percentage of marked particles over 180 minutes at 40 rpm.

Once the target of 10 % marked particles is achieved after 5 minutes, the percentage remains steady
between 10-11.5 %. This consistency indicates that once a homogeneous blend is reached, no
significant segregation occurs while blending.

5.1.3.2 Discussion of Assessment of Powder Degradation

The powder degradation is assessed over a blending time of 180 minutes by sampling at multiple
points (top of both legs and the bottom) within the V-blender to verify consistency throughout the
powder. This multipoint sampling approach, based on DIN EN ISO 39543, confirmed homogeneous
particle distribution aligning with the desired completely random state described by Daumann and
Nirschl [109]. Negligible degradation is observed, supporting the integrity of the blend. While the par-
ticle shape remained consistent with unblended powders, a slight narrowing of the PSD is detected
after 180 minutes.

13 General powder sampling standard which is adapted to the powder blender through different sampling points.
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The Ti-6Al-4V powder used for marking is a recycled powder from LPBF, resulting in a larger PSD (36-
110 pum). The D10 values of approximately 36-37 um and D90 values of around 106-108 pum are closely
aligned with the target PSD intended to be generated using virgin LPBF_20-53 and EBM_45-106 pow-
ders. Smaller particles (<30 um) adhered to the V-shaped container due to higher interparticle forces,
leading to a 1 um increase in the D10 value. Additionally, the D90 value decreased by an average of
3 um, likely due to the agglomerate breakdown. Low standard deviations in particle size confirm the
reliability of the results, consistent with findings from Tang et al. and Yusuf et al. on typical variations
in PSD through powder handling [164, 165].

Extensive testing confirmed the blend's stability and suitability for further use, despite potential seg-
regation risks inherent in the V-shaped design. The design tends to promote segregation of relatively
large and small particles due to percolation and momentum effects. Percolation occurs through vibra-
tion and container movement, while momentum-induced segregation is more likely during emptying.
[89, 111]

Overall, the blend quality is sufficient, though cost implications and operational efficiency must be
considered. The common “quality-time-cost” trade off in product development applies here. A precise
cost assessment for the V-blender is challenging, as initial development is the most time-consuming
and unique aspect of the process. Comparing cumulative costs of single parts with commercially avail-
able blenders is not straightforward due to differing corporate structures, economies of scale, and
profit margins. However, the potential cost savings from utilizing larger particle sizes such as EBM_45-
106 need to be assessed to determine whether they outweigh the initial investment in a custom pow-
der blender.

In conclusion: Despite minor deviations of less than 5 % in particle shape and particle size, the overall
degradation in powder quality is negligible. As final blending settings, a rotational speed of 40 rpm for
10 minutes is selected.

5.1.4 Key Findings on Blending Methodology Validation

The successful validation of the blending methodology in three steps is summarized in Table 5-4. It is
demonstrated that particle marking with thermal oxidation is possible without significant impairment
of the particle characteristics. A validation of blending results is challenging. Two validation possibilities
are used. A combination of light microscopy image processing with marked particles for initial opera-
tion and, in the case of PSD generation, an additional dynamic image analysis determining particle size
and shape for operation to validate the blending result. This ensures accurate assessment of powder
blending techniques, while also expanding validation capabilities across the entire powder handling
process, including the design of handling components.

The investigations demonstrate the suitability of the self-developed V-blender in generating a homo-
geneous blend without significant degradation of particle quality. A rotational speed of 40 rpm for
10 minutes is selected as blending settings for PSD generation, providing a balance between minimal
impact on the particles and efficient blending time. Based on this, the generation of PSD generation is
enabled.
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Table 5-4: Checklist of three-step blending validation criteria.

Step Result

Thermal oxidation shows no significant influence on:

e Particle size

Step 1: e Particle size distribution
Validation of particle e Flowability: \/
marking methodology = apparent, tapped density and Hausner ratio
Minor reduction of Hall flowability detected
A homogeneous blend is achieved with:
e 20 rpm after 9 min,
Step 2: e 40 rpm after 5 min and

Determination of e 60 rpm after 3 min. v

blending settings e Blend results remain consistent over 180 minutes

Final blending settings: 40 rpm for 10 minutes

Step 3: No significant degradation for:
Assessment of e Particle size \/
powder degradation e Particle shape

5.2 Determination of blended Powder Characteristics

With the successful validation of the V-blender, the desired powders are generated, as detailed in Sec-
tion 4.1. To investigate the influence of PSD on processability and manufacturability, all powders are
characterized to identify differences between them, allowing for the attribution of potential influenc-
ing factors. This characterization includes an analysis of:

e particle size,
e particle shape and

e chemical composition.

5.2.1 Particle Size and Particle Size Distribution Analysis

In the following sections, the results of the particle size and PSD analysis are presented and discussed,
with the analysis first applied to AIMgl11 and then to Ti-6Al-4V.

5.2.1.1 Results of AIMg11 Particle Size Analysis

The results for the PSD analysis of the AIMgl1 powders, are summarized in Table 5-5. Target values
for D10 and D90 are based on the specified size limits for each powder, as detailed in Section 4.2.1.
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Table 5-5: D10, D50 and D90 and span targets and results for AIMg11 powders.

D10 D50 D90 Span
Powder in [um] in [um] in [um] in [um]

target result target result target result target result
LPBF_20-70 >20 29.8+0.3 45 441+0.3 <70 66.5+0.4 50 136.7
OVS_70-170 >70 71.2+2.2 120 1108.4+5.2 i <170 170.7+4.6 100 99.5
PSD1_20-45 >20 26.8+0.0 32 34.810.2 <45 147.3+0.3 25 120.5
PSD2_45-70 >45 136.2+0.2 57.5 153.7+£0.5 <70 1719+1.1 25 135.7
PSD3_70-125 >70 78.3+13 97.5 1107.8+2.1 | <125 11475+24 55 169.2
PSD4_20-100 >20 30.8+0.4 60 153.0+21 <100 101.7+1.5 80 170.9
PSD5_20-125 >20 33.8+0.8 72.5 167.4+2.6 <125 123.4+1.5 95 89.6
PSD6_20-170 >20 341+1.2 95 1742148 <170 166.1+2.8 150 1132.0

The LPBF_20-70 powder, which serves as a base for blending the other powders, remains within the
acceptable limits, though its D10 value of 29.8 um exceeds the target of 20 um. The D10 values of all
other powders meet their respective D10 target values, except for PSD2_45-70, where the D10 value
is measured at 36.2 um, which is 8.8 um below the target size of 45 um. The D90 value of PSD3_70-
125 is notably high at 147.5 um, exceeding the target by 22.5 um. Despite this, the D90 values for most
powders closely align with the expected upper particle size limits, based on the mesh sizes used during
sieving. Additionally, the D50 of OVS_70-170 is 12 um below the expected value, indicating a shift in
the size distribution towards particles below 108 um for this powder.

In Figure 5-5, the frequency distributions of the eight AIMg11 powders are demonstrated. The curves

represent monomodal distributions, with each sample exhibiting a distinct particle size range and
distribution shape.
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Figure 5-5: Diagram of the frequency distributions of investigated AIMg11 powders.
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PSD1_20-45 shows a sharp peak with a steep rise and fall, indicating a narrow particle size range
concentrated around 30 pm, with a smaller number (below 0.25 %/um) of particles between 55-
70 um. LPBF_20-70, PSD2_45-70, PSD4_20-100 and PSD5_20-125 exhibit a positive skew,
characterized by a steep increase in frequency distribution around 20-30 um and a slower decline
towards larger particle sizes (exact particle size is individual for each PSD). PSD3_70-125, PSD4_20-
100, PSD5_20-125, PSD6_20-170, OVS_70-170 show broader, flatter peaks, indicating a wider and
more even distribution of particle sizes, with spans above 70 um.

5.2.1.2 Discussion of AlIMg11 Particle Size Analysis

The particle size analysis proves that it is possible to generate desired PSDs using a V-blender and
sieves. With 29.8 um, the D10 value of the base powder LPBF_20-70 is 45 % higher than 20 um, which
leads to a coarsening of all generated powders including LPBF_20-70. This effect is enhanced by the
typical loss of smaller particles, which is reported by Cordova et al. after eleven re-use cycles for Ti-
6Al-4V with approximately 2 um enlargement, and after six re-use cycles for AlISi10Mg approximately
8 um increase [76]. The increase of D10 at 29.8 um from LPBF_20-70 to D10 at 34.1 um for PSD6_20-
170 is likely due to the additional powder handing steps blending and sieving. This trend is more prone
with increasing upper particle size limits, with PSD1_20-45 the smallest D10 at 26.8 um and PSD6_20-
170 the largest at 34.1 um.

Compliance with the D90 values shows that the sieving process for the upper limit worked correctly.
The exception for PSD3_70-125 leads to the conclusion that the sieving behaviour is affected without
particles below 70 um. Another reason for this is a higher irregularity of the particle sizes above 70 um.
Particles with a more elongated shape fit through the sieve on the shorter particle side. As the diame-
ters are specified with their equivalent of a circle diameter with the same area, the overall larger area
of these particles is considered in the size display. This assumption needs to be verified with the shape
measurement in Subsection 5.1.2.2.

The absence of particles below 30 um is reflected in the trend of smaller D50 values and narrower
particle spans for most of the powders. Exceptions are PSD2_45-70 and PSD3_70-125, which fall out-
side their respective D10 and D90 limits, impacting their D50 and span results as well.

The diagrams of the frequency distribution highlight the trend towards smaller particles, with posi-
tively skewed curves. The monomodal distributions are expected due to the narrow gap of 4.7 um
between the D90 value (66.5 um) of LPBF_20-70 and the D10 value (71.2 um) of OVS_70-170 powder,
both of which serve as base powders for PSD generation.

The D10, D50, and D90 values provide a baseline for future comparisons, reflecting the current PSDs
of the AIMg11 powders. This baseline is essential for assessing changes in size distribution caused by
subsequent processes such as blending, sieving, or material testing.

In conclusion: The generated AIMgl1 powders are overall within their desired limits for D10 and D90.
The absence of particles below 30 um in LPBF_20-70 causes a shift towards smaller particles in the D50
and span values of the powders generated from LPBF_20-70. This is illustrated in the frequency distri-
bution, which displays positive, left-skewed curves.
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5.2.1.3 Results of Ti-6Al-4V Particle Size Analysis

In Table 5-6, the mean values for particle size of the Ti-6Al-4V powders are presented and compared
with their specified limits. All D10 and D90 values fall within the acceptable range. However, the D90
values are significantly smaller, ranging from 11 % to 19.3 % below the specified limits. For instance,
the Ti64_20-100 powder features a D90 value of 80.7 um, which is 19.3 % less than the specified
100 pm. Similarly, the span of the powders is significantly lower for all three results, with a decrease
ranging from 25 % to 34 % compared to their individual targets.

Table 5-6: D10, D50 and D90 and span targets and results for Ti-6Al-4V powders.

D10 D50 D90 Span
Powder in [um] in [um] in [um] in [um]
target result target result target result target result
LPBF_20-53 >20 22.2+0.1 36.5 1 335+0.1 <53 46.8+0.2 33 | 24.6
Ti64_20-100 >20 25.6+0.2 60 l 47.3+0.9 <100 80.7+0.5 80 l 55.1
EBM_45-106 >45 51.9+04 75.5 l 71.2+0.3 <106 92.1+0.7 61 l 40.2

The frequency distributions of the particle size measurements are shown in Figure 5-6. The curves for
the LPBF_20-53 and EBM_45-106 powders are nearly monomodal and Gaussian-shaped, exhibiting a
slight positive skew or leftward deviation. In contrast, the Ti64_20-100 blend exhibits a bimodal distri-
bution with two distinct local maxima around 30 and 70 um, which align with the maxima of the two
base powders.
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Figure 5-6: Diagram of the frequency distributions of Ti-6Al-4V powders.
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5.2.1.4 Discussion of Ti-6Al-4V Particle Size Analysis

The D10 and D90 values for all three Ti-6Al-4V powders are within acceptable limits, although the D90
values are relatively low. For LPBF_20-53, the D90 value is 11.7 % lower, and for EBM_45-106, it is
reduced by 13.1 %. This results in a lower D90 value for the blended Ti64_20-100 powder, measured
at 80.7 um, which is 19.3 um below the target. A reduction in D90 by up to 10 % is common for metal
powders, with a D90 of 90 um marking the limit for Ti64_20-100 [166]. While, the two base powders
are just slightly outside their limits, Ti64_20-100 exceeds these limits, indicating that an additional
effect, such as segregation, potentially occurred before the blending process. This segregation likely
took place during storage or filling of the V-blender, as stated by Schulze, preventing particles larger
than 80 um from being incorporated into the Ti64_20-100 blend [89].

The 100 um sieve mesh is too small to effectively generate powders, with an upper limit of 100 um. As
reported by Smolina et al., it is typical to use a sieve with a mesh size larger than the target upper
particle size; for example, they use a 75 um sieve for a 20-60 um powder [167]. Therefore, the sieving
process likely excluded particles above approximately 90 um, which is evident in the pronounced drop
observed in the frequency distribution.

Additionally, the D10 value of Ti64-20-100 shows a typical increase of 3.4 um compared to the D10
value of LPBF_20-53, consistent with common powder handling ranges as described by Cordova et al.
[76]. The shift toward smaller distributions is reflected in the reduced D50 and span results, with all
D50 values falling below target. The span for the powders is 25.4 % (LPBF_20-53), 31.1 % (Ti64_20-
100) and 34 % (EBM_45-106) narrower than expected, which is notable considering that the narrowing
of 25 % and 34 % is observed for commercially purchased powders.

The frequency distribution in Figure 5-6 of the EBM_45-106 powder shows an accumulation of small
particles below 20 um, a typical feature of virgin powder as described by Cordova et al. [76]. These
small particles exhibit strong interparticle forces, making them difficult to separate through sieving
and sifting. The resulting bimodal curve of Ti64 20-100 shows a gap in particles around 50 um,
corresponding to the particle sizes of LPBF_20-53 and EBM_45-106 powders. Xue et al. state that
powder produced via plasma atomization typically exhibits a Gaussian distribution, as depicted in
Figure 3-6 [50]. This suggests that particles around 50 um are being excluded because they fall outside
the limits for LPBF and EBM powders.

It should be noted that LPBF_20-53 and EBM_45-106 are sourced from different suppliers, which may
contribute to this effect. The attempt to generate a wide, Gaussian-distributed PSD of 20-100 um en-
counters limitations with these initial commercial powders, resulting in a bimodal distribution. This
also suggests that further powder from the atomization process is usable for LPBF, if the particle gap
around 50 um is utilized.

