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Abstract

Powder bed fusion (PBF) techniques, including laser-based powder bed fusion (LB-PBF) and
electron beam powder bed fusion (EB-PBF), are two rapidly growing additive manufacturing
(AM) processes due to their ability to produce complex geometries in near-net shapes. To attain
reproducibility and repeatability in PBF processes, a consistent set of powder properties is vital.
This is achievable by using virgin powder in every new build cycle. However, considering the
amount of unconsumed powder after a build cycle in PBF techniques, reusability of
unconsumed powder is imperative to reduce the cost and increase the sustainability of the
process. Still, upon reuse the quality of the processed powder gets degraded by surface
oxidation or accumulation of by-products often referred to as spatters. The increase in
impurities in the powder feedstock can lead to deviation of the powder quality from initial state
and cause stochastic flaws in the produced components such as inclusions and porosity.
Therefore, it is important to study the powder degradation mechanisms and extent of
degradation upon processing to track the changes in quality of powder with reuse. This thesis
focuses on analysis of powder degradation mechanisms and their effect on processed
components in case of both, LB-PBF and EB-PBF processes.

In LB-PBF process, powder degradation for AISil0Mg and Alloy 718 powders have been
investigated. The examined AlSi10Mg powder was used for over 30 months, and the fabricated
parts exhibited an increase in porosity and decrease in tensile strength with increased reuse of
powder. The analysis of reused powder samples showed that spatter accumulation is a
dominant mechanism in powder degradation. Spatters are an inevitable by-product of the
process, and the number of generated spatters depends upon material, process parameters,
atmosphere, and geometry of the part. The role of part geometry in spatter generation and
powder degradation was further revealed by fabricating specially designed capsules from Alloy
718. Obtained results showed that surface-to-volume ratio and overhang structures tend to
increase the number of generated spatters. The analysis of produced Alloy 718 spatters put in
evidence the severe surface oxidation with thick Al- and Cr-based oxide patches and
particulates formation. By employing an external atmosphere purity system connected to the
LB-PBF machine, it was revealed that even if spatters are oxidized particles that cant be fully
avoided, their oxidation can be significantly limited by reducing the oxygen partial pressure in
the process chamber. The obtained results showed that spatters generated at <20 ppm residual
oxygen content showed only ~30 % increase compared to the spatters generated at 1000 ppm,
which showed ~300 % increase in oxygen content. This is a very promising approach to slow
down the rate of powder degradation and increase powder reusability for LB-PBF process.

In EB-PBF process, the effect of powder bed oxidation and sublimation of volatile elements
from Alloy 718 due to the long-term powder exposure to high temperature and high vacuum
level on powder degradation was investigated. It was found that in case of Alloy 718 powder,
Cr was dominantly sublimated during the process, which can be detrimental to the superior
oxidation and corrosion resistance properties of Alloy 718 components typically preferred for
their high temperature performances. Hence, it is important to monitor Cr and Al content both
in powder and built parts while processing of Alloy 718 in EB-PBF process.

Keywords: Additive manufacturing; Laser-based powder bed fusion; Electron beam powder
bed fusion; AlSi10Mg; Alloy 718; Powder degradation; Oxidation; Spatter particles; Residual
oxygen; Sublimation.
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1 Introduction

1.1 Background

Additive manufacturing (AM) is bringing a paradigm shift in the fundamentals of
manufacturing industry from subtraction- to addition-oriented manufacturing. AM was firstly
patented by a French scientist Alain Le Mehaute in 1984 [1]. After AM introduction to the
industrial world, it was mainly used for prototype fabrication as it reduced the cost and lead
time. However, this success is restricted to small batches and mass production has not yet been
realized to its full potential [2]. In the last couple of decades, new innovations, both in AM
technologies and computation, has made it possible to optimize the products and fabrication
time. These advancements making it possible to use AM on larger scales rather than just for
rapid prototyping. The major advantages that AM can provide cover: creating products with
intricated designs to reduce the material consumption, providing on-site repair possibility to
reduce the inventory cost in industry, and cost reduction of the product by producing and
finishing at a single fabrication plant [2].

Among AM technologies, metal-based powder bed fusion techniques like laser-based powder
bed fusion (LB-PBF) and electron beam powder bed fusion (EB-PBF), have gained a lot of
attention both from industry and research community owing to the possibility to produce near-
net-shape products with better design accuracy. Particularly, in the field of medical technology,
PBF techniques have enabled the engineers to mass produce the implants as well as to fabricate
the customized parts with better surface properties, i.e. fabrication of Ti- and TiAl6V4 based
implant by EB-PBF process [3,4]. Likewise, products from superalloys (i.e. Alloy 718)
fabricated through either LB-PBF or EB-PBF are increasingly getting adopted in the aerospace
industry [5-7]. However, there exist several challenges to the adoption of these techniques in
the industry. One of these connected to the process sustainability and cost reduction is the
reusability of processed feedstock powder in PBF processes [7—10].

In the fields of both research and industry, end-users are mostly relying on virgin (fresh) metal
powder for product and process development, and the main reason is to avoid possible
consequences related to the degradation of used feedstock. This approach eventually increases
the cost of manufacturing and limits its adoption for large-scale production [11]. Still, very
little attention has been given to understand the degradation mechanisms of processed powders
and its effect on the properties of fabricated parts [12]. To date, the used powders have been
preferably studied by evaluation of properties such as flowability, charging and compaction
[5,13]. However, powder quality should not be reduced to these process-related aspects, since
it was for example shown that rheology may improve with number of reuse cycles and
elimination of fines, while powder oxidation increases [13]. This in turn can lead to
introduction of nonmetallic inclusions in final products [12], threatening their integrity.

Therefore, a comprehensive understanding of the mechanisms leading to surface chemistry
changes upon powder reuse is important. Surface oxidation has been reported to be very
dependent on the oxygen affinity of alloying elements. For example Al-, Ti-, and Cr-containing
alloys are particularly more prone to oxidation [14-17]. In addition, the nature and rate of
powder degradation depends also on the AM process conditions and parameters [7,9,18]. On
one hand, in case of EB-PBF, which involves holding the powder bed at high temperatures,
general powder bed oxidation plays a dominant role in powder degradation [7,12]. On the other



hand, the LB-PBF process is generally conducted with the powder bed held close to room
temperature. Hence, oxidation of the powder bed which is not exposed to the laser radiation is
not observed [19]. Still, accumulation of spatters generated by the laser-powder-melt
interaction can contribute towards the presence of highly oxidized particles in reused powder
for LB-PBF [20-23]. The extent of spatter oxidation in correlation to alloy composition and
process atmosphere still needs to be determined.

There are only a few studies available discussing the effect of powder reusability on the extent
of oxidation of powder, and thus there is a limited understanding of the powder degradation
mechanisms involved during AM. This thesis focuses on the identification of powder and
spatter oxidation mechanisms by means of state-of-the-art surface characterization supported
by thermodynamic simulation.

1.1 Objectives

The goal of this thesis study is to understand the underlying mechanisms of powder degradation
during LB-PBF and EB-PBF processing in correlation to alloy composition. Two materials
were covered until now: AISi10Mg and Alloy 718. To address this topic, an effort has been
made to answer the following research questions (RQ):

RQ1: What is the dominant powder degradation mechanism in LB-PBF process?

RQ2: What is the correlation between alloy composition and conditions during LB-PBF
processing on spatter formation and properties?

RQ3: What is the dominant powder degradation mechanism in EB-PBF process?



2 Powder bed fusion techniques

Additive manufacturing (AM), also termed as “3-dimensional (3D) printing” is an advanced
manufacturing technique where an object is fabricated in additive, layer by layer, fashion [24].
It is a way forward towards the digitalization of manufacturing industry. The digitalization
aspect originates from a series of computational pre-fabrication steps that are followed before
introduction of design into AM machine and printing. Firstly, the design of component is
generated by a computer aided design (CAD) model that contains 2D and 3D graphics of
components. The CAD file is then converted to a STL (stereo lithography) file which is
triangular representation of surface geometry of the design. The generated STL file is further
processed in a suitable AM software to create feasible parameters for printing before
transferring to machine. Finally, a machine-readable file containing all the information
regarding design, orientation, build direction, support structure, material and process
parameters (layer thickness, power, etc.) is introduced to the machine. The process parameters
can vary depending on the AM technology. Once all these computational tasks are done, the
machine follows the commands and autonomously prints the designed product.

The AM technology can be divided in seven categories as per the ISO/ASTM52900-15
standard of AM. Among the seven categorized technologies in AM, binder jetting (BJ), powder
bed fusion (PBF), and direct energy deposition (DED) utilize powder as a feedstock material.
The work in this thesis is related to powder bed fusion techniques where metal feedstock
powder is used.

Powder bed fusion (PBF) is the dominant AM technology where powder feedstock is melted
layer by layer in a desired shape using an energy source. Based on the energy source, PBF can
be divided in two processes: laser-based powder bed fusion (LB-PBF) where laser is used to
melt the powder layer, and electron beam powder bed fusion (EB-PBF) where an electron beam
is used instead. The following sections discuss these two techniques.

2.1 Laser-based powder bed fusion (LB-PBF)

LB-PBF uses laser as an energy source to melt the feedstock powder in the powder bed. The
working principle of LB-PBF machine is rather simple and a schematic of the machine is
presented in Figure 1. The machine primarily consists of three partitions related to powder:
powder dispenser, built area and powder collector [25]. The powder is introduced in the
machine by filling the powder dispenser. Once a preset oxygen level is reached in the build
area, a recoater rakes a layer of powder from dispenser into the build area. During raking, the
overflowing powder is collected in the powder collector. The powder flow from dispenser is
controlled by the piston at the bottom of the system which can adjust the available amount of
powder. Moreover, the layer thickness is controlled by a piston at the bottom of build area. The
position of laser beam is adjusted by using an optical system. After spreading of the powder on
the build area, the laser scans the build plate following the component design. Thereafter, this
process is repeated layer by layer till the completion of the build cycle.
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Figure 1: Schematic illustration of the LB-PBF machine while laser scanning.

