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ABSTRACT

Laser powder bed fusion additive manufacturing (PBF-LB AM) has matured from
rapid prototyping into an industrial manufacturing technology used to produce
critical end-use parts for demanding applications in the aerospace, nuclear, and other
regulated industries. However, the high variability in the mechanical properties of
parts produced using PBF-LB AM is a major hindrance to further advancement and
wider adoption of this potentially revolutionary manufacturing technology.

The purpose of this dissertation is to identify the root causes of the observed
variability in properties of PBF-LB manufactured parts and quantify their impact.
This is explored in the context of machine architecture-defined process parameters,
which have rarely been adequately considered in studies related to PBF-LB material
properties. Specifically, the objective is to study the effects of shielding gas flow
speed, re-coater blade type, and laser beam focal point position on the quality of
PBF-LB manufactured parts. Practical guidance is provided on how these parameters
should be considered in additive manufacturing procedure specifications (AMPS) or
similar process control approaches aimed at assuring repeatable material properties.
Furthermore, the variability in mechanical properties of 316L stainless steel
produced using different machines and powders was studied, including exploration
of the potential of using standardized post-process heat treatments to reduce
variability. Additionally, this thesis presents strategies for in-situ process monitoring
for quality assurance purposes.

The results highlight the significant impact of the previously understudied
machine architecture-defined process parameters on the PBF-LB process. These
parameters should be considered essential to the process. Post-processing with hot
isostatic pressing reduced variability in most of the studied properties, but at the cost
of an associated significant reduction in absolute properties. Co-axial photodiode-
based melt pool monitoring and contact-image sensor-based powder bed imaging are
effective means of direct and continuous monitoring of the state of the actual
fundamental unit processes in the PBF-LB process: the spreading of the powder layer
and the selective laser melting of it.

KEYWORDS: Additive manufacturing, laser powder bed fusion, machine
architecture, parameters, variability, quality
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laser-jauhepetisulatuksessa
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TIVISTELMA

Laser-jauhepetisulatukseen perustuva lisdéva valmistus on kehittynyt prototyyppien
pikavalmistuksesta teolliseksi valmistusteknologiaksi, jota kdytetdén kriittisten
komponenttien tuotantoon vaativissakin sovelluskohteissa esimerkiksi ilmailualalla,
ydinvoimateknologiassa ja muilla vastaavilla sdénnellyilld teollisuuden aloilla. Suuri
hajonta valmistettujen kappaleiden mekaanisissa ominaisuuksissa on kuitenkin
osoittautunut merkittédviksi haasteeksi timén valmistavaa teollisuutta mahdollisesti
mullistavan valmistusteknologian edistymiselle ja laajemmalle kdyttdonotolle.

Tamén véitoskirjan tarkoitus on tunnistaa laatuvaihtelun takana olevat perus-
ilmidt prosessissa sekd kvantifioida niiden vaikutuksen suuruus valmistettujen
kappaleiden ominaisuuksiin. Téitd ldhestytddn ns. koneen arkkitehtuurin maaritté-
mien parametrien ndkokulmasta, joiden vaikutusta prosessiin on tutkittu hyvin vahén
ja joiden raportointi aiempien tutkimusten menetelmikuvauksissa on ollut vailli-
naista. Tarkalleen sanottuna, tavoite on selvittdd suojakaasun virtauksen, jauheen
levittimen tyypin ja lasersiteen polttopisteen paikan vaikutus laser-jauhe-
petisulatuksella valmistettujen kappaleiden laatuun. Tulokset antavat kdytdnnon
ohjeita, kuinka nditd parametreja tulisi késitelld valmistusohjeissa tai muissa
vastaavissa prosessin laadunhallintadokumenteissa. Ty0ssé tutkitaan myds eri kone-
jauhe kombinaatioiden aiheuttamaa hajontaa 316L ruostumattoman terdksen
mekaanisissa ominaisuuksissa ja standardoitujen jilkilimpokasittelyjen mahdolli-
suuksia hajonnan pienentimiseksi. Lisdksi viitoskirjassa esitetddn menetelmid
prosessimonitoroinnin kayttdmiseksi laadunvarmistustarkoituksiin.

Tulokset korostavat aiemmin vihén tutkittujen koneen arkkitehtuurin méédrdédmien
parametrien merkittdvaé vaikutusta laser-jauhepetisulatusprosessiin. Téstd syystd niitd
tulee kasitelld vélttdméattomind parametreina prosessin laadunhallinnassa. Isostaattinen
kuumapuristus jalkilampokasittelynd vihensi hajontaa useimmissa mitatuissa mekaa-
nisissa ominaisuuksissa, mutta tima heikensi merkittdvésti vastaavien ominaisuuksien
absoluuttiarvoja. Koaksiaalinen fotodiodeihin perustuva sulan monitorointi ja kontak-
tikuvasensoriin perustuva jauhepedin kuvantaminen tarjoavat tehokkaan keinon
suoraan ja jatkuvaan laser-jauhepetisulatuksen tdrkeimpien yksikkoprosessien —
jauhekerroksen levityksen ja sen selektiivisen sulatuksen — seurantaan.

ASIASANAT: Hajonta, koneen arkkitehtuuri, laatu, laser-jauhepetisulatus, lisddva
valmistus, parametrit
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1 Introduction

1.1 Background and motivation

Since its invention in the early 1980s, additive manufacturing (AM) has matured
from rapid prototyping into an industrially relevant manufacturing process used in
various industries for the production of functional end-use components. The most
recent standard for AM terminology identifies seven different technology categories
and defines the general principle of AM as the “process of joining materials to make
parts from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing and formative manufacturing methodologies” [1]. The first AM
technology invented was stereolithography (now known as vat-photopolymerization
per standard terminology) [2][3]. This technology was limited by definition to the
usage of photopolymers as the processed material. The invention by Carl Deckard
of the University of Texas at Austin of selective laser sintering [4], an AM
technology now more commonly known as powder bed fusion (PBF), extended the
processable material groups to other types of technical polymers, ceramics, and even
metals. The earliest documented attempts to synthesize 3D objects with selective
laser sintering of metal powders using selective laser sintering equipment at the
University of Texas at Austin date back to 1989 [5], and the first metallic part (a
gear) was made from a powder mixture of copper and tin-lead solder [6].

The next (minor-sounding but fundamental) developmental step in metal AM
was the transition from selective laser sintering to selective laser melting of single-
component powders without low melting point binders, patented by Fraunhofer ILT
in 1996 [7]. At that time the part densities achievable with this approach were still
far from the full density required to reach mechanical properties comparable to
conventionally processed structural metals. Nevertheless, the general principle of the
process, nowadays known as laser powder bed fusion (PBF-LB), have remained
unchanged since then. During the late 1990s and early 2000s the technology was
further developed and higher part densities were achieved. A key enabling
technology for this was the switch to solid-state infra-red lasers, pioneered at KU
Leuven [8]. The change from CO; lasers operating at ~10 pm to solid-state lasers
operating at a wavelength of ~1 um significantly increased absorptivity in metals.
This, combined with high beam quality focusable to a small focal point and the ever-
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increasing output power of the lasers, resulted in the next generation of PBF-LB
systems at the turn of the millennium; machines with sufficient energy density to
directly melt high melting point structural alloys such as steels and titanium while
maintaining practically relevant scanning speeds and achieving solidified part
densities of 90-95% [9][10][11]. By 1998 Das et al. [12] were already able to
achieve as-built densities of 98.5% with a PBF-LB system with a 250 W
neodymium-doped yttrium aluminum garnet (Nd:Y AG) laser and high temperature
platform pre-heating up to 600°C. They also showed that post-processing with hot
isostatic pressing (HIP) allowed the achievement of densities of 99.5% and 99.9%
for IN625 and Ti-6Al1-4V alloys respectively.

Continued development of PBF-LB technology during the 2000s in the form of
new scanning strategies [13], the important transition from Nd:YAG to diode-
pumped Ytterbium fiber lasers [14], and other machine improvements such as
improved shielding gas flow [15] contributed to the achievement of bulk material
densities of over 99% in the as-built condition. Achieving such densities enabled
relevant comparisons to the mechanical properties of conventional wrought
materials [16][17]. With the possibility of producing nearly fully dense material, the
next developments included the application of platform pre-heating to reduce
residual stresses [18], the introduction of multi-laser systems [19], and high power
laser sources of up to 1 kW to increase productivity [20]. Simultaneously the
processable material palette was widened to encompass a variety of structural
materials such as steels, titanium, aluminum, and nickel-based alloys.

Together with the aforementioned machine improvements, improvements in
fundamental understanding and optimization of the laser melting parameters
responsible for the generation of the individual microscopic melt pools that, upon
solidification, constitute the macroscopic part [21][22][23] led to an increase in
achievable densities up to 99.98% [24], which is practically fully dense.

By 2017 the technology had developed to such a level that a combination of
strength and ductility far surpassing that of conventional wrought stainless steel was
achieved, as full density combined with the unique finely-textured microstructure
generated by the extremely rapid solidification during the process was understood
and leveraged [25][26].

However, the maximum achievable material performance is not the only
technical criteria for a manufacturing process to be viable for part production.
Equally important is the quality of the produced parts. Quality is inversely
proportional to variability is a modern tenet in statistical quality control [27]. As
AM technology, specifically PBF-LB processing of metallic materials, matured and
was increasingly used for the production of end-use components, reports of high
variability in the mechanical properties of parts produced started to emerge [28][29].

12
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1.2 Objectives

The purpose of this study is to identify the root causes of the observed variability
in properties of PBF-LB manufactured parts and quantify their impact. This is
explored in the context of machine architecture-defined process parameters, which
have rarely been adequately described in the Methods sections of studies which
report material properties of PBF-LB AM. Such machine architecture-defined
process parameters include how the laser beam is focused (defined by the optical
configuration), how the powder is spread (defined by the re-coating mechanism),
and how the process by-products are removed (defined by the shielding gas flow
configuration). Specifically, the objective of this thesis is to establish the effects
of shielding gas flow speed (Publication I), re-coater blade type (Publication III),
and focal point position (Publication IV) on the quality of parts manufactured with
PBF-LB AM. Furthermore, the variability in mechanical properties of parts
produced using different machines and powders was studied, and the potential of
standardized post-process heat treatments to reduce variability was explored
(Publication II). The impact of the studied machine architecture-defined
parameters on part quality is quantified, and practical guidance is provided on how
these parameters should be considered in additive manufacturing procedure
specifications (AMPS) or similar process control approaches aimed at assuring
repeatable material properties. Additionally, this thesis presents strategies for in-
situ process monitoring based on the usage of co-axial photodiode-based melt pool
monitoring (MPM) and contact image sensor-based (CIS) powder bed monitoring
for quality assurance purposes (Publications III and IV). The structure of the
Publications covered in the thesis, and which part of the PBF-LB process they deal
with, is shown in Figure 1.
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Figure 1. Structure and scope of the four individual publications covered in the thesis, in relation
to the laser powder bed fusion process. Image: Joni Reijonen.

1.3 Scope and limitations

This thesis focuses specifically on one AM technology, laser powder bed fusion of
metals (PBF-LB/M). All the experiments were conducted on 316L stainless steel,
which is one of the most widely used alloys in PBF-LB/M. However, the literature
reviewed also covers PBF-LB/M studies of other metal alloys, and although the
impact of the studied processing conditions may differ in terms of the significance
and severity of the measured responses in different alloys, it is argued that the general
trends identified in this thesis apply to a wide range of alloys. This is because the re-
coater, focused laser beam, and shielding gas flow are fundamental aspects of the
PBF-LB/M process and regardless of the alloy, they always serve the same purpose
in the build cycle; the re-coater spreads a layer of powder, the focused laser beam
selectively melts it, and the shielding gas flow clears away process by-products.

In all the experiments, the main quality indicator measured was part density,
represented as its inverse, i.e., remaining porosity. In this thesis, porosity (i.e. void
fraction) includes all defects that manifest as voids in the material; the voids are not
classified in detail into different defect types. However, in Publications I and 1V,
melt pool geometry as measured from polished and etched cross-sections was used
to identify the dominant phenomenon responsible for the observed changes in
porosity. Publication II extended the studied responses to tensile strength,
elongation, and impact toughness, and the root cause analysis to microstructural and
fracture surface characterization. The justification for using porosity as the main
quality indicator to be measured is that it has been identified as the main contributor
to the observed variability in PBF-LB AM of mechanical properties such as tensile
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elongation and fatigue life [30]. Furthermore, it is known that deviations from the
optimal melting conditions in PBF-LB AM lead to either lack of fusion, excessive
keyholing, or Plateau-Rayleigh instability (commonly referred to as balling or
humping), all of which manifest as increased porosity in the macroscopic 3-
dimensional part [31][32].

14 Thesis structure

The thesis is divided into six main chapters. The first chapter is the introduction,
which outlines the background, motivation, objectives, scope, limitations, and
structure of the thesis. The second chapter introduces the laser powder bed fusion
process that is studied in the thesis. A simplified model of the process is outlined,
with inputs and outputs, and the machine architecture-defined process parameters
that are the focus of this thesis are presented in detail. The interplay between the
process and the machine is explored, and common approaches to defining the
process energy density are laid out. A state-of-the-art literature review on variation
in the mechanical properties of parts produced with PBF-LB AM is undertaken,
including the possibility of utilizing certain process monitoring methods for quality
assurance. In Chapter 3, the materials used and the methods and design of the
experiments conducted to test the hypotheses set out at the beginning of the thesis
are explained in detail. In Chapter 4, the experimental results are presented. Chapter
5 discusses the results in respect of the hypotheses and objectives of the thesis, the
significance of the results, limitations of the studies, and recommendations for future
studies. Chapter 6 provides a summary of the thesis and the main conclusions derived
from the results.
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2 Laser Powder Bed Fusion

2.1 Process overview

As defined by Hardt [33], any manufacturing process is just “the interaction of a
machine and a material to transform the material to the desired outputs geometry
and properties”. And as with any physical transformation, this is achieved through
the directed application of energy to the material via the manufacturing machine.
Hardt further states that geometry (the shape of the part) and (intrinsic material)
properties are the only outputs which completely define the performance of the part.
The only inputs to this simplified, yet comprehensive, model of a manufacturing
process are the material and machine parameters, as shown in Figure 2.

Inputs

Material

parameters

A 4
Inputs ] Energy ] Outputs
- » Machine » Material >

Machine Geometry
parameters Properties

Figure 2. General model of a manufacturing process, adapted with permission from [34].

Control of the manufacturing process, and hence the quality of the outputs,
necessitates control of the inputs. The only control the part manufacturer has over
material inputs is the choice of the material itself and hence, strictly speaking, the
only means of real process control at the manufacturing stage is via control of the
machine inputs. Figure 3 shows a slightly more detailed and illustrative model of
the inputs and outputs specifically applied to the manufacturing process that is the
focus of this thesis, namely the PBF-LB AM process. Of the input parameter groups,
the machine architecture-defined process parameters, marked with dashed outlines,
are the focus of this thesis.
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Figure 3. Model of the inputs and outputs of the PBF-LB process. The dashed outlines highlight
the focus of this thesis. Image: Joni Reijonen.

2.2 Process parameters

Reduced for simplicity, the laser powder bed fusion process is essentially selective
micro-laser welding (with a defined laser power) of metallic powder. A powder layer
is spread on the build area, adjacent laser vectors (with a defined hatch distance) are
then scanned (with a defined scanning speed) on the (x-y) build plane (with a defined
scan pattern) to melt a layer corresponding to a sliced cross-section of the part
geometry, followed by lowering of the building platform (with a defined layer
thickness) and application of the adjacent powder layer in the (z) build direction.
This process is repeated for N layers, until the 3-dimensional part is completed inside
the formed powder bed. [35] The 3-dimensional part is built on top of a building
platform, and the part can be rotated and oriented in any arbitrary orientation in
relation to the 3-dimensional space. If the part has a feature which is inclined in
relation to the build direction, that feature is called an overhang and may require
additional support structures to ensure successful fabrication of the feature, as the
powder bed itself does not provide sufficient mechanical support nor a heat-
conduction path [36]. In the experimental section of this thesis, the orientation of a
part in relation to the build direction is always specified. Also, the orientation in
relation to the gas flow direction or re-coating direction is given. The process, along
with the fundamental process parameters, is schematically illustrated in Figure 4.
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Figure 4. Schematic illustration of (a) the building of a part using the PBF-LB process and (b) the
most fundamental, adjustable processing parameters. Image (a): Joni Reijonen. Image
(b) is reprinted from [37] under the CC BY 4.0 license.

Process parameters are the set input conditions that can be used to adjust the
process. Although the terms process parameter and process variable are quite often
used interchangeably in manufacturing science and engineering, in this thesis, a
distinction is made between process parameters and variables. Input conditions that
can be used to adjust the process are called process parameters. These are usually
static in nature, or at least have a set-point, and are set to a singular value in an
experiment but can be varied between experiments. Examples are all the
fundamental process parameters shown in Figure 4: laser power, scanning speed,
hatch distance, layer thickness, and scanning strategy. A process variable is some
actual, physical condition and its current value state in the process. In other words,
a model state, which may vary within an experiment. Examples of such process
variables in the PBF-LB process are the powder bed packing density and melt pool
size or temperature.

Usually, to develop a set of processing parameters for a given alloy the two most
influential parameters, laser power and scanning speed, are first optimized to
establish the processing window which results in full density, or at least minimal
porosity in the part due to unwanted process defects such as excessive keyholing,
lack of fusion, balling, or humping. Keyhole pores form when the laser energy
density is too high and a fluctuating keyhole is present, which upon collapse may
leave pores in the solidified material [38]. Lack of fusion occurs when insufficient
laser energy results in not all the powder being melted, with unmelted regions left
between either adjacent tracks or layers [39]. Humping is the breaking of a smooth
and continuous molten track into an instable undulation of valleys and peaks, i.e.
humps, due to Rayleigh-Plateau instability at high scanning speeds associated with
excessive laser power, as a long and overly narrow stream of liquid (i.e. the molten
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track) tends to minimize the surface area [40]. Balling is a rather similar
phenomenon, which occurs with excessive scanning speed and relatively low laser
power, resulting in molten tracks that have poor penetration to the substrate and the
melt breaking into separate balls instead of forming a continuous melt pool, as the
melt tends to minimize the surface area and form a stream of discontinuous balls
[41]. All these processing defects lead to the formation of voids in an otherwise dense
macroscopic 3-dimensional part when it is built from adjacent solidified tracks and
layers. In this thesis, regardless of their cause, the combination of all such voids in
an otherwise dense material is referred to as porosity. In other words, porosity is the
measure of the void fraction in the solidified material. A schematic processing map
showing the respective areas where each of these process defects occur on the laser
power / scanning speed axis is illustrated in Figure 5.

An initial assessment of the optimal combination of laser power and scanning
speed could even be explored with single-track studies, where single laser vectors
are melted on a layer of powder [41]. In such scenarios, laser power and scanning
speed are the only inputs. Expanding from this, the hatch distance and scanning
strategy can be included in the design of experiments to optimize the process [42].
Usually, the combination of these parameters is optimized for a single layer
thickness, and process parameter sets, intended for building parts from a certain
alloy with a certain layer thickness, are provided to the machine. The reasoning
behind this approach may be practical in nature: generally, in PBF-LB machines
layer thickness is a global parameter, in the sense that it cannot be varied between
specimens, while laser power, speed, hatch, and scanning pattern are local
parameters and can be freely programmatically varied between different locations in
the build volume.