In conclusion: The three Ti-6Al-4V powders fall within the specified limits for D10 and D90. The lower
D90 values, particularly for the EBM_45-106 powder, result in the blended Ti64_20-100 being smaller
than the targeted size. This trend is reflected in the D50 and span values of all three powders. The
significant reduction in the D90 value of Ti64_20-100 is further influenced by prior segregation and the
use of a 100 um sieving mesh. Additionally, the gap between the two base powders contributes to the
bimodal distribution observed in the blended powder.
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5.2.2 Particle Shape

In the following sections, the results of the particle shape analysis are presented and discussed, with
the analysis first applied to AIMg11 and then to Ti-6Al-4V.

5.2.2.1 Results of AIMg11 Particle Shape Analysis

The particle shape serves as well as a baseline characteristic for causal attributing differences in flow-
ability, LPBF and mechanical properties for future comparisons. Therefore, potential differences in
particle shape are identified. The sphericity, the symmetry, and the aspect ratio for each of the eight
AlMg11 powders are presented in Table 5-7, with the morphology of LPBF_20-70 functioning as a ref-
erence. Deviations within a 5 % limit are classified as non-significant.

All investigated powders fall within the limits in terms of sphericity. For symmetry, PSD3_70-125 ex-
hibits a value of 0.883, which is 0.001 below the lower limit of 0.884. Two significant deviations in
aspect ratio are identified: 0.750 for OVS_70-170 and 0.739 for PSD3_70-125. Consequently, PSD3_70-
125 displays the most irregular shape, with a symmetry reduction of 0.059 and an aspect ratio decrease
of 0.083 compared to LPBF_20-70. Among the powders, PSD1_20-45 features the highest sphericity,
with a value of 0.873.

Table 5-7: Sphericity (SPHT), symmetry (Symm) and aspect ratio (wp/lp) for AIMg11 powders, highlighting significant
deviations.

* *
Powder SPHT* Symm we/lp
[ [ [
reference LPBF_20-70 0.856 0.930 0.793
deviation limits +5% 0.813-0.899 0.884 -0.977 0.754-0.833

OVS_70-170 0.861 0.888 1 0.750

PSD1_20-45 0.873 0.942 0.822

PSD2_45-70 0.850 0.924 0.782
PSD3_70-125 0.857 1 0.883 1 0.739

PSD4_20-100 0.855 0.918 0.779

PSD5_20-125 0.857 0.910 0.770

PSD6_20-170 0.857 0.907 0.769

*STD < 0.006

Overall, the analysis of particle morphology reveals a trend of decreasing regularity with increasing
particle size. A detailed breakdown of particle shape across defined size classes is demonstrated in
Figure 5-7. The x-axis displays the upper limit of each particle size class, using PSD6_20-170 as an ex-
ample. This powder includes both the LPBF_20-70 and OVS_70-170 powders, representing the full at-
omization batch, to illustrate shape variation with increasing particle size. The PSD of LPBF_20-70 um
is specifically highlighted to represent the shape characteristics typically intended for LPBF.

The most regular shapes are observed around 30 pum, within the LPBF 20-70 um range. Shape charac-
teristics decrease from 30 um to 70 um, then remain nearly consistent for particle size classes larger
than 70 um.
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Figure 5-7: Diagram of particle shapes indicated by sphericity (SPHT), symmetry (Symm) and aspect ratio (w/l) across parti-
cle size classes for PSD6_20-170.

SEM images of LPBF_20-70 and PSD6_20-170 are shown in Figure 5-8 to qualitatively evaluate the
particle shapes. A comparison between the reference sample, LPBF_20-70, and PSD6_20-170,
representing the full atomization batch, reveals a mixture of spherical and irregular shaped particles.
Agglomerations are visible in both powders, with larger particles (approximately above 100 um)
exhibiting more irregular shapes.

regular shape
irregular shape
agglomerate

(a) LPBF_20-70 pm (b) PSD6_20-170 um

Figure 5-8: SEM images of (a) LPBF_20-70 and (b) PSD_20-170.

5.2.2.2 Discussion of AlIMg11 Particle Shape Analysis

The sphericity of the AIMg11-PSDs remains within the 5 % deviation limit for similarity, with a slight
decrease as particle size increases. The detailed analysis over particle size classes shows that particles
in the LPBF range of 20-70 um exhibit higher sphericity, symmetry and aspect ratio, whereas particles
over 80 um exhibit a consistent lower regularity. Two factors likely contribute to the lower regularity
in particles above 80 um: atomization process parameters and the initial sieving of the 20-70 um pow-
der.
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According to Kassym and Perveen, during atomization, the particle surface solidifies first, preventing
further deformation [168]. For particles up to 30 um, the unsolidified particle's rotation and movement
enhance sphericity. In the 30-70 um range, slower solidification of larger surface areas leads to slightly
more irregular shapes. Beyond 70 um, the primary solidified surface inhibits further deformation. This
material-dependent solidification is influenced by atomization parameters such as nozzle diameter and
pressure, as outlined by Li et al. [8]. The higher sphericity observed within the 20-70 um LPBF range
suggests that atomization process parameters are adapted to this size distribution. Therefore, blending
LPBF_20-70 with OVS_70-170 slightly reduces the sphericity of the larger generated PSDs.

Another factor contributing to the reduced shape values of particles above 70 um, is the initial sieving
of the LPBF_20-70 powder using a mesh size of 80 um. The oversize powder is not sieved to the upper
limit of around 170 um. Irregularly shaped particles are less likely to pass through the mesh, so they
are sorted out in the LPBF_20-70 powder, leaving more irregular particles in the larger PSDs. Therefore,
the higher regularity of smaller powders, such as PSD1_20-45, results from sharper separation of ir-
regular particles through sieving.

The qualitative SEM analysis confirms the quantitatively measured and calculated results from the dy-
namic image analysis. The slightly lower regularity of larger particles above 70 um in PSD6_20-170,
detected by dynamic image analysis, is confirmed, along with significantly larger particles such as the
one highlighted with a size of 156 um. Meier et al. also report that their SEM measurements for particle
shape in four Ti-6Al-4V powders align with dynamic image analysis performed using a Camsizer XT [70].
The SEM analysis provides additional insights into particle surface characteristics and the formation of
agglomerates and satellites. For efficiency and cost considerations, dynamic image analysis is sufficient
to provide specific and quantitative results regarding powder morphology. Consequently, no further
SEM images of PSD variations are analysed as extra qualitative verification in this thesis.

In conclusion: The particle shapes of the AIMgl1 powders are comparable, in particular for sphericity
no deviations are identified. PSD3_70-125 is slightly less irregular than the other powders, which aligns
with the consistent lower regularity demonstrated in detailed analysis across particle size classes for
particles above 70 um. The detailed analysis demonstrates an adaption of the atomization process
towards the LPBF PSD of 20-70, with the highest regularities in this particle size range. The SEM analysis
supports the results from dynamic image analysis.

5.2.2.3 Results of Ti-6Al-4V Particle Shape Analysis

In Table 5-8, the particle shape characteristics of the Ti-6Al-4V powders are presented, with LPBF_20-
53 serving as the reference. The other two powders fall within the 5 % deviation limits, indicating no
significant deviations. Among the three powders, the EBM_45-106 powder exhibits the lowest degree
of regularity, while Ti64_20-100, exhibits intermediate shape characteristics.
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Table 5-8: Sphericity (SPHT), symmetry (Symm) and aspect ratio (wp/lp) for Ti-6Al-4V powders, including deviations.

Powder SPHT* Symm* we/lp’
reference LPBF_20-53 0.893 0.954 0.896
deviation limits  target+5% 0.848 - 0.938 0.906- 1.0 0.851-0.941

Ti64_20-100 0.888 0.943 0.881
no significant Ain % -0.005 v/ 1.2V 17V

deviations
identified EBM_45-106 0.885 0.926 0.859
Ain% -0.009 v/ 29V 41Y

*STD < 0.005

In Figure 5-9, a detailed visualization of the particle shapes across size classes for Ti64_20-100 is pre-
sented. As a blend of the other two powders, Ti64 20-100 encompasses the particle size range of 20-
100 um from the other two powders. Within the 20-80 um range, particle shapes exhibit the highest
values and therefore the highest regularity. Regularity decreases for particle sizes above 80 um.
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Figure 5-9: Diagram of particle shapes indicated by sphericity (SPHT), symmetry (Symm) and aspect ratio (w/l) across parti-
cle size classes for Ti64_20-100.

5.2.2.4 Discussion of Ti-6Al-4V Particle Shape Analysis

The morphology of the LPBF_20-53 exhibits higher regularity compared to the EBM_45-106 powder,
resulting in an intermediate overall regularity for the blended Ti64_20-100 powder. The detailed anal-
ysis across particle size classes reveals that the particle shape remains consistent over a wide range
from 20-80 um. The Ti-6Al-4V powders, produced via plasma atomization, show higher regularity com-
pared to powder produced via gas atomization, due to the precise control in plasma atomization, which
aligns with Wallner’s findings on the immediate melting of the electrode, resulting in highly spherical
powder [74].

In conclusion: All three Ti-6Al-4V powders exhibit similar regularities, without significant deviations.
The analysis across particle size classes confirms these results, with detailed insights into a consistent
particle shape in the range of 20-80 pum.
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5.2.3 Chemical Composition

In the following sections, the results of the chemical composition analysis are presented and discussed.

5.2.3.1 Results of Chemical Composition Analysis

The chemical composition of the powders is analysed to ensure consistency with the declared compo-
sition in the data sheet values and relevant standards. All deviations that potentially affect processa-
bility and manufacturability are identified to assess their possible influence. All chemical elements
comply with the AIMg11 alloy data sheet shown in Table 5-9. The deviations, listed in the bottom row,
indicate the highest variation as 0.08 wt.-% for titanium in LPBF_20-70.

Table 5-9: Chemical composition of AIMgl11 compared to data sheet specification in wt.-% [9].

Powder Al Si Fe Cu Mn Mg Be Zn Ti

Data sheet Balance 0.07 0.07 <0.01 <0.01 11 0.01 <0.01 0.00

LPBF_20-70 Balance 0.07 0.07 <0,01 <0,01 11 0.014 <0,01 0.08

A -0.084 0 0 0 0 0 +0.004 0 +0.08

The same applies to the chemical elements of the Ti-6Al-4V powders presented in Table 5-10. Both the
LPBF_20-53 and the EBM_45-106 powders fall within the ELI-specification. Minor differences between
LPBF_20-53 and EBM_45-106 are indicated in the bottom row, with the largest variation being
0.09 wt.-% in aluminium.

Table 5-10: Chemical composition of Ti-6Al-4V powders compared to ELI specification in wt.-% [41].

Powder Ti Al \" Fe C N
Ti-6Al-4V - ELI Balance 5.5-6.5 3.5-45 <0.25 <0.08 0.03
LPBF_20-53 Balance 6.26 4.02 0.16 0.005 0.014
EBM_45-106 Balance 6.15 4.0 0.15 0.01 0.02
A -0.055 -0.09 -0.02 -0.01 +0.005 +0.06

For both AlIMgl11 and Ti-6Al-4V alloys, the oxygen, and hydrogen content of the reference PSDs
(AIMg11: 20-70 um; Ti-6Al-4V: 20-53 um) and the larger PSDs (AIMg11: 20-125 um; Ti-6Al-4V: 45-
106 um) are analysed. This analysis aims to determine whether differences in specific surface area
contribute to variations in oxygen and hydrogen uptake.

The oxygen and hydrogen values of the AlIMgl1 powders, with LPBF_20-70 as the reference and
PSD5_20-125 representing the wide PSD for increased atomization yield, are shown in Figure 5-10.
Compared to LPBF_20-70, the PSD_20-125 powder features an oxygen content that is 35 pug/g (27.1 %)
lower and a hydrogen content thatis 6 pug/g (21.4 %) higher. Both differences exceed 5 % and therefore
classify as significant.
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Figure 5-10: Diagram of O, and H, content of AIMg11-powders LPBF_20-70 and PSD5_20-125.

The results of the oxygen and hydrogen measurement for the Ti-6Al-4V powders, LPBF_20-53 and
EBM_45-106, are shown in Figure 5-11. The decreases of 0.005 pg/g (0.6 %) for oxygen and 0.002 ug/g
(66.7 %) for hydrogen in the EBM_45-106 powder are minimal in absolute terms. Hydrogen exceeds
the 5 % deviation limit, classifying it as significant.
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Figure 5-11: Diagram of O; and H; content of Ti-6Al-4V powders LPBF_20-53 and EBM_45-106.

5.2.3.2 Discussion of Chemical Composition Analysis

The individual alloying elements are well harmonized to achieve the desired alloy composition for both
AlMg11 and Ti-6Al-4V alloys. Potential differences in processability or mechanical properties are there-
fore not attributable to the chemical composition of the powders.

The oxygen measurement shows in tendency towards decreasing oxygen content as particle sizes in-
creases for AIMg11 above 70 um, and for Ti-6Al-4V above 53 um. Larger particles possess a relatively
smaller specific surface area, resulting in a lower volume and mass to surface ratio. If all particles ex-
hibit a similar rate of oxygen absorption (per alloy) and build up a thin oxide layer, smaller particles
feature a higher relative oxygen uptake [70]. The larger surface area of smaller particles in a 0.25 g
sample leads to higher oxygen content in smaller PSDs, such as LPBF_20-70, compared to PSD5_20-
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125. For AIMg11, no established VDI, DIN or ISO standard is identified, to regulate oxygen and hydro-
gen content, leaving the material data sheet as the only reference for comparison. However, the cur-
rent data sheet does not specify limits for oxygen and hydrogen levels.

The higher hydrogen content in the PSD5_20-125 powder suggests an assumption that requires further
validation in future studies: During the atomization process, hydrogen may be absorbed from the at-
mosphere. Larger particles, due to slower cooling rates, remain in the melting phase for a longer pe-
riod, which extends their exposure to hydrogen sources, potentially leading to higher hydrogen uptake.

The variations in oxygen and hydrogen content in the AIMg11 powder present a potential opportunity
to influence its processability and manufacturability, for example increasing brittleness as reported by
Meier et al. [70]. If such differences are observed, it becomes essential to account for these oxygen
and hydrogen levels.

For the Ti-6Al-4V powders, the small deviations are unlikely to affect further analysis. Since all values
remain below the limits set by the ELI-standard, these contents are not considered when evaluating
processability and manufacturability. [41]

In Conclusion: The powders for both alloys, AIMgl1 and Ti-6Al-4V, align with their respective data
sheets and standard limits. No influence of the overall chemical composition is therefore expected. For
AlMg11, the reference PSD_20-70 exhibits a significant larger oxygen content, which is likely to affect
mechanical properties such as increased brittleness.

