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ABSTRACT

Powder bed fusion of Ni-based superalloys has seen rapid development and
improvements over recent years, both at academic and industrial levels. The high-
temperature strength and oxidation resistance of Ni-based superalloys, together with the
design flexibility inherent to additive manufacturing, enable the production of optimized
components for gas and aircraft turbines. There are, however, certain challenges related to
the fabrication and post-processing of y’-strengthened alloys by PBF-LB/M.

This thesis investigates PBF-LB/M fabrication of IN939, focusing on understanding
the interplay between processing and post-processing parameters, microstructure, and the
resulting properties of printed parts using a wide range of experimental techniques. An
appropriate processability window for IN939 using a pulsed wave laser is identified, yielding
defect-free parts (>99.5 % relative density) with minimal crack formation. The influence of
the energy input on microstructural features such as grain morphology and crystallographic
texture is examined. The fabrication of thin-walled IN939 parts is also investigated. The
incorporation of a pre-contour scan before hatch scanning effectively enhances thermal
diffusivity at a subsurface level, leading to reduced melt pool depth and mitigating keyhole
porosity, particularly for walls thinner than 1 mm.

The influence of the as-built microstructure on the recrystallization kinetics is also
explored. The presence of MC carbides in the as-built state retards the onset of
recrystallization via Smith-Zener pinning. Additionally, as-built samples with a smaller initial
grain size, coupled with a weaker crystallographic texture, recrystallize at lower
temperatures. A modified solution treatment consisting of 8 h at 1200°C is proposed to induce
recrystallization of PBF-LB/M irrespective of the initial microstructure.

Mechanical testing from room temperature to 950°C is performed for samples
following the standard and modified thermal treatments. The latter hinders diffusion-related
deformation mechanisms, and thus results in superior yield and ultimate tensile strengths
along the full temperature range.

Finally, the possibility of locally tailoring the microstructure in-situ via scanning
parameter modifications is tested. The horizontal melt pool overlap is identified as a useful
variable to control and predict the degree of epitaxial growth, and therefore the final

microstructure.
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RESUMEN
La fusién en lecho de polvo por laser (PBF-LB/M por sus siglas en inglés) de

superaleaciones base niquel ha experimentado un rapido desarrollo y mejoras en los ultimos
afios, tanto a nivel académico como industrial. Las buenas propiedades mecanicas y
resistencia a la oxidacion a altas temperaturas de estas aleaciones, combinadas con la
flexibilidad de disefio propia de la fabricacion aditiva, permiten la produccion de
componentes mas eficientes para turbinas en los sectores energético y aeronduticos. Sin
embargo, existen ciertos desafios asociados a la fabricacion mediante PBF-LB/M de
aleaciones endurecidas por precipitacion.

Esta tesis investiga el procesamiento de IN939 mediante PBF-LB/M con el objetivo de
comprender la interacciébn entre los pardmetros de fabricacion y posprocesado, la
microestructura resultante y las propiedades finales de las piezas impresas, utilizando una
amplia gama de técnicas experimentales. Dos conjuntos de parametros de escaneado distintos
son identificados coémo Optimos para procesar IN939. Con ambos se pueden obtener piezas
libres de defectos (densidades relativas por encima del 99.5%) y con minimo agrietamiento.
Este estudio también pone de manifiesto una influencia clara de la energia aportada en la
microestructura, tanto a nivel de tamafio y morfologia de los granos como de la textura
cristalografica.

Asimismo, se analiza la fabricacion de piezas delgadas de IN939, mostrando cémo la
incorporacion de un primer escaneo de contorno mejora la difusividad térmica en zonas
cercanas a la superficie de las muestras, reduciendo la formacion de porosidad tipo keyhole,
en especial en espesores inferiores a 1 mm.

El efecto de la microestructura de partida en la cinética de recristalizacion también ha
sido investigado. La presencia de carburos retrasa el inicio de la recristalizacion debido al
anclaje (pinning) de Smith-Zener. Un tamafo de grano inicial mas fino, combinado con una
textura cristalografica mas débil, acelera la recristalizacion al proporcionar mas puntos
favorables a la nucleacion y crecimiento de grano. Se propone un tratamiento térmico de
solucion modificado consistente en 8 h a 1200 °C para inducir la recristalizacion en piezas
fabricadas por PBF-LB/M, independientemente de la microestructura de partida.

Muestras tratadas térmicamente siguiendo tanto el tratamiento estdndar como el

tratamiento modificado son ensayadas mecanicamente a distintas temperaturas (de
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temperatura ambiente hasta 950°C). El tratamiento modificado induce el crecimiento de
granos, que a su vez reduce la influencia de mecanismos de deformacion relacionados con la
difusion, aumentando el limite elastico y la tension de rotura en todo el rango de
temperaturas.

Finalmente, se estudia la posibilidad de modificar localmente la microestructura
mediante ajustes en los pardmetros de escaneado in-situ, usando el solapamiento horizontal
de los cordones de fusion (melt pool) como una variable para controlar y predecir el grado

de crecimiento epitaxial, y por tanto, la microestructura final.
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1. INTRODUCTION

1. INTRODUCTION

1.1. Project frame

This work started as a collaboration between IMDEA Materials Institute and ITP Aero,
one of the world-leading aircraft component manufacturers [1], with the ultimate goal of
developing a viable methodology to produce parts for next-generation aircrafts. ITP Aero has
made a strong commitment to additive manufacturing as a solution to meet the challenges of
the future of aviation, becoming the first aeroengine manufacturer to obtain certification for
an AM structural component from the European Union Aviation Safety Agency (EASA), a
key milestone [2]. The technology of choice, laser powder bed fusion (PBF-LB/M, from
Powder Bed Fusion — Laser Beam/Metals), offers numerous advantages, including a reduced
buy-to-fly ratio and the ability to produce optimized components with lower mass and
improved performance [3,4].

Ni-based superalloys are exceptional materials with outstanding high-temperature
properties, which makes them ideal for gas turbine or aircraft components [5]. The synergy
between PBF-LB/M capabilities and the properties of Ni-based superalloys is crucial to
advancing toward a more efficient and environmentally sustainable aviation industry.
Amongst the many available alloys we selected Inconel 939 (IN939) for its excellent
oxidation resistance and high strength at elevated temperatures, making it an ideal candidate
for both energy and aeronautical applications.

As this thesis was preparing for takeoff, the literature on PBF-LB/M of IN939 was
scarce, and strong efforts were needed to better understand the process at many different
levels, from the laser-material interactions during fabrication, to the mechanical behavior of
manufactured parts at high temperatures. This overarching aim defines the main objective of
this thesis: to understand the link between processing, microstructure, and properties in PBF-

LB/M of IN939.

1.2.0utline

The following chapters constitute the structure of this thesis. Chapter 2 provides a
literature review, starting with a brief introduction to the different additive manufacturing

techniques. We then focus on PBF-LB/M, the technique employed in this study, playing close
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attention to the main processing parameters and to how these affect the outcome of the
printing process, in particular the defects and microstructure of PBF-LB/M parts. This is
followed by an introduction to Ni-based superalloys, their principal alloying elements, and
the specific challenges associated to processing these materials using PBF-LB/M. A more
detailed review of the current state of the art regarding PBF-LB/M of IN939 concludes the
chapter.

Chapter 3 describes the materials and the main experimental techniques used
throughout this work in detail.

The core results are presented in the next four chapters. Chapter 4 details the
optimization of the printing process for bulk parts, including the study of the influence of
processing parameters on defect formation and microstructural features. Chapter 5 addresses
improvements in the processability of thin sections. Chapter 6 explores the thermal treatment
of PBF-LB/M parts, focusing on the solution treatment and on the influence of the as-built
(AB) microstructure on the recrystallization kinetics. Finally, Chapter 7 investigates the
potential for locally tailoring microstructures in a simple and direct way by modifying
scanning parameters.

All of these results are then summarized in Chapter 8, where the main outcomes are

highlighted, followed by suggestions for future research directions in Chapter 9.
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2.1. Additive manufacturing

2.1.1. Overview

Additive manufacturing (AM), also known as 3D printing, can be defined as “the
process of joining materials to make parts from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing and formative manufacturing methodologies” [6]. In
general, for most layer-based AM processes, the first step is to design the geometry to be
produced with the help of a CAD software. This 3D shape can be defined by its surface using
a series of triangles and their normal vectors (.STL files). These files are then sliced in
different layers (with a fixed layer thickness), determining the 2D cross-sections
corresponding to each layer.

First developed as a rapid prototyping technique, it quickly evolved to become a group
of manufacturing techniques for complex functional parts. Following some early inventions
starting in the 1960s, stereolithography was the first AM technique to be commercialized in
1987 [7]. This was followed by rapid development of other techniques and systems, leading
to the current state of AM as a consolidated industry, with roughly 22 billion $US in revenue
in 2024 (Figure 2-1) [8].

Additive manufacturing (AM) processes are commonly categorized into seven main
types, based on factors such as the feedstock material, energy source, and deposition or
consolidation mechanisms [6]. These categories are: binder jetting, directed energy
deposition, material extrusion, material jetting, powder bed fusion, sheet lamination, and vat
photopolymerization.

Perhaps the biggest advantage of AM processes, compared to subtractive o formative
manufacturing technologies, is the freedom and flexibility of design. This enables the
production of geometrically complex parts that would otherwise be unachievable, increases
the utilization of feedstock materials—since the manufactured parts are typically near-net-
shape—and allows for the easy and rapid fabrication of fully customized components.
However, several drawbacks still limit the broader adoption of AM technologies in certain
fields, including the high cost of printed parts, limitations in fabrication speed, and relatively

small build volumes [9,10]. The aforementioned AM processes, along with their respective



2. LITERATURE REVIEW

advantages and limitations, are generally applicable across all types of feedstock materials.
Currently, a wide variety of additively manufactured products and components can be found

in various sectors, from the aerospace and automotive industries to the biomedical field.

25

7 | R

15 e m e

10 frmmmmmm e e

Revenue (Billions USD)

0
2000 2005 2010 2015 2020
Year

Figure 2-1: Revenue of the additive manufacturing market per year, from 2000 to 2024. Adapted from [8].

2.1.2. Metal additive manufacturing

Since this thesis focuses on a metallic material, the most relevant additive

manufacturing technologies for metals [11] are outlined below:

- Powder bed fusion (PBF), using either a laser or an electron beam (LB and EB,
respectively). A melt-based technique, where the energy source is focused towards
a metal powder layer spread on top of a substrate, and the desired sections are
selectively melted. This is the most widely used metal AM process [9,12].

- Directed energy deposition (DED), another melt-based process. Apart from laser
and electron beams (LB, EB), it can also use electric arcs (EA) as energy inputs.
The feedstock material, which can be either powder or wire, is delivered into the
melt pool simultaneous to the energy input [9,12].

- Binder jetting (BJT) is the third most popular metal AM technique. A binder is
deposited onto the powder bed and subsequently heated to form the green parts,

which are then post processed to achieve the final sintered parts. Since it does not
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rely on melting of the feedstock material, it is the least energy-intensive of the three

[13].

Each process has its advantages and limitations, and the final application and

requirements will determine the best suited option. Some of the main characteristics of each

of the main processes listed above are summarized in Table 2-1.

Table 2-1: Main characteristics of key metal AM technologies. According to the 52900 ASTM standard, the
nomenclature of a specific process starts with the acronym of the technique, followed by the energy source
(preceded by a dash -), and finally by the type of material (preceded by a slash /) [6]. The build rates were left
as comparative given the high variability in reported values in the literature [9,12,13].

PBF-LB/M PBF-EB/M DED-LB/M BJT/M
oy 500 x 400 x 500 500 x 300 x 300 2200 x 1200 x 600
Build size 5 5 In the meter scale 3
mm mm mm
Build rate Low Moderate High Very high
Dimensional = 41 1 um 0.2-0.5 mm 0.3-1 mm 0.2-0.5 mm
accuracy
Surface
roughness 10-20 um 20-50 um 20-100 pm 20-50 um
(Ra)
Thermal
treatments Thermal Machinine to Sintering,
Post- (including HIP). treatments. . & machining to
. . . improve surface .
processing Surface quality Surface quality ualit improve surface
improvement only improvement. quatity. quality.
in selected cases.
Medium
High precision; resolution; heated High deposition Cost-effective:
excellent powder bed helps : .
. . rates; suitable for  high throughput;
Advantages mechanical reduce residual >,
. ) large components ~ minimal support
properties; fine stresses; .
and repairs. structures.

feature resolution.

processing of
refractory alloys.

2.2. Laser powder bed fusion

Laser powder bed fusion (PBF-LB/M) is the AM process that has been used in this

thesis. In the following, this process is reviewed in detail.

In PBF-LB/M, the feedstock material is in the form of powder. The powder is spread

on a substrate using a recoater, and the 2D cross-sections corresponding to that layer are then
melted using a high-power laser beam. This laser beam is focused and directed towards the
intended locations using an optical unit composed by a series of lenses and mirrors. After a

layer has been melted, the substrate is lowered by a predefined layer thickness, and a new
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thin layer of powder is spread and melted by the laser beam. This process is repeated, layer-
upon-layer, until the final 3D part is fabricated. Once the printing is finished, the unmelted
powder is collected (it can be reused following a sieving step), and the parts are removed
from the substrate — typically by electro-discharge machining or other machining methods-,
and post-processed if necessary. Figure 2-2 illustrates the basic functioning of a PBF-LB/M
setup similar to the one used in this thesis.

(a)

ﬁ

Recoater

Laser beam l

Figure 2-2: Schematical representation of a PBF-LB/M setup (a) during the powder deposition step, and (b)
during the scanning process.

2.2.1. Melting process: the melt pool as a building block

When the laser beam interacts with the powder bed, it is reflected in multiple directions,
in influencing the overall energy absorption. Factors such as the particle size distribution, the
nature of the powder, the surface quality, or the compaction of the powder bed all affect the
fraction of laser energy effectively used for melting [14]. Shortly after exposure to the laser
beam, the temperature of the powder bed rises above the melting point and can even reach
vaporization temperatures. When the feedstock powder is melted, together with the substrate
or with a fraction of previously solidified scan tracks and layers, a melt pool is generated

[15].
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Under stable low- and medium-energy conditions -referred to as conduction-mode
melting- the melt pools tend to exhibit a semicircular shape (Figure 2-3a,b). In this regime,
the heat transfer between the melt pool and its surrounding media occurs primarily through
thermal conduction, mainly towards the substrate. Additionally, convection within the liquid
metal arises due to Marangoni flow inside the melt pool [16]. Nevertheless, conduction to
the surrounding solid metal remains the dominant heat transfer mechanism [15,17,18].

As the energy input increases and significant evaporation takes place, a cavity may be
formed in the melt pool due to recoil pressure overcoming the surface tension of the liquid
metal. The laser penetrates and reflects within this cavity, increasing its absorptivity (A), and
causing the melt pool to deepen, thereby losing the semicircular shape characteristic of
conduction-mode melting (Figure 2-3a,c) [15,19]. This melting mode is known as the
keyhole regime. In this regime, conduction to the surrounding media is no longer the
dominant heat transfer mechanism; instead, radiation and convection become increasingly
important, with the latter being the main form of heat transfer. Under carefully controlled
conditions, stable keyholes can form, allowing deep laser penetration and melting of larger
volumes compared to conduction-mode melting - an effect exploited in welding to enhance
productivity. However, the inherent (albeit small) stochasticity of standard PBF-LB/M
processes makes it highly challenging to achieve stable keyholes. In most cases, the keyhole
becomes unstable, i.e. the walls of the cavity collapse, entrapping part of the metal vapor,
increasing the ejection of droplets from the melt pool (spatter particles), and triggering a
series of uncontrollable physical phenomena [15,20,21]. Melt pools in this unstable keyhole
regime are irregular in shape and often contain spherical pores caused by the entrapped vapor.

Controlling the melt pool shape and size is of paramount importance to achieve high-
quality prints, as these factors influence defect formation and determine the microstructure
of as-built parts. In general, scanning parameters that promote melting in the so-called
transition mode (conduction mode, but as close to the keyhole regime as possible) are
preferred, for the melt pools are larger yet stable, enhancing productivity without
compromising print quality [17,21].

In this thesis, PBF-LB/M parts are considered as a three-dimensional stacking of melt

pools, with the melt pool regarded as the fundamental building block. Therefore, the
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following discussions of processing parameters, energy input, and microstructural features

will primarily focus on the melt pool length scale.

Laser Lascr

(a) Y Powder

Powder

z = =

' Laser scan direction ' Laser scan direction

(a) Conduction mode (b) Keyhole mode

(c)
Slice A Track 2

Figure 2-3: (a) Melt pool formation in conduction and keyhole modes. In keyhole mode, the reflections of the
trapped laser beam are shown using blue and red arrows [22]. (b) Semicircular melt pool typical of
conduction-mode melting, and (¢) deep, V-shaped melt pool typical of keyhole-mode melting (adapted from

(21]).

2.2.2. Critical processing parameters

PBF-LB/M is a fast and complex process influenced by numerous factors. Including
both process- and material-related aspects, more than 130 different parameters can affect the
outcome of the print [23]. Attempting to describe and characterize them all would be a
colossal task, exceeding the scope of this work. Therefore, in the following, we briefly
describe the influence of the most critical parameters, specifically those referenced

throughout this thesis.

2.2.2.1. Laser beam

The energy source used to heat and melt the powder feedstock is the laser beam, its
main characteristic features being its nature, its diameter, its distribution, and its emission

mode. Most PBF systems use Nd:YAG, Nd:YLF, or Yb fiber lasers, characterized by a
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wavelength of 1050-1070 nm [24]. Using an appropriate wavelength for a given alloy is
crucial, for the absorptivity of each material is wavelength-dependent [14]. For instance, Cu-
based alloys tend to have very limited absorptivity levels for infrared lasers operating at
1050-1070 nm, hindering their processability, and the use of green laser working at
wavelengths of 515-532 nm is a potential solution [25]. Fortunately, Ni-based alloys show
good laser absorptivity at the larger wavelengths typical of Yb fiber or Nd:YAG/YLF lasers
[24].

The laser spot size, controlled by the optical system of the PBF-LB setup, determines
both the minimum feature size and the power density. Adjusting the laser beam focal point
(i.e. focusing the laser a few mm above or below the powder bed surface) modifies both the
relative power density and the laser spot size [26]. A smaller the spot size enables more
precise and controlled printing but reduces productivity.

Most PBF-LB/M systems employ lasers with a Gaussian power distribution. However,
other beam profiles like top-hat or doughnut/ring can also be used in PBF. It is generally
accepted that a Gaussian laser power profile results in deeper melt pools, steeper temperature
gradients, and a higher geometrical accuracy. In contrast, top-hat or ring power profiles can
be leveraged to increase productivity or to tailor the solidification microstructure of the
printed parts [27-30].

The use of lasers with either continuous wave (CW) or pulsed wave (PW) emission
also influences the outcome of the printing process. As their names imply, CW lasers deliver
constant power over a set period, while PW lasers emit power in short, intense pulses ranging
from femto- to microseconds. A PW laser is characterized by its peak energy, the pulse
duration, and the time interval between pulses. In PBF-LB/M PW lasers result in higher
cooling rates, rounder and narrower melt pools, and smaller heat affected zones (HAZ)
compared to CW lasers. Thus, PW lasers offer advantages such as improved dimensional
accuracy and reduced solute diffusion, whereas CW lasers typically enable faster build rates
[31-34].

In this work, we have used a PW Yb fiber laser with a Gaussian power profile, and with

a spot size of ~70 um at the focal point.
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2.2.2.2. Scanning parameters

Four of the main scanning parameters that the user can modify are: laser power (P),
scanning speed (v), hatch distance (hg), and layer thickness (¢) (Figure 2-4). Their
combination will determine the size and shape of the melt pools, which in turn will define

the as-built (AB) microstructure.

Laser power
Scanning speed

Powder bed

Layer thicknessI

Previously solidified layers

Figure 2-4: Representation of the melting of a layer, showing the main process parameters, adapted from [35].

Most PBF-LB/M systems use laser beams with power ranges from 30 to 1000 W [10].
The laser power is directly proportional to the energy input during the process, and thus has
a direct effect on the volume of melted material. The laser beam diameter will determine the
power density, and the powder feedstock absorptivity will influence the fraction of power
that is effectively used and that which is reflected [25].

The scanning speed, as the name suggests, is the velocity at which the laser moves
across the substrate. In PBF-LB/M the scanning speed can range from the tens to thousands
of m-s™! [9]. The scanning speed also has a direct impact on the energy input (see Section
2.2.3). Additionally, the scanning speed has strong implications on the solidification
microstructure, for it is proportional to the solidification rate in PBF-LB/M [36]. In a PW
system, the scanning speed is calculated as v = py/(e; + t;), where pq is the point distance
(i.e. the distance between consecutive points on which the laser is directed), e; is the exposure
time, and #, is the time delay between laser exposures.

The hatch spacing or hatch distance (44) is defined as the distance between adjacent
scanning tracks. Usually in the 50-150 um range, the hatch distance must be adjusted in a

manner such that full melting is achieved. The larger the A4, the more productive the

10
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fabrication process becomes; however, this also reduces the remelt fraction and increases the
risk of lack-of-fusion defects [37].

After processing each layer, the substrate is lowered by a defined distance known as
the layer thickness (7). This value must be selected based on factors such as the particle size
distribution and the maximum laser power of the PBF-LB/M system [38] Typical values of ¢
range from 20-100 um and are directly linked to process productivity as the build rate
increases linearly with 7 [39]. However, while a larger layer thickness improves productivity,
it can also lead to increased surface roughness, particularly on inclined surfaces [40,41]. An
important consideration regarding layer thickness is the distinction between the nominal ¢
(i.e., the distance by which the substrate is lowered), and the actual or effective powder layer
thickness. Regardless of how compacted the powder is during deposition, it is always less
dense than the fused metal. As a result, the deposited powder layer is always thicker than the
nominal 7, sometimes by as much as a factor of five [41,42].

The effect of each of the aforementioned scanning parameters on the melt pool size and
morphology is complex and often difficult to isolate. For instance, it is commonly accepted
that a higher P results in deeper melt pools, while a slower v tends to produce wider ones
[21,43]. However, this is a simplified view that holds true only when all other scanning
parameters remain constant, an uncommon scenario in practice. Therefore, it is particularly
useful to define variables that capture the combined effects of multiple parameters, as

discussed in section 0.

2.2.2.3. Scanning strategies

Another crucial aspect in the printing process is the scanning strategy, the path followed
by the laser during the processing of a layer. It significantly influences the thermal history,
the residual stress distribution, the AB microstructure, or the dimensional accuracy [40,44].

The simplest scanning strategy is the meander or raster scanning strategy (Figure 2-5),
in which the laser moves back and forth in a zig-zag pattern across the entire part. The
minimization of jumps between points makes it the most productive strategy. However, for
large parts, it can lead to excessive heat accumulation and elevated thermal stresses [45]. The
stripes scanning strategy is also widely used in the PBF-LB/M field. Similar to the meander
approach, it divides the cross-section into stripes of fixed width (Figure 2-5). This

segmentation helps reduce heat accumulation commonly observed in the meander scanning

11
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strategy and promotes a more uniform thermal distribution [46]. The island or chessboard
scanning strategy divides the cross-section into squares (or islands), which are melted using
alternating scan rotations in a pattern resembling a chessboard (Figure 2-5). While this
strategy is believed to reduce residual stresses, heat buildup at the island borders can
compromise dimensional accuracy [47,48].

An important aspect of the scanning strategy, regardless of the scan path selected, is
the interlayer rotation. The latter is employed to reduce the accumulation of residual stresses
and to minimize microstructural anisotropy. The most used interlayer rotation angle in the
industry is 67°, as it avoids the periodic repetition of features due to not being a divisor of
360°, and it helps suppress the formation of strongly textured columnar grains. Scan rotations
of'45 or 90° are also frequently used; however, since they are divisors of 360°, they may result
in the development of repetitive microstructural patterns [49,50].

