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Abstract

Mer ve Nur Doju

Additive Manufacturing of Nickel -Base Superalloy IN939 by Powder

Bed FusionLaser Beam

IN939 is a precipitatiofimardenable Nbase superalloy. It has been widely used for blades
and vanes in gas turbines, and aircraft engines due to its outstanding properties such as
high microstructural stability up to 88C, high corrosion, oxidation and creep resistance.
Recently, a growing interest in the fabrication of IN939 parts with the [EBBprocess has
emerged due to its significant advantages such as intricate geometric complexity in a single
step, design freedomas well as reductions in matdn@aste and tooling costs. IN939 is
considered reasonably weldable yet it is crag&ceptible.

There is a significant gap in the literature concerning the influence ofLIBBfrocess
parameters and subsequent heat treatments on the material characteristics of IN939
compared to established -Hase superalloys like IN718 and IN625. For this reason,
investigation of the effects of PBIEB process parameters and pbstt treatment on the
material properties of IN939 is crucial to obtain cremkd defecfree components.

This thesis investigates the effects of PEF-process parameters and pbsht treatments

on IN939. Through a systematic approach, the research evaluates the characteristics of
IN939 powders, including virgin and spatter powders,thed impact on part quality and
process efficiency. Furthermore, the influence of RIBFprocess parameters such as laser
power, scanning speed, and hatch distance on material properties is comprehensively
analyzed, emphasizing parameter optimizationdifiect mitigation and surface quality
improvement. Additionally, the investigation delves into the effects of different scanning
strategies on the material properties of IN939, providing valuable insights into optimizing
scanning parameters to achieve dEkiperformance. Moreover, this study explores the
impact of various solution heat treatment temperatures on the material properties of IN718
and IN939, offering practical recommendations for heat treatment parameter optimization.

XXV



Chapter 1: Introduction

1.1 Background and Motivation

Nickelbase(Ni-base)superalloys, which are a unique class of metallic materials,
have been widely used in gas turbine engines thanks toothtstanding properties such
as hightemperature strengdndtoughness,sawell ascorrosion and oxidation resistance
for over seven decades. Since their initial development, they have undergone continuous
refinement and optimization, leading to the creation of increasingly advanced materials
with improved properties and performance characteristics. They have becoméaksse
materials in aerospace, power generation, and other industries wheterhgrature and
corrosive environments are encountefgd3]. Although several decades have elapsed
since their introduction, comprehension of the metallurgloathaviour of Ni-base
superalloys remains an ongoing work. Weldability and the underlying mechanisms of
accountability for crack initiation in these alloggmainsome of the significant research
areaq4].

Across a range ondustries, the production of alloy components typically involves
the utilization ofvarious conventiondhbrication methods, including powder metallurgy,
casting, welding/joining, and machining, to manufacture a single part. Hovtbese
conventional techniques often face limitations in fabricating highly intricate geometries
and may not be cosfffective for smaHbatch productions or frequent design changes. In
contrast, additive manufacturing (AM) technologies offer the ability to m®domplex
shaped parts in a single step, thereby reducing raw material waste and saving time and

energy, particularly for the production of a limited quantity of alloy daits

The powder bed fusielaser beam (PBEB) process, which is a metal AM
process, uses a focused laser beam to selectively melt the metal powder. It has been used
in diverseindustries such as aerospace, defense, energy, automotive and biomedical
industries. This process provides greater design flexibility compared to conventional
manufacturing methods by enabling the creation of intricate parts while minimizing
material wasdge, production costs and time. Moreover, the PBFprocess allows for
precise contsl over microstructure, facilitating the fabrication of materials with distinctive
microstructural characteristics and enhanced mechanical properties compared to those
produced through casting processes. As a result of these advantages,-ti& (#BEess



is increasingly being explored for the fabrication of higimperature components in

aerospace and nuclear applicati{Bis3].

Despite its numerous advantages, the EBFprocesof precipitationhardenable
Ni-base superalloys presents significant challenges. The rapid heating and cooling cycles
experienced during fabrication lead to high residual stresses in the final parts. When
combined with the inherent cracking susceptibiifyNi-base superalloys, these residual
stresses limit the processing and applications of such materials. As a result, successful
application of the PBHEB process to precipitatichardenable Nbase supmlloys is
currently restricted to a few specific alloys, with many others possessing superior elevated
temperature properties being overlooked. Furthermore, even for extensively studied alloys,
there remains a knowledge gap concerning their microstrlienoanechanical responses

to postprocessing heat treatmeif$s9,10]

Inconel 939 IN939), which is a precipitatioinardenable Nbase superalloy, has
been extensively used for blades and vanes in gas turbines, fuel nozzles, diffusers, turbine
airfoils and aircraft engines due to its outstanding properties such as microstructural
stability ofelevated temperatures upapproximately850°C as well as highemperature
corrosion, oxidation, and creep resistafich 15]. It is in the "fairly weldable" regionf
the weldability assessment plot of-bsesuperalloys yetemains"crack-susceptible".
Although it has been produced with conventional manufacturing techniques and used since
the 1960s irvariousapplication areas, the application of the PHF-process appears to
be in the initial stages of developmevitencompared to other Naase superalloys such
as IN718.However, it is highly valued for additive manufacturing due to its outstanding
performance in hejas pathapplications.As a result, there is a growing interest in the
IN939 fabricated by PBEB. Additionally, there is asignificantgap in the literature
regarding the effects of PBIEB process parameters and phsat treatments on the
material properties of IN939 compared to welbwn Nibase superalloys (i.e., IN718 and
IN625)[4,7,14 18].

In the PBFLB process, the interaction between the kégiergy laser and metal
powder generates a melt pool and spatter, with occasiapat plumes or plasma. While
the melt pool's behaviour is relatively predictable, the spatter is more ditbepitedict
behaviour, influenced by factors such as recoil pressure, the Marangoni effect, and heat
transfer. Spatter, which can be classitsd hot droplet or cold powder spatter, negatively

affects process stability, energy efficiency, and product quality by disrupting powder re



coating, reducing laser efficiency, and contaminating both the parts and equipment. To
enhance part quality and equipment longevity, effective spatter control through optimized
laser parameters and protective gas flows is cr{it®l While considerable research has
been conducted on the spatter effectdNirbasesuperalloys likeIN718 [20i 24] and
Hastelloy X[25i 27], there is still a lack of understanding regarding its impact on IN939
parts built using PBfEB. Despite the current challenges discussed above and the
importance of ensuring the structural properties of additively manufactured parts, there

have been no systematic studies on spatter's effect on IN939 fabricated by #hB.PBF

In the PBFLB process, the scanning strategy plays a pivotal role in determining
the microstructure, mechanical properties, and overall performance of fabricated parts.
Among the numerous process parameters, the scanning stratedly includes factors
such as scanning directions, sequence, vector length, and rotatigraagtly influences
the thermal history and melt track formation. Common strategies such-dsaational,
bi-directional, and chessboard scanning each offer distinct advantagesitiolling
residual stresses, enhancing material density, and refining grain structures. Although much
research has focused on variouddise superalloysuch as IN718, IN738, and Hastelloy
X, there remains a significant gap in understanding the effects of scanning strategies on
the material properties of IN939, underscoring the need for further investigation in this
area[28i 32].

Solution heat treatment (SHT) is a crucial step in optimizing the microstructure and
mechanical properties of IN939 fabricatedtbg PBFLB. As a precipitatiorhardenable
Ni-base superalloy, IN939 undergoes SHT to dissolve undesirable phases formed during
solidification, followed by rapid cooling to prevent further precipitation. This process not
only changes the microstructure but algepares the alloy for subsequent aging
treat ment s, which promote the nucl eation
Moreover, the optimization of SHT is vital, as the initial microstructure resulting from
different fabrication methods and process parameters can vary significantly. Therefore,
tailored SHT proedureare essential for ensuring the desired material performance,
particularly in critical applications like aerospace, where eliminating defects and achieving
consistent properties asgynificant[33,34]



1.2 Thesis Aim and Obijectives

The thesis aimed to investigate the effects of £BFprocess parameters and post
heat treatments on the material properties of IN939. Additionally, it sought to enhance and
develop scientific knowledge about the processing of IN939 using thd_BRIFoces by
understanding its material propertiggyysical metallurgy, and process characteristics
necessary to achieve optimal and reliable properties. This aim was adbyefemlising

on the following specific objectives:

1. Investigation of the effect of virgin and spatter IN939 powders on thel lBBF

process.

2. Investigation of the effect of PBEB process parameters (laser power, laser
scanning speed, and hatch distance) on the relative density, defect for(satioas

porosity and crack)ysurface roughness and microstructure of IN939.

3. Investigation of the effect of laser scanning strategy on the relative detefeygt
formation (such as porosity and crack), surface roughness, microstructure,

crystallographic texture, microhardness and residual stress of IN939.

4. Investigation of the effect of various solution heat treatment temperatures on the

microstructure, crystallographic texture and microhardness of IN939.

1.3 Thesis Format and Outline

The thesis is presented as a compilation of published research papers and submitted
manuscripts containing original contributions. Td@ntribution of the candidat® the

publications are as follawg:

Chapter Publication Title Status Candidate contribution

_ First author, correspondin
A comprehensive _ o _
o author, project administratior
characterization of the _ o
Published, conceptualisation,
effect of spattel

3 powder on IN939
parts fabricated b

Materials & methodology, investigatior
Design, data curation, formal analysi

2023 visualisation, writing original
laser powder Dbel N _
) draft, writing - review &
fusion N
editing




Powder bed fusion
laser beam of IN939
Effect of

parameters

process
on th
relative density,
defect formation,
surface  roughnes:

and microstructure

Published
Materials,
2024

First author, correspondin
author, project administratior
conceptualisation,

methodology, investigatior
data curation, formal analysi
visualisation, writing original
draft, writing - review &

editing

Journal review

completed; First author, correspondin
A comprehensive Revised author, project administratior
characterization of the  manuscript conceptualisation,
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This thesis comprises seven chapters, arranged progressively. Moreover, the
following is a brief description of the work performed and/or contents included in each

chapter:

Chapter lintroduces several subjects the thesis encompasses including the thesis structure

and summarises the aims and objectives of the thesis.

Chapter 2 provides a comprehensive review of the background information essential to
the topic and discussesrresearch conducted in the field. It emphasizes the challenges,
limitations, and gaps in existing studies, thereby underscoring the necessity for additional

research efforts.

Chapter 3 presents a thorough investigation into the impact of IN939 powder on the PBF
LB process. It includes a detailed characterization of both virgin and spatter powders and
examines how spatter powder affects the porosity, microstructure, hardness, surface
roughness, andrystallographidexture of the fabricated parts.

Chapter 4 showsan indepth investigation into the effects of RBB process parameters,
including laser power, laser scanning speed, and hatch distance, on the relative density,
defect formation, surface roughness, and microstructure of IN939 fabricated by the PBF

LB process.

Chapter 5 offers a detailed characterization of how the laser scanning strategy affects the
relative density, defect formation, surface roughness, microstructure, crystallographic

texture, microhardness, and residual stress of IN939 fabricated by theBP@#BCess.

Chapter 6 gives a detailed investigation of the effects of various solution heat treatment
temperatures (1120C, 1160 °C, 1200 °C, and 1240°C) on the microstructure,
crystallographic texture, and microhardness of IN939 fabricated by thé.BRFocess.

Chapter 7 investigates the recrystallization and grain groveghaviour of IN718
fabricated by the PBEB process under varying temperatures (1850L150°C, and 1250
°C) and holding times (15, 45, and 90 minutes). This study was conducted as an initial
investigation to gain familiarity with Nbase superalloys fabricated using the RBF

process.

Chapter 8 presents a summary of the key findings from this research and provides

recommendations for further research work.



The flow diagram ofrigure 1.1 provides a graphical visualization of the evolution
of this PhDthesisand how each chapter fits together and was integrated to impact the state

of-the-art of additive manufacturing of Niasesuperalloy IN939 by PBB.

