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ABSTRACT

MECHANICAL PROPERTIES OF OXIDE DISPERSION
STRENGTHENED INCONEL 625 ALLOY PRODUCED BY LASER
POWDER BED FUSION

Demirci, Kadir Tujrul
Master of ScienceMetallurgical and Materials Engineering
SupervisorProf.Dr . Arcan F. Dericiojlu

CoSupervisor:DrSel en Ni met G¢rbegz Geégner

November 2024139 pages

The global energy demanéspeciallyin developing countries, igxpectedto
increase by 50% in the coming decades due to improving living standards. Nuclear
energy, especiallproduced byGeneration IV reactorsyill have a crucial role in
meetingthis demand. Among these, molten salt reactors (MSRs) stand out for their
safety, efficiency, andersatility. However, current structural materials fail under
the etreme conditions of MSRs, including high temperatunesliation, and
corrosive environmentslickel-based superalloys are promising candidates for these
challenges due to their higamperature strengtiresistance to radiation and
corrosion. Oxide dispsion strengthening (ODS) can further enhartbese
propertieswhile additive manufacturing (AM) offers a sustainable route to produce
complex ODS alloy geometrieia this studya new ODS Inconel 625 (IN625) alloy,
containing 0.3 wt #as Weerdevelapeddandiprodyagsing % H f
laser powder bed fusion {BBF), which is one of the most important AM methods

A production matrix with varying laser power and scan velolk#dyg led toover
99.9% densification for ODS IN625. Microstructural anelysvealed carbides and
coarse oxide formations, while naonmides were observed using TEMwo

different heat treatments containing solutionizing and aging (SA), and direct aging



(DA) have been applied to the samphesong heatreated materialdfDA appied
ODSsamples possessed the optimakhanical propertiest both room temperature
andat 7 0 0 . FArCcomparisonsame mechanical tests have been appliec on
standard IN62 produced by EPBF, along with aconventionally producetN625

rod.

Keywords: Nuclear Energy, Inconel 625, Oxide Dispersion Strengthening, Laser

Powder Bed Fusion, Mechanical Properties.
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CHAPTER 1

INTRODUCTION

With accelerated living standards worldwide, the conflicts on energy demand and
production methods continue to rise. Whilatural resources are harmful for the
environment and becomes limited in availability, the inclination to produce
electricity using nuclear power has regained attention despite the ongoing debate on
their potential risks. In the early 2tentury, a new eneration of nuclear power
plants (i.e., Generation IV reactors) was proposed, and current research is focused
on developing structural materials capable of withstanding their demanding
conditions. Among the nexgeneration reactors, molten salt reactMSRs) come

to the forefront due to their unique characteristics such as the fuel type, safety,
sustainability and mobility. In MSRs, nuclear reactions take place within a molten
salt medium, which can both be used as coolant and fuel. Fissile elemebts can
continuously dissolved into the molten salt and the mode of the reaction can be
controlled by adjusting the composition of the molten salt, or the amount of the
solute. In a case of emergency, the molten salt is immediately dumped into a freeze
plug, ofering an unmatched safety for this type of reactors. However, structural
materials in MSRs experience very high
highly corrosive and irradiating environments. As a result, the number of structural
materials licens# for MSR applications is scarce to fully incorporate them for
commercial power production and numerous studies are being conducted to develop

advanced materials to endure extreme condition they will be facing.

IN625 is a solid solution strengthened nickased superalloy, including up to eight
different elements in itdi matrix. Owing to their excellent mechanical behavior
under hostile conditions such as high temperature and corrosion, it has a broad range

of application areas, such as aerospace, damnarine and energy industries.
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Along with the demanding conditions, the structural components for such industries
have quite often an intricate shape, which extend their production lead time and
limits the production methods. Additive manufacturing (Al this regard, offers
significant convenience by reducing the lead times and enabling the production of
intricate shapes. Several AM methods are commercially used to produce metal parts.
Among them, EPBF has attracted the most attention, due to itsauéty,
applicability and high amount of research gap to fully commercialize them. The
number of studies on the-RBF of nickelbased superalloys has increased
exponentially, to fully understand and discover the ways to produce superalloys
without saciiicing their mechanical properties. IN625 is one of the most studied
material on EPBF studies, due to their excellent mechanical properties, as well as
their suitability for AM. Specifically, owing to the low amount of Al and Ti, IN625

a highlyweldable doy, making them compatible with AM methods, where the

powders are fused together by the application of high amounts of heat.