Other aspects of the scanning strategy that can also strongly affect the print quality are
the border or contour scans. One or more outer scans can be added before or after the hatch
(also referred to as infill or bulk) scanning. These contour scans have a strong impact on
surface roughness, residual stress distribution, and mechanical properties. They are
particularly important for complex, near-net-shape parts where post-processing is difficult or

impractical [51-53].
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Figure 2-5: Schematical representation of meander, stripes, and chessboard scanning strategies.
2.2.3. Quantification of the energy input in PBF-LB/M

Given the large number of parameters (both scanning- and material-related) that
influence the outcome of the printing process, it is of clear interest to develop simplified

variables that describe the energy levels applied during fabrication.
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In the PBF community, the most commonly used of these variables are the linear and
volumetric energy densities. Linear energy density is defined as [54]:

E = - (2.1).

By incorporating the effects of layer thickness (¢) and hatch distance (/44), the linear

energy density (£)) is extended to define the volumetric energy density (VED, or E,), which

provides a more comprehensive measure of the energy input per unit volume during

fabrication [55]:
P

E, = (2.2).

v vhgt

The volumetric energy density encompasses four key laser scanning parameters into a
single, simplified expression. For a given setup and material, it generally provides a useful
approximation of three distinct energy input regimes: insufficient (mostly linked to the
appearance of lack-of-fusion defects), optimum, and excessive energy (related to keyhole
porosity). When working with a fixed setup, layer thickness, and powder feedstock, Ev serves
as a practical and straightforward tool to identify a processing window that yields fully dense
parts. However, it does not account for the laser beam radius or material-specific properties,
which limits its usefulness for cross-comparisons. Moreover, different combinations of
scanning parameters can yield similar values of Ey, and a wide range of so-called “optimal
E\” values can be found for the same alloy [56,57].

One way to overcome the limitations of Ey is to normalize certain variables. This is a
common approach in the welding community that was later adapted to PBF-LB/M, in a rather
straight-forward modification due to the similarities between both processes. A first example
of normalized variables for energy input evaluation during laser processing comes from the
work of Ion et al. [58], who defined a dimensionless beam power ¢* and a dimensionless

* . . . .
beam traverse rate v (i.e. dimensionless scanning speed):

. AP
a = wk(Tm—To) (2.3)
vt= = (2.4),

a

where A is the laser absorptivity, o is the laser beam radius, « is the thermal conductivity, Tm
and Ty are the melting and starting temperatures, and a is the thermal diffusivity. Using these
dimensionless variables, the authors define three different laser processing regimes: heating,

melting, and vaporization.

13
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Based on this approach, and adding the dimensionless /s (hs") and dimensionless # (¢°)
- ha = ha/wand ¢ = 2t/ -, Thomas et al. [59] defined the dimensionless or normalized E,

(E,", termed Ey” in their publication) for additive layer manufacturing:

Ef = qa’ — AP
v v*t*hy 2vthgpCp(Tm—To)

(2.5),
where p is the density of the material, and C,, is the specific heat capacity. This modification
of the volumetric energy density is obtained considering the minimum necessary energy input
per unit volume to melt the material. Since it includes some material-related properties, E,"
allows for comparison between different alloys.

Also stemming from the welding community, the normalized enthalpy is a different
(albeit quite similar) approach to dimensionless energy input quantification. In this case, the

applied energy in the form of enthalpy (AH) is normalized by the enthalpy of melting of the
alloy (s):

AH AP
hs p(Cp(Tm—To)+Lp)Vrw3va

(2.6),

with L, the latent heat of melting. Hann et al. [60] showed that this normalized enthalpy can
be directly related to the dimensionless melt pool depth (normalized by the laser beam radius)
in laser welding, following an alloy-agnostic correlation. This approach has been successfully
applied to PBF-LB/M, with some interesting outcomes [21,61,62]. First, the correlation
between normalized enthalpy and melt pool depth also applies in PBF-LB/M, and it is again
independent of alloy composition. Second, King et al. [21] demonstrated that there is a

specific range of normalized enthalpy values in which the transition between conduction and

keyhole melting mode takes place (i—H =30+ 4). Third, Ghasemi-Tabasi et al. [61] introduced

a simple material translation rule, based on which it is possible to determine the optimum
scanning parameter combinations for a given alloy knowing only the powder bed laser
absorptivity and some (approximated) material properties.

Both E," and AH/h consider the thermal properties of the alloy at room temperature
(RT), and they allow to obtain good first approximations to the energy input when working
with new alloys. However, while AH/h; has the clear advantage of directly correlating the
energy input with melt pool dimensions, it fails to account for the 44, one of the key scanning

parameters, which is contemplated in E,".
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2.2.4. Microstructure and defects in PBF-LB/M

The mechanical, chemical, and functional properties of a PBF-LB/M part are heavily
influenced by the metal microstructure, which is multi-scale in nature. Thus the influence of
microstructure can only be fully understood by considering the coupling of phenomena
taking place at atomic- (solute trapping, segregation), meso- (grain size, texture, grain
boundaries, porosity, cracking) and macro-levels (thermal stresses, warping, etc). In this
section we will describe the microstructure features and defects that are most relevant to the

research reported in this thesis.

2.2.4.1. Solidification and crystal growth

Solidification during PBF-LB/M takes place out-of-equilibrium due to a combination
of steep thermal gradients (G), high cooling rates (7)), and fast growth rates (R). The resulting
microstructures are very distinct from other solidification microstructures, e.g. those
observed in casting [63].

The solidification conditions may vary in different locations of the printed parts, and
even inside a single melt pool. Depending on the temperature gradient and on the growth
rate, the morphology of the solidified structure can be classified as planar, cellular, columnar
dendritic, and equiaxed dendritic (Figure 2-6) [64]. With temperature gradients in the order
of 10%-107 K-m™!, and growth rates in the same order of magnitude as the scanning speeds
(m-s™"), most alloys undergo columnar dendritic growth during solidification [50]. Following
laser exposure and melting of the powder layer (together with a fraction of the previously
solidified layers and scan tracks), the first grains will nucleate at the melt pool boundary and
they will grow in a columnar dendritic fashion towards the melt pool center. In the absence
of inoculants, nucleation inside the melt pool is rare, and epitaxial growth of grains from
previous layers is favored. Many efforts have been made to induce the columnar to equiaxed
transition (CET) in order to avoid anisotropy. There are examples of successful control of the
CET in PBF-EB/M or in DED for a number of different alloys, favored by smaller
temperature gradients and slower growth rates [9,50,65,66]. However, in PBF-LB/M, the
CET rarely happens [67]. One common strategy to avoid columnar growth in PBF-LB/M is
the addition of inoculants to the powder feedstock, either as micro/nanoparticles or as
alloying elements. Increasing the number of nucleation sites promotes growth competition,

thereby hindering the epitaxial growth of columnar grains [50].
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G/R determines morphology
of solidification structure
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Figure 2-6: Solidification microstructure as a function of temperature gradient (G) and growth rate (R) [12].

The direction of heat dissipation will greatly affect grain growth and crystallographic
texture. Growth of grains with their preferred crystal growth direction best aligned with the
temperature gradient will be favored during growth competition and thus PBF-LB/M
processes usually result in the development of distinct textures [64]. At the melt pool level,
such thermal gradients are usually normal to the melt pool boundary and, thus, the melt pool
morphology will have a direct effect in the crystallographic texture of the AB parts [68]. For
example, in FCC alloys, in which <001> is the preferred growth direction, wide and shallow
melt pools favor the growth of grains with <001> parallel to the BD (<001>//BD); in turn,
narrow and deep melt pools promote the growth of grains with <001> directions
perpendicular to the BD (Figure 2-7) [69]. The crystallographic texture of a PBF-LB/M part
then depends on the scanning parameters, since these affect melt pool shape, but also on the
scanning strategy. In the absence of scan rotation, and for semicircular melt pools, AB parts
tend to exhibit a <011> fiber texture, where <011> directions align preferentially with the
build direction (BD) (<011>//BD), although regions with columnar grains oriented with
<001> directions parallel to BD (<001>//BD) are also present in the vicinity of the melt pool
centerlines. When a rotation is applied between layers (typically 90 or 67°), the intensity of

the <011>//BD component decreases, and in turn the <001>//BD texture becomes dominant
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[70-72]. Thus, the microstructure of most PBF-LB/M cubic alloys is formed by columnar
grains with a strong <001>//BD texture [50].
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Figure 2-7: Grain growth directions in differently shaped melt pools. Adapted from [68].
2.2.4.2. Defects

The defects present in PBF-LB/M components can also highly affect the properties of
the AB parts. The most common defects include lack of fusion (LOF) voids, porosity,
cracking, balling, delamination due to thermal strains, or composition heterogeneities due to
evaporation of certain elements [12,50]. The first three are the most relevant to this PhD
research.

Lack of fusion voids are characterized by an irregular shape and sharp edges (Figure
2-8a), which can be particularly detrimental for the fatigue life of PBF-LB/M components
[12,73]. These defects appear when the overlap and bonding between adjacent scan tracks or
between consecutive layers is insufficient. This occurs when the melt pool dimensions are
not sufficient to achieve full melting with a given set of scanning parameters. To ensure LOF
defects do not appear in the final parts, the melt pools must be deeper than the layer thickness
and wider than the hatch distance. Tang et al. [37] proposed a geometrical criterion for full

melting and thus for the prevention of LOF defects:
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Another common type of defect is gas porosity, which can result from the release of
entrapped gas present in the powder feedstock, the dissolution of shielding gas into the liquid
metal, or, most commonly, from keyhole collapse [12]. In PBF-LB/M, keyholes often exhibit
instabilities, and when they collapse, part of the vapor responsible for forming the keyhole
may become trapped within the melt pool. If this vapor is not released before the melt pool
solidifies, it leads to the formation of spherical pores that remain in the final part (Figure

2-8b) [74].

(b)

Energy too high: Keyholing

[75]). (c) Examples of solidification cracking in IN939 [76].

Certain alloys, such as some Al alloys, Ni-based superalloys, and austenitic steels, are
susceptible to cracking during the printing process. Cracking can occur at various stages of
fabrication, and it is typically associated to segregation or to the precipitation of secondary
phases. The two main types of cracking in PBF-LB/M are solidification cracking and
liquation cracking [50]. Solidification cracking, also known as hot tearing, occurs when the

remaining liquid trapped between solidifying grains is torn apart due to thermal strain and
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the limited ductility of the mushy zone (Figure 2-8c). Melting and solidification of an alloy
occurs over a specific temperature interval known as the solidification or freezing range AT
[76]. The wider this range, the more prone the alloy is to solidification cracking. Liquation
cracking is similar in nature but occurs in the heat affected zones (HAZ) where the local
solidus temperature may be depressed due to elemental segregation [77]. During fabrication,
the solidified parts undergo a series of thermomechanical cycles (thermal expansion and
contraction). If the resulting thermal strains are sufficiently high, they can trigger liquation
cracking [78,79]. Some strategies to reduce or prevent cracking during PBF-LB/M include
microstructure refinement [78,80,81] or alloy modification to narrow the freezing range and

reduce segregation [76,82,83].
2.3. Ni-based superalloys

2.3.1. Overview

Superalloys are defined as alloys with outstanding mechanical properties and oxidation
resistance up to temperatures close to their melting point [5]. Their primary applications lie
in turbine components for the aerospace and energy industries, where high-temperature
strength and oxidation resistance are critical. First developed in the 1940s, Ni-based
superalloys typically contain 10 or more alloying elements, each contributing specific
properties [5]. The most common alloying elements found in Ni-based superalloys are listed
in Table 2-2. Over the years, significant advances have been made in the development of
superalloys, ranging from the incorporation of rare-earth elements to the fabrication of single-

crystal components with improved creep resistance.
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Table 2-2: List of the principal alloying elements in Ni-based superalloys and their main contributions [5,84].

Element Main role

Co v’ stabilizer. Solid solution strengthener.

Cr Corrosion and oxidation resistance. Carbide former.
Fe Solid solution strengthener.

Al v’ former.

Ti v’ and carbide former.

Y Carbide former.

Ta Carbide former. Solid solution strengthening.

Nb Carbide and y”* former.

Zr Thought to be a carbide stabilizer, its role is not completely understood.
C Carbide former. Grain boundary strengthening.

B Boride former. Grain boundary strengthening.

Ni has a face-cetered-cubic (FCC) crystal structure (y), and polycrystalline Ni-based

superalloys are generally classified into two main categories, with self-explanatory names.

Solution-strengthened superalloys consist of a saturated matrix in which alloying elements

are present in solid solution; the strengthening arises from this saturation. Precipitation-

strengthened superalloys on the other hand, derive their mechanical strength from a variety

of precipitates -both intra- and intergranular- that provide resistance across a wide

temperature range [5,73,84]. Some of the most common precipitates found in this class of

superalloys include [5]:

- v" (Ni3(Al,T1)): This phase has an L1. crystal structure and forms as a coherent

precipitate within the matrix. It provides high strength and excellent creep

resistance at medium to elevated temperatures.

- v" (NisNb): With a body centered tetragonal (BCT) structure and lattice parameters

similar to y’, this phase contributes to mechanical strength at low to medium

temperatures. However, it can transform into the 6 phase, a lenticular, incoherent

precipitate which can embrittle the material.

- MxCycarbides: Most precipitation-strengthened Ni-based superalloys contain small

amounts of carbon to promote carbide formation. MC carbides usually precipitate
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during solidification, while M23C¢ carbides tend to form at the grain boundaries
during post-processing heat treatments. These carbides play a critical role in
enhancing high-temperature creep resistance.

- Topologically close-packed (TCP) phases: These precipitates are generally
considered detrimental to the mechanical properties of Ni-based superalloys due to
their embrittling effect (like the aforementioned & phase). With complex crystal
structures, the most common TCP phases are 5, Laves, o, or 1.

A schematic representation of the different precipitates in a polycrystalline Ni-based

superalloy can be found in Figure 2-9.
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Figure 2-9: Schematic illustrating the microstructure of a Ni-based superalloy, showing some of the main
precipitates. MC carbides are shown inside the grains, while M»3Cg are present at the grain boundary.

2.3.2. PBF-LB/M of Ni-based superalloys

Since the advent of metal AM, Ni-based superalloys have been at the forefront of its
development. They represent the third most extensively studied class of alloys, following
steels and titanium alloys. Numerous studies on the AM of Ni-based superalloys are
documented in several comprehensive review articles, which highlight both the major
advancements and the remaining challenges in the field [84—87].

While additively manufactured Ni-based parts have already been implemented in
certain applications, one major concern remains: their weldability. Many Ni-based
superalloys are susceptible to cracking, making them poorly weldable. In addition to their
sensitivity to solidification cracking, primarily due to a ductility dip at temperatures between
0.5 and 0.9 T; , the solidus temperature [50], some alloys also experience strain-age cracking

(SAC). This latter form of cracking is directly related to y’ precipitation. The combination of
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thermal stresses and the localized stress arising from the small lattice misfit between the y
matrix and y’ precipitates can be sufficient to trigger cracking in y’-strengthened Ni-based
superalloys [77,88]. While a wide range of alloying elements can influence solidification and
liquation cracking, SAC is primarily associated with the Al and Ti contents (the main y’-
forming elements) [76,77,86,88]. An estimation of the weldability of Ni-based superalloys
as a function of their Cr, Co, Al, and Ti content is given in Figure 2-10. It is no surprise that
the Ni-based alloys for which there is a larger body of literature are the ones classified as

Weldable in Figure 2-10 (IN718, IN625, and Hastelloy X [89]).
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Figure 2-10: Weldability of different Ni-based superalloys as a function of their Cr, Co, Al, and Ti wt.%.
Adapted from [86].

Hard-to-weld alloys such as CM247LC or IN939 were originally developed for
investment casting or forging. Two main approaches have been pursued to mitigate their
cracking during PBF-LB/M processing: advanced scanning strategies and modifications to
elemental composition. In the latter case, advances in integrated computational materials
engineering (ICME) have enabled the design of new Ni-based superalloys specially tailored
for AM. While this represents a promising and significant advancement, the limited
availability of feedstock powders and the cumbersome validation processes required in
certain industries hinder widespread adoption. As a result, the use of legacy alloys remains

highly relevant.
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2.3.2.1. Microstructure of PBF-LB/M Ni-based superalloys

The microstructure of AB parts depends largely on the feedstock composition and on
the processing parameters. However, there are some typical features common to most PBF-
LB/M-processed Ni-based superalloys, shown in Figure 2-11. In general, the combination of
a fast solidification rate and high temperature gradients results in the formation of a dendritic
v matrix. Dendrites grow into columnar grains with a strong <001> texture parallel to the BD
(a commonly observed texture in FCC alloys), favored by epitaxial growth in the layer-by-
layer process. Another common feature is the cellular structure at the sub-grain level, which
forms as a result of rapid solidification. A certain degree of segregation can be expected at
the cell and grain boundaries (mainly involving Nb, Mo, Al, Ta, and C), which might
contribute to solidification or liquation cracking, as previously discussed. In some cases,
precipitates like y’ or certain carbides can be found in the AB state. These precipitates may
form during solidification or afterward, due to the thermomechanical cycles experienced by
the solidified layers during fabrication. Regardless of the presence of precipitates in the AB
state, most PBF-LB/M parts undergo some form of thermal treatment to improve their
properties [50].

While the control of solidification mode in PBF-LB/M is extremely difficult (as
opposed to DED or PBF-EB/M, where solidification rates and thermal gradients can be
lower), there are some strategies to modify the strongly textured columnar microstructure
described above. First, the crystallographic texture can be controlled by adjusting the
scanning strategy or the scanning parameters. To disrupt the columnar grain structure,
inoculants can be introduced, as seen in oxide dispersion strengthened (ODS) alloys, which
promote the formation of new grains after melting and thus inhibit epitaxial growth. Other
strategies to interrupt columnar growth include applying external disturbances or modifying

the alloy composition.
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Figure 2-11: Typical PBF-LB/M microstructures of three different Ni-based superalloys, showing the melt
pool morphology, the cell-like structures, and the columnar grains with strong <001>//BD textures [76].

2.4.IN939

2.4.1. Overview

Inconel 939 (IN939) is the Ni-based superalloy selected for this study. With outstanding
oxidation resistance and mechanical behavior at temperatures up to the vicinity of 900°C, it
is an excellent option for gas turbine vanes or for the hot section of aircraft turbines.
Originally developed by the International Nickel Company, its intended service temperature

1s ~850°C.
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IN939 is a precipitation-strengthened superalloy, with high contents of Cr and Co, it
also contains a relatively high fraction of Al and Ti (Table 2-3). y’ is the main strengthening
precipitate, and MC and M»3Cs provide additional creep resistance at high temperatures. The
corrosion and oxidation resistance of IN939 is mostly attributed to the formation of a Cr203

protective outer layer. The role of all the different elements can be found in Table 2-2.

Table 2-3: Nominal composition of IN939 [90,91].

FElement Ni Cr Co Al Ti \\% Ta Nb C Zr B

wt. % Bal. 22 19 2 3.5 2 1.4 1 <0.15 <0.1 <0.05

The standard thermal treatment schedule for cast or wrought IN939 is composed of a
solution treatment at 1160°C for 4 h. followed by a two-step ageing treatment (1000°C/6 h.,
and 800°C/4 h.). This leads to a bimodal distribution of y’ precipitates, and to the precipitation
of fine M23Cs carbides at the grain boundaries. Table 2-4 shows typical values of yield

strength, ultimate tensile strength, and elongation for cast IN939 at room temperature (RT),

750°C, and 850°C.
Table 2-4: Mechanical properties of IN939 at RT, 750°C and 850°C. The values have been obtained from [91—
93].
RT 750°C 850°C
Yield strength (MPa) 800 650 400
Ultimate tensile strength (MPa) 1050 900 600
Elongation (%) 5 7 15

2.4.2. PBF-LB/M of IN939

Although IN939 is relatively difficult to weld, recent years have seen growing efforts
to process it using PBF-LB/M. At the outset of this doctoral thesis, only a handful of studies
had reported somewhat successful processing of IN939 via PBF-LB/M, primarily focused on
identifying an acceptable processability window [94-98]. The body of work has since grown
considerably, extending beyond advances in processability [49,99], to include the fabrication
of thin sections [100,101], investigations into post-processing strategies [102—105], and even
studies on the effects of minor compositional variations [106,107].

Most of the studies on PBF-LB/M of IN939 report fully dense samples with as-built

microstructures consisting of columnar grains oriented with a <001> direction parallel to the
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BD, in line with typical microstructures of melt-based AM Ni-based superalloys. These
columnar grains contain intragranular cell structures, also commonly found in PBF-LB/M.
Arguably, the only ambiguous aspect of the as-built microstructure in PBF-LB/M IN939
concerns the presence and distribution of precipitates. While some studies claim that only
some small (Ti,Nb)C or (Ti,Nb,Ta)C carbides are present in the AB state [95,105,108—113],
others suggest that minor fractions of y’ [96], or even of the deleterious 1 phase [102], can
also be found.

Fardan et al. [100] studied the effect of part thickness and build angle on the AB
crystallographic texture and on the mechanical properties, showing an increase in texture
intensity with decreasing thickness, which the authors attribute to the directionality of heat
dissipation. Dogu et al. [49] examined the impact of scanning strategy on microstructure and
defect formation, showing that that a 67° interlayer rotation reduced the intensity of the
<001> fiber texture, while also decreasing the residual stresses and solidification cracking.
As an alternative scanning approach, Hu et al. [110] demonstrated that remelting could
effectively alleviate cracking. Additionally, Zeng et al. [106] and Ding et al. [107] assessed
the impact of Si additions on the weldability of IN939, yielding promising results.

A relatively wide range of post-processing thermal treatments has been explored for
PBF-LB/M IN939 parts, with some contradicting results, especially regarding the initial
solution step. In the first published study on PBF-LB/M or IN939, Kanagarajah et al. [94]
applied a 1160°C/4 h. solution treatment, which led to near complete recrystallization. Using
the same treatment, Sulak et al. [105] reported only partial recrystallization, while Kubéna et
al. [114] observed no clear indications of recrystallization. Notably, in both of these latter
studies, the non-recrystallized PBF-LB/M samples outperformed their cast counterparts at
both room and elevated temperatures, raising the question of whether solution treatment is
necessary for PBF-LB/M IN939. Shaikh et al. [102] performed a study to tackle this question,
concluding that, if direct aging is performed, small n precipitates in the AB microstructure
can grow, embrittling the material. To mitigate this, they proposed a solution treatment of
1190°C/4 h, which has also been adopted by Fardan et al. [100], Nahmany et al. [115], and
Kumar et al. [113], all of whom reported no evidence of recrystallization. Dogu et al. [103]
conducted a parametric study of the influence of solution treatment temperature on

microstructural evolution, finding some early signs of recrystallization for 1160°C/4 h., and

26



2. LITERATURE REVIEW

nearly complete recrystallization only after a 1240*C/4 h. treatment. The diversity of thermal
treatments tested, along with the inconclusive results, leaves several open questions
regarding optimal post-processing strategies for IN939.

Concerning the mechanical properties of PBF-LB IN939, several studies have reported
results both in both the as-built and in heat treated conditions, with overall very promising
results. In tensile testing, Kanagarajah et al. [94] reported higher yield strengths in both the
as-built and the heat treated conditions compared to cast IN939 at room temperature.
Similarly, Sulak et al. [105] observed superior yield and ultimate tensile strengths in the heat
treated condition from room temperature up to 800°C. Piwowarski et al. [116] investigated
the effect of the solution treatment temperature on tensile performance at room temperature
and 700°C, finding optimal results following a 1210°C/8 h treatment. Banoth et al. [108],
Sedlak et al. [117], and Kumar et al. [113] studied the creep properties of PBF-LB/M.
Although tailored thermal treatments, including hot isostatic pressing, led to some
improvements, additively manufactured parts still exhibit inferior creep resistance compared

to their cast counterparts.

2.5. Motivation and research objectives

In view of the current state of the art on PBF-LB/M processing of IN939, a clear need
has emerged for a deeper understanding of the interplay between processing and post-
processing parameters, microstructure, and the resulting properties of printed parts.
Addressing this knowledge gap constitutes the main overarching objective of this thesis. To
pursue this aim, the broader goal has been divided into three main focus areas:

1. Finding the PBF-LB/M processability window for the IN939 alloy using a pulsed laser
source, both for bulk samples and for thin sections.

