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In-situ monitoring of laser powder bed fusion applied to defect detection
CLAUDIA SCHWERZ

Department of Industrial and Materials Science
Chalmers University of Technology

ABSTRACT

Additive manufacturing technologies, particularly laser powder bed fusion (LPBF), have
received much attention recently due to their numerous advantages over conventional
manufacturing methods. However, the use of LPBF is still quite restricted, mainly due to two
factors: its typically low productivity, which makes the technology less competitive in
applications with moderate to high production volumes, and its limited reliability, particularly
relevant for applications where high performance is required from the materials.

The issue of low productivity is addressed in this thesis by adjusting the main LPBF process
parameters. An equation for the build rate was formulated based on these parameters,
determining their contributions and enabling strategies for build rate maximization. The
changes in microstructure and defect populations associated with increasing productivity were
determined.

The reliability issue was explored by investigating defect formation, detectability and
mitigation, since a major factor compromising reliability and materials’ performance is the
presence of defects. Internal defects were deliberately created in LPBF-manufactured material
to assess their detectability via in-situ monitoring. Two main routes of deliberate defect
formation have been identified while preserving defect formation mechanisms; therefore, this
thesis can be divided into two parts according to the approach employed to create defects.

Defects are generated systematically if suboptimal process parameters are employed. The
types, quantities, and sizes of defects in nickel-based alloy Hastelloy X resulting from varying
processing conditions were thoroughly characterized. Analyzing data obtained from in-situ
monitoring made it possible to distinguish virtually defect-free material from defective
material.

Defects are generated stochastically due to the redeposition of process by-products on the
powder bed. With the aid of in-situ monitoring data, the presence of these defects can be
inferred from the detection of the process by-products responsible for their formation. The
comparison of data obtained in-situ with data obtained through ex-situ material characterization
allowed determining how precisely detections corresponded to actual defects. The impact of
these defects on the mechanical properties of Hastelloy X was assessed. A couple of in-process
mitigation strategies were investigated, and their performances were evaluated.

By establishing means to use LPBF process monitoring to distinguish high-quality from
defective material and detect random, unavoidable defects, this thesis enables the prediction of
LPBF material quality. It creates conditions necessary for the first-time-right production of
defect-free material at increased build rates.

Keywords: Additive manufacturing; powder bed fusion; process monitoring; defect detection;
defect mitigation; lack of fusion; pores; spatter; melt pool; nickel-based superalloy;
productivity; mechanical properties






PREFACE

The work presented in this doctoral thesis was conducted at the Department of Industrial and
Materials Science at Chalmers University of Technology between April 2019 and September
2023 under the supervision of Professor Lars Nyborg. The work was conducted within the
framework of the projects MANUELA - Additive Manufacturing using Metal Pilot Line
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Additive manufacturing (AM), a collection of production technologies, follows a bottom-up
strategy for creating products. Contrasting to traditional subtractive manufacturing techniques,
which rely on material removal to shape cast or forged material blocks into finished products,
fabrication is accomplished layer by layer.

AM has a high transformative potential and impact on the manufacturing landscape due to its
numerous advantages over traditional manufacturing methods. One of these advantages is its
design freedom, which enables the production of geometrically complex structures that would
be impractical through traditional manufacturing technologies. The expanded design flexibility
also brings possibilities to reduce the amount of material needed to produce a component,
which is particularly relevant to sectors such as aerospace and automotive, where lighter
structures translate into less fuel consumption, apart from reduced material and cost.
Furthermore, the amount of waste generated in AM is reduced compared to traditional methods
due to the capability of producing near-net-shape parts and the possibility of on-demand
manufacturing that minimizes the number of unsold products. Additional potentialities of AM
are the reduction or elimination of joining processes achieved by producing components in
fewer steps and the reduction of support components (e.g., molds and cutting tools) required in
manufacturing.

However, for these technologies to be fully utilized from a societal perspective, additive
manufacturing must apply to a wider range of industrial segments and goods while upholding
quality standards. Two of the main issues hindering the widespread adoption of AM are its
limited reliability, a factor particularly relevant for components with high added value and
stringent requirements, and its low productivity, particularly relevant for components with a
higher production volume.

Although no manufacturing method can achieve defect-free parts, traditional manufacturing
processes have attained a level of maturity where the mechanisms leading to defects are well-
understood. Robust defect detection protocols and effective mitigation strategies have been
meticulously devised, tested, and widely adopted. Furthermore, specific tolerance thresholds
for defects have been defined for various applications. Quality control processes must be
implemented similarly in AM. Since AM technologies are relatively new compared to
conventional manufacturing techniques, some steps toward implementing components
produced through this route are still absent. Even though many defect formation mechanisms
have been elucidated, development in defect detection and mitigation are still incipient.
Fortunately, the process's layer-by-layer nature entails multiple reprocessing of any material
volume unit, thus favoring a unique opportunity to mitigate defects in the process. The in-
process defect mitigation is achievable once the capability of monitoring systems to detect
defects during the manufacturing process can be demonstrated, and suitable corrective actions
are known and can be implemented by taking advantage of the subsequent layer in the
manufacturing process to heal the defect.

The current industrial practice for quality control consists of post-manufacturing inspection,
which might not always apply to AM components apart from not enabling corrective actions.
In particular, inspecting geometrically complex components can demand prohibitive amounts
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of time and resources or even be impossible due to technical challenges. On the other hand, a
well-calibrated and validated in-situ monitoring and control system has the potential to detect
defects regardless of part geometry and allow the implementation of corrective actions.

1.2  Objectives

Between April 2019 and March 2023, this thesis was conducted within the framework of the
project MANUELA (H2020 Grant No. 820774). MANUELA aimed to develop a metal
additive manufacturing pilot line service covering the entire AM development cycle, including
simulation, robust manufacturing, online process control, real-time feedback, characterization,
post-processing and AM qualification protocols L. This thesis addresses quality control through
process monitoring focused on detecting internal defects and aims to aid in overcoming the
currently limited reliability in the laser powder bed fusion process. The issue of low
productivity of LPBF is addressed along with its interplay with defect formation. The vision is
surmounting the limited capability of right-first-time production by implementing closed-loop
control, i.e., automatic detection and mitigation of defects, and enabling production at high
build rates without compromising quality.

The research questions (RQ) formulated from the aims of this thesis are:

e RQ1: How can the available monitoring systems be utilized to detect and quantify
internal defects in metal components produced via laser powder bed fusion?

e RQ2: Can the productivity of LPBF be increased without compromising the
material’s quality?

e RQ3: What is the impact of the defects detected on the mechanical properties of
Hastelloy X?

e RQ4: Can the defects detected in LPBF be mitigated in-process?

Table 1: Research questions addressed and type of defect investigated in each of the appended papers.

RQ1 RQ2 RQ3 RQ4

( Paper |

Paper I Systematic
defects

Paper 11l

\ Paper IV

Paper V

Paper VI

Paper Vil

Stochastic
defects

Paper VIl

Paper IX

Paper X

N Paper XI

1.3 Scope and limitations

The definition of defects can be broad and encompass aspects such as geometrical deviations
and surface roughness. Evaluating these aspects would require an appraisal of design aspects,
additional process parameters, post-processing routes, and in-depth studies of the thermal
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history. As these factors largely widen the scope, this thesis focuses solely on internal defects,
specifically lack of fusion, porosity, and cracks.

The material investigated in this thesis is the nickel-based superalloy Hastelloy X, selected due
to project constrains, its favorable printability compared to other superalloys® and the
importance of defect avoidance in its typical applications. Since Hastelloy X is a single-phase
alloy and is not particularly prone to metallurgical cracking, factors external to the alloy that
contribute to defect formation can be more readily isolated, thus favoring the detection and
control of deliberately created defects. While there have been reports in the literature of
Hastelloy X being susceptible to cracking in laser powder bed fusion (LPBF)* 4 this issue has
not been observed in the present study.

This thesis focuses on characterizing and detecting internal defects in the material, with
microstructural characterization having a limited scope. Design considerations and post-
processing methods, including surface and heat treatment, are beyond the scope of this study,
and the assessment of surface defects is not included.

Effective strategies for mitigating defects are crucial for establishing a closed-loop control
system. While several strategies have been examined, this work is not exhaustive and requires
further development.

1.4  Thesis structure

This dissertation is structured as a compilation thesis, in which a theoretical background and
brief contribution statements are introduced to contextualize the results of the appended papers,
which are summarized in the body of the thesis.

This thesis is structured in nine chapters: the present introductory chapter, which aims to
motivate and contextualize the research presented here, outline the research questions
addressed and structure the thesis. The following chapters (2-5) are divided into relevant topics
for understanding this thesis. Each chapter includes an overview of its topic, a literature review,
and how this topic is addressed in this thesis. More specifically, which concepts are used or
challenged, what assumptions are made, what limitations are present, and what is the added
value brought by this thesis.

Chapter 6 describes the experimental procedures. Chapter 7 summarizes the appended papers.
Finally, conclusions and suggestions for future work are presented in chapters 8 and 9,
respectively.






CHAPTER 2
LASER POWDER BED FUSION

Metal additive manufacturing technologies melt metallic materials in powder, wire, or sheet
form with the assistance of an energy source in a layer-by-layer fashion to create dense parts®.
Metal AM technologies can be divided into broader categories: directed energy deposition, in
which energy is used to fuse materials as they are being deposited; powder bed fusion, in which
thermal energy selectively fuses regions of thin powder layers spread on the build area®; and
other technologies, such as material jetting, binder jetting and sheet lamination’. Powder bed
processes are distinguished by the energy source, electron beam or laser®. This thesis is
dedicated to studying powder bed metal additive manufacturing employing laser as the energy
source, that is, laser powder bed fusion (LPBF).

2.1 Hardware and working principle
The main steps in LPBF manufacturing are’:
(1) creation of a 3D representation of the component's geometry;

(2) preparation of the build, which includes the positioning of the part in the build
envelope, adding support structures where necessary, and setting up the LPBF
machine;

(3) the manufacturing process, performed by spreading a thin powder layer on a build
platform and selectively melting according to the part geometry on that layer;
lowering the build platform and repeating the process until the part is completed;

(4) post-processing steps, which include cutting the manufactured part from the
platform, removing support structures, and performing heat and surface treatments.