However, the heat cycles inRBF are very different compared to the conventional
production methods. Specifically, the rapicliog rates, reaching up to 4R/s in
L-PBF, results in a quenchéd state for the elements within IN625 which leads to
distinct featurs. This process produces a unique structure withnsigbon dendrite
arm spacing and often leads to the segregatioNofand Mo. Additionally, a
substantial amount of residual stress builds up during tR8IE process, which

necessitates the application of specific heat treatments to alleviate it.

Having high number of elements within the composition makes IN6Rkytdy
complex alloy in terms of microstructure. In other words, IN625 is capable of
forming several different phases, presence or absence of which strongly affects the
mechanical properties. The majority of secqidse particles form after a certain
typeof exposure to heat. For example, primary and second carbides are usually found
in the microstructure, the former precipitates during solidification, while the latter

precipitates between a certain temperature ranges over time. The effect of the



carbideson the mechanical properties can vary. Due to their irregular shape and

sizes, their presence is sometimes considered detrimental. However, grain boundary
carbides suppress the grain growth during recrystallization and inhibit the grain
boundary sliding ah i mprove the creep prhHjferties.
strengthening phase, i's formed between 6
of the high Nb content within the microstructure, with the stoichiometry gfitNi

and ellipsoidal shape. Althoughthe pr esence strengtKNns th
i's a metastable phase, which coarsens an
extended heat exposur e. U0 phases are | ar
considered as detrimental since thepéve as crack initiation sites while depleting

the solidsolution strengthening Nb within the microstructure. In some cases,
however,thecep r e s e n c e Bplpséesiare found ta enldance the mechanical
properties. The effect of the depletion of golidsolution elements from the matrix

is much more severe when topologically clpseked (TCP) phases form. The most

common TCP phase seen in IN625 is Laves phase, havingBstédichiometry

with a very irregular shape, which significantly deteriesathe mechanical

properties. Tailoring and achieving a desired combination of mechanical properties

requires an extensive knowledge on the phase transformations and kinetics of IN625.

ODS is a strengthening method for advanced alloys to further enlheite
mechanical properties, where thermally stable r@ndes are inserted into the
all oyés mat qoxides. hindemthe gislocati@an rmotion and pin the grain
boundaries, while remaining stable at very high temperatures. ODS is usually
implementedy the addition of a certain amount 005 via conventional powder
metallurgical methods, to form nassed and stoichiometric complex oxides.
Mechanical alloying by ball milling puts alloy powders into a supersaturated
position, where vyttria is dissadd within the powder. However, this significantly
distorts the shape of the alloy and decrease their flowability, making it inapplicable
for L-PBF production. The size and number of raraes depend on the secondary

element combined with Y. For instandeAl-O oxides are on the order of hundreds



of nm in size, while ¥Ti-O and Y:Hf-O oxides are much smaller in size and greater
in number. External elemental powders may be added bef®@H.to facilitate
nancoxide formation and refine their size. A sussill ODS for LPBF necessitates
satellite formations of naroxides on the alloy powder without compromising its

sphericity, which is only achieved by means of mechanical mixing.

Studies on developing ODS superalloys by means of AM are still in itsstaggs

and the number of publications is limited. As such, optimal production parameters
for ODS superalloys via-PBF have yet to be fully established. In order words, there
is still a plenty of room for research to fully optimize and develop strategi&DS

and L-PFB to fully incorporate advanced materials for specific applications.

This work aims to develop a new class of ODS IN625, by adding and mixing 0.3
wt% Y203 and 0.4% Hf with IN625 to enhance its properties for use in harsh
environments. Seval different processing parameters were tested, followed by
comprehensive investigations to optimize the benefits ODS can provsiandard
IN625 was also produced after following the same procedure, for a proper
comparison. The presence of namades and their impact on the mechanical
properties both at RT and 7 0Solutht@zing av e
and aging (SA) andikct aging DA) heat treatments were appliedasbuilt (AB)

alloys to observe the mechanical property chandges. SA condition, a
conventionally rod has also been subjectethi® heattreatment for comparison.
Consequently, superior mechanical properties have been obtaine®®alloys

while ductility is increased.