-Introduction to background and motivation,

Chapter 1
P - Thesis aim and objectives.
Literature review and recent development on:
- Ni-base superalloys / IN939.
Chapter 2 - PBF-LB process / PBF-LB process parameters and
defects.
- Research gaps.
- Analysis of virgin and spatter powders
N characteristics of IN939 for PBF-LB.
»| Chapter3 b
- Spatter phenomena and the effects of a certain
v
amount of spatter powder on the fabricated part.
Addressed the current literature
gap related to PBF-LB input - Analysis of PBF-LB process parameters, such as
process parameters and their »| Chapter4 . laser power, laser scanning speed and hatch distance.
effects on the material properties -The effects of process parameters on the material
S ——
IN939. properties of IN939.
- Analysis of laser scanning strategy.
»| Chapter5 # -The effects of different scanning strategies on the
T —— material properties of IN939.

- Analysis of solution heat treatment (SHT).

- The effects of different SHT temperatures on the

»| Chapter 6 >
Addressed the current literature —— microstructure and recrystallization behaviour of
gap related post-heat treatment on N939.
Ni-base superalloys fabricated by
the PBF-LB process. - Analysis of SHT.
> Chapter 7 »l - The effects of different SHT temperatures and cooling
—— rates on the microstructure and recrystallization

behavior of IN7I18.

- Investigation summary.
Chapter 8 > & y

- Recommendations for further research.

Figure 1.1 Graphical illustration of the flow and connectivity of the research conducted

in the current thesis.



Chapter 2: Literature Review

2.1 High-Temperature Materials

High-temperature materials apgimarily used for gas turbines, rockets and heat
exchangersdue to their remarkable ability to maintain their properties at elevated
temperatures. The desirable characteristics of ateigiperature material can be classified
as[35]:

1 an ability to withstand loading at an operating temperature close to its melting
temperature (dperatindTm Should be greater than 0.6 for hitgmperature
material3.

1 a significant durability against mechanical deterioration for proloxgeations.

anability to withstand severe operating environments.

Figure2.1(a) shows a simplified illustration of theain sections and temperature
distributions of a gas turbine engine (GTBasically, air undergoes compression in the
compressor section, raising its pressure and temperature to approximateRC.400
Subsequently, fuel is introduced and mixed with the compressed and heated air before
being ignited by a flame in the combustion section (reaching temperatures exceeding 2000
°C) which is the hottest part of the engine. The resulting expanding gases pass through the
turbine section, where temperatures can reach up to 1600°C, extracting power to drive the
compressor, before being exge through the exhau$t]. The material types used in
different section®f a GTE are depicted inFigure 2.1(b). High-temperature materials
employed in GTEs operate under severe conditions and therefore require superior
properties. These include high yield stress and ultimate strength to prevent yielding and
failure, high ductility and fracture toughness to enhanggact resistance and damage
tolerance, high resistance to fatigue crack initiation and propagation to ensure prolonged
operating life, low thermal expansion to maintain precise tolerances between rotating
components, high creep resistance and stress eugiiemgth, as well as high corrosion

and oxidation resistan¢a6].
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Figure 2.1 (a) Main sections and temperature distributions GiT& [37] and (b)
material types used in different sectiaig GTE. Redrawn from[38].

2.2 Superalloys

Superalloys were initially developed during World War Il to meet the demand for
high-temperature materials in military gas turbine applications. Since then, research and
development in the field of superalloys have continued, leading to the creation of more
advanced alloys with improved performareceimaterial propertiegl]. The mosnotable
aspectbf these materials iheir ability to maintain high mechanical strength at elevated
temperatures (typically up to 80% of their absolute melting temperallrey are used in

a wide range of applicatiotlsanks to their superior properti9].




Superalloy applications in GTEs can be categorized as stationary parts (combustor
cans, nozzles, guide vanes, seals, and casings) and rotating parts (discs, shafts, blades, and
spacers). The combustor having an intricate design undergoes extreme teegdyatur
is subjected to limited structural loads. Therefore, creep and oxidation resistance, along
with excellent formability and weldability are significant when selecting the material. The
subsequent crucial components in the GTE are the turbine waingsencounter slightly
lower temperatures than the combustor. However, maintaining oxidation resistance
remains significant. The variation in pressure on the airfoil surfaces induces stress, making
resistance to creep a vital factor in the selectich@fmaterials. One of the most common
phenomena observed is the fAbowingo of the ai
turbine blades are directly exposed to the intense heat of the gas stream, facing similar
challenges of hot corrosion and oxidatasobserved ithecombustor and vane surfaces.
Beyond these concerns, the blades must endure substantial structural loads arising from
both centrifugal and thermal stresses. Additionally, the rotating blade tips must maintain
extremely tight clearances with stationary comgrats to enhance engine efficiency,
demanding a high resistance to creep deformation in the alloy. Furthermore, turbine disks
are designed to possess higimsile strength, fatigue resistance and toughness. Unlike
turbine blades, they dwot encounter extremely high temperatyrsy.

2.2.1Classification of Superalloys

Superalloys are classified as irnitkelbase superalloys, nickbhse superalloys,
and cobahlbase superalloys according to the base alloying element in the chemical
composition. All of these superalloys share a common basic microstructure characterized
by the austeniticface e nt er ed cubic (FCC) matri x phase, a
and several dispersed secondary strengthening pldd3em elemental form, coba|Co)
has a hexagonal clogacked (HCP) crystal structureggnsforminginto an FCC crystal
structure at 417C) and iron(Fe) has a bodycentered cubic (BCC) crystal structure
(transforming into af-CC austenite at 91°%Z) at room temperature. Among them, nickel
(Ni) is the only superalloy base metal having an FCC crystal structure at room temperature.
For this reasonNi addition stabilizes botlfre and Co in superalloys to retain an FCC

crystal structure throughout the temperature range encountered iMGTE

Iron-nickelbase (FeNi-base)superalloysalso called irorbasesuperalloys are
used mostly for turbine discs or forged rotors thanks to their superior properties such as
high toughness and ductility, along with low cost due to the substantial amoEet of
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addition. They have 160 wt.%Fe, along with at least 25 wt.¥i to stabilize the matrix

[41]. FeNi-base superalloys can be divided into three groups such as precipitation
hardened siWNp(eAlal | Diy)sNifltnd /jporeci pitates forn
matrix), low-coefficientof-thermatexpansion (CTE) group of superalloys, and
superalloys modified from stainless steel (primarily strengthened by-smiition

hardening and minor carbide precipitatipf()].

Cobaltbase (Cebase) superalloys are mostly used when the primary concern is hot
corrosion or in structural applications with low stress operating at moderaigh
temperatures. For this reason, they are preferred for the vanes and other statitsafy par
the GTE due to their hot corrosion resistance and superior -siif@sse properties.

Al t hough their mi crostructure consi sts C
strengthening phases, they are strengthened by carbide formation andokmiah
strengthening. The advantagesGi-base superalloys can be classified as higher melting
temperatures, superior hot corrosion resistance due to a higher chr{@n)wontent, and

superior thermal fatigue and weldability (compared td&ke superalloys$},40].

The following section provides extensive detaild\brbase superalloys.

2.3 Nickel-base Superalloys

Nickel-base (Nibase) superalloys were first designed in the 1940s for- high
temperature applications in gngines, including Nimonic 75, developed by Henry Wiggin
Ltd, UK. Research and development ofibiase superalloys have continued since ffign
Thanks to their superior properties such as {éghperature strength, toughneasd
corrosion and oxidation resistance, they are a unique class of metallic materials and are
widely used in GTEs. Additionally, 460% of the total weight of an aircraft engine
contains Nibase superall®/used mostly in turbine and combustor sections of the engine
which are subjected to elevated temperatures during opefd@pnWrought Nibase
superalloys are mostly used when high toughness is required for applicatiohsas
turbine discs and forged blades. On the other hand, castings are preferred for high strength
and creep resistance in hitgmperature applications, such as investrgast turbine
blades and whee|40]. The detailed application areas ofliNise superalloys are shown in
Figure2.2.

Ni-base superalloys can be primarily classified as salidtion strengthened and

precipitation hardened according to the type and content of the elements. Additionally,
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oxide dispersion strengthened-base superalloys, whose properties are determined by the

fine oxide particl , ,ea baanadhpreuategodf6]i n t he o9 matr i
2.3.1Microstructure and Phases of Nibase Superalloys
Ni (the atomic number is 28, and the fifth most abundant element on earth) is in the
first row of the d block of transition metals, alongskandCo and its crystal structure
is FCC. Under ambient conditions, the density is 8.907 Yfdemser than the other metals
such as titanium, Ti, and aluminium, Al, used for aerospace applications) and the melting
temperature is 145% [35].
Aerospace industry Pulp and paper mills
Aircraft gas turbines: disks, combustion tubing, doctor blades, bleaching circuit
chambers, bolts, casings, shafts, exhaust equipment, scrubbers.
systems, blades, vanes, burner cans, Nucl ¢
afterburners, thrust reversers. uclear power systems
Space vehicles: VC}_‘{CICSI acrodyn.amically heated control rod drive mechanisms, valve
skins, rocket engine parts. stems, springs, ducting.
Chemical and petrochemical Marine architecture
industries . .
ships, submarines.
bolts, fans valves, reaction vessels, tubing, El .
transfer piping, pumps. ectronic parts
Pollution control equipment resistors.
scrubbers, flue gas desulfurization Medical applications
equipment (liners, fans, stack gas . hets .
reheaters, ducting). dentistry uses, prosthetic devices.
Steam turbine power plants Automotive industry
bolts, blades, stack gas reheaters. spark plugs, glow plugs (in diesel
. R enginges), catalytic converters, combustion
Metals processing mills systems.
ovens, furnace, afterburners, exhaust fans. Reciprocating engines: turbochargers,
exhaust valves, hot plugs, valve seat
Heat-treating equipment and metal inserts.
processing Coal gasification and liquefaction
trays, fixtures, conveyor belts, baskets, systems
fans, furnace mufflers, hot-work tools and o
dies. heat exchangers, repeaters, piping.
Figure 2.2 Examples of application areas of-blase superalloys. Rirawn from[7].
The microstructure of a superalblang contain
with several secondary phases such as o' (gan
double prime) phase (ordered betye Nt er ed tetr agonal (BCT) ) , d

hexagonal), carbides, intermetallic compounds, and many others. It is imgortate

that not all phases are present in every superallalgle 2.1 provides a comprehensive
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overview of the phases in superalldy®)]. Additionally, the schematic evolution of
microstructure showing both useful and deleterious phases and crystal structures of some
phases in Nbase superalloys are showrFigure2.3.

Table 2.1 Phases in superalloys (adapted fridi@]).

Phase

Crystal Structure

Formula

2 (gammg

FCC

Ni (solid solution)

2" (gamma

ordered L2

NizAl
Niz(Al, Ti)

d (et a)

HCP (DQy)

NisTi (no solubility for other
elements)

2 (gamma

prime)

ordered D@,

NisNb

O (delt

Orthorhombic (ordered GUi)

NisNb

MC

FCC

TiC
NbC
HfC

M23Ce

FCC

Cr3Cs
(Cr, Fe, W, M0)sCs

MeC

FCC

FesMosC
FesWsC-Fe;sW.C
FesNbsC
NbsCosC
TasCoC

M-Cs

Hexagonal

C I’7C3

M3B2

Tetragonal

TagB:
V3B,
NbsB2>(Mo, Ti, Cr, Ni, Fe}B,
Mo2FeB

MN

FCC

TiN
(Ti, Nb, Zr)N
(Ti, Nb, Zr)(C, N)
ZrN
NbN

Rhombohedral

COzWe
(Fe, Co)}(Mo, W)s

Laves

Hexagonal

FeNb
FeTi
FeMo
CoTa
Co.Ti

0 (si gm;:

Tetragonal

FeCr
FeCrMo
CrFeMoNi
CrCo
CrNiMo

M2>SC

HCP

(Zr, Ti, Nb)y,SC
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Figure 2.3 The schematic evolution of (a) microstructure showing useful and deleterious

phases and (b) crystal structures of some phasesbadsi superalloys. RiFrawn from

[17,43]
2311 ( Gamma) Phase
The FCC o9 (gamma) phase

creates the

base metal of the superalloy (Ni for-base superalloys), along with a high percentage of

solid-solution elements such &, Cr, Mo, Fe, W, R§]. T h e

FCC o9 phase

mechanical propertiedueto its high modulus and multiple slip systems. Additionally, it

is suitable for relatively higllemperature applications due to the low diffusivity of alloying

el ement s. For these reasons

materals[40].
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2.3.1.2Geometrically ClosePacked Phases

Geometrically closgpacked (GCP) phases represent intermetallic compounds with
the chemical formula #8. Within this category, notable phases include the principal
strengtheni ng sA anchplihn g n t sa nib). Addjtibr@ally,i closely
rel ated phasleis) sarnMb )ia s(rNd ( Micl uded. Not abl
out as the most thermodynamically stable among the GCP phases and serves as the
predomi nant strengthening constituent i n

applicaton in enhancing the strength of specific alloys, such as IN¥1.,84 46].