Figure 1 is a schematic of the hardware used in laser powder bed fusion, including the
monitoring systems used in this thesis, which will be explained in detail in Section 6.3 . The
equipment comprises a powder dispenser lifted at each layer to supply powder to the recoater
for application on the build platform. The recoater carries excess powder to the powder
collector. The laser source, typically a ytterbium fiber laser, is installed outside the build
chamber. The laser beam passes through an optical system, is focused with an F-theta lens, and
enters the build chamber to expose the powder bed regions that match the geometric model in
each layer.

Each laser source has a maximum nominal power, but the laser power P used during exposure
is a user-defined process parameter. During exposure, the laser travels at a velocity (or scan
speed) v to completely scan the region described by the 3D model in that layer following a
predetermined pattern (hatch pattern), where two adjacent tracks are separated by a hatch
distance h. On the insert of Figure 1 is a schematic of the stripe pattern, one of the most common
laser exposure patterns. The stripe orientation is usually altered between layers by a 67° shift
to maximize randomization °. The build platform is lowered, the powder dispenser is lifted, the
recoater spreads a new powder layer of thickness t, and the process is repeated. The entire
procedure is carried out in an inert gas environment, maintained by a gas flow entering the
build chamber through the gas inlet.



Special process parameters can be assigned to particular regions of the part. The laser can scan
the part boundaries on each layer based on predefined contour parameters, and sections on
which no additional layers will be deposited can be assigned a set of upskin parameters that
contribute to higher surface quality. Overhangs, regions not directly supported by preceding
layers or the build plate, can be exposed by downskin parameters.

Part i Laser source On-axis
artin ) - / photodiode
manufacturing
— top view _ s 4 Optical system
FoTTTTTeTTTT . Off-axis
AN hotodiode
i AN P Camera
: !
1
i ! Inert gas
! |
1 1
e e e e e e e — L
Powder
collector
Recoater

Part in
manufacturing

platform

Unfused

powder Powder
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Figure 1: Schematic laser powder bed fusion hardware with the monitoring systems utilized in this thesis. The
insert illustrates the top view of a part in manufacturing and schematizes the laser scan vectors following a stripe
exposure pattern.

2.2 Physical principle

During their interaction with the laser beam, the thin layer of feedstock powder and the
substrate are fused, forming a pool of molten material. The form and size of melt pools vary
depending on the acting heat transfer mechanism. In conduction fusion, the energy is deposited
on the piece's surface and transferred to its interior by conduction®?, resulting in melt pools
with semicircular cross-sections (Figure 2A). As lasers are used as the energy source, high
energy densities are attainable'?, causing some alloying elements to evaporate. Multiple laser
reflections occur in the vapor cavity, allowing for higher energy absorption'! and the formation
of a deeper melt pool (Figure 2B). The process is sustained by the competing vapor pressure,
which acts to keep the keyhole open, and the pressure from gravitational forces and surface
tension, which act to shut the keyhole!. The fluid flow in the melt pools is driven by Marangoni
convection, wherein the temperature variation in the melt pool produces a spatial gradient of
surface tension®!.



. —_——

[}
1

“
1
!
1
I
1

e

-

2
f 2 O 7
&
1| b
4 D ¥ .
/ ‘/ \
e

Figure 2: Scheme of fluid flow overlapped to micrographs of melt pools generated in the conduction (A) and
keyhole (B) regimes. The laser beam and its travel directions are represented in black. In (B), the vapor cavity is
represented with a white dashed line, based on the observations documented in the literature 3.

2.3 Process by-products

Spatters are unavoidable LPBF process by-products that promote defect formation and are
formed through several mechanisms schematized in Figure 3. Spatters can consist of (a)
ejections of molten material from the melt pool due to recoil pressure * %, typically with size
of 25 — 100 um 18, If the ejecta collide and merge (b), even larger spatter particles are formed
18, Particles entrained by the low-pressure zone created by the vapor jet may interact with the
laser beam and be ejected as hot spatters (c) *® or coalesce and be subsequently melted 7,
resulting in sizeable incandescent ejecta (d). The suddenly unstable interaction between the
laser and the part that occurs upon contact with a pre-existing large defect can also cause the
formation of hot spatter (€)!8. Cold spatters consist of particles initially present on the powder
bed that are scattered by the impact of metallic vapor (f)** or entrained by the low-pressure
zone, then ejected prior to interaction with the laser beam (g)®®.

As aresult of their formation mechanisms, spatters can be significantly larger than the particles
in the powder feedstock °, as illustrated in Figure 4, and contain relatively thick surface oxides
20 When redeposited on the powder bed, spatters represent a local increase in powder layer
thickness that can hinder the complete melting of the powder layer #* and attenuate the laser
beam 2. Their surface oxidation represents a local change in the chemistry of the powder bed,
which induces contamination and defect formation 2 24 by modifying the melt pool dynamics
%5 These disturbances potentially result in insufficient binding, i.e., in internal defects 2*.
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Figure 3: Scheme of spatter formation mechanisms. Spatters can consist of ejections from the melt pool (a),
which can collide and merge (b). The ejection from the melt pool is intensified if the laser interacts with a pre-
existing defect (e). Scattered feedstock powder particles can also be considered spatter and are differentiated by
being directly scattered (f), scattered after being entrained in the low-pressure zone (g), ejected after interacting
with the laser beam (c), or coalescing with another particle (d).

Figure 4: Morphology of spatter particles. A representative sample is shown in A. Some oversized agglomerates
in this sample are highlighted and measured in B, C and D. From Paper V%,



2.4 Productivity

The limited build rates of laser powder bed fusion are a major obstacle to its broad use as an
industrial manufacturing technology 2’ 2 2°_ This reduced efficiency results in higher costs,
rendering the technology less competitive across various industry sectors 3. As a consequence,
its usage remains predominantly confined to high-end applications characterized by low
production volumes, where the associated elevated expenses are tolerable 3. To tackle this
challenge, researchers have explored diverse strategies, which can be categorized into two main
groups: hardware modifications and process parameter adjustments. Hardware-focused
approaches encompass the incorporation of multiple laser sources * or higher-power laser
sources 32 * that facilitate the rapid processing of larger material volumes. However, this aspect
of productivity enhancement is beyond the scope of this thesis. On the other hand, altering
process parameters is an immediately accessible alternative for improving productivity 27 3
and can be used to boost the production potential of any LPBF system. It is essential, though,
to exercise caution when implementing this approach, ensuring that the pursuit of enhanced
productivity does not compromise material quality by inadvertently increasing defect
formation.
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CHAPTER 3
DEFECTS IN LASER POWDER BED FUSION

3.1 Terminology

According to the Glossary of Metallurgical and Metalworking Terms in the ASM Metals
Handbook *, the term defect is defined as:

“ (1) A discontinuity whose size, shape, orientation, or location makes it
detrimental to the useful service of the part in which it occurs. (2) A discontinuity
or discontinuities which by nature or accumulated effect (for example, total crack
length) render a part or product unable to meet minimum applicable acceptance
standards or specifications. This term designates rejectability. ”

While the term discontinuity has the following definition °:

“(1) Any interruption in the normal physical structure or configuration of a part,
such as cracks, laps, seams, inclusions, or porosity. A discontinuity may or may
not affect the utility of the part. (2) An interruption of the typical structure of a
weldment, such as a lack of homogeneity in the mechanical, metallurgical, or
physical characteristics of the material or weldment. A discontinuity is not
necessarily a defect.”

Despite these definitions, the metal additive manufacturing community has widely replaced the
term discontinuity with defect. Also, defect has been used as an umbrella term for
discontinuities and undesirable characteristics in additively manufactured material. In this
context, defects can refer to geometrical deviations, residual stresses, microstructural
inhomogeneities and surface roughness *°.

Strictly, this thesis addresses discontinuities in LPBF. However, due to the convention in the
metal AM community, the term defect is consistently adopted, even though this thesis does not
aim to provide any assessment on specific acceptance criteria and aims rather to be as generic
as possible. In papers 1-V, the term flaw'* is used instead, aiming for better theoretical
correctness. In papers VI-X, the most widely used term, defect, was adopted.

3.2  Literature review

As stated in Section 2.1, keyhole and conduction are the possible fusion modes upon the
interaction of a laser beam with metallic materials. In keyhole fusion, the deep and narrow
vapor cavity formed permits more efficient energy use due to the multiple reflections of the
laser in this cavity 2. However, if keyhole fusion is uncontrolled, an incomplete collapse of the
vapor cavity may occur, leaving voids consisting of entrapped vapor ¥/, i.e., keyhole porosity.
In the conduction regime, the smaller melt pools facilitate the formation of lack of fusion
defects, which derive from the insufficient overlap of adjacent melt pools 2. In both fusion
regimes, spherical and relatively small pores, denominated residual gas pores, are always
expected in the as-built material. These pores form due to entrapped gas in the feedstock

* Defined as “A nonspecific term often used to imply a cracklike discontinuity” *°.
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powder % and the decrease in the solubility of gas-forming elements present in the feedstock
powder upon solidification 40 4%,

3.3 Framework

The main objective of the thesis is to detect internal defects via in-situ monitoring of LPBF.
There are two main issues to consider:

- Deliberately creating defects to enable their investigation. While defects will be formed
organically, their prevalence may be too low to allow for a meaningful study or would
require the examination of a prohibitively large volume of material and data.

- Doing so in a manner that is representative of defects in a real manufacturing scenario.
Introducing unrealistic defects artificially by means that do not correspond to actual
defect formation mechanisms to assess the response registered by the monitoring
systems is not considered meaningful, as such a procedure may produce misleading
data on the flagging of anomalies.

Thus, a meaningful, manageable study relies on augmenting defects while preserving their
generation mechanisms. Considering these factors, two ways of deliberately generating defects
while preserving their generation mechanisms have been found. In this thesis, the classification
is based on the incidence and distribution of defects, i.e., if they are created systematically or
stochastically. This choice is made since the primary aim of this work, the use of monitoring
systems for defect detection, depends on the deliberate creation of defects in a controlled and
representative manner. A similar classification system has been utilized in the review article
by Snow et al. . The manner by which defects are created affects their distribution, size, and
type, requiring distinct approaches for their detection and resulting in distinct impacts on the
material performance.

a. Systematic defects

Defects are systematically created in LPBF if inadequate combinations of process parameters
are selected for manufacturing. Systematic defects can consist of keyhole porosity, gas
porosity, and lack of fusion, and can occur at diverse degrees of severity, as illustrated in Figure
5. Such defects are uniformly distributed throughout the material.