This thesis consists of five chaptergrghg with a brief information on the energy
demand and the relation between IN625PBF production and ODS. The
introductory information has been extensively elaborated in the Chapter 2, following
a topdown approach on superalloys, the common phasesnadx, production

methods, strengthening mechanisms, IN625, ODS, and recent studies on ODS

been



IN625, with a comprehensive review of the latest literature. Chapter 3 details the
experimental procedures used in this study, from starting materials to mechanical
property assessments, including the optimization of mechanical mixHRBHA
production, and heat treatments. In Chapter 4, the results of the study, which includes
the effects of different parameters, the selection of optimal conditions, and the
characteization of the alloys, are presented. Both quantitative and visual data are
provided, with a more focus on the detailed characterization of the AB allbigs.

thesis sheds a light on the improvement of the mechanical properties of the ODS

alloys thorougly, after concluding remarks and suggested future work in Chapter 5.






CHAPTER 2

LITERATURE REVIEW

2.1  Global Energy Demand and Nuclear Energy

The focus on energy conservation and consumption has become increasingly
important in the 2% century[1]. The World Energy Council (WEC) anticipates the
global energy demand to rise by 45 to 60% by 2060. In the European (&udn
alone, the energy demand is estimated to increase by nearly 20% by 2030. The
International Energy Agency (IEA) projects that the use of primary energy sources
will grow to 334 million barrels per day in oil equivalent, which is 1.5 times more
than in2000[2i 5]. The rising living standards dneconomic growth trigger this
energy demand, especially in developing countries. According to the Paris Climate
Agreement , the rise in global temperatur
energy demand contradicts the reduction of;@missions to alldate global
warming[61 8]. Carborbased fuels (i.e., oil, coal and natural gas)lséilte the most
outstanding share in fulfilling the global energy demand within the last decade,
which is outlined in Fig2.1. This demand is expected to increase further with global
economic growth, technological development, and societal progress. Mordw/
decline of fossil fuel reserves, as well as their negative environmental impact,
highlights the need for cleaner energy alternatives. Currently, renewable energy
sources (i.e., nuclear, solar, hydropower and wind) hold great promise for meeting
future energy needs while reducing £€missions and mitigating the effects of
climate changg6,8i 10]. While renewables are crucial in shifting to loarbon

energy production, they are inadequate to meet rising energy demand.



36 36 36

35 2
35 32 32 - 32 32
30 29 29 8 5
_ 07 26 26 2 27 27
X 25
T = 21 21 21 22 £
=1 bl -
3 20 2L 20
5 17
oIS
o 1o 10 10 10 10 10 - 10
= B
o LI L. LA, L. LML LU Ll LI,
2010 2011 2012 2013 2014 2015 2016 2017
m Biofuels and waste ®Hydro ™ Nuclear Natural gas ®Oil ®mCoal mOther

Figure2.1 The global energy consumption shares between 2010 and 2017
(Adapted from2]).

Nuclear energy, among other renewables, prevails as a vital alternative for future
power generation, mainly because it does not emip, @Pertes safely, and
generates vast amounts of electricity from a single plant. In fact, nuclear energy
comes after hydroelectric power as a source of clean electricity. Although there are
ongoing debates regarding the risks of nuclear power in terms of nact@dents

and radioactive waste management, nuclear energy is still considered one of the most
viable options for meeting global energy demand and reducing reliance on fossil
fuels[11i 13]. A comparison of the products generated from electricity production

through coal and nuclear reactiassllustratedin Fig. 2.2
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Figure2.2 Waste comparison in nuclear and ebaked electricity productidi4].

2.1.1 Overview of Nuclear Energy Generation

Nuclear energy simply utilizes the energy released from the nucleus of atoms, which

can be produced vigsion and fusion reactions. In fission reactions, the nucleus of

a heavy, unstable atom is split into smaller parts by a chain reaction, where

significant energy is released. In fusion reactions, conversely, combining the nuclei

of two lighter atoms relases an even more substantial amount of energy. However,

al

plutonium [15i 17]. The implementation of nuclear energy began in the-26f

I of todayés nucl ear power plants

ar e

century, with countries such as the United States, the United Kingdom, Russia, and

France leading the commercialization of figeneration nuclear power plants.

Significant advancements inidear energy technology occurred between 1970 and

1985[13]. However, the global perspective on nuclear energy changed abruptly,

after the wellknown Chernobyl accident in 194@8]. After the incident, many

countries have phased out nuclearrgpalevelopment, and the number of nuclear

power plants built has considerably dropped. Nevertheless, the development of

nuclear energy has persisted despite the implementation of stricter safety policies by

many nations and organizations. The peril ofmelie change, energy security



problems, and unstable fossil fuel prices compel many nations to reconsider nuclear
energy as an option. Eventually, new roadmaps to handle both sides of this
discrepancy have been set within the last decade. Currently, ntedesors in use

are classified as generation Il and Ill reactors. Research and development efforts,
however, are focused on licensing generation IV (Gen. V) nuclear reactors, which

have all attributes of the former generation reaqtssl 9 21].