23.1.2.10 " (Gamma Prime) Phase

2' (gamma prime) phase, cl assiJfciystad as
structure, commonly represented asAWior Niz(Al, Ti). However, notable elemental
substitution is observed within this phase. For instance, Co and Cr may substitute for Ni,
and Ti can replace Al. Additionally, Fe can replace either Ni or Al within the structure
[47]. Pure N$Al is a superlattice characterized by thes@w (L1,)-type structure that
possesses a lofrignge order structure up to its melting point of 1385lt is stable over
a relatively narrow range of compositions. However, alloying elements possess the
capacity for extensive substitution in either of its constituents to a considerable degree,
consequently effecting substantial alterations in the phase per ti es. The o'
main strengthening precipitate (in which up to 60% of the Al canubstisuted by Ti
and/or Nb) for most of the Nyase superalloy2].

The | attice parameters of o2 and o pha.
of the o' pha6e5%Warfeemsthghtoy {(Be o FCC

) phase forms as a coherent e (eubdatpadudeat e
relationship: {100} £{100}, (crystal planes are parallel) an@10> &£<010> (crystal

directiors are parallel)) and it is the main strengthening phase in most of thashli
superall oys. Additional | genton tlieexachcomgsition o gy
and heat treatmefi3,48]. Mor eover, o phase mi smatch w
antiphase boundary (APB) enerfyyhich is the energy associated with the disruption of

the atomic ordering across an antiphase boundary in an ordered crystal structaré) p h a s

mor phol ogy, and o phase st abi[l]l.iTheylatticer e af
mismatch( gwhi ch quanti fies the commasignficanti ty |

factor i n determining the morphology of
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according to Egamdabe Ratlti(whepar admet ers of t
[35]:

0,-G
U 2 — 2.1
40, (2.1)
The o phase mor phol ogi emsmaichantdegddobac cor di ng

spherical (lattice mismatches are between ONBI@%) cuboidal (lattice mismatches are
betweenN 0.5 andN 1%) and platelike (lattice mismatches are above abiqu25%)[1].

Moreover, Ricks et a[49] reported that the critical particle sizetb&o phase to chan
the morphology of the o phase from spheric
hardening (aging) heat treatment is dependent on the latisteatch ands different for

individual alloys. Additionally, a larger lattice mismatch leads to the transition occurring

at a smaller critical particle size tifeo ' phase. However, the sign o
strongly effective in this transitiofpb0]. Moreover,Figure 2.4 displays the morphology
evolution of a@anhecpoéagphmgeagiindh degr ee. The ¢
morphology in the initial stage of the aging (to minimize the surface energy), then it

continues to grow on the corners until it transforms into the cuboidal morphology which

mostly observed in the overed) alloys6].

Increasing degree of aging

Figure24Schemati ¢ diagram of the o' phase mor ph

Re-drawn from[35].
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The cooling rate during the production process and applied heat treatment affects
t he o phase's morphol ogy, size and distr
properties of the superalloys. Mor eover,
morphologies occur with high and slow cooling ratespectively. The cooling rate effect
on thea phase morphologin AD730™ wrought Nibase superallois shown inFigure
25[51. Furt her mor e, the volume fraction of t
controlling of the properties (i.e., strength and creep) of the superalloys. The addition of
Al and Ti elements into the superalloys provides an increase in the volume frd¢tien o
2" phase, but careful contr ol of the amou
ratio equals or exceeds 1, prolonged exposure to high temperatures leads to the
transformatio o phaseby Ni2AITi, NiAl, or Ni(Al, Ti). These phases undergapid
overaging at moderately high temperatures, resulting in the formation of substantial
pl atelike precipitates. Addi tionall vy, w h
approximately 45%, the superalloy becomes challenging to deform through hot or cold
working. MostwroughtNb ase superall oys possess bet we:«
fraction, whereascast Nibase superalloys contain about 6@%more? ' phase vol
fraction according to the composition and applicatidalditionally, an improvement in
the creep strength can be obtai nfiB4@i t h t |

A

1200°C

120°C/min  65°C/min 15'C/min 10°C/min

25°C

Spherical Shape Y’ coarsening Cuboidal Shape Butterfly Shape

Figue25The evolution of the o Nwmdghtbibasenor ph o

superalloy) during the various cooling rafgs].
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2.3.1.2.20 "(Gamma Double Prime) Phase

Theo® (gamma doubl e prime) phase, classifie
BCT DG crystal structure, commonly represented adiNi Although it is not as common
as the o' phase, It i s the main stlkeengt henin
morphology with {100} habiplane andas higher coherency strain and APB energy. The

met astabl e 2 phase can transfoeNmDnt o t he s
which requires 6.0 wt.% Nb concentration over a long period of exposure to high

temperatures (above 700) [44,45]

2.3.1.2.30 (Delta) Phase

Thelt ( d el tchgsified asaa GER phase, has an ordered BGT dgstal
structurecommonly representedassNib . It 1 s i nc o hmatrbeandcanwi t h t he
be detrimental to the mechanical properties when it is extremely coarse and acicular. On
the other hand, the 0 phd45,6258]dahe foanktiwroof | ead t o
the U0 phase occurs within °G brelitstclearagesisticst ur e r a
during formation are significantly influenced by temperature. BelowZ0@ucleation of
the U phase i s o0bser ve dandits grawthdakes plgeehahtkee gr ai n
expense of o0" phase. When t R&, tfeonrpneartaitounr eo fi st
phase is accompanied by rapid coarsening of

phase in less than 24occurs at temperatures between 840 and@%85].

2.3.1.2.4d (Eta) Phase

Theq (eta) phase, cl assi fi edcrystalstactu@CP phase
commonly representedassNii . The d phas-Mi-base RbasecamdeGoop i n Fe
base superalloys, particularly in grades featuring high Ti/Al ratios that have undergone
prolonged exposure to high temperatures. Moreoveq fiease which is incoherent with
t he o phas e |limtadsolubikty fer wther dlemens3]. Although it has a
slower precipitation rate, it tends to grow more rapidly, along with forming larger particles
(which can extend across grains) compared to
phase may be observed. They can be classified asudaceaibnstituent, resembling
pearl ite, with alternate | amell ae of 2 and
Widmanstatten pattern (intragranular). The cellular form has a detrimental effect on
notched stresmupture strength and creep ductilityhile the Widmanstatten pattern

impairs stressupture strength without affectingductilfy). The d phase is rela
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to identify due to its characteristic appe
temperatures, but a solgdlt at e transformation to the o

temperaturef33,54]

2.3.1.3Carbides, Nitrides, and Borides

Carbides affect the superalloy properties either improving or reducing according to
their location, composition and morphology. They tend to be located at the grain
boundaries in Nbase superalloys. On the other hand, they are commonly observed
intragrantar in Co and FeNi-base superalloys. Generally, they contribute positively to
rupture strength at high temperatures according to their composition and morphology. For
example, fine blocky dispersegharticles located on grain boundaries can provide a
strengthening effect by impeding grain boundary sliding, consequently enhancing creep
and rupture strengthdowever,if these elements are present in the form of continuous
films along the grain boundaries, they can have a detrimental impact on ductility and
impact resistance by providing easy crack initiation and propagation. Additionally, the
chemical stability of theuperalloy matrix can be adversely affected by carbides due to the

locally depleting carbidéorming element$40,41,47]

There are some significant typesacairbides such as MC, d@, M»3Cs, and M:C3
(M represents a metal atom such as Cr, Mo, Ti,Nmor Hf). The MC carbides, which
are primary carbides and commonly have an FCC crystal structure, form as eutectic phase
or discrete blocky particles during the solidification. They are generated through either
direct reactions or precipitation from supeusated soligsolutions at high temperatures
(about 1038C) [1]. These carbides occur as discrete particles that are heterogeneously
distributed throughout the superalloy in different locations such as intragranular,
intergranular, and often between dendrte85]. In superalloys, MC carbide formation
follows the preferred order: HfC, TaC, NbC, and TiC (in order from high to low stability).
It should be noted that this order differs from the thermodynamic order, which is HfC, TiC,
TaC, and Nb(2]. Moreover, they can possess coarse cubic, random, globular, blocky, or
script morphologiesHigure2.6). Although they are stable at low temperatures, they can

degenerate into secondary carbides at higher temperdfiydas.

The Mx3Ce and MyCz carbides, which are secondary carbides, primarily form along
the grain boundaries in different morphologies such as irregular, discontinuous blocky
particles, plates, cells, regular geometric or discrete globular (the most desirab(&). M

carbides (while Cr is the primary "M" element, other metallic elements such as Ni, Co, Fe,
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Mo, and W can act as substitutes, i.e23Cqg) readily precipitate in superalloys featuring

a moderatgo-high Cr content during lowdemperature heat treatment and service
(typically within the range of 760 to 816 °C, with the possibility of formation extending
up 982 °C). The formation of pCs carbides can be attributed to both the degeneration of
MC carbides and the utilization of available soluble residual carbon within the alloy matrix.
Although they commonly precipitate at the grain boundarieg,ittay form along the twin
bands, stacking faults, and at twin ends. Moreover, globular, or discontinuous blocky
M23Ce carbides at the grain boundaries can enhance ductility and creep resistance by

inhibiting grain boundary slidinfi,3,41]

o Q¥

MC a typical :
MC carbide blocky seript

oo [

MGy discontinuous
blocky plate cellular

=
M,C

blocky  Widmanstitten

Figure 2.6 The carbide morphologies: (a) schematic image, and (b) SEM image for MC,
M23Cs and MsC carbides. Relrawn from[47].

The formation of Ms:Ce carbides may form according to the following equations
[47,55]
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20 My, £e+0 (2.2)

and/or

MC 20 M, £+ 92 (760-980°C) (2.3)

The MsC carbides, which have complex cubic structures, form at slightly higher

temperatures (815 to 98C) than M3Cs carbides. They are like MCs carbides and rich
in such refractory elements (Mo and W) and more thermodynamically stable than them.
However, higher Mo + W content (6 to 8 at.%) is required to form them dbaki
superalloys. The decomposition of MC carbides or soluble residual carlto& matrix
can form the MC carbide$40]. They tend to precipitate at the grain boundariesbiocky
form and intragranular iran acicular morphology[47]. The MC carbides can form

according to the following equatiofs5]:
MC+20 M¢C+9 (815980°C) Q.
and/or
MgC+M P M, Es+M" (25)

Superalloys have TiN (the most common nitride), HfN, and NbN nitrides, which
appear as small particles (yellow to orange colour). They are not affected by the heat
treatments and are not soluble in the melting point of the superalloy. Additionally, they do

nothave any major effect on the mechanical propef8ps

Boron is added in small amounts to some superalloys to enhanceaspiese and
creep properties, or to retagdphase formation. Borides having blocky to halbon
shapesare found mainly at the grain boundaries. Additionally, they can be used to improve
the strength of F&li-base and Nbase superalloysimilar to carbide§40].