Most literature on defects in LPBF addresses systematic defects, as they arise during process
optimization, one of the first stages in the qualification of a new material or machine. Early
research work in the field aimed chiefly at maximizing densification, i.e., minimizing the
volume fraction of defects. In this context, the volume fraction of systematic defects was used
as the main quality metric of LPBF material, often documenting the predominant defect type
encountered: pores coupled to materials manufactured with higher energy inputs, or lack of
fusion, coupled to lower energy inputs.

Historically, volumetric energy density (VED, calculated as the ratio between laser power and
the product laser scan speed, hatch spacing and nominal layer thickness) was used to describe
the energy input. For some years, the bulk of scientific production in this area has attempted to
correlate the defect content to VED. However, it has been demonstrated that the VED metric
does not adequately predict the defect content 424338, For the material and process in this thesis,
for example, all categories of systematic defects can be obtained at a fixed value of VED, as
illustrated in Figure 6. For these reasons, the concept of VED is avoided in this thesis and
appended papers.
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Figure 5: Cross-sections of samples containing systematic defects. (a) and (b) show systematic keyhole porosity

with different degrees of severity (detailed in (f) and (g)). (c) and (h) show a sample virtually free from defects,
in which only gas porosity has been identified. (d) and (e) show systematic lack of fusion with different degrees

of severity (in detail in (i) and (j), respectively). Adapted from Paper 1114,

Volume fraction of defects: 2.6% Volume fraction of defects: 0.05% Volume fraction of defects: 0.91%
b) Largest identified defect: 80 um C) Largest identified defect: 614 um

a) Largest identified defect: 196 um
Bz ; ; R < ST 2

0 s
%

Build direction

VED = 68]/mm?
(v =4000mm/s; h = 17 pm)

VED = 68]/mm3 VED = 68]/mm?
(v=400mm/s;h =171 pm) (v =800mm/s;h = 85pum)

Figure 6: Micrographs of Hastelloy X manufactured via LPBF at a fixed volumetric energy density of 68 J/mm?.
Varying defect populations are obtained at fixed VED: a) keyhole porosity at a volumetric fraction of 2.6%; b)
residual porosity at a fraction of 0.05%; c) lack of fusion at a fraction of 0.91%. The laser scan speed v and
hatch spacing h used are indicated. Laser power of 370 W and a nominal layer thickness of 80 um were used in

all cases.
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b. Stochastic defects

Internal defects can form stochastically in LPBF due to, e.g., irregularities in the powder bed
and process by-products 4°. Differently from systematic defects, the occurrence and distribution
of stochastic defects can, in principle, not be anticipated, as their formation is not driven (albeit
can be influenced) by user-defined parameters'* ° 46, The distribution of stochastic defects is
irregular, as illustrated in Figure 7, which shows cross-sections of specimens manufactured at
constant processing conditions. Linearly distributed defects, such as the ones illustrated in
Figure 7c, indicate powder bed anomalies or recoating faults. Multiple (Figure 7a,c) or single
(Figure 7b,d) stochastic defects may be present in a specimen and can coexist with systematic
defects (Figure 7c,d). In this thesis, the focus is given to stochastic defects provoked by process
by-products, more specifically spatter.

As described in Section 2.3, spatters are LPBF process by-products whose formation is inherent
to the process and have been reported as one of the primary sources of stochastic defects 22 %0,
Due to their varied formation mechanisms, spatters can have different sizes, morphologies and
temperatures upon ejection, which affects their detectability through in-situ monitoring.

Build direction

2 mm 2£n 2 mm

Figure 7: Cross-sections of samples containing stochastic defects. Multiple (a) and single (b) stochastic defects
occurring in otherwise virtually defect-free specimens. Multiple, linearly distributed stochastic defects (c) and a
single stochastic defect occurring with systematic defects.

A. Influence of defects on mechanical properties

Defects have a limited influence on the tensile properties but can be detrimental in large
proportions by reducing the load-bearing cross-sectional area #. On the other hand, defects
significantly influence fatigue properties, as their presence means the initial phases of fatigue
damage are bypassed “®. Defects act as stress raisers *, and, as such, factors such as their
morphology, size 5° and position 5! 52 determine their criticality. Partly due to the many sources
of internal defects in AM materials, the variability in fatigue properties *° %3 % is a widely
reported issue that hinders the use of the technologies in critical load-bearing applications *°.

Apart from defects, other reasons for the scatter in fatigue properties of AM materials are
surface finish, microstructure, and residual stresses >°. The most critical factor has been
reported to be the surface finish %° ¢, as the surface of as-printed materials is generally rougher
than traditionally manufactured materials and acts as multiple stress concentrators. The surface
roughness can be managed through different post-processing routes, and surface-treated AM
materials have been reported to present superior fatigue properties than their conventionally
manufactured counterparts, thanks to their finer microstructure .

The fine microstructure acts as an effective obstacle for dislocation motion and promotes
strengthening of the material, improving fatigue performance, especially at longer lives 2.
Indeed, some studies have reported a dominant effect of the microstructure and limited
influence of defects in the fatigue performance of LPBF material °” *® %°, Moreover, processing
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strategies that increase the cooling rate during solidification have been proposed to improve
fatigue resistance %%,

Surface treatment combined with hot isostatic pressing (HIP) has been reported to improve the
fatigue resistance of LPBF material >, as HIP can eliminate defects not open to the surface. On
the other hand, scatter in fatigue properties has also been reported to persist even with the
improvements given by the combined post-processing steps ®°, as HIP promotes two conflicting
effects to the fatigue performance: eliminating internal defects and coarsening the
microstructure.
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CHAPTER 4
HASTELLOY X

4.1 Metallurgy

Hastelloy X is a nickel-chromium—iron-molybdenum alloy, also referred to as a superalloy due
to its outstanding resistance to mechanical and chemical degradation at high temperatures over
extended periods of time ®!. Nickel is the primary alloying element of most heat-resistant
superalloys and forms an austenitic structure that is more formable than ferritic structures of
equivalent strength. The addition of chromium increases the strength and oxidation resistance
at elevated temperatures, while iron reduces the susceptibility to internal oxidation %2, provides
solid solution strengthening and enables cost reduction. Elements with large atomic radii, such
as molybdenum and tungsten, contribute to high-temperature creep strength, as strength is
diffusion-dependent in elevated temperatures 2. Unlike other nickel-based superalloys,
Hastelloy X is not enriched with titanium and niobium, elements that form the strengthening
phases gamma prime and gamma double prime. On the other hand, Hastelloy X is prone to
carbide formation, particularly during heat treatment or service in high temperatures,
improving the creep properties due to the preferred formation site at grain boundaries 5.
Therefore, the primary strengthening mechanism in Hastelloy X is solid solution strengthening
of the face-centered cubic (FCC) matrix, with a minor influence of carbide precipitation 53,

4.2 Applications

Hastelloy X is used in petrochemical applications due to its high resistance to stress-corrosion
cracking, in the combustion zone of gas turbine engines due to its exceptional combination of
oxidation resistance and high-temperature strength, and in industrial furnaces due to its
resistance to oxidizing, reducing and neutral atmospheres 8. Considering that defects may
compromise both corrosion properties and mechanical performance required from Hastelloy
X, the capability of manufacturing virtually defect-free material is critical. For LPBF
manufacturing, this capability can be achieved with the aid of monitoring systems in defect
detection and mitigation, thus motivating this study and material selection.

4.3 Laser powder bed fusion

Matrix-strengthened nickel-base alloy Hastelloy X is regarded as having good weldability %,
meaning it is not particularly susceptible to metallurgical cracking. The AM community is,
however, not unanimous concerning crack formation during LPBF manufacturing of Hastelloy
X. This issue has been reported and addressed in numerous studies % 256 4 whereas others have
observed crack-free material ¢” ®8 %, This inconsistency is likely due to minor compositional
changes 2, known to influence cracking susceptibility "°. Throughout the work performed in
this thesis, a significant part of the process parameter space was investigated, and no cracks
were observed in any processing condition. This suggests that the specific chemical
compositions of the feedstock powders used in this study are robust to cracking mechanisms.
As no cracks were observed, the internal defects addressed in this thesis are limited to lack of
fusion and pores.

The typical microstructure of LPBF Hastelloy X can be seen in Figure 8, where its hierarchical
organization " is depicted. The temperature gradient promotes epitaxial grain growth in the
build direction, thus forming the columnar grains visible in Figure 8A across melt pool
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boundaries. Within the grains, cellular microstructure consisting of high-density dislocation
walls 2 is observed (Figure 8C). The microstructure of LPBF Hastelloy X can vary
significantly based on the processing conditions, as shown in Figure 9, depicting three different
cross-sections of materials manufactured with distinct processing parameters. Anisotropy is
typically observed in the as-printed state due to the directional heat transfer and solidification
and can also be seen in Figure 9.

Build direction e

Figure 8: Hierarchical microstructure of as-built Hastelloy X. (a) In the microstructure observed at relatively
low magnification through light optical microscopy, columnar grains oriented along the build direction and melt
pool boundaries are visible. (b) Through SEM imaging, the cellular microstructure is visible within grains. The
well-defined lines are melt pool boundaries. (c) Detail on cell structure. From Paper 1V,

Figure 9: EBSD orientation maps showing the microstructure of Hastelloy X manufactured with different
processing conditions in three planes. The build direction (BD) is indicated. Adapted from Paper IV,
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CHAPTER 5
PROCESS MONITORING

Beyond enabling the tracking of the manufacturing process, process monitoring can be used as
a quality assurance tool. Process monitoring data allows alternative observations of the process,
depending on the setups employed, including the detector, acquisition rate, and acquisition
areas. With that, different process signatures are observed, and once patterns are established,
anomalies can be distinguished. These process anomalies may be coupled to defects in the
material, in which case a timely detection is desirable. Monitoring data can also be used for
documentation, for example, in the aerospace and medical industries, where production data
must be available for years in the future for traceability purposes. The capabilities of various
monitoring setups in various applications, including defect detection, have been investigated
in the literature. As this area of knowledge is relatively novel, a brief literature review will be
presented in the next section.

5.1 Literature review

Monitoring systems can be distinguished by the spectral range of the signal acquired and by
the acquisition system employed, which can comprise regions of distinct extensions and
generate different outputs at varying rates. The selection of acquisition system and spectral
ranges determine the process phenomena and deviations that can be captured, as well as the
attainable data processing speed. Thus, different monitoring system setups have different best
application areas and varying capabilities of being implemented in practice as quality assurance
tools.