2.1.2 Generation IV Nuclear Reactors

Gen. IV reactors are defined as advanced nuclear reactors of the following decades
in which enhanced safety, efficiency and sustainability are provided. Also, important
issues from previous generations, such as wastragement and proliferation
resistance, are intended to be minimif22]. At the beginning of the 2certury,

six different reactor technologies were introduced by the Generation IV International
Forum (GIF), which are outlined Table 2.1
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Table2.1 Summary of Gen IV. Reactor Desigi24.,22]

Neutron Outlet Fuel Size
System Coolant
Spectrum Temperature Cycle (MW )
Very High
Temperature _
Thermal Helium Upto 1000 Open 250-300
Reactor
(VHTR)
GasCooled
Fast Reactor Fast Helium 850 Closed 1200
(GFR)
SodiumCooled 50-150
Fast Reactor Fast Sodium 500550 Closed 300-1500
(SFR) 600-1500
LeadCooled 20-180
Fast Reactor Fast Lead 480570 Closed 300-1200
(LFR) 600-1000
Molten Salt Thermal Fluoride
700-800 Closed 1000
Reactor (MSR) or fast salts
Supercritical
300-700
WaterCooled Thermal Open or
Water 510625 100G
Reactor or fast closed
1500
(SCWR)

Among six Gen. IV nuclear reactors proposed, MSRs come to the forefront due to
their unique attributes, such as unmatched safety, high thermal efficiency, and

utilization of various fuel types.
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2.1.3 Molten Salt Reactors

MSRs are reactorsith a fast or thermal neutron spectrum that are cooled by means
of molten salts with graphite as moderator. The fact that molten salts can also be
used as fuels makes MSRs have distinct properties from the other Gen. IV reactors,
where solid fuels are used eutectic mixture of fluorides of fissile elements (e.g.,

UF4) and carrier salts (e.g., LiFBeR) is prepared to form the flui23,24] The

heat is generated through the nuclear reactions in the reactor core and transferred to
the heat exchanger by the fuel salt. While the fuel salt returns to the reactor core for
further reactions, the heat in the heat exchanger is transferred by cotilantasa
steam or gas cycle to generate electri@s]. A schematic illustration depicting the

working principle of the MSR is illustratdelg. 2.3

Control rods

Heat
Exchanger

Chemical  [00000 Fuel Pump <—

Processing k Y sl
plant P 1
Pum(’

Emergency dump
tanks

Figure2.3 Schematic of MSR and its componef#5s].

Molten salts are considered highly promisinduture nuclear applications, as they
offer a safe, more efficient, and sustainable means of electricity generation. The most

significant characteristics that make MSRs attractive are as follows;

12



1 Among the other coolants used in conventional nuclear polaets, molten
salts possess the greatest heat capacity which allows MSRs to be operated at

atmospheric pressure.

1 Molten salts have higher boiling points and low vapor pressures, which
allows reactions to take place at higher temperatures and improecenefyi

1 Molten salts are chemically inert, and the possibility of a catastrophic failure

due to a reaction with air and water is highly unlikely.

1 Nuclear meltdown will not be the case since the fuel mixture is a molten fluid.
Nevertheless, in any casear accident, fuel is immediately drained to the
emergency tanks to be frozen.

1 Unlike conventional reactors, where the fuel is removed and processed

separately, oitine fuel processing is possible in MSRs.

Despite all the novelties MSRs offer, it is impaoittaéo note that the operating
conditions of MSRs are extremely hostile. Specifically, service temperatures higher
than 700 AC, along with the wuse of corr
irradiation, significantly limit the range of suitable matkxri23,26 28]. Thus, the
unavailability of the structural materials for specific components keeps MSRs from
being officidly licensed.