2.3.1.4Topologically Close Packed Phases (TCP)

Topologically closepacked (TCP) phases, which can form platelike or ndéaie
are considered undesirable in superalloys due to the adverse effects on the rupture strength
and ductility. The TCP phases can occur during the heat treatment or more cgrmmonl|
service andre composed of clogecked layers of atoms. In superalloys, the TCP phases
included  ,BA , &)@l Laves (AB) phases (A is Fe, Ni, or Co, and B is Nb, Mo,
Ta, or Cr). Moreover, the presence of high levels of BCC transitioalsnstich as Cr, W,
Ta, Mo, and Nb, contributes to the formation of TCP phf&&%6,57] Among the TCP
phases, the O ph asgFe54)(oa(Ni)XCo, MpuiCs, Mo, Nipghis tlef ( Cr
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most detrimental phase because it can cause brittleness and crack initiation and propagation

sites. Furthermore, it comprises a high perce
phase precipitation can depl eteareduceohofact ory
strength in the 9 phase matrix can occur . Adc
(where high Mo and Cr concentrations) i n supe
[2,40].

2.3.2Alloying Elements in Nibase Superalloys

Mechanical properties (such as yield strength, toughness, ductilitycylche

fatigue life and creepy ar i ous mi crostructur al features (i
phase volume fraction, diffusion rates, APB energy and stacking fault e{®F&) or

cost can be tailored by adjusting the composition and in superalloys. Additionally, surface

stability improvement is achieved by forming a protective surface oxide scale, primarily

composed of Cr and/or Al oxidgE]. The role of alloying elements in fdase superalloys

are given infable2.2.

Table 2.2 Role of alloying elements in Ndase superalloys (adapted fréhy0]).

Elements in Nibase Superalloys Effect

Co, Cr, Fe, Mo, W, Re Solid-solution strengtheners

Carbide formation:

Ta, Ti, Nb, Hf MC
Cr M7C3
Cf, MO, w M23C6
Mo, W, Nb MeC
C,N Carbonitrides: M(CN)
Al, Ti 9' phase (Ni(Al, Ti)) formation
Co Rai ses sol vus 'plaseper g
Al, Ti, Nb, Ta Hardeningprecipitates and/or intermetallics

Al, Cr, Y, La, Ce

Oxidation resistance

La, Th Improves hot corrosion resistance
Cr, Co, Si Sulfidation resistance
B, Ta, Re Improves creep properties
B Increases rupture strength
B, C, Zr, Hf Grainboundarystrengtheners
Re Ret ar dphas¢ doasering
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2.3.3Strengthening Mechanisms for Nibase Superalloys

Aerospace metals must possess the ability to endure high stress without undergoing
plastic deformation. The enhancement of metal strength involves impeding the movement
of dislocations under an externally applied load. The strength properties can bsedcrea
by stopping or slowing dislocation slip. Several methods such as strain (work) hardening,
solid-solution strengthaing, dispersion strengthaing, precipitation (or age)
strengthaing, andgrain refinemenstrengthaing can be employed to enhance resise

against dislocation slif86].

2.3.3.1Grain boundary strengthening

Grain boundary strengthening occurs as dislocations move through a crystal lattice
and encounter grain boundaries. The mismatch in lattice orientation and the repulsive strain
field at the boundary stop dislocations, causing them to accumulate and fade¥yup. p
The increasing repulsive stress from successiveupiseeventually forces dislocations to

move into the adjacent grain, thus strengthening the m&@sial

Increasing the number of neighbouring grains by decreasing grain size results in
more grain boundaries creating more barriers against dislocation movement, along with
increasing the amount of stress necessary to move dislocation across a grain js8hdary
The reduction in grain size has additional beneficial effexish as an increment in

strength fracture toughness and fatigue [88].

The HallPetch relationship given by Equatio2.D i s t he meisan gr a
t he vyi el disthefricton grésh ghe njatrix, a material constant defining the
stress required to move dislocations in a single crystal without a grain bound&s0)D
andki s a materi al constant yvs @ rteashanieenn g t
determined t o Ybf@a supeballoys M&plaing tine inverse relationship
between yield strength and grain 5i36,58,59]

b O 2 (2.6)

The Hall Petch relationship is applicable for metals with a grain size between about

1 mm and 1 ¢&m. However, it is not wvalid f

mm and smal 3&r than 1 &m
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2.3.3.2Solid-Solution Strengthening

Solid-solution strengtheningincreases the matrix strength by adding alloying
elements that integrate into the crystal structure of the base metal, forming a solid solution
by occupying either interstitial or substitutional lattice sites. The size, crystal structure, and
electronegatity of the alloying element, according to the HurRethery rules, determine
its location in the lattice. If the atomic size of the alloying elemennhuch smaller
(typically less than 60%) compared to the base metal atomscupies an international
site if the size difference is within about 15%, it occupies a substitutiongllsgé,60]
Moreover,solute atoms affect the gamma matrix by altering the local modulus and atom
arrangements, limiting atom diffusion, and changing the stacking fault energy (SFE) of the

matrix, thereby achieving significant harden[tg

The lattice strain provides a barrier to dislocation movement. Thussmwiition
strengthening takes place and the easy movement of dislocation through the strained region
of the crystal lattice determines the strengthening degree. The dislocatioticaatedaor
repelled by the interstitial or substitutional atoms (which create the local strain) and this
impedes their motion. To move the dislocation against the strain field, applied stress must
be increased. Hence, this increases the yield strengthai® an effective hardening
process with solikbolution strengthening, the alloying elements should have a high degree
of solid solubility in the host metal. The insoluble alloying elements form squoask
particles This does not provide solsblution strengthenin§36]. Moreover, the yield
strength, ultimate tensile strength, and hardness of aerospace alloys can be increased by
solid-solution strengthening. Howeveahe effectiveness of solisblution strengthening
reducesabove approximately 60% of the absolute melting temperature (0.6Tm) due to

increased diffusiof40].

2.3.3.3Precipitation Strengthening

Precipitationstrengthenings a strengthening process that involves the formation
of hard precipitate particles within the host alloy, thereby restricting dislocation slip. This
can be achieved by the addition of elements such as Ti, Al, and Nb (in the cadmmeéNi
superalloys)which have limited solubility (drastically decré&ag with a reduction in
temperature) in the alloy matrix. The host matrix rejects the alloying elements from the
lattice sites when the solubility decreases with temperature treduand the rejected

atoms create small precipitates that induce high lattice strains. Thus, the high lattice strains

resist dislocation slip which inc-NgMd,ses stren
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Ti ) -NisNb phése (generally coherent intermetallic compounds) can be generated
during heat treatment from the supersaturated solid solution and inhibit the dislocation
movementMoreover, dislocatioomovement within a matrix containing precipitates can
only occur by either cutting through the particles or bypassing them. Precipitation
strengtheningan provide a significant increase in the creep strength of alloys for high

temperature application$,36,40]

Precipitation strengthening is achieweaage hardening heat treatment by forming
a fine dispersion of precipitates which impede the dislocation movement. Precipitation

strengtheningakes place in the following stef@0]:

- Solution heat treatment (SHT) step: thiéoy is heated at a high temperature
(within the singlephase region) to dissolve and disperse the alloying elements in the host

metal matrix.

- Quenching: after the SHT step, thkoy is rapidly cooled down from the SHT
temperature to achieve a supersaturated solid solution of alloying elements in the host

metal.

- Aging or age hardening step: tadoy is reheated to an intermediate temperature

to obtain finely dispersed precipitate particles.

The effectiveness of precipitatistrengtheningan be controlled by the following
factors[1,40,58]

-Coherency strains between the 2 matri>
2" phases) . The difference in their | att]

- APB energy (representing the energy required for the dislocation to cut through
the ordered precipitate) in the presence
The dislocation cutting could create disordering between the precipitate phdsestex.

-Vol ume fraction of the precipitate pha
-The particle size, mor phol ogy, and di s

Precipitationstrengtheningontains differenstrengthemg mechanisms which are
solid-solution strengthening (SSS), GuinRreston (GP) strengthening, coherent
precipitate strengthening and incoherent precipitate strengthening (shéwguie 2.7)
[36].
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Figure 2.7 (a) Precipitatiorstrengthaing mechanism, (b) the effect of aging time on

strength and patrticle size during aging heat treatment, and (c) a schematic drawing of

Wh e n

coherent and incoherent precipitates:dRawvn from[36].

t he 9o

phase

p

articles

are |

arger t

through, dislocations bend and loop around the particles which is called dislocation bowing

(Orowan strengthening). Incoherent precipitate strengthening occurs by dhearOr
hardening mechanisl€onver sel vy,

f the o

phase

size, dislocations can traverse them, a process referred to as dislocation (Eigting

2.9).

parti

Incoherent precipitates generate higher lattice strains, promoting Orowan

strengthening and increasing resistance to dislocation slip compared to coherent

precipitates. Maximum strengthening occurs with closely spaced incoherent precipitates

and during theransformation of coherent to incoherent precipitates. -@garg leads to

the coarsening of precipitate phases, resulting in a reduction in stf86gif,61].
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Figure 2.8 The interaction between dislocations and partidEggend®on the size of the

precipitates. Rerawn from[58].

Carbides can providearbide hardening by inhibiting grainboundary slip when
they preferentially precipitate at the grain boundaries. Grain boundaries can be mainly
stabilized with small globulaandnoncohesive carbides. When carbides precipitate within
the grains, they can also provide strengthening (in the same way as precipitates, but less
effective than that of the typical gamma phase precipitate). However, they are more
effective when they pregitate at the grain boundaries, and they improve creep resistance
by preventing grakiboundarysliding and pinning and avoiding grain growth3,40]

Oxide dispersion strengthening (ODS)s another mechanism that is similar to
precipitation hardening. However, strengthening agents (such as oxides which are always
incoherent within the alloy) are not precipitated from the mdtukratheradded to the
alloy separately ODS alloys are very suitable for elevatechperature applications
because the oxide dispersion contributes to strengthesmugthis strengthening effect
remains effectiveip to temperatures as high as 13003@0].
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2.3.4An Overview of the Chemistry, Physical, andM aterials Properties of IN939
2.3.4.1Chemical Composition and Microstructure of IN939

IN939, which is also known as Nimocast 739, was developed in the late 1960s by
the International Nickel Company to meet the demand for a robust, highly cofrosion
resistant alloycapable of prolonged operation at temperatures up to 888°€cast alloy
with an increased precipitatigrardening phase volume fraction and improved corrosion
resistancavhencompared to the existing IN738LC all§4,62 65]. It is a precipitation
hardenable Nbase superalloy, which is strengthened mainly by the formation sf L1
order ed Al Tp) laredhas bdeMNwidely used for labdsed and marine gas
turbines, fuel nozzles, diffusers, turbine airfoils and aircraft engituesto its outstanding
properties such as microstructural stability of elevated temperatpresapproximately

850'C, as well as highhemperature corrosion, oxidation and creep resistdrizé5].

The specific chemical composition of IN939 can vary according to different
manufacturers. The nominal chemical compositions determined by the International
Nickel Company (INCO), EOS Inc., Siemens Energy Inc., and SLM Solutions Inc. are
shown inTable2.3. IN939 has Ni as a base element providing FCC crystal structure matrix.
Additionally, it comprises high amounts of Cr and Co, in addition to various other
significant major and minor alloying elements. Alloys high in Cr (>15 wt.%) and low in
Al (<3 wt.%)form a CpOs scale and an ADz subscale protective oxide layer that progide
hot corrosion resistan¢gé6]. Cr i s predominantly | ocated

as a potent solidolution strengthener. Additionally, carbides and TCP phases contain Cr.

The density of IN939 is ithe range of 8.1 and 8.2 g/&mvhich varies according
to the manufacturers. Some of the reported density values for IN939 in the literature are
8.1 g/cni[67], 8.15 g/cm [68], 8.16 g/cm [62] and 8.2 g/cm[69].