One of the most common setups for detecting LPBF process anomalies includes a camera that
acquires signal in the visible spectrum across the entire build area layerwise, after recoating
and laser exposure. This setup is the baseline of most commercially available process
monitoring solutions due to its simplicity and utility. It allows the identification of recoating
anomalies, such as recoater streaking and incomplete spreading, and geometrical anomalies,
such as part swelling and warping. Beyond pure observation of anomalies, machine learning
approaches have been employed to differentiate powder spreading issues "4, and distinguish
irregularities from the desirable, normal operating conditions * ”°. Even though internal defects
often originate from issues other than inhomogeneities on the powder bed, the capability of this
setup for internal defect detection has been investigated "® 77 8,

Process monitoring based on the acquisition of infrared emissions using single photodiodes has
been typically used to monitor melt pools in LPBF, as the signal is acquired from a small
surface area at a time "°. Some applications identified in the literature are monitoring melt pool
intensity 8 and detecting keyhole pores in single tracks 8. Some studies have applied
monitoring with photodiodes to more representative multilayer builds to detect deformations
due to thermal stresses and overheating in overhang structures 8 and stochastic defects 8 8,
However, labor-intensive, time-consuming data processing has been listed as a limitation .

Other monitoring systems that collect high-resolution data are based on high-speed cameras
and acoustic emissions, which, due to the large amount of data generated, are also often limited
to the analysis of single tracks. Machine learning approaches have been applied to classify
images acquired through high-speed cameras & # and acoustic signals & into categories based
on the quality of single tracks, such as balling, continuous tracks and keyhole porosity.
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Acoustic emissions could also be applied to determine the quality of a bulk specimen
containing sections manufactured at different sets of process parameters, yielding systematic
defects 88,

In-situ X-ray imaging has been used to elucidate the phenomena occurring in the LPBF process.
Some of the main investigation areas are melt pool dynamics & % and spattering °* °2. Given
the detail required to study these phenomena, data is acquired at high frequency, and the field
of view is limited to a few millimeters. Thus, this monitoring solution, like others mentioned,
is nowadays mostly applicable to fundamental research, and its integration into commercial
LPBF machines would require major adjustments.

Cameras can be used to capture signal from the entire build area and, if employed in
conjunction with high-pass filters, can be used for thermal sensing °2. For example, thermal
imaging has been used to identify delamination and spatter °, and detect internal defects %.
However, reliable temperature measurements can only be obtained through specific devices,
such as pyrometers, which undergo rigorous and careful calibration before being considered
temperature measurement devices .

5.2  Framework

For a monitoring system to be used for defect detection, it is necessary to calibrate and qualify
the detection procedure to ensure a fair correspondence between detections and defects of
interest. In traditional non-destructive inspection methods, defects of controlled dimensions are
created artificially, and the system is calibrated to generate a distinct signal in those locations.
Since in AM the goal is to detect defects while the manufacturing process is ongoing, the
method employed in deliberately creating defects becomes an issue to be considered. Void
seeding, i.e., adding voids in the CAD model, has been reported in the literature > %7 % 9,
However, this approach contains limitations as it does not mimic the process of defect
formation and, by basing calibration of the system on those voids, fine features usually present
in the design of AM parts will be incorrectly flagged as defects. Thus, in this thesis, it is
considered that to calibrate the system, the process of intentionally creating defects must
preserve the physics of defect formation. In the case of systematic defects, altering the process
parameters generates defects. In the case of stochastic defects, defects are sparsely generated
due to, e.g., process by-products. To increase the likelihood of defect formation, some
strategies reported in the literature are modification of the gas flow 8 and reduction of the gas
flow speed 1,

In this thesis, only the EOSTATE suite (EOS GmbH) was used for monitoring aiming at defect
detection. The systems in the suite have distinct characteristics, described in Section 6.3
These characteristics make each system more suitable for different purposes and justify the
different extents to which each system is used. In some cases, anomalies related to internal
defects are observed in multiple systems, as illustrated in Figure 10, where recoating faults
could readily be observed in the PowderBed system from layer N to N+3 (Figure 10a). A
delayed response was visible in the optical tomography (OT) system, from layer N+3 to layer
N+6 (Figure 10c). The consequences of the recoating faults were a streak of defects observed
on the build height corresponding to the faulty layers (Figure 10b).

With the monitoring systems used in this work, it is not typically possible to directly observe
internal defects, as is the case, for example, in in-situ X-ray imaging. Only anomalies are
typically visible. This thesis aims to generate a better understanding of various anomalies and
correlate them to specific types of defects, characterized ex-situ by well-established methods
whose measurements are the ground-truth data (i.e., empirical evidence) for defect detection.
With that, the goal is to process monitoring data and infer the presence of defects from it.

20



b)

Build direction s

Figure 10: Recoating faults in layers N to N+3 are visible in PowderBed (PB) images (a). The faults resulted in
a streak of defects in the specimens affected (b) and manifested as anomalies in OT images on layers N+3 to
N+6, approximately (c). The position of the specimen represented in (b) is indicated by red squares in (a).
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CHAPTER 6
MATERIALS AND METHODS

6.1 Material

The work performed in this thesis used gas atomized Hastelloy X, partly from EOS GmbH,
and partly from Hoganas AB. The powder from supplier EOS has particle sizes ranging from
19 pum (d10) and 58 pm (d90), and d50 of 35 um. A sample of the virgin feedstock powder can
be seen in Figure 11. Its nominal chemical composition, as provided by the manufacturer, is
presented in Table 2.

Table 2 Nominal composition of the EOS feedstock powder. The minimum and maximum weight percentages
of each element are presented.

Ni Cr Fe Mo W | Co| C Si | Mn S P B Se Cu | Al Ti

Min | 205|170 | 80 | 0.2]| 0.5
Ba
Max 230|200 |100|10|25|01|10|10|0.03|0.04|0.01]|0.005]|05|05]0.15

o =2 >y ARO[ F € ) (3 1
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Figure 11: Sample Hastelloy X feedstock powder supplied by EOS GmbH.

6.2 Laser powder bed fusion system and manufacturing

The LPBF manufacturing was performed in an EOS M290 machine (Electro Optical Systems
GmbH, Germany), equipped with an ytterbium fiber laser of maximum nominal power of 400
W and a focused beam diameter of 100 um. The processing atmosphere consisted of argon with
a maximum oxygen concentration of 1000 ppm, and further restricted to 50 ppm in parts of
Papers IX and X. The inert gas enters the process chamber through a nozzle. For EOS M290,
there are two commercially available nozzles: the standard nozzle, in which the gas enters the
build chamber through circular channels, and the grid nozzle, which contains rectangular
channels arranged in a grid and is constructed to project the gas flow downwards on the row
closest to the powder bed. The standard nozzle was used in most of this thesis” work, while the
grid nozzle was used in the studies documented in Papers VIII — XI. The nozzle employed
might have influenced the distribution of spatter redeposits across the build area.

Throughout the work composing this thesis, relatively simple specimen geometries were used
to avoid the incorporation of defects driven by factors such as design and parameters assigned
to special areas (downskin and upskin). To minimize the influence of factors other than the
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objects of study, the general processing conditions were maintained unaltered as per the
machine manufacturer's recommendations or default values, unless explicitly stated otherwise.
Examples of such factors are the atmosphere, the chamber's differential pressure, the build
platform's preheating temperature, and the scan strategy.

In the studies aiming to investigate systematic defects, precautions were taken to avoid
stochastic defects. The specimen dimensions were reduced to prevent the redeposition of
spatter formed during exposure of the upstream region of the specimen on the region
downstream. The specimens were positioned with a minimum spatial gap of 40 mm and
avoiding the region of the build area closest to the gas outlet. The powder dosing was boosted
to avoid incomplete spreading of the powder layer. The design did not include geometrically
complex features to avoid recoating-related defects.

Conversely, when studying stochastic defects, the source of systematic defects was eliminated,
i.e., the process parameters employed were previously optimized and demonstrated to produce
only residual porosity as bulk defects in the as-printed condition. To isolate the influence of
process by-products on the formation of stochastic defects, the same measures as described
above were taken to eliminate other potential sources of stochastic defects.

6.3  Process monitoring: data acquisition and analysis

LPBF manufacturing was monitored using the EOSTATE suite %1, which comprises three
monitoring systems. The systems differ based on factors such as sensor type, field of view,
acquisition rate and range. The process radiation and the spectral ranges acquired by the
EOSTATE sensors are schematized in Figure 12. Yet another important difference among the
systems is the amount of data generated which poses varying challenges in terms of storage
and processing. The data output from the different systems is summarized in Table 3, which
includes the size occupied on disk by the data generated from a 500-layer build.

Sample outputs of the three systems, representing the same build layer, where varying
processing parameters are applied, can be visualized in Figure 13, Figure 14 and Figure 15.
These systems were mainly used for data acquisition; data processing and analysis were mainly
performed externally to the systems. In Papers IX and X, the oxygen content in the process
atmosphere is controlled and monitored through the ADDvance system (Linde GmbH) and the
oxygen sensor built into EOS M290, respectively. Additional process data monitored by default
are the laser power, the platform temperature, and the laser exposure duration per layer.

Table 3: Data output from the EOSTATE monitoring systems.

o Output Data generated in a small build
Monitoring system Output type size (500 layers)
Powder bed (PB) ilnz]ggexlom pixel JPEG ~85 kB 76 MB (pre- and post-recoating)
. 2000 x 2000 pixel TIFF
Optical tomography (OT) 16-bit image 7.63 MB 7.48 GB (INT and MAX outputs)

Proprietary file format
(.mpm), .h5 file, PNG ~90 MB 27.72 GB
image

Melt pool monitoring
(MPM)
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Figure 12: (a) Scheme of laser powder bed fusion process radiation. (b) Scheme of emitted radiation and
acquisition spectral ranges of the sensors in EOSTATE. Adapted from Zenzinger et al.?%? and EOSTATE
training material.

a. Powder bed monitoring

EOSTATE PowderBed (PB) is an optical monitoring system that includes the entire powder
bed in the field of view of the charge-coupled device (CCD) camera and outputs two images
of the powder bed per layer, one post-exposure and one post-recoating. These outputs are
illustrated in Figure 13 A and B, respectively. The image acquired post-exposure can reveal
irregularities on the printed surface and the deposition of process by-products on the powder
bed, as depicted in the insert of Figure 13 A. The image acquired post-recoating can reveal
issues related to recoating, such as streaking (visible in the insert of Figure 13 B) and
incomplete powder spreading. Powder packing issues, common in correlation to challenging
geometrical features, are also best visualized in PowderBed post-recoating. Part swelling and
bulging from the powder bed is visible in this output, manifesting as high-intensity blobs (as
in the insert of Figure 13 B), lines or patches.