2. Understanding the PBF-LB/M processing-microstructure-mechanical properties
relationship within the processability window.

3.  Examining the influence of solution post-processing heat treatments on microstructure
development and mechanical behavior.

4.  Defining an approach for local microstructural design and control during PBF/M-LB

of complex geometry parts.
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3. MATERIALS AND METHODS

3.1. Feedstock powder

The feedstock material utilized throughout this thesis was gas-atomized IN939 powder,
provided by Eckart TLS GmbH. Its chemical composition (Table 3-1) was measured using
inductively coupled plasma mass spectroscopy (ICP-MS) and optical emission spectroscopy
(ICP-OES), as well as by infrared absorption of combustion gases. The measured

composition falls within the limits of the standard nominal composition of IN939 [118].

Table 3-1: Chemical composition of the IN939 feedstock powder.

Element Ni Cr Co Al Ti \\Y% Ta Nb C Zr B
wt. % Bal. 2190 1930 1.72 240 2.00 138 099 0.14 0.03 0.04

The quality of the feedstock powder is of utmost importance to ensure a good outcome
of the printed parts. Aside from the chemical composition, we have characterized the
morphology, the internal porosity, the particle size distribution, the flow rate, and the apparent
and tap densities.

The morphology of the powder particles was characterized by scanning electron
microscopy (SEM) (Fig.Figure 3-7a, b), with a small quantity of powder particles deposited
on carbon tape. The powder shows good sphericity, with a limited amount of satellites and
elongated particles. The internal porosity was measured by image analysis of optical
micrographs of polished powder particles, embedded in resin (Fig. Figure 3-/c). The powder
has an average relative density above 99.7 %, with only a few, localized pores in selected
particles.

The particle size distribution (PSD) was measured using a Malvern Mastersizer 2000
laser interferometer (Figure 3-1d). Powder particles are somewhat small, with dijo= 11 pm,
dso = 24 pm, and dyo = 43 pm, but within acceptable values for PBF-LB/M (< 63 pum).

The flow rate of the powder was evaluated using a Hall flowmeter funnel according to
standard ASTM B213. The flow rate is defined as the time it takes a certain mass of powder
(50.0 g) to flow through the orifice of a standard funnel. In the event that the powder fails to
start flowing, a small tap on the funnel rim is allowed, but no other manipulation of the

powder is permitted. We conducted three attempts at measuring the flow rate, all
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unsuccessful, as no powder flowed through the funnel. The PSD, skewed towards fine sizes,
may hinder the flowability of the powder. However, the powder did show good spreading
behavior in the chamber during recoating, and was thus deemed appropriate for fabrication.

The apparent (p,) and tap (pr) densities were measured following standards ASTM
B417 and B527, respectively. The apparent density is calculated by filling a glass cylinder
with a fixed mass of powder, carefully leveling the surface with a spatula, and measuring the
volume occupied by the powder, which is used to calculate apparent density (p. = m/V). For
tap density, once the glass cylinder is filled and the surface leveled, the container is tapped -
either mechanically or by hand- striking the base of the cylinder on a hard rubber surface
until no further decrease in volume is observed. The final volume, as indicated by the
graduated cylinder, is then used to calculate tap density as p, = m/V. Both measurements were
performed three times. In our case, the apparent and tap densities amounted to 4.62 and to

5.75 g-em?, respectively.
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Figure 3-1: Feedstock powder characterization: (a) and (b) SEM micrographs illustrating the quasi-spherical
morpholigy; (c) optical micrographs of polished cross-sections of powder particles to evaluate internal
porosity; (d) particle size distribution (PSD), including the cumulative fraction.
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3.2.Sample fabrication

3.2.1. PBF-LB/M

The samples presented in this study were manufactured using a Renishaw AM 400 laser
melting system (Figure 3-2a). This system is equipped with a pulsed wave 400 W Yb-fiber
laser, with a beam diameter of 70 um. The Renishaw AM 400 has a build volume of 250 x
250 x 300 mm?>. However, in this project we used a reduced build volume (RBV) setup to
minimize the use of powder, with a maximum build volume of 78 x 78 x 55 mm? (Figure
3-2b). The RBV is specially designed for research environments, and for cases in which there
is a limited availability of feedstock powder.

The printing is conducted under Ar atmosphere, with a constant flux inside the
chamber, with the recirculation frequency set at 50 Hz. The content of O> inside the chamber
was kept below 500 ppm during fabrication (the printing process does not start above the
threshold Oz content, which then gradually decreases as the fabrication advances).

A standard meander scanning strategy with a 67° layer rotation was employed in all
samples, except for the parallelepipeds from which tensile testing samples were machined
(Section 4.3.3). The layer thickness was fixed at 60 um, a relatively large value, selected for
productivity purposes. The remaining scanning parameters are specified in the corresponding

sections.
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Figure 3-2: (a) Renishaw AM400 laser melting system, and (b) reduced build volume (RBV), the setup used
to produce the samples presented in this thesis.
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3.2.2. Thermal treatments

In order to achieve the required mechanical properties, IN939 parts usually undergo a
thermal treatment, consisting of a solution step followed by different aging steps [91]. Any
thermal treatment is composed of a heating ramp, a dwell time, and a cooling ramp. These
will impact the microstructure at multiple levels, e.g. the degree of homogeneity, the grain
size, or the nature of the precipitates, and thus must be well controlled. In this thesis two
different furnaces were used to perform the thermal treatments presented.

A Naberthem 3000 tube furnace was used for the treatments presented in section 6.
With a maximum service temperature of 3000°C, the treatments can be performed in vacuum
conditions or under inert atmospheres. The heating rate is limited to 4.5 °C-min’!, and the
cooling rate to 2.5 °C-min’'. The temperature can be recorded using a S-type thermocouple.
This setup allows for very good control of the temperatures, and of the heating and cooling
ramps. Additionally, the possibility of working under vacuum or inert atmosphere helps
prevent high-temperature oxidation during the treatment.

A Carbolite CWF 1300 chamber furnace (Carbolite Gero Ltd.) was employed for the
thermal treatments reported in Section 6.3.3. The maximum working temperature is 1300°C,
with heating rates up to 30°C-min’!, and it is equipped with N- and K-type thermocouples.
The treatments are performed in air, and after treatment the parts can be either cooled in the
furnace, air cooled, or quenched. Compared to the Naberthem tube furnace, this chamber
furnace has the clear advantage of allowing different cooling rates, crucial to obtain the

desired precipitation.
3.3. Characterization

3.3.1. Defect quantification

A key indicator used to assess the quality of the printed parts is the density. After
fabrication, the samples were removed from the stainless steel substrates using either electro-
discharge machining or a precision cutting machine (Struers Secotom 20). Once separated
from the substrate, different cross-sections were cut, both parallel and perpendicular to the
build direction (BD). The exposed sample surfaces were first ground using progressively
finer SiC grinding papers, and they were then polished using diamond suspensions down to

a 1 um particle size. Once polished, optical micrographs (OM) of the different cross-sections
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were obtained using an Olympus BX51 light emission microscope. Micrographs of the full
cross-sections were acquired at a 50X magnification to get an estimate of the relative density.
Higher magnification micrographs (100X and 200X) were then taken of selected regions of
each sample to better characterize porosity and cracking. All micrographs were analyzed
using the Fiji software [119]. The images were segmented into pores, cracks, and defect-free
regions using the Weka segmentation plug-in [120]. Relative density values (i.e., compared
to bulk IN939) were calculated by determining the fraction of the total area free of defects
such as pores or cracks. Crack density was expressed as the total crack length per unit area

(mm/mm?).

3.3.2. Microstructure

The microstructure of both as-built (AB) and heat-treated (HT) samples was

characterized using a wide range of techniques, and at different scales.

3.3.2.1. Optical microscopy

The first characterization step is conducted using optical microscopy (OM). Samples
prepared following the metallographic procedures described in section 3.3.1, were
subsequently electrochemically etched by immersion in a 10% oxalic acid solution, during
approximately 8-10 s, and with an applied voltage of 5.5 V. The etched surface reveals the
melt pool boundaries, as well as the dendritic microstructure of the AB samples. The melt
pool dimensions can be measured form the optical micrographs using the Fiji software. The
shape and size of the melt pools can provide a large amount of information about the quality

of the print, the effective energy input, or the melting mode.

3.3.2.2. Scanning electron microscopy (SEM)

Scanning electron microscopy, as its name implies, is a technique that produces images
by scanning the surface of a sample using a focused electron beam. The beam is emitted from
an electron gun, then condensed and directed towards the sample surface using a series of
coils and electromagnetic lenses. When the electron beam impacts the surface, it interacts
with the sample, generating an interaction volume. This interaction causes the emission of
various electrons and electromagnetic radiation, which can be collected by specific detectors.
In this study, we mostly used secondary electrons (SE), backscattered electrons (BSE), and

X-rays. Secondary electrons are ejected from the conduction or valence bands of the atoms
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from the specimen after interaction with the emitted electrons. Because SE have low energies,
they provide detailed information about the surface topography. An Everhart-Thornley
detector (ETD) is used to obtain images from the SE signal. Backscattered electrons, on the
other hand, are high-energy electrons reflected elastically (or backscattered) from the
specimen. They provide compositional contrast, offering information about the chemical
composition of the sample. Although the ETD can also capture the BSE signal, our SEM is
also equipped with a concentric backscattered (CBS) detector specifically for this purpose.
Additionally, BSEs are used in electron backscatter diffraction (EBSD) to analyze the crystal
structure of the samples, which will be described in Section 3.3.2.3. Finally, X-rays emitted
due to electron—specimen interactions enable the analysis of local chemical composition
through energy-dispersive X-ray spectroscopy (EDS or EDX). Each element presents a
unique X-ray emission spectrum which provides qualitative and quantitative information of
the elemental composition at a surface level. In the body of this thesis, only results obtained
with TEM-EDS are reported.

In this study, we used two different field emission gun (FEG) SEMs, a Helios NanoLab
6001 and an Apreo 2S LoVac, from ThermoFisher Scientific. Both are equipped with ETD
and CBS detectors. as well as with EDS detectors (Ultim Max and Symmetry S2,
respectively, both from Oxford Instruments).

The sample preparation for SEM characterization consisted of the same grinding and
polishing steps described in section 3.3.1, followed by a final chemical polishing step using

a 0.04 um colloidal silica oxide polishing suspension (OPS).

3.3.2.3.Electron backscatter diffraction (EBSD)

One of the main characterization techniques utilized in this thesis is electron
backscatter diffraction (EBSD). A powerful tool, it provides local information about the
crystal structure and about the spatial distribution of orientations. The EBSD detector is
equipped with a phosphorescent screen that captures the diffraction patterns formed by
backscattered electrons, known as Kikuchi patterns. From the width and position of the
pattern lines, it is possible to determine the crystal system and the crystallographic
orientation. With EBSD data we can obtain information regarding grain size, grain boundary

distribution, intragranular rotations, or dislocation density.
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The sample preparation procedure for EBSD data acquisition was the same as for other
SEM characterization techniques. Samples were placed on a sample holder with a 70° tilt to
increase the yield of BSE, thereby improving the signal quality. The acceleration voltage for
EBSD mapping was set at 20 kV, with a beam current of either 3.2 or 6.4 nA, depending on
the sample, and the working distance was fixed between 13 and 14 mm. The step size was
adjusted to the map type and size, and will be specified in the corresponding sections.

All the maps shown in this manuscript were acquired using the Apreo 2S LoVac SEM
equipped with a Symmetry S2 EBSD detector from Oxford Instruments. EBSD data
processing and analysis was performed using both the HKL Channel5 software (Oxford
Instruments) and the MTEX toolbox (5.10.2 version) [121] in MatLab, to obtain different
maps and distributions. Inverse pole figure (IPF) maps illustrating the crystallographic
directions parallel and perpendicular to the BD were obtained. Grain boundary maps were
acquired considering high angle grain boundaries (HAGB) have a minimum misorientation
angle of 15° and low angle grain boundaries (LAGB) have misorientation angles between 2
and 15°. Grain sizes were estimated using the line intercepts (LI), in the directions both
parallel (longitudinal LI) and perpendicular (transverse LI) to the BD. The direct pole figures
(PF) were plotted using a de la Vallée Poussin kernel, a band width of 10°, and a cluster size
of 5°. Texture analysis and quantification was done using both the multiples of uniform
distribution (MUD) from the PFs, and calculating the volume fractions (Vy) of different
texture components. These V¢ were calculated by integrating the orientation distribution
function (ODF), allowing for a spread of 15° from the corresponding pole. Geometrically
necessary dislocation (GND) maps and distributions were also calculated. GNDs give an idea
of the local misorientations -calculated from the kernel average misorientations (KAM)-,
assuming that those local misorientations are accommodated in the form of dislocations
[122].
3.3.2.4.Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy

(EDS)

The characterization of the microstructure at smaller scales was conducted using
transmission electron microscopy (TEM). In this technique, the electron beam is transmitted
through a thin specimen (usually below 100 nm in thickness), allowing the detection of

features down to atomic resolution. In this thesis, we employed a Talos F200X scanning TEM
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(ThermoFisher Scientific), working at an accelerating voltage of 200 kV. Imaging was
performed in bright field (BF) mode and in STEM mode, using a high-angle annular dark
field (HAADF) detector. Selected area diffraction (SAD) was also carried out in order to
identify the crystal phases present in the samples. Additionally, the TEM was equipped with
a Super-X EDS detector (ThermoFisher Scientific), which was used to perform elemental
mapping.

For TEM characterization, samples are first thinned by grinding into 0.1 mm thick foils,
from which 3 mm discs are punched. These discs are then electropolished using a Struers
TenuPol 5 double jet electropolisher, using an electrolyte consisting of 10 % perchloric acid,

30 % butanol, and 60 % ethanol, at -22°C, and operating at 30 V.

3.3.3. Mechanical properties

IN939 is required to exhibit good mechanical properties across a wide temperature
range. In this study, the mechanical performance of the printed samples was evaluated
through uniaxial tensile testing. During these tests, the samples are subjected to a tensile load
until failure. By recording the applied force and the elongation of the gauge section, strain
(¢) and stress (o) values can be calculated. From the stress-strain curves key mechanical
properties such as the yield strength (oy), the ultimate tensile strength (UTS), the Young’s
modulus (E), the maximum elongation, or the strain-hardening behavior can be determined.
This study focuses primarily on the yield and ultimate tensile strengths, and on the maximum
elongation.

Tensile tests were performed at 23 = 3 °C in accordance with ASTM ES8-21, and at 700
+ 3 °C, 800 £ 3 °C, and 950 + 3 °C following the ASTM E21-20 standard. The tests were
conducted using an MTS 370.10 universal testing machine equipped with an MTS 653 high-
temperature furnace. An initial strain rate of 0.005 min™ was applied up to 1% strain,
followed by an increased rate of 0.05 min! until failure.

Cylindrical tensile specimens with the dimensions specified in Figure 3-3 were
machined from PBF-LB/M parallelepipeds (55 x 12 x 50 mm?®). These parts were printed
using a stripes scanning strategy, with a stripe overlap of 0.02 mm, and a stripe width of 5

mm. Additional scanning parameters are detailed in the corresponding sections.
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Figure 3-3: tensile specimen geometry and dimensions.
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4.1. Background

PBF-LB/M processing of Ni-based superalloys has been extensively investigated, with
several reviews summarizing the main findings and key aspects [84—87]. As established in
Section 2.3.2. PBF-LB/M of Ni-based superalloys, most of these studies focus on weldable
alloys such as Inconel 718, Inconel 625, or Hastelloy X, with crack-prone alloys posing a
significant challenge in terms of their PBF-LB/M processability.

Inconel 939 is one of these crack-prone alloys. Despite being hard to weld, successful
processing of IN939 through PBF-LB/M has been achieved. The main characteristics and
advances have been highlighted in Section 2.4.2. PBF-LB/M of IN939At the outset of this
work, the literature on the topic was rather scarce, and focused mostly on attempts to find a
suitable processing window [94-98]. In addition, the available studies utilized a continuous
wave (CW) laser source, and the PBF-LB/M processability window for IN939 using a pulsed
wave laser emission (PW) remained unexplored.

This chapter presents the first experimental study conducted for this thesis, where the
main objective is, first, to find optimum PBF-LB/M processing conditions for IN939 that
result in a minimum defect density using a PW laser. Second, we aim to establish a
relationship between the PBF-LB/M processing parameters, the microstructure, and the
mechanical behavior of the manufactured parts over a large temperature range. The results
obtained have been discussed in light of the literature existing at the time the study was

performed.

4.2.Methods

The laser power (P), the hatch distance (hq) and the scanning speed (v) were optimized
using a full factorial design of experiments (DoE) approach and a bidirectional (or meander)
scanning strategy, with a 67° rotation between layers. Half cubes with dimensions 3 x 7 x 7
mm? were printed with a total of 27 parameter sets resulting from combining three P values,
three hq values, and three v values, as shown in Table 4-1. The corresponding volumetric

energy densities (Ey) ranged from 33 to 114 J-mm".
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Table 4-1: List of the 27 parameter sets that were utilized for PBF-LB/M optimization of the IN939 alloy. The
two resulting “optimized” processing conditions are highlighted in bold letters.

Hatch Relative Crack density
Power (W) distance (um) v (mm-'') E,(J'mm?)  density (%) (x102 mm-mm)
250 50 875 95 99.25 7.59
250 50 1167 71 99.81 0.27
250 50 1400 60 99.40 1.46
250 70 875 68 98.97 18.17
250 70 1167 51 99.54 0.25
250 70 1400 43 98.99 0.49
250 90 875 53 98.16 22.36
250 90 1167 40 98.51 5.79
250 90 1400 33 95.44 54.68
275 50 875 105 98.38 8.08
275 50 1167 79 99.59 3.73
275 50 1400 65 99.37 0.54
275 70 875 75 98.52 22.68
275 70 1167 56 99.21 2.06
275 70 1400 47 98.89 0.46
275 90 875 58 98.13 17.48
275 90 1167 44 97.26 3.01
275 90 1400 36 93.61 45.05
300 50 875 114 99.09 1.97
300 50 1167 86 98.75 2.40
300 50 1400 71 98.90 1.12
300 70 875 82 98.94 5.63
300 70 1167 61 98.29 2.70
300 70 1400 51 96.95 4.25
300 90 875 63 98.02 14.59
300 90 1167 48 97.79 2.87
300 90 1400 40 96.98 22.29

The determination of the optimum processability window was carried out by
minimization of the relative density and the crack density. These magnitudes were measured
by optical microscopy (OM) on cross sections parallel to the building direction (BD) that
were prepared following standard metallography protocols as described in 3.3.1. The values
of the relative density and of the crack density were, furthermore, used as input for an analysis
of variance (ANOVA) in order to determine the isolated and coupled influence of individual

scanning parameters on defect formation.
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The microstructure of the samples was further characterized by scanning electron
microscopy (SEM), and by electron backscattered diffraction (EBSD). The EBSD maps
presented in this section were acquired using a 1 um step size, an accelerating voltage of 20
kV, and a beam current between 2.7 and 3.2 nA. Additionally, the microstructure was
examined at higher magnification by transmission electron microscopy (TEM). For this
study, TEM lamellae were obtained by the trenching-and-lift-out method using a focused ion
beam (FIB) on a FEI Helios NanoLab 6001 FEGSEM operating at 30 kV.

The mechanical behavior of the PW-PBF-LB/M processed IN939 alloy was
characterized in tension along a direction perpendicular to BD at a wide range of
temperatures including 234+3°C (room temperature, RT), 700°C£3°C, 800°C£3°C and
950°C+3°C, following the standards described in 3.3.3. The cylindrical tensile samples with
22 mm gauge length and 4 mm diameter (Figure 3-3) were machined out of PBF-LB/M
processed 55 x 12 x 50 mm? blanks. The latter were manufactured using the optimum PW-
PBF-LB/M processing conditions (P, hg, v) found in the first part of the current study.
However, a stripe scanning strategy had to be utilized instead of the previously used meander
strategy in order to overcome the warping associated to the larger cross-section of the blanks
(as compared to the half cubes).

Before testing, the tensile samples were heat treated in a Nabertherm 3000 vacuum
furnace following the standard treatment schedule for cast IN939 [91], consisting of a
solution step at 1160°C for 4 h, and two aging steps at 1000°C for 6 h and at 800°C for 4 h,
respectively. The heating and cooling rates were ~4.5 and ~2.5°C.min’!, respectively. Due to
the impossibility of opening the furnace in between the different heat treatment steps, this
cooling rate value was slower than that associated to quenching or fast air cooling and, thus,
to what is considered desirable to achieve an optimum precipitate distribution in Ni-based
superalloys, an aspect to be accounted for in the mechanical properties assessment. The
mechanical behavior of the IN939 PBF-LB/M samples was compared to that of the cast

material.
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4.3. Results

4.3.1. PW PBF-LB/M process optimization

Figure 4-1 illustrates the variation of the relative density and of the crack density (in
mm.mm) as a function of the Ey for the 27 PBF-LB/M parameter combinations that were
investigated in the current study, together with micrographs showing optimum, excessive,
and insufficient energy inputs (Figure 4-1a,b,c). The actual values of these two magnitudes
corresponding to each set of processing parameters are summarized in Table 4-1. Figure 4-1
also includes representative optical micrographs illustrating the defects present in samples
processed using low, medium and high E, levels. Overall, it can be seen that the density of
the printed parts increases with the Ey until a maximum densification level (99.8%) is reached
between 50 and 70 J-mm™. Further increases in Ey lead to a steady decrease in the density of
the printed samples. The low densities obtained in samples manufactured using Ey values
below 45 J-mm™ point towards an insufficient energy input leading to lack of fusion defects,
deficient layer bonding, and other instabilities. Indeed, as shown in micrograph (c) of Figure
4-1, lack of fusion defects, with their characteristic irregular morphology, are profusely
present in the sample printed using an Ey value of 33 J-mm>. In the E, range comprised
between 45 and 65 J-mm™, the dependency between Ey and the formation of defects becomes
complex, and similar energy inputs can give rise to very different values of relative density.
For example, while a relatively low density of 96.95 % is obtained for an E, value of 51
J-mm™, but with the same energy input we also reach a relative density value of 99.54 %.
Micrograph (a) in Figure 4-1 illustrates the maximum densification achieved in the current
study (99.81 %), which corresponds to a sample processed with an Ey value of 71 J-mm™.
PBF-LB/M processing with Ey values higher than 75 J-mm™ leads to the development of
keyhole porosity due to an excessive thermal input, as evidenced in micrograph (b) of Figure
4-1. Although using the Ey as a control variable is useful as a first approximation, for it
contains all the scanning parameters, the isolated influence of P, v, and hg cannot be inferred
from this type of analysis. In the following, the individual effect of these parameters is

analyzed separately.
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Figure 4-1: Relative density (% - full symbols), and crack density (mm-mm - empty symbols) as a function
of E, for the 27 different PBF-LB/M scanning parameter combinations. Optical micrographs of samples with

(a) medium E, and low density of defects, (b) high E, and keyhole porosity, and (c) low E, and lack-of-fusion
porosity.

First, a single-parameter ANOVA analysis was performed in order to determine the
statistical significance of the influence of P, hq, v, and on the relative density and on the crack
density. The corresponding F and p-values are summarized in Table 4-2. According to this
analysis, for a reference statistical significance (o) of 0.05, only hq can be considered to have

a statistically significant and isolated effect on the relative density (p-value=0.0009) and the
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crack density (p-value=0.0078), while the values of the scanning speed and of the laser power
included in this study cannot be considered to be statistically distinguishable. The box charts
shown in Figure 4-2a and Figure 4-2b depict the relative density and the crack density as a
function of P, hq, and v for the 27 combinations of PBF-LB/M parameters investigated. It can
be seen that hg = 90 um consistently yields the worst results both in terms of relative density
and of crack density, while an intermediate speed value of v = 1.167 m-s™! provides the best
densification conditions, with the lowest crack density. The relation between P and the
defectology is not as straightforward as in the case of the two other scanning parameters. On
the one hand, the highest relative density values are obtained with the smallest laser power
(P =250 W); on the other hand, the highest laser power (P =300 W) yields the lowest crack
density, while a large variability is associated to P =250 and 275 W. These results highlight

the complexity of isolating the influence of individual PBF-LB/M processing parameters.