Keyhole “Balling”
Porosity (Plateau-Rayleigh

T~ _ instability)

Fully-dense parts

Source Power

Lack-of-Fusion
Porosity

Scanning Velocity

Figure 5. Schematic illustration of the influence of the two most influential adjustable processing
parameters in a PBF-LB machine, laser power and scanning speed, on defect formation.
Reprinted from [37] under the CC BY 4.0 license.
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2.21 Essential parameters

Input process parameters which have an impact on the output properties of the parts
produced are called essential parameters. From a quality control perspective, it is
therefore necessary that such parameters are monitored and controlled during
manufacture to assure the quality of the outputs [43]. The first step in establishing a
stable and repeatable manufacturing process is to identify all the essential
parameters, and analyze their impact on the process and on the output properties.
Research on the effects of the main process parameters (laser power, scanning speed,
hatch distance, layer thickness, and scanning strategy) on the resulting properties of
various alloys is plentiful and their impacts on the process are generally well
understood [37][44][45][46][47][48][49][50]. However, these studies on the impact
of the most fundamental process parameters have mainly been carried out with the
goal of improving or optimizing the process to maximize the values of outputs such
as density or mechanical properties. When the focus is on understanding the impact
of a certain process parameter, numerous simplifications are made and the number
of parameters is reduced to a minimum. Furthermore, most studies intending to
establish the impact of a certain process parameter on a certain output property have
been performed on a single machine, and whether the results would be the same on
a different machine is largely unknown. The hypothesis here is that certain machine
architecture-defined process parameters have a significant impact on the properties
of parts produced.

As already stated in the introduction of this thesis, equally important is to study
the stability and repeatability of the output in realistic production conditions. Studies
that do not oversimplify the PBF-LB process and reduce the input parameters to only
the four or five most fundamental ones are scarce. Another systematic omittance in
the vast majority of studies which have reported mechanical (or other relevant)
output properties for PBF-LB processed alloys is a list of the state of all the essential
input parameters that were used in the manufacture of the test specimens. It has been
common practice in previous studies to report only the four or five main parameters,
namely the laser power, scanning speed, layer thickness, and hatch distance, along
with some (inadequate) description of the scanning strategy applied and a mention
of the machine model used. Depending on the source, and more importantly how one
counts the individual process parameters in the PBF-LB process, there can be more
than 100 [37] of them. However, such counts are always arbitrary, as some
parameters cannot be reduced to a single metric value to describe them, such as the
scanning strategy or the shielding gas flow in the machine. Nevertheless, the fact
remains that significantly more than the four or five main input process parameters
shown in Figure 4 that determine the quality of the output, as shown in Figure 3.
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22.2 Non-essential parameters

In statistical process control adapted from welding and applied to PBF-LB
manufacturing, process parameters that have no statistically significant effect on
mechanical properties (or on any other relevant output property) which affect the
functioning of the part are called non-essential [51]. This means that no control of
the state of these parameters is necessary. However, it therefore follows that this
category may include certain process parameters that do indeed have an impact on
the output properties, but this impact is not yet known or scientifically proven. If
proven, such parameters should be transferred to the category of essential
parameters. In this thesis, the main hypothesis is that certain machine architecture-
defined parameters that have been scarcely studied and systematically neglected in
the listing of process parameters in the Methods sections of studies reporting PBF-
LB material properties are indeed essential parameters.

For experts in the field, it is very hard to come up with examples of non-essential
parameters in the case of PBF-LB process other than clearly irrelevant ones, such as
whether the light on the build chamber is on or off, or on which day of the week the
build job was conducted. The reason for this is that unlike in subtractive or formative
manufacturing processes such as CNC machining or sheet-metal forming where the
microstructure of the feedstock material sets inherent boundaries for the material
properties that are either refained or modified over these manufacturing processes
and hence dictate the final material properties of the manufactured part, in additive
manufacturing the material properties are formed during the manufacturing process
[52]. The microstructure of the feedstock powder is destroyed during melting, and a
new microstructure is generated upon solidification during the PBF-LB process.
Therefore, any change in the parameters of the manufacturing process is likely to
have a significant impact on the resulting structure and properties. This is very
similar to welding process control, where the same fundament applies [53]. It is
therefore important to carefully study the nature and magnitude of the impact that
each process parameter has on the quality of parts produced in order to establish
tolerance limits defining how much, if at all, the parameters can vary before quality
is compromised.

2.2.3 Additive manufacturing procedure specification

Because of the inherent similarity of welding and PBF-LB AM, the approaches to
PBF-LB process control have been mainly adapted from welding. In welding, the
essential part of quality control is the Welding Procedure Specification (WPS) [53],
in which the essential parameters, along with their values and allowed variation
range to produce a weld that meets the set requirements, are defined. In PBF-LB,
and in additive manufacturing generally, a similar concept was adopted by the
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standardization organizations [54]; although not yet the standardized term, it is often
called the Additive Manufacturing Procedure Specification (AMPS). In terms of
identifying key process parameters, their impact on the process, and the potential to
control the PBF-LB process, the International Aerospace Material Specification
AMS7003 [43] is the best standard reference as of today.

There are a few key differences between welding and PBF-LB AM which make
process control and quality assurance in PBF-LB AM even more challenging. A
welded product involves a base material and a weld material, both with intrinsic
material properties. The weld is a discontinuity in the material and may very well be
the weakest link in the structure. Much can be done to design the structure and
location of the welds such that the maximum stresses on the part are not at the weld
location. However, in PBF-LB AM, there is no base material, only kilometers of
weld material which make up the whole product. It is therefore unavoidable that the
maximum stresses on the part will be on the weld material, or more specifically the
PBF-LB material.

The second key difference is that the main motivation to use PBF-LB in the
manufacture of structural parts is the design freedom it provides. This allows for the
design and manufacture of highly efficient structures, that is, optimized structures
with low mass but high load-bearing capacity from which all unnecessary material
that plays no part in conveying loads has been removed. In such fopologically
optimized structures, to maintain the efficiency of the design, the factor of safety
cannot be exaggerated [55]. This necessitates low variability in the mechanical
properties of the manufactured material.

2.3 Variability in mechanical properties

The observed variability in the mechanical properties of parts produced using PBF-
LB is a key challenge for wider adoption and to realize the full potential of the
technology.

Early studies by Prater et al. [28] and Brown et al. [29] found statistically
significant differences in tensile properties (yield strength, ultimate tensile strength
and elongation at fracture) between specimen groups produced using different PBF-
LB machines. In their studies, the inter-machine variation was higher than within-
batch variation in a set of specimens produced in a single machine; however, the
within-batch variation of elongation was also noted to be high, and of a similar level
to the inter-machine variation in Brown et al. [29]. The study by Prater et al. included
no additional microscopy or SEM analysis of cross-sections and microstructure, and
while Brown et al. used SEM to analyze the fracture surfaces of the specimens,
neither study was able to draw conclusions on the root causes of the observed
variations. The studies aimed to find out whether variation exists and if so, to
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measure the magnitude, but they were not designed to enable the researchers to
conclude what elements of the input machine settings or the resulting (micro)-
structure of the PBF-LB manufactured material caused the variation in mechanical
properties. Both urged that further studies be carried out to build on their important
findings. Further studies were conducted over the following years, and in one
synthesis of the data collected on multiple alloys processed with PBF-LB by
Dowling et al. [56] the coefficient of variation was estimated to be 1-6 % for UTS
and 9-19% for elongation, compared to around 1-3% in both properties for
conventionally produced materials.

Simultaneously, another line of research intended to establish the correlations
between process parameter values, the forming melt pool, the solidified
microstructure, porosity formation, and the resulting mechanical properties
[44][45][46][47][48][57][50], concluded that defects generated during the melting
process on various scales in the micro- and macro-structure dictate the properties of
the PBF-LB processed material, and that they follow the general process-structure-
properties-performance causality of any kind of materials processing. However, it
was specifically found that elongation at fracture is highly sensitive to the porosity
generated in the PBF-LB process, even when present in small (<0.5%) quantities
[58].

Further studies on the variability in properties, such as that by Moran et al. [59]
which used computed x-ray tomography to analyze defects, established that there is
substantial variation in the number of defects in specimens produced even by a single
machine using identical process parameter values, but at different locations in the
building platform. They analyzed the spatial dependency of build defects on two
different machines and found not only significant within-machine variation, but also
that the spatial distribution of defects varied between machine types. Moran et al.
already used weakest link fatigue life predictions to show the potential implications
of such variations in defects on the dynamic mechanical properties. Berez et al. [60]
conducted a comprehensive study utilizing both xCT analysis to quantify defect
population and sizes and fatigue testing to conclude that 1) there is high variation in
build defects (i.e. size, shape, and amount of porosity) across the build area, leading
to 2) extreme variation in the fatigue life (from ~20 000 cycles to run-out, defined as
3.9 million cycles) of PBF-LB produced parts. The coefficient of variation in the
fatigue life data set of their study was 194%. The findings from the study by Berez
et al. are summarized in Figure 6.
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Figure 6. Variation in (a) fatigue life and the corresponding variation in (b) defect size distribution
of specimens produced at (e) different locations of the PBF-LB build area but with
identical parameter values; (c, d) further details on the pore distributions at the extremes
of fatigue life. Reprinted with permission from [60].

Fatigue life is known to be notoriously sensitive to pore distribution, shape, size,
and location within the specimen [61]. The study by Berez et al. found that lack-of-
fusion defects with sharp edges close to the specimen surface were most detrimental
to fatigue life. Compounding the problem, a study by Sanaei et al. [62] found
significant variation in defect distributions not only between machines and between
locations in the build volume, but also within the specimen geometry. They found
higher concentrations of defects near the surface and in thin-walled sections of the
specimens.

A pessimistic approach, and one that has been utilized by PBF-LB practitioners
to combat this variability, is to freeze everything in the process. From the process
parameters to the serial number of the machine, from the location of the part in the
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building platform to even the part geometry and orientation. Change any of this, and
extensive, costly re-qualification tests are necessary. This, of course, goes against
some of the ambitions of AM technology, which are to be flexible both in terms of
part designs and manufacturing locations [63].

It seems that everything goes back to the fundamental challenge of the PBF-LB
process that has remained since its invention in the 1990s [7]: the reduction and
control of pore formation. The question, then, is what causes this high variation in
the porosity and hence in the mechanical properties of parts produced with PBF-LB
AM? If the input conditions (i.e. the machine, process, and material parameters)
remain constant, the output properties should remain constant (within random
variation), as previously discussed. Therefore, either there are 1) additional (but at
this point unknown) sources of input parameters that do not remain constant between
the tested specimens and that have a significant impact on porosity, or 2) the random,
stochastic variation in porosity and mechanical properties caused by stochastic
phenomena in the PBF-LB process are indeed inherently very high. Scenario 2 would
mean that the PBF-LB process, as executed by currently available machines, is
unsuitable for distributed manufacturing of critical components with sufficient
quality. Hence Scenario 1 needs to be thoroughly investigated, and is the focus of
this dissertation.

2.4 Machine architecture-defined process
parameters

The main hypothesis of this thesis, synthesized from the analysis presented above, is
that certain machine architecture-defined input parameters, that have not been
identified, nor controlled, or that have been insufficiently described or quantified in
the most previous studies, have significant impact on the defect formation in the
process and contribute to the observed variability in the output properties. Without
the identification and control of all essential process input parameters, a stable and
repeatable output of properties cannot be expected.

Therefore, a further distinction in relation to process parameters made in this
thesis is that between process and machine parameters. Process parameters are those
that are inherent to the process of PBF-LB, regardless of the individual machine
used. It therefore follows that process parameters can be programmatically set to be
equal between machines. Examples of such parameters are laser power, scanning
speed, layer thickness, and scanning strategy. Within the context of this thesis, a
PBF-LB machine requires these parameters to run the process, otherwise that
machine does not operate based on the PBF-LB process. The scanning strategies of
modern PBF-LB machines consists of a very complex combination of parameters
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that define the scanning pattern; nevertheless, with sufficient knowledge, they can
still be programmatically set equally on different machines.

In addition to these programmatically controlled process parameters, certain
machine architecture-defined process parameters are defined by the architecture of
the machine hardware, which cannot be adjusted or fully controlled
programmatically. It therefore follows that such process parameters cannot be set
equally on different machines (without changes to the machine hardware), unless the
machines are identical (brand, model, and version). Such machine architecture-
defined process parameters include how the laser beam is focused (defined by the
optical configuration), how the powder is spread (defined by the re-coating
mechanism), and how the process by-products are removed (defined by the shielding
gas flow configuration). These machine architecture-defined process parameters,
and their influence on part quality, are the focus of this thesis.

241 Laser beam focal point position

The primary tool of a PBF-LB machine, which drives the physical transformation
from material to part, is the focused laser beam that is used to selectively melt the
powder in consecutive tracks and layers which, upon solidification, form the 3-
dimensional solid part. The key components of this tool are:

e The laser; i.e. wavelength, beam quality, beam mode, intensity profile,
output power, whether it is operated in continuous wave or pulsed mode,
and any other property that comes from the laser source.

o The optics; i.e. the transport fiber, collimator, focusing optics, mirrors,
windows, scanner, and any other optical component between the laser
and the work plane.

Machine hardware defines how the beam propagates and most importantly, the
conditions at the focal point and at the material interaction plane where the melting
takes place (which may or may not be the same point, depending on the focal point
position). Quite often in PBF-LB, the processing is done at the focal point, as this is
where the beam diameter is at a minimum, the laser power density (W/mm?) is
highest and hence, the least amount of laser power is needed to melt the powder. To
control the PBF-LB process is to control how the melting takes place, and this is
highly dependent on the characteristics of the laser at the beam-material interaction
plane. To simplify, for an ideal Gaussian beam, the key parameters at the interaction
plane can be reduced to 1) the laser power, 2) the beam diameter, and 3) the focal
point position in relation to the beam-material interaction plane. This is illustrated in
Figure 7.
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Figure 7. Schematic representation of (a) the focal point position in relation to the work plane and
(b-c) determination of the D4c beam diameter do, Rayleigh length zr, and beam
parameter product BPP from the propagation of a Gaussian beam. Image: Joni
Reijonen.

From a process control perspective, laser power is easy to manage as it can be
set and controlled programmatically. Also, the focal point position can be adjusted
(either manually or, in most modern PBF-LB machines, programmatically) to be the
same. Beam diameter, however, is defined by the laser beam and all the optics in
between, hence it is a machine architecture-defined parameter and unless there are
no adjustable beam-shaping components in the system it is fixed to a single setting.

This is the case in an ideal world. However, as optical components are never
perfect, all three of these parameters are interconnected. In a real laser processing
system, the laser power used will have an influence on both the beam diameter and
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the stability of the focal point position due to thermal lensing caused by temperature
differences in the optics as the laser interacts with them. Also, any form of dirt,
inhomogeneity, or physical degradation (such as a scratch or crack) on an optical
component will contribute to thermal lensing and change the beam propagation.
Most notably, this manifests as drift in the focal point position of the laser beam. To
control the focal drift is to control the quality and cleanliness of the optical
components, i.e. aspects of the machine hardware. These conditions may be different
between individual machines, even if nominally they are of identical make.

The impacts of changes in the laser power and laser beam diameter on the melt
pool formation and resulting porosity are well understood [64]. Performing PBF-LB
processing with two significantly different beams (in terms of mode, wavelength,
diameter, or intensity distribution) is such a fundamental change to the process that
it is already questionable whether it can even be called the same process anymore.
For example, melting with a wide beam with a top-hat intensity distribution as in
[64] will result in a shallow and wide melt pool, with melt pool temperatures below
the vaporization threshold at all locations on the beam cross-section, and hence no
vaporization will occur. On the contrary, melting with a narrow beam with a
Gaussian intensity distribution will lead to vaporization at the center of the melt pool,
resulting in deep and narrow melt pools due to keyhole formation [64], along with
the associated process by-products and defect formation mechanisms, which will be
explained later. To make an analogy to a CNC machine, depending on the tool
selected, one can engage in milling or drilling with the same machine, however these
are two different processes. In PBF-LB processes, the laser beam is the tool. Beam
shaping in PBF-LB has recently become an active research topic [65][66][67][68].
If advanced beam shaping is implemented in future generations of commercial PBF-
LB machines, almost any arbitrary beam shape and intensity distribution could be
utilized. Characterization and adequate description of the beam used will therefore
be of utmost importance to allow for replication.

Some studies on the impact of the focal point position on the melt pool formation
and resulting part quality have been conducted previously [69][70][71][72].
However, no studies have aimed to establish an acceptable tolerance limit for
variation in the focal point position before part quality is significantly impaired.
Furthermore, the setting of the focal point position parameter and confirmation of its
stability are rarely reported in PBF-LB studies. This was the topic of Publication I'V.

24.2 Re-coater blade type

Re-coating is the step in the PBF-LB process where the metal powder is applied to
the build area in layers. The thickness of the deposited powder layer is called the
layer thickness. In PBF-LB the applied layer thicknesses are typically in the range
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of 20-100 pm. The essential processing parameters that define how the powder is
spread are the layer thickness, the re-coating speed, the amount of powder applied,
and the type of re-coater blade used [73]. The re-coating may be uni- or bi-directional
depending on the machine. In bi-directional re-coaters, the blade tip profile is usually
symmetric in both directions. This is illustrated in Figure 8.

Re-coating speed

Re-coater type

i Materials from hard to soft: ceramics, steels, polymers/composites, rubbers, fiber brushes ‘

- Vi . - . ' - ' . M
L i flat

sharp filleted rounded round brush
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Figure 8. Schematic representation of the re-coating process, related parameters, and examples
of typical re-coater blade types used in commercial PBF-LB machines. Modified from
[74] under the CC BY 4.0 license.

Layer thickness and linear re-coating speed can be programmatically controlled
and are therefore not machine architecture-defined parameters in the context of this
thesis, as they can be set equally on different machines. The volume of powder
applied is also directly or indirectly programmatically controlled in PBF-LB
machines, regardless of whether the powder is supplied from a bin under or from a
hopper above the processing plane, which are the common approaches. The
controllable parameters may not be the same between the approaches, but their only
purpose is to set the volume high enough to completely fill the layer. From a control
perspective, it is easy enough to set the overdosage factors high enough that in all
conditions a sufficient volume of powder is supplied. The excess powder goes to the
overflow bins. Therefore, a threshold can be found above which sufficient powder is
supplied. Identifying this threshold, and setting the values above it, is an effective
means to set the volume of powder applied per layer equally on different machines.
It was shown by Jansen et al. [75] that as long as sufficient powder is provided,
increasing the powder dose factor further has no effect on the effective powder layer
thickness. Therefore, this parameter is not considered a machine architecture-
defined parameter in the context of this thesis.

The final parameter to consider is the type of re-coater blade itself. Any type of
blade (material and geometry) can be used. Typically, in commercial PBF-LB
machines, the blades used can be categorized as either hard, soft, brush, or rotating
roller [73][76]. The re-coater blade type may be fixed by design or it may be
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changeable, depending on the machine model. The blade tip geometries used vary
from sharp to filleted and from flat to round. Given the variety of re-coating blade
types, it is crucial to study whether the re-coater blade type has a significant effect
on the quality of the spread of the powder layer and, correspondingly, on the quality
of parts produced. The need for further research on the impact of the powder re-
coating strategy on the final part properties was highlighted in a comprehensive
review by Capozzi et al. [73].

Only a few experimental studies have been conducted on the impact of the re-
coater blade on the resulting part properties. Dana et al. [77] reported that using a
ceramic (hard) blade was less suited for building thin features such as support
structures, as the unyielding hard blade is liable to deform the part, and also to disturb
the powder bed when in contact with the part surface during re-coating. Shamsdini
et al. [78] found that parts built using a carbon fiber brush had significantly reduced
elongation at fracture compared to parts built using a ceramic blade. Fox et al. [76]
compared the tensile strength of parts produced using carbon fiber brush, steel, and
rubber blades, and found no statistically significant (N=36) differences in tensile
strength. Unfortunately, this study did not report on elongation at fracture, although
it was noted that the usage of a rubber or carbon fiber brush resulted in increased
porosity compared to usage of a steel blade. As experimental studies on the topic
were scarce, this was studied in Publication III.

Furthermore, despite being a very fundamental element of the process, the type
of re-coating blade used and the related re-coating parameters are rarely reported in
PBF-LB studies. Illustratively, even in the reviewed literature which had re-coater
blade type as an intended variable [77][78][76], the re-coating speeds used were not
reported in the Methods sections.