After the build process is completed, the unconsumed powder is removed by a powder
extraction module and sieved to eliminate spatters and debris before further reuse. Used sieve
size depends upon the powder size distribution (PSD) of virgin powder. After powder removal,
the build platform is moved from machine for post processing. The post processing can consist
of various steps including support removal, machining, surface treatment, etc. The
homogeneity of post processing after each build is important to achieve the reproducibility in
the properties of fabricated parts. Additionally, several other parameters can substantially
influence the properties of fabricated parts including powder quality, powder size distribution
(PSD), laser power, layer thickness, hatch distance, scan speed, scan strategy, gas flow rate etc.
A careful control of these parameters is vital to achieve reproducibility of LB-PBF products.

2.2 Electron Beam Powder Bed Fusion (EB-PBF)

The EB-PBF is an AM technique which enables the production of multilayer components
without any support structure, unlike LB-PBF. Figure 2 is showing a schematic of EB-PBF
machine which has hoppers on both sides of the build area. A recoater is used to take the
powder from hoppers and spread it in the build area after each printing cycle [26]. As it is given
from the name, the heat source is electron beam, where the beam direction is controlled by
electromagnetic lenses. The beam control from electromagnetic lenses makes EB-PBF process
manyfold faster than LB-PBF process. To achieve the high energy efficiency, ultrahigh vacuum
(~10® bar) is a prerequisite for EB-PBF process [27].

The electron beam scanning of the powder bed works in two steps. The first step consists of
the scanning of the whole powder bed to heat it to a sintering temperature where powder can
be semi-sintered. Sintering of the powder is important to increase the conductivity of the
powder-bed. Un-sintered powder can cause accumulation of electrons due to poor powder bed



conductivity, and result in ejection of powder from powder bed by repulsion before melting,
an effect commonly known as smoking effect in EB-PBF technology. The semi-sintering of
powder at elevated temperature has some additional benefits other than avoiding smoking
effect: the support structures can be avoided/minimized as the sintered powder act as support.
It also permits to avoid the generation of residual stresses. During the second step, electron
beam of high energy selectively scans the designed part where the system increases the beam
energy to melt the sintered powder bed. This process is repeated until the build height of the
fabricated part is reached.
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Figure 2: A schematic illustration of EB-PBF process.

After the completion of a build cycle, the machine is allowed to cool down before opening the
chamber to avoid oxidation of unused powder. After cooling, the build platform containing the
powder cake is removed from the machine and placed in a powder recovery system. To separate
the sintered powder from fabricated components and the cake itself, grit blasting is conducted.
Grit blasting assists in converting the semi-sintered cake into powder particles for further
reusability after sieving. Moreover, the retrieved components go through further post
processing before being used in required applications.



Though high temperature and high vacuum improve the stability of the process, these
prerequisites can increase the rate of powder degradation. These aspects are further discussed
in the following chapters.



3 Powders for Additive Manufacturing

Around 5000 alloys and metal systems are available in conventional metal related industry
[28]. Being an emerging field, such a wide range of metallic material options are not available
yet for AM. The usage of already existing alloys in AM still requires a complex
material/process development where the interaction of energy source with powder in build
environment needs to be comprehensively understood. Due to the complexity of process
development, only 30 metal alloys are qualified to be used in powder based AM techniques
(PBF, BJ, and DED) [28], see Table 1. Although most AM materials (presented in Table 1) are
adopted from conventional alloys, the composition requires tailoring of most of alloys to adapt
to rapid melting and solidification nature of AM process. This composition tailoring is also
part of complex material development for AM technology.

Table 1: List of qualified powder-based metal AM techniques

AM technology Alloys No
PBF LB-PBF | Al: AlSil0Mg, AlSi7Mg0.6, AISi9Cu3, AlSi12, Scalmalloy 33

Co: CoCr28Mo6, CoCr24Mo5, CoCr25Mo5W5
Cu: Cu, CuCrZr, Cu-10Sn, CuNi2SiCr
Ni: IN625, IN718, IN939, HX
Ti: TiCP, Ti6Al4V
Stainless steel: 316L, 17-4 PH, 15-5PH
Tool steel: CX, PH1, GP1, 20MnCr5, MS1, 1.2709, H13 (1.2344),
Invar36
Refractory: W
Precious: 18714K Gold (red, yellow, white), 925Si, 95Pt/5Ru

EB-PBF @ Ti: Ti, Ti6Al4V 5
Co: CoCr28Mo6
Ni: IN718
Intermetallics: TiAl4822

BJ Ni: IN625, 247 7
Ti: Ti6AI4V
Stainless steels: 316L, 17-4PH, 304L
Tool steels: M2

DED Ni: IN625, IN718 4

Ti: Ti6AI4V
Stainless steel: 316L

Despite the limited number of metallic materials for AM, they cover a wide range of
compositionally different alloys with varying physical properties and chemical activity.
Therefore, the adoption of powder manufacturing route requires a careful consideration of alloy
composition and intended chemical, and physical properties of powder. In following sections,
powder manufacturing methods for AM will be presented. Furthermore, the required set of
powder properties to be considered for powder use in AM will also be discussed.

3.1 Powder manufacturing methods

Powder fabrication for powder metallurgy techniques is a well-established field, and several
techniques are being used to produce the powder from bulk material. Such techniques involve
mechanical comminution, chemical reduction of brittle materials, electrolytic reduction from
solution, disintegration of liquid melt. For metal powder fabrication, physical disintegration of



liquid melt is the most utilized technique industrially, and this process is called atomization
[29-32].

Powder fabrication for AM requires additional attention as powder shape, size, morphology,
surface chemistry, rheology, etc., can potentially influence the processability of powder in AM
machine. The following atomization techniques are commonly used for powder production for
AM:

1. [Inert gas atomization

2. Electrode induction gas atomization (EIGA)
3. Plasma atomization process

4. Plasma rotating electrode process

3.2 Inert gas atomization

Gas atomization is the most used atomization technique for AM powder production,
particularly for Fe-based (stainless steels, low and high alloy steels etc.) and Ni-based
(Hastelloy X, IN625, Alloy 718 etc.) alloys [33]. A schematic illustration of this technique is
presented in Figure 3a. In first technique (shown in Figure 3a), virgin raw material is charged
in the induction furnace which uses the eddy currents to melt the material [31]. Depending on
the susceptibility of alloying elements for oxidation, the furnace is placed in vacuum, inert or
open-air environment. The melt is overheated to compensate the heat loss in subsequent steps.
In next step, the melt is transferred to tundish for even flow of the melt to atomizer nozzle.
Once the melt passes the nozzle, a pressurized gas disintegrates the melt stream into fine melt
droplets. These melt droplets get solidified during their time of flight before settling at the
bottom of atomizing chamber. During solidification, the surface tension of the droplet pulls it
into adopting a spherical shape to minimize its surface energy.

Within this method, there are two types of atomizing nozzles commonly used: freefall nozzle,
and close coupled nozzle. The type of selected nozzle can influence the produced powder size
and morphology. For a close coupled nozzle, powder size distribution (PSD) lies in the range
0f 5-200 um with D50= 50 um. While with a free-fall nozzle, PSD achieved is in the range 50-
300 um with D50=100 um [28]. Although the close coupled nozzle produces finer range of
powder, there exist a higher possibility of satellite formation on powder surface due to the
turbulent flow of melt in the nozzle.

3.3 Electrode induction gas atomization

Electrode induction gas atomization (EIGA) is a variation of inert gas melting in terms of
charging method where a bar with fixed composition is melted by induction. The typical
diameter of charged bar is up to 150 mm. The melt flows through an atomizing nozzle and get
disintegrated to fine droplets, see Figure 3b. These droplets solidify during the time of flight
and settle at the bottom of chamber. The PSD of produced powder lies in the range of 10-500
pum with D50=90-140 um. This process is more common in alloys which contains highly
reactive elements as TiAI6V4, TiAl, NiTi etc. to avoid oxide impurities.
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Figure 3: A schematic of gas atomization process with charging through a) induction furnace, b) electrode

induction melting.

The micrographs presented in Figure 4 elucidates the difference between the quality of powders
produced through conventional gas atomization and EIGA of Alloy 718. Due to a controlled
gas and melt flow, finer particle size distribution can be achieved by gas atomization, see Figure
4a. However, a turbulence in the melt flow can cause the formation of finer particles which
solidify quickly and land on the surface of coarser particles in the form of satellites. Contrarily,
in EIGA, gas jets can directly interact with the melt stream coming from the electrode due to
the geometry of the free-fall nozzle. Here, the distance between melt stream and gas jet nozzle
is higher which dissipates some of the energy of gas jets before interacting with the melt stream.
This results in coarser size with the EIGA process. Yet the powder has a higher sphericity and
cleaner surface without any satellite presence, see Figure 4b.



Figure 4: Morphology comparison of powders produced through a) conventional gas atomization (GA) and b)
electrode induction gas atomization (EIGA).

3.4 Plasma atomization process

The plasma atomization process uses the plasma torches as heat and atomization source and
wire as feedstock material [34], see Figure 5. The plasma interacts with the wire, melts it, and
atomizes the melt. The melted droplets get solidified and collected like in conventional gas
atomization process. The produced powder through this technique usually exhibits high
sphericity with cleaner surface. However, there exist challenges with this process. The
production rate is very slow which exponentially increases the cost of process. There is no
possibility to change composition during atomization as the feedstock material needs to be in
form of wire. The PSD of powder produced through this technique lies in the range of 0-150
um with D50= 40 pum. This technique is mainly used to produce powders from Ti alloys as
well as number of other advanced materials when high powder sphericity and purity are
required, which are difficult to handle by gas atomization.

s

Plama torches Wire

o * Wire spool

Powder Collection
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Figure 5: A schematic of plasma atomization using metal wire as feedstock.
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3.5 Plasma rotating electrode process

Plasma rotating electrode process allows to produce high quality metallic powders in terms of
sphericity and surface cleanliness [32]. In this process, a metallic electrode is mechanically
rotated and the end of this electrode is melted by a plasma torch, see Figure 6. The liquid metal
flies off by centripetal force and solidifies into a perfect spherical shape. Historically, this
process was used to produce coarse PSD. However, with adoption of AM, new modifications
in the process have been developed where the increase in rotation speed of electrode can assist
in producing suitable PSD for AM. This technique is used to produce high quality powder for
fabrication of critical components through AM.
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Figure 6: A schematic of plasma rotating electrode process.