5.2.4 Key Findings on Powder Characterization

The particle size and distribution are measured to determine the gap between the target and actual
generated PSDs. The characterization of particle shape and chemical composition aims to identify
differences between the powders that potentially affect their processability and manufacturability,
enabling the attribution of future deviations. The theoretical objective of the defined PSD variation is
to ensure that PSD is the only differentiating factor between the powders to isolate their influence.
Therefore, if no differences are identified, no influence of other powder characteristics is expected.
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Table 5-11: Overview of the characterization results of particle size, particle shape and chemical composition for AIMg11
and Ti-6Al-4V powders.

Criteria Result AlIMg11 Result Ti-6Al-4V
e PSDsarewithin D10andD90 v/ ¢ PSDsarewithinD10andD90 ./
limits limits
particle e Shift towards smaller particles Tie4_20-100: s.maII ng va!ue ‘?f
size identified in D50 and span re- 80.7 um and bimodal distribution
sults LPBF_20-53 and EBM_45-106 v
monomodal distribution
e Highest regularity around 30 um |/
Highest larity bet
e Decrease of regularity between 'lghest regularity between ‘/
particle 30-70 um \/ 20-80 um
shape | in irregularity ab
e Consistent particle shape above \/ 8n0crerzse Inirreguiartty above \/
70 um a
* Alignment to datasheet \/ Alignment to ELI specification ‘/
chemical e PSD5 20-125 lower oxygen and o
composition higher hydrogen content than Similar oxygen and hydrogen \/

LPBF_20-70

contents

Identified differences in the powder characteristics include a bimodular distribution in the Ti64_20-

100 powder, and for the AIMgl1 powders, a lower oxygen and higher hydrogen content in PSD5_20-

125 compared to LPBF_20-70. These differentiating factors are likely to influence subsequent investi-

gations.

Despite gaps between the theoretical target and actual powder characteristics, the sub-question, “Can

different PSDs be generated from commercial PSDs for LPBF?”, is overall confirmed. The foundation

for analysing the processability and manufacturability of the PSD variations is established.
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6 Processability and Manufacturability of varied PSDs using AlMg11

Processability refers to whether a powder (specifically a PSD in this thesis), exhibits the feasibility to
generically print defect-free in LPBF. To assess processability, the effect of increased PSD on flowability
and LPBF are considered. The AIMg11-tests focus on identifying the powder with the highest atomiza-
tion yield that remains processable. The reference LPBF_20-70 and the two powders with the highest
atomization yield and confirmed processability are then used to manufacture specimens for mechani-
cal property analysis, using the same process parameters. This enables the examination of the influ-
ence of different PSDs on manufacturability.

6.1 Processability

In the following sections, the results of the processability analysis are presented, discussed and
compared to the reference values from the AIMg11 data sheet.

6.1.1 Flowability

The influence of the PSD variation on the flowability as one indicator for the processability is analysed
in this section. To apply distinct stresses to the powder, multiple tests are performed using a Hall funnel
and a rotating drum.

6.1.1.1 Results of Flowability Analysis using the Hall Funnel

The results of the AIMg11-flowability measurements using the Hall funnel are presented in Table 6-1.
PSD6_20-170 exhibits the highest apparent density at 1.40 g/cm3, while the narrow distributions,
PSD1_20-45 and PSD2_45-70, feature the lowest apparent densities at 1.28 g/cm3. The highest tapped
densities are observed for the large distributions, PSD5_20-125 and PSD6_20-170, at 1.52 g/cm?3. With
all powders showing similar tapped densities, except for PSD3_70-125 which, as the only powder con-
sisting solely of particles larger than 70 um, exhibits a lower tapped density. PSD6_20-170 features the
lowest Hausner ratio at 1.09, while PSD1_20-45, PSD2_45-70 and PSD5_20-125 display the highest
Hausner ratios at 1.16. In the Hall flowability measurements, there is a gap in the table for powders
that cannot flow through the funnel without multiple tapping, rendering a valid measurement impos-
sible. PSD3_70-125 demonstrates the fastest Hall flowability, taking 44.4 s to pass 50 g of powder.

Table 6-1: AIMg11 results of apparent and tapped density, Hausner ratio and Hall flowability measurements.

Powder Apparent Density Tapped Density Hausner Ratio Hall Flowability
in [g/cm?] in [g/cm?] [-] in [s/50 g]
LPBF_20-70 1.32+0.01 1.51  0.00 1.15 /
PSD1_20-45 1.28 +0.00 V¥ 1.49 +0.01 Vv 1.16 N /
PSD2_45-70 1.28 £0.00 Vv 1.48 £0.00 ¥V 1.16 N /
PSD3_70-125 1.26 £ 0.00 ¥ 1.41+0.01 V¥ 1.2V 48.5+0.33
PSD4_20-100 1.34+0.07 N 1.50 +0.01 \V .12V /
PSD5_20-125 1.31£0.01V 1.52 £0.00 N 1.16 v 53.240.20
PSD6_20-170 1.40+0.10 N 1.52 £0.01 N 1.09V 51.740.68
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6.1.1.2 Discussion of Flowability Analysis using the Hall Funnel

According to Hausner's flowability classifications, PSD6_20-170 is rated as “excellent”, while all other
powders fall into the “good” category [140]. However, no specific references for AIMgl1 flowability
measurements are found, limiting comparisons to the powders examined in this study. Baitimerov et
al.'s investigations on AlSi12 powders report an apparent density of 1.28 g/cm3, which is within a
comparable range [18]. Due to the strong dependency on the alloy’s relative density, a direct
comparison of these results is not applicable.

Marchetti and Hulme recommend using a mix of small and large particles (20-40 and 56-71 um) to
achieve a plateau of tapped densities around 4.2 g/cm? (steel), which aligns with the results of the
AlMg11 funnel tests [108]. The widest PSD distributions (PSD5_20-125 and PSD6_20-170) show the
highest tapped densities, likely due to fine particles filling the gaps between larger particles, reducing
cavity formation and resulting in higher powder densities [99]. This is consistent with observations that
a wider PSD tends to maximize packing efficiency. In contrast, the powder composed of only large
particles (PSD3_70-125) exhibited the lowest tapped density, further supporting the advantage of a
wide PSD in achieving higher tapping density. A similar trend is observed in apparent density, although
it is less pronounced than in tapped density.

Since the particle shape is known for affecting the flowability, Haferkamp et al. proposed that a
decrease in particle shape regularity increases the Hausner ratio [90]. This effect is not observed in the
AlMg11 results, as the most regularly shaped powder, PSD1_20-45, exhibits the highest Hausner ratio
and thus the lowest flowability. This suggests that interparticle forces among smaller particles play a
more significant role in limiting flowability than particle shape. It also indicates that, beyond a certain
point, the influence of interparticle forces, driven by surface area and particle size, surpasses the
effects of particle shape on flowability. Given the overall similarity in particle shapes, these
assumptions require further validation with powders exhibiting more pronounced differences in

particle shape.

Only three powders meet the flowability requirements to pass the Hall flowability test. For future
measurements, using a funnel with a larger diameter, such as a Carney funnel, is recommended for
non-free-flowing powders [169]. This adjustment would ensure more accurate measurement of
powders with poor flowability. PSD3_70-125, composed only of large particles, exhibited faster Hall
flowability than PSD5_20-125 and PSD6_20-170, both of which contain particles smaller than 70 pum.
This observation, where larger particles improve flowability by reducing interparticle interactions, is
widely supported in the literature, for example by Balbaa et al. and Spierings et al. [20, 27]. It appears
that the absolute particle size exerts a greater influence on flowability than the span of the PSD, as
larger particles tend to overcome cohesive forces that inhibit the flow of smaller particles [18].

The transfer of compactibility to powder recoating is limited, as powder layers in LPBF are applied
without tapping. Consequently, Spierings et al. and Soh et al. suggest that the Hausner ratio is a limited
indicator of flowability for LPBF applications [27, 170]. However, the PSD applied, is influenced by the
powder recoating speed. Lee et al. demonstrate through Discrete Element Method (DEM) simulations
that higher recoating speeds tend to favour the deposition of smaller particles [169]. Therefore, while
the Hausner ratio provides insight into powder packing characteristics, its direct application to LPBF
requires careful consideration of the recoating speed and PSD [171].
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In conclusion: The Hausner ratio classification indicates that the powders fall within the “good” and
“excellent” categories. For achieving high apparent and tapped densities, a mixture of particles smaller
and larger than 70 um is recommended. Regarding Hall flowability, the presence of larger particles and
a reduction in the amount of small particles leads to a decrease in the Hall flowability time.

6.1.1.3 Results of Flowability Analysis using the Rotating Drum

The rotating drum test offers a measurement that mimics the recoating process through the rotation.
Therefore, combining compression and shear stresses are applied to the powder. In Figure 6-1, the
results of the rotating drum measurements are presented, separated into (a) avalanche angle and (b)
cohesion index.

The AIMgl11 powders exhibit increasing avalanche angles with increasing rotational speed. PSD1_20-
45 shows a distinct behaviour with a predominantly consistent avalanche angle, regardless of the in-
creasing rotational speeds. The avalanche angles of LPBF_20-70, PSD4_20-100, and PSD6_70-170 are
notably lower at higher speeds, particularly above 25 rpm. PSD2_45-70, PSD3_70-125, and PSD5_20-
125 reach the highest avalanche angles. Except powder PSD2_45-70, all powders fall below the pro-
cessable limit of 30° until a rotational speed of 15 rpm. Above that speed, all powders expect PSD1_20-
45 exceed this limit.

The curves for the cohesion indices closely mirror those of the avalanche angles. PSD1_20-45,
PSD2_45-70, and LPBF_20-70 demonstrate the highest cohesion indices, while PSD3_70-125 and
PSD6_20-170 show the lowest across all rotational speeds. Fluctuations are observed at lower speeds,
particularly in the range of 2-6 rpm. Until 15 rpm, all powders expect PSD1_20-45 and PSD2_45-70 are
below the passable limit. At rotational speeds exceeding 25 rpm, the powders separate, with those
containing particles smaller than 70 um above the limit, while powders with particles larger than 70
pm remain below the limit.

The powders differ in the rotational speed at which their behaviour transitions from flowing to tossing.
The narrow PSDs, such as PSD1_20-45 and PSD2_45-70, begin tossing at 35 rpm, whereas the large
PSDs, such as PSD3_70-125, do not toss at all. Consequently, the results for these powders are trun-
cated at the rotational speed where the first toss occurs.
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Figure 6-1: Diagrams of (a) avalanche angles and (b) cohesion indices across rotational speeds measured with GranuDrum

for the AIMg11 powders.
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For a detailed analysis of the correlation between particle size and avalanche angles, the avalanche
angles for the AIMgl1 powders are plotted in Figure 6-2 over the D10, D50, and D90 values at three
exemplary rotational speeds: 4, 10, and 35 rpm. The outline connects the avalanche angles of each
powder at these speeds. The D10 values in (a) show more variability around 30 um, but remains
consistent with the overall trend. In (b) D50 and (c) D90, a trend of larger outlines for higher particle
sizes is observed.
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Figure 6-2: Diagrams of avalanche angles of AIMg11 powders measured at 4, 10 and 35 rpm over (a) D10, (b) D50, (c) D90.
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6.1.1.4 Discussion of Flowability Analysis using the Rotating Drum

An avalanche angle below 35° is classified as “good” flowability, demonstrating ease of flow according
to Muthuswamy et al. [71]. Up to 15 rpm, all powders except PSD2_45-70 remain below this threshold,
showing “good” flowability. The tendency of increasing avalanche angles with higher rotational speeds
across all AIMgl1-powders, indicates a shear-thickening effect, which reduces ease of flow. No clear
trend emerges to suggest that a particular PSD consistently leads to lower avalanche angles. PSD1_20-
45 presents the overall lowest avalanche angles across the range of rotational speeds, while PSD2_45-
70 shows the highest. Therefore, it is not possible to conclude that a narrow distribution enhances
flowability. The PSDs LPBF_20-70, PSD4_20-100 and PSD6_20-170 display similar avalanche angles, but
PSD5_20-125, despite featuring size and distribution between PSD4_20-100 and PSD6_20-170, exhib-
its an avalanche angle approximately 10° higher.

The cohesion index values reveal a comparably strong adhesion of the PSD1_20-45 particles due to
interparticle forces. Studies by Li et al. and Meier et al. demonstrate that particles below 53 um expe-
rience higher interparticle forces, reducing flowability [8, 84]. These smaller particles require higher
external forces (gravity, shear stresses) to overcome interparticle forces, such as van der Waals or
hydrogen bonds. The shear-thickening effect is less pronounced for the small PSD1_20-45, as the in-
crease in avalanche angles across increasing rotational speeds occurs more gradual. This is likely due
to the “break-up” of interparticle forces by shear stresses. In contrast, larger particles exhibit lower
interparticle forces relative to their specific surface area, resulting in lower friction and higher gravita-
tional forces, which facilitate easier flow.

The detailed analysis of the avalanche angle evolution with particle size, as shown in Figure 6-2, con-
firms an influence of PSD on the flowability. As particle sizes increase, there is a general trend toward
higher avalanche angles, with shear thickening becoming more pronounced, illustrated by larger out-
lines in the graphs.

Cohesion indices for larger and wider PSDs, from PSD3_70-125 to PSD6_20-170, remain below 30 at
rotational speeds up to 35 rpm. These powders form smoother and more even surfaces, with lower
cohesion indices compared to the relatively smaller and narrower PSDs, PSD1_20-45 and PSD2_45-70.
This is explained by lower interparticle forces due to the lower specific surface area of the larger par-
ticles. Additionally, smaller particles fill the voids between larger ones, counterbalancing the surface
evenness. However, the slightly higher cohesion index for the wider PSD6_20-170 compared to the
large PSD3_70-125 indicates that the sticking effect of interparticle forces among smaller particles is
stronger than the void-filling effect, which evens out the surface. Notably, the avalanche angle may be
a more sensitive indicator of powder flowability than the cohesion index.