A B

Figure 13: Sample outputs from powder bed monitoring after laser exposure (A) and after recoating (B). The
inserts correspond to the highlighted patches in each image.
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b. Melt pool monitoring

EOSTATE MeltPool monitoring (MPM) consists of two photodiodes mounted on-axis and off-
axis. The photodiode mounted on-axis, i.e., coaxially with the laser beam, has a bandwidth that
includes the visible and near-infrared spectra, while the photodiode mounted off-axis has a
narrower bandwidth that only includes a fraction of the near-infrared spectrum. The signals are
acquired in the time domain at 60 kHz but can be translated to spatial coordinates for enhanced
data visualization (Figure 14).

The signal acquired through MPM was processed using two distinct algorithms. The signal’s
intensity characteristics were calculated as the moving average in windows including 600 data
points, while the signal’s dynamic characteristics were computed as the raw signal minus the
moving average to highlight dynamic process changes.

ﬂ X Evaluation - on-Axis
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Figure 14: Sample output from MPM. The output consists of temporal signal intensity (A) but can be translated
to spatial coordinates (C). The application of signal processing discriminates regions containing anomalies (B),
also highlighted in the spatial representation.

osY [m

c. Optical tomography

The EOSTATE Exposure optical tomography (OT) system is equipped with a 5-megapixel
sCMOS (scientific complementary metal-oxide-semiconductor) camera positioned on top of
the build chamber, covering the entire build area in its field of view. A bandpass filter of 900
nm + 12.5 nm is placed on the camera to avoid detecting reflected laser, plasma radiation and
visible light, considered environmental noise. During the laser exposure of a layer, images are
acquired sequentially with the camera’s shutter time set to 0.1 second. These images are
combined in two distinct ways to output a single image per layer: each pixel in the output image
either represents the maximum intensity (MAX output) or the integrated intensity (INT output)
in a 125 um x 125 pum patch of the build area during the exposure of the layer. Both outputs
are exemplified in Figure 15 A and B for the same build layer.

Figure 15 C and D illustrates the different artifacts present in the OT outputs, with Figure 15C
representing the regions highlighted in Figure 15 A and B. MAX images typically present a
striped pattern that stems from hatching. In Figure 15 C, a stripe hatching pattern is used, and
the dark line corresponds to the interface between adjacent stripes. In Figure 15 D, a chess
hatching pattern is used, and the variation in hatching orientation is visible. In INT images, the
hatching is typically not visible, and the interface between stripes, or patches in the case of
chess-pattern hatching, are visible as bright lines. Identifying the typical artifacts present in
each output is important for image analysis, as these features must be distinguished from those
of interest.
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Figure 15: Sample MAX (A) and INT (B) outputs from optical tomography monitoring. The regions highlighted
in (A) and (B) are shown in (C); in this case, a stripe hatching pattern was used. A chess hatching pattern was
used in the specimens represented in (D).

In this thesis, image analysis methods have been chiefly employed in the output of EOSTATE
Exposure OT. Data handling and image analysis were mostly performed in a Matlab
environment. In the study of systematic defects, two data analysis approaches were taken. In
the first one, the data analyzed was the intensity registered within part boundaries, not
considering their spatial distribution. These intensities, also called grayvalues (GV), were
treated as distributions, described by summary statistics and correlated to the defect population
of each specimen (Paper Il). Because it was not always possible to distinguish defective
specimens from non-defective specimens with this approach, machine learning was
incorporated into the analysis to cluster the summary statistics. With this, it was possible to
distinguish specimens containing different predominant defect types. The approach described
does not consider how the pixels are distributed in the image. To make use of this information,
image analysis was used. One of the problems that can be handled through image analysis is
classification, in which a classifier takes an input image and outputs a label. In this second
approach to the study of systematic defects, a convolutional neural network was used to classify
OT images into three categories of internal defects, whose presence was verified ex-situ
through metallographic analysis (Paper I11).

In the study of stochastic defects, image analysis was framed as a detection problem (Papers
V-VIII, X, and XIl). The redeposited spatters manifest as bright blobs on a darker background
and can be detected on an image I(x,y) using a Laplacian of Gaussian (LoG) operator 1%,
expressed in equation (1). The standard deviation ¢ is selected so the filtered image converges
to local extrema upon detection of a spatter redeposit. After filtering, non-minimum
suppression was applied to ensure unique detections in each spatter. The process is schematized
in Figure 16.
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Figure 16: Schematic workflow of the detection of spatter redeposits on OT images.

6.4 Ex-situ analytical techniques
a. Metallographic specimen preparation

Specimen preparation was conducted by standard metallographic procedures: plane grinding
with 320-grit sandpaper, subsequent fine grinding with 9 um diamond suspension on a Struers
MD-Largo surface, and final colloidal silica polishing. Electrolytic etching was performed in
a solution with 5 g oxalic acid mixed with 95 ml reagent grade HCI.

b. Microscopy

In this thesis, microscopy was mainly used to observe and measure internal defects but also to
measure melt pool dimensions, image powder and spatter samples and fracture surfaces. Three
different techniques were used: light optical microscopy (LOM), stereo optical microscopy
(SOM), and scanning electron microscopy (SEM).

Light optical microscopy

The specimens in which quantification and measurement of internal defects were performed
had a relatively large cross-section of approximately 10 mm x 20 mm. Each cross-section was
fully imaged in the unetched condition using the stitching tool in Zeiss Axioscope 7 light
optical microscope (LOM) at 50x magnification, yielding detectable features down to 0.88 um,
pixel size. First, the resulting LOM images were binarized, thus discriminating solid material
from defects. Then, the properties of the features corresponding to defects were measured
individually and automatically, with a single defect corresponding to a contiguous region in
the binarized image. Among the quantities measured is the defect length, also referred to as
defect size, as well as the area fraction of defects, which corresponds to the volume fraction of
defects, assuming that the area is representative of the bulk.
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Scanning electron microscopy

In scanning electron microscopy (SEM), a focused electron beam is used to scan the surface
and near-surface of the specimens under analysis. The interaction between the electron beam
and the material under observation generates different signals, among which secondary
electrons and backscattered electrons, used for imaging, and X-rays, used for chemical
analysis.

The SEM work done in this thesis employed a field emission gun scanning electron microscope
(FEG-SEM) Leo Gemini 1550. SEM was used for microstructural characterization of the as-
printed Hastelloy X, analysis of fracture surfaces, and characterization of powder and spatters
in terms of morphology and surface morphology. Electron backscatter diffraction (EBSD) is a
technique integrated into SEM systems that provides data on the crystallography of materials,
for example, grain size, shape and orientation, and allows the identification of phases and
texture.

c. Non-destructive evaluation
Ultrasonic inspection

Ultrasonic inspection is a mature technology widely used in industry to detect defects. In this
thesis, its output was compared to the overall distribution of internal defects detected through
the monitoring system. The ultrasonic inspection was performed as a linear scan transversally
to the build direction, with a 64-element linear phased array longitudinal wave probe (Zetec
LM-5MHz) fixed at a single position on each specimen analyzed. The ultrasonic waves were
emitted from an aperture of 16 probe elements and propagated into the specimen with a 0-
degree refraction angle. Proper delay laws were applied to realize the beam focusing at one
scan position. In order to cover the entire region of each build, the aperture travels along the
whole array with a step of 1 element. The ultrasonic inspection data were collected and
recorded under a sampling frequency of 100 MHz by a corresponding data acquisition
hardware unit labeled TOPAZ64 from Zetec and then post-possessed using UltraVision
software. The longitudinal wave speed in Hastelloy X is about 5700 m/s. Using the phased
array probe with center frequency of 5 MHz, the wavelength in this material is about 1.1 mm,
which allowed for the detection of defects larger than 500 pum.

X-ray computed tomography

X-ray computed tomography (XCT) was used to measure the internal defect populations of
selected, relatively thin specimens, as Hastelloy X has a high X-ray absorption coefficient. The
equipment used was a custom-developed X-ray CT system consisting of a microfocus X-ray
tube (XWT-190-TCNF, X-RAY WorX), a 4000 x 4000 px? digital X-ray detector (XRD 1611
CP3, Perkin Elmer), and air-bearing motion axes 1% 1%, XCT data analysis was performed in
VG Studio MAX 3.4 (Volume Graphics). The volume data were filtered with a 3 x 3 x 3
median filter, and the outer sample surface was segmented using a gradient-based surface
determination algorithm. Porosity analysis was performed using the VGEasyPore module.

d. Surface characterization

Due to the high surface-to-volume ratio combined with interaction with a laser beam in an
atmosphere containing oxygen, surface characteristics of powder are important in LPBF.
Surface characterization was performed via X-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES).
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X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique used in this thesis to
identify the chemical state and estimate the concentrations of the elements present on the
surface of powder and spatter particles. The equipment used was a PHI 5500 VersaProbe Ill
scanning XPS microprobe (ULVAC-PHI) equipped with monochromatic aluminum Ko X-ray
source (1486.6 eV).

Auger electron spectroscopy

AES is a surface analysis technique with higher lateral analytical resolution used in this thesis
to investigate specific regions of powder and spatter particles. The AES analyses were
conducted with a PHI 700 scanning Auger nanoprobe (ULVAC-PHI). The electron
accelerating voltage was 10 kV, and the beam current was 10 nA, enabling a nominal analytical
lateral resolution of ~20 nm.

e. Bulk chemical analysis

Bulk chemical analysis was used in this thesis to measure bulk oxygen and nitrogen contents
in consolidated LPBF parts. The analyses were performed using a LECO ON836 at Hoganas
AB. Small samples were extracted from the parts, placed into a graphite crucible, and heated
to release analyte gases, which were then detected by non-dispersive infrared (NDIR) cells.

f. Mechanical tests

Mechanical tests were performed to assess the mechanical performance of LPBF of virtually
defect-free Hastelloy X with varying microstructures (Paper 1V) and of Hastelloy X affected
by spatter redeposition (Papers VIII, X, and XI).

Tensile tests

All tensile tests reported in this thesis were performed at room temperature using as-printed
specimens manufactured with the main axis oriented along the build direction. The tests
pertaining to Paper IV were performed on an Instron 8501 servo-hydraulic machine and with
an Instron 2630-102 axial clip-on static mounted on the gauge length for measuring the
uniaxial strain. The tests were performed at a strain rate of 2-:10* s in accordance with the
ASTM ES8/E8M guidelines.