Table 4-2: F and p-values obtained from a single-factor ANOVA. The critical F value for a system with 2 and
24 degrees of freedom between and within groups respectively is 3.403 when a=0.05.

Relative density Crack density
F p-value F p-value
Hatch distance 9.601 0.0009 5.985 0.0078
Scanning speed 2.021 0.1544 2.233 0.1290
Laser power 0.442 0.6481 0.466 0.6333
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Figure 4-2: Box charts showing the effect of laser power, hatch distance, and scanning speed on (a) the
relative density and (b) the crack density of PBF-LB/M-processed IN939 samples.

The previous analysis allows us nevertheless to define optimum PBF-LB/M conditions
for the IN939 alloy. In particular, from the 27 sets of processing parameters examined, two
were selected. Both sets share the same laser power (P =250 W), which rendered the highest
relative density (Figure 4-2a), and the same scan velocity (v =1.167 m-s™!), which provided,
simultaneously, the best values of densification and the lowest cracking densities (Figure
4-2a and 4-2b). Additionally, one set includes hg= 70 pm (Ey = 51 J'-mm™) and the second
set includes ha= 50 pm (Ey = 71 J-mm™), as these two hatch distance values yielded similar,
and equally good, results. From here on, these two sets of scanning parameters will be

referred to as /470 and ha50. The relative densities and the crack densities corresponding to
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these two parameter sets are highlighted in Figure 4-1 using circles. They amount,
respectively, t0 99.81 and 99.54% and to 2.7-:10 and 2.5-10"> mm-mm. Figure 4-3 includes
two optical micrographs illustrating the high densification level resulting from PBF-LB/M
processing of the IN939 alloy using the two optimized conditions (Figure 4-3a,c), as well as
two optical micrographs showing the corresponding melt pool geometry (Figure 4-3b,d). The
stability of the process under the two selected optimized processing conditions is consistent

with the homogeneous nature of the melt pools.

Figure 4-3: Optical micrographs illustrating (a, b) the reduced levels of defects present in the samples
processed using optimized PBF-LB/M bulk conditions, and (c, d) the melt pool geometry resulting from the
two optimized processing conditions. The BD is parallel to the vertical direction. The printing conditions are
(a, b)) P=250 W, v=1167 mm-s!, hg= 70 um (Ey = 51 J'-mm~); (¢, d) P=250 W, v = 1167 mm-s™!, hg = 50

pum (Ey =71 J'-mm™).

4.3.2. Microstructure of PBF-LB/M IN939 specimens processed using optimum processing

parameters

Figure 4-4 illustrates the microstructure of the two PBF-LB/M IN939 specimens
processed using the two sets of optimum processing conditions. In particular, EBSD inverse
pole (IPF) maps in the BD as well as {100}, {110}, and {111} direct pole figures are included
for each sample. It can be seen that the microstructure of the /4470 sample, processed using

the lower Ey (Figure 4-4a) is a polycrystal with a weak texture and irregularly shaped grains.
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An increase in the Ey to 71 J-mm™ (Figure 4-4b, h450) leads to a more columnar
microstructure, to an overall increase of the grain size, and to the formation of a stronger
<100> fiber texture, where the fiber axis is parallel to the BD. In the EBSD maps, black lines
represent high angle boundaries, with misorientations higher than 15°, while white lines
represent low angle boundaries, with misorientations lower than 15°. As is commonly found
in PBF-LB/M processed materials, an intragranular array of low angle boundaries is present
in both samples. This cell structure was further investigated by SEM and TEM. Figure 4-5
contains several SEM images acquired on etched surfaces of two PBF-LB/M IN939
specimens processed using the two sets of optimum processing conditions, 4,50 and ha70.
The white contrast reveals the presence of segregated species at cell boundaries and allows
for an estimation of the cell sizes, which amounted to 675 + 168 nm and 658 + 163 nm for
the 4470 and the 450 samples, respectively. The cell structures being very similar in the two
investigated samples could be indicative of comparable solidification rates regardless of the

processing conditions [123,124].

m-3m

10)
SD

Figure 4-4: EBSD IPF maps in the BD and {100}, {110}, and {111} direct pole figures corresponding to the
PBF-LB/M IN939 samples printed using the two optimum sets of scanning parameters. In the EBSD maps,
black lines represent high angle boundaries, with misorientations higher than 15°, while white lines represent

low angle boundaries, with misorientations lower than 15°. Scanning parameter conditions: (a) 2470, (b)

ha50. The average linear intercepts along the BD (LI;) and along a direction perpendicular to BD (LI,) are
also included.
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Figure 4-5 SEM micrographs illustrating the intragranular cell structure in the PW LPBF IN939 samples
printed using the two optimum sets of scanning parameters: (a) /470, (b) ha50.

In order to examine the cell structure in more detail, and to evaluate the nature of the
atomic segregations at cell walls, a TEM lamella was extracted from the specimen processed
with 71 J'mm™ (hs50). Figure 4-6a and 4-6b provide images of the cells at different
magnifications, acquired along a <100> zone axis. The average cell size measured from the
TEM images is 723 + 206 nm. Figure 4-6¢ reveals the presence of dislocations at cell
interiors, as is commonly observed in PBF-LB/M samples. EDX mapping was carried out at
different locations in order to investigate the nature of the segregations at cell boundary walls.
Figure 4-7, which consists of a representative high angle annular dark field (HAADF) image
and the corresponding elemental maps, proves that cell walls are populated with Ti and Nb
atomic segregations, as well as with some (Ti,Nb)xCy carbides. No indications of either y’ or

n particles were noticeable in any of the analyzed regions.
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Figure 4-6: TEM micrographs depicting the microstructure of the sample processed using the optimized
parameter set £450. (a) STEM image of the entire TEM lamella, illustrating the cell structure; (b) HAADF
image at higher magnification of the cell structure, where the lighter gray color corresponds to segregated

species; (c) a high magnification view of the presence of dislocations at cell interiors. Imaging was performed
along a <001> zone axis.
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Figure 4-7: EDX mapping of a representative region of the cell structure of the sample processed using the
optimized parameter set 4,50. HAADF image and the corresponding elemental maps.

4.3.3. Mechanical behavior of PBF-LB/M IN939

Figure 4-8 illustrates the microstructure of the (undeformed) grips of the tensile
specimens, which were printed using the two optimized sets of PBF-LB/M processing
parameters but using a stripes scanning strategy, and that were subsequently heat treated
using standard heat treatment conditions. EBSD IPF maps in the BD, as well as {100}, {110},
and {111} direct pole figures are included for each sample. Comparison of Figure 4-8 with
Figure 4-4 reveals that changing the scanning strategy from meander (cube specimens printed
for process parameter optimization) to stripes (tensile specimens) does not alter significantly
the resulting microstructure. Indeed, the microstructure of the /4470 tensile sample (Figure
4-8a) is also a polycrystal with a weak texture and irregularly shaped grains. Increasing the
Ev (Figure 4-8b, h450) leads, again, to a more columnar microstructure, to an overall increase
of the grain size, and to the formation of a stronger <100> fiber texture, where the fiber axis
is parallel to the BD. However, both the grain size and the maximum texture intensity increase

moderately when the strategy is changed from meander to stripes. In particular, the average
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line intercept in a direction parallel to the BD increases from 13 (meander) to 22 (stripes) pm
and from 36 (meander) to 41 (stripes) um in the 4470 and hs50 samples, respectively. The
maximum texture intensity increases from 2.5 to 3.9 in the 4470 sample and from 10.6 to 14.9
in the 4450 sample.

A homogeneous distribution of y” particles precipitate during aging in the specimens
with the two microstructures under study. As a representative example, the precipitate
distribution corresponding to the grip section of 4470 tensile specimens, both polished and
etched using the previously described procedure, is shown at different magnifications in the
SEM micrographs of Figure 4-9. A bimodal distribution of y’ precipitates is observed, where
the larger particles have an irregular, flower-like morphology, and sizes ranging from about
500 nm to ~2 um (with a few particles exceeding 4 um), whilst smaller (or secondary) y’
particles exhibit a rounder shape with sizes smaller than 100 nm (Figure 4-9b,c). Figure 4-9a,
additionally, reveals the presence of carbides (white contrast), which are located

preferentially at grain boundaries.
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Figure 4-8: EBSD IPF maps in the BD and the corresponding {100}, {110}, and {111} direct pole figures
corresponding to the PBF-LB/M IN939 samples printed using the two optimum sets of scanning parameters:
(a) ha70, (b) ha50. For each sample, maps along cross sections perpendicular and parallel to BD are presented.
In the EBSD maps, black lines represent high angle boundaries, with misorientations higher than 15°, while
white lines represent low angle boundaries, with misorientations lower than 15°. The average linear intercepts
along the BD (LI;) and along a direction perpendicular to BD (LI;) are also included.
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Figure 4-9: SEM micrographs of the grips of the heat-treated PBF-LB/M IN939 tensile specimens at (a) lower
magnification showing some v’ precipitates as well as the presence of carbide particles in white contrast
(back-scattered electron signal of a polished sample), and (b,c) higher magnification micrographs of
electrochemically etched samples, illustrating the bimodal distribution of y’ in more detail .

Figure 4-10 compares the tensile properties of the PBF-LB/M IN939 alloy of the
present study (empty symbols) and those of the same alloy processed by conventional casting

(full symbols) [91-93] at a wide range of temperatures including 23 + 3°C (room temperature,
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RT), 700°C 3°C, 800°C+ 3°C and 950°C + 3°C. In both cases, the tensile specimens were
heat treated using the standard heat treatment following processing [91]. Since the specimens
manufactured using the two optimized PBF-LB/M processing conditions rendered similar
mechanical properties, the data points in Figure 4-10 were obtained from tests carried out in
both types of samples. The microstructure of the cast alloy, as is well known [91,92,125],
consists of randomly oriented large grains with an average grain size close to 1 mm. MC and
M23Cs carbides commonly precipitate along grain boundaries, and a bimodal dispersion of y’
precipitates is present, with average sizes of ~150 nm and ~50 nm for primary and secondary
v’, respectively. It can be seen in Figure 4-10 that, at RT and 700°C, the additively
manufactured IN939 outperforms the cast material in terms of yield strength by 11% and
17%, respectively. As expected, temperature leads to softening in both the PBF-LB/M and
the cast alloys. However, the PBF-LB/M material softens significantly already at 700°C,
reaching values that are comparable to those of cast specimens, whereas cast samples show
good mechanical stability up to 800°C. The yield strength values of the additively
manufactured alloy at 800°C and 950°C, respectively, are 30 % and 34 % lower than those of
the cast material. The ductility of the PBF-LB/M IN939 is comparable to that of the cast alloy

over the entire temperature range investigated.
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Figure 4-10: Comparison of the mechanical properties of IN939 in two conditions: after a standard heat
treatment following PBF-LB/M using optimized processing parameters (this study, empty symbols) and after
a standard heat treatment following casting ([91-93], full symbols).

Fracture surfaces were found to be similar in the tensile specimens processed using the
two optimized PBF-LB/M conditions. Figure 4-11 illustrates representative images of the
fracture surfaces corresponding to the 4470 specimen at temperatures ranging from RT to
800°C. In all cases the typical features of a ductile fracture, with large areas populated by
dimples and some river markings, are apparent. Occasionally flatter areas, associated to local

cleavage, can also be detected (Figure 4-11c). In addition, some pores containing carbide
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particles can also be observed (Figure 4-11d). Overall, as expected given the relatively large

strain values obtained (~10-15 %), the fracture surfaces are consistent with a ductile fracture.

Figure 4-11: Representative secondary electron SEM images of fracture surfaces corresponding to the 4470
specimen at (a,b) RT, (c) 700°C, and (d) 800°C.

4.4. Discussion

4.4.1. Pulsed wave vs. continuous wave laser processing of IN939

Pulsed wave laser emission offers several advantages with respect to continuous laser
emission in PBF-LB/M, including a higher flexibility to tune the heat accumulation by
adjusting the point distance and the time exposure, besides the laser power, as well as higher
cooling rates [31,126—128]. Melt pools in PW processing are known to exhibit a heartbeat-
like (contraction-expansion) motion, rounder shape, and shorter lengths [31,129,130].
Moreover, PW processing is associated with an oscillating temperature profile, and a larger
tilt (~15° more) of the solidification front with respect to the building direction [33]. CW
lasers are, thus, reportedly preferred to build fully dense, large parts, while PW lasers are
considered more suitable to manufacture thin sections that require higher dimensional
accuracy, such as those present in lattice structures [31,126—-128,131]. Additionally, PW PBF-
LB/M has been reported to reduce solute diffusion due to the faster solidification rates and

to smaller heat affected zones (HAZ) as compared to CW PBF-LB/M. This, in turn, often
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leads to reduced precipitate fractions [34]. The type of laser emission naturally also
influences the size and orientation of grains in polycrystalline additively manufactured parts.
Earlier works carried out on alloys such as Inconel 718 [33,34], AISi10Mg [129], and Ti-
6Al-4V (wt.%) [130] report, in particular, the presence of finer and more isotropic, i.e., more
randomly oriented, microstructures in components processed using PW.

The few earlier works on PBF-LB/M of IN939 that had been published to date had
been carried out using CW laser radiation [94-96,98,100,102,106,108], with the only
exception of [76], in which IN939 is not the main focus and is used merely for comparison
with other alloys. Some of these studies report the precipitation of 1 or y” phases in the as-
built microstructures. The absence of these phases in the PW PBF-LB/M IN939 alloy of the
present study is consistent with the faster cooling rates associated to PW laser emission. Also,
earlier works carried out with CW laser emission describe the preferential development of
columnar structures with <001> directions parallel to BD. Our study reveals that the use of a
pulsed laser allows for a significantly greater flexibility in microstructural design in dense
IN939 samples. As described above, processing using the two sets of optimized scanning
parameters (hq70 and hq50, Figure 4-4), a comparatively large texture variation can already
be obtained. In particular, the lower Ey value (51 J-mm~) gives rise to a weak texture, with a
maximum intensity close to 2, while increasing the Ev (71 J-mm™) leads to a clearly defined
<001> fiber texture, with a maximum intensity higher than 10.

Indeed, the texture of PW PBF-LB/M IN939 might be widely tuned by altering the E..
Figure 4-12 illustrates, by means of EBSD IPF maps in the BD, as well as by the
corresponding {100}, {110}, and {111} direct pole figures, the microstructure and the
microtexture of several PW PBF-LB/M IN939 samples as a function of the Ey, for Ey values
ranging from 33 to 114 J-mm=. In the EBSD maps, black lines denote grain boundaries with
misorientations larger than 15° and white lines denote grain boundaries with misorientations
smaller than 15°. The linear intercepts measured along directions parallel (LI)) and
perpendicular to BD (LI;) are also included. It can be seen that, with increasing Ey, the
microstructure evolves from a randomly oriented aggregate of irregularly shaped grains (Ey
<51 J-mm?) to a columnar grain structure with a well-defined <001> fiber texture, in which
the fiber axis is parallel to BD (51 J-mm~< E, < 82 J.mm). Further increases of the Ev lead

to the development of a strong single component texture, in which the BD is also parallel to
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a <001> direction. A similar texture evolution with increasing Ey (i.e., from a random to a
single component texture) was reported recently for a PBF-LB/M processed Ti-6%Al1-4%V
(wt.%) alloy in [132] and for cubic polycrystalline alloys processed by PBF-LB/M, including
Ni-based superalloys, Ti alloys, Al alloys, 316L steel and its nanocomposites in [133].
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Figure 4-12: Evolution of the texture of PW PBF-LB/M IN939 with E, values ranging from 33 to 114 J-mm.
For each sample the following representations are included: an inverse pole figure (IPF) map in the BD,
which is parallel to the horizontal direction, and the {001}, {110}, and {111} direct pole figures. In the EBSD
maps, black lines denote grain boundaries with misorientations larger than 15° and white lines denote grain
boundaries with misorientations smaller than 15°. The average line intercept values are also reported for the

directions parallel and perpendicular to the building direction (LI; and LI; respectively).

59



4. PULSED WAVE PBF-LB/M PROCESS OPTIMIZATION

4.4.2. Mechanical behavior

Our results show, on the one hand, that the PBF-LB/M IN939 alloy, heat treated using
standard conditions, exhibits an enhanced mechanical behavior at T< 700°C with respect to
cast specimens post-processed with a similar heat treatment. This may be attributed to the
finer microstructure of the additively manufactured samples, which thus allow for a stronger
Hall-Petch effect [134], which offsets the deleterious effects of a less efficient y* phase
distribution. Indeed, the grain size in the PBF-LB/M samples is close to two orders of
magnitude smaller than that present in cast specimens [91-93].

On the other hand, at T> 700°C pronounced softening takes place in the PBF-LB/M
samples, rendering an inferior mechanical behavior with respect to cast specimens. In order
to better understand the origin of the softening observed in the additively manufactured
IN939 at T> 700°C, we calculate the strain rate sensitivity (m) corresponding to tests carried
out in both PBF-LB/M (present study) and cast samples [135] at all the temperatures
investigated and under the same strain rate (€) conditions. The value of m is given by the

following equation [136]:

m- (329, wn

where o is the flow stress at the corresponding strain rate. Figure 4-13 shows the evolution
of m as a function of temperature. It can be seen that, in the cast material, m is smaller than
0.1 at all the temperatures investigated. The sensitivity of the additively manufactured
material is always higher than that of the cast material and the difference between both values
increases with temperature, being particularly pronounced at T> 700°C. The rapid increase

in Mg v @t high temperatures indicates that diffusion-controlled phenomena play a larger

role in the additively manufactured IN939 specimens than in the cast ones [136], thus
promoting the observed softening. In particular, grain boundary sliding (GBS) or the sliding
of grains assisted by diffusion along their interfaces [137] is likely more pronounced in the
PBF-LB/M samples, as the grain boundary area is significantly larger due to the presence of
smaller grains. Also, as described earlier, the presence of a coarser precipitate distribution
might facilitate the (diffusion-assisted) climb of dislocations over obstacles [136]. Our study,
thus, suggests that the high temperature mechanical behavior of the PBF-LB/M IN939 alloy

could be greatly improved via the optimization of post-processing heat treatments aimed at
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both increasing the grain size and at improving the hardening potential of the y" precipitate

distribution.
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Figure 4-13: Variation of the strain rate sensitivity (m) with temperature for PBF-LB/M and cast IN939.

4.5. Conclusions

The aim of this work is to determine the laser powder bed fusion processability window

of the fairly weldable IN939 using pulsed laser emission for the first time. The following

conclusions have been drawn from this study:

1.

An optimum PW PBF-LB/M processing window was found for the production of
IN939 samples with densities exceeding 99.5%. In particular, among the specific
parameter sets explored in the current study, two were selected as “optimized”
conditions, namely P =250 W, v=1.167 m*s™', h4= 70 um, E, = 51 J-mm™, and P
=250 W, v=1.167 m's’!, hg= 50 um, Ey = 71 J-mm™,

A relatively large microstructure variation was detected in as-built samples
processed within the optimum processability window, allowing for a relatively
large degree of flexibility in microstructural design. In particular, processing
conditions corresponding to lower E, values give rise to weakly textured
polycrystals, with irregularly shaped grains, while processing conditions
corresponding to higher Ey values yield columnar structures with strong <001>
fiber textures. This variation is larger than that reported in earlier studies carried

out using continuous laser emission.
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3.

62

As-built IN939 microstructures contain carbide particles but no y” or | phases were
detected. The absence of these phases, which were reportedly present in some
earlier studies carried out using continuous laser emission, is attributed to the faster
cooling rates associated to pulsed laser emission.

The room temperature mechanical behavior of PBF-LB/M IN939 samples
following a standard heat treatment was found to be stronger than that of cast
specimens at T< 700°C. This is attributed to a strong Hall-Petch strengthening
effect in the additively manufactured samples, whose grain size is close to two
orders of magnitude smaller than that of cast specimens. This effect offsets the
deleterious effects of a less efficient y” phase distribution.

The high temperature mechanical behavior of PBF-LB/M IN939 samples following
a standard heat treatment was found to be weaker than that of cast specimens at
T>700°C. The strong softening observed within that temperature range is
attributed to the higher activation of diffusion-controlled mechanisms including
grain boundary sliding, stimulated by the presence of a large grain boundary area,

as well as climb-controlled surpassing of obstacles by dislocations.
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5.1. Background

In the previous chapter we investigated the processability of simple, bulk geometries.
However, the inherent design flexibility of laser powder bed fusion (PBF-LB/M) renders it
most interesting for the fabrication of geometries not achievable otherwise [138,139]. This is
particularly important for the manufacture of thin-wall sections (thickness <1 mm) for
cooling channels, heat exchangers, or lattice structures, amongst other applications. Additive
manufacturing (AM) of thin sections (compared to bulkier parts) presents some additional
challenges associated to heat accumulation, geometrical accuracy, or the presence of residual
stresses [51,100,140-145]. Studies on thin-wall structures in the existing literature focus
mainly on manufacturability limits in terms of thickness [140,141], on defectology
[142,143], on surface quality [51,100], or on mechanical properties [100,144,145]. Further
efforts are needed to gain a deep understanding of the relationship between the processing
parameters and, more specifically, the scanning strategy, and the resulting microstructure, as
this would contribute to enhance thin wall performance.

Obtaining a good surface quality is important for most additively manufactured
components, but it is crucial in thin walls, given the difficulty of applying post-processing
steps such as surface grinding, polishing, or machining in internal cooling channels or in
complex lattice structures [146]. A common method to improve surface quality of bulk parts
and thin walls consists of adding one or more contour or border scans following hatching.
Several studies have analyzed the effect of border scans on the surface roughness [51], on
the residual stress distribution [51,147—-149], as well as on the mechanical properties [147—
149] of additively manufactured parts. A few works in the literature have compared the effect
of printing the border scans before or after the hatch or infill scans (pre- and post-contouring,
respectively) during PBF-LB/M of bulk parts. Ren et al. [150] investigated the influence of
the contour scan sequence on the surface roughness of a copper alloy, reporting that pre-
contouring led to a smaller roughness. Artzt et al. [51] described the effect of the number and
order of contour scans on residual stresses and surface roughness in a Ti-6A1-4V (wt.%) alloy,
concluding that a pre-contour strategy results in the best compromise between the two
properties studied. Finally, Reiber et al. [151] also showed how a pre-contour scan is more
suitable to improve surface quality and to reduce subsurface porosity in Scalmalloy. The
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influence of pre-contouring on the texture, as well as on the grain and melt pool structure of
thin walls remains underexplored. To the best of our knowledge, no studies have, in
particular, tackled this problem in the Inconel 939 (IN939) Ni-based superalloy.

In this chapter we analyze the effect of pre-contouring on the printability of IN939 thin-
wall structures of different thicknesses fabricated by PBF-LB/M. Microstructural features
such as the texture, the grain size and shape, and the melt pool depth are discussed. This study

provides guidelines for improving the fabrication of thin sections.

5.2. Methods

PBF-LB/M was performed using the setup previously described, with a reduced build
volume (RBV) platform (Figure 5-1a). Several samples with external dimensions 10x10x10
mm? and containing thin walls with thicknesses of 500, 700, 900, 1100, 1300, and 1500 um
(Figure 5-1b) were printed using the two different scanning strategies. In the first one (Figure
5-1c), manufacturing of the hatch region was followed by two contour passes. This strategy
constitutes the baseline of this study and will be referred to as post-contouring. In the second
strategy (Figure 5-1d) a border pass is added prior to the manufacturing of the hatch and the
two “post-hatch” contours. This strategy will be termed pre-contouring. The contour scans
were always manufactured using a laser power (P) of 175 W, a scanning speed (v) of 750
mm-s’, a contour distance (distance between adjacent contour passes) of 45 um (Figure
5-1e), and an offset (overlap between the contour and the hatch) of 30 um (Figure 5-1¢). The
hatch was printed using the two parameter sets within the optimum processability window
for IN939 bulk samples, 4450 and /470 (see Chapter 4), in order to analyze the influence of
post- and pre-contouring on two hatch microstructures. As a reminder, the two parameter sets
were ha50 (P =250 W, v=1.167 ms’}, h4= 50 um), which gave rise in bulk samples to a
columnar microstructure with a <001> fiber texture, and 4,70 (P =250 W, v = 1.167 m-s’!,
and hs = 70 pum), which generated in bulk samples a weakly textured polycrystal with
irregularly shaped grains. XZ cross-sections of the printed samples (Figure 5-1b) were
prepared using standard metallographic techniques and they were characterized by optical
microscopy (OM) and by electron backscattered diffraction (EBSD), as specified in Section

3.3.2. The conditions for EBSD mapping were 20 kV, 3.2 nA, and a step size of 1 um. The
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dimensions of the melt pools corresponding to different printing conditions were measured

through OM of etched samples, considering only the melt pools of the last layer.

