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Abstract

Powder-based additive manufacturing (AM) is a transformative technology enabling the
fabrication of parts to near-net-shape through layer-by-layer deposition and selective
consolidation of thin powder layers according to a digital 3D model. Due to their high surface
area to volume ratio, powders are susceptible to surface reactions, particularly oxidation upon
exposure to atmospheric oxygen and moisture. Complexity of these AM processes, such as
printing atmosphere, interactions of the energy source with the powder particles, leading to
“spatter” generation, as well as necessary post-printing steps can induce surface oxidation and
alter the powder’s physical properties. Even brief exposure during handling, storage, or within
the build chamber can lead to the growth of oxide layer thickness on the powder particle surfaces.
Different types of degradation phenomena in the powder feedstock can lead to defects in the final
components, compromising their properties as well as the process repeatability. Therefore, this
thesis aims to study the impact of powder reuse in AM on powder surface chemistry and powder

properties.

When it comes to powder degradation in PBF-LB, reuse and recycling of 316L stainless steel
powder were studied. The thickness of the oxide layer on the powder surface almost doubled
after 140 hours of total in process exposure. Further on, recycling of the powder through
atomization of 316L reused powder and AM scrap was successfully performed and allowed to
achieve powder with chemistry and properties comparable to virgin 316L powder used in the
study. In the second part, copper powder of high purity was employed for printing components
for electromagnetic applications using PBF-EB. The powder proved to undergo varying surface
chemistry changes depending on the process parameters used, with a transformation of the
dominant CuO oxide on the surface of the virgin particles to Cu2O after PBF-EB processing.
Further on, changes in stainless steel 17-4 PH powder properties during reuse in BJT were

studied. Conditioning of the powder was applied before the first print, which aided the particles’



spreadability during the printing process. Post-printing steps to ensure the densification of the
components, such as curing, led to a rise in oxide layer thickness of the powder, promoting

instability of the printing process after 20 prints and multiple curing cycles.

Keywords: Additive Manufacturing; Powder Bed Fusion-Laser Beam; Powder Bed Fusion-
Electron Beam; Binder Jetting; Surface Oxidation; 17-4 PH; Copper; 316L; Rheological

Properties.
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1. Introduction

1.1 Background

Additive Manufacturing (AM), also known as 3D printing, has been proposed as the latest
solution to many limitations of traditional manufacturing technologies. The fundamental is the
layer-by-layer deposition of material for fabrication of components, as opposed to the removal
of material applied to subtractive manufacturing. It is this addition of material that promotes
the cost-effectiveness of the technology and efficiency at mass production. Originally, AM was
employed for rapid prototype fabrication as a cost-saving step in the manufacturing chain [1].
New advancements in the latest years in AM technology have rendered it a potential candidate
for large scale manufacturing. With the assistance of a three-dimensional computer aided
design (3D CAD) model, near-net-shape complex structures can be made in a shortened amount

of time with increased material utilization [2].

Metal-based powder bed fusion techniques comprise only a branch of AM technologies. Here,
a range of applications in the biomedical and aerospace fields benefit from techniques like
powder bed fusion-laser-beam (PBF-LB) and powder bed fusion-electron-beam (PBF-EB).
Fabrication of biocompatible Ti-based implants [3], Cu-based components for electrical and
thermal applications [4], superalloy products for aerospace and energy are some of the few
ways in which PBF-LB and PBF-EB have amassed attention due to design flexibility. Although
not in the category of PBF techniques where the powder is physically melted during the printing
process, metal binder jetting (M-BJT) is a sinter-based powder bed AM technology that utilizes
a metal powder bed with the necessary deposition of liquid binder to produce smaller
components compared to PBF-EB and PBF-LB, with higher productivity rates and surface
finish.

As the feedstock material for the aforementioned techniques is powder, special interest has
been expressed to study powder properties to ensure optimal processing and final part quality.
A narrow particle size distribution can facilitate adequate powder bed packing, while powder
morphology can ensure good flowability for layer deposition [5]. A controlled chemical
composition of the powder with low oxygen content and absence of impurities is needed to

ensure the desired mechanical properties of the printed component. Careful adjustment of these



powder properties to accommodate the AM industry has made powder manufacturing one of

the leading costs in AM [6].

Compared to the dynamic properties of powders, little attention has been paid to the effect of
the printing processes on powder surface chemistry and how surface chemistry changes
influence the final part quality. During powder bed fusion processing, the powder particles
interact with the energy source, generating what is called “spatter”, highly oxidized particles
that can end up on the powder bed and powder feedstock [7] and in subsequent prints can be
melted as part of the printed components, introducing more oxides in the microstructure. Most
of the spatter lands on the powder bed, leading to powder degradation over time by
accumulating in the feedstock powder and resulting in its disqualification. Another example is
the high temperatures of the powder bed in the PBF-EB process, which combined with the
partial pressure of oxygen leads to oxidation of particles and hence powder degradation. In
BJT, the powder is not heated during printing but humidified and later subjected to high
temperatures during the “curing” in oxidizing atmosphere. This, coupled with the finer particle
size, a characteristic of BJT powders and their higher surface area to volume ratio, results in
higher levels of oxygen on the surface. Since a great cost in AM is the powder feedstock, more
focused research is necessary to identify the degradation mechanisms of powder in AM
processes upon reuse. This thesis aims to study the degradation mechanisms that powder is

subjected to upon AM reuse with employment of surface characterization.