3.6 Powder properties for additive manufacturing

For successful fabrication of AM products, powder properties optimization is an essential
consideration and remains a challenge for the researchers [35]. Powder properties influence
both the interaction of powder with AM systems and bulk properties of final product. As for
example powder morphology can affect the density of powder bed (in PBF techniques), surface
roughness, melting/sintering kinetics and density of manufactured part, etc. [36]. To achieve
the repeatability and reproducibility, it is important to control the powder properties. Therefore,
there is a need to standardize the required aspects which should be considered before
introducing the powder into the machine. Figure 7 portrays the important powder properties
which should be studied to evaluate the status of powder. Rheology, density, and morphology
are process related aspects of powders and assist to predict the processability of powder in AM,;
whereas chemistry and microstructural properties are concerned with the metallurgical quality
of powder.
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Figure 7: A tree diagram representing the important powder properties for AM.

State of the art research regarding powder properties is mostly focused on powder morphology
and rheology. In term of reusability, the quality of powder is often determined by analyzing
the variation of PSD and flowability [13]. Cordova et al. [13] have done a comprehensive
analysis of TiAl6V4, Alloy 718, AISi10Mg, and Scalmalloy powders to determine the effect
of powder reusability on PSD and flowability. The results showed a slight increase in PSD,
particularly for AISiOMg and Alloy 718, which can be controlled by implementing proper
sieving after each build. Further, the results showed that the flowability improved in reused
powder compared to that in virgin powder due to the loss of fine particles during reusability.
Additionally, the bulk chemical analysis showed an increase in oxygen content for AISi10Mg
alloy due to the high affinity of Al for oxidation. This is the only detrimental aspect found in
the analysis after reusability. Sutton et al. |37] also showed similar findings regarding PSD,
flowability, and oxygen pickup while reusing AISI 304 L alloy powder for 7 build cycles.
Hence, rheology (which improved in reused powder) and PSD (which can be controlled by
sieving process) can only help in determining the processability of powder in PBF machine,
and not the quality of powder and how it can affect the properties of produced components.
Hence, there is a need of process development to evaluate the quality aspect of powder during
reusability, which can be done by a dedicated chemistry analysis.

The chemistry analysis can be divided into two subcategories: bulk composition and surface
chemistry. Bulk composition analysis is a swift way to know the change in composition from
virgin to reused powder considering surface and bulk chemistry of the particle. In most of the
cases, this change will result in increase of oxygen content by oxygen pickup during process.
However, this information needs to be complimented with a detailed surface analysis to know
the distribution of oxygen on powder surface, main oxide forming elements, and change in
oxide layer thickness. Understanding of oxide type and oxide layer thickness is vital to know
their behavior during laser-powder interaction and in the melt pool (whether the oxide will
dissolve, mix or float), and develop models for powder degradation during AM. Furthermore,
the identification of dominant oxide forming elements in each alloy can indicate depletion of
critical elements in bulk (e.g., Al in Alloy 718).
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4 Powder degradation in PBF techniques

4.1 Thermodynamic Analysis

This section introduces basics of thermodynamics allowing us to understand the preferential
stability of various oxides. Important consideration here is that most of these calculations are
for equilibrium conditions, which are drastically different from the actual conditions during
oxide formation on powder exposed to the AM environment (especially during oxidation of
spatter particles). However, they provide indication to understand the likeliness of certain
oxides formation in complex compositions. The principal concept behind the calculations of
driving force is the change in free energy (AG) for the reaction from metal to oxide state,
derived from following equation:

AG = AH - TAS (1)

Here, AH is the enthalpy change, AS is the entropy change, and T is the temperature in Kelvin
degrees. In oxidation, considering their exothermic nature, the AG results in negative value. In
such scenario, the preferred oxidation of elements in alloys with complex composition is a big
consideration. For example, in a simple alloy like AISi10Mg, all three main alloying elements
have strong susceptibility for the oxidation, but there is a preferential oxidation of Al and Mg
compared to Si in the sense that the strongest oxide former will react first with oxygen provided
that there is no kinetic constraint.

Additionally, Figure 8 showing the Ellingham diagram from which is a collection of standard
free energy changes AGP for the formation of oxides form their elements is shown as a function
of temperature (T). At equilibrium AG=0, and the standard free energy change can be expressed
by following equation:

AG® = -RTIn(K) @)

Here, K and R are the equilibrium constant and gas constant respectively. For
oxidation/reduction reactions, considering the pure elements and the respective oxide forming,
this equation can be expressed as:

AG® = -RTIn(pOy) (3)

The Ellingham diagram is very useful to determine the oxide stability with increase in
temperature and partial pressures of various gases e.g., pO2, pH2/pH20 and pCO/pCO2, where
the latter two equilibrium ratios are simply derived from the oxidation of H, to H20 and from
CO to CO>. Although Ellingham diagram can assist in predicting the possibility of reaction, it
cannot tell the rate of reaction. For that, other kinetic considerations (diffusion rate etc.) need
to be used.
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Figure 8: Ellingham diagram showing a change in Gibbs free energy with respect to temperature. The graph is
acquired using HSC 9.0 software.

The CALPHAD method [38] is a well-established technique for assessment and calculation of
thermo-chemical information and phase equilibria for multi-component systems. In present
thesis we have used Thermo-Calc 2021a. In this respect the actual impact of activity of
elements can be considered and possible formation of complex oxides can be modelled. In
conjunction with suitable thermodynamic databases, assessed using the CALPHAD approach,
Thermo-Calc can be used for a wide variety of applications. For analyzing the oxide formation
behavior, TCOX10 [39] database was used. In addition, for kinetics and diffusion calculations,
the MOBNI5 (Ni-Alloys Mobility v5.1) database along with diffusion module DICTRA in
Thermo-Calc can be used.

Another important aspect of thermodynamic calculations is sublimation/evaporation of various
elements, particularly in EB-PBF process. EB-PBF process operates at elevated temperatures
and high vacuum levels, which give a rise to the evaporation of certain elements. As the rate
of evaporation is not same for elements, sublimation can result in modified composition of the
processed alloy. The HSC 9.0 software is a useful tool to calculate the vapor pressure of various
elements and oxides at elevated temperature for high vacuum conditions.

4.2 Surface chemistry of powder

Surface area of normally used AM powder is ~10,000 times larger than bulk material of same
mass [40]. This results in substantially high surface reactivity of metallic powders which
enables it to form surface oxides. Still, it should be noted that the thickness of ambient oxide
may not necessarily be much greater than that of technical flat sample. The high specific surface
are and the presence of oxides on powder surface and their subsequent inclusion in
manufactured components can be though detrimental for mechanical properties of fabricated
parts. It is well known from sintering process that the presence and thickness of oxide layer
can influence the process dynamics and properties of the final component [41]. Therefore, it is
important to depict the thickness and nature of oxide layer on the powder surfaces. This section
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aims to introduce the surface analysis tools, dependance of surface oxidation on composition
and atomization route and powder degradation in AM.

To understand the surface chemistry of metallic powders, Olefjord and Nyborg [42] began
using surface sensitive techniques, such as X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES) in 1980s. Due to higher surface sensitivity, these techniques
provided a comprehensive information regarding the nature, thickness, and dominant oxide
forming elements on the powder surface. In one of their earlier works on gas-atomized steel
powder, Olefjord and Nyborg [43] were able to provide the specification of surface oxides,
area coverage by certain oxide particulates compared to total surface area and thickness of
oxide layer. Thereafter, this technique has become a routinely used tool to analyze the surface
chemistry of metallic powder.

Nature and stability of surface oxide depends on the composition of powder and conditions of
its fasbrication and storage. Enoughpresence of stable oxide forming elements in composition,
such as Al, Ti, Cr etc., can effectively hinder the powder surface oxidation after initial uniform
protective oxide layer formation. One such study was conducted by Hryha et al. [44] where
they compared a virgin NiTi powder with the same kind of powder that was stored for up to 8
years. The comparison of oxide layer thickness of fresh powder with the powder stored for 8
years showed that there was only 15% increase in oxide layer thickness owing to the passive
nature of oxide film. Hence, composition of alloy has a decisive role in determining the nature
and thickness of oxide layer on the powder surface. Besides, atomization route can also
strongly influence the type of oxide formation on powder surface. Riabov et al. [33] did a
comparative surface analysis on 316L stainless steel powder produced through vacuum
induction-melt gas atomization (VIGA), air melted gas atomization (GA) and water
atomization (WA). Oxide particulates enriched with Cr and Mn were found on the surface of
powders produced through both VIGA and GA. Overall coverage of oxide particulates on the
powder surface was similar for both VIGA and GA, except for the presence of a additional
small amount of Si-rich oxide particulates in GA. However, the surface of WA powder had
higher coverage by oxide particulates of stable oxides compared to VIGA and GA. The oxide
particulates was now enriched with Cr and Si. In short, both the composition and powder
manufacturing route can influence the nature and type of oxide present on powder surface [33].

Lastly, in PBF techniques, it is important to reuse the unconsumed powder to increase process
sustainability and reduce cost. However, there exist a possibility of further powder degradation
besides initial surface oxidation (during powder atomization) by powder exposure in machine
environment and accumulation of process by-products [40]. Reuse of degraded powder can
leads to oxide inclusion and other defects in produced components [17][45]. Therefore, it is
essential to develop the understanding of powder degradation mechanisms in powder bed
fusion techniques. Following chapters will elaborate on various powder degradation
mechanisms in LB-PBF and EB-PBF processes.

4.3 Powder degradation in LB-PBF

In laser powder bed fusion, there are two main mechanisms which can possibly contribute
towards the degradation of unused powder in powder bed: surface oxidation and spatter
formation.

15



4.3.1 Surface Oxidation

Powder surface oxidation is commonly known phenomenon in powder technology owing to
high surface to volume ratio. Especially, the alloys with the elements like Al, Cr, Ti, Zr etc.,
which are highly susceptible to oxidation, are vulnerable to surface oxidation [46-48].
However, there exist a positive aspect in LB-PBF technology that the powder bed is kept in
inert atmosphere and in proximity of ambient temperatures [49]. Once a uniform oxide layer
forms on the powder surface, it passivates and hinder further oxidation. A study conducted by
Quintana et al. on the reusability of TiAl6V4 powder showed a mere 30% increase in oxygen
content in reused powder after 31 reuse cycles (~600h machine time) [50]. This stability was
stemmed from the stable TiOz layer formation which inhibited further oxidation of the powder.
In a similar study on Alloy 718 by Ardila et al. [19] found no noticeable change in chemistry
of reused powder compared to virgin powder. From these studies, it can be concluded that the
in-process oxidation of unconsumed powder in the bed (which is not affected by laser beam)
is not a dominant powder degradation mechanism in LB-PBF process.