The tests pertaining to Papers VI1II and X were done according to the 1ISO 6892-1 standard on
an Instron 5582 universal electromechanical testing machine according to machine with a 100
kN load cell at a constant strain rate of 2:10° s,

Fatigue tests

The fatigue tests reported in this thesis were performed at room temperature and according to
ISO 1099, using specimens printed with the main axis oriented along the build direction in the
machined and polished condition. Fully-reversed (R = —1) stress-controlled fatigue tests with
a frequency of 10 Hz were conducted at two stress ranges, 800 MPa and 900 MPa. These tests
were performed on an Instron 5582 universal electromechanical testing machine.
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CHAPTER 7
SUMMARY OF RESULTS

This chapter summarizes the results of the appended papers. Papers | - IV address systematic
defects. In Paper I, the defect populations and melt pool geometries were mapped in the
process parameter space. The capabilities of the melt pool monitoring system of predicting
melt pool geometry, melt pool dynamics, and internal defects were then evaluated. The data
collected ex-situ in Paper | were used to investigate the correlation between OT grayvalues
and defect type and content in Paper Il, and classify the images acquired through the OT
monitoring system into the predominant defect type encountered in the specimens in Paper
I11. In Paper 1V, the virtually defect-free region of the process parameter space identified in
Paper | was studied in detail to assess the variation of microstructure and properties from a
productivity-focused perspective.

Papers V - X1 address stochastic defects. Paper V investigated the formation and detection of
stochastic defects caused by the redeposition of spatters on the powder bed in builds where
productivity was increased. A method for detecting spatters and an initial correlation between
defects and detections were established, addressing patterns across the build area and process.
In Paper VI, a detailed investigation was conducted, and the exact correspondence between
individual detections in OT images and lack of fusion defects was established. Given the
variation in defect content among builds observed in Paper V, spatter particles collected in
these builds were investigated in Paper VII, as well as the OT signal external to part
boundaries, to obtain insights on the formation and trajectories of these particles. The effect of
spatter redeposition and associated defect formation on the mechanical properties of Hastelloy
X were addressed in Paper VIII, where tensile and fatigue tests were conducted. A potential
mitigation strategy for spatter-induced defects was investigated in Papers X and X, where the
oxygen content in the process atmosphere was restricted to a maximum of 50 ppm. In Paper
IX, spatter particles were thoroughly characterized to better understand the effect of oxygen
content present in the process atmosphere on their surface characteristics. In Paper X, the
effect of the reduction of oxygen content was verified in terms of defect formation and
mechanical properties. In Paper Xl, another defect mitigation strategy was proposed and
investigated: modifying the laser scan pattern to aid spatter removal from the build area.

7.1  Systematic defects
a. Mapping

In Paper 1, a comprehensive design of experiments was employed on the manufacturing of
Hastelloy X specimens, exploring a wide range of the process parameter space. In-situ
monitoring of the melt pools was conducted throughout the manufacturing process. Subsequent
ex-situ evaluations involved measurements of melt pool widths and depths, and analysis of
internal defects. The volume fraction of defects at each experimental point can be seen in Table
4, in which the transition between keyhole and conduction is represented with a dashed line.

The investigation delved into the analysis of melt pool geometry, signal characteristics, and
internal defects. These analyses were conducted by systematically varying one parameter at a
time, independently for both keyhole and conduction regimes (Figure 17). In the examples
illustrated, the laser power is the only process parameter altered. Through this factor-by-factor
analysis, it was discerned that the signals acquired via melt pool monitoring exhibited
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intensities that correlated with the average dimensions of the melt pool. Moreover, these signals
demonstrated more pronounced dynamic attributes in response to process conditions that
promoted spatter generation, coinciding with an escalation in energy input.

A consistent trend of heightened scatter in melt pool dimensions emerged in specimens
featuring a greater volume fraction of defects. This increased variability in melt pool
dimensions was ascribed to the progressively uneven substrate onto which the melt pools were
deposited, owing to the presence of larger and more prevalent internal defects. However, it is
noteworthy that the scatter in melt pool dimensions and deliberately introduced systematic
internal defects remained undistinguishable through melt pool monitoring.

Table 4 VVolume fraction of defects (%) across the process parameter space. Laser power, scan speed and layer
thickness are varied systematically. The dashed lines indicate the location of the transition between keyhole and
conduction fusion. "N/A" indicates manufacturing could not be completed due to extreme processing conditions.
The highlighted cells correspond to process conditions considered desirable. From Papers 1% / 11144,

Laser scan speed (mm/s)
200 400 600 800 1000 1200 1400 1600

Laser | Nominallayer 20 | 0.39 0.01 0.31 1.41 5.48 7.97 11.6 142
power: | thickness 40 | 0.4 0.76 0.78 5.95 14.3 19.4 273 321
100 W (nm) 80 | 5.61 11.7 16.5 26.8 35.1 45.4 N/A N/A

Laser | Nominallayer 20 | 4.47 2.55 0.03 0.01 <0.01 0.19 0.63  1.27
power: thickness 40 5.12 2.77 0.02 0.01 0.09 0.44 1.67 4.51
200w (km) 80 | 6.79 2.19 0.11 0.31 6.90 12.1 18.8 25.6

Laser | Nominal layer 20 N/A 2.34 0.44 <0.01 <0.01 0.02 0.10 0.14

power: | thickness 40 | 3.31 3.50 0.30 <0.01 0.01 0.04 012 0.26
300 W (um) 80 4.50 3.19 0.35 0.01 0.03 0.06 0.39 2.53

b. Prediction based on grayvalues

In Paper |1, the OT output was analyzed in terms of pixel intensity values, also denominated
grayvalues (GV). The OT MAX image from each specimen at each manufacturing layer was
masked to exclude signal external to nominal part boundaries, and a set of summary statistics
were computed for each of the corresponding distributions, as per the scheme in Figure 18.
Summary statistics condensate the information contained in a distribution of 5.025 points (the
number of pixels in an OT image representing a single specimen in a single layer) and represent
this distribution with a few values — in this case:

- The median, representing the central tendency,

- The 1% and 99" percentiles, representing the distributions' extremes (minimum and
maximum, respectively).

These summary statistics vary in each manufacturing layer for a single specimen, even if the
processing conditions are constant. The magnitude of this variation across processing
conditions and the distributions of the summary statistics considering the entire manufacturing
process were assessed and correlated to the defect populations. It was found that, generally,
higher GV are registered in specimens containing keyhole pores, lower GV in specimens with
lack of fusion, and intermediate GV in defect-free specimens. However, the summary statistics
of GV distributions can extensively overlap with those from defect-free specimens, as observed
in Figure 19. The extensive overlap challenges the formulation of simple rules to distinguish
defective and non-defective specimens. Because of that, complementarily to Paper 11397, the
extracted summary statistics were clustered via k-means clustering (Figure 20) and the assigned
clusters were compared to the categories determined via metallographic analysis. With that, it
was determined that 92% of the data points were correctly clustered.
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Figure 17: Influence of laser power on melt pool signal characteristics, melt pool dimensions and defect
populations in the conduction (a-f) and keyhole regimes (g-1). The specimens were manufactured with varying
laser power (100 W, 200 W and 300 W). The plots in a) and g) show the MPM output in temporal x-coordinate.
The signal translated to spatial coordinates is shown in b) and h). The signals processed to highlight regions of
high melt pool dynamics are shown in c) and i). The microstructures of the corresponding specimens are shown
in d) and j), where the volume fraction of defects is indicated. The influence of laser power variation on melt pool
depths and widths are shown in €), f), k) and I). Adapted from Paper | 1,
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Figure 18: Schematic data extraction workflow from OT images, focusing on GV.
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Figure 20: Clustering summary statistics of GV distributions. Cluster 1 corresponds to specimens containing lack
of fusion; cluster 2 to virtually defect-free specimens; cluster 3 to specimens containing keyhole pores.

c. Classification using machine learning

Since the need and benefit of using machine learning to the problem of defect detection were
identified, another machine learning approach was taken to analyze the data, considering the
spatial component of OT images. In Paper 111, a fully convolutional neural network (CNN)
was designed to classify OT images per the main defect type identified through metallographic
analysis.

The OT images were divided into patches of constant size centered in each specimen and only
containing signals emitted from that specimen (Figure 21a, c). All patches corresponding to
the same specimen received the same label (Figure 21c) since the defects are generated
systematically due to process parameters (Figure 21b), and each layer is assumed to be
representative of the resulting defect distribution. The labeled examples are partitioned into
three sets: the training set, used to fit the parameters in the network; the validation set, which
provides an evaluation of the model during the training process and prevents overfitting (Figure
21d); and the test set, set apart in previous stages for the evaluation of the final model.
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The validation accuracy of the network is 97.99%. In order to estimate the performance of the
network in practice, it was applied to the test set, which consists of 1,122 images previously
set apart for this purpose. The confusion matrix presented in Figure 2le describes the
performance, which shows the overall accuracy in the test set (97.8%), as well as precision,
false discovery rate, recall, and false-negative rate for each category. Thus, it is demonstrated
that it is possible to distinguish virtually defect-free material from material containing
systematic defects based on monitoring data acquired in situ with high accuracy.
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Figure 21: Schematic workflow of Paper 111 %4,

7.2 Productivity enhancement in the defect-free zone

With the work performed in Papers I-111, the quantity, type and size of process parameter-
driven defects were characterized for Hastelloy X, and their detectability was ensured.
Moreover, multiple processing conditions that result in virtually defect-free material were
identified (highlighted in Table 4). These are considered the "desirable” process conditions, as
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defect avoidance is achieved through their employment. However, within the range of desirable
processing conditions, variability in microstructure, properties and achievable build rates are
expected. These factors are investigated in Paper 1V from a productivity perspective.

Considering the absence of a unified approach for the increase of the build rates based on
process parameters, the first goal of Paper 1V was to obtain a simplified parametrization of the
build rate. For that, it was assumed that the build time is mainly governed by exposure of the
bulk region and that the infill parameters and transition time between layers are invariable
throughout a build. With these factors considered, the build rate can be expressed as:

_ Rvht )
" R+ At vh

Where v is the laser scan speed, h is the hatch spacing, t is the layer thickness, At,, is the time
interval for the transition between layers, and R is the average utilization of the build area,
which can also be expressed as the ratio between the volume of the build envelope and build
height.