1.2 Research Objectives

The aim of this thesis is to understand the impact of AM technologies on powder degradation.
So far, three compositions in three techniques have been examined, 316L in PBF-LB, 17-4 PH
in BJT and pure Copper in PBF-EB. The objectives can be summarized below into the

following research questions (RQ):

RQ1: What are the changes in powder surface chemistry in powder bed metal additive

manufacturing depending on material and AM technology?

RQ2: What is the impact of powder recycling on powder properties in powder bed fusion?



2. Additive Manufacturing Technologies

Additive manufacturing encompasses a range of technologies that build 3D objects by adding
material, such as polymers, metals, ceramics, or composites, in a layer-by-layer fashion, guided
by computer-aided design (CAD) models [8]. This layer-by-layer approach enables the creation
of intricate geometries and complex structures that were previously unattainable with
traditional subtractive manufacturing technologies. Depending on the AM technology used,
there is a possibility to adjust parameters such as laser power, layer thickness, build direction,

support structures, cooling channels, etc.

Powder bed fusion (PBF) techniques alongside binder jetting (BJT) consist two of the most
well-known and advantageous AM technologies to date. PBF techniques dominate the AM
field currently, with the employment of an energy source, laser (PBF-LB) or electron beam
(PBF-EB), and the local melting of a powder bed. In BJT, a powder bed is also an integral part
of the process, with the powder particles of each layer being joined together with the aid of a
binder. During subsequent steps, the binder is removed and the components are sintered to
obtain the final density. This thesis will focus on the lifecycle and degradation of powders in

PBF-LB, PBF-EB and BJT. The sections below offer an overview of these techniques.
2.1 Powder Bed Fusion Techniques

2.1.1 Powder Bed Fusion-Laser Beam (PBF-LB)

As the name suggests, in PBF-LB a focused laser beam is responsible for locally melting and
fusing powder particles. It is considered one of the most versatile AM techniques given the
plethora of alloy compositions that can be processed with it. A wide range of metal powders
can be processed, including steels, Al-based alloys, Ti-based alloys, Ni-based superalloys and
CoCer alloys, to mention some. The advantage of the technique lies in the fabrication of complex
geometries with internal cooling channels, aiming to facilitate the circulation of cooling
mediums. The printing process is carried out in an inert atmosphere with approximately 1000
ppm residual oxygen and the processing gas is usually argon or nitrogen. These conditions limit
powder oxidation that is often caused by the reactivity of metal powders at elevated
temperatures. Further explanation of powder oxidation and its mechanisms will be provided in
a later chapter, but one of its side effects is the formation of non-metallic defects in printed

parts that will compromise their properties.



Support structures are a habitual necessity in PBF-LB, type and density of which are dependent
on the design complexity and build orientation of the printed part. Their presence also helps
with dissipation of heat and thermal stresses due to high temperatures and rapid cooling cycles
[9]. They also anchor the parts to the powder bed, thus limiting the possibility of distortions
caused by these internal stresses and they prevent overhang features from collapsing since the
powder bed provides minimal support. Their presence is also associated with increased time
and cost since additional post processing time is also required for their removal and more

powder is consumed overall.
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Figure 1: Schematic illustration of PBF-LB process. Redrawn from [10].

2.1.2 Powder Bed Fusion-Electron Beam (PBF-EB)
PBF-EB is an AM technique that selectively melts and fuses particles of a powder bed by

utilizing a high-energy focused electron beam. Electromagnetic lenses help to control the beam
position and intensity [11]. Conductive materials are required for this technique. A paramount
necessity in this technique is a high vacuum environment. Without it, the electron beam would
scatter, leading to decreased focus and precision. Another issue is the so called “smoking

effect”, where the interaction of the electron beam with metal particles causes electrostatic



charging and powder ejection [12]. Conductivity is important since electrostatic charging can
be more severe in less conductive materials, whereas conductive materials allow the dissipation
of these charges [13]. The high energy emitted from the electron beam creates elevated
temperatures in the chamber that would lead to increased oxidation of the powder in the

absence of a vacuum environment.

To combat these issues, a high-vacuum environment is established before the printing begins,
accompanied by a preheating step, to improve the conductivity of the powder bed. This step
not only helps to mitigate the smoking effect but also helps the beam to reach the powder bed
more efficiently [14], rendering the process more stable. Combined with conductive materials,
preheating further increases conductivity, reducing thermal stresses and minimizing cracking
or distortion. Preheating offers one more advantage, which is related to material consumption.
Since the powder is sintered during the preheating step, it can act as a support for the complex
geometries being printed, hence limiting the need to print support structures with the

components, saving time, decreasing cost and powder usage.