243 Shielding gas flow configuration

In the PBF-LB process, a protective inert gas atmosphere (typically argon or
nitrogen) is utilized in the build chamber to prevent oxidation of the melt pool, and
to enable the processing of highly reactive materials in fine powder form. Instead of
filling the chamber with inert gas, in modern PBF-LB machines the gas is circulated
in one way or another to generate a cross-flow of shielding gas. The purpose of this
flow is to carry away the process by-products generated in the melting process. This
is schematically shown in Figure 9. The process by-products include 1) the metal
vapor plume generated by vaporization in the melt pool, 2) the condensate from this
when the vapor cools down and solidifies, 3) denudated powder particles ejected
from the vicinity of the melt pool by the vapor-induced entrained gas flow, which
are called cold spatters if not melted by the laser or 4) hot spatters if melted, and 5)
droplets ejected from the melt pool that are also referred to as hot spatters.
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Figure 9. Schematic representation of the process by-products generated in the PBF-LB process
and their removal by the circulating shielding gas flow: 1) vapor plume, 2) metal
condensate, 3) denudated (cold) powder particles, 4) denudated (hot) powder particles
melted by the laser, and 5) (hot) spatter ejected from the melt pool. Image: Joni
Reijonen.

If the shielding gas flow lacks sufficient momentum to remove the process by-
products from the build area, they can cause various unwanted changes in the
processing conditions that lead to defect formation. Negative effects of insufficient
shielding gas flow on porosity and mechanical properties have been identified in
earlier studies [15][79][80][81]; however, these studies did not come to definitive
conclusions on the root causes that link shielding gas flow speed to porosity
formation, hence this was studied in Publication 1. The following impacts of
insufficient shielding gas flow have been identified:

e The presence of metal vapor, metal condensate, or hot or cold spatters
will attenuate and scatter the propagating laser beam. Whether
attenuation or scattering dominates depends on the composition and size
distribution of the particulate material on the beam path. [80][82]

e Hot spatters and the condensate from the metal vapor have very high
temperatures, and hence have extremely high affinity to the pick-up of
residual oxygen or other impurities from the build chamber atmosphere
[83]. When these by-products land on unfused locations on the build
area, a concentration of impurities may be transmitted to the part at that
specific location when the laser fuses it.
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e All process by-products, but most notably large spatters, will change the
powder bed conditions at the location where they land. When this
happens in an as yet unfused area of the layer, when the laser then comes
to melt the area in question the powder bed conditions are different from
the spread, undisturbed nominal powder layer. Large spatters especially
have been shown to cause defects, as they change the conditions at the
location where they land [84].

e I[fthe process by-products reach the laser beam entry glass at the ceiling
of the build chamber, they can stick to it and contaminate the window.
Any dirt on optical components will change the behavior of the focused
laser beam propagation.

From a control perspective, the shielding gas flow is a challenging parameter.
The flow conditions in the build chamber are defined by a) what gas is used, b) the
flow rate, and c) how it is distributed. Fixing the gas type is easy, for example by
selecting to use argon with a certain purity grade. Fixing the mass flow rate of the
gas means very little without consideration of how the gas flow is distributed, which
is much more challenging to define and control as it depends on the geometry of the
flow path. In a simplified scenario such as a straight pipe of uniform flow with a
well-defined and planar cross-section, the volumetric flow rate is defined as O=v*4,
where v is the flow speed and 4 the cross-sectional area of the flow path. However,
in a real PBF-LB system the geometry of the shielding gas flow path, especially the
inlets and outlets of the gas to the build chamber, can be of practically any shape and
dimensions that the machine designers can come up with. To generate identical
shielding gas flow conditions between two machines would require that the shapes
and dimensions of all the components that are part of the gas flow cycle be identical.
The shielding gas flow is therefore a primary example of a machine architecture-
defined process parameter in the context of this thesis. Figure 10 shows examples of
the variety of shielding gas flow designs in some of the commercial PBF-LB
machines available. Furthermore, even within the same machine type, the machine
manufacturers may have made upgrades to the shielding gas flow design over the
years, as shown in the white paper published by GE Additive [85] for their Concept
Laser M2 model. There the gas flow configuration was re-designed to provide more
laminar flow across the build volume and remove the circulation zone above the
build plate in the earlier design.
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Figure 10. Shielding gas flow designs of (a, b) the Renishaw AM 250, reprinted with permission
from [86], (c) the SLM Solutions SLM 125 HL model from 2014 (image: Joni Reijonen),
and (d) the EOS M 290, reprinted with permission from [59].

A comprehensive, quantitative description of the shielding gas flow parameter
requires a complete computational fluid dynamics model of it. However, for
practitioners, something more compact and practical is needed. What is important
regarding flow is first that there is sufficient flow rate, i.e., momentum, above the
build area to remove the process by-products. Secondly, the flow should be laminar
to avoid turbulence and re-circulation of process by-products in the build chamber.
The flow should be such that when the by-products are removed in one location, they
are not re-entrained to the beam path in another location. [86] Within a machine
(once the geometry of the flow path is fixed), the flow is essentially controlled by
the circulation pump power, which defines the mass flow rate of the gas. The control
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parameter, for the operator of the PBF-LB machine, varies based on the machine
brand and model. In some cases, the set value is a pressure difference over two
specific measuring points in the flow cycle. In others, it is the pump power and in
others the flow speed, as measured at a specific location on the flow cycle. Whatever
the set reference point for the control, what is ultimately adjusted is the pumping
power. As pressure loss over the system may not remain constant (most notably due
to filter clogging over the build cycle), the best approach in terms of control would
be to measure the flow speed in the build area and ensure it remains constant. As
nothing physical can be in the build area during the build cycle, the next best thing
would be to measure the flow speed at a couple of specified locations in the piping
and ensure that they remain constant (within set limits), regardless of the filter
condition.

Regardless of the approach towards controlling the shielding gas flow speed,
providing some parameter or description characterizing it should be required in
studies related to PBF-LB; however, in most studies, none is provided. Furthermore,
the impact of the shielding gas flow speed on the melting process and resulting part
properties is not well understood, hence it was selected as a topic for Publication 1.

2.5 Interplay between process and machine

Although earlier a distinction was made between process and machine parameters,
they are not separate, but interconnected. Even if the controllable process
parameters are kept constant and set equally on two different machines, the machine
architecture-defined process parameters may have an impact on what the set value
actually is during processing. The reverse is also true, in that the selection of a
process parameter value can have an impact on the machine parameter. This is
perhaps best clarified with a couple of examples.

The first example concerns the interconnectedness between laser power, the most
influential parameter in the process, and the shielding gas flow. The laser power
parameter which is set and programmatically controlled is the output power from the
laser source. However, this does not equal the power that is conveyed to the melt
pool. Even if assuming equal optical losses in the machine components and equal
absorptivity at the powder bed, laser power may be attenuated or scattered by
anything that is in the optical path of the laser beam and the work plane. In the case
of PBF-LB processing, this would be the process by-products; spatters, denudated
powder, the vapor, and the condensate from it. How much these by-products prevent
the laser power from reaching the work plane is highly dependent on the
effectiveness of the shielding gas flow in removing them from the beam path, and
the shielding gas flow conditions that are present at the build chamber are machine
architecture-defined. To ensure that the laser power that reaches the work plane and
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contributes to the melting process remains constant would therefore require, among
other conditions, that the shielding gas flow conditions also remain constant. This
interplay also works the other way around, as was shown by Bidare et al. [87]
utilizing schlieren imaging. Higher laser power will generate a more intense vapor
plume, and hence more momentum is required from the shielding gas flow to be able
to clear away the plume to the same extent as with lower laser power. This is shown
in Figure 11, where (a) shows a vapor plume without, and (b) with a cross-flow of
shielding gas flow. Figure 11 (c) show how the vapor plume is larger and extends
higher before the cross-flow is sufficient to clear it away when laser power is
increased from 100 W to 200 W while applying a constant cross-flow of shielding
gas.

Figure 11. Long exposure time schlieren imaging of the vapor plume generated in a PBF-LB
process: (a) 100 W laser power without cross-flow of shielding gas, (b) 100 W laser
power with 10 I/min cross-flow of shielding gas and (c) 200 W laser power with 10 I/min
cross-flow of shielding gas. In (b, c) the cross-flow of shielding gas is from left to right in
the images. Reprinted from [87] under the CC BY 4.0 license.

The second example also concerns the interconnection between laser power, a
process parameter, and beam quality, beam diameter, and focal point position, which
by definition are machine architecture-defined parameters and should be fixed for a
given combination of laser source and optics. However, as explained previously,
focal shift due to thermal lensing changes the properties of the focused laser beam,
and the severity of thermal lensing is, quite naturally, dependent not only on the
quality of the optics but also on the laser power [88]. For the SLM 125 HL system
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used in this thesis, this variation was demonstrated by analyzing the beam with three
different power levels (60W, 100 W, and 400 W) to determine the beam quality (BPP
=0.46—0.50 mm*mrad), Rayleigh length (zz = 2.84—3.11 mm), focal point diameter
(dp = 72.6—78.5 um), and focal point position in relation to the nominal work plane
(zo = —0.75—0.06 mm). Therefore, strictly speaking, all the other properties of the
beam only remain constant if the laser power remains constant. When the laser power
is changed, the beam quality, Rayleigh length, focal point diameter, and position
change along with it.

The third example also ties the laser power, via the shielding gas flow, to the
machine architecture-defined re-coating, which, as explained previously, defines the
conditions of the spread powder layer. A change in laser power changes the number
and velocity of the cold and hot spatters formed in the process [89][90]. The more
spatters, the higher the number of spatters that will not be removed by the shielding
gas flow and instead redistributed on the unfused areas of the powder bed [86]. These
spatter particles alter the conditions of the powder layer at the locations where they
land. Laser power hence has an indirect influence on the powder layer properties,
which by definition should be controlled by the re-coating step in the build cycle.

Because of such interplay between the process and the machine in real-world
applications, simplified ideal process models will inherently suffer from an inability
to predict process outputs with high accuracy. This is because ideal models do not
consider the real imperfections of the machine that executes the process as inputs.
Such simplified models are therefore incapable of capturing variations in the process
inputs and hence also in the resulting outputs. They are therefore inherently useless
for quality assurance and control. Nevertheless, this does not preclude researchers
from developing simplified process models in an attempt to understand the
fundamentals of the process.

2.6 Simplified energy density models

This chapter briefly introduces the most common, simplified spreadsheet level
process models of the energy input to the PBF-LB process. In one way or another,
they all try to reduce the main input parameters to a single parameter that describes
the energy density in the process, while the predicted output response is usually melt
pool geometry, although correlations to other output properties have also been
studied. The approaches were originally developed and studied in the context of
(laser) welding, except for the volumetric energy density VED, which is a concept
specifically introduced for the PBF-LB process. It is the only one of the models that
considers hatch distance and layer thickness; the others are basically just models of
a singular melt pool (i.e. weld).
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For this thesis, line energy (LE) was used in Publication I in the design of
experiments as guidance when selecting laser power scanning speed pairs to produce
various types of melting conditions, from conduction to transition and keyhole mode.
As only laser power and scanning speed were varied, the most simplified metric, line
energy, is enough to characterize the changes in input energy.

Power density (PD), energy density (£D), volumetric energy density (VED), and
normalized enthalpy (4H/hs) were considered in Publication IV, where the laser
beam diameter at the work plane and hatch distance were also varied. Publication IV
assessed how well the simplified energy density metrics correlate with melt pool
geometry in situations where the focal point position (and hence beam diameter at
the work plane) is varied. In addition to the analytical models of energy density, a
non-analytical energy density metric named normalized thermal energy density
(TED") is introduced in this thesis. This metric is based on the melt pool monitoring
system (see chapters 2.7.2 and 3.2.3), specifically the wide-spectrum photodiode
signal output as a descriptor of the total energy density in the process, divided by the
beam area term. This metric is completely different in nature to the analytical ones,
as it is a measurement-based metric. Therefore, it lacks predictive power, but instead
provides the power to detect variations during the process, which is much more
valuable in the scope of this thesis. Furthermore, as it is based on direct and
continuous measurement of the output emissions of thermal energy from the melt
pool, it is free of assumptions and simplifications, and inherently also incorporates
non-constant and highly non-linear input energy conditions, which are not captured
by the simplified analytical equations. The normalized thermal energy density is
intended as a metric for quality assurance, not as a predictive design metric.

Line energy [J/mm)], a concept so old and simple it requires no reference:

LE==% (1)

4

, where P is laser power and v is scanning speed.

Power density [W/mm?] as defined, for example, in [91]:

PD = = )

na?

, where a is laser beam diameter (at the work plane).

Energy density [J/mm?] as defined in [92]:
Ep=22="
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)
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Normalized enthalpy [-] as introduced by Hann et al. [93]:

—  4H aP
AH = ‘hs  p(CAT+Lm)VmasvD )

, where a is absorptivity, p is density, C is specific heat capacity, 47 is the difference
between initial and melting temperature, L, is the latent heat of melting, and D is the
thermal diffusivity of the processed material. The normalized enthalpy essentially
introduces material properties to the £D equation and relates the heat dissipation in
the material to the input energy.

Volumetric energy density [J/mm?] as defined in Thijs et al. [94]:

P
VED = LT 4)

, where / is hatch distance and LT is layer thickness. As the volumetric energy
density considers the hatch distance and layer thickness, it is essentially an addition
of the hatch distance and layer thickness to the line energy, and hence represents not
only the heat input along a single weld [J/mm], but rather the energy input to the
volume of the material [J/mm?].

The energy density models presented above are not the only such models
developed in attempts to predict the melt pool geometry based on the input laser and
material parameters. Naderi et al. [95] and Weaver et al. [96] have recently studied
the fidelity of other, slightly more elaborate scaling laws that have been proposed for
the PBF-LB process. These scaling laws are still analytical models which all consider
the dimensionless parameter AH/h; and model the energy balance in the process
based on simplifications, omitting many of the relevant physical processes involved
and treating most, in some cases all, of the inputs and outputs as constants. Therefore,
they lack the ability to capture variations in the process, and for quality assurance
purposes, control of variance is key. Naderi et al. [95] and Weaver et al. [96]
highlighted this, as the errors in the predicted melt pool depths were generally on the
order of 50—100% when modelling the absorptivity as a constant. The errors were
reduced to around 35% when a non-constant absorption coefficient was included in
the model.

Therefore, in this thesis a new approach to characterizing the energy balance of the
process is taken, called the normalized thermal energy density, defined as:
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TED* = %2 - P _ TED (6)

ma? ma? ma?

, where @, is the total radiant flux emitted from the object surface as a function of
wavelength as derived from Planck’s Law. This radiation is measured by a co-axial
photodiode in the melt pool monitoring system, hence the photodiode output signal
intensity (PD;) represents the total electromagnetic radiation that was emitted by the
object (the melt pool). The spectral responsivity of the photodiode used, and
attenuation of the signal by e.g. optics between the source and the sensor (represented
by the factor k), have an impact on the spectral emissions that the sensor captures;
nevertheless, the sensor output is an aggregate representation of it. This aggregate
representation of the spectral radiance from the melt pool, e.g., the thermal energy
density emitted from it, is called TED. TED" is TED normalized by the size of the
emitting object, represented in this case by the laser beam area at the work plane za’.

Using a blackbody calibration source, one could calibrate a system to be able to
convert the photodiode signal output to physical, real temperature; however, in this
thesis the photodiode output (voltage) divided by the beam area is used as the metric.
Hence, the metric only has arbitrary units. Further development of the metric could
include conversion of the photodiode signal output to absolute temperature, allowing
SI-metric value units for the thermal energy density 7ED to be derived. This
conversion could be done following the approach proposed by Lane et al. [97], for
example.

2.7 Process monitoring for quality assurance

As discussed in the previous chapters, the available, controllable input parameters in
the machines may not always provide sufficient control of the relevant processing
conditions, as the control parameters are surrogates, or intermediate to what needs
to be controlled. In the PBF-LB process, the fundamental unit processes that need to
be controlled are the properties of the deposited powder layer and the melt pool. For
example, the operator cannot set a value for a melt pool geometry or temperature
profile input parameter, even though these are the conditions that truly determine the
output from the process. To influence these conditions, the operator has to adjust the
laser power or scanning speed (and possibly other parameters) instead. Similarly,
packing density and homogeneity of the powder layer are fundamental properties of
the deposited powder layer that we would like to control; however, the operator can
only adjust the intermediate re-coating parameters. To acquire more direct
information on these fundamental process conditions, the utilization of in-process
monitoring techniques has been pursued.
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Several process monitoring techniques have been applied to the PBF-LB process,
with varying levels of success and technological maturity [98]. In this thesis, two
approaches are presented in more detail as they were applied in the experimental part
of this thesis. These are powder bed imaging and melt pool monitoring.

271 Powder bed imaging

The acquisition of images of the powder bed utilizing optical cameras was one of the
earliest approaches to monitoring the PBF-LB process. Using such images, two
important process conditions can be monitored: the appearance of the spread powder
layer, and after selective laser melting, the appearance of the melted surface of the
part. Among others, Abdelrahman et al. [99] and Lu et al. [100] used optical cameras
positioned off-axis in relation to the powder bed to monitor the surface quality of the
melted parts. The main challenges with cameras positioned off-axis are related to the
acquisition of undistorted images, at high resolutions, and covering the entire build
area while maintaining uniform illumination conditions.

Line cameras provide a promising solution to many of these challenges. Line
cameras can be mounted on-axis in relation to the powder bed by integrating them
directly into the moving re-coater system. In this manner, undistorted, high-
resolution images with constant illumination over the build area can be obtained.
Fischer et al. [101] used such an approach to obtain high resolution (5.97 um/px)
images while maintaining a practically relevant re-coater speed (100 mm/s). From
the acquired powder bed images, their first study [101] analyzed the part surfaces as
a function of the laser parameters, while in their second study the images were used
to train neural networks to identify defects in the spread powder layers [102].

Pedersen et al. [ 103] demonstrated the use of a contact image sensor (CIS), taken
from an office flatbed scanner, for powder bed imaging. Tan-Phuc Le et al.
[104][105][106] took the approach further by performing comprehensive studies on
the use of a CIS for powder bed imaging. They developed quality metrics based on
image analysis conducted on the images acquired of the powder layers and melted
surfaces. Their setup was able to capture high-resolution (1200 dpi) images in color.
However, they reported that it took approximately a minute to image each layer. The
slow capture frequency of the consumer-grade CIS they used was the main drawback
of their setup, as it would severely increase build times in actual production. To
overcome this limitation, Yang et al. [107] then integrated an industrial-grade high-
speed CIS into a PBF-LB machine to acquire high-resolution (1200 dpi, i.e. 21
um/px) images at a high (95 mm/s) linear transverse speed. This corresponded to
less than 2 s to image the whole layer of the SLM 125 HL PBF machine used. This
setup was used in Publication III of this thesis, and the details are provided in Chapter
3.2.3.
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2.7.2 Melt pool monitoring

The most fundamental unit process to monitor in the PBF-LB process is the selective
laser melting of the deposited powder layer. One could argue that even flaws in the
deposited powder layer, if severe enough to result in flaws in the actual part, would
also somehow show as deviations in the melting process. Hence the monitoring of
the fundamental unit, the melt pool, could capture all the relevant process events
simultaneously. Therefore, significant efforts have been directed towards monitoring
the conditions at the melt pool, an approach collectively called melt pool monitoring
(MPM). The melt pool emits radiation at various wavelengths on the electromagnetic
spectrum, and to monitor this radiation various cameras have been utilized, from
“normal” cameras sensitive to visible wavelengths to infrared thermal cameras
which capture more than visible light. Many of today’s commercial MPM systems
utilize photodiodes as their main sensors due to their high temporal sampling
frequency, wide available spectrum, and lower cost than camera-based systems.
Importantly, they offer all of this combined with significantly smaller data sizes
compared to cameras, as photodiodes provide only a one-dimensional numeric
output.