Plugging the processing conditions highlighted in Table 4 into Equation (2), the build rates
attainable when still producing virtually defect-free material were obtained. The results can be
visualized in Figure 22a. The influence of productivity increase in the microstructure of
Hastelloy X was determined. As multiple process parameters were varied to increase
productivity, some microstructural features vary within the defined process window (Figure
22b-f). For example, the material produced with the highest productivity presents the most
random grain orientation and pockets of fine grains at the bottom of the melt pools (Figure
22b). For the lowest productivity, grain growth and a stronger (101) orientation of the larger
grains were observed (Figure 22a).
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Figure 22: (a) Build rates (cm®/h) for the sets of process parameters in the process window. EBSD orientation
maps in IPF coloring for material manufactured with (b) highest productivity (P=300 W, v=1000 mm/s,
t=0.08 mm and lowest productivity in the study (P=100 W, v=400 mm/s, t=0.02 mm). Adapted from Paper
(AVAE
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7.3  Stochastic defects
a. Macroscale

Upon landing on regions of the powder bed exposed by the laser beam, spatters can potentially
generate internal defects. Given the inherently stochastic nature of defects induced by spatter,
the real-time detection of spatter redeposition becomes crucial. In the context of Paper V, three
separate LPBF builds were executed using Hastelloy X, wherein parameters were fine-tuned
to achieve materials with nominal full density at three distinct layer thicknesses: 80 um, 120
um, and 150 um. Throughout the build process, EOS OT Exposure was employed for
continuous monitoring. The analysis of monitoring images enabled identifying and quantifying
redeposited spatters, thereby facilitating the determination of their spatial distribution.

It was determined that the chosen nominal layer thickness significantly influenced the
occurrence and spatial arrangement of redeposited spatters. Specifically, a preference for
redeposition near the gas outlet was observed. Notably, as the layer thickness increased, a
greater quantity of redeposited spatters was discerned, encompassing a larger area within the
build region. This observation is depicted in Figure 23. Importantly, this finding presents a
notable constraint on the potential enhancement of LPBF productivity.
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Figure 23: Redeposited spatters in builds with varying layer thicknesses. Detections (in red) on builds with layer
thicknesses 80 um (A), 120 um (B) and 150 um (C). The number of detections per layer versus build height is
presented in D — F. From Paper V%,

It was observed that the locations of spatter redeposition depend on the laser scan direction, as
illustrated in Figure 24. OT image patches representing laser exposure in distinct directions are
seen in Figure 24a, c. These images are modified in Figure 24b and d, respectively, to show
the trajectory of spatter particles. The initial trajectory is parallel to the scan lines and then
aligns with the direction of the gas flow. Spatters were found to redeposit preferentially on the
side of the build plate where their initial trajectories were also partially aligned against the gas
flow (Figure 24e).
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Figure 24: Distribution of redeposited spatter on the build area depending on the orientation of the laser scan
vectors. The stripe orientations seen in (a) and (c) determine the initial trajectory of spatters that then align with
the gas flow ((b) and (d)). The spatter redeposits on the layer with stripe orientation as (a) are represented in
blue, while the detections stemming from stripe orientation as (c) are represented in red (e). From Paper V2,
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Figure 25: Correspondence between detections of spatter redeposits and internal defects. Considering the build
layout (a), few spatter redeposits are detected in specimens manufactured near the gas inlet (b). Metallographic
analysis of these specimens reveals no major internal defects (d). Detections of spatter redeposits can be
abundant in specimens manufactured near the gas outlet (c), and these specimens present large internal defects
(e). Particles are observed adjacent to lack of fusion defects on cross-sections (f) and fracture surfaces (g). Some
of these particles have surface oxides (h). Adapted from Paper V2.
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A combination of destructive and non-destructive testing methods was employed to establish
the link between identified redeposited spatter and internal defects. The results of both analyses
consistently demonstrated that specimens exhibiting minimal occurrences of spatter
redeposition exhibited no significant internal defects. Conversely, regions exhibiting
prominent detections through in-situ monitoring were associated with instances of lack of
fusion, as depicted in Figure 25. Upon observation of the cross-sections of the specimens,
distinct features came to light. Rounded particles displaying a dendritic structure, often
possessing diameters notably exceeding those of the original feedstock powder, were observed
near areas of incomplete fusion (Figure 25f). This observation serves as evidence of spatter
involvement in generating these defects. Further substantiating this finding, the fracture surface
was examined (Figure 25g-h). The particles situated near lack of fusion defects exhibited the
same oxidation state as spatter that had been independently analyzed, thus providing conclusive
confirmation of spatters' influence in forming defects.

Due to the striking differences in defect formation among builds where different nominal layer
thicknesses were used, the spatter particles collected in each of these builds were further
analyzed in Paper VII to determine whether any characteristics of the particles vary among
builds. The OT images were also re-analyzed, focusing on the signal external to part boundaries
to qualitatively evaluate the spatter ejections across builds (Figure 26). As the nominal layer
thickness increases, more spatter particles are generated per layer, and thicker oxides, richer in
Al and Ti, cover the particles, on average.
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Figure 26: Contour plots of the signal intensity registered via OT of a single representative layer of builds
performed with nominal layer thicknesses 80 pm, 120 um, and 150 pm. From Paper V11 %8

b. Microscale

Paper VI establishes a more exact correspondence between detections and defects. For that,
smaller volumes of material were analyzed via OT in-situ monitoring and ex-situ XCT. The
lack of fusion defects measured via XCT matched the detections in OT images in specimens
manufactured under several processing conditions. A visual comparison between lack of fusion
defects identified in XCT and detections in OT images is provided in Figure 27, which
represents randomly selected instances from multiple specimens. There is an evident
correspondence between spatter detections and defects revealed by XCT, especially larger
defects. A fair spatial correspondence between both detections is present, but the match is not
exact, as the features detected are distinct (defects for XCT and spatters for OT). As spatter
particles induce defects, a slight offset is expected and observed.
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Figure 27: Visual correspondence between XCT slices (top) and OT images overlaid with detections (bottom).
Adapted from Paper VI 1%,

With that, the number of detections matching a defect (true positives) could be measured, as
well as the number of detections not matching a defect (false positives) and the number of
defects that were not detected (false negatives). False positives were found consistently in most
specimens. Their presence was partially attributed to the incorporation of redeposited spatter
particles into the material, which is enabled by the layer-by-layer nature of the process where
the top layers are remelted. Part of the false positive detections (Figure 28 f-g) has the same
characteristics as true positive detections (Figure 28 a-e), which indicates that the spatter
redeposited in this location and was subsequently fully incorporated into the bulk, not forming
a defect. Part of the FP detections has a distinct appearance, as illustrated in Figure 28 h-j. In
these cases, the laser exposure pattern and short scan vectors provoke the emergence of brighter
regions, as previously reported in the literature 1°. The higher local intensity combined with
the surrounding darker features, i.e., specimen edges and stripe overlaps, result in detections,
despite the dissimilarity of these regions to the features of interest. The resulting occurrences
of FP have a higher representativity in specimens manufactured with a higher global energy
input. Considering all analyzed specimens, 79% of lack of fusion defects were detected with
the approach proposed in Paper VI.
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c. Impact on mechanical properties

The effect of spatter-induced lack of fusion on the mechanical properties of Hastelloy X was
investigated in Paper VI11. Mechanical test specimens were manufactured in two builds with
identical layouts (Figure 29a,c). A higher number of redeposited spatters were detected in the
build where a larger nominal layer thickness was used, as observed in Papers V, VI, and VII.
However, contrary to previous work, most detections were made in the central regions of the
build area and toward the gas inlet instead of on the adjacencies of the gas outlet. A possible
reason for this behavior is the nozzle used, which was changed from the standard EOS nozzle
to the EOS grid nozzle in Papers VI1II, X and XI.

t = 120um

t =80um

a) b)

Gas flow
€

:] 8
7 7
6 6 |
5 5 |
4 4
3 3
2 2
1 1

Figure 29: OT images overlayed with spatter detections (in red) show the identical build layouts used in paper
V11, along with the specimen IDs, indicated by the superimposed grid. Portions of the original images are
highlighted in the inserts. Adapted from Paper VIII.
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Selected specimens were measured ex-situ using XCT to map the defect populations.
Afterward, the specimens were tested in stress-controlled fatigue, and their performance was
analyzed based on the measured and expected defect populations. It was confirmed that a
higher build rate is associated with a higher number of lack of fusion defects. Specimens
manufactured at a higher build rate presented higher scatter but significantly higher average
life, despite the more critical defect population. Surprisingly, the confirmed presence of large
lack of fusion defects in the gauge section of machined fatigue specimens did not necessarily
result in a poorer performance of these specimens (Figure 30). It was concluded that the grain
refinement obtained through the increase in nominal layer thickness has a life-prolonging effect

that overrides the effects of large spatter-induced lack of fusion defects.
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Figure 30: Defect populations in the gauge sections of different specimens, represented by defect sphericity and
size. The number of cycles to failure for each of these specimens is represented, together with the performance
of the remaining specimens tested in identical conditions. The error bars represent one standard deviation from
the mean life in each direction. Adapted from Paper VI1I.
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d. Mitigation

Considering that spatters presumably trigger defect formation due to their oxidized surface and
by hindering the laser beam energy from being completely used for melting, limiting the extent
of surface oxidation could mitigate their defect-forming capabilities. Paper X is a first step in
that direction and investigates what characteristics of spatter particles are changed when the
oxygen content in the process atmosphere is reduced from a maximum of 1000 ppm to 50 ppm.
Spatter particles were collected in two locations in the build chamber, where mixing with the
feedstock powder is deemed minimal. A negligible increase in the oxide thickness compared
to the virgin state is observed when the oxygen content is kept under 50 ppm in the process
atmosphere (Figure 31a). The surface chemical composition, however, changes, with a
decrease in the Fe, Ni, Mo and Si contents and an increase in Al, Ti, and Cr contents (Figure
31b).