At 35 rpm, the smaller PSDs, such as PSD1_20-45 and PSD2_45-70, begin to exhibit tossing behaviour
instead of flowing, whereas the larger PSDs (PSD4-6) maintain flow. The earlier onset of tossing in
narrow and small PSDs is attributed to the lower mass of smaller particles, which are more susceptible
to tossing under stress compared to larger particles [8]. A slight trend toward delayed tossing at higher
rotational speeds is observed in wider PSDs, PSD6_20-170 and PSD5_20-125, compared to narrower
distributions, such as PSD2_45-70. The presence of additional small particles below 45 um may con-
tribute to higher friction and stronger interparticle forces, leading to more robust connections be-
tween particles [31, 84]. This suggests that powder recoating may be more even with a wider PSD
compared to a narrow, solely large PSD.
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The transfer of GranuDrum’s rotating speed to LPBF’s recoating angular speed is limited, as angular
speed represents only a single radius at a time and does not account for the three-dimensional powder
dynamics inside the drum [172]. An LPBF typical recoating speed of 150 mm/s is achieved at around
35 rpm at the drum's edge, which is the highest possible rotational speed for PSD1_20-45 and
PSD2_45-70 without tossing. A transfer of flowability measurements results to LPBF recoating behav-
iour requires verification with other tests, such as specialized powder recoater test rigs or monitoring
systems in the building chamber of the LPBF machine. Further research should explore adjusting re-
coating speeds based on PSD, as slower speeds may benefit larger particles to ensure an even powder
bed during recoating.

In conclusion: Up to 15 rpm, most powders show “good” flowability, but shear thickening occurs at
rotational speeds above 15 rpm without a clear PSD trend. Smaller PSDs (PSD1_20-45) exhibit strong
interparticle forces, which shear stresses partially break up. Larger PSDs (PSD5_20-125) exhibit lower
interparticle forces, leading to earlier flow, with an increase in shear thickening. Wider PSDs (PSD3-6)
exhibit lower cohesion indices and therefore smoother surfaces, with smaller particles filling voids be-
tween larger ones. Smaller PSDs (PSD1-2) start tossing earlier at 35 rpm, while wider PSDs (PSD3-6)
maintain more even flow, suggesting better recoating potential for wider distributions.

6.1.2 LPBF

In the following sections, the results of the LPBF analysis are presented and discussed.

6.1.2.1 Results of LPBF Analysis

The influence of increased PSD on LPBF is investigated by analysing the processability of the generated
PSD variations. Subsequently, the two PSDs that exhibit defect-free processability with a relative den-
sity above 99.5 %, along with the highest atomization yield, are selected for comparison with LPBF_20-
70 in terms of manufacturability. In Figure 6-3, the relative densities achieved for each scanning speed
variation across the different powders are presented.
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Figure 6-3: Diagram of the relative densities for AIMg11 powder across scanning speeds.
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The reference scanning speed of 1,175 mm/s and the reference relative density threshold of 99.5 %
(according to the data sheet) are highlighted. All the powders achieve relative densities above 99.0 %,
across the scanning speed range, except for three outliers from PSD1_20-45 and PSD2_45-70 at scan-
ning speeds from 1,305 until 1,385 mm/s. At scanning speeds above 1,050 mm/s, the relative density
tends to decrease and exhibit higher deviations. PSD4_20-100 features the highest overall relative
densities, followed by LPBF_20-70 and PSD5_20-125. The narrow distribution PSD2_45-70 demon-
strates the lowest overall relative densities.

As powders with the highest atomization yield and sufficient processability, demonstrated by achieving
relative densities above 99.5 % across a wide scanning speed range from 805 mm/s to 1,405 mm/s and
1,185 mm/s respectively, PSD4_20-100 and PSD5_20-125 are selected for manufacturability analysis.
These powders, along with LPBF_20-70 as a reference, are used to manufacture specimens for me-
chanical testing. The same reference process parameters are applied to ensure an accurate assessment
of the influence of increased PSDs on manufacturability.

6.1.2.2 Discussion of LPBF Analysis

The AlMgl1l-scanning speed variation reveals a clear trend toward higher relative densities at lower
scanning speeds, irrespective of the PSD and other powder characteristics. This indicates that higher
relative densities correlate with increased VED. A notable difference between the powders emerges
at higher scanning speeds, particularly above 1,050 mm/s and therefore lower VEDs (< 71.4 J/mm3).
While the reference scanning speed of 1,175 mm/s is set for balancing productivity and processability,
PSD6_20-170 and PSD2_45-70 fail to achieve relative densities above 99.5 % at this speed.

Andani et al. observe that reducing scanning speed from 2100 mm/s to 1650 mm/s decreases melt
pool dynamics for AlSi1OMg, with particle sizes comparable to LPBF_20-70, which aligns with these
findings [173]. At scanning speeds above 1,050 mm/s, the increased turbulence in the melting zone
creates critical disturbances that result in irregularities in the density cubes for the investigated pow-
ders [173]. Only PSD4_20-100 shows higher relative densities than the reference LPBF_20-70 powder,
followed by PSD5_20-125. Both powders also exhibit higher tapped densities, which may lead to im-
proved powder layer densities after recoating. The larger powders, PSD3_70-125 to PSD6_20-170, fea-
ture a lower cohesion index (below 30) at higher rotational speeds (15-45 rpm), enhancing the for-
mation of a more homogeneous powder bed during recoating. This effect could contribute to reduced
turbulences in the melt pool at speeds above 1,050 mm/s. These findings suggest that a broad, but not
excessively wide (below a span of 90 um) PSD promotes a more stable melting zone, resulting in higher
relative densities.

However, powders consisting solely of larger particles, such as PSD2_45-70 and PSD3_70-125, show
relative densities below 99.4 % at scanning speeds above 1,050 mm/s. The absence of particles below
45 um in the distribution may increase turbulences in the melt zone. Across the full range of scanning
speeds, PSD4_20-100 yields the highest relative densities, indicating the widest process window. This
confirms that a balanced combination of small and large particles leads to more stable processing con-
ditions. Nevertheless, overly broad distributions, such as PSD6_20-170, result in lower relative densi-
ties. While recoater movement differs from GranuDrum rotations, the process window observed aligns
with the trends seen in the avalanche angle measurements.

Xue et al. state that insufficient energy input during LPBF causes only the particle surface to melt,
leading to vaporization and spatter. Recoil pressure also presses unmelted particles into the melting
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pool, contributing to porosity. Proper parameter adjustment to match the PSD is critical to achieving
high relative densities [50]. The reproducibility of these results must be validated for all investigated
powders. The target for future process parameter studies may vary, depending on the desired produc-
tivity or quality.

In conclusion: Based on the processability investigations, PSD4_20-100 and PSD5_20-125 are identi-
fied as the most promising powders combining processability and high atomization yield (62 and 74 %,
see Table 4-1). Both powders are selected for manufacturability analysis in comparison with LPBF_20-
70, using the same process parameter. Notably, the process parameters are primarily defined by the
characteristics of the largest particles.

6.1.2.3 Results of Powder Application Test

The powder application test is performed for the three powders LPBF_20-70, PSD4 20-125 and
PSD5_20-125 selected for manufacturability analysis. The results are shown in Figure 6-4.
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Figure 6-4: Bar chart of the particle size from the supply, build plate, and overflow measured for AIMg11 powders.

The set layer thickness of 50 um is indicated with a red line. For all three powders, the particle size of
samples taken on the build plate is smaller than of samples taken from the supply. For PSD4_20-100
with 45.5 % of particles and for PSD5_20-125 with 32 % of particles smaller than the 50 um layer
thickness, this trend is more pronounced. The average D90 values on the build plate are 65 um for
LPBF_20-70, 72 um for PSD4_20-100 and 84 um for PSD5_20-125, which is larger than the layer
thickness.

6.1.2.4 Discussion of Powder Application Test

The observed decrease in particle size of samples taken from the build plate indicates that not all larger
particles are successfully applied during the process. Although a layer thickness of 50 um, particles
exceeding 50 um still appear on the build plate. Previous investigations, such as Wischeropp et al.,
report a gap over the parts three times higher than the layer thickness due to solidification shrinkage,
which facilitates the placement of particles above 50 um [26]. The D90 values of PSD4_20-100 with
71.8 um and 84.33 um, with 10 % of the particles exceeding these values, show that for example, 3.9 %
of particles are between 100-125 um for PSD5_20-125. Notably, the D90 of 84.33 um of PSD5_20-125
on the build plate is similar to 84.4 um of D90 of PSD4_20-100 in the supply, confirming the feasibility
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of a placement of all applied particles size for PSD4_20-100. The simulation of Lee et al., demonstrates
a segregation during recoating resulting in the application of smaller particles and shifting larger par-
ticles into the overflow. It appears that this segregation effect took place to a certain degree [171].
More detailed analysis is required to investigate the influence of the segregation compared to the
limited space between previous applied powder layers for powders with increased PSD.

The effect of PSD coarsening due to powder re-use is identified for PSD4_20-100 and PSD5_20-125.
Kohlwes et al. report a 4 % higher spatter count for a 20-125 um powder compared to a 1 % increase
in a powder with 20-100 um compared to a typical LPBF PSDs, which aligns with the observed coars-
ening trends [162]. However, the decrease in D90 for PSD5_20-125, suggesting that either the spatters
are smaller than D90 overflow of 129 um for PSD5_20-125 or too few to influence the D90 values.
Additionally, the D90 value from initial characterization for PSD5_20-125, is with 123.4 um lower than
143 um in the supply, which indicates particle segregation, potentially necessitating immediate pro-
cessing after blending.

In conclusion: A decrease in particle size is observed in the powders on the build plate compared to
the particle sizes in both the supply and overflow. The powder, with a D90 of 84 um, is successfully
applied at a layer thickness of 50 um.

6.1.3 Key Findings on Processability

In this section, the research question “What is the effect of the PSD on processability?” is addressed.
Processability is analysed as defined by the generic defect-free printability of a powder, including the
key aspects such as sufficient flowability and effective powder application. The main findings are pre-
sented in Table 6-2.

Table 6-2: Key Findings of the investigations on the effect of AIMg11 PSDs on processability.

Criteria Result AlIMg11

e Hausner ratio: Powders within Hausner classification “good” and “excellent”

Flowability e Apparent and tapped density: For high values, mix of small and large parti-
using cles recommended
Hall funnel

o Hall flowability: larger particles and a reduced number of small particles re-
duce Hall flowability time

Flowability e Shear thickening effect for all investigated powders

using e Avalanche angle: mixed results — no clear trend

tating d
rotating drum e Cohesion index: wide PSDs (PSD3 to PSD6) yield lower values

e From 805 to 1,025 mm/s all PSD variations above 99.5 % relative density
LPBE e PSD4 20-100 and PSD5_20-125: largest process windows

e Selected for mechanical tests in comparison to LPBF_20-70

e Decrease of particle size on build plate compared to particle size in supply

Application Test and overflow

e Application of powder with a D90 of 84 um at 50 um layer thickness
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Increasing the PSD affects processability by enhancing flowability, increasing apparent and tapped
densities, reducing Hausner ratios, and lowering Hall flow time. PSD4_20-100 and PSD5_20-125
increase the atomization yields up to 62 and 74 %, while achieving stable flow behaviour, and a large
process window with relative densities above 99.5 %. They are selected to investigate the impact of
increased PSD on LPBF manufacturability compared to LPBF_20-70.

6.2 Manufacturability

With each of the three selected powders, LPBF_20-70, PSD4_20-100 and PSD5_20-125, mechanical
specimens are manufactured using the reference process parameters. The investigation of the
mechanical properties allows for assessing the manufacturability of increased PSDs.

6.2.1 Mechanical Properties

The mechanical properties are analysed in terms of relative density, microstructure, hardness and ten-
sile properties.

6.2.1.1 Results of Relative Density and Microstructure Analysis

In Figure 6-5, the microscopy images of the density cubes from (a) PSD4_20-100 and (b) PSD5_20-125,
built as witness specimens in the tensile build jobs, are shown. All specimens demonstrate comparable
relative densities exceeding 99.5 %, with standard deviations below 0.08 %. Numerous pores, both
circular and irregular in shape, are observed throughout the specimens.

In addition, multiple cracks are detected along the building direction, with length ranging from just a
few micrometres to as large as 200 um. The largest pores exhibit diameters up to approximately

70 um.
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Figure 6-5: Microscopy images of polished density cubes in longitudinal section manufactured with (a) PSD4_20-100, and
(b) PSD5_20-125.

In Figure 6-6, the reference microscopy image of LPBF_20-70 is presented. Compared to the images of
the increased PSDs, more cracks are observed, with sizes reaching up to approximately 300 um. The
relative density of this specimen is 99.6 %, placing it between the values measured for the other two
powders.
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Figure 6-6: Microscopy image of a polished density cube in longitudinal section manufactured with LPBF_20-70.

The SEM images of the three PSDs in Figure 6-7 reveal a similar microstructure. Fish scale patterns are
observed, characterized by coarser, elongated grains within the fish scale and finer grains at melt pool
boundaries. The grain growth is predominantly aligned with the build direction. Higher porosity is
noted near the melt pool boundaries, with pores measuring between 5 and 10 um. The images of
PSD4_20-100 show a lower contrast compared to the other two specimens. In all samples, both pores
and cracks are visible. The cracks are elongated and propagate in multiple directions along grain
boundaries and melt pool boundaries, with lengths extending across multiple melt pool regions.

LPBF_20-70 PSD4_20-100 PSD5_20-125

fish scales

elongated
grains —™»

melt pool
boundary

porosity.

Figure 6-7: SEM images of AIMg11 polished density cubes in longitudinal section for microstructure analysis.
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6.2.1.2 Discussion of Relative Density & Microstructure Analysis

The different pore geometries indicate distinct mechanisms of pore generation. Circular pores, com-
monly classified as gas pores, are in particular prevalent in aluminium alloys and arise from moisture
or dissolved hydrogen, as stated in VDI 3405 sheet 2.8 [174]. Schmidtke describes how deep penetra-
tion welding, caused by excessive energy input, forms keyholes that trap gas, leading to pore formation
[175]. Kimura et al. report a decrease in density from 99.9 % to 99.4 % with increasing Mg content in
an Al-Si alloy from 0 to 2.5 wt.-% [176]. This is attributed to the formation of more gas pores, caused
by the evaporation of Mg, which features a relatively low boiling point of 1110 °C compared to 2470 °C
for Al [177]. Irregularly shaped pores result from insufficient particle melting, classifying them as lack-
of-fusion pores [175]. However, the SEM images reveal that all particles are fully melted, suggesting
that the process parameters are not properly balanced for defect free build up. Most pores are located
near to melting pool boundaries, indicating solidification or composition issues. Zhao et al. propose
that pores are trapped at the solidification front due to instabilities at the keyhole tip [178].