Build
Direction

(c)

Contour offset Contour distance
‘ﬁ.

Figure 5-1: (a) Distribution of the samples on the reduced build volume (RBV) substrate; (b) schematic
showing the XZ cross-section of printed samples; (c) post-contour, and (d) pre-contour scanning strategies,
where the scanning sequence is specified using numbers; (e) illustration of the contour distance and contour

offset.

5.3. Results and discussion

The addition of a pre-contour had only a moderate influence in the texture, for all
section thicknesses investigated. Figure 5-2 shows the EBSD inverse pole figure (IPF) maps
in the build direction (BD) for samples of all the investigated thicknesses printed using the
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following parameter sets and scanning strategies. 4450, post-contour (Figure 5-2a), 4450, pre-
contour (Figure 5-2b), 4470, post-contour (Figure 5-2¢), and 4470, pre-contour (Figure 5-2d).
In all cases the microstructure in the border regions is populated by relatively equiaxed and
weakly oriented grains, while the center regions are formed by columnar grains with a <001>
fiber texture (<001> crystallographic direction parallel to BD, <001>//BD), in agreement
with earlier studies on IN939 thin walls [100]. The remainder of this study will focus on the
center regions. The maximum intensity of the IPFs in the center regions (Figure 5-2), which
ranges from 8.9 to 19.4 for 4,50 samples and from 6.4 to 13.6 for the 4470 specimens, is
significantly higher than that reported in Chapter 4 for bulk samples processed using the same
scanning parameter sets, which amounted to 7.3 (h450) and 2.5 (ha70), respectively. The
strongly textured and columnar nature of the microstructure in thin sections can be attributed
to enhanced epitaxial growth due to heat accumulation and to the directionality of its
dissipation [149].

Figure 5-3a illustrates the influence of the section thickness and of the scanning
strategy on the volume fraction of grains in the center regions oriented with a <001>
crystallographic direction within 15° of the BD. The volume fraction calculation was
performed by integrating the corresponding maximum of the orientation distribution
function. The graph on the left-hand side illustrates the average values corresponding to all
the samples investigated, while the plots on the right-hand side show average data
corresponding to /4450 (top) or to hq70 (bottom) samples. The volume fraction of oriented
grains in post-contour samples increases with decreasing thickness for the two hatch
distances investigated, as reported earlier for Rene 108 [143] and IN939 [100] thin sections.
However, this trend is not as clear in the samples manufactured with a pre-contour strategy,
where the presence of the first border pass would result in a lower directionality of heat
dissipation. In any case, the influence of the addition of a pre-contour pass on the fraction of

<001>//BD oriented grains is relatively small.
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Figure 5-2: IPF EBSD maps in the BD and inverse pole figures corresponding to the center regions of thin
sections printed using the following hatch distances and scanning strategies: (a) 4450, post-contour; (b) /450,
pre-contour; (c) 4470, post-contour; (d) 4470, pre-contour.

The effect of pre-contouring on the grain shape and aspect ratio is also modest
irrespective of the section thickness. Figure 5-4 illustrates the longitudinal (LIj) and
transverse (LI;) average line intercepts, and Figure 5-5 shows the line intercept ratios (LIR)
in the center region for all the investigated samples. 4450 specimens consistently present
longer and wider grains than /470 samples. Irrespective of the thickness and contour scanning
strategy, the average LIR is always higher than 2. In 4450 samples the LIR increases with
increasing thickness, while in 4470 samples LIR does not change significantly with thickness.
Bulk samples printed using the same process parameter sets have the following grain sizes
and aspect ratios: 2450 (LIi= 36 um, LI = 16 um, LIR = 2.25), 4470 (LI; = 13 um, LI; =9
um, LIR = 1.4), reported in Section 4.3.2. All thin sections possess more elongated and wider

grains than their bulk counterparts, the differences being particularly pronounced for /4470
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samples. The addition of a pre-contour scan results in a slight reduction in both grain size
and aspect ratio for most section thicknesses and processing conditions (4450 or h470).
However, the addition of a pre-contour scan does have a significant effect on the melt
pool depth (d). Figure 5-6 depicts the influence of the scanning strategy on the melt pool
depth for all the wall thicknesses and processing conditions investigated. Irrespective of the
hatch distance and of the scanning strategy, a decrease in thickness leads to an increase in d,
and such dependency can be attributed to the heat accumulation in thinner parts as reported
in [142,152]. For all the conditions shown here, the melt pool size is significantly larger than
that of IN939 bulk samples, where d~138 um for both 4,50 and %470 conditions. The
introduction of a pre-contour leads to a clear decrease in d irrespective of the thickness and

of the processing conditions (4450 or ha70).
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Figure 5-3: Volume fraction of crystallites in the center region that are oriented with BD within 15° of the
<001> direction. The large graph on the left-hand side illustrates the average values corresponding to all the
samples investigated, while the smaller plots on the right-hand side show separately the average values
corresponding to samples manufactured with /.50 (top) and 4,70 (bottom). Full symbols correspond to
samples manufactured with post-contour, and empty symbols correspond to samples manufactured using a
pre-contour strategy.
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Figure 5-4: Average line intercepts along the longitudinal and transverse directions in the center region. The

large graph on the left-hand side illustrates the average values corresponding to all the samples investigated,

while the smaller plots on the right-hand side show separately the average values corresponding to samples
manufactured with 4,50 (top) and %470 (bottom). Full symbols correspond to samples manufactured with

post-contour, and empty symbols correspond to samples manufactured using a pre-contour strategy.
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Figure 5-5: Average line intercept ratio in the center region. The large graph on the left-hand side illustrates
the average values corresponding to all the samples investigated, while the smaller plots on the right-hand
side show separately the average values corresponding to samples manufactured with 4,50 (top) and 4470

(bottom). Full symbols correspond to samples manufactured with post-contour, and empty symbols

correspond to samples manufactured using a pre-contour strategy.
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Figure 5-6: Variation of the average melt pool depth with wall thickness. The large graph on the left-hand side
illustrates the average values corresponding to all the samples investigated, while the smaller plots on the
right-hand side show separately the average values corresponding to samples manufactured with /.50 (top) or
haq70 (bottom). Full symbols correspond to samples manufactured with post-contour, and empty symbols
correspond to samples manufactured using a pre-contour strategy.

Zagade et al. [62] recently proposed the following expression (Eq. 5.1) to relate the
normalized melt pool depth (d/@w, where ® is the laser beam radius) to the normalized
enthalpy (4H/hs, where Ay 1s the enthalpy of melting) [21,60,61], which gives a measure of

the balance between the input and dissipated energies:

d _ A\t AP(w/v) 1\
£=0.08 (h—) = 0.08 (Mz = pCTS) (5.1).

Equation 5.1 includes both material properties such as A4, the absorptivity, ¢, the thermal

diffusivity, p, the density, C, the specific heat, and 7, the solidus temperature, as well as
processing parameters such as P and v. The constants 0.08 and 1.4 were obtained by fitting a
large number of experimental data from alloys Ti-6Al-4V (wt.%), AlSi10Mg (wt.%), and
SS316 by the least squares method [62]. Here, we utilize equation 5.1 to calculate AH/A, from
the melt pool dimensions corresponding to the investigated thin sections and the results are
plotted in Figure 5-7a-d. The IN939 thermal properties were taken from [107]. For reference,
the data points corresponding to 4450 and hs70 manufacturing conditions in IN939 bulk
samples (in both cases AH/hs = 29.4 as for both conditions d~138 um), are represented by

star symbols in Figure 5-7a-d. Incidentally, this AH/hs value is very similar to that
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corresponding to the threshold for the transition between the conduction and keyhole welding
modes in 316L steel (AH/hs =30 + 4) [21], red gold (4H/hs = 28.31) [61], and bronze (AH/hj
~ 27.34) [61]. This threshold value is, in general, regarded as the optimum processability
condition. Thus, we can assume that the threshold between the conduction and keyhole
modes in the IN939 alloy investigated here is close to 29.4 (star symbol). As shown in Figure
5-7a and 5-7b, for the thin walls investigated here the 4450 and h470 processing conditions
fall clearly within the keyhole mode regime. Also, irrespective of the processing conditions
(ha50 or ha70), reducing the wall thickness results in a shift along the d/w vs. AH/hs curve
towards higher AH/h; values.

On the other hand, as described earlier (Figure 5-6), introducing a pre-contour leads
to a reduction in d/w, and thus to a decrease in AH/hs. That is, the presence of solidified
material along the border regions as a consequence of the pre-contour pass enables further
avenues for heat dissipation, leading to a shift along the d/@w vs. AH/hs curve towards the
conduction regime (Figure 5-7c and Figure 5-7d). In agreement with this, as an example,
Figure 5-8 compares the transition in melt pool shape in areas close to the border in 700 pum
walls printed using the 4,70 parameter set and post- (Figure 5-8a) and pre-contouring (Figure
5-8b). In the absence of the pre-contour scan, teardrop-like melt pools, with a tendency to
exhibit keyhole porosity, develop. However, pre-contouring results in rounder, pore-free melt
pools in the hatch scanning point exposure closest to the surface. Overall porosity is reduced
by an average of 0.3 % from post- to pre-contour scans, reaching a relative density of 99.6 +
0.1 % for pre-contour samples. The same effect has been observed for all the range of wall
thicknesses investigated. Figure 5-7¢ illustrates the magnitude of the reduction in melt pool
depth and in AH/hs due to pre-contouring as a function of wall thickness. The effect becomes,
as expected, more pronounced as the wall thickness decreases, as the ratio between the
volume of the pre-manufactured border pass and that of the hatch becomes larger. For a given
wall thickness ¢ the ratio between the melt pool depth for pre- and post-contour samples,
calculated from equation 5.1, can be expressed as the ratio between the thermal diffusivity

values shown below:

d a 0.7
—cont t—cont
( pre—con our) — ( post—con our) (5’2)’

dpost—contour i Xpre—contour i
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Figure 5-7: Normalized melt pool depth as a function of normalized enthalpy for: (a) 4450, post-contour; (b)
ha70, post-contour; (c) 4450, post- and pre-contour; (d) 4470, post- and pre-contour. The star symbol
represents the 4450 and /470 data for bulk IN939 samples (~29.4) [99], which is regarded as the transition
between the conduction and the keyhole modes. The labels indicate the wall thicknesses in um. (e) Effect of
pre-contouring on the melt pool depth and on the normalized enthalpy as a function of wall thickness. The
differences in normalized enthalpy are calculated from the regression curves (a-d).
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pm walls printed using the 4,70 parameter set with (a) post-contouring and (b) pre-contouring. Blue dashed
lines indicate contour scans, while orange dashed lines indicate hatch (or in-fill) scans.

The mechanism through which the pre-contour scan enhances the overall thermal
diffusivity of thin sections has been illustrated in Figure 5-9, where we show how the

previously solidified material offers an additional support for heat dissipation (Figure 5-9¢).

ol 2
2R

Figure 5-9: Schematics of the melt process for a point exposure in the hatch region close to the surface of the
sample. (a), (b), and (c) correspond to the post-contour strategy, and (d), (e), and (f) correspond to the pre-
contour strategy. In (d), the yellow shape represents the melt pool of the pre-contour scan. The red arrows in
(b), and (e) represent the direction of heat dissipation.

(c)

\ —

5.4. Conclusions

This work investigates the influence of the addition of a border scan prior to hatching

(pre-contouring) on the printability of IN939 thin walls with thicknesses ranging from 500
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to 1500 um. In particular, the effect on the texture, the grain shape, and the melt pool structure

are investigated for two processing conditions that gave rise to different microstructures and

high density values in bulk samples (4450 and hq70, Section 4.3.2). The following

conclusions can be drawn from this chapter:

1.

74

Irrespective of the wall thickness the border regions are populated by relatively
equiaxed and weakly oriented grains, while the center regions are formed by
columnar grains with a <001>//BD fiber texture, whose intensity is higher than that
present in bulk samples manufactured using the same processing conditions.

The introduction of a pre-contour scan has only a moderate influence on the texture

or on the grain size and shape, for all the wall thicknesses investigated.

. Pre-contouring leads to a significant decrease of the melt pool depth, an effect that

is amplified with decreasing wall thickness. The extra solidified material along the
border regions resulting from the pre-contour scan facilitates heat dissipation,
partially compensating for the reduced heat dissipation inherent to thin sections,
thereby shifting the normalized enthalpy towards lower values for a given set of
scanning parameters, not only reducing melt pool depth, but also keyhole porosity.
Pre-contouring constitutes a useful tool to improve the processability of IN939 thin-
wall structures via PBF-LB/M and it is anticipated that the beneficial effect of this
choice of scanning strategy could be extended to improve the PBF-LB/M

processability of thin walls in other alloy systems.



6. INFLUENCE OF AS-BUILT MICROSTRUCTURE ON RECRYSTALLIZATION

6. INFLUENCE OF AS-BUILT MICROSTRUCTURE ON
RECRYSTALLIZATION

6.1. Background

Post-processing thermal treatment of precipitation-strengthened Ni-based superalloys
is a crucial step in the production of final components for application in demanding
environments. The thermal treatment conditions will determine the nature, volume fraction,
size, and morphology of the precipitates, as well as the final grain size [153]. These are of
utmost importance to achieve the desired mechanical response at high temperatures, where
good creep resistance is a must. After many years of development, the optimum thermal
treatment steps for legacy alloys manufactured through traditional routes have been well
established [5,90]. However, the unique and metastable nature of PBF-LB/M microstructures
calls for a redesigning of the standard thermal treatment schedule in order to achieve
satisfactory properties.

According to classic physical metallurgy literature, in order for recrystallization to take
place, the material needs to have a certain amount of stored energy, traditionally achieved
through plastic deformation [154]. However, additively manufactured parts are intended to
be net-shape (or at least near-net-shape), and therefore deformation is not an option to
introduce dislocations. Fortunately, the extreme cooling rates and the repeated heating and
cooling cycles the material undergoes during fabrication result in a metastable
microstructure, with a high density of dislocations in the AB state [155]. This has been proven
sufficient to induce recrystallization upon thermal treatment, albeit with certain difficulties
[156,157]. One major challenge with PBF-LB/M parts is their slower recrystallization
kinetics (i.e. higher recrystallization temperatures), which are generally attributed to solute
segregation at the cell boundaries [156—159] or to Zener pinning of precipitates present in
the AB state [160—163].

IN939 is no exception to the aforementioned difficulties regarding the onset of
recrystallization, and studies on the thermal treatment of PBF-LB/M IN939 parts have been
highlighted in Section 2.4.2. PBF-LB/M of IN939. The need of a solution treatment is agreed
upon, not only because it will prevent the appearance of detrimental 1 precipitates in the final

parts [102], but also because it can induce recrystallization and grain growth, necessary for
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good creep performance [117,164]. Many different solution treatments have been suggested,
with no clear consensus on what the appropriate schedule is in order to achieve full
recrystallization and grain growth [94,102,103,105,113—115]. There is, thus, a clear need to
understand the influence of the AB microstructure on the recrystallization kinetics of PBF-
LB/M, in a way that will allow the establishment of an appropriate solution treatment.

In this chapter, we show the different evolution of two distinct AB microstructures upon
solution treatment, elucidating the driving mechanisms and the key microstructural aspects

that induce (or stall) recrystallization and grain growth.

6.2. Methods

The samples printed for this part are 10 x 10 x 10 mm?® cubes, with inverted pyramid
supports (Figure 6-1a). The cubes were printed in two levels, as shown in Figure 6-1b, to
obtain a larger number of samples per print, and to assess possible influences of print height
on the microstructure. In order to induce two distinct initial microstructures while keeping
near-full density, we used the optimized scanning parameter sets 4450 and hq70 (Section
4.3.2), with a standard meander scanning strategy and 67° rotation between layers. As a
reminder, the laser power is set to 250 W, the point distance to 70 um, and the exposure time
to 50 ps (v=1.167 m-s™).

The thermal treatments were performed in a Naberthem 3000 vacuum furnace. A total
of 9 different solution treatment conditions were performed, 1, 4, and 8 h at 1100°C, 1150°C,
and 1200°C. The temperature-time plots for all thermal treatments are shown in Figure 6-1c.
The data corresponds to the actual treatments and was acquired with the help of a type S
thermocouple (Naberthem) placed inside the vacuum furnace in the vicinity of the samples.
Due to certain limitations in the setup, the heating rate was limited to 4.5°C-min’!, and the
cooling rate to 2.5°C-min’! (from the solution temperature down to ~600°C, when the cooling
rate slows down). This furnace was chosen to perform the treatments given the possibility of
working under vacuum conditions to avoid any influence of oxidation, and due to the
reliability of the time and temperature control as compared to other available systems.
However, it must be mentioned that the cooling rates are insufficient to induce the desired
precipitate distributions.

In that sense, once a desirable recrystallization state was identified, 55 x 12 x 12 mm?

blanks were printed using the 4470 scanning parameter set and a stripes scanning strategy, in
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the same way as in Section 4.2. These tensile blanks were submitted to a solution treatment,
followed by a two-step ageing (1000°C for 6 h, 800°C for 4 h), performed in a Carbolite CWF
1300 chamber furnace (Carbolite Gero Ltd.). After each of the treatment steps in the muffle
furnace, the samples were air cooled, leading to a much faster cooling rate as compared to
the vacuum furnace, and to a more convenient precipitate distribution.

The microstructure of both as-built and heat-treated cubes, as well as that of the
thermally treated tensile blanks, was thoroughly characterized. Different XZ cross-sections
were cut and polished according to the procedures described in Section 3.3.

Large EBSD maps shown in this study were acquired using a step size of 1 um, a beam
current of 3.2 nA, and an acceleration voltage of 20 kV. A minimum of 4 areas (1.1 x 0.7
mm?) were characterized for each condition in order to get representative information.
Additional smaller area EBSD maps were acquired in the AB condition for both
microstructures, with a reduced step size of 0.1 um to obtain more accurate data regarding
geometrically necessary dislocation (GND) density. To evaluate precipitate size, shape, and
distribution using SEM, the surface of the samples was electrochemically etched using the
procedure described in Section 3.3.2.1. Additionally, lamellae from both AB cubes and from
the thermally treated tensile blanks were prepared following the methodology described in
Section 3.3.2.4 for more detailed characterization of precipitate sizes and nature.

The mechanical behavior of the PBF-LB/M IN939 samples after the full thermal
treatment (1200°C/8 h., 1000°C/6 h., 800°C/4 h.) was assessed in tension, with cylindrical
samples (22 mm gauge length and 4 mm diameter — Figure 3-3) machined out of blanks.
Tensile tests were performed at 23°C, 700°C, 800°C, and 950°C, according to ASTM ES8 and
E21 standards.
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Figure 6-1: (a) Cubes fabricated for this study. (b) Distribution of the cubes on the reduced build volume
(RVB); a second layer of cubes is printed on top of the first one to assess the potential effect of part-stacking
on defects and microstructure. (c) Temperature profiles for all 9 thermal treatment conditions, acquired with a
thermocouple placed next to the treated samples inside the vacuum furnace.

6.3. Results

6.3.1. As-built microstructure

Figure 6-2 illustrates the microstructure and the microtexture of 4450 and 4470 samples.
Figure 6-2a and 6-2c, in particular, show, respectively, the IPF EBSD maps in the BD, while
Figs. 6-2b and 6-2d present the corresponding (100), (110), and (111) pole figures. In
agreement with Figure 4-4, h,50 samples show a large fraction of columnar grains oriented
with a <001> direction parallel to the BD (<001>//BD). The volume fraction of the
<001>//BD component (defined as orientations within 15° of the ideal fiber and calculated

from the orientation distribution function (ODF)), is 0.31 + 0.01. In contrast, the /4470
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processing condition yields a polycrystal with more equiaxed and randomly oriented grains.
In this case, the <001>//BD volume fraction is reduced to 0.16 + 0.02, indicating that

increasing the hatch distance by 20 pm nearly halves the fiber texture component.
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Figure 6-2: (a, ¢) IPF coloring EBSD maps in the build direction, and (b, d) pole figures for 4,50 (a, b), and
ha70 (c, d) samples in the as-built state.

The differences in grain shape and size can be more clearly seen in the corresponding
grain boundary maps (Figure 6-3a for %450, Figure 6-3b for hy70). High angle grain
boundaries (HAGB, 0>15°) are shown in black, low angle boundaries (LAGB, 6&2-15°) in
light blue, and X3 twin boundaries (TB) in red. The grains in 4450 are larger in size than those
in hq70, with longitudinal line intercepts (LIi) of 22.9 and 13.6 um, respectively. The
columnar nature of 4450 is further supported by its average aspect ratio (AR) of 2.2, compared
to 1.5 for h470. Figure 6-3c presents the misorientation angle distribution for both cases,
alongside the Mackenzie distribution (corresponding to a random distribution of cubes). Both
conditions show a large fraction of LAGBSs, typical of PBF-LB/M microstructures [50]. This
fraction is significantly higher in 4450 samples (0.21 = 0.03) than in 4,70 (0.13 £ 0.01). These
values were calculated for misorientation angles between 3 and 15° to avoid potential artifacts
from surface preparation. In both cases LAGBs are primarily associated with the columnar

grains aligned along the BD as shown in light blue in Figure 6-3a,b.
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Figure 6-3: Grain boundary maps for (a) 4450, and (b) /470 samples in the as-built state. Black lines
correspond to HAGBs (6>15°), light blue lines to LAGBs (0€2-15°), and red lines correspond to TBs. The
inserts at the top right corner of the maps indicate longitudinal (LI;) and transverse (LI;) line intercepts. (c)

Comparison of the misorientation angle distribution corresponding to %250 and /1,70 samples with the
Mackenzie distribution. The shaded overlays in (c) represent standard deviations, for the histograms were
calculated using at least 4 maps for each case.

Geometrically necessary dislocation (GND) densities were also characterized in the as-
built state as they are believed to play a significant role in the microstructural evolution at
elevated temperatures [156,158]. GND density can be estimated from local misorientations
between neighboring points, using data acquired via EBSD [165]. It serves as a useful
indicator of the stored energy in the form of thermomechanical strain resulting from the
thermal cycling inherent to PBF-LB/M processing [155,157]. Grains subjected to higher
amounts of strain exhibit higher GND densities, while strain-free grains (such as a fully
recovered or recrystallized ones), display significantly lower values.

Figure 6-4a and 6-4b show the GND density maps for hd50 and hd70, respectively. As
expected for PBF-LB/M microstructures [155,157], both conditions exhibit high dislocation
densities, predominantly aligned with the BD (Figure 6-4e). The GND distributions reveal
slight differences between the two conditions. While the mean GND densities are 1.04-10'*
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m?2 for 4450 and 1.02-10'* m™ for 4470, the ha50 condition shows a broader distribution, with
a slightly higher area fraction of GND densities exceeding 1.5-10'* m.

These larger maps were used for comparing microstructures and assessing the effects
of thermal treatments (see Section 6.3.2). However, as they were acquired using a 1 um step
size, their quantitative accuracy is limited [166]. To mitigate this limitation, additional
smaller-area maps were acquired with a reduced step size of 0.1 pum (Figure 6-4c, d). The
mean GND densities derived from these high-resolution maps are 5.2:10'* for 4450 and
5.4-10" m? for h470, values that are significantly higher and in line with previously reported
data for PBF-LB/M alloys [167]. The GND density distribution for these higher resolution
maps (Figure 6-4f) shows a very similar shape to the one in Figure 6-4e, but shifted towards
density values roughly five times higher. Due to the greater spatial coverage provided by the
larger maps, they are used in the following sections for comparative purposes, while the more
accurate values from the smaller maps are employed in calculations in Section 6.4.1.