4.3.2 Spatter Formation

Spatter formation and accumulation in powder bed could be a dominating powder degradation
mechanism in LB-PBF process [51]. Spatters are by-products of LB-PBF process, which forms
by laser-melt-powder interaction. All the ejections by laser-melt interactions are not the same,
and spatters can vary in size, shape, morphology and chemistry, individually [23,52]. These
variations are linked with the generation mechanism of spatter particles. A schematic of LB-
PBF process is shown in Figure 9 highlighting the commonly ejected particles by laser-melt-
powder interaction. The color of ejecting powder particles represents the difference in
temperature and origin of spatter particles. Firstly, the melt pool ejecta is the molten material,
ejected from melt pool due to recoil pressure [20,53]. This molten ejection can either solidify
during the time of flight and land on powder bed or coalesce with other ejecting particles and
form bigger particle [54]. However, if this ejected melt land on powder bed before solidifying,
they could form agglomerates with the pre-existing powder. Secondly, the cold spatters can be
ejected by impact of metallic vapors or entrained by low pressure zone (prior to interaction
with laser) [55]. In contrast to cold spatters, some entrained particles can interact with laser
during ejection and appear as hot particles. Such hot particles can usually be in partially molten
state or have temperature near to the melting point [55]. Since spatters have different origin
(and thus thermal history) they are likely to undergo different rates of oxidation.
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Figure 9: A schematic showing spatter formation in LB-PBF process.

Numerous factors can influence the generation of spatters which includes beam energy density,
beam size, scan speed, material, processing gas and its purity. Correlation of materials effect
on spatter generation was studied by Gunenthriram et al. [21] where they compared the spatter
generation rate in 316L and AISi10Mg alloy and found that 316L stainless steel generated
higher number of spatter compared to Al12Si alloy. The proposed reason was the low upward
trajectory of Al12Si spatters, which assisted in incorporation of ejected particles in melt pool.
Regarding the effect of processing gas, Pauzon et al.[51] compared the Argon (Ar), Helium
(He), and mixture of He and Ar gases. The finding evidenced that the hot spatters can be
reduced by up to 60% in He gas, and by 30% in mixture of the gases, whereas the number of
cold spatters was same in both cases. Furthermore, due to higher thermal conductivity of He
gas, higher cooling rate of hotter spatters was observed in He gas environment compared to in
Ar gas. However, there exists a niche to evaluate the effect of part geometry on spatter
generation, which is assessed in this thesis.

Spatter formation can affect the build quality in multiple ways. Firstly, the spatters can interact
with laser beam during time of flight and attenuate the beam resulting in a discontinuity in
energy input to the built layer, which can result in a defect [51]. Secondly, the redeposition of
spatters on powder bed can negatively influence the component properties by changing the
layer thickness of powder bed. Thirdly, accumulation of such particles can influence PSD,
morphology, and flowability of powder which can negatively influence the properties of
fabricated parts [20]. Lastly, mass transfer of elements with high oxygen affinity can occur in
hot spatters. Such particles can get oxidized and their accumulation in powder bed can increase
the overall oxygen content in powder bed. This can result in a possibility of oxide inclusion
formation in the produced component, and local discontinuity of energy absorption (change in
energy coupling between energy source and powder). Also, the oxidation behavior of spatters
can vary from material to material, which makes it important to analyze the oxidation behavior
of spatter particles by a dedicated surface analysis.
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4.4 Powder degradation in EB-PBF process

EB-PBF process operates at elevated temperature (650-1050 °C). These temperatures are quite
high to accelerate the surface oxidation of powder by mass flow of elements with high affinity
for oxygen from core to the surface of the particle. Several researchers have reported their
findings regarding oxygen pickup during EB-PBF processing of TiAl6VV4 and Alloy 718 [56].
In a study by Nandwana et al. [57], gas atomized TiAI6VV4 powder was analyzed. The results
showed a linear increase in oxygen content from 0.14 wt. % to 0.18 wt. % in five cycles. In a
similar work on TiAI6V4, Ghods et al. [58] also showed a linear increase in oxygen content
for grade 5 TiAI6V4 from 0.14 wt. % in virgin to 0.20 wt. % after 11 cycles. However,
Shanbhag et al. [59] observed a rapid increase from 0.13 wt. % to 0.17 wt. % in grade 5
TiAI6V4 powder in just two cycles. Additionally, for Alloy 718, Nandwana et al. [57] observed
an increase in oxygen content from 0.014 wt. % to 0.022 wt. % after 6 cycles. For same alloy,
Gruber et al. [7] observed an increase in oxygen level from 0.0146 wt. % to 0.0266 wt. % after
14 cycles of reuse. From these findings, it can be concluded that powder oxidation is a dominant
degradation mechanism in EB-PBF process owing to extremely high process temperature.
However, there exist an inconsistency in reported research regarding the rate of oxidation for
both TiAI6V4 and Alloy 718.

Such inconsistencies can be linked to the operator’s skills and powder handling atmosphere. A
careless handling of machine by operator can incur impurities in the form of residual
hydrocarbons in the chamber [56]. Also, a leakage in system can cause the permeation of water
molecules into the EB-PBF chamber, which is less likely with better vacuum sealing [56]. Both
these factors can increase oxygen impurities in processing chamber and result in higher oxygen
pickup rate. Additionally, humidity in powder handling atmosphere can also influence the
oxygen pickup rate. Nandwana et al. [57] has reported that main source of oxygen
contamination in EB-PBF chamber is adsorbed water on the powder surface. Such adsorption
happens during air exposure of powder (during sieving and storage). Processing in a humid
environment can increase the adsorbed amount of water on powder surface and results in higher
oxygen pickup rate and vice versa. Furthermore, Powder handling in air atmosphere can also
lead to the formation of Ni and Fe based oxides/hydroxides [7]. These oxides are unstable at
high temperature and can redistribute the oxygen to stable oxide forming elements, which then
results in increased amount of stable oxides [7]. Hence, combination of all the process
variations can cause the inconsistency in rate of powder oxidation in EB-PBF process.

Additionally, oxidation tendencies and nature of oxides can differ in different alloys. In a study
on Alloy 718, Gruber et al. [7] analyzed the surface evolution of powder while reusing it for
30 build cycles. The findings showed that the oxide formation on powder surface is not
uniform. It is rather in the form of Al-based oxide particulates. Amount and coarseness of such
oxides increased with the number of reusability cycles. Formation and stability of Al-based
oxides is linked with most negative AG® value of Al,O3 compared to those of Ti, Cr, Fe, Ni
oxides, see Ellingham diagram in Figure 8. Also, Al>Os has higher stability in EBM conditions,
and it acts as a reducing agent for the oxides of other elements, see Figure 10. Figure 10
highlights that presence of any Ni, Fe based oxide/hydroxides, by air exposure of powder, will
result in redistribution of oxygen to more stable oxide forming elements such as Al, Ti, Cr, etc.
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Figure 10: Equilibrium oxygen partial pressure for some elements in oxide form of Alloy 718.

Contrarily, processing of TiAl4V6 in EB-PBF process showed the formation of a uniform
oxide layer, by Sun et al. [60]. These authors found that the thickness of oxide layer remained
below 10 nm even after 30 reuse of cycle and 35 % increase in average powder oxygen content.
The additional amount of oxygen enriched the  phase. Montelione et al. [11] also showed a
continuous increment in oxygen content without a significant change in oxide layer thickness.
Hence, tendency to oxygen pickup varies depending upon the composition of alloy, and it is
important to analyze the oxidation behavior of powder and assess the factors which are
contributing towards accelerated oxidation. It should be noted that Ti per se has high solubility
for oxygen in its alfa phase and hence in some way can be its own getter material in vacuum
condition.

4.5 Sublimation of metallic elements during EB-PBF

Given the high vacuum and high temperature as the main prerequisites of EB-PBF process,
these conditions can accelerate the sublimation of elements with higher vapor pressure as e.g.,
Al and Cr [61]. Particularly, in alloys like TiAl and TiAI6V4, the sublimation of Al is very
prominent and commonly observed. In an earlier study on TiAl, an up to 7 at. % decrease in
Al content was observed from the virgin powder to the fabricated parts [62]. In another study
by Petrovic et al.[63] on TiAI6V4, they observed a 3% decrease in Al content after 12 reuse
cycles. Hence, sublimation is also a critical aspect to be considered in EB-PBF process. There
are a few recent studies on process optimization to reduce the rate of sublimation from the melt
pool. A study by Schwerdtfeger et al. [64] on the optimization of layer thickness and overall
volumetric energy density while processing Alloy 718 allowed to reduce the change in built
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sample from the virgin powder to 1.5 at. %. In an additional study, Damri et al. [65] suggested
an increase in pressure of built chamber by one order of magnitude (from 10-3 mbar to 107
mbar), which didn’t significantly affect the energy efficacy of beam, but can help to reduce the
evaporation of elements.
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5 Materials and Methods

This chapter includes the materials used in the studies presented in this thesis along with the
characterization techniques used for analysis.

5.1 Materials and processing

The studies presented in this thesis includes the work on mainly AlSi10Mg when processed by
LB-PBF and nickel-based superalloy Alloy 718 when processed by LB-PBF or EB-LBF.
Following paragraphs details the materials, processing, and sampling method for analysis.

5.1.1 AISi1l0Mg

Owing to its good castability, weldability, corrosion resistance and hardenability, the
AlSi10Mg alloy is being commonly researched for optimization for component properties in
LB-PBF process [5,13]. It is a near eutectic alloy of Al-Si where the introduction of Mg can
cause precipitate formation of Mg»Si to strengthen the matrix without any detrimental effect
on the mechanical properties of the alloy.

Here, the AISiIOMg alloy powder, provided by Concept Laser GmbH, with nominal
composition Si 10.1 wt. %, Mg 0.4 wt. % and Fe 0.11 % balanced with Al was investigated.
Particle size distribution in virgin powder was in the range of D10= 45 um, D50= 65 pum, and
D90=93 um. The powder was produced using gas (nitrogen) atomization, the resulting powder
has a nearly spherical shape with satellites attaching on the surface of the powder. The satellites
are the fine particle with size <5 um generated during atomization and adhered on the surface
of larger particles.