IN939 was developed as cast and is still produced as[@2®&4 66,70 80].
However, it can be fabricated using different fabrication methods such as wWonghi,
and recently additive manufacturing (AND5,18,33,63,74,77,830]. The fabrication
method haan important role in the final microstructure of the alloy because it affects the
solidification.
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Table 2.3 The nominal chemical composition of IN939 according to different

manufacturers.
oy | Ncotea | EosisE | O G onees

Ni Balance Balance Balance Balance
C 0.15 0.15 0.15 0.15

Cr 22,5 22.5 22.0 22.023.0
Co 19.0 19.0 19.0 18.0-20.0
W 2.0 2.0 2.0 1.03.0
Nb 1.0 1.0 1.0 0.51.5
Ta 1.4 1.4 1.4 1.01.8
Ti 3.7 3.7 3.7 3.04.5
Al 1.9 1.9 1.9 1.03.0
Zr 0.1 0.1 0.1

B 0.01 0.01 <0.03

Si - - 0.5

Mn - - <05 0.5

Ascast | N939 has a dendritic micwithstruc

otherphases such as o

p Riguse29). Thedendltic strectures a n d
have elemental segregations such as Cr, Co, and W in the dendrites and Ti, Ta, and Nb
concentrated in interdendritic areas. Additionally, IN939 possesses two types ofarbide
which are MC and Cs carbides. MC carbides are based on Ti, Ta, and Nb, and
predominantly found in intragranular locations, whereasQyicarbides are based on Cr,

and formed largely at intergranular locations, particularly after degeneration of the MC
phase during aging at 800 to 9WD[62,65,77] Although the casting parameters such as
pouring and mould temperature, mould backing, and mould inoculation have no crucial
effect on the degree of elemental segregation, they affect the cast microstructure (i.e., grain
size and dendrite size). Recentlghangir{78] investigated the effect of the solidification
cooling rate on the microstructural characteristics of cast IN939. According to his study,
the higher cooling rates promote more regular and polygonal MC carbides, whereas the
form of MC

phase was formed as coarse and cubic morphology in the dendrite cores, and very coarse

lower cooling rates provide aClers e s cr i pt car b
and flowerlike in the interdendritic regions, respectively when the cooling rates were
around 0.13C/s.Onthedter hand,

mi xture of spherical

mainly spherical o ;

and cubic o' phase
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coolingratesaround1°C/ s. Mor eover, the o-castgND2Os@re v ol ume

reported about 25% in the dendrite core and about 30% in the interdendritic regions.

Figure 2.9 Optical micrographs of asast IN939 (a, b) small section (fast cooling rate),
(c, d) middle section, and (e, f) heavy section (slow cooling ratejir&en from[78].

As-wrought IN939 was reported by Jahangiri efar,81] In their study, IN939
ingots were cast, and then t8tage homogenization annealing was carried out at1125
(for 20 h) and 1200C (for 10 h) to provide complete dissolution @fhase, prevent
incipient melting and improve hot workability. After that, IN939 ingots were hot rolled.
The microstructure after homogenization and final hot rolling is showfigare 2.10.
Recrystallization and twins wexsenred in the wrought IN939 microstructure. These
twins point out that twinning serves as a significant deformation mechanism for this alloy
at elevated temperatures. Thus, these twins can affect the dynamic recrystallization of the
alloy, and precipitatondf he 9' phase and carbide particles,

strength.
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As-cast + two-stage homogenization annealing (1125 °C for 20 h,
followed by 1200 °C for 10 h)

D] S AT I ja) i

Figure 2.10 Optical micrographs of (aprascast + twestage homogenized and (k) b
hot rolled IN939. Radrawn from[81].

Figure 2.11 shows optical microscope and scanning electron microscope (SEM)
images of IN939 sample fabricated by powder bed fulsisar beam (PBEB) for both
theXZ and XY planesThe XZ plane images reveal an-attaped melt pool morphology,
resulting from the Gaussian energy distribution of the laser beam applied during the PBF
LB process. In the XY plane images, the laser beam scanning paths are evident. It is
important to notehat the physical and mechanical properties efiabsicated parts are
significantly influenced by the geometry of the melt pool morphology, including its shape,
width, and depth, which are affected by the thermal history of thellBBrocessA high
magnification SEM imageHFgure 2.11(e)) showsthe presence of cellular structures
appr oxi mat side gnd €olurBnardendrites with an average dendrite arm spacing

of approximately O01.J82. em within the struct
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Figure 2.11 Optical microscope and SEM images of thdadsicated IN939 sample: (a,

c) the melt pool morphology in the XAane, (b, d) the laser beam scanning paths in the
XY plane (XZ and XY planes are shown with an arrow and a dot, respectively) and (e)
the high magnification image showing the cellular and columnar structures developed

within the matrix. Redrawn from[82].

The reaction temperatures have an important role in understanding the
microstructure and phases of the alloys. Additionally, the stability ranges of different
phases, as well as the solidus temperature of the alleignificant when designing the
solution and precipitation hardening heat treatments. A summary of the most important
reaction temperatures for IN939 are giveable2.4 [4]. Furthermore, phases observed
in ascast, heatreated and servieexposed IN939 are shown Trable2.5.
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Table 2.4 A summary of the most important reaction temperatures for IN939 (adapted
from [4]).

Temperature (°C) Temperature (°C)
Phase reaction Gibbons and Formenti et al. (from DTA}75]
Stickler[62] Heating Cooling
Liquidus temperature
e 134 1 132
(start of solidification) 340 339 325
Format'ol?/lgf primary 1300 12761313 12501290
Solidus tempe.rature 1235 1235 i
(start of melting)
d phase s 1145 - 1209
temperature
2' phase solvus 10801100 i i
temperature
M23:Ces carbide solvus ~1000 i i
temperature
U phase s ~950 i i
temperature
Max r gt e o -850 i i
formation

Table 2.5 Phases observed in-east, heatreated and servieexposed IN939 (adapted

from [4,62,78).

Phase Composition (Elements l_)old are in Observed Condition
greater concentration)
2/ 9" eut As-cast
2 matri X Solid-solution NI’NCk;’) Co, Al Ti, W, Ta, 4-stage heat treatment
2" phase NizAl (Ni, Co, Al, Ti, Cr, W, Nb, Ta) 4-stage heat treatment
2" phasgé NizAl (Ni, Al, Ti, Co, Cr, W, Nb, Ta) 4-stage heat treatment
. . . As-cast
MC carbid MCoss(Ti, Nb, Ta, W)(C, N, Si, S, Z
carbide oes(Ti a, W)( ! " 4-stage heat treatment
. Nb rich As-cast
MC carbide Ti rich 4-stage heat treatment
- +
M :Cs carbide Cray(Mo, W, Ni, Co, Ti, Zr)(C, B)s 4-stage heat treatment
service exposed
0 : . 4- h +
u phas (Ni, Co, Cr, Al, Ti, W, Ta, Nb) stage. eal treaiment
service exposed
d phas Nis(Ti, Ta, Nb, Al) As-cast
o . . 4-st heat treat t+
U phas| Elemental Cr(Ni, CoCr, Ti, W, Ta, Nb) S age. eat treatmen
service exposed
¢ phas (Zr, Ti)2(C, S) All conditions
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2.3.4.2Heat Treatments of IN939

The properties of superalloys can be enhanced through the optimization of the
manufacturing process and/or the application of heat treatments. Heat treatments are
carried out to obtain optimal material performance, depending on alterations in the
solubility of elements through heating and cooling procepétls Moreover, different
postheat treatments provide different microstructure and mechanical properties. These
postheat treatments can be categorized as SHT improving mechanical properties by
dissolving detrimental phases, stresbeve heat treatment recing residual stress and
texture, aging (single or more) providing precipitation of strengthening
phaseshomogenizatiomeorienting columnar grainsandhot isostatic pressin@dIP)
increasing density by decreasing def¢¢t84,45,46] Thus, optimization of the posieat
treatments is a significant stepobtairing the desired properties.

As mentioned before, IN939 is a precipitativardenable Nbase superalloy. The
objective of the precipitation hardening heat treatment is to obtain an optimal size and
distribution of strengthening phases leading to the desired mechanical properties.
However, it can be challenging to develop a heat treatment regime that provides both
desired mechanical properties agifficiency in time and cost because of the complex
microstructure in superalloys. Precipitatibardening heat treatment has two main steps
SHT and aging steps. SHT medominantlycarried out by heating the alloy to a
temperature between 104@30 °C to dissolve the precipitates formed during
solidification, followed by rapid cooling of the part to ambient temperattoeprevent
further precipitation. After that, the aging process is applied at a specific range of
temperaturebelow the solvus temperaturetbéo* phase and hol ding it a
for a defined duration. Themi s t o promote the nucleation an

which contributes to strengthening the matdtiad1,91]

A 4-stage heat treatmentlso called standard heat treatmeotr IN939 was
developed by Shay64] to achieve the best tensile ductility, yield strength, and stress
rupture life. The details of this heat treatment are giv8rabie2.6. FurthermoreGibbons
and Sticklef62] reported microstructural development in every stage of this heat treatment
(Table2.7). Nevertheless, the prolonged duration associated with this heat treatment (50
h, including heating and cooling times) was considered economically impractical.

Consequently, more timefficient processing routes were actively sought.
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Table 2.6 Different heat treatment routes for IN939 (adapted fj4®8]).

Heat

o . .
ireatment Temperature (°C) Time (h) Cooling Remark
SHT 1160 4 FAC
4-stage i
hea? Aging 1 1000 6 FAC Produces best overall mechanical
i properties.
treatment Aging 2 900 24 AC
Aging 3 700 16 AC
2-stage
hea? SHT 1160 4 FAC Suitable for less demanding applicatio
treatment Aging 1 1000 6 AC such as stationary vanes.
SHT 1190 4 FAC Developed by EOS for additively
3-stage manufactured IN939.
heat Aging 1 1000 6 AC 3-stage heat treatment results in simil
treatment or better properties than commonly us
Aging 2 800 4 AC 4-stage heat treatment.

FAC: Fast air cooling and AC: Air cooling

Table 2.7 Standard heat treatment effects on IN939 microstructure (adapte{B2Hm

Microstructure
Heat Treatment ) - ) . .
(affected by casting conditions, section size, cooling rates)

Cored dendritic (dendrite co(€o-Cr-W-rich) and interdendritic regions
(Ti-Ta-Nb-rich))
Primary MC carbide

As-cast ] )
Pl ates of d phase (clusters in i
2/ 9' eutectic island (some pri mg
Shrinkage pores (up to 0.3%)
Homogenization of o matri x
Di ssolution of o' phase

Stage 1: SHT

d phase rounded or dissolve
(1160°C /4 h/ FAC)

Primary MC carbide unchanged, secondary MC carbide formed on coo

Fine o formed on cooling (20 nn

Stage 2: Aging 1 Precipitation o-150pmi mary o' phas

(2000°C / 6 h / FAC) | Precipitation of MC carbide at grain boundaries

Growth of primary 2 phase

Stage 3: Aging 2

Precipitation of M3sCs carbide on grain boundaries in form of strings of
(900°C /24 h/AC)

discrete particles

Precipitation of fine 2o phélte (
Stage 4: Aging 3

(700°C / 16 h / AC)

result in bimodal particle size distribution (150 nm + 20 nm)

Slight increase in amount of ACgs carbide
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Moreover, researchemainsongoing on the optimization of heat treatments for
IN939 because different fabrication methods and process parameters affect the initial
microstructure, along with phases and elemental segregations. Thus, heat treatments
should be optimized according tdet fabrication methods. In critical applications
(particularly the aerospace industry), risks must be minimized by subjecting all

components to the HIP process providing the elimination of péfes

A comprehensive study was conducted by Jahangiri €f73).regardingthe
microstructural stability of cast and wrought IN939 after applyhstedje and-3tage heat
treatments during lonterm aging. They concluded theaP-stage heat treatment provides
a more stable microstructure between-8207 °C longtime aging, whereag4-stage heat
treatment possesses a more stable microstructareimperature range of 8871.0°C.