Due to the high temperature developed during the printing process, cooling down of the
chamber is necessary to avoid oxidation of the unused powder when in contact with air again.
When the parts are removed from the chamber, they are surrounded by a “sinter cake”, created
by the preheating step. A blasting procedure in air follows to break the sinter cake and remove
the particles pre-sintered around the component. The particles are essentially used as the
blasting medium to recover powder from sintering cake. Although PBF-EB necessitates the use
of high vacuum accompanied by increased temperatures and powder bed pre-sintering for
manufacturing of dense components with low thermal stresses, a major consequence becomes

powder degradation.
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Figure 2: Schematic illustration of PBF-EB process.
2.2 Binder Jetting (BJT)

BJT entails a number of steps to attain the final components with the printing process being the
first. A powder layer is spread with a roller blade and the particles are joined with the help of
liquid binder droplets being deposited through a nozzle. This procedure continues iteratively
until all the layers of the component are built. Here, the position where the binder is jetted
creates the cross section of the component for each layer. Subsequent steps include curing,

depowdering, debinding and sintering.

Printing, curing and depowdering are considered stages of the “green part” manufacturing.
Green parts typically have green densities of ~50-60 % relative to the bulk material [15]. After
printing, the powder bed containing the green parts is removed and curing at 80-250 °C takes
place to harden the binder and evaporate residual water and solvents. Depowdering follows,

where any loose powder of the powder bed is removed from the green parts that are a



combination of hardened binder and metal powder. The thermal treatments of the green parts
include debinding and sintering. During debinding, the parts are placed in a furnace and heated
up to 600 °C in order to remove the binder. In the last stage, the parts are sintered to achieve
the final density. Sintering involves the bonding of metallic particles by atomic diffusion
leading to formation of mechanical bonds that gradually increase the density of the material.

Shrinkage also occurs due to bulk transport mechanisms involved in sintering [16].

The printing process itself is performed at ambient temperatures but the curing step where the
loose powder is heated with the green parts renders the powder susceptible to oxidation since

it is conducted in air.
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Figure 3: Schematic illustration of BJT printing process and subsequent steps until the final
part retrieval.






3 Powders for AM

3.1 Powder Manufacturing Methods

With powder metallurgy being a prominent field, several fabrication routes exist currently that
allow the production of metal powder from bulk material. Powders used in AM have to fulfill
requirements regarding PSD, shape, morphology, surface chemistry and rheology to achieve
processability in 3D-printing. Due to these prerequisites, atomization, the method of obtaining
spherical-shaped metal powders by dispersion of melts [17], has emerged as the leading
technology for powder production in AM. The most common atomization techniques used by
industries today include inert gas atomization (GA), electrode induction gas atomization

(EIGA), plasma atomization (PA) and vacuum induction inert gas atomization (VIGA).

Inert gas atomization is commonly used in industry because it allows the production of many
alloy compositions. An inert gas is used, usually nitrogen or argon, responsible for breaking
the liquid stream into droplets. The droplets then tend to solidify into near-spherical metal
particles before they reach the bottom of the chamber and the range of their size can be
monitored by the melt temperature, the volume and pressure of the gas and the nozzle orifice
opening [18]. The Fe-based and Ni-based alloys are the usual candidates. An issue can be the
susceptibility of the material to oxidation, in which case the metal is melted in a vacuum
chamber through means of induction melting, and hence the process is called vacuum induction
inert gas atomization (VIGA) [19]. Considering highly reactive metals like Ti-based alloys,
VIGA's use of a crucible to contain the molten metal during heating presents a potential source
of contamination. In such instances, EIGA offers a more advantageous approach. It involves
melting a rod-shaped metal electrode through a crucible-free induction heating method,
followed by the free-fall atomization of the molten metal using a high-velocity, high-pressure
inert gas stream. This non-contact induction melting significantly reduces the risk of process-
induced metallic impurities, enabling the production of high purity powders. Plasma
atomization (PA) is another crucible-free atomization technique where a pre-alloyed wire is
heated up to 10 000 K by plasma torches. This molten metal is then atomized into fine droplets
using a high-velocity inert gas stream. Like in EIGA, the rapid solidification of these droplets
results in highly spherical powder with high purity.
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4 Powder Degradation in AM

As stated above, powders used for AM technologies must meet certain specifications regarding
size, morphology, chemistry etc. The size, shape and morphology of particles has an effect on
powder dynamic properties, i.e. rheology, which determines the spreadability of powder in a
layer-like manner and the packing of said layer. The AM technologies discussed in Chapter 2
rely on spreadability and layer packing. Chemistry also determines the processability of
powders in AM. It can refer to either bulk chemistry (composition) or surface chemistry, both
of which can be impacted by the atomization process or during reuse in AM. Any changes in

powder chemistry can lead to changes in the properties of the final parts.

One of the significant advantages in powder-based AM that has earned the technology
distinction from other fabrication routes is the reusability of feedstock powder material. The
possibility of reusing the same powder batch that has not been melted and solidified into bulk
components for multiple consecutive prints enables the sustainability of the process.
Nevertheless, the processing conditions of different AM techniques can have a negative impact
on the powder properties with reuse and lead to defects and decreased performance in the

printed parts.

Beyond moisture, the powder can also pick up impurities like oxygen, nitrogen, carbon, and
hydrogen from the surrounding atmosphere or the process gases used in the printing machine,
further contributing to its degradation over time. Maintaining a controlled environment

throughout the entire manufacturing process is paramount to prevent powder contamination.