5.1.1.1 LB-PBF processing of AlSi10Mg

For LB-PBF processing of the powder, XLINE 2000R Concept Laser GmbH machine is used
with the build chamber size of 800 x 400 x 500 mm3. The machine has a built-in sieving station
and silo system which is interconnected with the build chamber, which assists in maintain the
same controlled inert environment while reusage of the powder [66]. Both the build chamber
and sieve station are flooded with fresh nitrogen gas to keep the oxygen level below 1000 ppm
in the chamber. The powder remains in the inert environment except the time when the build
chamber is opened at the end of build job to remove the build plate. During the removal of
build plate, the unused powder gets exposed to the open environment for a few minutes. The
unused powder from build plate is extracted in inert atmosphere in the glove box. From glove
box, the powder is transported to the sieving station through interconnected pipeline. The
sieving station sieve the powder to maintain particle size distribution like virgin powder to
enhance the reproducibility in the properties of the products.

The system operates with approximately 550 kg of AlSi10Mg powder at any time. The loss of
powder due to the manufacturing of components is compensated by adding a certain amount
of virgin powder. In summary, the powder mixture used for the investigation consists of virgin
and reused powder. The reused powder, studied in this work, is the result from continuous
utilization of the LB-PBF machine over 30 months with a system operation of approx. 2000 h
each year. Overall, five samples were collected over the period of 30 months to examine the
change in powder quality and hence degradation rate. Table 2 is showing the time frame and
annotation for each sample used in this study.
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Table 2: The annotation of the samples with respective time in the LB-PBF XLINE 2000R machine.

Sample name Time in machine
AlO Virgin powder
Al6 6 months

Al10 10 months

All4 14 months

Al30 30 months

5.1.2 Alloy 718 for LB-PBF

Alloy 718 is from the group of superalloys known for their high strength and oxidation
resistance at elevated temperature [67]. This is a Fe-Ni based alloy, which is strengthened by
two type of precipitates by ageing heat treatment. Firstly, a disc shaped y”’ (NisNb) phase is
precipitated to increase strength at elevated temperatures, and an additional Niz(Al, Ti) cuboid
v’ phase is precipitated which further contributes to the precipitation strengthening [68]. The
nominal composition of Alloy 718 powder used for the analysis in current study is presented
in Table 3. Considering a small fraction of Al and Ti, their importance in the formation of
Niz(Al, Ti) cuboid y’ precipitates, and their susceptibility for oxidation, it is important to
monitor the powder oxidation, spatter oxidation in LB-PBF process, and sublimation in EB-
PBF process.

The Alloy 718 powder used was gas atomized and had particles size in the range of 15 um to
45 um and was provided by Hoganas AB, Sweden. The particle size distribution (PSD) was
verified by laser diffraction using a Mastersizer 3000 (Malvern Panalytical). The results of five
measurements provided the following average data: D1 =17.8 £ 0.1 um, Dsp = 30.1 £ 0.1 pm,
Dgo =49.5+ 0.2 um.

Table 3: Chemical composition of Alloy 718 powder

Element wt. % Element wt. %
Ni 53.95 Co 0.01
Cr 18.28 Mn 0.02
Fe Bal. B 0.001
Nb 5.12 Si 0.03
Mo 3.04 Cu 0.04
Ti 1.02 N 90

Al 0.5 @) 150

C 0.05 P <0.01
Ta <0.01 S <0.005

5.1.2.1 Processing of Alloy 718 in LB-PBF

This thesis comprises three articles based on Alloy 718 processing in LB-PBF process. There
exist some commonalities regarding the equipment and processing parameters, and some
differences regarding the build and sampling process among the presented studies. For all the
studies, EOS M290 (EOS GmbH) L-PBF machine was used to conduct the study. This system
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is equipped with an Yb-fibre laser of 400 W nominal power. The standard EOS parameter for
Alloy 718 were used with a 40 um layer thickness (under the license name: ALLOY
718 PerformanceM291 2.11).

For paper 11, high-quality argon (Argon 4.6) was used under normal operating condition. To
analyze the spatter generation and accumulation in powder bed, capsules were designed to
encapsulate powder during the L-PBF process. The containers are fully self-supporting by
design and are named after the length and diameter of the beams, e.g., L7D3 (length = 7 mm
and diameter = 3 mm). Despite the differences in beam diameter and length, they possessed
the same lattice structure, as shown in Figure 11. The three capsules filled with lattice
structures, namely Empty, L7D1, L7D3 and L3D1, were placed close to the gas inlet (from
where fresh shielding gas enters to cover the process area) on the build platform. The capsules
were built on top of a support structure with 2 mm thickness for ease of removal after the build
process finished. The caps for the capsules were designed with a thin connection with the body
of the container, so that the thin connection can be broken to take the powder samples out for
analysis. The powder encapsulated in containers was analyzed using surface and chemical
analysis techniques.

An additional aspect of this study was Optical tomography (EOSTATE Exposure OT, supplied by
EOS GmbH) to depict on-line spatter formation. The optical tomography was conducted by Dr.
Zhuoer Chen and details can be found in the appended paper II.

L3

Figure 11: The design illustration of containers with varying dimension of lattice structure which contains a)
empty, b) L7D1, ¢) L7D3, and d) L3D1 capsules. Here, L represents the distance between two parallel bars and
joining points and d represent the diameter of the bar in mm (Capsule designed by Z. Chen).

Paper 111 on Alloy 718 was also conducted in controlled high-quality argon (Argon 4.6) with
an oxygen content of around 1000 ppm. In this study, large cylinder with some capsules were
built with printing time of 21 h. At the end of printing, spatter particles deposited on gas inlet
and outlet were carefully collected and further analyzed to understand the oxidation behavior
of Alloy 718 spatters.

In paper IV, high-purity technical Ar (Argon 5.0 with maximum 10 ppm oxygen) was used as
the process gas. An external oxygen monitoring system was connected to the L-PBF machine:
the ADDvance®QO2 precision (Linde GmbH). During the operation of the ADDvance®02
precision (Linde GmbH) system, the holding gas flow for the machine, typically present to
limit leaks, was manually shut off to stabilize the residual oxygen level. This system enables
control of the residual oxygen in the chamber by adjusting the high-purity gas flow within the
recirculation system. It measures and controls the purity using an electrochemical cell. The
system was used in that work to repeat the same printing cycle under a controlled oxygen
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content in the build chamber, with an accuracy of 10 ppm measured with an electrochemical
cell, to a minimal level of 20 ppm as well as 400, 600, 800, and 1,000 ppm of residual Oa.
During L-PBF processing, a typical deposit on the gas inlet in the build chamber is formed by
spatters traveling against the gas flow (toward the gas inlet). These deposits were carefully
collected for analysis after each printing cycle, with different oxygen levels in the investigated
processing gas.

5.1.3 Alloy 718 for EB-PBF

The material processed for this study was commercially pre-alloyed Alloy 718 powder
produced by plasma atomization of wire in an argon atmosphere. The composition of Alloy
718 used in this study is given in Table 4. The powder had particle size distribution of 45 to
105 pm.

Table 4: Chemical composition of the Alloy 718 powder as provided by the powder producer

Elements | Ni Co Cr Mo | Ti Mn | Nb | Ta Al Fe Si C
Wt.% 54.1 0.04 | 19.0 299 (102|0.12 497 | <0.01|0.52|17.12 | 0.06 | 0.03
At.% 53.38|10.04|21.16|1.80|1.23|0.13|3.10|<0.01|1.12|17.75| 0.12 | 0.14

5.1.3.1 EB-PBF processing of Alloy 718

An Arcam EBM A2X machine, located at GE Additive, Gothenburg, Sweden, was used for
processing the powder to obtain heat shields. Heat shields are used in EB-PBF machines to
protect the surrounding equipment from the effects of temperature and vapor condensation.
Heat shields are usually made from 316L stainless steel sheets. The sheets used in the current
work had a height of 35 cm and were used for 100h of build time while processing Alloy 718
powder. High vacuum of ~10~° mbar was achieved in the chamber before starting the electron
beam to remove the residual oxygen from the chamber to avoid powder oxidation. While
processing, He gas (grade 5) was introduced, increasing the pressure to ~107° mbar. The
powder bed temperature was maintained at 1,000°C to pre-sinter the powder cake to enhance
the conductivity and avoid the smoking effect. After a build of 100 h machine time, all four
heat shields were carefully removed to avoid contamination of the sheets. These sheets were
further used to collect the spatters and condensate for characterization.

5.2 Characterization techniques

5.2.1 Bulk chemical analysis

To analyze the rate of powder degradation over time as well as to estimate the oxygen pick up
from virgin powder to spatter particles, bulk chemical analysis of the powder is important.
Considering the presence of residual air particularly in LB-PBF process, the analysis of change
in O and N during processing of powder is considered vital.

The chemistry of powder was analyzed by combustion gas analysis using LECO ON836 at
Hoganas AB. The combustion analysis is based on inert gas fusion (IGF) principle, where the
samples are weighed and placed in a graphite crucible. The graphite crucible is moved to
furnace where the inert environment is controlled by the flow of He gas. There it is heated to
3000 °C, and upon melting sample reacts with the walls of crucible. The oxygen present in the
sample react with the graphite and form CO and CO2 gas molecules. The generated gas goes
through the detector (non-dispersive infra-red cells) at the gas outlet where the detector using
infrared radiation analyze the absorption of CO and CO2 gas molecules and estimate the
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amount of oxygen in the sample. The nitrogen (N2) releases in the form of N2 molecules and
gets detected using thermal conductivity sensor.

5.2.2 Microscopy

5.2.2.1 Scanning Electron Microscopy (SEM)

The SEM was used for powder morphology, microstructure and fractography analysis using
LEO Gemini 1550 (LEO GmbH) SEM equipment, where secondary electrons were collected
using In-lens detector. In-Lens detector is commonly used in modern high resolution SEM
systems, which detects the secondary electron directly generated from inelastic interaction of
the incident electron beam and carry highest spatial resolution information [69]. The powder
sample was prepared by mounting the powder particles on the surface of Indium metal plate to
avoid any interaction and drift due to carbon tape.