The foundational work on the usage of both cameras and photodiodes mounted
on-axis in the optical path of the PBF-LB system to monitor and even control the
process via a feedback loop back to the laser parameters was conducted by the group
led by Jean-Pierre Kruth in KU Leuven [108][109][110]. For data analysis and
visualization, they also developed the approach of mapping the photodiode signal
intensity to a 2D grid along with the simultaneously recorded scanner x-y position,
to essentially generate layer-based images of the signal. This approach has some
limitations and Reijonen et al. [111] preferred to work with the time-based raw signal
and assign it to all the parts on the build area at the data-structure level for further
analysis. This approach was utilized in Publication IV of this thesis, and details of
the MPM setup used are explained in Section 3.2.3.

Mercelis [108] has previously shown that the photodiode signal response is
sensitive to various deviations in the melting conditions, and that when the optical
setup is such that the field-of-view of the sensor is larger than the melt pool, the
photodiode output correlates with the melt pool area in addition to temperature. This
is understandable, as photodiodes are essentially photon counters, and both the size
of the emitting object and its temperature will influence the number of photons
emitted. The third important factor in terms of the photodiode signal response is any
optical obstacles, such as fumes and spatter in the case of the PBF-LB process,
between the emitting source and the sensor [112][113]. Stutzman et al. [114] linked
this to the removal of the by-products, showing that the shielding gas flow speed has
an influence on a narrow band photodiode signal. Most recently, Reijonen
established the relationships between shielding gas flow speed and photodiode signal
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for narrow and wide-spectrum bands at various laser speed and power combinations
[115].

As the photodiode signal response is sensitive to 1) melt pool temperature, 2)
melt pool area, and even 3) shielding gas flow conditions, it provides an excellent
method of monitoring all the important conditions present at the melt pool. The
photodiode signal may therefore provide a means for quality assurance that is
sensitive not only to the conditions of the set input process parameters, but also to
stochastic variations in the melting conditions caused by factors that are not captured
by the deterministic process models presented in Section 2.6. Therefore, instead of
using one of the energy density parameters LE, PD, ED, VED, or AH/hs, the actual
energy density emitted from the melt pool, as captured by the photodiode, could
provide a more comprehensive singular metric to characterize the melt pool
conditions. The potential of utilizing process monitoring for quality assurance has
also been recognized by standardization organizations [116]. In this thesis, powder
bed monitoring with a contact image sensor was utilized in Publication III and melt
pool monitoring with co-axial photodiodes in Publication IV to study their potential
to capture process deviations caused by machine architecture-defined process
parameters, and link them to output part quality.
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3 Materials and Methods

3.1 Materials

316L (1.4404) stainless steel was the material used to conduct all the experiments.
Depending on the publication, the specific powder lot and hence particle size
distributions of the powders varied slightly. The powder was included as an intended
variable only in Publication II, where two separate powders with different particle
size distributions (PSD) and chemical compositions (although nominally according
to the same 316L standard) were used. A summary of the powders used in the studies
is provided in Table 1. Details of the properties of the two powders used in
Publication II are shown in Figure 12. The chemical compositions are included as
provided in the powder material certificates, and as measured from solidified
material processed with the PBF-LB machines from the powders, denoted as
EOS/SLM-EOSp/SLMp.

All specimens were produced on stainless steel building platforms with
thicknesses of between 18 and 25 mm.

Argon was used as the shielding gas in all the experiments. The oxygen content
in the build chamber was maintained at < 1000 ppm and the over pressure in the
build chamber at 12 mbar over atmospheric pressure.

Table 1. Properties of the powders used in the studies.

Powder lot | Publication |Supplier Production method | D10/ Dso / Deo

201500481 I SLM Solutions Gas atomization 23.4/37.6/59.7 ym
2019001005 |1l SLM Solutions Gas atomization 16.7/26.1/40.4 pm
S191901 Il EOS Gas atomization 21.4/32.5/48.8 ym
UK85952 I, v Carpenter Additive | Gas atomization 19.4/30.5/47.7 ym
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Element | Powder EOS- SLM- Powder SLM- EOS-
EOSp EOSp SLMp SLMp
Fe 63.5 Bal. Bal. 66.1 Bal. Bal.
Cr 17.9 18.0 17.8 17.7 17.6 17.6
Ni 14.0 14.2 13.9 12.6 12.5 13.2
Cu <0.01 0.03 0.02 - 0.02 0.02
Mn 1.5 1.36 1.44 0.5 0.48 0.47
Si 0.25 0.24 0.23 0.67 0.73 0.73
Mo 2.7 3.00 2.98 2.3 2.43 2.46
Al - 0.003 0.003 - 0.003 0.003
W - 0.02 0.02 - 0.02 0.02
A\ - 0.048 0.027 - 0.027 0.027
Ti - 0.002 0.003 - 0.003 0.003
Co - 0.012 0.027 - 0.013 0.027
C 0.005 <0.010 <0.010 |o0.016 0.010 0.010
S 0.005 0.003 0.004 0.005 0.006 0.004
P <0.01 0.013 0.013 0.008 0.010 0.010
N 0.07 0.066 0.066 0.09 0.084 0.085
O - 0.058 0.051 0.03 0.026 0.023

Figure 12. (a) Particle size distributions,
compositions of the two different powders used in Publication 1.

(b—c) particle morphologies,

3.2 PBF-LB experiments

3.2.1 Equipment

and (d) chemical

A commercially available PBF-LB machine model SLM 125 HL from SLM
Solutions GmbH (model year 2014) was used in all the experiments. The laser source
was an [PG-YLR-400-SM fiber laser with a central wavelength of 1070 nm. The

44



Materials and Methods

nominal maximum output power of the laser was 400 W. Upon leaving the process
fiber, the laser beam was directed to an IPG Photonics P30-002384 F=70 mm
collimator to produce a 25 mm diameter collimated beam. This beam was focused
with a Scanlab VarioScan 40 dynamic focusing unit and positioned on the work
plane with a Scanlab Intelliscan 25 galvanometer scanner. The nominal maximum
build volume of the system was 125x125x125 mm.

For Publication II, a commercially available PBF-LB machine model EOS M
290 from EOS GmbH was used in addition to the SLM 125 HL to compare the
properties of parts produced on different machines. The EOS M 290 is also equipped
with a 400 W Ytterbium fiber laser, which uses an F-theta lens instead of a dynamic
focusing unit to maintain the focus position at the work plane throughout the whole
build area. Both machines have a nominal 80 pm laser beam focal point size. The
nominal maximum build volume of the EOS M 290 system is 250x250x325 mm.

For Publication I, a VELOCICALC 9565 hot-wire anemometer coupled with a
964 probe from TSI Incorporated was used to measure the shielding gas flow
velocities above the SLM 125 HL system building platform. The equipment is
reported to have a measurement accuracy of +3% of the reading or +£0.015 m/s,
whichever is greater. This was used to establish the correlation between the flow
speed at the build area and the reference value that is used for controlling the
shielding gas flow speed, which in the case of the SLM 125 HL system used in the
experiments is the gas flow speed as measured at the inlet pipe, after the circulation
pump.

For Publication II, post-process heat treatments were conducted on the
specimens after the PBF-LB process. All specimens were first stress-relieved (SR)
while still attached to the building platform at 650°C for 2 h in an argon atmosphere,
followed by air cooling. One part (1/3) of the specimens was solution annealed (SA)
in accordance with the AMS 2759 standard, namely at 1066°C for 1 h in an argon
atmosphere, followed by air cooling. Second part (1/3) of the specimens was
subjected to hot isostatic pressing (HIP) at 1150°C for 4 h in a 100 MPa argon
atmosphere, followed by furnace cooling to 180°C at a rate of 100°C/min. The third
set of parts (1/3) were left in the stress-relieved condition, in order to have equal
shares of identical specimens in the SR, SA, and HIP conditions.

In Publication III, two different commercially available re-coater blade types
were compared. The first was the standard polymer composite blade (i.e. soft) used
in the SLM 125 HL system (part number: 843000902), which has a rounded tip
profile. The second was the standard high speed steel blade (i.e. hard) used in EOS
M 290 machines (part number: 2200-4073), which has a sharp tip profile.

For Publication IV, the laser beam diameters and intensity distributions at the
work plane corresponding to the different focal point positions studied were
measured with a model FBP-1KF-5.3-3x focus beam profiler from CINOGY
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Technologies GmbH. The data was collected with RayCi Pro version 2.7.8 software
from the same company. A spectrometer (Ocean Insight HR4PRO with an extended
wavelength range of 200—1100 nm) was used to conduct spectral analysis on the
melt pool monitoring systems’ sensor locations to verify which wavelengths at what
intensities were collected by each sensor. The data was collected using OceanView
software version 2.0.

Electric discharge machining was used after all the experiments to remove the
specimens from the building platform.

3.2.2 Experimental designs

In this chapter the experimental PBF-LB build layouts, specimen geometries, and
processing parameters, i.e. the experimental designs that were conceived to test each
of the hypotheses in the publications, are presented. Unless otherwise stated for a
specific publication where one or more of the following were intended variables, the
following nominal processing conditions using the SLM 125 HL machine apply:

1. Shielding gas flow speed was set close to maximum, with the objective
of producing similar, high flow speeds in all cases. The adjustable
control in the machine is the shielding gas flow circulation pump speed,
which was between 84—94 % of full power in the experiments. The flow
speed was monitored with a flow meter placed at the inlet pipe, after the
circulation pump. The filter conditions have an impact on the flow,
hence the variation in the pumping speeds.

2. No post-process heat treatments were applied.

3. A bi-directional, soft polymer-composite re-coater blade with a rounded
tip profile was used.

e The re-coater motor speed was set to 1000 rpm (corresponding
to ~217 mm/s linear spreading speed).

e Layer thickness was set to 30 pm.

e Powder dosage factors, which determine the volume of powder
deposited on each layer, were set to:

o DPC factor =17.
o Minimum number of grooves = 1.7.
o Overdosage factor = 1.25.

4. The focal point position was set to 0 mm.
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In modern PBF-LB machines, the scanning strategy is a complicated parameter
to define in sufficient detail that someone else could replicate the experiment. The
difficulty comes from it not being a single value nor a constant within a build, as it
is typically rotated between layers and changes along the cross-section and position
of the part based on a logic or algorithm usually defined by the machine OEM. For
all the experiments conducted with the SLM 125 HL machine in this thesis, the build
files were generated with Materialise Magics software coupled with the SLM
Solutions Build Processor. The default parameter set file developed by the machine
OEM for the 316L material, with 30 um layer thickness and utilizing the so-called
Stripes scanning strategy, was used as the basis in the design of all the experiments.

In the context of this thesis, scanning strategy refers to all the extra parameters
that define the scanning sequence and orientation of the laser vectors, both within a
part and between parts. Laser parameters refer to the laser power, scanning speed,
hatch distance, and focal point position. In addition to the so-called core vectors that
are used to melt the bulk of the material, there are separate vector types for different
features of the parts such as borders, up-skin, down-skin, supports, etc. In total, the
parameter set file used contained 18 vector types, and for all of them the individual
laser melting parameters are defined. In total, there are over 300 settings in the
parameter file that could be modified.

In the experiments for this thesis, only the core vector parameters were varied,
with the parameters of the other vector types kept constant. Unless explicitly stated,
whenever laser power, scanning speed, hatch distance, or focal point position are
discussed, they refer to the values of the core vector parameters. From the over 300
settings in the parameter file that could be modified, only four of them were varied
as intended variables studied for this thesis: laser power, scanning speed, hatch
distance, and focal point position. Other modifications, if any, made to the standard
parameter set are explicitly mentioned when describing the experiment in question.

Figure 13 illustrates the main concept of the scanning strategy used. The
scanning sequence between parts on the building platform always progresses from
left to right, that is, against the shielding gas flow. Within a part, the borders are
scanned first, then the fill contour, and finally the core. The core vectors are bi-
directional. Between layers, the scanning orientation of the core vectors is rotated.
The algorithm behind the layer rotation is, to the authors’ knowledge, proprietary
information of the machine OEM, and hence not reported here. However, the
purpose of the rotation is to reduce residual stresses and porosity, and some angles
in relation to the shielding gas flow direction are prohibited. The output is a
seemingly randomized orientation between the layers, with the angles in relation to
the positive y-direction always falling in the range —45°< ® < +45°.
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Figure 13. lllustration of (a) the scanning sequence between parts on the building platform and (b)
the scanning strategy within a part used in the experiments. Image: Joni Reijonen.

Unless otherwise stated for a specific experiment, the following nominal laser
parameters for the other vector types utilized apply:

1. Border vectors:
e Number of borders: 2
e Border distance: 0.09 mm
e Laser power: 100 W
e Scanning speed: 400 mm/s
e Focal point position: 0 mm
2. Fill contour vectors:
e Number of fill contours: 1
e Fill contour distance: 0.1 mm
e Laser power: 125 W
e Scanning speed: 500 mm/s

e Focal point position: 0 mm

Another minor-sounding yet crucial aspect of the scanning strategy that is
defined by the scanner hardware and its control software is how the start and end
points of the vectors are treated. In laser scanning of any kind using galvanometer
scanners, the basic commands are JUMP and MARK. With a JUMP command, the
laser is OFF, and the scanner mirrors move to the defined x-y position. Next comes
the MARK command, which involves movement at the defined scanning speed from
the start to end x-y position while the laser is ON. As it takes time for the scanner
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mirrors to accelerate to the set scanning speed in the beginning and then decelerate
at the end, without any compensation the scanning speed would not be constant at
the beginnings and ends of the vectors. As laser power remains constant, the energy
density increases, leading to excessive keyhole porosity at the start/end points [117].
To avoid this, several strategies can be applied; in this thesis, the Sky Writing
strategy developed by Scanlab for their scanners was used in all the experiments.
Figure 14 illustrates how Sky Writing works. In short, additional run-in and run-out
phases are added before and after each MARK command to allow sufficient time for
the scanner to reach the set speed before the laser is activated.

Without Sky Writing With Sky Writing
e > X
POSIR| R '_ i A e
_____________ X
--- Part edges
—» MARK (laser ON)
««ap JUMP (laser OFF)
= Run in (laser OFF)
<— Run out (laser OFF)
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% v<v, Setspeedv, v<v, § v< v et speed v, V< v
= °n
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= =
: 2
7] 1]
Position Position
Part edge Part edge Part edge Part edge

Figure 14. lllustration of the so-called Sky Writing setting used to add run-in and run-out phases at
the beginning and end of each MARK vector to ensure constant scanning speed during
the laser melting. Image: Joni Reijonen.

Publication |

For Publication I, an experimental build job was designed to study the effect of the
shielding gas flow speed on melt pool geometry and part porosity. The build layout
is shown in Figure 15. A stair step-type test specimen was designed to test multiple
gas flow speeds on a single build job. The shielding gas flow speed was varied along
the build height in six steps (4.0, 3.5, 3.0, 2.5, 2.0, 1.0 m/s). With each gas flow
setting, 100 layers (i.e. 3 mm at 30 um layer thickness) were processed. During each
gas flow setting, three single scan tracks were produced on the stair-step feature (see
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Figure 15 (c)) for melt pool dimensional analysis. An elevated platform pre-heat
temperature of 200°C was used. The re-coater motor speed was set to 1200 rpm.
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Figure 15. Build layout for Publication I: (a—b) specimen placement on the building platform, (c—e)
specimen geometry, dimensions, single track positions, and gas flow steps.

For specimens 1-9, constant laser parameters were applied, as the location on
the building platform was the intended variable. For specimens 10-20 the laser
parameters were varied within a wide range of energy densities. Specimen number
5 (marked as grey/white in Figure 15) was used for both the location and energy
density variation series. Table 2 shows the varied parameters for each specimen. The
simplest of the energy density metrics, line energy P/v, was used in Publication I, as
only the laser power and scanning speed were variables in the single tracks.

The laser parameters for specimens 10-20 were selected based on observations
by Trapp et al. [118] to produce conduction (<0.1 J/mm), transition (0.1-0.3 J/mm),
and keyhole (>0.3 J/mm) mode melting conditions.
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Table 2. List of specimens and corresponding process parameters in Publication I.

ID Power Speed Hatch Line Energy |Purpose in relation to gas
W] [mm/s] [mm] [J/mm] flow speed hypothesis

1-9 175 750 0.12 0.23 Effect of location on platform

5 175 750 0.12 0.23 Effect in transition mode

10 100 500 0.12 0.20 Effect in transition mode

11 100 750 0.12 0.13 Effect in transition mode

12 100 1000 0.12 0.10 Effect in conduction mode

13 175 500 0.12 0.35 Effect in keyhole mode

14 175 1000 0.12 0.18 Effect in transition mode

15 250 500 0.12 0.50 Effect in keyhole mode

16 250 750 0.12 0.33 Effect in keyhole mode

17 250 1000 0.12 0.25 Effect in transition mode

18 70 500 0.08 0.14 Effect in transition mode

19 50 500 0.08 0.10 Effect in conduction mode

20 30 500 0.08 0.06 Effect in conduction mode

Publication Il

For Publication II, two PBF-LB machines and two different powders were used to
produce a total of four identical sets of specimens, as listed in Table 3. The
experiment was designed to 1) quantify the variability in mechanical properties when
the machine and powder are varied and 2) assess whether standardized post-process
heat treatments can reduce the variations in part properties. The build layouts and
specimen geometries are shown in Figure 16. The additively manufactured blanks
for the machining of the final test specimen geometries were 11x110 mm cylinder
bars for tensile and 57x12x12 mm square bars for impact testing respectively. A
default scanning strategy and process parameters intended for use with 316L
stainless steel material by the respective machine manufacturers were used. The
purpose was to use the process parameters recommended by the machine
manufacturer as-is, with no attempt to set identical conditions for both machines. For
the EOS machine, this included:

e Process parameter set: 316L._SurfaceM291 1.10

e Re-coater blade type: ceramic, part number 2200-4073
e Platform pre-heat temperature: 80°C

e Layer thickness: 20 um.
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For the SLM Solutions machine it inlcuded:
e Process parameter set: 316, SLM_ MBP3.0 30 CE1 400W_Stripes V1.1
e Re-coater blade type: polymer-composite, part number 843000902
e Platform pre-heat temperature: 100°C
e Layer thickness: 30 um.

Re-coat
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see |

Gas flow

10 mm

» «

Figure 16. Build layouts in Publication II: specimen placement on the (a) EOS M290 and (b) SLM
125 building platform, and (c-e) test specimen geometries and dimensions of main
features.
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Table 3. List of specimens and corresponding process parameters in Publication 1.

Build ID Part Specimen | HT Powder Purpose in relation to heat-
IDs type Conditions treatment hypothesis
SLM-347 |V1-16 |Tensile SR, SA, HIP | SLMp SLM machine, SLM powder
SLM-347 C1-10 |Impact SR, SA, HIP | SLMp SLM machine, SLM powder
SLM-347 SLM- | Powder SR SLMp SLM machine, SLM powder
347 canister
SLM-348 |V1-16 |Tensile SR, SA, HIP |EOSp SLM machine, EOS powder
SLM-348 C1-10 |Impact SR, SA, HIP | EOSp SLM machine, EOS powder
SLM-348 SLM- | Powder SR EOSp SLM machine, EOS powder
348 canister
EOS-1 V1-16 |Tensile SR, SA, HIP | EOSp EOS machine, EOS powder
EOS-1 C1-10 |Impact SR, SA, HIP |EOSp EOS machine, EOS powder
EOS-1 EOS-1 | Powder SR EOSp EOS machine, EOS powder
canister
EOS-2 V1-16 |Tensile SR, SA, HIP | SLMp EOS machine, SLM powder
EOS-2 C1-10 |Impact SR, SA, HIP | SLMp EOS machine, SLM powder
EOS-2 EOS-2 |Powder SR SLMp EOS machine, SLM powder
canister
Publication Il

For Publication III, an experiment was designed to study the impact of the type of
re-coater blade used on the porosity and processability of challenging geometrical
features. Two otherwise identical build jobs were carried out, with the re-coater
blade as the only intended variable. The challenging features in the specimens were
thin walls (wall thickness 2.0, 1.5, 1.0, 0.7, 0.5, and 0.3 mm) and overhangs
(inclination of 45°, 40°, 35°, 30°, and 25° relative to the building platform). Three
specimens with thin walls were included in the build job and placed at different (0°,
45°, and 90°) orientations in relation to the re-coating direction. Two specimens with
overhangs were included in the build job, and they were placed at two different (0°,
90°) orientations in relation to the re-coating direction. The build layout, along with
the specimen geometries and orientations, is shown in Figure 17. An image showing
the re-coater tip profiles of the blades used is also included.