Kazempouiliasi et al. [92] studied the effects of preand postweld heat
treatments on the cracking of IN939 during welding. They performe8,2and 4 stage
heat treatments as a pogtld heat treatment cycle in addition to various\wedd heat
treatments Additionally, they observed that heat treatments reduced the liquation and

strainage cracking ithe heataffected zone (HAZ).

Philpott et al.[74] compared the conventional heat treatment on the cast and
additively manufactured IN939. The investigation assessed the impact of HIP, a standard
4-stage heat treatment and a modifiest@ge heat treatment on both cast and additively
manufactured IN939. He findings indicated that additively manufactured IN939
underwent recrystallization and gragnowth yetmaintained a much smaller grain size
compared to cast IN939. Notably, there was a significant difference in the precipitation
and growth behaviour otarbides, with additively manufactured IN939 exhibiting
networks of much finer carbide particles in the microstructure after heat treatment. Despite
studying the 0
and additively mamfactured IN939.

' phase precipitation, nNo not a

Shaikh et al[33] investigated the necessity of the solution heat treatment step for
IN939 fabricated by PBEB by conductingdirect aging and solution heat treatmesith
double aging. They reported that-taslt IN939 contains sumicronsized platelet
precipitateswhich can be| phase according to transmission electron micros¢ogM)
compositional analysis ithe interdendritic regions. Rapid growth was observed for this
phase during direct aging (without SHT) and had a detrimental effect on ductility. Drawing

from the outcomes of this study, it can be deduced that althoi®HTamay not be
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mandatory for the dissolution of oONj-phase

free microstructure.

2.3.4.3Mechanical Properties of IN939

The mechanical properties of precipitatioardenable Nbase superalloys change
according to the manufacturing method, applied heat treatment and exposure to high
temperaturesas the gamma prime phase becomes coarse and thermodynamically stable
phases form. IN939 is a highly corrosimsistant alloy capable of prolonged operation at
temperaturesof up to 850 °C. For this reason, microstructural stabidityelevated
temperaturesas well as higliemperature corrosion, oxidation and creep resistaree
significant properties for IN93f8]. Table 2.8 summarizes the mechanical properties of
IN939.

Table 2.8 A summary of the mechanical properties of IN§8O

21°C 650°C 760°C 870°C | 980°C
YS 0.2% Offset (MPa) 800 695 635 400 205
UTS (MPa) 1050 985 915 640 325
Tensile Elongation (%) 5 7 7 18 25
1000 K Rupture Strength (MPa) 425 195 60
Youngs Modulus (GPa) 195 to 205
Compressive Strength (MPa) 700 to 880
Flexural Modulus 195 to 205
Modulus of Rupture (MPa) 700 to 880
Shear Modulus (GPa) 75t0 85
Bulk Modulus (GPa) 140 to 165
Poi ssonds Ra 0.27 t0 0.29
Fatigue Strength at 13 cycles (MPa) 340 to 535
Fracture Toughness (MP#11) 26 to 28.9
Hardness (HV) 250 to 350
YS: Yield strength and UTS: Ultimate tensile Strength
All values are given for tests at room temperature (RT) unless otherwise stated.
Values given in ranges account for aging condition of alloy.

Additionally, the mechanical properties of thehaslt and heatreated IN939
fabricated by PBH.B are given inTable2.9. Moreover,Table2.10shows the comparison
of the measured average room temperature tensile properties for tteehteat cast and

additively manufactured IN939. For all four heat treatments, additively manufactured
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IN939 samples have higher yield strengths and elongation values higher than cast IN939.

This can be explained by the smaller grain size and finer precipitates in the microstructure.

Table 2.9 Mechanical properties of IN939 fabricated by the REF[68].

Build i " 0.2% YS uTsS Elongation
Direction Tensile Test Condition MPa) Vi o8 e
As—b'unt o oo ”
(Vertical)
As-built @Room temperature s
- 11 24
(Horizontal) 880 60
Hea&tr.eated oo o >
(Vertical)
Heattreated @Room temperature 48
' 1130 1520 11
(Horizontal)

Heat Treatment: 4 h, 119G (FAC) + 6 h, 1000C (FAC) + 4 h, 800C (AC)

Temperature | 25-100°C | 25-200°C | 25-400°C | 25-600°C | 25-800°C | 25-900°C

CTE
(As-built)
CTE
(Heat-treated)

12.18*106/K | 12.89*10%K | 13.78*106/K | 13.49*10%K | 13.99*10°K | 15.06*105/K

11.79*108/K | 12.64*10%K | 13.64*106/K | 14.27*10%K | 15.29*10°K | 16.32*105/K

CTE: Coefficient of Thermal Expansion

Table 2.10 Comparison of the measured average room tempetatsie properties for

the cast and additively manufactured IN939.

Fabrication Heat Treatment 0.2% YS UTS Elongation Reference
Method (MPa) (MPa) (%)
4-stage
4 h, 1150°C + 6 h, 1000C + 24 h, 786 958 34
900°C + 16 h, 700C
3-stage
As-cast 4 h, 1150°C + 6 h, 1000C + 16 h, 785 978 3.6 (80]
700°C
2-stage 823 861 2.0
4 h, 1150°C + 16 h, 84%C
2-stage
4 h, 1150°C + 6 h, 1000C 651 974 9:2
4-stage
4 h, 1150°C + 6 h, 1000C + 24 h, 1041 - 10.0
900°C + 16 h, 700C
3-stage
Fabricated | 4 h, 1150°C + 6 h, 1000C + 16 h, 1103 - 10.9 4]
by PBFLB 700°C
2-stage
4 h, 1150°C + 6 h, 1000C 986 ) 182
2-stage
4 h, 1150°C + 16 h, 845C 1164 ) 122
Room temperature tensile properties forvbdically fabricated samples.
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2.3.5Cracking Phenomena in Nibase Superalloys

Ni-base superalloys, especially those that hatgglavolumef r act i on of
phase (>30%), are prone to cracking during processing or heat treatment due to their
complex chemistry and higiemperature streng{83]. This susceptibility is particularly
pronounced in rapid solidification processes, such as welding et BRFocessegather

than casting48,94,95] Figure2.12 exhibits the weldability assessment plot of some Ni
base superalloys according to the composition of Al + Ti and Cr + Co. Although these
assessmentact as auseful guide for weldability, cracking can still occur even in
"weldable" superalloys because of incompatible processing condj@8hsThe rapid
melting and solidification of metal during the PABB process may cause high residual
stress, undesirable metastable phases and cracking according to process parameters. For
this reason, it is important to note that cracking can be obsergedventionally weldable
Ni-base superalloys such as Hastelloy X fabricated by thelBBBWhen incompatible

process parameters are uf2@l 96 99].

10 , §
| Non-weldable | IN100 .’f’ Difficult-to-weld a”
'? 9 i 4 ’l’
=g [ /. INT3SLC JPid
3 ’
b L 4 S o - -
29[ MAR—A\IZ-IL,’ René Py lof'“ //
— [ CMSX-4%¢ J 1\'41.\"[\__%%_‘ .
z 6 René N5-YRCCN247LC 0,87
=) i ’ rd
=35 r / René 142 o7 ° .-
< , -, -
® ! 7 0 Q.-
:‘ 4 [ - a"‘
L s - PR Q
+ 3 } /z’ ""_— @Haynes 282
i ) [ Increased '_—"‘ Readily-weldable
e aoh _v”
é 1 F «l.glng‘ [\glg Hastealloy-X
| | rospomse IN625 @ @
0 e M L M 1 1 1 M 1 1 1 M 1
0 2 3 4 5 6 7 8
0.28 [%Cr] + 0.043 [%Co] (wt. %)

Figure 2.12 The weldability assessment plot for somelddse superalloys. RiFawn
from [100].

There are four cracking mechanisms which are solidification rgdiquation crackng,
strainrage crackg and ductilitydip crackng for precipitationstrengthened MNbase
superalloys. The main crack types inise superalloys, along with the comparison are
given inFigure2.13[48,99,101,102]
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Mechanism Solidification  Liquation Ductility dip Strain age
cracking cracking cracking cracking
Category Hot crack Hot crack Hot/cold crack Cold crack
Time Process Process Process Process' / HT
Temperature ~T, o I 0.5-0.8 Ty, ~'-precipit. range
Location Solidification GB in HAZ GB in HAZ GB and weak
zone points (e.g. defects)
Origin of Volume Transient thermal Transient thermal Residual stresses +

stresses acting volume change due
primarily normal to to y’-precipitation
GB

Low melting phases Brittle GB due to ~-phase

relevant stress shrinkage during
solidification and

cooling

stresses acting at
GB

Metallurgical Segregation at

condition: 2  solidification at GB accumulated strain oversaturated with
front at GB triple points ~’-formers

influence of or irregularities

this condition causing strain

on local: ¥ concentrations

Tsol v v - -

Strength v v - A

Ductility - - v v

Characterization of principle crack formation mechanisms in y'-strengthened Ni-base superalloys. (GB
= grain boundary, ' Preheating temperature is in or above the temperature range for y’-precipitation,
symbols: ¥ = decrease, A = increase, - = unchanged).

Figure 2.13 (a) The main crack types in ¥ase superalloys and (b) comparison of their
mechanisms. Rdrawn from [48,102]
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2.3.5.1Solidification Cracking

Solidification cracking, which is also called hot cracking, is commonly observed in
Ni-base superalloys fabricated by traditional manufacturing methods (such as casting),
welding, and AM. Solidification crackalso known as hot tears, occur where the material
is in a semisolid state within the solidifying melt pool or the mushy fafd02,103]

The mechanism of solidification cracking, along with SEM images of solidification cracks
in CM247LC and IN39, areshown inFigure2.14. Moreover, highanglegrainbounday

( HAGB, ° ®&ehdving as repulsive boundaries are more prone to solidification
cracking than lowangle grain boundgr ( L AGB, ©° &ehdvihg as attractive
boundariesasHAGB energy causes more stable liquid filnmecreasing cracking risk

[1041 106]. Furthermore, grain boundary strengthening elements (Zr, B, and C) segregate
to the interdendritic regions upon melting and generate tharlelting liquid films. For

this reason, they increase the susceptibility to solidification cracking. In additibeno

P and S which must be kept to the lowest possible point show the sameaelfidogno

benefit to the alloy. In general, the addition of alloying elements may promote

solidification cracking when they widen the solidification rafgje4].

Solidification cracking occurs during the AM solidification process according to
the following[94,102,103,107]

- Dendrites form at the interface between molten and solid metal phases. Rapid
heating and cooling cause reqguilibrium solidification, leading to solute segregation at
the solidification interface. Segregated elements at grain boundaries lower the solidus

temperature, creating lemelting liquid films around emerging grains.

- As dendrites grow and merge, they isolate areas of molten metal (“islands"),
forming voids that serve as crack initiation sites upon solidificafibe. solidification of
these islands results in the formation of voids (which are not fed by molten metal supply,

serving as sites where cracks initiate).

- When residual stress occurs during the solidification process, this can be
transmitted through solids but not by liquids. Consequently, this stress accumulates in the
liquid films, surpassing their yield strength. Finally, cracking paths form withirethes
liquid films, along which tears propagate in the final stage of solidification. Thus, the

formation of cracks occurs.
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Hot cracking path

solidification cracking
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XZ plane

Solidification
cracking N
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*XZ plane: || to building direction. The building direction is along Z axis (vertical in the figure).

Solidification type cracking obscrved in both CM247LC and IN939 in the XZ-planc of the as-fabricated
microstructure. The primary dendrite arms are evident as they were separated during the last stages of
solidification. The building direction is along the Z-axis.