Figure 6-5 illustrates the precipitate distribution in the AB state. Similar to the findings
reported in Section 4.3.2 (Figure 4-6), no y’ precipitates were observed in neither 4450 nor
ha70 samples. Only (Ti,Nb,Ta)C carbides were found. The SEM micrographs in Figure 6-5a,b
and the TEM bright field micrograph in Figure 6-5c¢ confirm preferential precipitation of
these carbides in cell and grain boundaries. Their composition, rich in Ti, Nb, and Ta, was
determined by means of TEM EDX (Figure 6-5d). In terms of size, both SEM and TEM
micrographs were utilized, revealing very similar size distributions for the 4,50 and the 4,70
conditions (Figure 6-5¢). The average size of the MC carbides is 71 nm for 4450 and 66 nm
for 1470, and their area fractions were practically equal, at approximately 0.008.

Overall, the AB microstructure of the 10 x 10 x 10 mm® cubes shows the same
characteristics as the microstructure of the cuboids presented in Chapter 4 and printed with
the same scanning parameter combinations. The change in geometry does not result in any
appreciable change in the outcome of the print. Furthermore, no significant differences were

observed between the two different layers of cubes printed for this study (Figure 6-1b).
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Figure 6-4: Geometrically necessary dislocation (GND) density maps for (a,c) 4450, and (b,d) 4470 samples in
the as-built state. Maps (a,b) were obtained with a 1 um step size, and (c,d) using 0.1 um. GND density

distribution corresponding to the maps (e) in (a, b), and (f) in (c,d). The shaded overlay in (e) represents
standard deviations, for the histograms were calculated using at least 4 maps for each case.
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Figure 6-5: MC carbide distribution in the AB state: (a,b) SEM micrographs corresponding to (a) 4450 and (b)

haq70 samples; (c) TEM HAADF micrograph of a /4,70 sample; (d) TEM EDX analysis of (Ti,Nb,Ta)C
carbides in a 4450 sample; (e) size distribution in 4,50 and 4,70 samples.
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6.3.2. Microstructural evolution upon thermal treatment

The microstructure of the samples produced under the two different printing conditions
was examined after each of the nine solution treatments (1, 4, and 8 hours at 1100°C, 1150°C,
and 1200°C) to assess the influence of the initial microstructure, treatment temperature, and
duration. Figure 6-6 shows the IPF EBSD maps in the BD for 4450 samples as a function of
time and temperature. Columnar grains exhibiting a strong <001>//BD fiber texture are
retained across all thermal treatments, except for the 1200°C/8 h condition (Figure 6-6j),
where significantly larger grains with varying crystallographic orientations are observed. The
corresponding (100), (110), and (111) direct pole figures (Figure 6-7) confirm the persistence
of the fiber texture after thermal treatment, with some variation in intensity. For the 4470
samples, the more equiaxed and randomly oriented grain structure observed in the as-built
state is also maintained across thermal treatments, as shown in the IPB EBSD maps in the
BD of Figure 6-8. Similar to 4450, no significant differences are observed between treatments
until the 1200 °C/8 h condition, where grain growth becomes evident. All 4,70 samples
exhibit a weak crystallographic texture, as reflected in the (100), (110), and (111) direct pole
figures of Figure 6-9.

To compare the crystallographic texture evolution in hs50 and hs70 samples, the
volume fraction of the <001>//BD component was quantified for the as-built condition and
all thermal treatments. The results confirm two clearly different populations: the highest
<001>//BD volume fraction in 4470 is 0.16 = 0.02 (in the as-built state) while the lowest
value for 4450 is 0.21 + 0.06 (1200°C/8 h.). Thus, the crystallographic texture is largely
preserved under thermal exposure, and remains strongly dependent on the orientation of the

as-built microstructure, even at high levels of recrystallized area fraction.
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Figure 6-6: IPF coloring EBSD maps in the build direction for 4,50 samples after the 9 different thermal
treatments.
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Figure 6-7: Pole figures obtained from EBSD data for 4,50 samples after the 9 different thermal treatments.
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Figure 6-8: IPF coloring EBSD maps in the build direction for 4,70 samples after the 9 different thermal
treatments.
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Figure 6-9: Pole figures obtained from EBSD data for 4,70 samples after the 9 different thermal treatments.

Figure 6-10 presents the GND density maps for £d50 samples after thermal treatment.

Areas with lower GND densities (blue), correspond to virtually strain-free grains, i.e. fully
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recovered or recrystallized grains. For most treatments (Figure 6-10a-i), there are no
significant differences compared to the AB state (Figure 6-4a), with a fairly homogeneous
distribution of GND densities. Only after 8 h at 1200°C (Figure 6-10j) is a clear evolution
observed: a large area fraction of strain-free grains emerges, while the remaining grains retain
GND densities comparable to those in other thermal treatment conditions or in the as-built

state.

1100°C

1150°C

1200°C
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Figure 6-10: GND density for 4,50 samples after the 9 different thermal treatment conditions.

For /470, the evolution upon thermal treatment seems to be more gradual (Figure 6-11).
Evidence of recrystallization begins to emerge after 8h at 1100°C (Figure 6-11c¢), or after 4h
at 1150°C (Figure 6-11e), where some small scattered strain-free grains (blue) can be
observed. These strain-free regions expand significantly after 8h at 1150°C (Figure 6-11f),
1h at 1200°C (Figure 6-11h), and 4h at 1200°C (Figure 6-11i). Finally, after 8h at 1200°C
(Figure 6-11j) the microstructure appears to be fully recrystallized, with only very small
regions still exhibiting large GND densities.
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Figure 6-11: GND density for /2,70 samples after the 9 different thermal treatment conditions.

Figure 6-12 and Figure 6-13 illustrate the grain boundary maps corresponding to 4450
and /470 samples treated using the nine solution treatments investigated. In the case of 4450
specimens (Figure 6-12), the columnar structure is mostly preserved, with most grains
elongated along the BD, except after 8h at 1200°C (Figure 6-12j). At this condition, where a
reduction in GND density and a slight weakening of the texture were previously observed,
the grains exhibit substantial growth and a notable increase in the fraction of X3 twin
boundaries (colored in red). These features are characteristic of a recrystallized state, with
the X3 boundaries representing annealing twins [154,158]. In the case of 4470 samples
(Figure 6-13), the small equiaxed grains found in the AB state (Figure 6-3b) are still present
after most thermal treatments. As with /4;50, the evolution of GB character and the
appearance of annealing twins follow a trend consistent with the previously observed GND
density evolution. A significant fraction of TBs appear after 8 h at 1150°C (Figure 6-13f) and
4h at 1200°C (Figure 6-131), and a very large TB fraction develops after 8h at 1200°C (Figure

6-13j), indicating a very advanced recrystallized state.
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Figure 6-12: Grain boundary maps for /450 samples after the 9 different thermal treatments. HAGBs are
plotted in black, LAGBSs in blue, and TBs are plotted in red.
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Figure 6-13: Grain boundary maps for 4,70 samples after the 9 different thermal treatments. HAGBs are
plotted in black, LAGBs in blue, and TBs are plotted in red.
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To assess the recrystallization kinetics of the two different microstructures, we used the
GND density maps (Figure 6-10 and Figure 6-11). Although there is no universal consensus
on how to measure recrystallization using EBSD data [168], we adopt the commonly used
criterion that recrystallized grains are characterized by their very low intragranular
misorientations [154]. These misorientations can be quantified via the kernel average
misorientation (KAM), from which we calculate the GND density [122]. While thresholds of
KAM < 1° or <0.5° are frequently reported, depending on the acquisition conditions and
angular resolution of the system, we selected a threshold based on a KAM of 0.5°[169,170].
Considering the Burgers vector of a Ni-based superalloy and the step size used in the
acquisition of the large EBSD maps, this corresponds to a GND density of 6.88-10'° m™.
This is the cutoff value we have considered to identify recrystallized grains and calculate the
recrystallized area fractions reported in Figure 6-14 as a function of the dwell time for the
three solution temperatures investigated.

Figure 6-14 illustrates, first, that the recrystallization temperature of PBF-LB/M IN939
is considerably higher than that of cast IN939, which becomes fully recrystallized after 4 h
at 1160°C [91]. Additionally, clear differences in the onset of recrystallization between the
two starting microstructures are observed, with %470 exhibiting recrystallization at lower
temperatures and shorter dwell times than 4,50 (Figure 6-14). At 1100°C no signs of
recrystallization are observed for any of the AB microstructures. At 1150°C, hq70 exhibits a
significant RX area fraction, close to 0.4, after 8 h. In contrast, 4450 shows no measurable
evolution, even after prolonged exposure. Substantial recrystallization occurs for both
conditions only at 1200°C. In the case of 4d70, a noticeable RX fraction (0.18) appears after
just 4 h, increasing to 0.96 after 8 h, indicating near-complete recrystallization. For hd50,
recrystallization proceeds more slowly, with no significant changes until 8 h, after which an

RX area fraction of 0.82 is observed.
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Figure 6-14: Recrystallized area fraction as a function of dwell time for solution treatments at 1100°C,
1150°C, and 1200°C for 4450 and h;70 microstructures.

Figure 6-15 illustrates the evolution of several microstructural parameters as a function
of the RX fraction. Figure 6-15a shows the evolution of the volume fraction of the <001>//BD
component with the RX fraction. For /470, the volume fraction remains practically
unchanged as the recrystallization advances. In the case of 4450, there is a relatively large
scatter in the volume fractions of samples having undergone no (or very little)
recrystallization. Although the 4,50 sample with the highest RX fraction (0.82) shows the
lowest texture intensity (0.21), the absence of intermediate data points and the variability
among the non-recrystallized samples prevent any definitive conclusions regarding the
texture evolution of strongly textured conditions. Nevertheless, when comparing the two
initial microstructures, it is evident that the AB crystallographic texture has a lasting
influence on the texture after solution treatment, regardless of the treatment conditions and

the recrystallization state.

91



6. INFLUENCE OF AS-BUILT MICROSTRUCTURE ON RECRYSTALLIZATION

Figure 6-15b illustrates the evolution of the GND density with the RX fraction. A good
correlation can be established, despite a relatively large scatter in the non-recrystallized
samples. This is expected, given that the recrystallization was indirectly assessed using GND
density maps. In the recrystallized state, the grains are generally free of GNDs, therefore a
larger fraction of recrystallized grains naturally leads to a reduction in the GND density. As
previously mentioned, the values were obtained from the large area maps and are thus
qualitative rather than quantitatively precise. In the AB state, 4,50 and /470 exhibit nearly
identical mean GND densities (1.04-10'* and 1.02-10'* m™, respectively). While treatments
at 1100 °C appear to slightly increase the mean GND density, all non-recrystallized
conditions fall within a range of 0.94 x 10" to 1.24 x 10" m™=. For /470, a gradual decrease
in mean GND density is observed with increasing treatment time at 1150 °C and 1200 °C,
reflecting progressive recrystallization, reaching a minimum of 0.45 x 10 m™ after 8 h at
1200 °C. In contrast, 4450 does not exhibit this progressive decline due to the limited
recrystallization observed, except for the 1200 °C/8 h condition, where a significant drop in
GND density is noted.

The correlation between the RX area fraction and the TBs, illustrated in Figure 6-15c,
is even more pronounced than that observed for GND density. A clear linear correlation is
evident, independent of hg, ranging from approximately 0.1 in the non-recrystallized state to
around 0.45 in the fully recrystallized condition. This strongly supports the interpretation that
these are annealing twins, typically found in FCC metals with low stacking fault energy after
recrystallization [154,158].

Finally, Figure 6-15d presents the evolution of the LAGB fraction as a function of the
recrystallized area fraction. In /4470 samples, which begin with a significantly lower initial
LAGB fraction than /4450 specimens (0.13 and 0.21, respectively), a nearly linear correlation
is observed: the LAGB fraction decreases progressively as RX advances. This is consistent
with the expectation that non-recrystallized grains, which retain internal strain, contain a
higher fraction of LAGBs, whereas recrystallized grains exhibit low internal misorientations
and, consequently, negligible LAGB content. In contrast, 4450 samples show a decrease in
LAGB fraction even before the onset of recrystallization. Once recrystallization begins, the

subsequent decrease in LAGBs is comparatively minor. This behavior suggests that some
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recovery processes may precede or partially decouple from full recrystallization in the more

textured 4450 microstructure.

Figure 6-15: (a) Volume fraction of the <001>//BD component, (b) mean GND density, (c) TB fraction, and
(d) LAGB fraction as a function of recrystallized area fraction. For (a) and (d), regressions are shown for each
printing condition separately, for they are two independent data populations. For (b) and (c), the regression is

calculated with all data points.

6.3.3. Mechanical properties after thermal treatment

The microstructure of thermally treated tensile blanks, subjected to a 1200°C/8 h
solution treatment followed by a two-step ageing treatment (1000°C/6 h. + 800°C/4 h) shows
practically full recrystallization and substantial grain growth (Figure 6-16a), with a very fine
and homogenous bimodal distribution of y’ precipitates, together with inter- and intragranular

carbides (Figure 6-16b,c,d). The carbides (black particles in Figure 6-16b) measure roughly
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0.8 um. Primary y’ is 125 + 25 nm in size, whilst secondary vy’ is 12 + 3 nm. This homogeneous
precipitate distribution is considerably different to that found in the samples presented in
Section 4.3.3 (Figure 4-9), where the limitations in cooling rates resulted in coarser y’
precipitates with flower-like morphologies.

Figure 6-17 shows the results of tensile tests conducted at 23°C, 700°C, 800°C, and
950°C for PBF-LB/M IN939 samples subjected to the aforementioned 1200°C/8 h solution
treatment followed by two-step ageing. These samples are hereafter referred to as PBF-
LB/M-1200/8. The results are compared with those of PBF-LB/M-1160/4 and Cast-1160/4,
which correspond to PBF-LB/M and cast IN939, respectively, both treated with a 1160 °C/4 h
solution step followed by the same two-step ageing, the standard thermal treatment for IN939
[90,91]. The PBF-LB/M-1160/4 data correspond to the samples from Section 4.3.3, and Cast-
1160/4 data are sourced from [91-93].

Figure 6-16: Microstructure of a 4,70 sample subjected to a 1200°C/8 h solution treatment followed by a two-
step ageing treatment (1000°C/6 h + 800°C/4 h). (a) Overlapped EBSD GND and grain boundary maps; (b-d)
bright field TEM micrographs at different magnifications illustrating the y’ precipitate distribution.

The PBF-LB/M-1200/8 sample, which is fully recrystallized, exhibits higher yield
strength (YS) and ultimate tensile strength (UTS) values from RT to 950°C (Figure 6-17a,b).
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The modification of the thermal treatment results not only in higher strengths, but also in a
more gradual decay of the mechanical properties at high temperatures for the PBF-LB/M
material, seen most clearly in the smaller change in YS from 700°C to 800°C (Figure 6-17a).
For 1200°C/8 h., YS goes from 870 to 765 MPa, whereas in 1160°C/4 h. samples, it goes
from 773 to 437 MPa. In terms of elongation at break (Figure 6-17c¢), the change in thermal
treatment yields a slightly less ductile material throughout the full temperature range,
especially at 950°C.

Overall, the increase in the first thermal treatment step improves the mechanical

properties of PBF-LB/M IN939 through mechanisms that will be discussed in Section 6.4.3.
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Figure 6-17: (a) Yield strength (MPa), (b) ultimate tensile strength (MPa), and (c) elongation at break for
PBF-LB/M samples after the standard thermal treatment [99], PBF-LB/M samples after the modified thermal
treatment, and for cast samples after standard thermal treatment.
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6.4. Discussion

6.4.1. Recrystallization in PBF-LB/M and cast IN939 specimens: an energy balance

perspective

The recrystallization temperature of PBF-LB/M IN939 is significantly higher than that
of cast IN939 (1200°C compared to 1160°C), regardless of the AB microstructure, and overall
recrystallization kinetics seem more sluggish in the former, in agreement with earlier studies
in IN939 and other alloys [103,116,158,164]. In the following the driving and dragging
forces affecting the recrystallization kinetics in PBF-LB/M IN939 are assessed.

The main driving force for recrystallization is the stored energy in the form of
dislocations (Pp) [154]:

Pp = apGb? (6.1),
where « is a constant of value 0.5, p is the dislocation density, G is the shear modulus, and b
is the Burgers vector [154]. In a PBF-LB/M part, these dislocations arise from the rapid
solidification process and the repeated thermal cycles during fabrication [155,157]. This
driving force is counteracted by the pressure arising from the high angle grain boundary

curvature (P¢):

=2 (6.2),

where R is the radius of a newly nucleated grain and  is the grain boundary energy [154].
In the presence of second phase particles, there is an additional dragging force, due to the

pinning effect that they have on the grain boundaries (Smith-Zener drag) (Psz):

P, = Vb (6.3),

where Fy is the volume fraction of the pinning particles, and d is their size [154]. The
resulting net pressure on a newly created nucleus is:
P=Pp-Pc-Psz (6.4).
For recrystallization to occur, the overall net pressure must be positive. The mean GND
density in the AB state measured from higher resolution EBSD maps is of the same order or
magnitude for 4450 and for %470 specimens (5.2:10'* and 5.4-10' m™, respectively).
Assuming a shear modulus of 80 GPa and a Burgers vector of 0.253 nm, the corresponding
driving pressure for recrystallization (Pp) is calculated to be 1.34 MPa for 4450 and 1.39 MPa
for h470. The volume fraction of MC carbides in the AB state is roughly 0.008 for both
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microstructures. These particles range in size from 10 to 200 nm, with an average size of
approximately 71 and 66 nm for 4450 and for h470 respectively. The mean y, was calculated
considering a simplification of the Read-Shockley equation for LAGB [154]:

70 =vm (=) (1 -1 () (6:5),
were 7 is the energy of a HAGB (1 J'm?) [154,171], and 6, is the critical angle (15°). For
LAGBs (#< 15°), the » follows the relation in (6.5), and for HAGBs (8 < 15°), we consider
7 = 1 J-m™. The resulting mean y, values are 0.90 for 4,50 and 0.91 J-m™ for %470. The
dragging pressure from the secondary particles (Psz) amounts, then, to 3-10° Pa for 4,50 and
3.3-10° Pa for h470. From the calculated Pp and Psz values, the critical radius (R) required
for a newly nucleated grain to grow can be estimated. This radius is approximately 1.75 um,
implying that grains smaller than this will have their growth inhibited. Although these
estimates are approximate, the calculated critical grain size is relatively large considering the
typical values for cast specimens, usually closer to 0.5 um (although not unreasonably large)
[154,158,172,173]. The stored energy in the form of GNDs, while non-negligible, appears
insufficient to drive recrystallization under conditions where it occurs readily in cast
specimens, likely due to the strong pinning effect of MC carbides at grain boundaries.. At
sub-solvus temperatures no recrystallization is observed in any of the samples, most likely
due to the dragging force of the aforementioned carbides. As the temperature increases
beyond the solvus, MC carbides coarsen, thereby reducing their pinning force (as described
in eq. 6.3) and facilitating the nucleation and growth of new grains. The pinning effect of MC
carbides has been pinpointed as the primary factor behind the high recrystallization
temperatures observed in PBF-LB/M Ni-based superalloys. Their coarsening has been
identified as a prerequisite for recrystallization to proceed [160—163], in agreement with our

findings.

6.4.2. Influence of the initial microstructure on the recrystallization kinetics

The reason behind the different recrystallization kinetics observed in 4450 and /470
specimens is unclear. The microstructural features that govern the magnitude of the principal
driving and dragging forces are not significantly different between /450 and h470: both

exhibit similar mean GND densities (5.2-10'* and 5.4-10'* m™), comparable average grain
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boundary energies (0.90 and 0.91 J-m?), and practically indistinguishable carbide
distributions.

One clear difference in the as-built (AB) microstructure, previously unaccounted for in
the calculations, is the density of HAGBs. Due to their smaller grain sizes, 4s70 samples
exhibit a HAGB density of 0.85+£0.01 mm™, more than twice that of hs50
(041 £0.04 mm™"). A higher HAGBs density suggests a greater number of potential
nucleation sites [ 154]. Additionally, the weaker texture in the AB /470 condition is associated
with higher misorientation between adjacent grains, which are thus energetically more
favorable for nucleation and growth [154]. A larger number of favorable nucleation sites
would be expected to promote concurrent nucleation events, ultimately resulting in a finer
recrystallized grain structure [158]. This hypothesis is supported by the area-weighted major
axis length of fitted ellipses (excluding X3 twin boundaries), which is 381 =33 um for 4450
and 208 £+ 50 pm for 4470, indicating a finer recrystallized microstructure in the latter.

The GB maps in Figure 6-18 clearly illustrate the differences in grain size and
morphology after a 1200°C/8 h treatment. In the /44,50 microstructure (Figure 6-18a-c) there
is a lower number of recrystallized grains (characterized by the absence of LAGBs and the
presence of TBs), surrounded by columnar grains with high densities of LAGBs. In contrast,
ha70 (Figure 6-18d-f) exhibits a greater number of smaller recrystallized grains, many of
which contain a high density of TBs. Figure 6-18c and 6-18f highlight representative
recrystallized grains in 450 and ha70 respectively, underscoring the significant size
differences between them.

Thus, despite 4450 and hs70 having nearly identical dislocation densities (i.e., stored
energy), similar distributions of secondary phases, and practically identical average grain
boundary energies, the 4470 condition exhibits faster recrystallization. This is attributed to its
higher density of favorable nucleation sites, driven by its finer initial grain structure and

weaker crystallographic texture.
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Figure 6-18: GB maps illustrating the microstructure of the PBF-LB/M IN939 alloy after 8h at 1200°C for
(a,b) 7450 and (d,e) k470 conditions. (c,f) Higher magnification maps with highlighted recrystallized grains in
(c) ha50 and (d) /470 samples.

6.4.3. Influence of recrystallization on the mechanical properties

The results in section 6.3.3 show a clear improvement in mechanical properties
throughout the full temperature range after a 1200°C/8 h. + 1000°C/6 h. + 800°C/4 h.
treatment compared to both the cast and the PBF-LB/M samples with standard thermal
treatments (Figure 6-17). The good performance of PBF-LB/M-1160 IN939 at low
temperatures after standard thermal treatment was attributed to the Hall-Petch effect, while
the rapid softening at T > 700°C was mostly blamed on a combination of grain boundary
sliding (GBS), promoted by the small grain sizes, and a suboptimal precipitate distribution

(due to an inappropriate cooling rate after ageing) (see Section 4.4.2). In turn, the
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combination of a larger grain size, obtained by applying higher temperatures during the
solution treatment, and a more adequate precipitate distribution results in an enhanced
mechanical response of the PBF-LB/M material. At low temperatures, the improved
precipitate distribution compensates for the reduced Hall-Petch strengthening (which scales
with &2, where d is the average grain size). At elevated temperatures, the combined effect
of precipitate strengthening and the coarser grain structure results in yield strengths
exceeding those typically found in cast IN939 samples.

The strain rate sensitivity (m) provides further insight into the deformation mechanisms
at play (Figure 6-19). For the PBF-LB/M-1160°C/4 h condition, the rapid increase in m at T
> 700°C highlights the growing influence of diffusion-related deformation processes (GBS
being the most likely contributor). In contrast, PBF-LB/M-1200°C/8 h exhibits the lowest m
value across the entire temperature range (from room temperature to 950°C), remaining
below 0.1 even at the highest temperatures. This suggests that GBS-related deformation
mechanisms are not active in this condition [136], supporting the hypothesis that a beneficial
synergy between grain boundary precipitates (specifically M23Cs carbides) and an increased

grain size effectively suppresses GBS.
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Figure 6-19: Comparison of the temperature-dependent evolution of strain rate sensitivity (m) for PBF-LB/M
IN939 samples subjected to the standard thermal treatment [32], PBF-LB/M samples treated with the
modified thermal cycle, and cast IN939 samples after standard heat treatment.