53



Joni Reijonen

(b)

(@

00

90°

\ O\ @0‘50

20.00

6.00

13.00 . 1500 |

Figure 17. Build layout in Publication Ill: (a) specimen placement and orientations on the building
platform, (b) tip profiles of the soft and hard re-coater blades used, and (c—d) specimen
geometries and main dimensions. The dashed lines in (a) indicate separate sections for
each specimen in relation to the re-coating direction, so that any collision between the
re-coater and one of the specimens would not harm the others.

Table 4 lists all the specimens in the experiment. The core laser melting
parameters were kept constant in the experiment, with the laser power set at 200 W,
scanning speed 800 mm/s, and hatch distance 0.12 mm for all specimens. An
elevated platform pre-heat temperature was not used. The re-coater motor speed was
reduced to 448 rpm as necessitated by the powder bed imaging setup (see Section
3.2.3) to acquire high-resolution, non-distorted images.
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Table 4. List of specimens and corresponding process parameters in Publication IlI.

Build | Part | Re-coater | Geometry | Feature sizes Orien- |Purpose in relation to re-

ID ID |blade type tation |coater blade hypothesis

461 1 soft Thin walls |0.3,0.5,0.7, 1.0, |0° Thin walls parallel to re-
1.5, 2.0 mm coating direction

461 |2 soft Thinwalls |0.3,0.5,0.7, 1.0, |45° Thin walls at 45° angle to
1.5,2.0 mm re-coating direction

461 |3 soft Thin walls | 0.3, 0.5,0.7, 1.0, |90° Thin walls horizontal to re-
1.5,2.0 mm coating direction

461 |4 soft Overhangs | 45°, 40°, 35°, 30°, | 0° Overhangs parallel to re-
25° coating direction

461 |5 hard Overhangs | 45°, 40°, 35°, 30°, | 90° Overhangs horizontal to
25° re-coating direction

463 |1 hard Thinwalls |0.3,0.5,0.7,1.0, |0° Thin walls parallel to re-
1.5,2.0 mm coating direction

463 |2 hard Thin walls |0.3,0.5,0.7, 1.0, |45° Thin walls at 45° angle to
1.5, 2.0 mm re-coating direction

463 |3 hard Thinwalls [0.3,0.5,0.7,1.0, |90° Thin walls horizontal to re-
1.5,2.0 mm coating direction

463 |4 hard Overhangs | 45°, 40°, 35°, 30°, | 0° Overhangs parallel to re-
25° coating direction

463 |5 hard Overhangs | 45°, 40°, 35°, 30°, | 90° Overhangs horizontal to
25° re-coating direction

Publication IV

For Publication IV, an experimental build job was designed to study the impact of
the laser focal point position on the quality of parts produced. The build layout is
shown in Figure 18. An elevated platform pre-heat temperature was not used. Border
and contour vectors were removed from the scanning strategy, leaving only the core

vectors.
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Figure 18. Build layout in Publication 1V: (a) specimen placement on the building platform, (b)
placement of the single tracks on layer number 168, (c) specimen geometry and main
dimensions, and (d) detailed view of the single tracks and the scanning strategy used
with only the core vectors.

For specimens 1—11, the focal point position was the only intended variable. For
specimens 12—17 the focal point position was set constant at —3 mm, while the laser
beam scanning speed, laser power, and hatch distance were intended variables.
Table S lists the parameters used for all the specimens, along with their intended
purpose in the design of experiments. The various energy density parameters VED,
PD, ED, and AH/hs were calculated from the laser parameters. To calculate AH/k;
the values used for the material constants were: absorptivity a = 0.4, density p = 8.0
g/cm?, thermal diffusivity D = 3.5%10°° m%s, specific heat capacity C = 800 J/kgK,
and latent heat of fusion L,, = 260 kJ/kg.
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Table 5. List of specimens and corresponding process parameters in Publication IV.

ID | Focus | Beam | Power | Speed |Hatch|VED |PD ED AH/hs | Purpose in relation
[mm] |diam. |[W] [mm/s] | [mm] |[J/ [kW | [J/ to focal point
[mm] mm?3] | /mm?] | mm?] position
hypothesis
1 |-5.0 [0.138 |200 800 0.12 (694 (13.3 |16.7 |4.0 Neg. focus position
2 |-3.0 |0.100 |200 800 0.12 |69.4 [25.6 |32.0 |6.2 Neg. focus position
3 [-2.0 |0.085 |200 800 0.12 |69.4 |35.1 |43.8 |8.1 Neg. focus position
4 |-1.0 |0.077 |200 800 0.12 |69.4 [42.6 |53.2 |10.1 |Neg. focus position
5 [-0.5 |0.076 |200 800 0.12 |69.4 |43.7 |54.7 |10.3 |Neg. focus position
6 (0.0 0.078 | 200 800 0.12 |69.4 [42.3 |52.9 |10.5 |Nominalref.
7 [+0.5 [0.085 |200 800 0.12 |69.4 |424 |529 |10.3 |Pos. focus position
8 [+1.0 [0.097 |200 800 0.12 |69.4 [35.6 |44.5 [10.1 |Pos. focus position
9 |+2.0 |0.116 |200 800 0.12 |69.4 |27.1 |33.8 |8.1 Pos. focus position
10|+3.0 |0.156 | 200 800 0.12 |69.4 [19.0 |23.7 |6.2 Pos. focus position
11(+5.0 [0.100 | 200 800 0.12 |69.4 |104 [13.0 |4.0 Pos. focus position
12|-3.0 |0.100 | 150 600 0.12 |69.4 |19.2 |32.0 |54 |same VED as ref.
13(-3.0 |[0.100 | 250 1000 |0.12 |69.4 |32.0 |32.0 |7.0 same VED as ref.
14|-3.0 |0.100 | 250 800 0.15 |69.4 [32.0 |39.9 |7.8 |same VED as ref.
15|-3.0 |0.100 | 400 800 0.12 |138.9|51.1 [63.9 |12.4 |Same PD, same ED
as ref.
16|-3.0 [0.100 | 400 1000 0.12 |111.1|511 [51.1 [11.1 |Same PD as ref.
17|-3.0 |0.100 | 400 800 0.15 |111.1|51.1 [63.9 |12.4 |Same PD, same ED
as ref., high hatch

3.2.3 Process monitoring

Publications III and IV included an element of process monitoring, with the purpose
of studying the potential of certain process monitoring methods to capture process
deviations caused by the studied variables.

For Publication III, a model SWL12R183NDU-211216 CIS contact image
sensor (CIS) from Weihai Hualing Opto-Electronics Co., Ltd. combined with a
National Instruments model USB-6351 data acquisition module (DAQ) was used to
acquire high-resolution (1200 dpi, 21 um/pixel) layer-based images of the entire re-
coated powder bed (scanning width 184 mm) for process monitoring purposes. The
DAQ was also connected to the SLM 125 HL control to read the re-coater position,
which was used as the trigger signal for image acquisition. The selected CIS sensor
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unit had a compact footprint of /=200 mm, w= 18 mm, and 4= 14 mm, and could
be mounted to the re-coater of the SLM 125 HL system without blocking any of the
active build area or in any way disturbing the build cycle. Furthermore, due to the
sufficiently high line-scanning frequency of the sensor of 4.5 kHz, a practically
relevant linear re-coating speed of 95 mm/s could still be maintained. As the CIS has
a short depth of focus, the blurred, out of focus areas that correspond to locations
where the powder layer height deviated from the nominal could be detected. These
areas were automatically detected and quantified from the images with a modified
Laplacian focus measure operator (FMO), as proposed in [104], and implemented as
a Python script. The setup is illustrated in Figure 19.
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Figure 19. Contact image sensor retrofitted on the re-coating mechanism of the SLM 125 HL PBF-
LB system, used for powder bed monitoring for Publication IlI.

For Publication IV, a Sigmal abs Inc. PrintRite3D melt pool monitoring system
was used to capture the thermal emissions from the PBF-LB process. The system
was retrofitted on the SLM 125 HL machine via the camera adapter port that is
located between the galvanometer scanner and the dynamic focusing unit, as shown
in Figure 20. The MPM system consists of three photodiodes, named Thermal
Energy Density (TED) and Thermal Energy Planck high and low (TEP high and
low). The TED sensor monitors a wide range of wavelengths in the visible to near-
infrared region for the purpose of capturing the total thermal emissions from the
process. The TEP high and low sensors have bandpass filters in front of them to limit
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the sensor response to only specific, narrow wavelength bands that are different but
close to one another. The ratio between the TEP high and low signal intensities could
be utilized as a two-color pyrometer to allow for transfer of the signal response to
actual temperature following Planck’s law. As the selected wavelengths are close to
one another, the emissivity can be assumed to be equal and removed from the
equation. For this thesis, the photodiode signal intensities were used as the response
metric, without any attempt to convert them into absolute temperatures.

TED

- Filter 2
| == Focus lens (same in all)
i90° mirror bs2
TEP high
: Filter 1 :
H TEP low ]
scanner ——
/ i . . Laser
\ Focus unit| Collimator Fiber

entry glass bsl
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Process emission
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“‘P,‘é‘ﬂ: A Powder bed
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Figure 20. Sigma Labs Printrite3D melt pool monitoring system (dashed) retrofitted on the optical
path of the SLM 125 HL PBF-LB system, used for monitoring electromagnetic radiation
originating from the melt pool in Publication IV.

Table 6 lists the relevant optical components with the corresponding optical
information in the system configuration at the time the experiments were conducted
for this thesis. Since then, the hardware has seen some updates.
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Table 6. List of optical components in the PrintRite3D MPM system retrofitted on the optical path
of the SLM 125 HL PBF-LB system via the camera adapter port.

Component Model Nominal optical range
TED Thorlabs PDA36A2 Si-photodiode | 350 — 1100 nm
TEP LOW Thorlabs APD440A Si-photodiode 400 — 1000 nm

Filter 1 (TEP LOW) Edmund Optics 65167, OD4, hard | 636 £ 5 nm
coated Bandpass filter

TEP HIGH Thorlabs APD440A Si-photodiode  |400 — 1000 nm

Filter 2 (TEP HIGH) Edmund Optics 65170, OD4, hard | 650 £ 5 nm
coated Bandpass filter

Focus lenses Thorlabs LA1951-A - N-BK7 Plano- | AR Coating: 350 — 700 nm
Convex Lens, @1", f =25 mm

Beam splitter (bs2) Thorlabs BPD254S-G - Polka Dot | 350 nm — 2 ym
Beamsplitter, 1" x 1", B270 Glass

Camera adapter (bs1) | Scanlab Camera adapter 1030 — 1110 nm & 450 — 900 nm

3.3 Material testing and characterization

3.3.1 Powder analysis

The powders used were characterized in terms of morphology, internal porosity,
particle size distribution (PSD), flowability, and tap/packing density, with varying
comprehensiveness depending on the Publication type. At a minimum, the PSD was
measured. The most comprehensive powder analysis was conducted for Publication
II, where the powder was an intended variable.

The morphology and internal porosity of the powders were qualitatively assessed
from SEM images acquired with an SEM 4 Zeiss Ultra Plus in Publication II and a
JEOL JSM-6360LYV in Publication III. The PSD of the powders was analyzed with
laser diffraction using a Malvern Mastersizer 3000.

Powder flowability was measured in Publication II with the Hall-flow test
following ISO standard 4490 and the Carney funnel test following ASTM standard
B964. Apparent and tap densities were measured according to ASTM standard B212.
The powder bed packing density was measured with a specifically designed hollow
powder container, as described in [119].
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3.3.2 Optical microscopy

A ZEISS Axio Observer Inverted Microscope was used for optical microscopy.
Depending on the Publication, porosity, melt pool geometry, and microstructural
features were analyzed from the acquired microscopy images.

To measure porosity, the cross-sections of the samples were polished to a mirror
finish, after which panorama images with x5 magnification were acquired to capture
the complete sample cross-section. The acquired 8-bit grayscale images were
processed with Image] (GNU General Public License) software. Thresholding was
used to convert the images to a binary scale where black corresponded to voids and
white to solid material. Identification and classification of defect types was not
conducted, rather all voids identified with the method were treated as a singular
group of defects, and the total fraction of these defects (i.e. the void fraction) reported
as the total porosity. The amount of porosity, or void fraction, within the sample
cross-section was calculated using the Particle Analyzer function of the Imagel
software.

After porosity analysis of polished cross-sections, Aqua Regia was used as the
etchant to reveal the microstructure and specifically the melt pool boundaries of the
single-tracks. Images with x20 and x50 magnifications of the region of interest were
acquired and used to measure the melt pool geometry (width, depth, and cross-
sectional area) with Image] (GNU General Public License) software.

3.3.3 Computed x-ray tomography

For Publications III and IV, xCT was used to identify voids and measure porosity in
the specimens. Identification and classification of defect types was not conducted,
rather all voids identified with the method were treated as a singular group of defects,
and the total fraction of these defects (i.e. the void fraction) reported as the total
porosity. In Publication III the xCT data was also used for dimensional analysis. The
major advantage of xCT over OM in measuring porosity is that it can be used to
analyze the whole 3D volume of the specimen for the presence of voids, instead of
only a 2D slice as in optical microscopy. Furthermore, XCT is a non-destructive
analysis method. A GE Phoenix v|tome[x s system equipped with a 240 kV direct
microfocus tube and either a 1.0 or 0.5 mm Cu filter was used, depending on
specimen geometry, to reduce the effect of beam hardening. For Publication III the
complex shaped specimens were scanned with helical scanning, while for
Publication IV axial scanning was used for the cylindrical samples. ImageJ (GNU
General Public License) software was used to analyze the 8-bit TIF image stack that
was the output data from the xCT scan. The achievable voxel resolution for the scans
depends (among other aspects) on the specimen geometry, and was 7.5 pm for the
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cylindrical specimens in Publication IV, and 11 pm for the thin-walled specimens
and 16 um for the overhang specimens in Publication III.

3.3.4 Tensile testing

Tensile testing for Publication II was conducted with an Instron 1185 universal
materials testing machine. The strain rate and other testing conditions were in
accordance with ISO standard 6892-1:2016 for room temperature testing. The
specimens were tested in machined surface condition, with a 5 mm gauge diameter
and 25 mm gauge length. Yield strength, ultimate tensile strength, and elongation at
fracture were measured in the test. The sample size was N=5.

3.3.5 Impact toughness testing

For Publication II, impact toughness was measured with Charpy-V specimens in
machined surface condition, with dimensions 10x10x55 mm and notch dimensioning
as required by ISO standard 148-1:2016. Testing was conducted at room temperature
using a Losenhausenwerk-MFL 1959 machine with a 300 J impact pendulum. The
sample size was N=3.

3.3.6 Scanning electron microscopy

A Zeiss Crossbeam 540 scanning electron microscope (SEM) was used for
Publication II. The SEM was equipped with an EDAX Hikari Plus electron
backscatter diffraction (EBSD) detector and a solid-state four-quadrant backscatter
detector (BSD). BSD images were acquired at a magnification of 50-5000x. EBSD
was performed at 500x and 125x magnifications with a step size of 0.3 and 1 pum,
respectively. Inversed pole figure (IPF) and kernel average misorientation (KAM)
images at a scale of 0—5° were produced from the data using TSL OIM Analysis 8
software. The equipment was used to analyze the microstructure, fracture surfaces,
and size/composition of inclusions in the specimens, and their evolution with
different heat treatment conditions was compared in Publication II. For
microstructural analysis, the cross-sections of the samples were ground and then
polished with a 0.05 pm, non-crystallizing amorphous colloidal silica suspension.
Fracture surfaces were imaged in the as-fractured condition.

3.3.7 Chemical composition

For Publication II, the chemical composition of the manufactured specimens was
measured with optical emission spectrometry using an OES ARL ISpark 8860 for
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heavy elements, and the O and N contents were measured with the carrier gas method
using a Leco TC-500. The chemical composition of the powder used for Publication
III was measured with inductively coupled plasma-optical emission spectrometry
(ICP-OES) using a Thermo-Fischer iCAP7400 Duo for heavy elements, with inert
gas fusion LECO ONH-836 for gases O, N, and H, and with combustion non-
dispersive infrared detection using LECO CS 744 for C and S.

3.3.8 Summary

Each of the methods described above were utilized in one or more of the publications
covered in this thesis. Table 7 provides a summary of the materials testing and
characterization methods used in each publication.

Table 7. Summary of analysis methods used in each publication.

No. | Powder Poro- | Material | Micro- Melt pool |Process Others
analysis sity |testing |structure |geometry |monitoring
| PSD OM | None OoM OM None Gas flow speed
measurement
Il PSD, SEM, |OM |Tensile, |OM, None None Powder flow, tap
composition impact, |SEM, and packing
fracture |EBSD, density analysis
surfaces | EDS
Il |PSD, SEM, |xCT |[None None None Powder bed | Dimensional
composition imaging analysis
IV |PSD OM, |None OoM OM Melt pool Laser beam
xCT monitoring characterization,
spectrometry
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4 Results

4.1 Effect of shielding gas flow on porosity and
melt pool geometry

Publication I studied the effect of shielding gas flow on quality of parts produced.
Figure 21 summarizes the results of varying the shielding gas flow speed while
operating at constant laser parameters, but at different locations of the building
platform. Figure 21 (a-b) first shows the shielding gas flow speed as measured
above the building platform at the nine specimen locations for two different gas flow
speeds and (c) shows that there is a linear correlation between the gas flow speed
setting monitored in the machine (measured at the inlet pipe) and the actual gas flow
speed measured above the build area. As seen in Figure 21 (d), the porosity remains
low (<0.07%) at all locations when the gas flow speed is above 2.5 m/s. When the
gas flow speed is decreased to 2.0 m/s and below the porosity increases
exponentially. The trend is the same regardless of location. Location 1 shows
somewhat higher porosities in the 1.0 and 2.0 m/s gas flow condition, and location 4
in the 1.0 m/s condition, compared to the rest. Figure 21 (e—f) further shows the melt
pool dimensions as a function of location on the building platform. For gas flow
speeds between 4.0 m/s and 2.5 m/s, the melt pool penetration depth and width
remain fairly constant. The penetration decreases dramatically and the weld width
increases to some degree when the gas flow speed is reduced below 2.0 m/s. No
correlation between the building platform location and the melt pool dimensions can
be inferred as the intra-specimen variations are much higher than any differences
between the locations.

64



Results

P
&

(a)

1.0 — 1.0
E
0. 08 @ Eo‘g R>=0.9821
£ g ?
0.6 ?.g %06 ;
0.65 =3 o S
04 & 2
= _‘; 0.4 A %
4 D
0.62 02 O 2 A2
' 202 4 ;
=) s
0.0 &= N
£ 0.0
O . T T
0.0 2.0 4.0 6.0
Gas flow speed at inlet pipe [m/s]
B B
E E
=]
front
(d) (e) )
10 250 .l g 150 ;
> -
. 1 =000 : 2 3 °
) 2 & ° = £ 8 .2
1 ‘ = - 3 8 £ a8 3
S 3 =50 2 &g .1 E 100 g+ . d
= . 2 I idi H £ AR E 4
201 . 4% o ﬁgig; -5 g Tirot -5
g 130 33100 888y . 2 CI A ui
o : o6 a S 50 . s 8
g & o7 g S8 o o7
0.01 7 3 s | B ! g
3 = 8 B} N i
09 = . o 09
0.001 N o9 0 — 0 -
00 1.0 20 30 40 50 00 1.0 20 3.0 40 5.0 00 10 20 30 40 5.0
Nominal gas flow speed [m/s] Nominal gas flow speed [m/s] Nominal gas flow speed [m/s]

Figure 21. Effect of shielding gas flow speed on porosity and melt pool geometry at nine different
locations on the building platform. The gas flow speeds as measured at specific
locations with a (a) 4 m/s and (b) 2 m/s nominal gas flow speed setting, and (c) the linear
correlation between the set speed and speed measured at the building platform, where
R? is the coefficient of determination for the goodness of the fit. The corresponding (d)
porosity, (e) melt pool width, and (f) melt pool penetration are also given as a function
of the set shielding gas flow speed at the nine different locations. Notice the logarithmic
scale for porosity in (d). The laser scanning parameters were constantat p =175 W, v
=750 mm/s, and h = 0.12 mm. Adapted from Publication I.