Figure 2.14 (a) The solidification cracking mechanism and (b) SEM images of
solidification cracks in CM247LC and IN939. Rleawn from[16,102,103,108]

2.3.5.2Liquation Cracking

Liguation cracking classified asa hot cracking occurs in the lasawelding
formation and appears as tiny tears in the HAZ of welding beads and melt pools. The heat
flow mechanics and thermal stresses, phasesent,and their morphology, freezing
ranges and grain boundary orientation affect this cracking. Additionally, the formation of
localized liquid films and the nature of thermal stresses are two critical f§@8193]

There are two basic mechanisms for HAZ liquation cracking:

42



- Segregation mechaniswhere solute and/or impurity elements segregate to the
grain boundaries through a diffusion mechanism, thereby reducing the local melting
temperature of the grain boundary. Solid solustrengthened Nbase superalloys show
mostly the segregation mechsm because they are designed to be sipgkese with all
alloying elements in solution. Also, their cracking susceptibility is generally lower than

that of precipitatiorstrengthened Nbase superalloy94].

- Penetration mechaniswhere local melting takes place within the microstructure

at elevated temperatures and intersects with a mobile grain boundary. Subsequently, the
liquid infiltrates and wets the grain boundary. The penetration mechanism has two

conditions such asonstitutional liguatiorandlow-melting-point secondary precipitation

(eutectic melting)In constitutional liquation, which occurs in{dase superalloys with

secondary constituents (i.e., carbides, intermetallics, or TCP phases), théeafing

during welding does not allow sufficient time for the secondary phase to dissolve
completely into the matrix. When the eutectic temperature is surpassed, the secondary
phase interacts with the matrix, forming an interfacial liquid film at thesctiat
composition. These films can coalesce into larger areas, leading to liquation cracking
[94,103,109] In low-melting-point secondary precipitation, there is not enough time for
the dissolution of the ewutecti @l0pocLaved ipti t a |
eutectic precipitatefl11], and carbide§112] due to the rapid heating cycl&/hen the
temperature exceeds the eutectic temperature, these eutectic constituentsrgtoply
When the superalloy surpasses its maximum solid solubility, the eutectic constituent
remains insoluble regardless of the heating rate, leading to consistent localized melting
[94,103] The penetration mechanism types in liquation cracking, alongSkEM images

of liquation cracks in CM247LC are shownRigure2.15.

Liquation cracks are prone to propaggtalong the HAGBs like solidification
cracks. Although liquation cracking is similar to solidification cracking, there is no

dendritic structure on the cracked surface in liquation crid€ks113]
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Figure 2.15 (a) The penetration mechanism types in liquation cracking and SEM images
of liquation cracks in CM247LC. Reérawn from[16,103]

2.3.5.3Solid-State Cracking

Strain-age cracking (SAC) a type of solidstate cracking or coldracking is

specific to the precipitatieatrengthened Nbase superalloys. It occurs mostly in the HAZ

(just adjacent to the fusion boundary) during peetd heat treatment or service, but it is

also possiblealbeit unlikely,to occur during reheating in multipass wejds18,94,102]

SACismo st common in the

]

p h a steem"gnveldabtegt heni ng

is used for many of these superalloys because of tusceptibility to SAC. The

precipitation of the

0]

phase from the oversa

reduced ductility when the material undergoes its initial heating cycle and passes the
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associated temperature range (approximately13@®D °C). Subsequently, the process

i nduced stresses and additional stresses
cause the formation BAC atstress concentration points such as grain boundaries and
weak points in the microstructuj4,48,94,99,114]

For SAC, the local strain and aging must occur almost simultaneously and general

observations about SAC are the follow{8d]:
- It is always intergranular.

- Although it is most common in the HAZ (adjacent to the fudioa), it can be
linked with the partially melted zone (PMZ) in some cases.

- It occurs during posiveld heating to the SHiEmperature due to the simultaneous

occurrence of precipitation and localized strain accumulation at grain boundaries.

Ductility -dip cracking (DDC) which is a solidstate phenomenon occurring at
elevated temperatures, typically occurs in austenitic stainless steel-aadé\superalloys
(produced through mulpass welding and lasbased AM). It is reported that these cracks
are believed to be lidd to a phenomenon known as a dramatic reduction in ductility (a
ductility dip) in Ni-base superalloys under intermediate temperature conditions. Moreover,
DDC possesses a crelige mechanism that occurs in a temperature rahgeis below
the threshold for dynamic recrystallization but high enough to allow -tp@iumdary
sliding[4,102,103] For this reason, a DDC is likely to form at a temperature ranging from
0.5Tm to 0.7Tm of the superalloy (at which temperature the superalloy suffers a quick
drop of ductility). Furthermore, DDC susceptibility is affected by grain size, grain
boundary seggation, grain boundary pinning by carbides and borides, impurities, alloy
composition, precipitation, crystallographic orientation, relative to the applied stress and
dynamic recrystallizatiof102,112,115,116]Figure 2.16 shows examplesf solid-state
cracking.

IN939i s in the Afairly wkKdurd2alB Alsopitisrvenygi o n
close to the readily weldable region. There are limited studies about the cracking
phenomena of IN939 in the literature. The liquation cracking (which was led due to MC
carbide, o9Nf phase particl esingphaseswasnregoréed t i c
in the HAZ of cast IN939 during tungsten inert (TIG) gas weldmfE#sl17119]. On
the other hand, solidification cracking and sedtdte cracking were observed in IN939
fabricated by PBH.B [16,85]
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(a) SEM image of strain-age cracks in the PBF-L-fabricated CM247LC samples; (b) SEM
images of ductility-dip cracks occurring at the triple junction point; (c, ¢) Partially enlarged
details, (d, f) EDS result and EBSD maps of ductility-dip cracks; (g) Sketch diagram of
grain-boundary sliding; (h) Cold cracks in PBF-LB-built Inconel 718 samples ; and (i) OM
images of a cold crack in a DED-deposited Inconel 738 sample.

(b)

Solid-state cracking

(8)
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Crack kink
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| 50pm

XZ plane: || to buildi irection. The buildil

IN939 XZ plane

Solid-state cracks observed in CM247LC (a—c) and IN939 (d—f) on XZ-plane in the as-
fabricated microstructure. The cracking features no solidifying dendrites or liquation regions.
Cracks normally exceeds 100 um in length that propagate through several layers of melt pool.

Area in red boxes are shown in more detail. The building direction is along the Z-axis.

Figure 2.16 Examples of soliestate cracking. Rdrawn from[16,102]}

Crack suppression has gained lots of attention and there is still much research
ongoing about this worldwide. A summary of crack suppression methods and the causes
of cracks is given inFigure 2.17. Basically, process parameters optimization,
postprocessing and material modification are used to suppress cracksbaseNi
superalloys fabricated by higgmergy beam AM93,102,103]
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Figure 2.17 A summary of crack suppression methods and the causes of [@@2ks

2.4 Powder Bed FusionLaser Beam

Metal additive manufacturing (AM) processes build parts Howyeayer. They

provide numerous advantages over conventional manufacturing processes, such as the

production of intricate geometries in a single step, along with design freedonzenear

materal waste and cogfficiency compared to conventional manufacturing techniques

[44,120,121] One industry that is making increasing use of metal AM is the aerospace
industry[8,122,123]where revenues are expected to be US$430 billion by the year 2025

[122]

The powder bed fusielaser beam (PBEB) processalso known as selective laser
melting (SLM)andlaser powder bed fusion {EBF), is a metal AM process that uses a
focused laser beam to melt metal powder. It has been used for different industries such as

aerospace, defense, energy, automotive and biomedical industries. Additionally, it is

particularly useful for the aerospace inadystueto the aforementioned properties, high

dimensional accuracy, reduced mass of components, lower cost and shorierdslolan
conventional manufacturing approacH&g,124 129]. In PBFLB process each layer
comprises a 2D crossection of the geometry that is melted by a moving laser beam spot.
The melted volume rapidly solidifies and bonds to the underlying IRigarre2.18 shows
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the schematic diagram illustrating a typical PBE arrangement, along with the process

explanation.

To obtain the desired properties, the required microstructure, density, surface
roughness and mechanical properties need to be attained through the optimization of
process parameters. The primary microstructure in tieli#tsstate can be controlled to a
great extent by the process parameters. Moreover, the desired mechanical properties
change according to the application areas. For instance, aerospace fasteners require high
tensile and shear strengths, unlike turbine blades which require excellentrudatme

resistancg44].

Powder
recoater

Build platform

© Fraunhofer IFAM

PBF-LB process mechanism

Schematic diagram of the Aconity Mini build chamber .
* Open the chamber lid

(1) laser beam collimator and optics

23D *  Lower the powder supply and load the metal powder
scanner
« Install the build platform on its stage
(3) powder deposition and re-coater slider )
* Deposit the metal powder layer
(4) overflow powder collector
) * Re-assemble the chamber lid and start purging the chamber
argon gas strcam ) )
(6) build plaf *  When the purging reaches the rated level, trigger the laser beam and
uild platform
) q 1 start the fusion and build process
powder supply
(8) build chamb i » The production mechanism of the PBF-LB process is based on layer-
ulld chamber enclosure
© —— by-layer production according to the created CAD model
argon gas inlet elbow
( ;’ & i ¢ When the build process is finalized, the laser beam will be
10) argon gas outlet
S —— terminated, the machine stops automatically and the build chamber
11) build chamber cover
can be de-purged and opened for the part removal

Figure 2.18 Schematic diagram illustrating a typical RBB arrangement. Rdrawn
from [130i 132].
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2.4.1Process Parameters

Oliveira et al[133] reviewed the processing parameters in £BFand found that
there are more than 100 process parameters that need to be considered. Among those, the
most influential parameters are laser power, scanning speed, layer thickness, hatch distance
(distance beteen successive layer passes) and laser scanning pattern on each layer
(scanning strategie$) 33]. lllustration of classified process parameters for the -BBF
process are shown iRigure 2.19. Moreover, some process parameters can be set in

advance, while others require monitoring and controllirep(e2.11) [134].
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Figure 2.19 lllustration of classified process parameters for the-BBfprocess. Re
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Table 2.11 Predefined and controllable PRB process parameters (adapted fiia34]).

Process Parameters Affected Features
Controllable
Parameters

Distortion, part shrinkage, melt pool size and stability, deptteoktration,
porosity, impurity pickeelup and part functionality
Surface roughness, distortion, part shrinkage, part density, melt pool ¢
cracks, fracture and part functionality
Microstructural waviness, surface roughness, microstructural heterogel
Hatch Distance porosity, dimension inaccuracy, shrinkage, melt pool size and part
functionality

Laser Power

Scanning Speed

Defocus Distance Melt pool morphology, mechanical properties, porosity and build timg

Build time, staircase effegbart shrinkage, bonding, part density, porosit

Layer Thickness . . . . .
y surface roughness, dimensional inaccuracy and part functionality

Predefined Parameters

Powder Shape Flowability, impurity pickedup, packing density and porosity

Anisotropy,residual stress, staircase effect, porosity, build time, dimens
inaccuracy, surface roughness, and functionality
Heterogeneity, packing density, porosity, impurity pickgyd functionality

Build Orientation

Powder Size and balling
Gas Flow Rate & Dimensional deviation, quality of layer bonding, porosity and mechanii
Direction properties
Chamber & Powder Beg Heterogeneity, part shrinkage and warpage
Temperature '

2.4.1.1Laser Power

The laser power, a laseglated parameter, is the main parameter that transfers
energy from the PBEB system to the powder. The aim is to melt the powder
homogeneously to fabricate dense bulk comporéiis Raising the laser power is often
linked with easier melting of the precursor powders, thus resulting in better densification
of the asbuilt parts.Nevertheless, aancontrolled increasef the laser powealonecan
induce porosity in the final products due to the emergence of keyhole pores and strong
convective flows in the molten materfdl36i 139]. Moreover, the melt pool dimension
(generated by heating), microstructural coarsenemgd a higher incidence of
microcracking are caused by high laser poj&&r136,140146]. For this reason, process
parameters optimization is significant to eliminate defects, achieve the highest density and

reduce the overall coft37].