A low strain rate sensitivity is usually associated with improved creep resistance, a key
requirement for IN939 components. Our findings align with previous studies reporting clear
enhanced creep resistance and increased high temperature yield strength following
recrystallization, highlighting the importance of increasing solution treatment temperatures
[108,117]. While PBF-LB/M IN939 often outperforms the cast material in yield strength at

room and high temperatures, it still tends to fall short of the creep resistance required for
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demanding applications [94,105,108,109,113,117]. A similar limitation in creep performance
may be expected in our case, despite the encouraging tensile results and low strain rate
sensitivities observed at high temperatures. Dedicated creep testing should be performed in
future studies to better understand the deformation mechanisms at high temperatures.
Nonetheless, our results confirm that increasing the solution treatment temperature,
combined with controlled cooling rates that promote grain growth and favorable precipitate
distributions, is essential for improving the high temperature mechanical response of PBF-

LM/M IN939.

6.5. Conclusion

In this chapter we have tested the influence of different solution thermal treatments on
the recrystallization kinetics for two different AB microstructures of PBF-LB/M IN939. The
main findings of this part are:

1. The recrystallization temperature for PBF-LB/M IN939 is higher than for cast
material. Therefore, the standard heat treatment schedule is not sufficient to induce
recrystallization in additively manufactured parts.

2. The AB microstructure influences the recrystallization kinetics of PBF-LB/M
IN939. A smaller AB grain size, together with a weaker texture, results in a higher
number of favorable nucleation sites, leading to faster nucleation and to a smaller
recrystallized grain size.

3. Smith-Zener pinning of MC carbides existing in the AB state is the main dragging
force behind the sluggish recrystallization of PBF-LB/M IN939. As temperature
increases and the carbides coarsen, the pinning effect becomes weaker, thus
triggering recrystallization.

4. The modification of the solution treatment to 1200°C for 8 h promotes sufficient
recrystallization and grain growth, improving the mechanical properties at high

temperatures due to a decrease in diffusion-related deformation mechanisms.
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7. MELT POOL OVERLAP AS A TOOL FOR MICROSTRUCTURE
DESIGN

7.1. Background

Perhaps the biggest advantage of most AM techniques is the flexibility they offer in
terms of design, enabling the production of geometries not achievable otherwise. The design
freedom inherent to PBF-LB/M is not only limited to the production of near-net shapes, but
it also applies to the microstructure of the printed parts. Fully exploiting this capability
requires, however, the development of predictive approaches that enable the site-specific
control of microstructure during AM.

Several factors affect the microstructure of as-built (AB) PBF-LB/M parts. The
solidification or growth rate (R) and the temperature gradient (G) determine the morphology
(planar, cellular, columnar dendritic, equiaxed dendritic), as well as the size of the
solidification structure (see Section 2.2.4.1. Solidification and crystal growth) [64]. While
there are examples of microstructural design based on the control of the columnar to equiaxed
transition (CET) in PBF-EB/M [174,175], the typical ranges of R and G inherent to laser
powder bed fusion result frequently in columnar microstructures as a consequence of
epitaxial growth (in the absence of inoculants) [50].

The crystallographic texture, in turn, is mostly controlled by heat dissipation. After
nucleation, the growth of grains in which the preferred growth direction (<001> in the case
of cubic systems) is closely aligned with the direction of heat dissipation is favored [64].
There is an implicit dependence between the thermal gradient and the melt pool geometry,
and it is commonly accepted that after nucleation, grains grow in a direction normal to the
melt pool boundaries. In the absence of scan rotation, and for semicircular melt pools, AB
parts tend to exhibit a <011> fiber texture, where <011> directions align preferentially with
the build direction (BD) (<011>//BD), although regions with columnar grains oriented with
<001> directions parallel to BD (<001>//BD) are also present in the vicinity of the melt pool
centerlines. When a rotation is applied between layers (typically 90 or 67°), the intensity of
the <011>//BD component decreases, and in turn the <001>//BD texture becomes dominant

[70-72]. Thus, the microstructure of most PBF-LB/M Ni-based alloys, manufactured using
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standard procedures, which usually include such interlayer rotations, is formed by columnar
grains with a strong <001>//BD texture [50].

Achieving excellent local control of the AB microstructure is of paramount importance,
for it has implications in terms of post-processing, mechanical properties, and corrosion
resistance [50]. Part- or location-specific microstructure design during PBF-LB/M is,
however, a complex task. Earlier studies have reported several tools to achieve this goal:
alteration of the laser scanning parameters (e.g. laser power (P), scanning speed (v), hatch
distance (%4)) [70,176] and/or the scanning strategies (e.g. stripes, chessboard, meander)
[177-181], post-processing heat treatments [156,182,183], addition of inoculants [184,185],
or utilization of beam shaping strategies [29,30,186]. For example, Sofinowski et al.
[177,180] achieved a high level of microstructural control during PBF-LB/M of 316L
stainless steel through modifications of the scan direction. Using relatively low scanning
speeds (0.6 m-s™), they present a methodology to locally control the growth direction of the
grains, and thus the crystallographic texture of the AB parts. Sofras et al. [181] applied the
same concept (control of scanning direction) to design the crystallographic texture of a 316L
steel in order to either suppress or favor twinning induced plasticity (TWIP) eftects upon
mechanical testing. Montero-Sistiaga et al. [30,186] utilized different beam shapes to modify
the microstructure of AB 316L steel and Hastelloy X parts. A laser with a Gaussian power
profile led to relatively small grains with weak textures, while using a top-hat power profile
resulted in a coarser microstructure with strongly textured columnar grains. A similar strategy
was employed by Hadibeik et al. [29] to tune the amorphous fraction and the mechanical
properties in a bulk metallic glass (BMGQ). Fardan et al. [178] recently showed how the stripe
size and the stripe overlap could be effectively utilized to control the grain size and the texture
intensity during PBF-LB/M of Ni-based superalloy CM247LC. It was shown that the
combination of small stripe sizes and sufficient stripe overlap led to substantial remelting and
to the dominance of a strong <001> fiber texture, whilst larger stripe sizes and lower degrees
of remelting gave rise to more weakly oriented and equiaxed grains. However, in order to
induce the formation of columnar grains with a strong fiber texture, the authors rely on a
large degree of remelting, which hinders productivity and is not necessarily desirable in larger

parts. Significant work is still needed to achieve the degree of microstructural control during
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PBF-LB/M that would be desirable to optimize AB part properties for advanced applications
in many AM alloys in a fast, inexpensive, and productive manner.

In this chapter, we present a simple approach for site-specific microstructure design
during PBF-LB/M of Inconel 939 (IN939), building upon the findings of the previous
chapters, providing guidelines for effectively tailoring microstructure during PBF-LB/M of

IN939 complex geometry parts.
7.2. Methods

7.2.1. Sample fabrication

Two types of specimens were manufactured for this study. Figure 7-1 illustrates the
first set of samples, which are 8 x 8 x 8 mm? cubes. The four specimens shown in Figure 7-1
were produced with the goal of investigating the effect of the “domain” size (or, in other
words, the scan track length (/)) and/or the domain orientation with respect to BD on
microstructure development. Within each cube, the two shades of gray indicate domains that
were manufactured using the /450 (P =250 W, v =1.167 m's}, ha = 50 um, dark gray) and
ha70 (P =250 W, v = 1.167 m's™}, hg = 70 pm, light gray) scanning parameter sets, the
optimum scanning parameter combinations identified in Chapter 4. As a reminder, in bulk
samples hq50 parameters yield samples with strongly textured <001>//BD columnar grains,
while /470 conditions result in randomly oriented equiaxed microstructures. The first cube
(Figure 7-1a) consists of two stacked 8 x 8 x 4 mm?® domains, the second (Figure 7-1b)
consists of two 4 x 8 x 8 mm? domains, and the third (Figure 7-1c) and fourth (Figure 7-1d)
specimens are formed by alternating 4 x 4 x 4 mm® and 2 x 2 x 2 mm® domains, respectively.
For simplicity, these four PBF-LB/M manufactured cubes will be named hereafter “8x8”,
“4x8”, “4x4”, and “2x2”. Each domain corresponds to a different STL file. The scan direction
corresponding to the last layer of all the manufactured cubes (SD) was oriented parallel to
either the X or the Y axis (Figure 7-1) to facilitate the post-processing characterization of the
melt-pool morphology.

On the other hand, in order to understand the combined effect of / and of %4 on the
actual energy input, laser scans consisting of 5 adjacent bidirectional passes (multitracks)
were melted using different values of these two variables on top of 8 x 8 x 5 mm? PBF-LB/M-

manufactured IN939 substrates (Figure 7-2a,b). The number of tracks per multitrack was set
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to 5 in order to approach stable printing conditions. The multitracks were produced by
combining the P and v values that are common to both /4450 and /470 conditions (250 W,
1.167 m-s™"), with 7 hatch distances (ha = 40, 50, 60, 70, 80, 90, 100 pm), and four scan track

lengths (1 =1, 2, 3, and 4 mm). A total of 28 different manufacturing conditions were thus

Figure 7-1: 8 x 8 x 8 mm? cubic samples manufactured by PBF-LB/M. (a) 8 x 8, (b) 4 x 8, (c) 4 x 4, and (d) 2
x 2. The different shades of gray indicate the /4,50 (dark) and 4470 (light) sets of scanning parameters.

explored.
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Figure 7-2: (a) Schematic illustrating several multitracks with scan track lengths ranging from 1 to 4 mm. (b)
A magnified view of one multitrack, where the scan track length (/), and the hatch distance (4,) are indicated.
(c, d) Optical micrographs illustrating cross sections of the melt pools corresponding to multi-tracks with scan
track lengths of (¢) 1 mm and (d) 4 mm. The outline of the melt pool corresponding to the last track of each
multitrack has been highlighted using a white dotted line, and the two melt pool characteristics that have been
measured (width (w), depth (d)) are also indicated.

7.2.2. Sample characterization

After fabrication, the cubic samples were removed from the build plate and prepared
for characterization with OM and SEM following the procedures described in Section 3.3.
Optical micrographs (OM) of the last layer of the samples were obtained using an Olympus
BX51 light optical microscope, at a magnification of 100X. The melt pool depth (d) and
width (w) were obtained by averaging the values corresponding to (at least) three different
cross-sections, which were measured using the Image J software. Figure 7-3a and 7-3b are
optical micrographs depicting, as an example, the melt pool stacking within the last layer of
an 8x8 sample manufactured with 4450 (Figure 7-3a) and /470 conditions (Figure 7-3b). Due
to the significant overlap between adjacent melt pools (Figure 7-3c and 7-3d), only the melt
pool half-width can be measured, and for the calculation of the full width we will assume
that melt pools are symmetrical. In the multitrack specimens, only the last melt pool out of
the five that integrate each group (outlined in Figure 7-2c, 7-2d, white dotted line) was
considered. Note the asymmetry in width in the melt pools in Figure 7-2c, Figure 7-2d, which
is due both to the overlap with the previously solidified material, which has enhanced thermal

conductivity in comparison with the powder, as well as to the heat accumulation in previous
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tracks. Again, for the calculation of the full width in the multitrack samples, we have
measured the half-width (w/2) highlighted in Figure 7-2c and Figure 7-2d, and considered the
full width as double that value (as if the melt pools were indeed symmetrical).

The microstructure of the manufactured samples was examined by electron
backscattered diffraction (EBSD). All EBSD maps were obtained using an accelerating
voltage of 20 kV and a beam current of 6.4 nA. For large area EBSD maps, the step size was
set at 2 um, and for smaller maps it was set at 1 um. EBSD data processing and analysis was
performed using the HKL Channel5 software (Oxford Instruments) and the MTEX toolbox
(5.10.2) [121] in MATLAB. Inverse pole figure (IPF) maps illustrating the orientation of the
BD are shown for all manufactured cubes. Pole figures (PFs) were plotted using de la Vallée
Poussin kernel, a band width of 10°, and a cluster size of 5°. Texture intensity quantification
was carried out considering both the multiples of uniform distributions (MUD) from the pole
figures, as well as by calculating the volume fractions (V) associated to different components
by integration of the orientation distribution function (ODF), with a spread of 15°. Average
grain sizes were estimated from the line intercepts (LI) measured along directions parallel
and perpendicular to the BD, which will be referred to as longitudinal (L/;) and transverse
(L)) LI, respectively.

(b)

(d)

Overlap’

: Overlab

50 pm " 50pm

Figure 7-3: (a, b) Optical micrographs illustrating the melt pool stacking within the last layer of 8x8 samples
manufactured with (a) 4450, and (b) 4470 conditions. (c, d) Schematic highlighting the overlapping area
between adjacent melt pools in a direction perpendicular to the scan direction.
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7.3. Results

7.3.1. Influence of the domain size on the microstructure

Figure 7-4 compares large-area EBSD IPF maps in the BD corresponding to the cubic
8x8, 4x8, 4x4, and 2x2 samples. In the first three specimens (Figure 7-4a, 7-4b, 7-4c), which
are formed by larger domains, clear differences between the texture in regions processed with
ha50 and ha70 conditions can be appreciated. In particular, it is possible to qualitatively
distinguish between areas where the dominant texture component is the <001>//BD fiber
(ha50, dark gray domains in Figure 7-1), and areas with more randomly oriented grains (4470,
light gray domains in Figure 7-1). These two textures are similar to those reported for bulk
IN939 samples using the same manufacturing conditions [99]. In the 2x2 specimen (Figure
7-4d), however, 7450 and h,s70 manufacturing conditions give rise to undistinguishable
microstructures, which contain a very large area fraction of columnar grains with a
<001>//BD fiber texture. In the four cubic samples shown in Figure 7-4 the interfaces
between 4450 and /470 domains that are perpendicular to the BD are smooth, while those
parallel to the BD retain the more randomly oriented microstructure as a result of the lack of
sufficient overlap between the different STLs corresponding to each domain. Although useful
to distinguish between different regions within the manufactured samples, these regions are
not a result of local scanning parameter modifications and will thus not be discussed any

further.
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BD
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Figure 7-4: Large field of view EBSD IPF maps in the BD for (a) 8x8, (b) 4x8, (¢) 4x4, and (d) 2x2 samples
manufactured with /2,50 and 4470 domains as shown in Figure 7-1.

The microstructure within 44,50 and 4470 domains in samples 8x8, 4x8, 4x4, and 2x2
is described in more detail in Figure 7-5-8. In Figure 7-5 the microstructure corresponding
to the 8x8 sample is shown by means of EBSD IPF maps in the BD (Figure 7-5a,b), by the
grain boundary maps (GB) (Figure 7-5¢,d), and by the (100), (110), and (111) direct PFs
(Figure 7-5e,f) for 4450, and hq70 domains, respectively. The 4450 domains (Figure 7-5a,c)
are characterized predominantly by grains elongated along BD and a dominant <001>//BD
fiber texture. The average line intercepts are LIj=29 um and LI;= 11 um, which is equivalent
to a line intercept ratio (LIR, LIi/ LI;) of 2.6. The 4470 domain (Figure 7-5b,d) is formed by
more equiaxed, weakly oriented grains, with LI;= 13 um and LI; = 8 um, and with LIR = 1.6.
The maximum texture intensities, in MUD, are 7.5 and 1.8 for the 4750 and 4470 domains,

respectively. The microstructure of 4450 and 4470 domains in the 4x8 samples (Figure 7-6)
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is very similar to that depicted in Figure 7-5 for the corresponding domains in 8x8 specimens.
In the 4450 domain, LI;}=30 pm, LI;=9 um, and LIR = 3.3; in the 4470 domain, LI; = 14 um,
LI; = 7 pum, and LIR = 2. The maximum texture intensities amount to 10.3 and 2.1 MUD,
respectively. Similarly, as illustrated in Figure 7-7, the microstructures of 4450 and ha70
domains in the 4x4 specimens resemble those found in 4x8 and 8x8 samples. In the 4450
domain, LI} = 33 um, LI; = 10 um, and LIR = 3.3; in the 4,70 domain LI; = 13 um, LI; =8
um, and LIR = 1.6. The maximum texture intensities increase slightly to 12.8 and 2.9 MUD
for the 4450 and hy70 domains, respectively, and an incipient, weak <001>//BD fiber texture
becomes apparent in the /470 domain. The microstructures described above for 4,50 and 4470
domains in the 8x8, 4x8, and 4x4 samples are comparable to those reported earlier for bulk
IN939 samples printed with the same scanning parameter sets [99]. However, when the
domain size is further reduced, such as in the 2x2 sample (Figure 7-8), both 4450 and ha70
regions exhibit columnar grains with strong <001>//BD fiber textures, and with notably
higher maximum texture intensities (19.4 and 11.3 MUD, respectively). The grain size also
increases significantly: in 4450 domains LI} = 104 pum, LI = 18 um, and LIR = 5.8; in 4470
domains LI} =93 um, LI; =24 um, and LIR =3.9.

In summary, our results show a strong influence of the domain size on the
microstructure. Given the fact that the same two sets of processing parameters were utilized
to manufacture the 4450 and /470 domains in all cubic samples, the drastic change in grain
size, shape and orientation observed in the smallest domains (2x2 specimen, Figure 7-4d and
Figure 7-8) proves that microstructural development is highly dependent on the scan track

length. In the following we will attempt to rationalize this dependence.
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Figure 7-5: Microstructure within /450 (a,c,e) and 4,70 (b,d,f) domains of the 8x8 sample. (a,b) EBSD IPF
maps in the BD; (c,d) GB maps (HAGBS are plotted in black, LAGBs are plotted in blue, and twin
boundaries are plotted in red), and (e,f) direct (100), (110), and (111) pole figures.

112



7. MELT POOL OVERLAP AS A TOOL FOR MICROSTRUCTURE DESIGN

Figure 7-6: Microstructure within /450 (a,c,e) and 4,70 (b,d,f) domains of the 4x8 sample. (a,b) EBSD IPF
maps in the BD; (c,d) GB maps (HAGBS are plotted in black, LAGBs are plotted in blue, and twin
boundaries are plotted in red), and (e,f) direct (100), (110), and (111) pole figures.
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Figure 7-7: Microstructure within %450 (a,c,e) and 4,70 (b,d,f) domains of the 4x4 sample. (a,b) EBSD IPF
maps in the BD; (c,d) GB maps (HAGBS are plotted in black, LAGBs are plotted in blue, and twin
boundaries are plotted in red), and (e,f) direct (100), (110), and (111) pole figures.
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Figure 7-8: Microstructure within /4,50 (a,c,e) and 4,70 (b,d,f) domains of the 2x2 sample. (a,b) EBSD IPF
maps in the BD; (¢,d) GB maps (HAGBS are plotted in black, LAGBs are plotted in blue, and twin
boundaries are plotted in red), and (e,f) direct (100), (110), and (111) pole figures.

7.3.2. Influence of the scan track length on the melt pool geometry

It is known that the laser scanning parameters determine the shape of the melt pool. As
a simplistic rule of thumb, increasing P deepens the melt pool, and decreasing v widens it
[21,43]. In order to investigate the origin of the drastic change in microstructure observed in
the 2x2 specimens (Figure 7-4d and Figure 7-8), we will first analyze whether this change
can be associated to variations of the melt pool geometry with the domain size (or,
equivalently, with the scan track length (/)). Figure 7-9 compares the variation of the melt
pool width (w) (Figure 7-9a), melt pool depth (d) (Figure 7-9b), and width to depth ratio w/d
(Figure 7-9¢) in h450 and hgs70 domains within the 8x8, 4x8, 4x4, and 2x2 specimens.
Measurements of w and d were performed on the last manufactured layer as described in
Figure 7-3. Care was taken to ensure that the scan direction in that last layer was parallel to
one of the domain sides, in such a way that / = 8 mm for 8x8 samples, / = 4 mm for 4x8 and

4x4 samples, and / = 2 mm for 2x2 samples. It can be seen in Figure 7-9 that, when / > 4
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mm, the melt pool size remains moderately stable, and relatively similar for 4,50 and 4470
conditions, and the w/d ratio is close to unity. However, when / = 2 mm, as in 2x2 samples,
the melt pools become significantly larger. Most notably, w (Figure 7-9a) increases from
~150 pm to 490 um and to 384 um for 4450 and /470 conditions, respectively. The increase
in d (Figure 7-9b) with decreasing / is less drastic, although also clearly noticeable. More
specifically, d increases from ~140 um to 218 um and to 186 um for 4450 and h470
conditions, respectively. Figure 7-9c illustrates a significant increase of the melt pool w/d
ratio to a value larger than 2 when / =2 mm for both 4450 and 4470 conditions.

The increase in w/d ratio when / = 2 mm could explain the development of stronger
<001>//BD fiber textures in the 2x2 sample (Figure 7-8), as the growth of grains with <001>
directions parallel to BD will be favored in wide and shallow melt pools [69]. However, the
similarity between w and d in 4450 and h470 domains when / = 4 mm (Figure 7-9) suggests
that melt pool shape alone does not determine microstructural development as these domains
have very different microstructures (Figure 7-5-8. Thus, it is necessary to find an alternative
parameter that can be effectively used to explain and control microstructure development

during PBF-LB/M of the investigated IN939 alloy.

Figure 7-9: (a) Melt pool width, (b) melt pool depth, and (c) width to depth ratio, as a function of scan track
length.

7.3.3. Melt pool overlap as a microstructure design parameter

In the following we will test whether the melt pool overlap can be a good
microstructure predictor. We will focus in particular on the melt pool overlap fraction in the
direction perpendicular to the scan direction (SD) and to BD (Op), which can be calculated

as (w — hq)/w. Figure 7-10 plots the variation of the volume fraction of material with a <001>
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direction oriented within 15° of BD (Vy<00:>/8p) (Figure 7-10a), calculated by integration of
the corresponding ODF, and LIR (Figure 7-10b) with respect to the O for hs50 and hq70
domains in 8x8, 4x8, 4x4, and 2x2 samples (a total of 8 domains, two in each sample). There
is a clear linear correlation between both Vy<gpo;>/8p and LIR with Oy. In particular, when Oy,
< 0.6, Vi<oor>/8p < 0.2, and LIR < 2. Also, both Vr<po;>/8p and LIR increase linearly with Oj.
Thus, it seems reasonable to select a threshold Oy, value of 0.6 as a microstructure selection
parameter, below which PBF-LB/Med IN939 alloy will show an equiaxed, weakly oriented

microstructure, and above which columnar grains with a strong <001>//BD fiber texture will

develop.
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Figure 7-10: Effect of the melt pool overlap in (a) the volume fraction of the <001>//BD component, and (b)
the line intercept ratio, for 4,50 and 4470 domains in 8x8, 4x8, 4x4, and 2x2 samples. The horizontal and
vertical dashed lines indicate the selected thresholds for (a) the volume fraction of the <001>//BD component
(=0.2) and (b) the line intercept ratio (=2).

In order to determine the relationship between the overlap and processing parameters
such as / and /g4, 28 multitracks were printed with the same P and v values as those utilized
to manufacture the cubic samples, and with combinations of 7 44 (40, 50, 60, 70, 80, 90, 100
um), and four scan track lengths (/ =1, 2, 3, and 4 mm). Figure 7-11 illustrates the variation
of w (Figure 7-11a) and d (Figure 7-11b), and of the corresponding O, (Figure 7-11c), with
haq and [ for the 28 multitrack printing conditions investigated. For a fixed /44, w and d increase
with decreasing /. The increase in w and d is more pronounced for small 44. Conversely, for

a fixed /, w and d increase with decreasing /4, and the increase is most notable for / <2 mm.
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The melt pool overlap fraction increases as / and /4 decrease but is more sensitive to changes
in the latter (for 4q affects melt pool width and O, simultaneously).