4.1 Powder Degradation in PBF-LB

The primary causes of powder degradation in AM include oxidation, changes in particle size
distribution and morphology and contamination. Particularly in PBF-LB, the printing is carried
out in an inert atmosphere aided by nitrogen or argon flow. Even under this controlled
atmosphere, trace amounts of residual oxygen or moisture coupled with elevated temperatures
can lead to oxidation due to the powder’s fine particle size and large surface area, rendering
them highly susceptible to reacting with oxygen present in the atmosphere. Certain elements
commonly found in PBF-LB materials, such as aluminum, titanium, chromium, and
magnesium, have a strong affinity for oxygen and readily form oxide products on the powder
surface, the composition and size of which are determined by powder chemistry and processing

conditions. Furthermore, the practice of preheating the build platform, while beneficial for

11



reducing thermal stresses and improving part quality in some cases, can also accelerate the

oxidation process by maintaining the powder at elevated temperatures for extended durations.

Another aspect of PBF-LB needing consideration is the intricate interaction of the laser beam
with the powder bed. The heat generated by the laser melts the powder particles, creating a
molten pool. The intense heat causes some of the molten metal to vaporize, turning into gas.
This gas expands rapidly, pushing outward with a force called recoil pressure. This low-
pressure zone acts like a vacuum, pulling on both the gas and the molten metal, leading to the
formation of hot and cold spatter [20], [21], [22]. The amount and characteristics of spatter are
influenced by various factors, including laser power density, scanning speed, the type of alloy
being processed, and the flow of the inert gas within the build chamber. One of these factors
discussed in literature is the effect of processing gas in the printing chamber, where the use of
helium was proven to lower the amount of generated spatter particles by 30% compared to the
use of pure argon [23], and had a positive impact on the surface finish of the samples due to
this reduction [24]. Previous studies on PBF-LB processing of Hastelloy X have shown that an
increase in layer thickness during the printing process can result in a higher amount of
generated hot spatter [25]. Chen et al. showed that complex geometrical features like overhang
structures produce local overheating and can generate more spatter due to their larger surface-
to-volume ratio [26]. These spatter particles often exhibit non-spherical shapes and a wider
range of sizes compared to the original powder. When these spatter particles re-deposit onto
the powder bed and printed components, they can lead to various defects in the final part, such
as surface irregularities and embedded unmelted particles, ultimately increasing porosity.
Longterm reuse of AISi10Mg powder in PBF-LB, resulted in reduced tensile and hardness
properties attributable to the increased size of gas pores in the printed specimen [27], where
accumulation of spatter and increase in oxidation caused the increased porosity in the parts

[28].

Another morphological change that can occur is agglomeration, where powder particles clump
together. This can be caused by electrostatic forces between fine particles, the absorption of
moisture from the environment and partial sintering due to residual heat in the powder bed.
Agglomerated powder tends to exhibit poor flowability and spreadability, making it difficult
for the recoating system to create a uniform powder layer, which can lead to lack of fusion

defects in the printed part.
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4.2 Powder Degradation in PBF-EB
While PBF-EB is conducted under high vacuum that minimizes the possibility of powder

oxidation, other aspects of the process may lead to powder degradation. In chapter 2.1.2, the
preheating step was mentioned as an important mechanism to improve the conductivity of the
powder bed and aid the electron beam to effectively reach and melt the powder bed. The high
temperatures developed during sintering can lead to powder oxidation, especially for alloys
containing elements with high affinity for oxygen, even at low partial pressures. Gruber et al.
showed that Alloy 718 powder underwent severe oxidation throughout reuse, with Al-based
oxide nano-particulates dominating the surface of the powder particles [29] that end up in the
fabricated samples as inclusions [30]. Sun et al. reported a 35% increase in oxygen content of
TiAl6V4 powder after 30 printing cycles in PBF-EB, with more irregular morphology after
reuse (possibly a result of blasting) and narrower PSD, likely due to sieving [31]. TEM on the
powders failed to detect a change in oxide layer thickness but the microstructure of powders

changed.

Another issue arising from the combination of high-vacuum and elevated temperatures under
which printing in PBF-EB is conducted (650-1000 °C), is the sublimation of certain elements.
This phenomenon where elements transition from solid to gas phase in absence of the liquid
phase, is called metallization and can alter the composition of the fabricated parts due to certain
volatile elements sublimating from the surface of the feedstock powder [32]. Al and Cr in Alloy
718 have been found to vaporize and form metal condensates that get deposited on the heat
shields of the machine [33]. Al has also been shown to reduce in TiAl6V4 with reuse but
remained within an acceptable range [34]. The high temperatures developing during printing
pose a limit on the monitoring devices that could potentially be employed to analyze

metallization.

4.3 Powder Degradation in BJT
Opposing the PBF trend of melting and solidifying powder particles during printing, the

printing process in BJT includes the bonding of particles with the aid of a binder at room
temperatures, thus mitigating the possibility of powder oxidation [35]. This is said to enhance

the reusability of powders, thus rendering BJT a sustainable process.