2.4.1.2Scanning Speed

The scanning speed, a scannirtated parameter, refers to the rate at which the
laser beam moves across the surface of the powder bed. It has a crucial role in determining

50



the build rate of the produced parts. Additionally, it impacts the duration for which each
section of the powder bed is exposed to the laser power, thereby affecting the energy
available for melting. High scanning speeds contribute to high build rateeudowhey

may also result in undesirable outcomes such as a lack of fusion porosity and defects (i.e.,
balling) in the asbuilt materials. These issues are attributed to the elevated shear stresses
within the melt pool when subjected to such conditionstédver, higher scanning speeds
result in a shallower melt pool depth and narrower scanned line width due to the faster
solidification rate of the melt pool. On the contrary, the amount of energy per unit of time
in the melt pool can increase with a lovasning speed, thereby expanding the dimensions

of the melt pool (which causes keyhole phenomenon and spattering due to turbulent
melting). Furthermore, high crack density during solidification is often associated with low
scanning speeds. This phenomencnuss because low scanning speeds lead to higher
maximum temperatures within the powder bed, thereby increasing the residual stresses in
the solidified melt poo]17,108,137,146150].

2.4.1.3Hatch distance

The hatch distance or hatch spacing, a scanmlaged parameter, determines the
spacing between two passes of the laser beam, thereby regulating the heating of the powder
bed surface. A smaller hatch distance can result in excess energy input, wigée hdéch
distance may cause insufficient contact between molten regions of the powder bed.
Additionally, small hatch distances lead to extensive overlap of molten material, whereas
large hatch distances can lead to incomplete melting and the entragmemhalted
powder particles. For this reason, finding an optimal distance is crucial for ensuring the
quality of the final build17,130,147] The literature suggests that the appropriate overlap
ratio varies depending on the specific case, but typically falls within the range of 4@ to 60
[147,151]

2.4.1.4Layer Thickness

The layer thickness, a powdeslated parameter, determines the height of each
successive powder layer that will be melted by the laser beam. Thus, it controls the build
rate and total production time of individual components, which could be helpfulefor th
industries in terms of speeding up the process, along with increasing cost efficiency
[17,130,152] Determining the layer thickness involves considering several factors. Firstly,
it must align with the maximum power capacity of the laser system and whether it can
adequately melt the thickness at the chosen scanning speed. Additionally, the minimum
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layer thickness and the minimal feature size that can be built are constrained by the powder

particle siz¢130]. Increasing layer thickness leads to adverse effects on the final properties

of the fabricated parts. These include diminished dimensional accuracy and decreased
mechani cal properties such as YS, UTS, Young
impact tougpness. Moreover, thicker layers result in lower cooling rates within the powder

bed and larger dendritic arm spacing in the final microstructure. On the other hand, the

thinner layer thickness is associated with increased tensile strength and hardness
[17,147,158155]

2.4.1.5Scanning Strategy

The scanning strategy, a scannmetated parameter, is a combination of several
factors such as the scanning pattern (or hatch type), hatch distanset (fbntour),
hatching starting angle, scan direction, hatch rotating angle per build layer, stan ve
length and up and down sKi28,130,156162]. Schematics of different types of scanning
strategies are given iigure2.20. The scanning strategy affects the final microstructure,
surface roughness, density, crystallographic texture, anisotropy, mechanical properties and
geometryinduced residual stressg8,164 164]. In general, a shorter scan vector length
is advantageous for reducing residual stress and enhancing the mechanical properties of
AM parts[28]. Moreover, layer rotation can be implemented in various layer strategies,
resulting in diverse outcomes. When no rotation is applied, the component tends to exhibit
more heterogeneity, residual stress and shrinkagghe laser beam consistently targets
the same region of the powder bed. Furthermore, there assideable research gaps
in scanning strategies that need to be addressed to fully leverage the benefits of additive
manufacturing17,28,163 165].
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Figure 2.20 Schematics of different types of scanning strategiesirBan from
[28,166]

2.4.1.6Linear and Volumetric Energy Densities

To understand the impact of various process parameters on theB°piecess,
researchers often use the term "energy densityich integrates the combined effects of
essential process parameters into a single measurable unit. The linear and volumetric
energy densities (LED and VED) represent this energy[1inj167] Although the energy
density serves as an approximate comparison term, it may not accurately transfer process
parameters from one machine to another for the reproducibility of AM BE3G.
Moreover, the effects of VED on the PRB process are schematically showrFigure
2.21. The energy density equations are as follows:

Laser Poweld

LED Scanning SMd

2.7)

Laser Power

VED — 2.8
Scanning Speed x Layer Thinmif(nes(s )x Hat c
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Figure 2.21 Effects of VED on the PBIEB process. R@rawn from[17,168]

2.4.2Melting Modes
2.4.2.1Conduction Mode

The conduction mode occurs wherelatively low laser power intensity is applied,
resulting in the creation of a semicircular melt pool. It is typically characterized by melt
pools where the presence and impact of vapor cavities are negligible because the energy
density within the substi@remains low enough to prevent the substrate temperature from
rising above the boiling point, thereby preventing the formation of a vapor cavity. It was
reported that melt pools in the conduction mode have a small aspect ratio, typically around
0.5 (depih/width), and ideally should provide fully dense fabricated parts when there is

sufficient melt pool overlap to avoid a lack of fusion porogi§9,170].

2.4.2.2Keyhole Mode

The keyhole mode occurs when a relatively high laser power intensity (above about
1 MW/cn?) is applied, resulting in the creation of a deep and slender vapor depression
cavity known as the keyhole within the melt pool. When laser light interacts with the
material surface, it elevates the temperature, causing melting. As the temperature rises to
the boiling point, metallic vapor forms, creating recoil pressure. This pressure pushes down
the molten metal, forming a long and slender gas cavity called thelkeWhareover, it

was reported that the keyhole mode has been associated with defect generation in the
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fabricated parts, particularly when the demtwidth ratio of the keyhole becomes

excessively larggl69] .

Figure 2.22 shows the schematic representation of the conduction and keyhole
modes in the melt pool of the PRIB process. Additionally, these two modes have their
pros and cons, and the preference for one over the other depends on the specific material

type, procesparameters and part requirements in each [@4s§.

........... Low /
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Heat absorbed
by surface

High‘“ighm‘”e' density

Scanning
jaser P
Heat absorbed

by keyhole

Molten Pool

HAZ

Solidified
metal

Substrate

Conduction mode Keyhole mode

Figure 2.22 Schematic representation of conduction and keyhole modes of the melt pool
in the PBFLB procesq169].

2.4.3Defects

Defect formation is a significant problem in the RPBB process, frequently
originating from improper parameter selection or process disruptions. It is imperative to
address these issues to uphold the reproducibility, quality, and reliability of the B°BF
parts. The origins of defects can be classified into three categories: paladed defects
(associated with the feedstock powder), processatajed defects (arising from the
interaction between laser, powder and metal during melting), angppstsing related
defects (resulting from subsequent heat treatments). Commonly encountered defects in
metal AM encompass various forms of porosity like lattusion (LOF), keyhole, balling
and trapped gas. Additionally, defects may form as surface roughness, residual stress and
distortion (warping) arising from the rapid solidification inherent in metal AM processes.
To mitigate defect occurrence in metal ANljS essential to understand and manage the
mechanisms underlying their formation and propagatiooutih careful selection of
materials, processes and ppsbcessing parametefd69i 172] Figure 2.23 shows a
summary of the source of defects in the REF-process, along with the defestructure

process map. In general, the effective process window for producing parts with nearly full
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density is defined by the porosity boundaries of LOF, keyhole and baltingull density,
guantified as samples with over 99.9% volumetric density, is achievable within this
processing window. However, ii§ important to note that despite operating within this
window, the possibility of large defects still exiEt$9].

Classification and Sources of Defects

»  Powder characteristics
Powder-related defects *  Surface contamination and oxidation
*  Trapped gas

»  Powder spreading dynamics and anomalies

* Balling or bead-up

» Lack of fusion

*  Keyhole porosity

e Microstructural inhomogeneities and impurities
¢ Formation of columnar grains

* Loss of alloying elements

*  Spattering

*  Turnarounds and end track porosity

e  Residual stresses, cracking and delamination
¢ Geometric defects and dimensional accuracy
e Surface finish and roughness

Processing-related defects

Post-processing-related defects  « Thermally induced porosity
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Figure 2.23 The defect structure process map (showing the variation of defect
morphology across laser poweglocity space; where W is the melt pool width, D is the
total depth after the melting, H is the hatch spacing, and L is the layer thickness of metal

powder) fa Ti6AI4V fabricated by the PBEB process. Ra@rawn from[169,172]
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2.4.3.1Lack of Fusion

The LOF porosity, which itarge, elongatedr irregular, and may possess some
unmelted powder particles inside, arises from inadequate penetration of the melt pool from
an upper layer into the previously deposited layer or a single track inteigfi@ouring
track on the same layer. It can play an important role as a cracking initiation point and also
result in a reduction in the fatigue life of the fabricated pfdr2¢,169] PBFLB parts
commonly exhibit three primary types of LOF defdd$9,171,173]

- intertrack LOF, caused by the insufficient overlap of the melt pool (related to the

shape and size of the melt pool, and hatch distance) during theB’Biocess.

- inter-layer LOF, caused by incomplete bonding between the -bipiltayers

(related to the laser energy density).

- LOF resulting from spattering (spatter powders are deposited onto the powder bed
during the PBHLB process and disrupt the uniform spread of powders).

2.4.3.2Keyhole Porosity

Rapid vaporization of the material occurs during the keyhole mode melting, and
this creates a cavity known as a keyhole or vapor depression zone. The gas bubbles
pinching off from the keyhole may either escape or remain trapped inside the build as
entrappd keyhole porosity after solidification. Additionally, the formation of these gas
bubbles, whether they escape or remain trapped, hinges on the dynamics of the local melt
pool and the subsequent solidification process. Moreover, keyhole porosities tend to
nearly spherical and the size of them may vary depending on the size and shape of the
keyhole. It should be noted that not all keyhole mode melting results in keyhole porosity
formation[124,133,169,171]

2.4.3.3Balling

The balling or beadp, also known as humping in the welding literature, causes
variations in height along the length of a melted track. The area of the melt pool,
particularly the area of mmelted metal, also fluctuates along the length of the track.
Moreover, balling is generally considered a phenomenon to be avoided because it can
cause porosity in parts produced via P It commonly arises at high beam powers and
travel speed, imposing a constraint on the build rates achievable w.BB¥Aoreover,

other process parameters such as beamsspat hatctdistance, laser pulse frequency,
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absorptivity, powder particle size and powder layer thickness also play significant roles in
balling[124,169]

Some of the defects, along with causes and solutions in thd. BRFocessare
displayed irFigure2.24. In addition to this, the effects of process parameters on combating

various build defects are givenTmable2.12.

2.4.3.4Spatter

In the PBFLB process, the interaction between the kégiergy laser and metal
powder results in the formation of a melt pool, spatter, and occasionally a vapor plume or
plasma. The melt pool follows the laser's path, making its behaviour relativelytgbéelic
In contrast, spatter exhibits more complex and diffitadpredict behaviour as it moves in
threedimensional space. Spatter can be classified into two types: hot droplet spatter, which
primarily arises from melt pool instability caused by vajwiuced recoil pressure, and
cold powder spatter, driven by the vapoduced entrainment of the protective gas. These
phenomena are influenced by factors such as recoil pressure, the Marangoni effect, and

heat transfer within the melt pool, leading to aetsrof spatter morphologig$9,147].

Spatter is an inevitable gyroduct of the complex heat transfer mechanisms in
PBFLB, negatively impacting process stability, energy efficiency, and the quality of the
final product. The detrimental effects of spatter are numerous: it disruptsdbaing of
powder in subsequent layers, reduces the efficiency of laser energy input, and contaminates
both the manufactured parts and machine components. Furthermore, spatter contaminates
recycled powder, significantly lowering its quality and leading to ptibml part
performance. Therefore, effective spatter control, through optimizing laser parameters and
using protective gas flows, is essential for enhancing equipment longevity, improving part

quality, and ensuring efficient powder utilizatifi9].
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Figure 2.24 Some of the defects, along with causes and solutions in the.BRFocess.
Re-drawn from[103,174]
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