Point-based depth profiles in individual particles revealed an important particle-to-particle
variation in terms of surface oxide thickness (Figure 32). For spatters collected from the 1000-
ppm oxygen atmosphere, the measurements varied from 9.7 nm to 139.8 nm and from 2.6 nm
to 36.7 nm for the 50-ppm oxygen spatters. This variability can be another reason some spatter
particles are fully incorporated into the bulk while others are not, thus generating defects. The
thickest surface oxides were measured in particles necessarily generated in-process, i.e., in
particles larger than 63 um, which corresponds to the sieve opening and is the maximum
feedstock particle size.

a . . . L
) Surface oxide thickness (nm) b) Surface chemical composition (at%)
80 60
69.8
70 | so
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50 45.7 40
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Figure 31: XPS measurements performed on the virgin powder and spatter particles. a) Surface oxide thickness;
b) Surface chemical composition (not accounting for oxygen and carbon). From Paper 1X 1,
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Figure 32: Oxide thickness measured in 20 different particles of (a) 1000-ppm gas outlet sample; (b) 50-ppm gas
outlet sample. The measurement locations are indicated by a cross and are labeled 1 to 20. (c) and (d) show the
oxide thickness plotted against the particle size for the 1000 ppm and the 50 ppm samples, respectively. From
Paper 1X 11,

To evaluate whether the restriction of the oxygen content in the process atmosphere to a
maximum of 50 ppm can mitigate defect formation and improve mechanical properties, the
experiments performed in Paper VII1 were replicated under this condition in Paper X. While
qualitative analysis of OT images highlighting spatter trajectories indicates a reduction in the
formation of spatter (Figure 33), the quantitative analysis, reveals a reduction in the number of
detected spatter redeposits within the gauge sections of specimens only for the nominal layer
thickness of 80 um. For 120 um layer thickness, more spatter redeposits were detected
upstream (positions 6-10 as per Figure 29) for the more controlled process atmosphere.
Accordingly, in these specimens, a larger number of lack of fusion defects were measured via
XCT (Figure 35). The fatigue lives in the 120 um layer thickness group presents a large scatter,
and two subgroups could be identified: a high-performing group, with few detections of spatter
redeposits and with either no or few defects on the fatigue fracture surface; a poor-performing
group, with a higher number of detections of spatter redeposits in OT images and internal
defects in XCT. In the fracture surfaces of the latter subgroup, multiple sizeable defects were
identified, and the defect formation was deemed too substantial to be countered by the
material’s finer microstructure. On the other hand, for 80 um nominal layer thickness, a low
number of spatter redeposits were detected in OT images, and, accordingly, a lower number of
defects were measured in XCT and observed on the fatigue fracture surfaces. The tensile and
fatigue performances were improved with the restriction of oxygen content in this case.
Nonetheless, it could be concluded that reducing the oxygen content in the LPBF process
atmosphere is not an effective strategy to mitigate stochastic defect formation.
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Figure 33: Qualitative OT analysis in the form of pseudocolor OT images with enhanced brightness showing
spatter trajectories. Adapted from Paper X.
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Figure 34: Quantitative OT analysis in the forr.n of plots showing the number of spatter detections in the gauge
section of each specimen. Adapted from Paper X.
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Figure 35: Fatigue performance and XCT defect data of specimens manufactured in process atmosphere with a
maximum of 50 ppm oxygen. Adapted from Paper X.

Yet another strategy to mitigate spatter-induced defect formation was explored in Paper XI. A
non-rotating laser scan pattern oriented perpendicularly to the direction of gas flow (Figure
36a) can potentially aid the removal of spatter particles from the build area since the particles
are ejected with an initial velocity vector with no component against the gas flow direction, as
shown by the OT image in Figure 36b. Nonetheless, the quantification of spatter redeposits
within the gauge sections of individual specimens (Figure 36¢) reveals a high number of spatter
redeposits on the upper half of the build plate (upstream). Compared to a set of specimens
manufactured with identical conditions but rotating scan pattern, higher average fatigue life
was measured in both test stress ranges, but also a much larger scatter in data was observed
(Figure 37a). The large scatter in fatigue life was attributed to the varying extensions of defect
formation in the tested specimens. About half of the specimens contained a lack of fusion defect
in the fracture initiation site (e.g., Figure 37c) and a significant number of spatter redeposit
detections. The outliers, indicated by the arrows in Figure 37a, presented lack of fusion defects
along with the scan pattern lines (Figure 37d,e), visible on the fracture surfaces of all

specimens.
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Figure 36: a) Modified laser scan pattern oriented perpendicularly to the gas flow direction. b) Pseudocolor OT
images with enhanced brightness showing spatter trajectories. ¢) Number of spatter detections in the gauge
section of each specimen. Adapted from Paper XI.
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Figure 37: Fatigue life of specimens manufactured with non-rotating laser scan pattern compared to specimens
manufactured in identical conditions but with rotating scan pattern (a). The fracture surface of one of the outliers
indicated (b-e). Adapted from Paper XI.

Since the in-process defect mitigation strategies investigated proved to have limited effectiveness, the
capability of hot isostatic pressing (HIP) in healing stochastic defects post-manufacturing was
examined. The gauge sections of one specimen from each condition investigated in Papers VIII, X and
X1 were measured via XCT at Bundesanstalt fiir Materialforschung und -priifung (BAM) by Dr. Tatiana
Mishurova. Their defect populations can be seen in Figure 38. After HIP, no internal defects were
observed in any of the specimens. All defects were apparently eliminated, despite their presumed initial
oxidized surface and their large size and abundance in some of the specimens investigated. Thus, these
preliminary results indicate that HIP is the most promising strategy to mitigate stochastic, spatter-
induced lack of fusion.
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Figure 38: Internal defects measured via XCT pre-HIP. No defects were measured in any of these specimens
post-HIP. The variable manufacturing conditions are specified in each case (nominal layer thickness t,
maximum allowed oxygen content in the process atmosphere, and laser scan pattern).
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CHAPTER 8
CONCLUSIONS

This thesis addressed the detection of internal defects in LPBF Hastelloy X via in-situ
monitoring, how the defect populations within the material change with increased process
productivity, and how mechanical properties are affected by these defects. Additionally, some
defect mitigation strategies were proposed and investigated. The deliberate creation of defects
was performed according to two distinct approaches that preserve defect formation
mechanisms in realistic manufacturing settings. Defects were created systematically in an
extensive process mapping, and stochastically by boosting the amount of process by-products,
while the build processes were monitored. The signal acquired through the monitoring systems
was processed to identify deviations that could be coupled to defects and to melt pool features
characterized ex-situ. The process mapping also set the basis for process-optimized
productivity increase.

The comprehensive design of experiments performed for Hastelloy X investigated 72
processing conditions in which the defect populations and melt pool sizes were thoroughly
characterized. With this, the LPBF processing of Hastelloy X could be mapped, and trends in
defect formation could be established, thus enabling foreseeing defect populations in
processing conditions other than the ones studied. With the melt pool monitoring and optical
tomography data collected during the manufacturing of these specimens, it was possible to
distinguish virtually defect-free specimens from specimens containing lack of fusion and
keyhole pores. Optical tomography data were analyzed through several methods, out of which
convolutional neural networks performed best. The melt pool monitoring signal characteristics
could not be correlated to the internal defect populations but with melt pool dimensions and
processing conditions that provide a higher instant energy input, known to generate spatter

(RQ1).

With desirable (virtually defect-free) processing conditions identified and with parametrization
of the LPBF build rate based on key process parameters, a 10-fold increase in the build rate
was achievable while simultaneously avoiding defects. The main direct gain in productivity is
attained by increasing the layer thickness, which also results in finer, more randomly oriented
grains (RQ?2).

In the study of stochastic defects, blob detection on optical tomography images was proposed
to detect spatter particles redeposited on the powder bed, thus inferring the presence of spatter-
induced lack of fusion defects. Using X-ray computed tomography data (XCT) as the ground
truth, it was found that 79% of lack of fusion defects could be detected in OT images, and their
positions were estimated. The detection was particularly successful for large defects (RQ1).
Processing conditions that enable high build rates were more susceptible to spatter-driven
defect formation. In particular, increased nominal layer thickness increases spatter generation
per layer and simultaneously reduces the healing capability of the process, as comparatively
smaller volumes of material are re-processed. These spatter particles are covered with thicker
surface oxides, richer in Al and Ti. Additionally, more significant inhomogeneities were
observed on the powder bed with an increased nominal layer thickness (RQ?2).

Nonetheless, the effects of these defects on the mechanical properties of Hastelloy X were
limited, partly due to the high ductility of this alloy. The finer microstructure of Hastelloy X
manufactured at higher build rates enhanced its fatigue properties, despite the presence of large
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lack of fusion defects, which significantly affected the fatigue performance of the as-built
material mainly when abundantly present. Sparse lack of fusion did not necessarily affect
fatigue performance (RQ3).

Two strategies for mitigating stochastic defects were proposed and investigated: limiting the
oxygen content in the process atmosphere to reduce oxidation of process by-products, and
using a non-rotating scan pattern to aid the removal of process by-products from the build area.
None of these strategies effectively reduced the defect populations homogeneously across the
entire processing envelope, even though improvements in the mechanical properties were
observed under specific conditions. Preliminary results indicate that even large, presumably
oxidized defects can be eliminated post-process by hot isostatic pressing (HIP) (RQ4). The
fatigue performance correlated well with the defect populations predicted by analysis of in-situ
monitoring data (RQ3).
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CHAPTER 9
FUTURE WORK

Even though a single alloy, Hastelloy X, was investigated in this thesis, the principles for defect
detection are expected to be generic and transferable to other alloys. This transferability must
be investigated in detail in future work.

In this thesis, mechanical testing of Hastelloy X was limited to room temperature conditions
and in the as-printed state. While this can be considered a reasonable baseline for a mechanical
test campaign, performing tests more representative of the operational conditions intended for
this alloy would be relevant, more specifically, tests post heat treatment and at elevated
temperatures. Additionally, loading directions other than the build direction should be included
in a more comprehensive test campaign, given the important effect of anisotropy in LPBF
material.

While it was preliminarily demonstrated that hot isostatic pressing (HIP) could eliminate
spatter-induced lack of fusion, further investigation is required, including evaluating the
mechanical performance post-HIP. In particular, it is recommended to investigate whether the
defect mitigation offered by HIP reduces the scatter in fatigue life.

The effect of the defects studied here in the oxidation and corrosion properties of LPBF HX is
an unaddressed but relevant topic due to the main application areas of the alloy being due to its
excellent oxidation and corrosion resistance.

This thesis focused on the detection of internal microscopic defects. However, good potential
to detect design-driven defects through in-situ monitoring has been identified and investigated
by MSc students Vishal Sundar and Nikhil Belsure in their thesis “Design-driven defects in
laser powder bed fusion: correlation between in-situ monitoring data and ex-situ
measurements”’, supervised by Claudia Schwerz and Mats Delin (GKN Aerospace). Further
development of their work would be implementing algorithms to detect the deviations that have
been coupled to defects automatically.
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