The PSD of powder used in BJT is usually within the 5-20 um range to achieve better
sinterability. Such small particles tend to be more cohesive and flow in agglomerates. To

combat this, conditioning of the powder is usually applied before printing, meaning oxidation

13



of the powder to improve flowability. The optimal conditioning strategy was tested for TIAl6V4
[36], as well as optimal drying conditions where it was shown that drying in ambient air for
longer periods had a positive effect on flowability and reducing the water content of the powder.
Later, it was shown that reuse of TiAl6V4 led to a significant increase in oxygen and nitrogen
content after the first use but subsequent reuse of the powder had a less significant effect on
the oxygen and nitrogen content of the powders, while changes in the cohesion of the powder
were difficult to observe [37]. Zissel et al. observed that reuse of 17-4 PH powder resulted in
an uptake in oxygen content after initial printing but the increase was less severe for the
following printing cycles. The rise in oxygen content was attributed to the curing stage that
was carried out in air [38]. A study on the reuse of 316L found a small increase in oxygen and

an increase in flowability due to coarsening of the PSD, due to loss of fine particles [39].
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5 Materials and Methods

In this section, the materials used in this study alongside the characterization techniques used

will be presented.
5.1 Materials and Processing

5.1.1 316L for PBF-LB

Stainless steel 316L is one of the most commonly used materials in PBF-LB due to its excellent
corrosion resistance and strength properties. In this study, the 316L powder was produced by
Oerlikon Metco with inert gas atomization, possessing a PSD of Do = 19 um, Dso = 30 um,
Doo = 46 um. The powder was processed in a metal powder bed fusion machine Trumpf
TruPrint 5000 at Alfa Laval. In Paper I, the powder samples used for investigation consist of
virgin powder that was loaded into the machine before the first print job and reused with no
mixing. Paper II included reused powder of a different batch but with the same composition as
well as atomized powder produced from AM scrap and disqualified 3161 powder as an

extension of Paper 1. Table 1 summarizes the collected samples used in this study.

Table 1: The annotation of the samples based on reuse.

Sample name No. of print Printed Volume Exposure Total
jobs Duration gﬁﬁgi?or;

Virgin - - - -

P5 5 496 cm?® 10.5h 56 h

P7 7 805 cm’ 20h 97 h

P9 9 650 cm’ 16 h 133 h

P11 11 223 cm’ 45h 140 h
Atomized - - - -

5.1.2 Pure copper for PBF-EB

Oxygen-free high conductivity (OFH-Cu) copper powder produced by ECKART GmbH using
inert gas atomization was used in PBF-EB, with a PSD of D1 = 50.5 pm, Dso = 72 um and Dy
=08.6 um.

The copper powder was processed using an ARCAM EBM Q10 metal powder bed fusion

machine equipped with a Spectra EBU version 1.2. The preparation of the machine included
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evacuation of the chamber to high vacuum to avoid evaporation of material before being filled
with helium gas. The samples used in Paper III included virgin powder retrieved from the
hoppers (sample marked as V/hoppers) and as a result exposed to the chamber conditions
during printing, and reused powders retrieved after printing and blasting. Additionally, a
powder reused 6 times again (P6/b) was used for printing under altered conditions, using
helium gas of lower purity. In paper 1V, as-atomized virgin powder was used for the study
without being put in the machine and the reused powders from Paper III, as a more in-depth

work on the effect of reuse and processing conditions on pure copper.

Table 2: The annotation of the samples based on the amount of print jobs.

Sample name No. of print jobs

Virgin -

V/hoppers -
P6

P6/b
P8

0 N N

5.1.3 17-4 PH for BJT
No-atomized pre-alloyed 17-4 PH stainless steel powder (Desktop Metal Inc., USA) was

studied in BJT with a PSD of Dio = 6.5 um, Dso = 14.3 um, Dgo = 26 um. A Production
System™ P-1 (Desktop Metal Inc., USA) was employed for BJT printing. A water-based binder
(SPJ-04, Desktop Metal Inc., USA) was used for printing. Virgin powder was loaded into the
printer and reused for five build jobs, followed by curing the five obtained build boxes

simultaneously.

Curing took place in an air-convection furnace (TR 120 LS, Nabertherm GmbH, Germany),
with a heating rate of 1.5 °C/min to a maximum temperature of 200 °C and 4 h dwell time.
After air-cooling and depowdering the powder was reused for 5 consecutive build jobs. This

was repeated for 20 printing jobs and four curing processes in total.

The powders used for investigation in BJT consist of unconditioned powder, virgin powder that
was loaded into the machine before the first print job and sieved powders collected from
depowdering after each curing cycle. Table 3 summarizes the collected samples used in this

work, where C1-4 described the amount of curing cycles the powder was subjected to.
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Table 3: The annotation of the samples based on the amount of print jobs in machine.

Sample name | Total no. of print jobs No. of curing processes
Unconditioned - -
Virgin - -
Cl 5 1
C2 10 2
C3 15 3
C4 20 4

5.2 Experimental Techniques

5.2.1 Scanning Electron Microscopy (SEM)

A Leo Gemini 450 SEM (Zeiss GmbH, Germany) was employed to study the powder
morphology. Due to the electron beam's significantly shorter wavelength compared to visible
light, SEM imaging provides a much higher resolution than optical microscopy. This is
achieved by scanning the sample with a focused electron beam, converting the detected signals
to grayscale images [40]. The electron beam is generated by a field emission gun, which is
directed onto the sample via electromagnetic lenses. The incident electron beam energy,
typically ranging from 3 to 30 kV, influences the interaction volume within the sample, which
also depends on material type and incidence angle. These signals result from interactions
between the electron beam and the sample's electrons, categorized as inelastic and elastic
interactions. Inelastic interactions produce low-energy secondary electrons (SEs), which are
emitted near the sample surface. Detecting SEs allows for detailed analysis of the sample's
surface topography and morphology due to their curved path to the collector [41]. Elastic
interactions generate backscattered electrons (BSE’s), which originate from a larger interaction
volume compared to SEs. BSE intensity is proportional to the atomic number of the elements
present, enabling chemical contrast imaging where heavier elements appear brighter.
Furthermore, the relaxation of ionized atoms results in the emission of X-rays, which are
analyzed using energy dispersive spectroscopy (EDS) to determine the elemental composition

of the sample.