Figure 22 shows the effect of gas flow speed on (a—b) melt pool geometry and
(c) porosity for various laser power and scanning combinations, characterized by the
line energy LE=P/v. Similarly, as already observed in Figure 21, the penetration
remains essentially constant for gas flow speeds between 2.5 and 4.0 m/s. Once
reduced to 2.0 m/s and below, a sharp decrease in the penetration depth is observed
for specimens with line energies >0.2 J/mm. The higher the line energy above this
threshold, the greater the decrease in penetration depth. For low line energies (<0.1
J/mm) the shielding gas flow speed has no effect on the penetration depth. Similarly,
with high line energy, the melt pool width increases as the gas flow speed decreases.
At low line energies, the shielding gas flows speed has no impact on the melt pool
width. Examples of melt pool cross-sections as a function of the gas flow speed at
high and low line energies are included.
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Next, Figure 22 (c) shows the porosity at different line energies as a function of
gas flow speed. The general trend at all line energies is that the porosity increases as
the nominal gas flow speed decreases. The trends are, however, different depending
on the line energy used. At medium line energy (0.1-0.35 J/mm) there is an
exponential increase in porosity after the nominal gas flow speed is decreased to
2.0 m/s and below, similar to Figure 21 (d). At low (<0.1 J/mm) line energy, the
exponential increase at 2.0 m/s is not clear, rather the porosity has a more continuous,
almost linear, increase associated with each subsequent decrease in gas flow. At high
line energy (>0.35 J/mm), in contrast, the porosity first decreases when the gas flow
speed is reduced to 2.0 m/s, only to increase again once reduced further to 1.0 m/s.

Figure 22 (d) further highlights the impact of the shielding gas flow speed on
the melt pool area at different laser powers. Although the relationship between laser
power and melt pool size is always linear, the slope changes dramatically depending
on the shielding gas flow speed used. The melt pool area decreases by 30-50% when
the shielding gas flow speed is decreased from 4 m/s to 2 m/s, depending on the laser
power used. With high laser powers the loss of penetration associated with a
decreased shielding gas cross-flow is more dramatic.
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Figure 22. Effect of shielding gas flow speed on (a) melt pool penetration, (b) melt pool width, and
(c) porosity (notice the logarithmic scale) at various laser energy densities, and (d) linear
fit to melt pool cross-sectional area as a function of laser power at 4 m/s and 2 m/s gas
flow speeds, where R? is the coefficient of determination for the goodness of the fit.
Adapted from Publication I.
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4.2 Effect of heat treatments on variability in
mechanical properties

Publication II studied the effects of different machine-powder combinations and
post-process heat treatments on the quality of parts produced. Figure 23 summarizes
the mechanical properties of parts produced utilizing different machine-powder
combinations, and the impact of standardized post-process heat treatments on the
properties. In the stress-relieved (SR) condition the maximum differences in the
properties between the studied machine-powder combinations were ~7% in ultimate
tensile strength (Rn), yield strength (Rp0.2), and elongation after fracture (A).
Solution annealing (SA) reduced the absolute values of Ry by 4-7% and Rpo. by
15-26%, while elongation increased by 14-20% compared to the SR condition. Hot
isostatic pressing (HIP) reduced the R, by 3—8% and the Rpo. by 43—47%, and it
increased elongation by 17-32% compared to the SR condition. It is worth noting
that all the tested specimens regardless of condition met and exceeded the minimum
requirements defined in ASTM F3184-16 for AM 316L. The intra-specimen
variation in tensile properties within each heat treatment condition was small. The
standard deviations were from 0.6—7.7 MPa for Rpg., 0.6-3.0 MPa for Ry, and 0.6—
3.2% for elongation, indicated by the error bars in Figure 23 (a—c).

Figure 23 (d) shows that the porosity for all conditions was generally low, at
<0.07%. It can be also seen that the HIP condition resulted in clearly lower porosity
(0.01%) than the other conditions, as might be expected. The EOS powder in the
SLM machine resulted in slightly higher porosity, while the EOS machine resulted
in similar porosities regardless of the powder used.

Figure 23 (e) shows that the impact toughness was higher for specimens
produced with the EOS machine, regardless of the power and heat treatment used.
Even after HIP, the impact toughness was ~10% higher for specimens manufactured
with the EOS machine.

In the baseline SR condition, the impact toughness using the EOS machine was
10% higher when using SLM powder, and 25% higher when using EOS powder,
compared to the SLM machine. SA and HIP both reduced the absolute impact
toughness values compared to the SR condition.

Finally, Figure 23 (f) summarizes the impact of the studied heat treatments in
terms of reducing the variability in mechanical properties, characterized by the
coefficient of variation (CV). HIP significantly reduced the variation between the
conditions for all properties except tensile elongation. Compared with the baseline
SR condition, SA effectively reduced the variation in ultimate tensile strength and
porosity, while the variation in yield strength, impact toughness, and elongation
increased.
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Figure 23. Effect of different machine-powder combinations and post-process heat treatments on
(a—c) tensile properties, (d) porosity and (e) impact toughness of PBF-LB processed
316L stainless steel, while (f) shows the impact of the different heat treatments on the
coefficient of variation of the properties. Adapted from Publication II.
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The microstructures of the different heat-treatment conditions as analyzed with
optical microscopy and SEM/BSD are shown in Figure 24, while Figure 25 shows
the EBSD images. In the etched OM images, the individual melt pool boundaries
from the PBF-LB process are visible in the SR condition, but not anymore in the SA
and HIP conditions. In the SR and SA conditions, the grains were mostly columnar
along the built direction and highly textured, as seen in the BSD images. A clear
difference in the microstructure was observed for the HIP condition, where annealed
grains along with annealing twins were observed. For the HIP condition the BSD
images also clearly showed that the round inclusions were much larger than in the
SA and SR conditions. Furthermore, the inclusion size in the SA condition seemed
slightly larger than in the SR condition. From the EBSD analysis, the KAM images
indicate the release of residual strain/stress specifically inside the grains after
solution annealing. A slightly more equiaxed grain structure can be observed for the
SA condition compared with the SR condition, indicating partial recovery after
solution annealing. The highly textured and columnar grain structure generated along
the build direction in the PBF-LB process remains in the stress-relieved condition
and generally also in the solution annealed condition, but disappeared after HIP. The
HIP treatment involves re-crystallization and the formation of equiaxed grains of
approximately 100 um in size. However, features of the cellular sub-grain structure
remain, as can be seen in the BSD images.
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Figure 24. Microstructures of the SLM-SLMp machine-powder combination specimen imaged with
(a—c) an optical microscope and (d—i) SEM/BSD at two magnifications for the SR, SA,
and HIP heat-treatment conditions. The build direction is from bottom to top in the

images. Adapted from Publication II.
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HIP

SA

SR

SLM-SLMp

Figure 25. EBSD images displaying (a—f) inverse pole figure (IPF) maps at two magnifications and
(g—i) kernel average misorientation (KAM) maps of the SLM-SLMp machine-powder
combination specimen for the SR, SA, and HIP heat-treatment conditions. The build
direction is from bottom to top in the images. Adapted from Publication .
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Figure 26 shows SEM images of typical impact specimen fracture surfaces.
Ductile dimple fracture was the dominant failure mode observed for all studied
conditions. However, it was observed that the dimples showed a size difference
between the heat treatment conditions with HIP > SA > SR, which indicates
coarsening of the sub-grain cellular structure and inclusions, also visible in the BSD
images of Figure 24.

EOS-SLMp

0000Tx 0000Tx

0000Tx

Figure 26. SEM-SE images of typical impact specimen fracture surfaces for all the studied
machine-powder combinations in SR, SA, and HIP heat-treatment conditions. Adapted
from Publication 1.

Higher magnification SEM images (shown in Figure 27) revealed inclusions
mainly located at the dimples. From the images, the sizes of the inclusions were
measured to be around 400-1600 nm for HIP, 300—-600 nm for SA, and 50-300 nm
for the SR condition. The oxide inclusions were also observed to be larger in
specimens produced with the SLM powder (SLMp), regardless of the machine used.
The inclusions were mostly round oxides in the specimens produced from the SLM
powder, whereas for the EOS powder the inclusions were more angular in shape.
Analysis of the composition of the oxide inclusions with EDS confirmed the
spherical inclusions to be Si-oxides, while the angular ones were Mo-Mn-Fe-oxides.
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EOS-SLMp
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/4 y
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Condition Specimen Point C (8] Al Si Cr Mn Fe Ni Mo
SLM-SLMp A 1.6 45.0 - 33.1 12.8 3.8 3.1 - -
SR SLM-EOSp B 24 286 2.3 21.6 12.9 6.1 21.8 40 <1
EOS-EOSp C 2.2 37.2 2.1 6.6 25.2 7.5 16.4 1.2 1.6
EOS-SLMp D 3.0 427 1.0 36.7 8.7 <1 5.9 <1 -
SLM-SLMp E 1.8  21.6 - 19.6 8.5 11.0 3.5 - 34.0
SA SLM-EOSp F 1.8 1.5 - - 5.7 242 2.6 - 64.0
EOS-EOSp G 1.5 2.9 - - 6.9 19.9 4.2 <1 64.2
EOS-SLMp H L5 43.2 1.2 43.0 6.0 - 4.3 <1 -
SLM-SLMp I 1.1 1.9 - <1 7.3 18.9 1.0 - 69.0
J - 51.6 13 459 - - <1 - -
SLM-EOSp K 2.7 64.5 1.7 - 29.1 1.9 - - -
HIP EOS-EOSp L 31 661 - - 287 1.0 1.2 . -
M <1 2.7 - 1.6 5.9 8.9 4.7 <1 74.4
EOS-SLMp
N 1.9 39.9 2.5 31.2 6.0 2.4 <1 - 15.2

Figure 27. SEM images of the inclusions on the impact specimen fracture surfaces for all studied
machine-powder combinations for the SR (a—d), SA (e—h), and HIP (i-l) heat-treatment
conditions. EDS analysis of the elemental composition (wt-%) at points (A-N) is
included. Adapted from Publication II.

4.3 Effect of re-coater blade type on porosity and
processability

Publication III studied the impact of the re-coater blade type used on the quality of
parts produced. The processability of selected challenging features was assessed by
simply observing whether the features could be successfully manufactured. When
building with the soft re-coater blade, all the parts in the build job were manufactured
until the end of the build job; however, some features damaged the re-coater blade
upon collision. When building with the hard re-coater blade, a collision between the
unyielding blade and a feature of a part rising from the powder bed caused an
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interruption to the build cycle three times, and the parts that collided had to be
discontinued. After this initial assessment, images obtained with the CIS-based
process monitoring setup (see Section 3.2.3) were used to further analyze the
processability of the features.

Figure 28 (a—f) shows various types of anomalies on the spread powder layer
identified in the CIS images. These include spatter deposition on (a) a part surface
and (b) re-deposition by the re-coater at other locations, (c¢) insufficient powder
deposition on a part surface, (d) powder bed disturbances caused by a re-coater
broken due to collision with part features rising from the powder bed, (e) broken part
features due to collision with the re-coater, and (f) disturbances in the powder bed
due to contact between the re-coater and part features protruding from the powder
bed. Figure 28 (g-h) shows the quantified metric derived from the images based on
the Laplacian focus measure of disturbances in the powder bed caused by collisions
between a protruding thin feature and the re-coater blade. Such disturbances in the
powder bed were seen frequently with the hard re-coater blade, but were rarer with
the soft blade. During the first 200 layers of the build, which correspond to the solid
bottoms of the specimens, the proportion of out-of-focus area in the images remains
low for both re-coater blades. After the thin walls and overhang features start (layers
>200), the proportion of out-of-focus area in the image increases dramatically for the
hard blade due to frequent disturbances in the powder bed, while remaining relatively
stable for the soft blade. Furthermore, with the hard blade there is high variance
between individual layers, which means that collisions between the protruding
features and the hard blade occurred only on some layers. Examples of Laplacian
focus measure images from selected layers (layers number 50, 212, and 360) of the
builds processed with either the hard or soft blade are included.
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Figure 28. Qualitative examples (a—f) of various types of powder bed anomalies identifiable in the
CIS images and (g—h) quantification of powder bed disturbances as proportion of out-
of-focus area based on the Laplacian focus measure calculated for the powder bed
images as a function of re-coater blade type, for the type of anomaly shown in (f).
Adapted from Publication IlI.

Figure 29 shows the dimensional accuracy of the thin walls produced using the
hard and soft blades. With both re-coater blades and for all the part orientations
studied, the variation in cross-sectional area along the wall height increases when the
wall thickness is decreased. Increasing the wall thickness to >1.0 mm decreases the
dimensional error to below 0.4% for the soft blade, after which it does not decrease
much even as the wall thickness is further increased. The dimensional inaccuracy
increases exponentially when producing walls thinner than 1.0 mm. For a given wall
thickness, the part orientation together with the re-coater blade type used have an
impact on the magnitude of the dimensional inaccuracy. The lowest accuracy is
observed for the combination of 45° part orientation and hard re-coater blade.
Comparison of the soft and hard re-coater blades reveals that the soft blade resulted
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in higher dimensional accuracy in all the studied part orientations. The same can be
said for the surface roughness, as the walls built using the soft blade have smoother
surfaces than those built using the hard blade.
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Figure 29. Dimensional accuracy as represented by the coefficient of variation in the cross-
sectional area of the thin walls as a function of wall thickness, part orientation, and soft
or hard blade. Adapted from Publication .

Figure 30 shows the dimensional accuracy of the overhangs. Only ~30 layers of
the specimen oriented horizontally in relation to the hard re-coater blade could be
built before a severe collision between a protruding overhang feature and the hard
blade caused the build to stop. For this reason, only the specimens with parallel
orientation could be analyzed and compared. With this orientation the hard re-coater
blade could process the overhangs for ~ 100 layers, after which a collision resulted
in a build interruption. The soft re-coater blade was able to process the features
successfully until the end with both orientations, although deterioration of the
geometrical accuracy of the features was observed. For quantitative comparison, the
distance of each overhang from the beginning to the point where the geometrical
accuracy started to deteriorate was measured. The soft blade resulted in longer
feature distance and better surface quality for the 45° and 40° overhangs. For the
steeper overhangs (<35°), the hard re-coater blade resulted in longer feature
distances before severe geometrical inaccuracy was observed. The bottom surface
quality was better for the overhangs produced using the hard blade.
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Figure 30. 3D-rendering of the xCT data showing qualitatively the (left) bottom and (right) top
surface qualities of the overhang features manufactured with the soft and hard blades.
The length of the overhang properly produced is measured from the top surface for
quantitative comparison. Adapted from Publication Il1.

Table 8 lists the measured porosities of the thin walls as a function of part
orientation and re-coater blade type. For the overhangs no meaningful total porosity
calculation could be made as the features were so deformed that defining part
outlines and measuring the part volume accurately was not possible. For the thin
walls, it can be seen that the manufactured solid bottoms (bulk material without any
intricate features) of the parts are practically fully dense (porosity <0.001%), with
barely any voids identified with the XCT scan at 11 pm resolution. This was the case
for both re-coater blade types and all studied part orientations. For wall thicknesses
of 1.0 mm and above, porosity remains similar to the extremely low levels of the
solid bottoms (i.e. bulk material), and no clear differences between blade types can
be seen. Reducing the wall thickness below 1.0 mm causes an exponential increase
in the porosity. Furthermore, in walls thinner than 1.0 mm, differences in porosity as
a function of part orientation and re-coater blade type can be observed. Walls that
were oriented parallel (0°) to the re-coating direction and built with the soft re-coater
blade resulted in the lowest porosity. At the other extreme, the combination of hard
blade and walls oriented horizontally (90°) in relation to the re-coating direction
resulted in the highest porosity. The largest difference in porosity between the blades
was observed for the wall thickness of 0.3 mm at 90° orientation, where the hard
blade resulted in 412% higher porosity than the soft blade. In the case of the 45° and
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90° part orientations, the soft re-coater blade resulted in equal or lower porosities for
all wall thicknesses. At the 0° orientation, the hard blade resulted in slightly lower
porosities in the 0.7 and 0.5 mm walls, while for the 0.3 mm wall thickness the soft
blade again resulted in lower porosity.

Table 8. Overall porosity as a function of wall thickness, part orientation, and re-coater blade
type.

Soft blade Hard blade

Orientation | 0° 45° 90° 0° 45° 90°
Solid bottom |0.001% 0.001% 0.000% 0.001% 0.000% 0.001%
2.0 mm wall | 0.000% 0.000% 0.000% 0.000% 0.000% 0.002%
1.5mmwall |0.001% 0.000% 0.000% 0.001% 0.004% 0.014%
1.0 mm wall |0.001% 0.000% 0.000% 0.001% 0.010% 0.027%
0.7 mm wall |0.004% 0.008% 0.164% 0.002% 0.034% 0.512%
0.5 mm wall |0.125% 0.288% 0.501% 0.054% 0.390% 1.484%
0.3 mmwall |0.434% 1.232% 0.458% 0.927% 1.722% 2.345%

The defect size distributions as a function of feature type, part orientation, and
re-coater blade type are shown in Figure 31, while Table 9 shows the mean and
maximum defect size for all conditions. As explained in Chapter 0, the types of
defect that the voids in the xCT data represent were not identified and classified, but
rather treated as a singular group of voids in the material. It is worth noting that with
the hard blade the walls of the 90° specimen could be only built for ~15 layers. To
allow for comparison, the defect count was then divided by the number of layers
built for each thin-walled specimen, characterized as defects per layer. When the
wall thickness is decreased below 1.0 mm, the number of defects starts to increase
exponentially. Also, the mean size of the defects starts to increase in thin walls below
1.0 mm. Both number and size of defects contribute to the aggregate value of total
porosity shown in Table 8. Comparison between the re-coater blade types reveals
that use of the soft blade results in significantly fewer defects, while the defect sizes
are generally slightly smaller with the hard blade. Between the orientations, the 0°
condition results in the smallest number and smallest mean size of defects with both
blades.

With both blades the number of defects increases as a function of the overhang
inclination angle. The steeper the overhang, the more defects were observed. The
soft blade resulted in more and larger defects on the overhangs overall. Depending
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on the overhang angle, the mean diameters of the defects were 1.3-2.0 times larger
with the soft blade.

Soft blade Hard blade
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Figure 31. Number of defects having a cross-sectional area larger than 10 pixels (1210 um?) as a
function of re-coater blade type, part orientation, and (a—f) wall thickness and (g-h)
overhang inclination angle. Note that in (a—f) the y-axis is defect count normalized per
layer, while in (g—h) it is defect count as such. Note the logarithmic scale on the x-axis
in all cases. Transparent re-constructions of the parts and the defects (in red) within are
included. Adapted from Publication IlI.
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Table 9. Mean and maximum defect size as a function of feature, orientation, and re-coater
blade, assuming a spherical defect shape.