Here, a beam of electron generated by a source (the SEM used in this study has a field emission
gun as a source) passes through a series of electromagnetic lenses and incident on the surface
of the samples and generates different signals [70]. The intensity of the generated signal can
be controlled by the energy of incident electron which can be commonly varied from 3 kV to
30 kV. The incidence beam interaction volume can be several microns and it depends on the
beam energy, material type and incidence angle.

SEM is a very dynamic analysis technique which generates a range of signals carrying a diverse
amount of information regarding the sample as shown in Figure 12. The generation of these
signals is linked with the interaction of electron beam with the electrons in the specimen. There
can be primarily two types of interactions: inelastic interaction and elastic interaction. In
inelastic interaction, primary electron from incident beam knocks out the secondary electrons
by ionizing the atoms in specimen. These electrons normally have a very low energy (~ 50 eV),
hence electrons ejected near the surface can only be detected. Therefore, the detection of
secondary electron is very useful to analyze the topology and morphology of the specimen.
Contrarily, in elastic interaction, electron bounce back after interacting with the atoms. These
electrons are called backscattered electrons (BSE). These electrons can have a bigger
interaction volume in the material compared to the secondary electrons as shown in Figure 12.
The intensity of BSE varies depending on the atomic number of elements present in the
specimen (higher the atomic number means more BSE). Therefore, heavier elements appear
brighter in BSE mode as compare to lighter elements, and analysis provide chemical contrast.
Finally, ionized atoms in the specimen release excess energy in the process of regaining the
original configuration by moving electron from outer shell to inner shells. The generated
energy releases in the form of X-rays. The energy of generated X-rays can be used for analyzing
the presence of various elements in the specimen, and with the detector principle applied this
process is called energy dispersive spectroscopy.
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Figure 12: A schematic illustration of electron beam interaction with the specimen and generated signals during
scanning electron microscopy analysis.

5.2.2.2 Transmission Electron Microscopy (TEM)

The TEM is a powerful tool to analyze the morphology and chemistry at nano level along with
the crystal structure of different phases present in the specimen. For current study, FEI Titan
(FEI/Thermo Fisher Scientific, UK) equipped with Silicon Drift (SSD) EDX detector (Oxford
Instrument, UK) was used for examining the microstructure, and oxide scale on spatter
particles. For oxide morphology and composition analysis, TEM was operated in scanning
transmission electron microscopy (STEM) mode at 300 keV and sample was tilted at 15°
towards the EDX detector for data acquisition. The sample preparation for TEM sample was
done using FEI Versa3D focused ion beam (FIB) milling system, where the sample with typical
100 nm thickness was prepared.

The TEM works on the principle where electron transmits through the material and creates an
image. The electron beam can achieve much lower wavelength than light to gain a very high
spatial resolution of the sample. In TEM, electron beam is directed to the sample with very
high energy (commonly 100-300 KV) focused by a series of electromagnetic lens. The electron
passes through the sample and are focused by objective lens and an image in captured on
phosphorus screen or through charge-coupled device (CCD) camera.

STEM combines the principle of both SEM and TEM. Like TEM, it requires thin sample for
the analysis. A major advantage of STEM over TEM is that it enables the system to use the
signals which can be spatially corelated in TEM e.g., secondary electrons, scattered beam
electron, characteristic X-rays, and electron energy loss, as shown in Figure 13. Like SEM,
STEM scan the finely focused beam in raster pattern over the surface of sample and interaction
between incident beam and the specimen generates a series of signals. These signals are
correlated with beam position to create a virtual image where the signal level from any point
on the specimen is presented by grey level. Scattered beam electrons are detected by high angle
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annular dark field (HAADF) detector to create a dark field image. Generated X-rays by incident
beam interaction are detected by EDX detector to evaluate the chemistry of the specimen.
Lastly, the energy loss during transmission is analyzed by electron energy loss spectroscopy
(EELS), which provides the information about surface properties, elemental identity, electronic
properties, chemical bonding etc.

Characterstics
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Figure 13: A schematic illustration of electron beam interaction with the specimen and generated signals during
scanning transmission electron microscopy analysis.

5.2.3 Surface analysis

Powder degradation is often connected to the chemical changes related to the powder surface.
Hence, surface analysis techniques like X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy are useful tools to analyze the surface properties. In this study, XPS was
mainly used and the details are described in the following section.

5.2.3.1 X-ray Photoelectron Spectroscopy (XPS)

To analyze various aspects (e.g., chemistry, chemical state, thickness of oxide layer, type of
oxide, etc.) of specimen surface with exceptional surface resolution (~ 10 nm), XPS is a
powerful tool to be used [47,71,72]. As name suggest, X-ray photons are used to generate
photoelectron for the analysis. The X-ray photons are generated by striking electron beam on
Al/Mg anode, see Figure 14. The generated photons consist of various wavelengths. To get the
consistent data, generated X-ray photons are usually passed through a monochromator lens
which streamline the photons with single wavelength towards the specimen. Upon interacting
with the surface of specimen, the photons excite the electrons from the atoms near the surface.
These photoelectrons exit the surface and are collected by an energy analyzer to scan the
electron energy scale and then finally to capture the signal by a detector.
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Figure 14: A schematic illustration of XPS system.

The working principle for the analysis of photoelectrons and evaluation of the elemental
composition is rather simple. It is usually determined from binding energy (Eb) of detected
electrons, which can be derived by subtracting the recorded kinetic energy (Ex) of detected
photoelectrons and work-function (W) from the energy of incident X-ray photons (hv) [73].
The work-function is the compensation of energy dissipation of electron from exit to the
detection. This all can be represented by following equation:

Epb=hv - Ex—-W

There are mainly two ways to obtain the data: survey spectra and narrow spectra. Survey
spectra is run over a large binding energy range (typically 0-1416 eV) when using Al Ka to
detect all the elements present in the surface of specimen. Moreover, narrow scan spectra are
used for detailed analysis of any individual element by narrowing the range of binding energy
ranger and thus also the energy resolution, for example for detailed analysis of oxygen, Ols
spectra with binding energy range 525-538 eV can be used. An additional advantage of XPS is
depth profiling where the top surface of the specimen can be ion etched using ionized inert gas
beam scanned over the sample surface and the variation in chemical composition and chemical
state with depth can be profiled. For this purpose, ion etching at the surface of the sample is
performed. A particular strength of XPS is the analysis of chemical state using the high-
resolution narrow scan, whereby the fact that core electrons in principle become stronger or
weak bound to the nucleus depending if it is a cation or anion state of the element analyzed.

In this thesis, XPS analysis is conducted by using PHI 5500 (Physical Electronics, MN, USA)
equipped with monochromator Al Ka source. To avoid any damage on the surface of the
powder, the powder was mounted on indium plate (In) for sample preparation. To maximize
the statistical authenticity of the data, the analysis area was usually 300 um X 300 um. The
commonly used pass energies for survey spectra and narrow spectra were 224 eV and 26 eV,
respectively. For depth profiling, Ar* ion etching was conducted. The etch rate was calibrated
on Ta20s foil and all the depths mentioned in the data are as per that standard. All the data
analysis was done using MultiPak 9.7.0.1 software provided by PHI.
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6 Results & Discussion

This chapter focuses on the research findings and provides a brief synopsis of the appended
papers to this thesis. The whole work is divided mainly in three research questions. First couple
of questions are related to the LB-PBF process and the third research question is concerned
with EB-PBF process. Appended papers |-V are focused on the discussion regarding the first
two research questions. However, the work related to the third research question is still in
progress and only sublimation aspect of EB-PBF process is presented in this study.

6.1 RQ1: What is the dominant powder degradation mechanism in LB-PBF
process?

To evaluate the dominant powder degradation mechanism, AlSi10Mg was processed for 5000
h of machine time. A careful bulk oxygen and surface analysis showed that spatter
accumulation is the dominant powder degradation mechanism. The quantity of spatter particles
accumulated in reused powder reached up to 3 % in 30 months reused powder. Surface analysis
of spatter particle by TEM showed the formation of a thick (~75-125 nm) oxide layer on the
particle surface. The effect of powder degradation on the quality of fabricated parts was also
evaluated. The results showed an increase in porosity and decrease in strength with powder
reuse. Summary of paper | and Il discuss the findings related to RQ1 and are presented below.

6.2 RQ2: What is the correlation between alloy composition and conditions
during LB-PBF processing on spatter formation and properties?

A comparison of AlSi10Mg and Alloy 718 powders was done to determine the correlation of
alloy composition with nature of developed surface oxide. The oxide formation on AlSi10Mg
was rather uniform covering the whole surface of spatter particle. Contrarily, spatter of Alloy
718 showed inhomogeneous oxide particulate and patches formation. Additionally, the effect
of geometry on spatter formation was analyzed by changing the component design to vary the
surface-to-volume ratio. The results showed that an increase in surface-to-volume ratio and
large overhang structures generate higher number of spatters. Finally, the attention was brought
towards reducing the extent of oxidation of these spatter particles by varying the residual
oxygen content in the build chamber. The aim was to investigate possible correlation between
processing atmosphere purity and spatter oxidation. The results showed a decrease in oxidation
with decrease in residual oxygen content in the chamber. The summary of paper I, I1, 1V and
V discusses the findings related to RQ2.

6.3 RQ3: What is the dominant powder degradation mechanism in EB-PBF
process?

The processing condition in EB-PBF process are dynamically different from LB-PBF process.
The EB-PBF process works on a significantly higher temperature and higher vacuum level.
Powder degradation of Alloy 718 powder is thoroughly studied in our group by Gruber et al.
[7]. His study suggested that powder oxidation is one of the main governing mechanism of
oxidation in EB-PBF. However, as was clearly shown in case of LB-PBF, spatter formation is
the essential mechanism of powder degradation and there is a lack of literature discussing the
properties of spatter and its characteristic in the context of EB-PBF. In addition, as this process
is performed in high vacuum and at elevated temperatures, effect of the sublimation of elements
during EB-PBF processing of Alloy 718 on powder properties is still not clear. The appended
paper VI presents the results obtained while focusing on these aspects by analyzing the
retrieved heat shields.
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6.4 Summary of appended papers
Paper |

This work has been conducted in collaboration with a research group (Neue Materialien Firth
GmbH) at Friedrich-Alexander Universitat Erlangen-Nurnberg, Germany. The research is
mainly focused on AlISi10Mg alloy powder, which was processed in a controlled environment
of LB-PBF machine. It was interesting to evaluate a powder which was systematically used
over the period of 30 months with a complete history of reusability. The left-over powder was
sieved after each build in inert atmosphere to maintain the powder size distribution, and the
used powder was cyclically compensated with addition of virgin powder to the powder storage
of the machine.