Tabatabaei et al. identified melt pool boundaries in AlSi10Mg specimens prone to cracking due to
chemical composition issues and increased strain at the boundaries [179]. Similarly, cracks are visible
in AlMg11 specimens along the building direction, with SEM-images showing cracks orthogonal to it as
well. Some specimens exhibit more cracks than others, with cracks lengths extending up to three melt
pools, indicating inconsistent results. VDI 3405 sheet 2.8 lists inappropriate temperature distribution,
chemical composition issues, overheating or incomplete melting of the particles as potential causes
[174]. These cracks are either hot or stress related. The presence of multiple types of defects indicates
that the overall process parameter-powder interaction is inadequate. Despite achieving relative den-
sities above the processability threshold of 99.5 %, the presence of pores and cracks is likely to degrade
mechanical properties. Further process parameter tests are necessary to improve manufacturability.

The detected microstructure in the SEM images resembles that observed in other aluminium alloys,
such as the aluminium-scandium alloy studied by Kuo et al. [180]. Since similar microstructures are
formed under the same process parameters, no influence of the increased PSD on microstructure for-
mation is identified.

In conclusion: Multiple types of detects, including gas pores, lack-of-fusion pores and cracks, are iden-
tified across all three PSDs. Given the similarity in microstructure and defect formation, no significant
influence of increased PSD is identified. Further process parameter investigations are required to
achieve defect free build-up.

6.2.1.3 Results of Hardness Analysis

The specimens exhibit similar Vickers hardness values, as demonstrated in Figure 6-8. Due to the sim-
plicity of the hardness measurement, all AIMg11-PSD variations are tested. For each powder, the den-
sity cube, build using the same reference process parameter, is analysed.

The hardness specified by the powder supplier is indicated by the green bar, which ranges from 110 to
115 HV10. The mean values for all specimens fall between 112 and 114 HV10 with standard deviations
ranging from 1.14 to 2.7 HV10 and therefore meet the reference hardness of 110-115 HV10. Among
the powders, PSD2_45-70 achieves slightly higher hardness values, while LPBF_20-70 shows slightly

lower values.
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Figure 6-8: Bar chart of the measured Vickers hardness HV10 for AIMgl1 powders compared to data sheet reference.
6.2.1.4 Discussion of Hardness Analysis

The aluminium alloy AIMg11 hardens through three main mechanisms: solid solution hardening, pre-
cipitation hardening, and grain hardening described by Roos et al. [37]. Magnesium in AIMg11 contrib-
utes to solid solution hardening by causing lattice distortion, which reduces dislocation mobility while
maintaining ductility. A precipitation hardening cannot be confirmed based on the SEM images. In
LPBF, full particle melting ensures the dissolution of alloying elements, while the high cooling rates
largely prevent diffusion, and no precipitates are formed, forming a supersaturated solid solution. Ac-
cording to Bhattiprolu et al., grain hardening is influenced by cooling rates, where higher cooling rates
produce smaller grain sizes, leading to increased hardness [181]. Since the same process parameters
are applied to melt the particles fully, cooling rates remained consistent, resulting in uniform hardness
values across all AIMg11 PSDs. Other powder characteristics, such as flowability, do not seem to affect
hardness.

Although solid solution strengthening primarily determines the alloy’s strength, precipitation and grain
refinement offer supplementary contributions [37]. This combination of mechanisms explains the con-
sistent hardness results observed across all PSDs. The hardness values for all PSDs fall within the target
range specified for AIMg11.

In conclusion: All PSDs meet the reference data sheet values within a range of 112 to 115 HV10. No
influence of PSD on hardness is identified.

6.2.1.5 Results of Tensile Tests

The yield strength Rpo.2, tensile strength R, and elongation at break A are determined through tensile
tests. In Figure 6-9, the results for the as-built specimens with varying properties across the
orientations 0°, 45° and 90° are shown. PSD4_20-100 consistently achieves the highest yield strength
in all orientations ranging between 229 and 235 N/mm?, while PSD5_20-125 exhibits the highest
tensile strength at 0° with 406 N/mm?, but lower values of 340 N/mm? and 297 N/mm? at 45° and
respective 90°. Maximum elongation varies, with PSD5 20-125 reaching the highest at 0°
(23.2 % + 1.26), PSD4_20-100 at 45° (15.5 % * 1.0) and LPBF_20-70 at 90° (12.4 % + 3.68).
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The results also show mixed anisotropy trends. LPBF_20-70 exhibits slight anisotropy in tensile
strength and elongation, with deviations of 1.1 % and 1.8 %, and a larger 11.6 % variation in yield
strength across build orientations. For PSD4_20-100, this pattern is nearly reversed, with a small 1.1 %
deviation in yield strength, 5.1 % for tensile strength, and 15 % for elongation. PSD5 _20-125 displays
higher anisotropy, with deviations ranging between 8.2 % for yield strength and 37.8 % for elongation.

When compared to the reference data sheet values, no consistent trend is observed in relation to PSD
or orientation. The results vary, with some values falling within and others outside the data sheet
specifications [9]. Only PSD4_20-100 in the 45° build orientation meets all the data sheet values.
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Figure 6-9: Diagram of the measured tensile properties in a 0°, 45° and 90° orientation for AIMg11 powders.
6.2.1.6 Discussion of Tensile Tests

The tensile test results for the as-built specimens reveal significant variation in mechanical properties
across the tested orientations (0°, 45°, and 90°). PSD4_20-100 consistently exhibits the highest yield
strength across all orientations, ranging from 229 to 235 N/mm?2. For LPBF_20-70, a trend emerges
where higher or maintained yield strength are observed with increasing layers, particularly in the 90°
orientation. In contrast, PSD5_20-125 shows a decline in yield strength as the number of layers
increases. PSD4_20-100 demonstrates increased results at 45° and decreased values at 90°, with no
clear progression linked to the number of layers.

Maconachie et al. investigate the influence of build orientation on tensile properties for AlSi10Mg and
observe that while yield and tensile strength exhibited negelective anisotropy, ductility decreased
from 6.7 % horizontally to 5 % vertically [182]. Fractures are initiated along the orientation of the melt
pool boundaries, underscoring the dependence on build direction. Increased porosity and multiple
cracks along the melt pool boundaries are identified in the AIMg11 specimens, which likely contributed

75



Processability and Manufacturability of varied PSDs using AIMg11

to fracture initiation. The visible cracks across multiple melt pools in various directions suggests that
using the reference process parameter does not ensure a stable process. These defects are likely to
affect mechanical properties, increasing standard deviations and reducing reproducibility.

The highest densities in the PSD4_20-100 and PSD5_20-125 specimens are achieved at scanning
speeds of 845 mm/s, 965 mm/s, corresponding to VEDs of 77.7 and 88.7 J/mm3. In comparison, the
reference process parameter used to manufacture the AIMgl1 tensile specimens results in a VED of
63.8 J/mm?3. Adjusting the process parameters to achieve a VED above 63.8 J/mm?3, while reducing
scanning speed to mitigate melt pool turbulences, appears promising for enabling a robust AIMg11-
LPBF process. The higher yield strength of PSD4_20-100 aligns with the broader process window ob-
tained by varying scanning speeds, suggesting an upper limit of PSD when using reference process
parameters.

Across all PSDs, a trend of lower tensile properties in the 90° orientation is observed, which is at-
tributed to an accumulation of defects as more layers are added. The anisotropy in mechanical prop-
erties is likely caused by variations in the thermal history of the part [33]. The higher heat storage in
the lower layers, because of the larger scanning areas, may benefit larger particles such as PSD5_20-
125, whereas the reduced heat input and storage in the upper layers is advantageous for smaller PSDs
like LPBF_20-70.

Singh et al. further state that in 0° and 90°-oriented components, the deposition of a new layer over a
previously solidified metallic layer results in high heat dissipation due to the high thermal conductivity
of a metal part compared to powder. The greater thermal gradient between the newly solidified layer
and the previous layer leads to increased residual stress. Residual stress is also influenced by compo-
nent height and the presence of defects like pores and cracks. In the 90°-oriented components, where
the number of layers is higher, residual stress and the number of pores increase compared to other
build orientations. [183]

In conclusion: The multiple defects observed lead to tensile properties with significant deviations,
without establishing a clear trend regarding the influence of PSD on these properties. Anisotropy is
identified for all three PSDs, and reference data sheet values are only partially achieved.

6.2.2 Correlation Analysis

A correlation analysis is performed for the six PSD variations PSD1-PSD6 and the reference LPBF_20-
70 to statistically assess relationships. The results are presented and discussed in the following.

6.2.2.1 Results of Correlation Analysis

The correlation matrix for AIMg11 is shown in Figure 6-10, revealing several notable correlations. Dec-
ile values (D10, D50, D90) and particle size span exhibit a negative correlation with the cohesion index
at multiple rotational speeds. The avalanche angles show mixed correlations (positive, negative, and
insignificant) across the data set, with low significance in all cases. Apparent and tapped densities pre-
sent a similar pattern, with the Hausner ratio negatively correlating with particle sizes. Additionally,
the particle size span and D10 correlate negatively with tapped density, while D10, D50, and symmetry
present a negative correlation with Hausner ratio. Tapped density correlates positively with part den-
sity. Particle shape characteristics negatively correlate with hardness but seem to positively correlate
with flowability results, though these correlations are weak. The correlations for the avalanche angle
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at 35 rpm show a reversed trend compared to the other rotational speeds. The correlation between
flowability characteristics and mechanical properties does not show any clear trends.
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Figure 6-10: Correlation matrix based on Pearson coefficient of AIMg11 results.

The correlation matrix is generated for all PSDs. While the tensile test results are only performed for
the selected PSDs, PSD4, PSD5, and LPBF, summarizing their results from different orientations does
not yield sufficiently significant trends for mechanical properties.

6.2.2.2 Discussion of Correlation Analysis

The aim of this discussion is to identify causal relationships and distinguish correlations that may lack

a direct logical basis.
1. Flowability

The results from the correlation analysis confirm a slight trend for higher tapped densities with broader
PSDs. As supported by Marchetti and Hulme, mixing small and large particles enhances tapped density

due to smaller particles filling the voids between larger ones, leading to denser powder packing. This
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aligns with the AIMg11 funnel tests, where the widest distributions (PSD5_20-125 and PSD6_20-170)
exhibited the highest tapped densities [108]. This is further corroborated by Li et al. [8], who observe
that larger particles alone (approximately 53 um) result in lower tapped densities, emphasizing the
value of a wide PSD. For apparent density, the trend is similar but less pronounced. Although the
correlation analysis hints at these relationships, the causality is primarily rooted in how particle size

distributions influence packing efficiency.

The correlation between particle size and Hausner ratios is clearer. Larger particles tend to show lower
Hausner ratios, which indicates lower compactibility, consistent with the correlation analysis results.
The wider PSDs, particularly PSD4_20-100 and PSD5_20-125, improve flowability by reducing cohesion
indices and avalanche angles at lower rotational speeds (up to 25 rpm). These factors, influence the
effectiveness of powder spreading during recoating, particularly for PSDs larger than the layer
thickness. While the results support this trend, further investigation into PSD would provide more

clarity on the causal relationship between flowability and PSD during processing.

2. Relative Density

Decile values and particle size span correlate negatively with relative density. This trend is only partially
supported by a detailed analysis of the measured results. Although the overall trend may hold true for
particle sizes up to 170 um, these investigations demonstrate comparable processability and
manufacturability for PSDs with upper limits of 100 um and 125 pum to the reference PSD of 20-70 pum.
A detailed analysis of the three PSDs used in the tensile tests shows reversed results, indicating a
positive correlation between decile values and relative density. This underscores a limit in PSD of
125 pm for enhanced mechanical properties when using these LPBF settings. Higher avalanche angles
and cohesion indices correlate with increased density; however, this relationship is overall of limited

validity of causal relationships in this context.
3. Vickers Hardness

A significant negative correlation (rc =-0.905) is identified between particle sphericity and hardness.
While this suggests that less spherical particles may result in higher hardness, the practical significance
of this correlation is low due to the similar values across the powders. The relative densities of the
cubes are comparable, suggesting that minor relative density variations do not lead to substantial
changes in hardness. Therefore, the correlation between particle shape and hardness lacks a strong

causal basis.

The negative correlation between avalanche angle and hardness also does not imply a clear trend.
Given the slight negative correlation between the cohesion index and relative density, there is

insufficient evidence to establish a direct link between powder morphology and hardness.

In conclusion: Multiple correlations are mathematically identified. Causal attribution indicates that
increased particle sizes enhance flowability, suggesting a positive influence of larger particles on the

material's ability to flow during processing.
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6.2.3 Key Findings on Manufacturability

In this section, the manufacturability of increased PSDs, PSD4_20-100 and PSD5_20-125, is investi-
gated, covering the mechanical properties based on relative density, microstructure, hardness and
tensile properties. Because of the low information level identified for AIMgl1-mechanical properties,
the values of the material data sheet are used as target values.

The relative densities align with data sheet specifications, though pores and cracks are observed across
all PSDs, with no clear link to increased PSD, but potential solidification and composition issues are
noted. Hardness values remain consistent, while tensile properties slightly decrease with increased
layer counts, likely due to heat storage effects. Process parameter adjustments are anticipated to sta-
bilize the process and improve mechanical properties. The Key findings are summarized in Table 6-3.

Table 6-3: Key findings of the investigations on AIMg11 manufacturability.

Criteria Result AlIMgi1

e Similar defect formation: Multiple defects identified: gas and lack of fusion
pores, cracks
relative density
and

microstructure e similar microstructure identified using same process parameters

Similar relative density (>99.5 %) meet reference data sheet

¢ No influence of PSD identified

e Similar Vickers hardness for all AIMg11-PSDs within 112 — 115 HV10

Vickers e Data sheet reference of 110-115 HV10 is met
hardness

¢ No influence of PSD identified

e No clear trend across PSDs and specimens’ orientations

tensile e Anisotropy identified for LPBF20-70; PSD4_20-100 and PSD5_20-125
properties
o Reference data sheet values partially met

. e Multiple correlations are mathematically identified
correlation

analysis e Causal attribution: Increased particle sizes enhance flowability

The research question “How do the different PSDs affect the mechanical properties of the manufac-
tured parts?” is answered for AIMg11 as follows: Increased PSDs exhibit no discernible effect on rela-
tive density, hardness, microstructure, and tensile specimens, printed using the same process param-
eters. The PSD4_20-100 exhibits slightly higher values compared to PSD5_20-125 and is comparable
to LPBF_20-70. The presence of multiple defects in the specimens indicates the need for further pro-
cess parameter adaptations.