5.2.2 Surface Chemical Analysis
X-ray photoelectron spectroscopy (XPS) is a highly effective technique for analyzing the
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surface chemistry, oxidation states, oxide layer thickness, and oxide types of materials with
exceptional surface sensitivity (approximately 10 nm). The XPS systems consist of an X-ray
source, and analyzer and a detector, all secured in an ultra-high vacuum (UHV) environment
(10 — 107'° mbar). In XPS, X-rays are employed to bombard the surface of the sample and
photoelectrons are emitted, the kinetic energy of which is analyzed [42]. The kinetic energy

(KE) is later converted to binding energy (BE) following the mathematical equation:

BE=hy-KE-W (1)

This equation states that the energy of the X-ray (hv) is the total of the binding energy (BE)
of the electron, the kinetic energy (KE) of the emitted electron and the spectrometer work
function (W), a constant value. To ensure consistent data, the resulting polychromatic X-rays
are passed through a monochromator, selecting a single wavelength for analysis. These
monochromatic X-rays interact with the sample surface, ejecting core-level electrons

(photoelectrons).

The first step in XPS is to determine the present elements on the surface of the sample before
trying to decipher their chemical state. The first step is done by conducting survey spectra
over a large energy range (0-1416 eV) using either monochromatic Al K[J or non-
monochromatic Mg K[ source. For chemical analysis, narrow scan spectra are captured by
narrowing the binding energy range. The chemical state can also be analyzed across different
depths by employing the depth profiling function, where ionized inert gas beam scanned over

the sample etches the surface.

In this thesis, XPS analysis is conducted by using PHI 5000 (Physical Electronics, MN, USA)
equipped with monochromated Al Ka source (1486.6 eV). The 316L powders were lightly
pressed on pure Al-plates, whereas the Cu-powder and 17-4 PH were mounted on carbon tape
due to their softness and small PSD, respectively. The commonly used pass energies for
survey spectra were 224 eV and for narrow scans 26 eV. During depth profiling, Ar" ion
etching was conducted, where the etch rate was calibrated on a flat oxidized tantalum foil
with known Ta>Os oxide thickness. The depth profiling was conducted over an area of 2 mm
x 2 mm down to an etch depth of 100 nm. Hence, all the etch depths mentioned are in Ta2Os

units. All the data analysis was carried out in the PHI MultiPak.
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5.2.3 Revolution Powder Analysis (RPA)

One key point of powder processing in powder-based additive manufacturing is the feedstock
powder’s ability to flow and create uniform layers with high packing ability [43]. To test the
flow properties of powders for AM, a Revolution Powder Analyzer (Mercury Scientific Inc.,
USA) was employed. The RPA works on a rather simple principle. It entails a setup with a
transparent drum filled with material, which rotates according to user-defined settings. On the
other side of the setup, a camera captures the movement of the material, which is illuminated
by a light source. The camera records the surface area of the moving powder, and this data is

subsequently processed using specialized image analysis software.

For each test, a consistent powder volume of 30 ml or 100 ml is carefully poured into the drum
without compaction. Different measurements can be used to analyze a number of flow metrics
for the powders and correlate them to the powder’s ability to be processed in AM. The simplest
test, a flowability test, uses constant rotating speeds to capture the movement of powder for a
specific time interval or a set number of avalanches in the drum. The powder can also be tested
across a number of rotating speeds (multiflow test) or even undergo consecutive vibrations to

establish its packing behavior by measuring its apparent and tap density (packing test).

For the study presented in this thesis, the rheological tests were performed in ambient
conditions. To explore the multi-flow behavior, experiments were performed by systematically
varying the drum's rotation speed from 1 to 70 RPM, with incremental steps of 2 RPM. At each
specific rotation speed within this range, 75 individual powder avalanches were recorded and

analyzed.
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6 Summary of Appended Papers

This chapter summarizes the key research findings and provides an overview of the appended
papers. The thesis addresses two main research questions. The first research question, RQ1,
explored in Papers I-V, focuses on powder degradation and changes in surface chemistry based
on composition and AM technology. The second question, RQ2, concerning the effect of

powder recycling is explored in Paper II.
Papers I and II — Study on 316L for PBF-LB

In Paper I, 316L virgin powder was initially processed in the PBF-LB machine, sieved and
reused for over 140 hours of total exposure time. The same batch of powder was used for all

subsequent prints and no mixing of powder batches occurred.