A comparison of SEM micrographs between virgin powder (Al0) and 30 months used powder
(AI30) did not show a distinguishable difference in the shape and size distribution of powders.
However, the presence of some spherically shaped bright particles was noticed only in the case
of the reused powder, see Figure 15. The morphological analysis at higher magnification shows
that the surface texture of these particles was drastically different from the rest of the powder.
By image analysis and statistical calculation of samples, it was found that the number fraction
of these particles was increasing in reused powder proportional to the reusability time. As such
particles were not present in virgin powder, it was proposed that these are possibly the spatter
particles formed by ejecta from melt pool. During the transformation of these particles from
melt to solid state, these particles underwent oxidation. This was the reason of difference in
surface morphology and brighter contrast during SEM analysis.

| —— e

Figure 15: A comparison of AlISi10Mg powder morphology of a) virgin powder with b) 30 months used powder.

Advanced microscopy (TEM) and surface analysis (XPS) techniques were employed to analyze
the chemistry of these particles. The TEM analysis revealed that the granular texture on the
surface of spatter particles was mainly due to the presence of Al-based oxides along with Mg-
based oxide. The thickness of the oxide layer varied between ~75 and 125 nm. Furthermore,
the XPS analysis confirmed the presence of Al-based oxide in combination with a MgAIl204
type spinel formation, see Figure 16. The oxide layer thickness analysis of the overall powder
revealed that the oxide layer thickness increased from 4 nm in virgin powder to around 38 nm
in average in 30 months reused powder. A noticeable aspect here is that the oxide layer
thickness of overall powder didn’t increased much. Therefore, the observed oxide layer
thickness in reused was an average oxide layer thickness strongly influenced by thick oxide
layer on the surface of spatter particles.
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Figure 16: A comparison of depth profile of XPS narrow spectra of Al2p, Mgls, and O1s from a) AlO (virgin),
b) Al10 (10 months used powder), and c) Al30 (30 months used powder).

Paper 11

In this paper the effect of powder degradation, observed in previous study during powder reuse
for over 30 months, on microstructure and mechanical behavior was evaluated. The results
showed an increase in porosity from <1% to 3% and decrease in strength of ~13%. Firstly, the
research efforts were focused on finding the reason for increase in porosity. To evaluate this,
the role and amount of hydrogen was closely monitored in components produced from fresh
and reused powder. Indeed, H> diffusion and segregation on defect sites followed by creation
of porosity is a commonly known phenomenon. However, the comparison of hydrogen content
in sample produced from fresh (AlO) and the most reused powder (Al30) showed that the

31



amount of hydrogen was similar in both cases (of ~20 ppm). Hence, hydrogen alone was not
responsible for the noted increase in porosity.

Furthermore, the analysis of the fracture surfaces showed a clear difference between samples
produced using virgin and recycled powders. First, transgranular dimple ductile fracture was
identified as a common micro-failure mechanism in both cases as evidenced by the presence
of fine dimples, see Figure 17. In addition, the presence of large pores is evident in both cases,
with slightly higher fraction of these defects in case of sample produced from the reused
powder. The most important difference between the samples can be seen at higher
magnification, see Figure 17 and Figure 18, where significant presence of the oxide residues
inside the pores can be seen in case of the reused powder, but not for the virgin powder. This
emphasizes the role of the presence of surface oxide phases in the processed powder in the
defect formation during LB-PBF. In addition, the presence of thick and extensive oxide
inclusions, extending on dozens of micrometers, were observed on the fracture surface of the
samples produced from the reused powder, see Figure 18c. Presence of such inclusions on
fracture surface, in connection with areas of poor cohesion between the surrounding matrix,
explains the measured difference in mechanical properties between the two materials. Hence,
the presence of the oxide inclusions in the as-built material from the reused powder has a double
impact on the mechanical properties: 1) extensive inclusions, creating weak interfaces in the
material and impacting mechanical properties, where even larger impact on dynamic properties
can be expected; 2) presence of such interfaces facilitates hydrogen pore formation as well as
micro-porosity.

Figure 17: Fracture surface of the samples produced from virgin powder (top) and reused powder (bottom),
showing presence of oxide phases in the pores in case of reused sample.

Figure 18: SEM micrographs of the oxidized surface of the AISi10Mg spatter particle in the reused for 30 months
powder a) and appearance of the oxide inclusions in the pore b) and as extensive inclusion ¢) on the fracture
surface of the component produced from this reused powder.
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To conclude, the findings of these first two studies suggest that powder oxidation during LB-
PBF processing and powder handling is not the dominant powder degradation mechanism.
Instead, spatter formation and accumulation in the powder bed is the main factor influencing
powder degradation in LB-PBF process, which can result in increasing porosity and decreasing
tensile strength of fabricated parts.

To further investigate these findings, a simulated experiment was conducted for Alloy 718 to
analyze the effect of product geometry on spatter generation as well as to evaluate the heat
effect and effect of spatter accumulation on powder degradation rate. Paper |1l details the
findings of this analysis, which is briefly summarized in the following paragraphs.

Paper 111

For this simulated study, special capsules were designed with varying lattice geometry. There
were mainly four capsules including empty (E), L7D1, L7D3, and L3D1. Here, L represents
the length, and D designates the diameter of lattice struts (both in millimeters). These lattice
structures in capsules were designed in order to vary the surface to volume ratio, as well as the
amount of specific heat in the capsules. The in-situ optical tomography (OT) was used to trace
heat and by-products signals from the scanned area during fabrication.

The OT analysis suggested that the capsules with the lattice dimensions of L7D3 and L3D1
showed higher amount of grey value (GV) signals compared to the empty container, see Figure
19. This was due to denser and thicker lattice geometries in these capsules. Larger GV signals
suggest that the geometry with large surface-to-volume ratio (L3D1) and large area of
overhangs have higher tendency to generate by-products. The SEM analysis of powder samples
obtained from the capsules confirmed that the samples from L7D3 and L3D1 has higher
number of spatters and correlates well with the findings of OT data analysis.
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Figure 19:0T images at three different build heights. The color scale for GVs is adjusted to show the presence of
process by-products such as spatter particles (Analysis done by Z. Chen).

For correlation of OT data with powder chemistry and surface chemical composition, oxygen
content analysis and XPS analysis of the obtained samples was conducted. The oxygen content
analysis showed no substantial change in oxygen content from the virgin powder to the empty
and L7D1 capsules. However, a 22 % and 49 % increase compared to virgin powder was
observed in the samples obtained from L3D1 and L7D3 capsules respectively. This increase
was driven by higher amount of spatter accumulation in these capsules. Similarly, XPS analysis
showed that the normalized oxygen content increased in L3D1 and L7D3 capsules at higher
etched depth as compared to the virgin powder, which was also influenced by the presence of
spatter particles.

To summarize, this study provided a very good relationship between component geometry and
by-product generation. The amount of by-product accumulation also provided an insight
regarding the degradation of the powder. To pursue this and study the oxidation behavior and
nature of oxides on the surface of spatter particles, an additional study was done. Here, the
spatter particles generated during the process were collected at the gas outlet and inlet. A
comprehensive microstructure and surface analysis was conducted to establish the oxidation
behavior of spatter particles. This is presented in the 4™ appended paper, and it is briefly
discussed in the following section.

Paper IV
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This is a dedicated study to analyze the spatter samples carefully collected from the gas inlet
and outlet after the built, see Figure 20. This study provides an insight into spatter oxidation
mechanism and oxygen pick-up during the processing of Alloy 718. Sampled powder were
analyzed using bulk oxygen analysis, SEM analysis, and XPS analysis. Following paragraphs
summarize the findings from these analyses.

Recoater

Figure 20: Photograph of the build chamber taken from the window of M290 EOS machine. The inserts show
the close-up of the gas inlet and outlet from where samples were collected.

Bulk oxygen analysis by combustion test showed more than a 100 % increase in oxygen content
of spatter particles collected from both inlet and outlet spatter particles compared to the virgin
composition. The morphology analysis by SEM shows that the spatter particles collected both
on the gas inlet and outlet have thick oxide particulates and patches on their surface. The
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morphology analysis suggests that the spatter oxidation mechanism is drastically different in
Alloy 718 compared to AlISi10Mg alloy for which the whole particle surface was uniformly
oxidized. To characterize the type, nature, and thickness of surface oxides, XPS analysis was
performed. The analysis by XPS narrow spectra suggests that the appeared oxide particulates
and patches are dominantly Al- and Cr-based oxides, which is connected to the higher
susceptibility of these elements for oxidation. Normalized oxygen content analysis showed a
substantial increase in oxygen content at larger etch depths as compared to the virgin sample,
thereby indicating a higher oxide layer thickness on these spatters compared to virgin powder.

To further evaluate the thermal history of spatter powder compared to virgin powder, a detailed
microstructural analysis was performed. This analysis was helpful to differentiate the entrained
spatter particles from melt ejecta (entrained particles are only affected by heat and were not
fully molten). The analysis showed the presence of both primary and secondary dendrites in
entrained particles, which was similar to virgin powder. However, the melt ejecta showed only
primary dendrites and no secondary dendrites. This difference is linked to the difference in
cooling rate both in atomizer and LB-PBF build chamber. Solidification rate calculations
showed that the cooling rate of melt ejecta in LB-PBF system was one order of magnitude
higher than what experienced during atomization. Furthermore, the results highlighted that
most of the spatter particles collected at the gas inlet and outlet were entrained particles with
partially heated/melted surface. This partial heating and/or melting of entrained particles
resulted in the observed oxidation in the form of patches and particulates. In contrast, the
complete surface oxidation of AlSi10Mg spatter is probably connected to the lower melting
point of the alloy, for which even more of the entrained spatter particles were melted and
solidified before depositing on the powder bed.

From paper 111 and Paper 1V, it is evident that the spatter generation and oxidation during LB-
PBF is unavoidable. Therefore, there was a need to develop approaches to reduce the extent of
oxidation on the generated spatter particles. Next appended paper presents a way to reduce the
oxidation by reducing the residual oxygen content in the build chamber atmosphere.