Soft blade Hard blade
Orientation 0° 45° 90° 0° 45° 90°

Statistic | Mean | Max |Mean |Max |Mean|Max |Mean|Max |Mean|Max |Mean |Max
[um]
2.0 mmwall |15 79 16 46 15 35 16 46 19 48 16 35
1.5 mmwall |21 90 26 206 |21 105 |16 46 26 124 |16 41
1.0 mmwall |19 62 22 90 20 73 15 30 29 179 |15 43
0.7 mmwall |23 112 |44 161 |60 184 (18 58 37 247 |40 177
0.5 mmwall |43 183 |67 234 |59 232 |42 161 |55 260 |43 190
0.3mmwall |31 155 |39 174 |33 227 |33 331 |43 370 |49 274

45° overhang |- - - - 67 334 |- - - - 50 591
40° overhang |- - - - 73 305 |- - - - 40 195
35° overhang |- - - - 76 281 |- - - - 40 253
30° overhang |- - - - 87 408 |- - - - 43 195
25° overhang |- - - - 83 786 |- - - - 51 263
4.4 Effect of focal point position on porosity and

melt pool geometry

Publication IV studied the impact of focal point position on quality of parts
produced. Figure 32 (a—) shows the measured melt pool height, penetration, and
width as a function of the focal point position. The beam diameter at the work plane
associated with each focal point position is included in the figure as the solid line.
When the focus position is changed, the melt pool depth inversely follows the
hyperbolic trend of the beam diameter. The greatest melt pool depths are observed
when the laser beam focal point is on the laser-material interaction plane, or slightly
below it. When the focal point position is between +1 and —1 mm compared to the
laser-material interaction plane, the variation in average melt pool penetration is 13%
and in melt pool total height 8%. These are comparable to the observed intra-
specimen variations of 10—23% for penetration depth and 5—9% for total height
within the same focal point position range. Positioning the focal point above +1 mm
or below —1 mm from the laser-material interaction plane causes a dramatic decrease
in penetration and total depth. The decrease is more severe in the positive direction,
with the lowest melt pool depth measured in the +5 mm condition. This corresponds
to a decrease of 64% in penetration and 50% in depth compared to the +0.5 mm
focus position, where the melt pool was deepest. The impact of focal point position
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on melt pool width is subtle. On average, the smallest melt pool widths are measured
for conditions where the focal point position is at or close to the laser-material
interaction plane, and only increase slightly when moving above or below the laser-
material interaction plane. However, the intra-specimen scatter in the width
measurements is relatively high and hence a statistically significant difference was
not found. The melt pool width was narrowest at the +0.5 mm focal point position
and widest at +5 mm, with a 15% difference in the averages.

Figure 32 (d—f) shows the photodiode signal intensities obtained with the MPM

setup detailed in Chapter 3.2.3 as a function of the focal point position and beam
diameter at the work plane. As the focal point position is varied, the signal intensity
at the TEP high and TEP low sensors follows a hyperbolic trend in the beam
diameter. The TEP low and high signals separately provide a better inverse
correlation with the changing beam diameter (caused by the change in the focal point
position) than the TEP ratio. The photodiode signals remain fairly constant when the
focal point position is between +1 mm and —1 mm. Deviating the focal point position
more than this in either direction causes an increase in the TEP high and low signals.
When the focal point of the laser beam is positioned below the work plane, the
gradient of the increase in the TEP signals is slightly higher compared with when the
focal point is positioned above the work plane. This aligns well with the slight
asymmetry in the beam diameter between the directions.
In general, the trend observed for all the photodiode signals matches well with the
melt pool depth and penetration response. For the TED sensor signal there are two
data points that deviate from the trend. At the +0.5 mm focus position, the TED
signal is higher than the hyperbolic trend would suggest (the red circle in Figure 32
(f)). Further analyses (See the Appendix of Publication IV) showed that this anomaly
was caused by a change in photodiode intensity close to the middle of the building
platform where this specimen was located. Another deviation is seen at the +5 mm
focus position, where the TED signal no longer follows the hyperbolic trend. The
cause of this could not be identified within the study.
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Figure 32. (b—c) Melt pool dimensions (height h, width w, and penetration p measured as shown in
(a)) and (d—-f) melt pool monitoring (MPM) photodiode signal intensities as a function of
focus position and beam diameter at the work plane. In (b—f), the line marks the mean,
the transparent blue/orange error bar is the (95% for melt pool dimensions, 99% for
MPM signals) confidence interval of the mean, and the whiskers mark the sample
standard deviation of the data. For the beam diameters the whiskers mark the error
associated with the measuring device. The red circle in (f) marks an anomaly identified
in the data. Adapted from Publication IV.

In Figure 33, the beam area-normalized melt pool width and penetration as a
function of the studied energy density parameters (see Chapter 2.6) are plotted. VED
shows no clear correlation with the melt pool dimensional response when the beam
diameter (via the focal point position adjustment) is included as a variable. This is
understandable, as the metric does not consider beam diameter in the equation at all.
For the other energy density parameters PD, ED, and AH/h,, and the new TED/ra’
introduced in this thesis, there is a strong positive linear correlation between the melt
pool width for the whole range of parameters studied, while for melt pool penetration
the strong linear trend starts to break down at the highest energy densities studied,
corresponding to a threshold of AH/h, ~12. The coefficients of determination (R?)
for the linear regression analysis are included in Table 10.
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Figure 33. Laser beam radius a-normalized melt pool (a—e) width w and (f-j) penetration p as a
function of energy density parameters (blue) introduced in previous studies and (orange)
the normalized energy density parameter based on the photodiode melt pool monitoring
signal introduced in this thesis. The circles mark specimens where the focal point
position is a variable, while crosses mark specimens where the laser power, scanning
speed, and hatch distance were the intended variables. Adapted from Publication IV.

Table 10. Coefficients of determination (R?) for linear regression analysis between the studied
energy density parameters and the normalized melt pool width and penetration.
Energy density R? for linear regression
parameter
Response | w/a p/a p/a, while AH/hs < 12
VED 0.19 0.56 0.11
PD 0.87 0.82 0.86
ED 0.95 0.86 0.87
AH/hg 0.86 0.91 0.95
TED/ma? 0.90 0.80 0.87

Porosity as a function of the studied focal point positions is shown in Figure 34.
For all the studied conditions, the cylinders (i.e. bulk material) were practically fully
dense, with porosities of <0.004%. In the thin walls the porosity increased ten-fold
for all the studied conditions. The differences in porosity, caused by a change in the
focal point position, become more evident in the thin-walled geometries. Between
the =5 mm and —0.5 mm focal point positions the porosity remains fairly constant.
Between 0 mm and +2 mm the porosity decreases slightly. In the +3 mm focal point
position the porosity increases slightly, and in the +5 mm condition a significant
increase can already be observed. Figure 34 (a, b) shows the defect sizes for the
studied focus positions. As explained in Chapter 0, the types of defect that the voids
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in the xCT data represent were not identified and classified, but rather treated as a
singular group of voids in the material. The focal point position does not have a
major impact on defect size. The defects are relatively small (mean diameter 15—21
pum) in all conditions. It can be seen, however, that the number of larger defects (>60
um mean diameter) is higher in the thin walls. The largest defect in the thin walls
was ~110 um in diameter, in the specimen produced with the +5 mm focal point
position. Finally, Figure 34 (d) shows the number of defects as a function of focal
point position. The trend aligns well with the trend in total porosity, which means
that an increase in number of defects rather than an increase in defect size is
responsible for the measured differences in total porosity between the studied focal
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Figure 34. Defect size distributions for (a) cylinder and (b) thin-walled sections of the specimens
as a function of the focal point position. Total porosity as a function of focal point position
is shown in (c), along with the associated change in beam diameter. Number of defects
per unit volume of material as a function of focal point position is shown in (d). In (a-b),
the lines mark the median, the triangles the mean, the boxes the 25" and 75" and the
whiskers the 1%t and 99" percentiles of the data, while outliers are marked with dots. In
(c) the whiskers mark the error associated with the porosity measurement method.
Notice the logarithmic scale of the y-axis in (d). Adapted from Publication IV.
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From the xCT data it was observed that in all the specimens the majority of the
defects were concentrated at part edges. This is shown in Figure 35 for the
specimens produced at the different focal point positions. Although in all cases most
defects are concentrated at the edges, it can be seen that for the +5 mm focal point
position the number of defects in the core also increased significantly.
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Figure 35. Total porosity for (a, c) the core and (b, d) border regions in the (a—b) cylinder and (c—d)
thin-walled sections of the specimens, as a function of focal point position. Defects in
an area within 0.15 mm from the part edge were classified as border defects, the rest
as core. Defect locations projected from the build direction on the xy-plane for the
cylinder and thin-walled sections are shown as examples for specimens produced with
(i) =5 mm, (ii) 0 mm, and (iii) +5 mm focal point positions. Adapted from Publication IV.

Furthermore, when analyzing the single tracks from the xCT, defects formed at
the ends of the laser vectors were identified. Such defects were frequently seen in
the laser vector endings, never at the beginnings. This is shown in Figure 36 (a—b).
These defects were more frequent in specimens produced with high laser powers
above 200 W. Three types of behavior in the single tracks where such defects were
present were observed in transverse cross-sections of the vector endings in the xCT
data. Firstly, it was observed that the keyhole, caused by the vapor-induced pressure
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during the laser melting, had remained open after solidification at the laser vector
end. Examples of this are shown in Figure 36 (c, f, g). Secondly, it was observed
that the keyhole had closed from the middle in some single-track endings, but the
bottom had remained open during solidification, leaving behind a void underneath
the surface. Examples of this can be seen in Figure 36 (d, e, h). And thirdly, in some
single tracks the keyhole had closed and only a minor dent, if anything, was visible
at the laser vector end. Finally, Figure 36 (i—1) shows examples of such defects
located at the edges of the macroscopic part, where the laser vectors end.

stop start stop start stop start stop start stop start

S e e -

| P=400 W, Af=-3mm, p=158+ 15 um |} P=400W, Af=-3mm, p=170=11pm !} P=200W,Af=0mmp=72%17pm |
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Figure 36. Perpendicular (a-b) views of the xCT data in relation to the single-track cross-sections
showing openly solidified keyholes and associated keyhole pores at the ends (never at
the beginnings) of the laser vectors. Transverse (c—h) views of the xCT data in relation
to the single-track cross-sections showing examples of (c, f, g) keyholes solidified open
at the surface and (d, e, h) keyholes where only the bottom has solidified open.
Examples of border defects at (i, j) the 0 mm focal point position with 200 W laser power
and (k, 1) the =3 mm focal point position with 400 W laser power. BD indicates build
direction, the red arrows the scanning direction, and the white line shows the penetration
p measured for the associated single tracks from the etched cross-sections. Adapted
from Publication IV.
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5 Discussion

5.1 Machine architecture-defined process
parameters as sources of variability

The machine architecture-defined process parameters studied in this thesis were the
shielding gas flow speed, re-coater blade type, and focal point position. This chapter
discusses their contribution to the observed variation in part properties in the PBF-
LB process, and how these parameters should be treated with regard to quality
control.

Gas flow

The shielding gas flow is a crucial part of the PBF-LB process, and the flow speed
has a significant effect on the melt pool geometry and porosity. The shielding gas
flow settings used should therefore always be reported in the Methods section of
PBF-LB studies as standard, along with laser power and scanning speed. The
influence of the shielding gas flow speed on the melt pool geometry depends on the
values of the laser parameters used. When operating at high (>0.35 J/mm) and
medium (0.1-0.35 J/mm) line energy, corresponding to keyhole and transition mode
melting, the shielding gas flow speed plays a crucial role in removing the vapor
plume from the laser beam path. In these conditions, when the shielding gas flow
speed is reduced below a certain threshold there is a drastic loss of penetration and
an increase in weld width and instability due to insufficient removal of the vapor
plume. The plume attenuates and scatters the laser beam, effectively reducing the
energy density at the work plane, which causes loss of penetration if not adequately
removed. This loss of penetration is severe enough to cause excessive lack of fusion,
which results in an exponential increase in porosity at part level. Increasing the
shielding gas flow speed further above the threshold does not result in additional
significant changes in the melt pool geometry; however, the porosity continues to
decrease, although at a smaller magnitude than that associated with the loss of
penetration. This smaller impact on porosity is most likely associated with the
continued improvement in the removal of the spatter and denudated powder particles
from the build area, which are known to also cause stochastic lack-of-fusion defects
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[84]. This could also explain the somewhat higher porosities observed in low gas
flow conditions at locations 1 and 4 on the build area in Figure 21 on the build area,
which are located down-stream in relation to the cross-flow of shielding gas and the
other parts being scanned, where most such spatter and denudated particles will land
[84].

When operating at low energy densities (i.e. in the conduction mode melting
regime) the shielding gas flow speed has no impact on the melt pool width and
penetration. In conduction mode, the temperature in the melt pool is below the
boiling point, meaning there is no vaporization or keyhole formation that leads to
deep penetration in high energy density conditions. Therefore, there is no vapor
plume to be removed by the shielding gas flow, no keyhole or penetration to be lost,
and hence no systematic lack of fusion results. However, porosity still increased
slightly in conduction mode melting when the gas flow speed was reduced. This
could also be associated with the decreased removal of spatters and denudated
powder (i.e. powder particles entrained to the gas flow by the pressure of the vapor
plume from the vicinity of the melt pool) that cause stochastic lack of fusion, as
explained above.

Finally, it was observed that for the highest energy densities explored, the
porosity decreased when the shielding gas flow speed was reduced below the
threshold where loss of penetration occurs. In such high energy density conditions
the keyhole is too deep and unstable and keyhole porosity forms [120] in high gas
flow conditions. When the gas flow speed is insufficient to remove the plume, the
keyhole and associated deep penetration is lost. This also eliminates the keyhole
porosity, however if the energy density is high enough, the melt pool remains deep
enough to avoid excessive lack of fusion. Only when the gas flow was reduced even
further did the loss of penetration, even in these conditions, became severe enough
to start causing lack of fusion.

From a quality control perspective, control of the shielding gas flow speed and
homogeneity over the build area is absolutely necessary to reduce variability in part
properties. The shielding gas flow is 1) an essential parameter, 2) prone to variations
within and between machines, and 3) hard to set constantly and describe
quantitatively. Although the build area of the SLM 125 HL machine used in this
study is rather small at 125x125 mm, some location-dependent variation in the gas
flow speed above the build area was already seen. In more recent studies, it has been
shown that for machines with larger build areas, the variation in flow conditions at
different locations of the build area are much more severe, and result in significant
melt pool geometry [121] and porosity [122] variations within the build area at
constant gas flow speed settings. In recent studies the inhomogeneous shielding gas
flow conditions have been identified as the main contributor to the variability in the
properties of the PBF-LB parts produced [59][60][123].
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In terms of process control, there seems to be a threshold above which the
shielding gas flow speed is sufficient to avoid systematic lack of fusion; however,
further increasing the gas flow speed is seen as beneficial in also reducing stochastic
lack of fusion, as long as the flow above the build area remains homogenous and no
recirculation zones are generated. However, this is highly dependent on the
hardware, that is, the design of the flow paths in the machine. In addition to
controlling the shielding gas flow speed, the design of the flow paths in the machine
must be such that they produce a homogenous and sufficient crossflow of shielding
gas at all locations of the build area without re-circulation zones. It is recommended
that the shielding gas flow speed be measured at various locations of the build
volume to verify this. At a minimum, measurements should be taken in a grid above
the build plate using, for example, a hot wire anemometer, as was done for
Publication I and later also recommended in the ISO/ASTM 52941 standard for
acceptance tests of PBF-LB machines for aerospace applications [124].

Specifying the shielding gas flow speed as a grid over the build plate to the
AMPS is a good starting point; however, this may be an insufficient description as
it does not take into account the possible presence of re-circulation zones in the gas
flow. Another option would be to specify the type of machine hardware used in
conjunction with the shielding gas flow rate, as recommended by SAE International
in aerospace material specification AMS7003 [43]. This, however, would mean that
control of the shielding gas flow conditions necessitates use of a fixed machine
model. However, this approach does not help in reducing inter-machine variation, as
it does not allow the use of different machine models for part production. This is a
highly conservative and inflexible approach that does not allow for distributed
manufacturing; however, if the shielding gas flow configurations between different
PBF-LB machines are not standardized, it may be the only option to ensure
consistency in the shielding gas flow conditions.

Re-coater blade type

When processing bulk material, that is, parts without any intricate features, the hard
and soft re-coater blades performed equally well. The porosity remained extremely
low (<0.001%), no issues were detected in the processability of the parts, and the
powder bed conditions remained stable. However, significant differences in porosity
and processability arose when building thin walls (<1.0 mm in thickness) and
overhanging features (<45° inclination). Furthermore, the orientation of these
features in relation to the re-coating direction had a significant impact. This
highlights the need to assess the impact of certain PBF-LB process parameters, such
as the re-coater blade type in this case, on the properties of parts with intricate
features typical in real-world applications. Conclusions based solely on studies using
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primitive cubes or cylinders for which porosity or other relevant properties are
investigated may be misleading, or at least limited in their applicability to only such
primitive shapes. Based on such studies one may conclude that the re-coater blade
type is a non-essential parameter; however, as shown in this study, it most certainly
is an essential parameter when features such as thin walls or overhangs are present
in the part.

When processing thin walls, the soft blade resulted in less porosity, higher
dimensional accuracy, and a better surface finish than the hard blade. When the thin
walls were oriented perpendicular to the re-coating direction, the hard blade resulted
in such a forceful collision with the part being built that the build job could not be
finished, while the soft blade was able to finish even in this orientation. In terms of
build orientation, the most beneficial setup was to place the thin walls parallel to the
re-coating direction. The use of a soft blade is therefore recommended for thin walls.
Contact between the unyielding hard blade and the protruding thin features led to
severe disturbances in the surrounding powder bed, causing variations in effective
layer thickness at these locations, which manifests as increased porosity due to
uneven melting conditions.

With the overhangs, there was a compromise between the processability,
dimensional accuracy, and porosity of the features depending on which re-coater
blade was used. With the steepest overhangs, the unyielding hard re-coater blade is
prone to collisions severe enough to stop the build altogether, whereas the soft blade
was able to finish under all the studied conditions. However, contact with a feature
rising from the powder bed results in damage to the yielding soft blade, which leads
to uneven powder spreading and effective powder layer thickness, which may cause
defects. Furthermore, the dimensional accuracy and surface finish of overhangs
produced with the soft blade was poorer than with the hard blade. Although the
overhangs could be built for a longer distance with the soft blade, the porosity was
higher compared to when using the hard blade. Therefore, it could be said that the
hard blade resulted in better quality overhangs if it was able to process them at all.
The risk of fatal build interruption with the hard blade is significantly higher, while
the soft blade may finish the feature, but with reduced quality.

From a process control perspective, controlling the re-coater blade type and
specifying it to the AMPS (material and shape) is relatively easy. Despite this ease,
the re-coater blade type used is regularly omitted in Methods sections of PBF-LB
studies and reports dealing with the properties of PBF-LB processed materials. It is
recommended that at a minimum the material and blade tip geometry of the re-coater
blade used be reported (along with the associated re-coating parameters). From a
control perspective, much more challenging is the fact that if the part contains
intricate features such as thin walls of <1.0 mm in thickness, the orientation of these
features in relation to the re-coating direction was shown to have a significant impact
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on the porosity, dimensional accuracy, and surface finish obtained. This indicates
that to obtain constant properties in such features, the part orientation would need to
be fixed. This may be practically impossible without severely limiting freedom of
design, as depending on the design of the part, it may contain such features in
multiple orientations and hence regardless of how it is oriented on the building
platform multiple orientations in relation to the re-coating direction will be present.
It may therefore be necessary to accept higher variation in part properties in thin
walls compared to bulk material if the design freedom of AM is to be preserved.

Focal point position

The focal point position in relation to the work plane was shown to have a significant
impact on melt pool penetration when deviated by more than +1 mm (while using a
laser beam with a ~3 mm Rayleigh length). Within this range, the change in the
diameter is small in a Gaussian beam (see Figure 7), however it makes sense to
relate the distance to the Rayleigh length of the beam in question. For the laser beam
used in this study, a 1 mm deviation from the focal point along the beam propagation
axis is ~30% of the Rayleigh length. Variations smaller than +1 mm in the focal point
position resulted in a <13% variation in the melt pool penetration, which is
comparable with the intra-specimen variation (10—23%). This is the normal level of
variation one can expect in the penetration of the individual melt pools that constitute
the part. The effect of varying the focus position within the studied range (£5 mm)
on melt pool width was more subtle and statistically not significant.