Evaluation of the morphology of virgin powder revealed particles with spherical morphology
and rather pure surface, see Figure 4(a, b), with some seldom presence of a bit more oxidized
particles. Printing using PBF-LB technique led to generation of spatter particles that could be

seen due to the evident oxidation of particles, as seen in Figure 4(c, d).

e

Figure 4: SEM micrographs of 316L powder virgin particle at a) low and b) high magnification,
and spatter particle from P35 at c) low and d) high magnification.
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XPS depth profiling revealed the presence of Fe-based oxide layer (with some presence of Cr
in the oxide layer as well), mainly Fe;O3, with Cr, Mn, and Si enrichments on the surface of
the particles in the form of oxide nano-particulates in the virgin powder as well as the reused
variants. Figure 5 showcases the progressive increase of the oxide layer thickness with reuse
of the powder in the PBF-LB machine. The oxide layer thickness was calculated by using the
model developed in previous XPS studies [44], [45]. Depth profiling in combination with this
model revealed that the virgin sample had an average oxide layer thickness of ~4.8 nm and this
increased up to ~8 nm for the P11 (most reused powder that was exposed for 140 h in total).
These findings are most likely attributed to an increase of oxide nano-particulates on the

surface of the powders particles as well as accumulation of spatter in the feedstock powders.

In Paper II, disqualified powder of 316L from PBF-LB printing and AM scrap components
were atomized in nitrogen atmosphere. From the re-atomized powder, PSD of 15-45 pm
(commonly used PSD for PBF-LB) was separated and the surface morphology and chemistry
was studied. XPS measurements showed that the re-atomized powder had a smaller oxide layer
thickness than the previously measured virgin powder, approximately 4 nm. In SEM, lower
surface oxidation was also observed, and contrary to the virgin powder, no oxidized particles
could be seen. It is assumed that the absence of oxidized particles in the re-atomized powder is

a reason for the overall lower oxide layer thickness.
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Papers III and IV — Study on OFHC-Cu in PBF-EB

In Papers III and IV, the reusability of oxygen-free high conductivity (OFHC) copper powder
was tested in PBF-EB machine. Virgin and reused powders were analyzed using XPS and SEM.
The morphological observations in SEM showed that the oxide features covering the surface
of the powder samples differed in morphology depending on the printing conditions, suggesting
the presence of different types of surface oxides. The samples were thus analyzed in XPS, and
peak fitting showed that the oxide from thin oxide layer primary consisted of CuO with Cu,O
particulates alongside Cu(OH),. When the PBF-EB process was carried out under industrial
standardized conditions followed by exposure to ambient conditions and/or blasting, XPS on
the reused powders revealed the transformation of the dominant CuO to Cu2O due to growth
and accumulation of oxide nanoparticulates on the surface. The oxide layer thickness for the
virgin powder where CuO was the dominant surface oxide, was calculated to be ~2.5 nm. The
reused powders P6 an P8, where Cu,0O was the main surface oxide (in the form of oxide nano-
particulates) had similar oxide layer thickness ~2.5-2.8 nm. Powder handling had a strong
effect on powder surface oxide composition, with increasing fraction of CuO and especially
copper hydroxide (Cu(OH),) observed from the XPS analysis when processed with lower
purity purging He gas. In that case the oxide layer thickness increased severely to ~19 nm.
Powder from the hoppers (V/hoppers), that was not pre-sintered but exposed to the elevated
temperature and vacuum, also showed higher oxide layer thickness that the virgin one reaching
~9 nm, formed mainly by CuO and Cu(OH).. Hence, it can be concluded that copper powder
is very sensitive to handling and PBF-EB processing but possesses excellent reusability when

properly handled and processed in controlled environment.
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Figure 6: SEM micrographs of pure Cu samples in PBF-EB with pictures depicting the effect
of processing on the colors of the sample powders. a) Virgin, b) P6 used, c) P6/b used. On the
right, XPS narrow scans of virgin, x6 and x6/b samples at the as-received surface. d) Culp
spectra and e) Ols spectra.

Paper V — Study of 17-4 PH in BJT

In Paper V, 17-4 PH powder was analyzed after subsequent curing cycles during BJT.
Unconditioned and virgin powder was also sent from the manufacturer to assess the effect of
conditioning on the surface chemistry of the powders and flowability. It was found that the
highest oxygen pickup took place after conditioning of the powder, whereas curing after
printing had a lower oxidizing effect, see Figure 7(a). Nitrogen content remained mostly
constant for all the samples. Surface analysis by means of XPS revealed the progressive
increase in the oxide layer thickness on the surface of the particles, from ~4 nm for the
unconditioned powder to ~7 nm for the virgin powder sample following similar trend as the
oxygen content measurements. Curing of the powder after printing further increased the oxide
layer thickness to ~9.5 nm for all the cured powders. Surface analysis thus confirmed that each

curing cycle had less impact on the surface oxidation of the powders as four curing cycles

24



resulted in an increase in oxygen content to approximately 1500 ppm from 1200 ppm in the

virgin state
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Figure 7: Oxygen and nitrogen content measurements (left) and normalized intensity of Ols
spectra to etch depth (right) for unconditioned, virgin and C4 samples. The etch rates, therefore
etch depths, were calibrated using Ta>Os foil of known thickness.

The as-atomized unconditioned 17-4 PH powder was too cohesive and proved to flow in
agglomerates rather than individual particles, even though it had a very low oxide layer
thickness and low oxygen content. Conditioning of the powder, even though resulting in
increase in oxygen content due to the oxidation, proved necessary to enhance the flowability
and spreadability of the powder before printing, that affected the oxide layer thickness by an
increase of ~3 nm and an uptake of ~600 ppm in overall oxygen content. This step reduced the
inter-particle friction and lowered the Van der Waals forces between the particles, thus

increasing flowability.