Paper V

To evaluate the effect of the residual oxygen content in the process chamber on extent of spatter
oxidation, the oxygen partial pressure carefully monitored by an external system, the
ADDvance®02 precision (Linde GmbH), was varied from 20 ppm to 1000 ppm. The samples
were collected from the gas inlet, which consist mostly of entrained spatter particles. Figure 21
displays the deposited spatters on the gas inlet, where a clear discoloration of powder can be
seen in connection with the increase in oxygen content from grey to brown appearance. This
discoloration is linked with the extent of spatter oxidation, which is increasing with the increase
in residual oxygen content in the chamber.
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Figure 21: Deposited Alloy 718 spatter on the gas outlet, where a distinguishable discoloration with increase in
residual oxygen content in the process atmosphere can be noticed.

The bulk oxygen analysis showed a dependency of oxygen pick-up on the residual oxygen
content. From the virgin sample to the sample collected at 20 ppm oxygen level, an increase of
~30 % in oxygen content was observed. However, the increase was more drastic for higher O>
partial pressure, and above 300 % increase in oxygen content was measured for the sample
obtained under 1000 ppm residual oxygen level — the standard operating level of most LB-PBF
machines. This change can also be clearly seen by analyzing the morphology of the collected
samples, as shown in Figure 22. At lower oxygen content, thin oxide patches formation can be
observed. However, with the increase in residual oxygen content, the oxide patches grow
thicker, and oxide particulate formation was also prevalent.

Figure 22: A comparison of morphology of virgin powder with spatter particles collected at 20 ppm, 400 ppm,
600 ppm, and 1000 ppm.

The XPS survey spectra and narrow spectra analysis showed that the surface was dominantly
oxidized by Al- and Cr-based oxides. By fitting of the O1s and Cr2pz/> spectra, it was observed
that Al was a more dominant oxidizing element at lower oxygen level as compared to Cr. The
contribution of Cr to the oxide layer at 20 ppm O2 was minimal as compared to that of Al.
However, with increasing residual oxygen, Cr also became a dominantly oxidized element
alongside Al. This was further evaluated by Thermo-calc and Dictra calculations, which
showed that it is possible for Al to oxidize at very scarce amount of oxygen compare to Cr.
The normalized oxygen content estimation shows a substantial increase in oxygen content at
larger depth with increase in residual oxygen content, see Figure 23a. The thickness of oxide
patches and particulates also significantly increased from 20 ppm (~15 nm) to 1000 ppm O2
(~75 nm), see Figure 23b. The oxide layer thickness from Cr2ps/2 narrow spectra is compared
to the overall oxide layer thickness measured through O1s. This indicates thicker Al-based
oxide patches and particulate formation compared to Cr.

37



a) j == Virgin | b) 75 |88 Overall oxide layer
1.0 3 - —— 20 ppm EZE2] Cr-oxide based particulates/patches
- “\‘ == 400ppm
2 ] =—— 600ppm
SCLEERN Soopp 601
g ppm |
c LUERAEN 1000ppm
g o i £
Zos+ oY 0 45+
3 W @
RS :
N W \\ ] s
E 0.4 \:\ \\ \\ '.1:_: 30
= (R AN o5
o \ XA
5
0.2 < TS ~T % etest
O ST 15 o
- -.;s_.:_— S=alT :::_—:_ ,:.:.3 kS,
e~ ---IIITE B2 0%
R o :’:’:’: 1605
. . . . . . . . . . X5 IS
0 50 100 150 200 250  0- .
Depth (nm) Virgin - 20ppm  400ppm 600ppm 800ppm 1000ppm

Figure 23: a) A comparison of normalized oxygen content calculated based on XPS depth profile, and b)
Calculated Cr-based oxide particulates/patches thickness and overall oxide layer thickness of all samples. Cr-
oxide layer thickness was calculated from Cr2ps.™" spectra, and overall oxide layer thickness was calculated
through O1s spectra.

A detailed thermodynamic analysis calculating the driving forces, diffusion, and reactivity of
all constituents in Alloy 718 was also conducted and presented in paper V. The calculations
confirmed the preferential oxidation of Al at lower residual oxygen levels, and the enrichment
in Cr upon increasing Oy partial pressure.

Paper VI

To evaluate the sublimation occurring during the EB-PBF process of Alloy 718, heat shields
which cover the build area and protect the machine from heat effect and vapors, were studied.
Heat shields get covered with the sublimated vapors in the form of both condensates and
spatters which land on the surface of heat shield. Figure 24 illustrates the distribution of spatters
and condensates on the surface of heat shield. Both the spatters and condensates were
preferentially deposited towards the bottom of the heat shield. The thickness of condensate
reached a thickness of >50 um at the bottom, while it was only 5 um at the top. Spatter particle
analysis shows that the spatter surface was also covered with the condensate vapors, and the
thickness of deposited condensate on spatter surface varied depending on the time on heat
shield.

The chemical analysis of spatter particles covered with condensates showed an increase of
about 17 times in oxygen content compared to the virgin powder. The EDS analysis of the
condensate on spatter surface showed that the condensates are dominantly consisting of Cr-
based oxide. Hence, it is concluded that Cr is one of the major sublimating element in case of
Alloy 718. Considering the importance of Cr for corrosion and high temperature oxidation
resistance for Alloy 718 components, monitoring of the Cr content both in the leftover powder
and fabricated parts is vital. To conclude, this study suggests that the sublimation can be a
potential degradation mechanism for powders as well as fabricated parts in EB-PBF process.
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Figure 24: The top micrographs show an area covered by spatters from the a) bottom (2 cm) and b) top (~32 cm)
of the heat shield (distances from the bottom of the heat shield). The center plot c) shows the variation in area
coverage by spatter particles and condensate thickness with height on the heat shield. The bottom micrographs
show the condensate thickness d) at the bottom (2 cm) and e) top (32 cm) of the heat shield.

39






7 Conclusions
Multiple conclusions can be drawn from the findings of this work. The conclusions are divided
based on research questions:

RQ1: What is the dominant powder degradation mechanism in LB-PBF process?

The analysis of AlSi10Mg powder showed that spatters accumulation can be a potentially
dominant powder degradation mechanism as the analysis showed that accumulated spatters
in the powder after 30 months of reuse reached to a number fraction of above 3 %.
Accumulated spatter amount increased the average oxide layer thickness from 4 nm to 38
nm after 30 months of reuse. This degradation of powder had a detrimental effect on the
properties of fabricated parts. The parts fabricated from reused powder showed an increase
in porosity from <1% to 3%, and ~13% decrease in tensile strength.

RQ2: What is the correlation between alloy composition and conditions during
LB-PBF processing on spatter formation and properties?

The geometry effect on spatter generation in Alloy 718 showed that the area to volume
ratio and overhang structures can substantially contribute to increase in the spatter
generation. The optical tomography analysis show that the capsules with higher area to
volume ratio (L3D1) and larger overhang structure (L7D3) showed higher heat signals.
Also, these capsules showed higher oxygen pick up (L3D1 showed 22 % and L7D3 showed
49 % increase compare to virgin) which reaffirms the presence of higher amount spatters.
A detailed investigation of Alloy 718 spatter samples collected from gas inlet and outlet
showed that the bulk oxygen content increased to ~600 ppm spatter particles as compare
to virgin samples (~267 ppm). The surface of these particles was partially oxidized due to
heating/partial melting of such particles. Particle surface was covered with Al and Cr based
oxide patches and particulates.

Combined analysis of part geometry effect on spatter generation and spatter oxidation
assisted in concluding that spatters are unavoidable by-products in LB-PBF process. The
way to minimize their impact in powder degradation is to control of their extent of oxidation
by process atmosphere control. Relationship between residual oxygen content and extent
of spatter oxidation showed that the residual oxygen content in chamber directly affects the
oxidation of spatters. Reduction of residual oxygen content in the chamber can assist in
slowing the rate of powder degradation and increase in the life of leftover powder in LB-
PBF process. The analysis showed that the thickness of oxide patches and particulates
significantly decreased from ~75 nm at 1000 ppm O to ~15 nm at 20 ppm.

RQ3: What is the dominant powder degradation mechanism in EB-PBF process?

The analysis of heat shields, obtained from EBM A2X machine, showed that Cr is a major
sublimating element along with Al during processing of Alloy 718. Considering the role of
Cr in oxidation and corrosion resistance in Alloy 718 components, the content of Cr and
Al should be closely monitored both in fabricated parts, and leftover unconsumed powder.
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8 Future Work

In the LB-PBF part of the current study, by using intensive surface analysis techniques
supported by thermodynamic calculations, it has been established that spatter particles
oxidation and accumulation is the major powder degradation mechanism. This knowledge
provides a basis to determine the correlation between spatter formation and properties with
respect to the used materials and gas atmosphere. Firstly, the spatter oxidation behavior of
various materials including other alloys systems, as e.g. TiAI6V4, iron-based alloys as stainless
steel 316L, Ni-base superalloys and copper alloys can be studied using a similar analysis
methodology. It will be interesting to compare the variations in oxidation behavior of spatters
with changes in alloy type. Moreover, as appended paper V has shown the effect of atmospheric
purity on spatter oxidation, the impact of atmospheric gas (argon, helium, nitrogen, etc.) on the
nature and type of oxides formed on spatter particles surface also requires further investigation.

Paper 2 determined the effect of reused powder on the properties of fabricated parts. To
determine the impact of spatter oxidation and accumulation on the properties of fabricated
parts, there is a need to systematically study the properties of parts fabricated through reused
powder. The defects caused by spatter accumulation and powder oxidation are usually lack
fusion defects and nonmetallic inclusions. Such defects do not substantially affect static
properties (tensile properties, etc.). Therefore, there is a need to evaluate the fatigue properties
of such parts for a better understanding of degradation.

The EB-PBF part in this thesis is not comprehensively studied yet. There are various aspects
that require further understanding, particularly regarding Ti alloys (TiAl6V4 and TiAl).
Usually, Ti alloys pick up oxygen both in oxides and in dissolved form. Comprehensive surface
analysis of TiAI6V4 and TiAl can provide useful information regarding the nature of oxygen
pickup in Ti alloys during the EB-PBF process. This study can be combined with the
sublimation behavior analysis of different alloys, in particular TiAl6V4 alloy. Lastly, it can be
interesting to study the effect of powder oxidation and sublimation on the properties of
fabricated parts.
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