AlMg11, as an alloy, specifically atomized for LPBF, demonstrates potential for resource and cost sav-
ings by increasing atomization yield, thereby reducing the quantity of unused particles. For further
investigations, the high-cost powder Ti-6Al-4V recognized for its stable LPBF processability is selected.
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7 Processability and Manufacturability of varied PSDs using Ti-6Al-4V

The processability of Ti-6Al-4V is assessed through flowability measurements and process parameter
adaptions for each PSD to achieve relative densities above 99.9 %. For manufacturability investiga-
tions, the adapted process parameters are used to produce the specimens. This approach allows for
comparability of the achieved mechanical properties across different PSDs with reference values from

industry.

7.1 Processability

In the following sections, the results of the processability analysis are presented and discussed.

7.1.1 Flowability

The influence of the PSD variation on the flowability as one indicator for the processability is analysed.
Distinct stresses are applied to the powder with multiple tests using the Hall funnel and the rotating
drum.

7.1.1.1 Results of Flowability Analysis using the Hall Funnel

The flowability of the three Ti-6Al-4V powders, assessed using the Hall funnel, is presented in Table
7-1. The Ti64_20-100 powder exhibits the same apparent density as the LPBF_20-53 powder with a
higher tapped density, resulting in a higher Hausner-ratio of 1.13 for Ti64_20-100. The Hall flowability
of EBM_45-106 is measured at 25.2 s/50g, surpassing that of the other two powders, while LPBF_20-
53 does not flow freely and requires additional tapping. Ti64_20-100 demonstrates the fastest Hall
flowability.

When compared to industry reference values in Table 4-5, the apparent density and Hall flowability of
the powders are consistent with these benchmarks. The industry tapped densities range from 2.84 to
2.92 g/cm?3, which is higher than the measured range of 2.53 to 2.77 g/cm?3. Consequently, the resulting
Hausner ratios for the investigated powders, between 1.09-1.13, are comparatively lower than indus-
try references, which range from 1.20 to 1.24.

Table 7-1: Ti-6Al-4V results of apparent and tapped density, Hausner ratio and Hall flowability measurements.

Apparent Density Tapped Density Hausner Ratio Hall Flowability

Powder
in [g/cm?] in [g/cm?] [-] in [s/50g]
LPBF_20-53 2.46 +0.00 2.68 +0.01 1.09 24.67 +3.61*
Ti64_20-100 2.46+0.01> 2.77 £0.01 113N 24.23+0.15 ¥
EBM_45-106 2.30+0.01V 2.53+0.01V 110N 25.20+0.20 N

* No free flow, residual powder in the funnel

7.1.1.2 Discussion of Flowability using the Hall Funnel

For the Ti64_20-100 and LPBF_20-53 powders, smaller particles appear to fill the voids between larger
particles, resulting in higher apparent and tapped densities. Ti64_20-100 exhibits the highest tapped
density and a Hausner ratio of 1.13, suggesting higher compactibility due to its wide PSD, similar to
what is observed for AIMg11. In contrast, the EBM_45-106 powder, which lacks smaller particles, dis-
plays lower apparent and tapped densities. Despite expectations that the absence of small particles
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would lead to improved Hall flowability due to reduced interparticle forces, EBM_45-106 shows a
slower flow rate of 25.2s/50g, contrary to predictions. The Hausner ratios for LPBF _20-53 and
EBM_45-106 are classified as “excellent”, while Ti64_20-100 is rated as “good” according to Hausner's
classification [140]. This indicates superior flowability for these powders compared to the industry ref-
erence values in Table 4-5, which are classified as “fair”.

A notable finding is the high standard deviation of 3.61 s/50g for the LPBF_20-53 powder, which is
attributed to powder sticking in the funnel. Additional tapping is required to initiate flow, indicating its
slower flowability, with a measured Hall flowability of 24.67 s/50g, making it the least free-flowing
powder among those tested [137]. This aligns with literature findings, where interparticle forces from
small particles hinder flow, even with the same sphericity as the other powders (Table 3-5). The flow
behaviour of EBM_45-106, despite its larger particle size, does not follow the expected trend of
increased flowability with particle size, as seen in studies by Xue et al. and Xiongfei et al. [7, 50]. It is
expected that the missing small particles should increase the Hall-flowability of EBM_45-106 due to
lower interparticle forces and a higher effect of gravity. The particle shape as an influencing factor is
neglectable due to the similar sphericity of all three powders, as shown in Table 5-6 and Figure 5-9.

External factors, such as humidity, potentially influence flowability. Higher humidity levels in the at-
mosphere are known to increase particle cohesion, potentially affecting the results. The absolute hu-
midity is recorded for each test day, with Ti64 20-100 measured at 8.13 g/cm3, EBM_45-106 at
10.29 g/cm3, and LPBF_20-53 at 11.49 g/cm3. This trend corresponds to the Hall flowability results,
suggesting that with similar humidity levels, EBM_45-106 exhibits flowability closer to that of Ti64_20-
100. Despite the lower humidity for Ti64_20-100, its larger particles seemed to improve flowability,
supporting the idea that larger particles enhance flow.

In conclusion: The analysis of apparent and tapped densities reveals that achieving high densities ne-
cessitates the incorporation of small particles below 45 um to effectively fill voids. The Hausner ratio
analysis indicates that the LPBF_20-53 and EBM_45-106 powders fall within the “excellent” classifica-
tion, while the Ti64_20-100 powder is classified as “good”, demonstrating overall similar performance.
Furthermore, the Hall flowability assessment shows that a wide PSD of 20-100 um results in the fastest
Hall flowability.

7.1.1.3 Results of Flowability Analysis using the Rotating Drum

The avalanche angles and cohesion indices, for increasing rotational speeds, are presented in Figure
7-1 for all three Ti-6Al-4V powders. The curves progress similarly for all powders, with EBM_45-106
powder exhibiting higher values compared to the other two powders, which display nearly identical
values. The LPBF_20-53 powder shows lower avalanche angles and cohesion indices at lower rotational
speeds (2-10 rpm) compared to the Ti64_20-100 powder, which features the lowest values at speeds
above 10 rpm.
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Figure 7-1: Diagram of the cohesion indices and avalanche angles across rotational speeds for three Ti-6Al-4V powders.
7.1.1.4 Discussion of Flowability using the Rotating Drum

The flowability measurements using the rotating drum method reveal shear thickening behaviour for
all three powders, which seems to be a typical effect for LPBF powders and aligns with the AlMgl11
results. The blended Ti64 20-100 exhibits enhanced flowability compared to the base powders
LPBF_20-53 and EBM_45-106. As with AIMg11, the smaller particles below 45 um fill in the voids be-
tween larger particles to smoothen the powder surface without suffering from increased interparticle
forces, demonstrated by lower cohesion indices, particularly for rotational speeds above 10 rpm. This
is an indication of higher processability of a wider distribution of 20-100 um, compared to just large
PSDs of 45-106 um.

In conclusion: Particles smaller than 45 um reduce the avalanche angle. All PSD show a shear thicken-
ing effect, though a wide span of 55 pum as in Ti64_20-100, maintains the cohesion indices for rotational
speeds above 10 rpm.

7.1.2 LPBF

To analyse the processability of the increased PSDs, the next step after assessing flowability is to in-
vestigate their effects on LPBF. The results are presented and discussed in the following sections.

7.1.2.1 Results of LPBF Analysis

In Table 7-2, an overview of the process parameters and the variation range are provided. Additionally,
it displays the number of build jobs required to achieve the target relative density of 99.9 %.

The two bottom lines show the VED and build rate for the final process parameters used in manufac-
turing the mechanical specimens. The final process parameters for EBM_45-106 and Ti64_20-100 are
identical, explaining the similarity in VED and build rate. These process parameters differ from those
used for LPBF_20-53, specifically in featuring a 0.05 mm smaller hatch distance, a 10 W higher laser
power, and 300 mm/s slower scanning speed.
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Table 7-2: Ti-6Al-4V parameter variation and final volume energy densities and build rates for the investigated powders.

Parameter Variation LPBF Ti64 EBM

20-53 pm 20-100 um 45-106 pm

Build Jobs 2x 1x 3x
Laser Power in [W] 290-310 300-320 280-360

Scanning Speed in [mm/s] 1100- 1300 1100-1400 1000-1500

Hatch Distance in [mm] 0.11-0.17 0.08-0.14 0.08-0.14
Final Volume Energy Density in [J/mm3] 36.13 47.62 47.62
Final Build Rate in [cm3/h] 30.89 24.19 24.19

In Figure 7-2, the relative densities achieved for each process parameter combination across VEDs, are
displayed. All three powders are successfully processed into cubes with relative densities surpassing
99.9 %. The LPBF_20-53 powder generated the highest number of density cubes exceeding this pro-
cessability limit. The blended Ti64_20-100 powder consistently reached relative densities above 99.9 %
across a wide VED range from 30 to 60 J/mm?3, although some process parameter variations lead to
occasional drops. The EBM_46-106 powder also achieved relative densities above 99.9 %, but no dis-
tinct process window is identified.
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Figure 7-2: Diagram of the relative densities across VEDs for each LPBF parameter combination per Ti-6Al-4V PSD variation.

7.1.2.2 Discussion of LPBF Analysis

To investigate the processability of larger PSDs up to 106 um for Ti-6Al-4V, the process parameters are
adapted for each PSD. The LPBF_20-53 process parameters are used as a baseline for developing the
process parameters for EBM_45-106 and Ti64_20-100 powders. For EBM_45-106, the adaptions are
based on the approach for higher energy input to melt larger particles, as observed by Spurek et al.
[107]. Both EBM_45-106 and Ti64_20-100 require higher VEDs to match the relative densities of
LPBF_20-53. In detail, a smaller hatch distance increases the overlap of the scan vectors, while a slower
scanning speed stabilizes the melt pool dynamics and reduces spatters as stated by Andani et al. [173].
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The use of the same scanning speed as used for LPBF_20-53 results in excessive energy input, resulting
in increased porosity.

The increase in laser power, although minimal, is unlikely to vaporize small particles. Instead, the
combination of higher VED and remelting from vector overlap acts as a form of in situ heat treatment.
To achieve relative densities similar to those of the LPBF_20-53 PSD, a balance of higher scanning
speed, reduced hatch distance, and slightly increased laser power is necessary. Additional research is
recommended to refine the process parameters. Overall, all three powders exhibited processability.

In conclusion: All three PSDs achieve 99.9 % relative density. EBM_45-106 and Ti64_20-100 require
the same process parameters with a VED of 47.62 J/mm?3 for manufacturing mechanical specimens. In
contrast, LPBF_20-53 requires a lower VED of 36.13 J/mm3.

7.1.2.3 Results of Powder Application Test

The application of the Ti64_20-100 powder is tested, serving as the entire investigated PSD range of
20-100 um. The results are presented in a bar chart in Figure 7-3. A slight decrease of approximately
1-5 um is observed in the D10, D50, and D90 values for samples collected at the supply compared to
those taken from the build plate. The samples from the overflow show a coarsening of 1 um for D50
relative to the build plate samples. For D90, the overflow samples exhibit a coarsening of 5 um
compared to the supply samples and 8 um compared to the build plate samples. D10 continues to
decline in the overflow samples. The D90 value of 76.97 um on the build plate indicates that 10 % of
the particles exceed this size. A more detailed size-class analysis reveals that 1 % of the particles range
between 90 and 100 pum.
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Figure 7-3: Bar chart of the particle size from the supply, build plate, and overflow measured for Ti64_20-100.

7.1.2.4 Discussion of Powder Application Test

The application test reveals a slight decrease in particle size on the build plate, indicating that smaller
particles (€20 um) are removed by the gas stream during recoating and printing. Larger particles
(275 um) segregate in front of the recoating blade, refining the PSD, as suggested by simulations from
Lee et al. [171]. They identify a coarsening from 15 % to 25 % for 22 um particles by increasing the
scanning speed from 254 mm/s to 1270 mm/s. This segregation effect likely prevents the larger parti-
cles from being fully deposited onto the build platform, causing them to be pushed in the overflow.
However, the application of particles up to 100 um is still demonstrated. The coarsening observed in
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the overflow could also be influenced by spatters and the reduction in D10, consistent with Cordova
et al.'s findings on powder re-use [76].

In conclusion: A decrease in particle size on the build plate compared to the particle size in the supply
and overflow is observed. The application of powder with a D90 of 77 um at a 60 um layer thickness is
feasible.

7.1.3 Key Findings on Processability

The research question “What is the effect of the PSD on processability?” is answered for the investi-
gated Ti-6Al-4V powders as follows: The effect of increased PSD on processability for Ti-6Al-4V is a
slight enhancement in flowability, particularly for the wider distribution in Ti64_20-100. Additionally,
the phenomenon of shear thickening appears characteristic of LPBF powders, similar to that observed
in AIMg11 powders. PSDs with particles up to 106 pm require an 11.5 J/mm3 higher VED, necessitating
adaptations such as reduced hatch distances and increased scanning speeds to achieve comparable
relative densities to LPBF_20-53. Notably, the adaption of process parameters is primarily defined by
the largest particles. The adding of small particles (20-45 um) does not require further adjustments to
the process parameters. A subtle PSD refinement on the build plate due to segregation leads to a slight
increase of the PSD in the overflow. In Table 7-3, the key findings are summarized.

Table 7-3: Key Findings of the investigations on the effect of Ti-6Al-4V PSDs on processability.

Criteria Result Ti-6Al-4V

e Apparent and tapped density: For high densities, small particles below
45 pum required to fill voids

Flowability
using e Hausner ratio: LPBF_20-53 and EBM_45-106 within Hausner classification
Hall funnel “excellent” and Ti64_20-100 “good”, overall similar
o Hall flowability: wide distribution 20-100 um achieves fastest Hall flowability
e Shear thickening effect for all investigated powders
e Avalanche angle: particles <45 um reduce results
Flom?:gi“ty e Cohesion index: comparably lower cohesion achieved by
rotating drum e <10 rpm, base powders LPBF_20-53 and EBM_45-106 with spans below
40 um
e >10rpm, blended Ti64_20-100 with span of 55 um
e Processability with 99.9 % relative density achieved by all three PSDs
e Selected process parameters for manufacturing of mechanical specimens
LPBF e EBM_45-106 and Ti64_20-100 same process parameters with VED of

47.62 J/mm?3
e LPBF_20-53 lower VED of 36.13 J/mm?3

e Decrease of particle size on build plate compared to particle size in supply

Application Test and overflow

e Application of powder with a D90 of 77 um at 60 um layer thickness
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7.2 Manufacturability

With processability demonstrated, the identified process parameters are used to manufacture me-
chanical specimens. The next step is the investigation of the mechanical properties to assess the man-
ufacturability of increased Ti-6Al-4V PSDs.