Flowability measurements reveal an increase in the flow behavior of powder samples with an
increase in oxidation. Different flowability metrics that are plotted in Figure 8 showcase a

positive effect of oxidation likely due to the decrease of the cohesion between powder particles.
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with standard deviations have been plotted for each rotating speed and each packing
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7 Conclusions

7.1 RQ1: What are the changes in powder surface chemistry in powder bed-
based metal additive manufacturing depending on material and AM
technology?

It was found that spatter formation in PBF-LB was a dominant degrading mechanism, with
spatter particles ending up mixing in the feedstock powder and accumulation with reuse leading
to an apparent increase in the oxide layer thickness. The virgin powder consisted of particles
with dendritic structure with low number of particles appearing visually oxidized. In reused
samples, spatter particles could be detected with their fraction increasing with reuse. The oxide
layer thickness in the virgin powder in case of stainless steel 316L was calculated at ~4.8 nm
and experienced a gradual increase with increasing reuse and was found to be ~8 nm for the

most reused powder after exposure to a total of ~140 hours.

Degradation of OFHC-Cu powder in PBF-EB was connected to a transformation of CuO to
Cu0 during PBF-EB processing due to processing in vacuum at elevated temperatures. It was
also shown that powder is very sensitive to oxygen partial pressure in the vacuum and powder
handling. Oxide layer thickness was calculated at ~2.5-2.8 nm for virgin and reused powders.
However, powder sampled from the hoppers, that was exposed to similar chamber conditions
during printing, showed increased oxide layer thickness of ~9 nm, formed mainly by CuO and
Cu(OH),, confirming oxidation under these conditions. Purging gas (He) with higher trace
oxygen content led to increase in oxidation with dominant CuO and Cu(OH),, with a ~19 nm

oxide layer causing process instability and powder disqualification.

The 17-4 PH powder experienced an increase in the Fe-based oxide layer thickness with curing.
The surface of the particles was also enriched in oxide particulates rich in Cr, Mn, Si, Nb.
Curing did not occur at such high temperatures to alter the surface chemistry in terms of surface
oxide composition. The unconditioned 17-4 PH powder exhibited poor flowability due to its
cohesive nature and tendency to agglomerate. A conditioning step resulted in an approximately
3 nm increase in the oxide layer thickness and a corresponding rise of around 600 ppm in the
overall oxygen content. This controlled oxidation improved powder flowability. Similarly,
multiple curing cycles of the powder also contributed to enhanced flowability and packing
albeit with minor increase in the oxide layer thickness. These findings underscore the critical
role of surface modification through controlled oxidation in tailoring the flow properties of

metal powders for successful implementation in BJT processing.
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7.2 RQ2: What is the impact of powder recycling on powder properties in

powder bed fusion?

In 316L, the surface of particles in the virgin and reused powders was enriched with Cr, Mn
and Si in oxidized state, content of which significantly increase with the powder reuse,
indicating high temperature oxidation due to processing. Reuse in PBF-LB led to gradual
increase in oxide layer thickness that reached approximately 8 nm in the most reused sample.
It was shown that it is possible to reverse the surface oxidation and degradation of powders by
re-atomizing disqualified powder and AM failed components. The re-atomized powder had an
oxide layer thickness of ~4 nm, similar to the virgin powder (~4.5 nm) while retaining almost
the same powder properties. Lower content of Si was found to be present in re-atomized powder

compared to the virgin and reused powder before atomization.
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8. Future Work

In Paper I, the oxide layer thickness of the 316L powder was increased with reuse in PBF-LB.
Spatter accumulation was also detected and its fraction in the powder batch increased with
reuse. In Paper II, recycling of 316L proved to successfully lower the surface oxide layer
thickness. The next step will be to compare the dynamic properties of virgin, reused and
atomized powders as well as examine the impact of recycling on mechanical properties, as well
as corrosion. Paper II established an atomization path for 316L failed components and reused
powder, hence atomization of used powder and scrap will be part of the future studies to
enhance sustainability in AM. Recycling of other materials in PBF-LB, such as Ni-base and
Al-base alloys and the effect of recycling on material properties and performance will be part
of future studies. It is of imperative importance not only to study the powder degradation and
its effects on printed parts but also to establish a robust recycling path for the

reused/disqualified powders and printed components.

In Papers III and 1V, reuse of OFHC-Cu powder in PBF-EB resulted in transformation of the
dominant surface oxide from CuO to CuxO with presence of Cu(OH). The purity of the
processing He gas proved to be vital, as the use of low purity He led to increase of the oxide
layer thickness to 19 nm approximately and disqualification of the powder. As copper is a
material of great interest for its thermal and electrical conductivity, and it is known that
impurities such as oxygen can have a negative impact on these properties, it is important to
study the effect of powder reuse and increase of surface oxidation on the conductivity of printed

parts.

In Paper V, consecutive curing cycles had little effect on the surface oxidation of 17-4 PH while
the flowability showed positive changes. Further in-depth analysis using variety of surface and
microscopy techniques should be done to provide insights into the effect of curing cycles on
other materials containing elements with high oxygen affinity, for example, Ti-based, Ni-based

and Al-based materials.
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