Between —5 mm and —0.5 mm (i.e. above the work plane), the porosity remained
fairly stable. Slightly below the work plane, between 0 mm and +2 mm, the porosity
even decreased slightly, and then started to increase at +3 mm. A significant increase
in porosity compared to the nominal was only seen once the focal point position was
deviated to +5 mm. In this condition, the penetration was already reduced by more
than 50%, which was enough to start causing stochastic, although not yet systematic,
lack-of-fusion defect formation. This is the case when operating at laser parameters
that are firmly in the middle of the optimal processing zone in terms of laser power
and scanning speed (see Figure 5). It can be expected that with a non-optimal P/»
combination, the loss of penetration that starts after shifting the focal point position
by more than +0.3zr may result in lack of fusion even at smaller focus shifts than the
+5 mm used in this study.

Although not the main objective of the focal point position study, upon analysis
of the xCT data a defect formation mechanism at the ends of the laser vectors due to
openly or semi-openly solidified keyholes was identified. This was found to be the
main contributor to the approximately one order of magnitude higher porosity at the
part edges compared to the core in all of the specimens, as the vector endings were
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always located at part edges. In this particular experiment (Publication [V), separate
border vectors were not used, and the part scanning consisted of only the core
vectors. In the other experiments discussed in this thesis (Publications I-III) border
and contour vectors were included in the scanning pattern, as described in Chapter
0. A similar increase in border porosity was therefore not seen in those experiments.
The application of additional border and contour vectors that melt around the part
edges could be beneficial in eliminating such defects which form at the core vector
endings. This also highlights the fact that any kind of difference in the scanning
strategy, not only in the core scanning parameters shown in Figure 4, may contribute
towards increased porosity formation in actual parts. Such differences in scanning
strategies between machines are also potential contributors towards the observed
variations in part properties and should be investigated in more detail. While
scanning strategy was defined in this thesis as a parameter that is programmatically
controllable by the operator, some aspects of it, such as the Sky Writing technique
used in this thesis, may have limited control opportunities depending on the
galvanometer scanner hardware used in the particular PBF-LB machine.

As the focal point position has a significant impact on the melt pool geometry
and eventually on porosity formation and hence part quality, it is an essential
parameter in the PBF-LB process. In terms of process control, the focal point
position parameter is easy to nominally set to a given position and even control
programmatically in PBF-LB machines with a dynamic focusing optic. Despite this
ease, the focal point position in relation to the work plane is rarely reported in the
Methods sections of PBF-LB studies. It is recommended that this parameter be
included routinely, as is the case with laser power and scanning speed, when listing
the main processing parameters used in any given study. As the laser beam is the
most fundamental tool of the PBF-LB process, at a minimum the characteristics of a
focused Gaussian beam described in Chapter 0 (wavelength, beam waist diameter,
Rayleigh length, beam quality) which are required to describe this tool adequately
should be included in AMPS.

However, controlling the stability of the focal point position is slightly more
challenging due to thermal lensing [88]. Nevertheless, there is some tolerance within
which, based on this study, the focal point position can vary without significantly
impacting the melt pool geometry. A practical tolerance limit of 30% of the Rayleigh
length from the nominal laser-material interaction plane in either direction is
therefore recommended. Recently, Berez et al. [125] showed that the variation in the
focal point position along the build area in a commercial PBF-LB machine (an EOS
M280 in their case) can be as much as +1.6 mm to —1.7 mm due to the non-optimal
flat view correction applied by the F-theta lens used. The stability of the focal point
position is therefore a real issue which must be controlled to maintain stable
processing conditions and part quality within and between machines.
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When studying the effectiveness of the various proposed energy density models
(see Chapter 2.6) in terms of predicting the melt pool geometry response, it was clear
that VED is insufficient to capture the trends when focal point position and the
associated change of beam diameter at the work plane are taken into consideration.
On the other hand, the metrics PD, ED, and AH/hs, which include a term for the beam
area, showed strong linear correlation with beam size-normalized melt pool width
and penetration. In the case of penetration, the trend started to break down at the
highest energy densities studied (4H/hs ~ 12). This aligns well with the transition in
the linear trend identified at AH/h, > 10 by Hann et al. [93]. Here the melting mode
develops from transition mode to fully developed keyhole mode, which causes a
sharp increase in absorptivity that leads to the sharp increase in penetration. In this
thesis, a new energy density parameter called the normalized thermal energy density
(TED") was introduced, which showed with similarly strong confidence
(R>=0.8-0.9) a linear correlation between beam size-normalized melt pool
penetration and width. Although the normalized enthalpy showed a slightly better
linear fit (R>= 0.86—0.95), TED" is fundamentally different as it has no predictive
power but instead is introduced and intended as a quality control metric; a means of
continuously monitoring possible variations in the melt pool during the PBF-LB
process.

5.2 Reducing variability with heat treatments

The variation in tensile properties in the stress-relieved condition between the
machine-powder combinations studied was relatively small, the CoV being 2.6% for
ultimate tensile strength, 2.5% for yield strength, and 4.4% for tensile elongation.
For impact toughness, the CoV was higher at 9.4%. As recently shown in other
studies on fatigue life [60], the variation may be exponentially higher. This
highlights the importance of testing dynamic loading conditions and establishing the
variation in properties in addition to the quasi-static tensile test, especially if the
application field involves such loading conditions.

The solution annealing treatment investigated had no clear impact in terms of
reducing the variation in the properties, while the HIP treatment used significantly
reduced the variation in all properties studied except tensile elongation. This is partly
due to effective re-crystallization (and hence homogenization) of the microstructure,
but more importantly, to a reduction in porosity, neither of which are accomplished
with the solution annealing cycle studied. This once again highlighted the important
role of porosity in terms of the properties of PBF-LB processed material. The
increased variation in elongation with solution annealing and also with HIP treatment
is most probably due to the observed growth in inclusion size associated with the
high temperature heat treatments. The increased variation in elongation after heat-
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treating PBF-LB processed 316L stainless steel was also associated with oxide
inclusions in the study by Montero-Sistiaga et al. [126].

The results indicate that post-processing the PBF-LB 316L material with HIP
treatment is effective in reducing variation in some of the studied properties.
However, it must be emphasized that the reduction in variation is accompanied by a
reduction in absolute properties, specifically yield strength. In the stress-relieved
condition, the sub-micron-sized cellular dislocation network [26] and other unique
hierarchically heterogeneous features in the PBF-LB microstructure [25] remain and
result in an excellent combination of strength and ductility. The reduction in yield
strength after HIP was 43—47% compared to the SR condition, while elongation
improved by 17-32%. It is therefore reasonable to ask whether the associated large
decrease in yield strength is justified when aiming to reduce variation in properties
with post-process heat treatments such as HIP, especially as the variation in
elongation even increased.

As it seems that elimination of porosity is key to reducing variation in the
mechanical properties of PBF-LB processed material, attempts to reduce this
variation should focus on means of reducing porosity. Arguably, HIP can achieve
this, but it comes with an associated loss of the unique, high-strength microstructure
that is formed during solidification in PBF-LB. The other drawback associated with
HIP was the observed growth in the size of the oxide inclusions, which are
detrimental to the impact toughness of the material.

The large number of oxide inclusions in PBF-LB processed 316L is the cause of
reduced impact toughness compared to wrought material [127]. The main source of
oxygen in the PBF-LB process is oxygen already present in the powder after gas
atomization [127][128]. Therefore, from a control perspective, to control the amount
of oxide inclusions in the PBF-LB processed material requires control of the oxygen
and oxide-forming elements (such as Si, Mn) during powder production. The most
impactful means of control that the PBF-LB practitioners have in this regard is the
selection of high purity, high quality powder. The oxygen pick-up associated with
powder storage, handling, or from the PBF-LB build chamber have a smaller impact
[128].

5.3 Detecting variability with process monitoring

To control the outputs from a manufacturing process is to control the input
parameters. However, the controllable input parameters in a manufacturing machine
may be intermediate and only act indirectly on the unit processes that need to be
controlled. The fundamental unit processes in the PBF-LB process are the spread
powder layer and the melt pool. The machine operator cannot programmatically set
the desired powder layer homogeneity or the desired melt pool geometry and
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temperature. Instead, the operator is limited to adjusting the re-coating parameters
and the laser beam scanning parameters respectively. More direct measurement of
the fundamental unit processes can be achieved with in-situ process monitoring. In
this thesis, powder bed imaging with a contact image sensor and melt pool
monitoring using co-axial photodiodes were investigated.

The TED" metric introduced in this thesis, based on the thermal energy density
emitted from the melt pool and captured by the photodiode, showed strong linear
correlation with the resulting melt pool penetration and width for a range of input
laser parameter conditions while AH/hs < 12. In addition, it was shown that all the
photodiode signals, especially the photodiodes with narrow band filters in front of
them in the MPM system used, correlated well with the hyperbolic response to a
change in the beam diameter at the work plane caused by a change in the focal point
position. It therefore provides a potential means to continuously monitor unwanted
focal drift in PBF-LB systems caused by, for example, thermal lensing due to dirt on
or degradation of the optics. Nowadays it is customary for the stability of the focal
point position to only be measured (and corrected for, if focus shift is detected)
during the 6- or 12-monthly machine maintenance. Utilizing process monitoring
based on co-axial photodiodes provides a means to detect possible deviations in the
process or machine hardware even during a build job. Recent studies by Stutzman
[114] and Reijonen [115] have also shown that the photodiode signal response is
sensitive to the shielding gas flow conditions in the PBF-LB process. This finding
paves the way for the utilization of MPM to monitor the shielding gas flow
conditions in the build chamber, which will be an extremely important process
signature to monitor in the future, as this thesis established that the shielding gas
flow parameter is a major contributor to the intra- and inter-machine variation in part
properties.

The other process monitoring method investigated was powder bed imaging using a
contact image sensor (CIS). It was shown that various types of anomalies in the
powder bed could be identified from the images. These included spatter re-
depositions, powder depletion on part surfaces, features of the part curling up from
the powder bed, scratches on the powder bed caused by a damaged re-coater blade,
features breaking off from the part due to re-coater collision, and other types of
disturbances to the powder bed caused by contact between the re-coater blade and a
part feature. Specifically, in this thesis the focus was on quantifying powder bed
disturbances caused by collisions between a thin feature and the re-coater blade by
utilizing the short focal distance of the sensor. Areas that are closer or further away
from the sensor focus (set to the nominal powder bed surface) show as blurred areas
in the image. The magnitude of blur can be automatically quantified from the images
utilizing, for example, the Laplacian focus measure introduced in [104]. Such a
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numerical metric can be used to monitor the effective powder layer thickness during
the PBF-LB process and detect variations in the powder bed caused by, for example,
re-coater collision. A study by Yang et al. [107] also showed that the same CIS-
based process monitoring setup can be used to correlate features of the laser-melted
part surface to part density, when analyzed at multiple scales by performing wavelet
transformation on the images. Similarly, other types of image processing schemes
could be developed to quantify and automatically identify the different types of
variations seen in the images obtained by the CIS-based process monitoring setup.

Powder bed imaging itself is nothing new in the PBF-LB process, however the
usage of contact image sensors mounted on the re-coater blade to acquire images
offers a few key practical advantages over cameras placed at a distance and off-axis:
constant illumination conditions, high resolution for an extended area, and an axial
view of the powder bed. In terms of advancement in the use of contact image sensors
for powder bed imaging, the setup introduced in this thesis enables high-resolution
(1200 dpi, 21 pm/pixel) images of a 184 mm wide area at the powder bed to be
acquired, and most importantly at a practically relevant linear re-coating speed of 95
mm/s with a compact footprint (18 mm sensor width) without blocking any active
build area in the process. This makes it possible to retrofit the setup to a commercial
PBF-LB machine used for production, not solely for research purposes.

54 Synthesis

Based on the results and analysis of the research conducted in this thesis and the
discussion of these results in relation to prior knowledge, a synthesis on the impacts
of the machine architecture-defined process parameters on the PBF-LB process can
be drawn. This is presented in Table 11.
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Table 11. Summary of the impacts of the machine architecture-defined process parameters on the
PBF-LB process, their contribution to variability, practical recommendations for control,
and the potential of the process monitoring methods studied to capture the induced

variations.
Parameter |Impact on process Type of Recommended |Process
variability |tolerance for monitoring
control

Shielding | Insufficient gas flow rate leads to |May vary | Maintain gas Variations in

gas flow insufficient removal of the vapor | within a flow speed shielding gas

speed and |plume and other process by- build, above flow conditions

configu- products. The plume attenuates | between threshold** at all | can be

ration and scatters the laser beam, builds, and |locations on the | detected with
causing loss of penetration and between building platform. | photodiode-
wider and more unstable melt machines. |Ensure laminar |based melt
pools, ultimately leading to lack of flow without re- | pool
fusion. Other process by-products circulation zones | monitoring
landing on the build area alter the above the build | [114][115].
local melting conditions and may area.
cause lack of fusion.

Re-coater | Controls powder spreading and May vary | Discrete (fixed Variations in

blade type |may result in powder bed between blade material the spread
disturbances due to contact builds* and | and tip profile). | powder layer,
between the re-coater blade and | between caused by re-
the part being built, ultimately machines. coater
leading to porosity, reduced collisions, can
dimensional accuracy, poor be detected
surface finish, or even build with contact-
failure. The nature of the impact image sensor-
depends on the combination of based powder
re-coater blade type, part bed imaging.
features, and orientation.

Focal point | A shift in the focal point position in | May vary | £30% of the Variations in

position either direction will alter the within a Rayleigh length | the focal point
effective beam diameter at the build, of the laser position can be
work plane. An increase in the between beam used. detected with
effective beam diameter leads to | builds, and melt pool
loss of penetration, leading between monitoring.
ultimately to lack of fusion. machines.

*In some PBF-LB machines various re-coater blade types can be used by the operator.
**Threshold above which melt pool penetration and width remain stable. Threshold to be identified
for the given machine model and laser melting parameters used.

Post-process heat treatments, especially hot-isostatic pressing, were shown to be
effective in reducing variation in some (but not all) mechanical properties of 316L
stainless steel due to reduction of porosity and homogenization of the microstructure.
However, this results in loss of the unique as-built PBF-LB 316L microstructure,
and the exceptionally high yield strength associated with it.

97



6 Summary/Conclusions

High variation in the mechanical properties of parts produced using PBF-LB AM is
a major hindrance to the advancement and wider adoption of this manufacturing
technology. Addressing this topic is a necessity for this technology to fulfill its
potential of being the next paradigm shift in manufacturing; truly digitalized,
decentralized, customizable, on-demand manufacturing, with associated
unparalleled design freedom in terms of part geometries.

The objectives of this thesis were to 1) identify the root causes of the observed
variation in the properties by establishing the effects of machine architecture-defined
parameters on the process, 2) study the potential to reduce the variation using
standardized post-process heat treatments, and 3) develop in-situ process monitoring
methods capable of detecting variations in the process.

Based on the experiments described in this thesis and relating these findings to
those made in other studies, the following specific conclusions can be drawn.

Objective 1:

e Shielding gas flow is an essential parameter in the PBF-LB process.
Reducing the shielding gas flow rate below a certain threshold causes
significant loss of penetration leading to lack-of-fusion porosity. Melt
pool width and instability are also increased. The root cause is
insufficient removal of the vapor plume. When the shielding gas flow
lacks sufficient momentum to effectively remove the vapor plume from
the beam path the plume will extensively attenuate and scatter the laser,
reducing the energy density that reaches the material.

e When manufacturing bulk material without any intricate geometrical
features, the use of either a soft or hard re-coater blade results in stable
powder bed conditions and equally low porosity. However, significant
differences in porosity and processability arose when building thin walls
(<1.0 mm in thickness) and overhanging features (<45° inclination).
Furthermore, the orientation of these features in relation to the re-coating
direction and the re-coater blade type used had a significant impact. For
the thin walls, the soft blade had better processability and resulted in
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lower porosity and better surface finish and dimensional accuracy. For
the overhangs, the hard blade resulted in lower porosity and better
surface finish and dimensional accuracy. However, the hard blade was
unable to build the overhangs to extended distances due to collision
between the protruding feature and the unyielding hard blade, while the
soft blade was able to process the features, but with low quality.

Deviation in the focal point position by more than +1 mm (+£30% of the
Rayleigh length of the beam used) from the work plane causes
significant reduction in melt pool penetration and a minor increase in
melt pool width. The penetration decreases gradually the more the focal
point position deviates from the beam-material interaction plane in either
direction. With the beam and laser parameters used in this study, a focus
shift of +5 mm started to result in a significant increase in porosity
caused by lack of fusion.

Objective 2:

When cross-testing PBF-LB machines and powders with 316L material,
the coefficient of variation in tensile strength was quite small, moderate
for tensile elongation, and already rather high (~10%) for impact
toughness. In terms of fatigue life, it has previously been shown [60] that
the variability can be extremely high. The more dynamic the loading
conditions, the more variation in mechanical properties can be expected.
This is caused by high variability in the shapes, sizes, and locations of
internal defects in PBF-LB manufactured parts (when excluding the
effect of surface roughness), which dictate performance in dynamic
loading conditions. It was shown that post-process heat treatment using
HIP effectively re-crystallizes and homogenizes the microstructure,
reduces internal porosity, and hence reduces variability in all other
properties studied except elongation, due to the coarsening of oxide
inclusions during HIP. However, the reduction in variability gained is
associated with other drawbacks. HIP destroys the sub-micron-sized
cellular dislocation network and other unique hierarchically
heterogeneous features in the PBF-LB microstructure and causes
coarsening of oxide inclusions. This results in a significant reduction in
the absolute yield strength and impact toughness of the material.

Objective 3:

Melt pool monitoring based on co-axial photodiodes and powder bed
monitoring based on contact image sensors can be used to continuously
monitor the PBF-LB process and detect unwanted variations in
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processing conditions that may lead to defect formation. The TED"
metric introduced in this thesis, utilizing the MPM signal, showed strong
linear correlation with the resulting beam size-normalized melt pool
penetration and width for a range of input laser parameter conditions
while 4H/hs < 12. The MPM signals were also able to capture the trend
of shifting focal point position. Various powder bed disturbances could
be identified in the images obtained with the contact-image sensor.
Quantification of the powder bed disturbances, caused by collisions
between a thin feature and the re-coater blade, from the images was
demonstrated using the Laplacian focus measure introduced in [104].

To control the variability in output properties of the PBF-LB process requires
control of the variation of the input parameters. The machine architecture-defined
process parameters shielding gas flow rate and configuration, re-coater blade type,
and (stability of) the focal point position in relation to the work plane were identified
as essential parameters. Their set values and acceptable variation limits should be
included in additive manufacturing procedure specifications or other process control
measures aimed at assuring repeatability and stability of properties in parts produced
using PBF-LB AM. These parameters should also be routinely reported in the
Methods sections of scientific PBF-LB studies to allow for replication. Standardized
post-process heat treatments may provide some reduction in the variability in
properties, however they are associated with other drawbacks. Process monitoring
utilizing co-axial photodiode-based melt pool monitoring and contact-image sensor-
based powder bed imaging offer effective means to directly and continuously
monitor the state of the actual fundamental unit processes in the PBF-LB process:
the spreading of the powder layer and the selective laser melting of it. The
continuous, alternating execution of these two fundamental unit processes in a stable
and repeatable manner is key to additively manufacturing 3-dimensional parts to
high quality using the PBF-LB process.

The experiments described in this thesis were conducted on only one material (3161
stainless steel), which is a limitation of the study. Further studies should verify
whether the findings hold for a variety of alloys typically processed in PBF-LB AM.
In this thesis it was established that the three machine architecture-defined process
parameters studied have a significant impact on part porosity. The impact on
mechanical properties, both static and dynamic, should be further studied. The
potential of utilizing process monitoring, especially the normalized thermal energy
density from the photodiode signal introduced in this thesis, as a means for quality
control should be further explored.
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