7.2.1 Mechanical Properties

In the following sections, the results of the analysis of relative density, microstructure, hardness and
tensile properties are presented and discussed.

7.2.1.1 Results of Relative Density and Microstructure Analysis

In Figure 7-4, a representative density cube manufactured from each Ti-6Al-4V powder, serving as a
witness specimen for the tensile tests, is displayed. The average relative density is provided for each
density cube. All results demonstrate high reproducibility, displayed with standard deviations below
0.02 %. No cracks are detected, and only minimal porosity is observed.
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Figure 7-4: Microscope images of polished Ti-6Al-4V density cubes.

The microstructures of the three Ti-6Al-4V specimens are analysed exemplarily and presented in Figure
7-5. Similar columnar prior B-grain boundaries are revealed, partially filled with acicular a-structures.
White B-bits are identified. The grains show no significant differences in size and length between the
samples. The elongated grain growth in the build direction exceeds the 60 um layer thickness and ex-
hibits an approximate width of 50 um. The EBM_45-106 specimen shows higher contrast and a distinct
a-phase orientation. An angle of 45° is detected between the prior B-grain boundaries and the o-la-
mellae.

86



Processability and Manufacturability of varied PSDs using Ti-6Al-4V

LPBF_20-53 um Ti64_20-100 pm EBM_45-106 um

columnar
\ /i prior B grain
“*boundaries

* : acicular a

acicular a

100 um

8y

: ,‘\. I"‘
35, 3! Bt_itS'.h",

i\ 3 _"
= N ‘

Figure 7-5: Exemplary SEM images for each investigated Ti-6Al-4V powder for microstructural analysis.

7.2.1.2 Discussion of Relative Density and Microstructure Analysis

All three powders consistently achieve relative densities above 99.93 %, meeting the industry refer-
ence target of 99.9 %. Although further comparison is limited by potential nanometre-level deviations
due to measurement and process fluctuations, the successful adaptation of process parameter for
each PSD results in high relative densities.

The microstructures exhibit similarities among the specimens, featuring an acicular a-structure with
B-bits, a result of the heat treatment at 800 °C for 2 h. This aligns with findings of Zheng et al., who
observed B-columnar growth enforced by a scanning pattern of 90°, consistent with these results
[145]. The microstructures, acicular and lamellar a-phases, visible prior B-grain boundaries, and B-bits,
are in accordance with the work of Zheng et al. and Cepeda et al. and typical for LPBF [145, 184]. The
Burgers relationship, described by Zhang et al., suggests a 45° angle between the a- and prior B-phases,
which may be visible in this study, though further validation is required [145]. Contrast variations in
the EBM_45-106 specimen are attributed to differences in a-phase orientations and grinding imper-
fections, as reported by Thijs et al. [42]. Alonger columnar prior B-grain growth due to the higher VED
applied for Ti64_20-100 and EBM_45-106, as described by Cepeda et al., is not detected [184]. Overall,
no significant influence of PSD or other powder characteristics on the microstructure is identified, in-
dicating that the adapted process parameters result in comparable microstructures across PSDs rang-
ing from 20-53 um to 20-100 um.
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In conclusion: The similar relative densities (above 99.9 %) meet reference industry values. Despite
different process parameters, a similar microstructure is identified. No influence of PSD is observed.

7.2.1.3 Results of Hardness Analysis

In Figure 7-6, the Vickers hardness values are presented for the three Ti-6Al-4V PSDs, manufactured
using adapted process parameters. The green bar indicates the reference industry hardness values, as
outlined in Table 3-4. Both EBM_45-106 and Ti64_20-100 exhibit similar hardness values, while
LPBF_20-53 shows a slightly lower hardness at 322 HV10. LPBF_20-53 and Ti64_20-100 exhibit higher
standard deviations of 7.4 and 9.7 HV10 respectively, while EBM_45-106 demonstrates higher
consistency with a standard deviation of 2.5 HV10.

e 1¢307-339 HV10

industry
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Figure 7-6: Bar chart of the measured Vickers hardness HV10 for Ti-6Al-4V powders compared to industry references.
7.2.1.4 Discussion of Hardness Analysis

The Vickers hardness results for all Ti-6Al-4V-powders fall within the reference industry range for Ti-
6Al-4V produced with LPBF [58]. The standard deviations of LPBF_20-53 and Ti64_20-100, both below
3 %, are comparable to those observed in the AIMgl1 hardness test. EBM_45-106 and Ti64_20-100
exhibit similar hardness values, due to the identical process parameters, resulting in similar VEDs and
therefore cooling rates. The slightly lower hardness observed in LPBF_20-53 may be attributed to the
lower VED used. Bhattiprolu et al. observe a correlation between reduced hardness and slower cooling
rates [181]. However, in this case, no significant microstructural differences are detected.

In conclusion: The Vickers hardness for the large PSDs, EBM_45-106 and Ti64_20-100, is similar,
ranging between 334 and 336 HV10, while LPBF_20-53 shows a slightly lower hardness at 322 HV10.
The industry reference range of 307-339 HV10 is met for all powders. The difference in hardness is
attributed to variations in process parameters.

7.2.1.5 Results of Tensile Tests

The tensile test results are presented in Figure 7-7, demonstrating that all three PSDs achieve tensile

properties within the industry standard values listed in Table 3-4.

For the 0°-orientation, tensile and yield strength are comparable across all powders. LPBF_20-53 and
Ti64_20-100 display similar elongation, both exceeding the elongation of EBM_45-106 by four per-
centage points.

In the 90°-orientation, the tensile strength for EBM_45-106 and Ti64_20-100 decreases by 31 and
48 N/mm?, respectively. In contrast, LPBF_20-53 shows only a minor decrease in tensile strength
(10 N/mm?), while its yield strength increases by 14 N/mm?2. Elongation increases for all powders by
about 10 %, with LPBF_20-53 achieving values above 20 %.
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Figure 7-7: Diagram of the measured tensile properties in a 0° and 90° orientation for Ti-6Al-4V powders after heat treat-
ment (800 °C for 2 h).

7.2.1.6 Discussion of Tensile Tests

The tensile specimens achieve values comparable to industry reference values (compare Table 3-4),
meeting the target requirements. The adapted process parameters allow for evaluating the
manufacturability of increased PSDs under conditions adapted for melting large particles, though this
reduces direct comparability with standard powders. However, slight anisotropy is observed, with
decreased tensile strength and increased ductility in the vertical orientation for all PSDs.

Several factors influence the mechanical properties, including build height, PSD, and process parame-
ters. Lower build heights (e.g., 6 mm in the 0°-orientation) are less prone to defects compared to higher
builds (e.g., 51 mm in the 90°-orientation), as reported by Singh et al. and Xue et al. [50, 183]. This
results in consistent strength values in the 0°-orientation, with minor deviations in elongation. This
effect is particularly noticeable for the two increased PSDs and slightly more pronounced for the spec-
imens of the larger EBM_45-106 powder. Assuming higher energy input in the upper layers, it appears
the upper energy limit required for these powders is already reached in higher layers. Yadroitsev et al.
report no effect of heat treatment below the B-transus temperature (Tiransus = 10004220 °C) on anisot-
ropy [43]. Slight anisotropy persists even after annealing at 800 °C for 2 hours, indicating that further
adjustments to process or heat-treatment parameters are required to achieve isotropy. Singh et al.
demonstrate that residual stresses in as-built conditions are nearly eliminated by heat treatment of
800 °Cfor 1.5 h, though interlayer defects remain the primary cause of anisotropy after heat treatment
[183]. This suggests that higher builds are more susceptible to defects due to the increased number of
layers.

Another potential cause of anisotropy is the prior- grain orientation, which aligns with the build di-
rection in the 0°-orientation and with the test/loading axis in the 90°-orientation. This alignment allows
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for easier slip along the prior-p grain boundaries at 90°, while the perpendicular 0°-orientation hinders
dislocation slip [50, 183]. This could explain the higher ductility observed in all specimens at 90°,
though the increase of only 4 % for Ti64_20-100, which remains almost consistent. This effect is also
known to enhance tensile strength [50]. It is important to note that the tensile strength and yield
strength only vary by 1-5 %, which is classified as negligible. Another influencing factor on anisotropy
is the scan pattern. Singh et al. observe reduced anisotropy with a 67° scan variation, indicating that
further investigation of the scan pattern potentially contribute to isotropy [183]. Additionally, the in-
creased number of layers in the 90°-orientation may enhance heat dissipation, contributing to higher
strength and ductility [184]. Larger particles, up to 106 um, feature a lower specific surface area, which
alters their melting behaviour compared to smaller particles (20-53 um). This variation in melting re-
quires compensation through adapted process parameters to ensure consistent performance. The mi-
crostructure analysis, using density cubes with a total height of 15 mm, shows no significant influence
of increased PSDs. Investigating higher specimens (50 mm) may reveal deviations in microstructure
that contribute to anisotropy and affect mechanical properties.

The elongation at break achieved by all three PSDs is noteworthy. EBM_45-106, despite exhibiting the
lowest average elongation at break at 14.6 %, still exceeds the industry standard of 13.8 % (average
value based on Table 3-4). LPBF_20-53 and Ti64_20-100 show even higher values, at 18.6 % and 20 %,
respectively. These results indicate that the process parameters are adapted to enhance ductility ra-
ther than strength.

In conclusion: In the horizontal orientation, all PSDs exhibit similar yield and tensile strength. In the
vertical orientation, LPBF_20-53 shows higher strength and ductility compared to the other powders.
All results meet industry reference values.

7.2.2 Correlation Analysis

For statistical evaluation, a correlation analysis is performed. The results are presented and discussed
in the following sections.

7.2.2.1 Results of Correlation Analysis

The correlation analysis for the Ti-6Al-4V-results is presented in an upper-half correlation matrix in
Figure 7-8. Positive correlations are observed between the D10, D50, and D90 deciles and both the
avalanche angles and cohesion indices. Conversely, negative correlations are detected with apparent
and tapped densities, as well as with tensile properties. A more regular particle shape appears to
reduce the avalanche angle and cohesion index, while increasing apparent and tapped densities, along
with the tensile properties.

Higher avalanche angles and cohesion indices are associated with decreased relative density, which in
turn reduces tensile properties. Increased relative density correlates positively with tensile properties,
while hardness correlates negatively with tensile properties.
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Figure 7-8: Correlation matrix based on Pearson coefficient of Ti-6Al-4V results.
7.2.2.2 Discussion of Correlation Analysis

The statistical evaluation indicates lower apparent and tapped densities for larger particle sizes, as
observed with EBM_45-106. An increased PSD increases avalanche angle and cohesion index, thus re-
ducing flowability. Conversely, a larger PSD also correlates with decreased relative density and tensile
properties. This could be due to a less homogeneous and dense powder application, increasing the
likelihood of voids and irregularities in the powder bed, which in turn influences the melt pool and
diminishes the mechanical properties. Another potential reason is the process parameters, which are
specifically adapted to maximize relative density rather than strength or ductility. Since high relative
densities and industry-reference mechanical properties are achieved across all PSDs, it is more likely
that the process parameters contributed to the observed reduction in tensile properties. The complex-
ity of the causal relationship between powder properties, processing conditions, and part qualities, as
discussed by Sun et al., underscores the need for further investigation [185].

Although particle shape is correlated with improved flowability and tensile properties, this needs to
be relativized due to the similarity in particle shapes across the powders. Previous studies of Meier et
al. and Muthuswamy et al. observe a correlation of higher particle sphericity with higher mechanical
properties [70, 71]. In contrast, Vickers hardness analysis exhibits an inverse relationship, with higher
hardness associated with increased PSDs and particle irregularity. The cooling rates from different
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process parameters seem to be the dominant factor influencing hardness. One overlooked factor is
the lower specific oxygen content in larger particles, which results from their lower specific surface
area. This effect warrants further investigation. A significant challenge in interpreting the correlation
analysis arises from the similarity in the Ti-6Al-4V test results. Most deviations fall within the standard
deviations, making it difficult to identify clear trends in this investigation. Notably, the particle size
does not exhibit any clear negative impact on manufacturability.

In conclusion: Multiple correlations are identified through mathematical analysis. However, causal
attribution is limited because of the similarity in the results. The influence of PSD appears to be
indirect, with process parameters playing a more significant role in the outcomes.

7.2.3 Key Findings on Manufacturability

In this section, the research question: “How do different PSDs affect the mechanical properties of the
manufactured parts?” is investigated for Ti-6Al-4V powders. Adapted process parameters enable con-
sistent microstructures and comparable densities across varying PSDs, although larger PSDs up to
106 um require an 11.5 J/mm?3 higher VED for manufacturing. Despite this, comparable hardness val-
ues are achieved, demonstrating that increased PSDs meet industry reference values and produce
sound quality parts. For Ti-6Al-4V, the influence of larger particles becomes negligible with adapted
process parameters, as both EBM_45-106 and Ti64_20-100 show reliable manufacturability. Further-
more, the findings highlight the feasibility of substituting PSDs from 20-53 um to 20-100 um while
maintaining sound mechanical properties. An overview of the key findings is presented in Table 7-4.

Table 7-4: Key Findings of the investigations on Ti-6Al-4V manufacturability.

Criteria Result AIMg11

) _ e Similar relative density (>99.9 %) meet reference industry values
relative density

and e Similar microstructure identified though different process parameters

microstructure 4 Ng influence of PSD identified

e Similar Vickers hardness for large PSDs EBM_45-106 and Ti64_20-100 within
334 — 336 HV10; LPBF_20-53 slightly lower at 322 HV10

Vickers
hardness e Industry reference of 305-345 HV10 is met
e Difference attributed to different process parameters
e Horizontal orientation, similar yield and tensile strength for all PSDs
tensile e Vertical orientation, LPBF_20-53 higher strength and ductility
properties
e Industry reference values are reached
e Multiple correlations are mathematically identified, with causal attribution
correlation limited due to similarity in results
analysis

e Indirect influence of PSD due to high influence of process parameters
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8 Investigation of Resource and Cost-Saving Potential

In this chapter, the effect of the manufacturable PSD on achievable resource and cost savings is exam-
ined.

8.1 Results of Resource Analysis

The average powder yield from atomization varies between 10 % and 55 % for a typical LPBF PSD of
20-70 um, depending on the atomization technologies and parameters [5—8]. Consequently, all eco-
nomic analyses of resource reduction potential are based on approximations. In Figure 8-1, AlIMgl1
PSD6_20-170 is used as an example of a fully atomized powder yield. Fine particles below 20 um are
sifted out of this powder. Based on the cumulative curve, the atomization yield for LPBF_20-70is 43 %,
while the use of PSD4_20-100 increases the yield to approximately 62 %, representing an increase of
44 % per atomization process.
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Figure 8-1: Diagram of AIMg11 PSD6_20-170 sum distribution representing the full atomization yield with utilized PSDs indi-
cated across particle sizes.