The dashed line in Figure 7-11c indicates the 0.6 threshold overlap value previously
selected from Figure 7-10. For / = 1.62 mm (i.e, the average / in a 2x2 sample with 67°
interlayer rotation), the two /4 values used in the present study (50 and 70 pum, solid yellow
dots in Figure 7-11c) give rise to an O that is larger than 0.6 and, in agreement with the
discussion above, to a strong <001>//BD fiber texture, as shown in Figure 7-8. Figure 7-11c
suggests that, if the selection of 0.6 as a threshold overlap is accurate, in order to manufacture
2x2 domains with weak textures using a meander strategy with a 67° interlayer rotation, we
should increase /4 (see arrow in Figure 7-11¢) beyond 82 pm. In order to check the validity
of this prediction, a new 2x2 cubic sample was manufactured with domains printed with the
same P and v conditions but alternating /4 values of 50 (4450) and 100 um (44100) (see blue
dot in Figure 7-11c¢). Figure 7-11d shows a wide field of view EBSD IPF map in the BD of
the new 2x2 sample. Indeed, as predicted, the microstructure is now formed by alternating
regions with strong and weak textures. As depicted in more detail in Figure 7-12, in the 4450
domains, LI} = 83 um, LIy = 23 um, and LIR = 3.6. Conversely, in the 44/00 domains LI; =
15 pm, LI = 10 pm, and LIR = 1.5. The maximum texture intensities are 12.7 and 2.5 MUD
for the 7450 and hq100 domains, respectively. A note must be made here regarding the need
to ensure that the selected scanning parameters will not result in lack of fusion due to

insufficient overlap. We have used the full melting criterion presented by Tang et al. [37].
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Figure 7-11: Variation of (a) w/2, (b) d, and (c) O as a function of / and /. in the multitrack samples. In (c)
the black dashed line indicates the 0.6 O threshold; the yellow dots indicate 4,50 and 4,70 conditions in the
2x2 sample, and the blue dot indicates the 4,100 conditions selected for the manufacturing of the new 2x2
sample shown in (d). (d) Large field of view EBSD IPF map in the BD for a 2x2 sample manufactured with
ha50 (yellow outline) and 44100 (blue outline) domains.

[011]

In summary, our results show that Oy, can be used as an accurate and simple predictor
of microstructure development during laser powder bed fusion of the IN939 alloy, at least for
the P and v conditions investigated (250 W and 1.167 m-s™). Furthermore, this work also
emphasizes the possibility to use multitracks as a high throughput method to gather extensive
experimental data with very limited resources and, in particular, to build O maps that are the

basis for successful microstructure prediction in bulk samples.
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Figure 7-12: EBSD (a),(b) IPF-BD coloring maps, (c),(d) GB maps, and (¢),(f) pole figures for 2x2 mm?
domains printed using (a),(c),(e) ha = 50 pm, and (b),(d),(f) ha = 100 um. For all cases P=250 W, and v =
1.167 m's™'.

7.4. Discussion

7.4.1. Rationalizing the role of the melt pool overlap as a microstructure design parameter

In the following we attempt to understand the origin of the suitability of O as a simple
and accurate predictor of microstructural development during PBF-LB/M of IN939, at least
for the P and v conditions investigated here (P = 250 W, v = 1.167 m-s!). Earlier studies
have reported a strong influence of the number of remelting cycles undergone by the
processed material on texture and microstructure development [178,187]. Manufacturing
each scan track involves melting powder as well as remelting a fraction of solid material from
adjacent layers and scan tracks. Remelting favors the growth of already existing grains
oriented in a preferred growth direction (<001>//BD for IN939), preventing newly nucleated
grains from growing. The more melting cycles the material undergoes, the more chances the

grains oriented in a <001>//BD direction will have to outgrow other grains.
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It seems obvious that the overlap will have a strong effect on remelting. As a first
approximation, in the following we estimate the influence of O on the number of melting
cycles during fabrication of a single layer in 8x8 samples processed using 44,50 and /470
conditions, for which O, =0.64 and 0.5, respectively. Figure 7-13a and 7-13b are two optical
micrographs where 5 adjacent melt pools belonging to the last layer of these two samples are
highlighted, respectively. For the calculation of the remelting cycles we will assume that melt
pools are semi-ellipses, that w/2 and d are the semi-major axes, and that 4y is their offset in a
direction normal to both the SD and BD. Figure 7-13c¢ and Figure 7-73d illustrate the
schematic representation of a layer of idealized semi-elliptical melt pools with the
dimensions measured from the samples depicted in Figure 7-13a and Figure 7-13b,
respectively. Increasingly darker shades of gray in Figure 7-13a-d indicate a higher number
of local melting cycles within one melt pool during fabrication of the single layer. Figure
7-13e shows the area fraction of a single melt pool that has gone through 1, 2, and 3 melting
cycles during fabrication of a layer as a function of Oy. In 450 melt pools the area fractions
undergoing 1,2, and 3 cycles are, respectively, 0.07, 0.43, and 0.50, while in 4470 melt pools
the corresponding fractions are 0.22, 0.78, and 0. As expected, increasing /s decreases
remelting. In particular, a 22% decrease in overlap increases the fraction of material that is
only melted once by as much as 214%. The high sensitivity of Oy to changes in the fraction
of material that is melted only once explains its potential as a significant microstructure

predictor.

121



7. MELT POOL OVERLAP AS A TOOL FOR MICROSTRUCTURE DESIGN

300 w00 [} 100 200 300 400
x (am)

2
8
°
s
2

x

2
r
8
8

(e) o8 T ,
= r ' ® 1 melting cycle
g0.7 : ; 2 melting cycles
2 . R ® 3 melting cycles
go6f RS 1
@ ¥
gosr X i ¢
w ' I':
© s - ‘
sodr S Y i o5
- LA
203 °. o
7] [} £ i
£ ,
c 0.2} &L
(=] ML I
B - .! . ™
§0.1 ) n..'i~
L ¥y
R N LS
0.2 0.4 0.6 0.8 1
0,

Figure 7-13: (a, b) Optical micrographs where 5 adjacent melt pools within the last layer of an 8x8 sample
manufactured using (a) 4450, and (b) 4470 conditions are highlighted. The numbers refer to the number of
melting cycles during fabrication of one layer. (¢, d) Representation of the melt pools for (¢) 4450, and (d)
hq70 as ideal semi-ellipses with the minor axis equal to w and the major axis equal to 2d. Increasingly darker
shades of gray indicate regions that underwent a higher number of melting cycles during fabrication of a
single layer. (¢) Area fraction of a melt pool undergoing 1,2, and 3 melting cycles during fabrication of a
single layer as a function of O.. The vertical dashed lines indicate the melt pool overlap for 4470 (0.5), and for
ha50 (0.64).

The suitability of Oy as a simple and accurate predictor of microstructural development
during PBF-LB/M of IN939 has been tested in the current study only for one set of P and v
conditions (P =250 W, v = 1.167 m-s™). In the following we explore whether the use of the
overlap can be extended to other P and v conditions. Figure 7-14 compares the variation of
Vi<oor>/8p (Figure 7-14a) and LIR (Figure 7-14b) with respect to O, for the 8 different
domains from this study (4450 and /470 domains in 8x8, 4x8, 4x4, and 2x2 samples, data
plotted in Figure 7-10) as well as for samples from two previous studies [99,101], in which
the IN939 alloy was processed using the same machine and different P, v, A4, and / conditions
(P € (250-300) W, v € (0.875-1.4) m's™!, ks € (50-90) pum, [ € (0.74-6.64) mm). Figure 7-14

reveals that when Oy > 0.6 there is a large scatter, and no clear correlation can be established.
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For example, in samples produced with very low scanning speeds (dark blue symbols in
Figure 7-14) equiaxed, weakly oriented grains are produced even when O, > 0.9. The reasons
behind the observed scatter are unclear. However, O, values below 0.6 yield always weak

textures (Vy<oo1>/8p < 0.2) and equiaxed grains (LIR < 2), regardless of the processing

conditions.
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Figure 7-14: (a) Volume fraction of the <001>//BD component, and (b) line intercept ratio, as a function of
On. Data correspond to for the 8 different domains from this study (%450 and /4,70 domains in 8x8, 4x8, 4x4,
and 2x2 samples, data plotted in Figure 7-10) as well as to samples from two previous studies [99,101]. The
color coding reflects the scanning speed. The horizontal dashed lines indicate the thresholds for (a) the
volume fraction of the <001>//BD component (=0.2) and (b) the line intercept ratio (=2).

7.4.2.  An analytical approach for microstructural design based on the melt pool overlap

The Rosenthal equation (1) was first developed to describe the temperature evolution
during welding, and its wide use stems from its simplicity and its ability to predict the spatial
and temporal evolutions of 7. It has the following expression:

T = TO+%exp—v[%] (7.1),
where 7y is the substrate temperature, 4 is the surface absorptivity, x is the thermal
conductivity, 7 is the radial distance from the heat source (r = \/m), with x as
the distance in the direction in which the laser is moving, and « is the thermal diffusivity.

The Rosenthal equation has been successfully applied to model PBF-LB/M processes

in the conduction mode. For example, it was used by Tang et al. [37] to obtain estimates of
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the melt pool dimensions in order to predict lack-of-fusion occurrences, and by Promoppatum
et al. [188] to predict melt pool dimensions, temperature gradient, cooling rate, and
solidification rate, that were in good agreement with more complex numerical predictions
and with experimental results. While the Rosenthal equation provides relatively good
estimates of 7 at the melt pool boundaries, this does not necessarily apply to the interior of
melt pools [67]. Furthermore, this equation assumes that heat transfer is governed only by
conduction, neglecting both radiation and convection, and thus its validity within the keyhole
regime is questionable, as convection plays an increasingly significant role in heat transfer
as we enter said regime.

Our results have shown that /4 and / have a notable influence on Oy, and, in turn, on the
resulting microstructure. Recently, Phan et al. [189] introduced a modification of the

Rosenthal equation which accounts for these two variables:

Y
_ AP . | (@tn)*+hE) P-vty)
TO - Tpreheat + 2nk((vtr)2+h(21)1/2 exp ‘U[ 2a (7-2),

where Tprenear 1s the powder bed preheat temperature (RT in this study) and ¢ is the rescan
time. For a sample with an average scan track length /, and fabricated using a constant
scanning speed v, Phan et al. assumed that ¢t = (/2)/v [189], i.e., they defined ¢ as the time it
takes the laser to travel from the edge of the sample to the point of reference and, as shown
in Figure 7-15b, this leads to inconsistencies for small / values (for the range of scanning
parameters tested in this study, and assuming A = 0.3). Thus, here we will define ¢ as the
time it takes the laser to return to a location directly adjacent to a point of reference, separated
only by hg (¢ = I/v). Figure 7-15a shows the evolution of 7y as a function of / and of Aq
predicted by equation 2 for the conditions used to manufacture the multitracks (P =250 W
and v = 1.167 m's™', hs between 40 and 100 pm, and / comprised between 1 and 4 mm).
While the Ty curves for all 44 values tend to the same baseline value at larger /, the differences
for / <3 mm are noticeable. In particular, for a constant /4, Ty increases with decreasing /,
while for a constant /, Ty increases with decreasing /4. The evolution of 7y with 44 and with
[ shown in Figure 7-15a is consistent with our observations of the evolution of the melt pool

size as a function of these two variables shown in Figure 7-9.
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Figure 7-15: Evolution of Ty as a function of I and hg for P=250 W and v=1.167 m's™".

A change in Ty has a direct impact on the effective energy input. In PBF-LB/M, when
discussing energy input, most studies use the volumetric energy density (E,), as it

encompasses four of the main laser scanning parameters in a simple expression [55]:

P
v-hgt

E, = (7.3)

For a given setup and material, E, illustrates rather well the optimum energy input regime.
However, it does not necessarily relate well to melt pool dimensions, and it does not include
any material-dependent properties, which hinders the comparison between alloying systems
[57,190]. The normalized (or dimensionless) enthalpy (4H/ks) is another variable used in the
welding and PBF-LB/M communities to express energy input as a combination of different

processing parameters [60,61]:
AH _ AP
he p(Cp(Ts—To)+Lp)Vrw3va

(7.4),

where pis the density, C, 1s the specific heat capacity, 7s is the melting temperature, Ly, is
the latent heat of fusion, @ is the laser beam radius. A reported advantage of the normalized
enthalpy is the possibility of directly relating energy input to melt pool depth and of
comparing between different materials and systems [61,62]. A third option is to consider a
normalized volumetric energy density (E,") [58,59]:

pP* AP

By = e = @haoeo,to) (73),
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which includes similar material-related parameters as the normalized enthalpy. None of these
three variables include the effect of /, and AH/hs does not include hq either.

Figure 7-16a and 7-16b show the variation of O, with AH/hs and E,", respectively, for
the PBF-LB/M-manufactured IN939 /4,50 and /470 domains of the cubic samples from the
current study, and for those of our two previous studies [99,101], using 7y = RT. A large
scatter of the data is observed, and no clear correlations can be derived. In particular, in Figure
7-16a, all samples with the same combination of P and v are wrongly considered to have the
same energy input, and the same applies in Figure 7-16b to all samples printed using the same
P, v, and ha. Figure 7-16¢c and 7-16d show the variation of O, with AH/h and E,,
respectively, calculated using the 7 derived from the modified Rosenthal equation (7.2). The
AH/hs and E,” thus calculated, which will be named hereafter modified AH/hs and modified
E,", account for the effect of / and /4 on the heat accumulation during PBF-LB/M processing.
With this modification, the correlation between O; and the modified AH/hs (Figure 7-16c) is
considerably better than that of AH/hs. This effect is even more clear in Figure 7-16d, which
shows the high correlation between O, and the modified E,” over the whole range of studied
scanning parameters (R?=0.86). The regression curve corresponding to the data in Figure
7-16d is given by:

0, = 0.45In(Modified E;) + 0.28 (7.6).

Figure 7-17 compares the Oy, values predicted by equation (7.6) with the O, measured
experimentally in the 4450 and 4470 domains of 8x8, 4x8, 4x4, and 2x2 samples (Figure 7-4),
as well as in other bulk IN939 samples of our previous studies [99,101]. The agreement
between the predicted and measured values is good, with a 93 % accuracy at determining

whether Oy, will be below or above the 0.6 threshold.
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Figure 7-16: Melt pool overlap (Oy) as a function of (a) normalized enthalpy, (b) normalized volumetric
energy density, (¢) modified normalized enthalpy, and (d) modified normalized volumetric energy density.

Given the high correlation of the data in Figure 7-16d, we will now examine whether
we can utilize the relationship of O, with the modified E,” as an analytical approach for
microstructural design in the 2x2 sample. As mentioned earlier, in this cubic sample the
average / is equal to 1.62 mm. We can then fix two more scanning parameters (for example,
ha =70 um and v = 1.167 m-s™") and use equation (7.6) to calculate the value of P for which
O, = 0.6 (threshold value determined in section 7.3.3). The result is 180 W. Thus, any value
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of P lower than 180 W should yield O, < 0.6, and thus a domain with weak texture and
equiaxed grains. To test the validity of this analytical approach for microstructure design, we
manufactured a 2x2 sample by alternating the 4,70 domains of Figure 7-4d with domains
printed using the same 44 and v, but with P =175 W (h470-175) instead of P = 250 W. The
microstructure and the texture corresponding to each domain is shown in Figure 7-18.
Representative hy70 and hqe70-175 domains are highlighted with yellow and blue squares,
respectively. When the P is reduced to 175 W, the V¢ <oo1>/8p = 0.2, and the grains are
relatively equiaxed (LIR = 1.5). Both characteristics comply with the aforementioned criteria

for an “equiaxed, weakly textured” domain.

1.2

O This chapter ,
® Previous chapters o

0.91

0'6 ----------- o :'5. -----------

Oh - predicted

0.3}

O i i L
0 0.3 0.6 0.9 1.2
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Figure 7-17: Comparison between the O, values predicted from the logarithmic fit given by eq. (6) (Figure

7-16d), and the experimentally measured O;. Full symbols correspond to data from previous studies [99,101],
and empty symbols correspond to data from this study.
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Figure 7-18: (a) EBSD IPF coloring map in the BD corresponding to a 2x2 sample formed by 4,70 (yellow
square) and kg 70-175 (blue square) domains, as well as (b, c) the corresponding pole figures.

7.4.3. Outlook

In this work we present empirical and analytical approaches for microstructural control
during PBF/M-LB of the IN939 alloy over a relatively wide range of processing conditions.
It must be emphasized that we have utilized a layer thickness of 60 um, and fast scanning
speed, which are common practice in industry for enhanced productivity, as well as a standard
67° layer rotation. Advanced tools for microstructural design are in great need for the
manufacture of complex geometry specimens, where processing conditions must be adapted
for sections with different thicknesses, a daunting task that is usually undertaken in industry

by time-consuming trial and error methods, and it is often too complex to be accomplished
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successfully. In Figure 7-19, the methods for microstructure control presented here have been
used to design the logo of our Sustainable Metallurgy group at IMDEA Materials, reversing
the areas with strongly/weakly textured microstructures, as 2D proxy of their applicability to
complex geometries. We envision that these approaches could be easily extended to other Ni-

based superalloys, and eventually to other metallic materials.

Figure 7-19: Large EBSD IPF maps showing examples of 2D microstructure design. The depicted design is
the Sustainable metallurgy group logo. The areas of strongly and weakly textured microstructures are
reversed. The scanning parameters for each region were selected using the logarithmic fit from eq. (6) to
ensure the desired O, was achieved.

7.5. Conclusions

This work aims to develop a simple and effective methodology to control and design
microstructures within IN939 parts with complex geometries by PBF-LB/M, using
industrially scalable scanning strategies. Both empirical and analytical approaches are
presented to select the processing parameters leading to the development of either columnar
grains with <001>//BD fiber textures or equiaxed, weakly oriented grains, at a local scale.
The following conclusions can be drawn from this study:

1. The scan track length and the hatch distance have a strong influence in
microstructure development during PBF-LB/M of the IN939 Ni-based superalloy.
Columnar microstructures with strong <001>//BD fiber textures become dominant
as [ decreases, for a fixed /4, and as hg decreases, for a fixed /.

2. The melt pool overlap perpendicular to SD and BD is an effective design tool that
allows to accurately predict microstructure during PBF-LB/M of IN939. Processing

conditions leading to overlaps below a threshold of 0.6 avoid excessive epitaxial
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growth and thus result in equiaxed, weakly oriented microstructures for a relatively
wide range of P, v, and #s PBF-LB/M conditions.

The scan track length affects the actual energy input during fabrication, and it needs
to be accounted for when selecting the scanning parameters. The combination of a
modified Rosenthal equation and a reformulated version of the normalized
volumetric energy density, incorporating the scan geometry and the material
properties, are shown to constitute an effective analytical microstructure prediction
framework. In particular, we demonstrate that a simple logarithmic regression from
this modified E," with respect to the melt pool overlap can be used to predict the
scanning parameters (beyond the realm of those tested empirically) that are suitable
to manufacture the microstructures of choice.

. Multitracks are a fast, simple, and high-throughput experimental solution to build
melt-pool overlap contour plots for multiple combinations of P, v, /, and Aq. It has
been shown that they constitute a very valuable tool for the empirical selection of

adequate scanning parameters to obtain the desired microstructures.
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8. CONCLUSIONS

PBF-LB/M processing on Ni-based superalloys is a subject of indisputable interest,
offering promising advancements in fields such as aeronautics and the energy industry. Many
efforts have been made to produce good quality parts, and extensive work has been done
expanding the understanding of the process and its effects.

This study addresses various aspects related to PBF-LB/M processing of IN939. The
first focus is processability, with the objective of mitigating defect formation, in a variety of
geometries. It then deals with the influence of the AB microstructure on the recrystallization
kinetics. The mechanical properties of PBF-LB/M IN939 are assessed after different thermal
treatments and compared to those of cast parts. Finally, the possibility of locally tuning the
microstructure by using the melt pool overlap as a key tool. Based on the main results
reported in this thesis, the following conclusions can be extracted:

IN939 can be successfully processed using PW PBF-LB/M, achieving relative
densities consistently exceeding 99.5 % and crack densities of 0.25x102 mm-mm™~.
Two different sets of scanning parameters were identified as optimum, namely P =
250 W, v=1.167 m's’!, hg= 70 um, Ey = 51 J-mm> (h470), and P =250 W, v = 1.167
m-s™!, ha= 50 pm, Ey = 71 J-mm™ (1450).

The two selected optimum scanning parameter combinations lead to distinct
microstructures. Processing conditions with lower energy densities (4470) lead to
weakly textured, relatively fine grained polycrystals, with irregularly shaped grains,
while higher energy inputs (4450) yield columnar structures with strong <001> fiber
textures parallel to the BD (<001>//BD). In both cases the AB microstructures are
formed by a cellular substructure, with MC carbides rich in Ti, Ta, and Nb. No
evidence of other precipitates was found.

When printing thin sections, incorporating a pre-contour scan improves the
processability of IN939. This modified scanning strategy enhances heat dissipation,
resulting in shallower melt pools and an increase in relative density of 0.3 %
associated to the reduction of subsurface keyhole porosity.

The recrystallization temperature of PBF-LB/M IN939 is higher than that of cast
IN939, primarily due to the Smith-Zener pinning effect exerted by MC carbides
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present in the AB state. Increasing the temperature causes a carbide coarsening, which
in turn facilitates recrystallization.

The AB microstructure has a strong influence on the recrystallization kinetics. A
smaller grain size, together with a weaker <001>//BD texture, as in /470, provides a
higher number of favorable nucleation sites, lowering the recrystallization
temperature and resulting in smaller recrystallized grains.

A modified solution treatment (1200°C/8 h), compared to the standard treatment
(1160°C/4 h), enhances mechanical properties across the temperature range from
room temperature to 950°C. Larger grain sizes reduce diffusion-related deformation
mechanisms such as grain boundary sliding (GBS), while a well-distributed
precipitate population offsets the potential reduction in Hall-Petch strengthening at
lower temperatures.

The melt pool overlap in a direction perpendicular to the BD and to the SD (On) has
been identified as a valuable parameter for predicting and designing microstructures
in PBF-LB/M IN939. An O below 0.6 restricts epitaxial grain growth, yielding
weakly textured microstructures with equiaxed grains.

The scan track length and the hatch distance have a significant impact on the energy
input. Both empirical (multitrack prints) and semi-analytical (modified normalized
volumetric energy density) tools were employed to capture the coupled influence of
haq and / on microstructure evolution. These tools were successfully applied to achieve

site-specific microstructure control.
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The work presented here introduces novel findings that pave the way for further
investigations into the PBF-LB/M processing of IN939 and other alloys. To build upon this

foundation, the following suggestions are proposed for future research.

Assessment of the creep properties of PBF-LB/M:

This study has focused exclusively on the tensile properties of PBF-LB/M IN939.
However, creep resistance is a paramount concern in high-temperature alloys like IN939, and
it should be thoroughly characterized. Future studies should examine the influence of the AB
microstructure, the recrystallized area fraction and comparisons with cast material.
Furthermore, fatigue properties — often a known limitation of additively manufactured

components — should also be assessed under various conditions.

Development of an improved analytical solution to the energy input:

Building upon existing solutions like the Rosenthal equation or the Eagar-Tsai model,
a new physics-based analytical models that not only accounts for the effect of laser power
and scanning speed, but that also incorporates additional factors such as the hatch distance
and the geometry. In the presented results we parametrized the geometry using the scan track
length, but other formulas should be explored. One potential approach could involve
incorporating the specific surface area (or surface-to-volume ratio), which might better
reflect the effect of geometrical features on the thermal diffusivity.

An accurate yet simple analytical model could enable the definition of isenthalpic
volumes or surfaces, facilitating the selection of optimal scanning parameters tailored to
specific geometries. Such models, being computationally efficient, could also be used in real-
time monitoring systems and support the implementation of closed-loop control strategies in

the printing process.

Application of the microstructural design concepts to heterostructured materials:
Heterostructured materials are composed of different phases of domains with distinct
physical or chemical properties [191]. Based on the results presented in Chapter 7 regarding
the site-specific control of the microstructure, new heterostructured components could be
produced, with potentially superior mechanical performance. Combining strongly oriented

columnar microstructures with weakly textured finer ones may offer valuable insights into
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the mechanical behavior of such systems. Special attention should be given to the nature and
quality of the interfaces. Furthermore, as suggested by the findings in Chapter 6, controlled,
localized recrystallization could be intentionally induced at selected locations within printed

parts to enhance performance or tailor properties.
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