In Figure 8-2, the effect of increasing the PSD from 20-70 um to 20-100 um on atomization yield is
analysed using literature data from (a) Qi et al. and (b) Anderson and Terpstra.
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Figure 8-2: Diagram of cumulative particle diameters and particle diameter distribution across particle sizes with utilized
powder yield indicated for LPBF 20-70 and for 20-100 um (a) from Qi et al. [5], and (b) from Anderson and Terpstra [6].
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Qi et al. present a particle diameter graph for FeCrNiBSiNb in Figure 8-2 (a), showing an increase in
yield from 10 % for 20-70 um to 20 % for 20-100 um, representing an 100 % increase, and further to
30 % for 20-125 um [5]. Anderson and Terpstra report a 20 % increase in atomization yield for 316L
when utilizing the PSD range of 20-100 um, as shown in Figure 8-2 (b) [6]. In further studies, Li et al.
investigate different nozzle inner diameters ranging from 1 to 4 mm, reporting powder yields of
approximately 20-55 % for 20-70 um and 30-70 % for 20-100 um. This demonstrates a potential
increase of 27-50 % in yield for utilizing 20-100 um [8]. Xiongfei et al. vary the feed rate of an electrode
inert gas atomization process and observe yields of 30-40 % for 20-70 pum, 50-60 % for 20-100 um, and
60-70 % for 20-125 mm for y-TiAl. The use of 20-100 um PSD increases the powder vyield by
approximately 50-67 %, and the use of 20-125 um by 75-100 % [7].

8.2 Discussion of Resource Analysis

The comparison of literature atomization yields with the cumulative values from PSD6_20-170 indi-
cates sufficient transferability of the investigated results to the literature. It is concluded that increas-
ing the PSD from 20-70 um to 20-100 um features the potential to increase the LPBF atomization yield
by 44 %. An exact atomization yield increase is not determinable, since powder yield data from com-
mercial atomizers remain a closely guarded trade secret. For AM-tailored, atomized alloys such as
AlMg11, this results in cost reduction possibilities for the powder atomizer by reducing the effort for
sieving and classification. The resource saving effects are particular notable in reduced re-melting ef-
forts (such as oxygen reduction), lower overall energy consumption and fewer process steps such as
sieving [168]. The extent of cost reductions passed on to the customer largely depends on the powder
atomizer.

8.3  Results of Cost Analysis

To assess the potential cost savings for LPBF through the additional use of larger powders, such as 45—
106 um EBM powder, a market survey is performed as described in Section 4.6.

The offers received as part of the market survey are anonymously presented in Figure-8-3. In the
category “LPBF” the prices are summarized that cover typical LPBF PSDs between 20-53 and 20-63 um.
In “EBM”, the PSDs are summarized of 44-106 um, 45-100 um and 45-125 um. The suppliers offer fixed
PSDs, it is therefore not possible to compare the same PSDs.

For both PSDs, LPBF and EBM, scaling effects are identified. The average price for LPBF powder falls by
12 % and the average price for EBM powder by 19 %, if the order quantity is increased from 100 kg to
1,000 kg. With EBM PSD, the quantity of 100 kg costs on average 38 % less, while 1,000 kg costs 44 %
less.
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Figure-8-3: Diagram of Ti-6Al-4V prices of LPBF and EBM PSDs for 100 kg and 1,000 kg.

Overall, the comparison of the various suppliers shows large differences between the lowest and the
highest offers of up to almost 100 EUR/kg, as highlighted in Table 8-1.

Table 8-1: Ti-6Al-4V Comparison of the lowest and highest powder prices for LPBF and EBM.

LPBF EBM
100 kg 1,000 kg 100 kg 1,000 kg
Lowest Prices 162.31 EUR/kg 130.20 EUR/kg  97.20 EUR/kg 71.20 EUR/kg
Highest Prices 260.00 EUR/kg  196.30 EUR/kg 155.00 EUR/kg  130.00 EUR/kg

In Figure 8-4, the costs of the investigated powders blended in a 1:1 ratio, based on the prices for
100 kg and excluding any additional blending costs, are illustrated. By incorporating a blend of 50 %
LPBF powder and 50 % EBM powder to achieve a PSD of 20—100 um, an average cost reduction of
approximately 20 % is realized.

LPBF_20-53 LPBF LPBF
~-7209
Ti64_20-100 LPBF EBM 4&

=-40 %
EBM_45-106 EBM EBM <
0 100 200 300 400
powder costs in EUR
m 189 EUR/kg LPBF powder M 116 EUR/kg EBM powder

Figure 8-4: Diagram of powder costs distribution for an equal-proportion blend per investigated PSD.
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8.4 Discussion of Cost Analysis

For alloys already supplied as powders to other industries in various PSDs, such as Ti-6Al-4V, this in-
vestigation highlights the potential of purchasing larger PSDs for LPBF. EBM powders are 40 % more
cost-effective, leading to a 20 % cost reduction when using a 1:1 blend of 20-100 um.

A more profound understanding of PSDs, powder characteristics, LPBF and mechanical properties, ad-
ditionally allows for precise process adaptions to PSD deviations, such as increased PSDs. These devia-
tions are proven by Cordova et al. to occur due to powder re-use [76]. The powder application tests
confirmed the coarsening effect. Adjusting process parameters to account for this coarsening could
extend the re-use life of powders, resulting in further resource and cost savings.

8.5 Key Findings on Resource and Cost-Saving Potential

The investigation of resource and cost savings addresses the question: “How does PSD influence re-
sources and costs?” The findings demonstrate that utilizing a 20-100 um PSD, given its achieved pro-
cessability and manufacturability, potentially increases atomization yield by 44 % compared to typical
LPBF PSDs, such as 20-70 um. For Ti-6Al-4V, market data indicate a potential cost reduction of 20 %
when using a 20-100 um PSD. The quantitative contribution of this thesis is summarized in Figure 8-5.
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v 115 — V' particle size distribution
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Figure 8-5: Diagram of the variables for a quantitative description of the contribution to the SOTA (left) and level of
achievement for 20-100 um (right).
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9 Conclusion and Outlook

The influence of integrating larger PSDs (up to 20-125 um) into LPBF of aluminium and titanium alloys
to examined. Unexploited potential for significant resource and material cost savings is identified by
increasing atomization yields up to 74 %. The findings are summarized as follows:

1. Canyou generate different PSDs from commercial PSDs for LPBF?

The generation of distinct PSDs through blending and sieving is successfully confirmed. The developed
V-Blender is verified as a suitable methodology for generating homogeneous blends in an inert gas
atmosphere without significant particle degradation. Thermal oxidation proved to be an effective
method for particle marking to verify blending homogeneity, which is achieved after approximately
10 minutes of blending at 40 rpm.

2. What is the effect of the PSD on processability?

For AIMg11, a mix of particles smaller and larger than 70 um favours higher apparent and tapped den-
sity and faster Hall flowability compared to LPBF_20-70. Although no clear link to avalanche angle is
observed, wider PSDs (spans between 69-132 um) exhibit lower cohesion indices and enhanced flow-
ability. All PSDs achieve a relative density of 99.5 % in manufactured parts for scanning speeds up to
1,025 mm/s. PSD4_20-100 and PSD5_20-125 achieve the widest process windows, with scanning
speeds of 805-1,405 mm/s and 805-1,175 mm/s, respectively, to reach relative part densities above
99.5 %.

For Ti-6Al-4V, blending LPBF_20-53 and EBM_45-106 powders into Ti64_20-100 results in increased
tapped density and faster Hall flowability compared to LPBF_20-53. Powders containing particles be-
low 45 um exhibit overall lower avalanche angles. The wide PSD of 20-100 um achieves the lowest
cohesion indices at rotational speeds above 15 rpm. A shear thickening effect is observed across all
PSDs for both alloys. Two adapted process parameter combinations are identified, with one for
LPBF_20-53 and another for EBM_45-106 and Ti64_20-100, the latter requiring an 11.5 J/mm?3 higher
VED due to the larger particles. The adaptation to 10 W higher laser power, 300 mm/s faster scanning
speed, and a 0.05 mm smaller hatch distance, enables EBM_45-106 and Ti64_20-100 to reach relative
part densities above 99.9 %.

PSD affects the processability in terms of mixed flowability results (reduced and increased) and similar
relative part densities are achieved, for Ti-6Al-4V with adapted process parameters.

3. How do the different PSDs affect the mechanical properties of the manufactured parts?

For AlMg11, relative part densities are consistent with data sheet specifications (above 99.5 %), alt-
hough pores and cracks are observed across all PSDs, possibly due to solidification or compositional
issues rather than PSD alone. Hardness values remain within a narrow range (112-115 HV10), while
tensile properties decrease slightly with increased layer counts, likely due to heat storage effects, par-
ticularly in larger PSDs (PSD4_20-100 and PSD5_20-125).

For Ti-6Al-4V, process parameters are adapted, which results in comparable mechanical properties
across all PSDs. The relative densities exceed 99.9 %, with similar microstructures. The 4 % lower hard-
ness (322 HV10) of LPBF_20-53 is attributed to slower cooling rates. In the horizontal orientation, ten-
sile properties are similar, while in the vertical orientation, LPBF_20-53 slightly outperformed Ti64_20-
100 and EBM_45-106, with all specimens meeting industry reference values. The influence of larger
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particles on mechanical properties diminished when appropriate process parameters are applied, in-
dicating reliable manufacturability for both EBM_45-106 and Ti64_20-100.

By implementing the identified adapted process parameters, the manufacturability of an increased
PSD is successfully demonstrated, achieving mechanical properties comparable to industry reference
values.

4. How does PSD influence resources and costs?

For AIMg11, the wider PSDs (PSD4_20-100 and PSD5_20-125) exhibit increased atomization yields of
62 % and 74 %, compared to 43 % for LPBF_20-70. For Ti-6Al-4V, blending EBM powder with LPBF pow-
der in equal proportions offers 20 % material costs saving potential for additive manufacturing users.
The utilization of increased atomization yields enhances the efficiency of customized AM alloy atomi-
zation by reducing the need for remelting and minimizing handling steps.

In conclusion, the posed research question “Can you manufacture sound-quality parts with increased
particle size using LPBF aluminium and titanium alloys?” is answered as follows: it is possible to man-
ufacture sound quality parts using LPBF with increased particle sizes in both aluminium and titanium
alloys. For aluminium, minor limitations are observed, while for titanium alloys, part quality meets
industry reference values. This approach offers potential resource savings of 44-72 % and cost reduc-
tions of 20 %, making it a viable method for enhancing the efficiency and cost-effectiveness of LPBF.

To further investigate resource and material cost savings, the powder life cycle offers potential through
adjusted atomization processes or extended re-use and recycling strategies. Suggestions to increase
atomization yield utilization include:

The selected V-blender represents one blending type, but no conclusions are drawn about the
performance of other techniques. Future work should explore alternative blender designs and their
impact on powder characteristics. Increased automation in blender handling enhances consistency,
efficiency, and reduces manual labour. Current particle marking via thermal oxidation raises oxygen
content, limiting further powder use. Sustainable marking methods require further study for viability
in both initial and serial operations.

Advancements in process parameters, such as higher productivity through layer thickness larger than
60 um, enhanced energy input, and laser beam shaping, show promise for manufacturability with
larger particles. Findings on powder flowability and recoating behaviour suggest adjusting recoater
speeds to powder characteristics, with slower speeds tending to be more effective for larger particles.
These observations align with simulation results from Lee et al. [171].

Process parameter selection depends on alloy characteristics, requiring dedicated studies to
implement particles larger than 70 um in LPBF. The greatest potential for resource and cost savings
from increased PSDs lies in developing alloys specifically for LPBF. Excess particles from these alloys
must be re-atomized for re-use. Collaboration with powder atomizers is essential for sourcing larger
PSDs directly. The economic feasibility of powder blending should be assessed for each LPBF setup,
considering machine capacity and usage. Regulatory requirements in regulated industries must also be

carefully addressed when blending powders from different batches.
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A.3 Systematic Approach to Blending Type Selection

The following sections describe the underlying list of requirements and the selection approach of the
blender type for the development of the powder blender.

A.3.1 Requirements for powder blending

The VDI 2221 guideline provides the foundation for the powder blender development process [186].
In Table A-1, the specific requirements for effective powder blending are outlined.

Table A-1: List of powder blending requirements.

No. Category Requirement Description Target
1.1 Volume of the blend container 31-101
Container

1.2 Low surface roughness <1lumRa
51 Flexible suspension system for interchangable

' System Architecture containers
2.2 Discontinous blending
3.1 Kinematics electric drive with defined rotational speed 20, 40, 60 rpm
4.1 ISO-Standard interfaces KF 40
4.2 Interfaces Possibilities for sampling during the process (>1 places)
43 Adapter unit for inert gas filling from stationary

) pipeline
5.1 Oxygen content monitoring at filling <500 ppm

Monitoring

5.2 Overpressure measurement at operation < 4 bar
6.1 Earthing of all components and the entire system
6.2 Tightness against solid (powder) and gas < 3 bar
6.3 Safety Inert gas atmosphere in the blend chamber ArorN
6.4 Emergency stop switch
6.5 Preservation of particle characteristics (size,

shape, chemistry)

In a preliminary selection, three mixer types, tumbling, convection and pneumatic, are selected for
assessment in order to determine a suitable blending geometry [187]. These mixer types are evaluated
for each selected principle on a 5-level scale according to VDI-2225 part 3 in Table A-2 [188].
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A.3.2 Assessment of blender types

The assessment leads to the pre-selection of a tumbling blender. The advantages of a tumbling system
are the low complexity, which reduces costs, and enables thorough cleaning. In addition, tumbling
blenders are completely dischargeable [189]. The flexible design of the test rig allows the use of differ-
ent blending container shapes such as V-shape or double cone containers. Bhattacharya states after
testing both blending containers, the V-shape is more effective than the double cone shape. Therefore,
the V-shape container geometry is selected for this study [190].

Table A-2: Blender Type Assessment for tumbling, convective and pneumatic blender types via pre-selected principles.

Tumbling Convective Pneumatic

Principle Blender Blender Blender

Suitability
Homogenization
Lab Scale
Low-impact Blending
Complexity
Blending Time

Cleanability

Total

Assessment: excellent . , good G , fairO , unsatisfactory O , fail O; acc. to VDI standard 2225
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