2.1.4 Material Requirements and Candidate Materials

The expected characteristics from Gen. IV reactors, including MSRs, are typically
exceptional toughness at elevated temperatures, structural integrity against
irradiationinduced defects (e.g., Mbswelling) and chemical compatibility with the
coolant and fuel. In MSRs, the highly corrosive nature of molten salts becomes more
severe at higher temperatures and with fissiorpiogucts [28i 30]. This is

demonstrated by a threis chart including the service temperature, irradiation

13



damage and corrosion susceptibility shoviAlg. 2.4 where the working

environments of present and future nuclear reactor types are compared.
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Figure 2.4 Operating conditions of several advanced nuclear red@9y.s

Common materials for corrosive environments (e.g., stainless steel) are not
applicable in MSRs due to the high solubility of oxide lafggming elements in
molten sal{31]. To this end, studies are focused on altering the fluoritenpal of

molten salt by the addition of metallic elemef82]. Additionally, structural
components are coated with metals insensitive to molten salt corf83]JoAnother
important issue for structural materials in MSRs is their susciytitp high
temperature He embrittlement at grain boundaries. The formation and growth of He
bubbl es at grain boundaries significantly
ductility. To mitigate this, the dispersion of fine particles and the formatio
dislocations and twins were employed to capture He buf@8e34 36]. Ultimately,
proposed and studied materials for MSR applications are Hiaseld superalloys,
graphite, ceramics and refractory alloys, owing to their ability to withstand harsh
environments MSRs ha80]. Among these materials, nickkased superalloys

have been considered the most viable option due to their excatiginsic
mechanical properties at elevated temperatures, as well as their corrosion and

irradiation resistance.
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2.2  Superalloys

Superalloys are a class of special types of alloys composed of many elements, mostly
based upon Group VIIIB (i.eEe Ni andCo). They are designed to maintain their
mechanical properties under extreme conditions such as high temperatures, corrosive
environments and high neutron flux. Under such conditions, the mechanical
properties of typical titanium alloys and steel begintoder i or at e (i .e., a
However, superalloys are capable of retaining their integrity at service temperatures
up to 1000 AC, making them ideal for num
components, gas turbines, and plant equipment for ichénmuclear and marine
industries[371 40]. Prominent mechanical properties of superalloys at el@vate
temperatures are superior strength, creep, wear, oxidation and erosion resistance,
along with good surface stabilif1]. Superalloys have a facentered cubic (FCC)
austenite matrix that contains several elements like chropgnthsmall additions

of Al, Nb, Ta, Ti, Mo andW can be made to tailor the desired properties. Superalloys
are mainly classified as nickel, iranickel and cobalbased superalloys. Although

pure iron and cobalt exhibit a bodgntered cubic (BCC) and hegonal close

packed (HCP) lattice structure, respectively, at low temperatures, they transform into
FCC structure at high temperatures. Austenite stabilizers can also be added to these
elements to retain the FCC structure at low temperatures. On thdatitemickel

has an FCC lattice structure up to its melting p{#it38,40,42] Among others,
nickekbased superalloys have been the main focus of stddéeto their versatility,

lower cost and various strengthening mechan[gi®g4]. The dominance of nickel

based superalloys is chronologically showifrig. 2.5.
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Figure2.5 The timeline of superalloy development with respect to their UTS.
(Adapted from42]).

2.2.1 Nickel-Based Superalloys

Nickel-based superalloys are very complex alloy systems that usoaliyin around

ten alloying elements, with nickel as the soly#b]. Due to their diverse
compositions, nickebase superalloys are capable of forming very intricate
microstructures. Their excellent strength under harsh service conditions stems from
at least one of the three strengthening mechanisms, namely, solid solution
strengthening, precipitation hardening and carbide precipitation at grain boundaries
[46].

2.2.2 Phases in NickelBased Superalloys

There are several different phases in ndkkel s e superall oys. The
constitutes the majority of the microstructure, residing in the secondary pB@kes

The matrix is mainly compsed of nickel, but there are significant amounts of solid

solution el ements due to the extensive sol

precipitation of strengthening intermetal

nitrides and toplogically closepacked phases (TCF9,47]
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Table2.2 Alloying elements and their effects in nickese superalloygl8].

Element(s) Effects

Ni Constituting 2 matrix, formation ofo Nj and o NjNj pha:

Cr Solid-solution strengtheng, oxidationand sulphidation resistance
Solid-solution strengtheng, loweiing stacking fault energy

co increatngthes ol vus temperature of 0

Mo, Ta W  Solid solution strengthening, carbide formation (e.g., M@CM

Ti Formation ofo Nj p h atgpe carbidk€ and nitrides

Al Formation ofo Nj pdnlaasagg oxidation resistance

B and Zr Improving creep strengthinhibitingd phase f or mat
Nb Formation ofo NjNj p h a dype carlnidés MC

C Formation ofseveral carbides (e.g., MC,2Ms, MsC and MCs)

2221 oN and o9NjNj Phases

The oON phase, the main strengthening phas
of aluminum and titanium and has the FCC (orderef) &fystal structure with the

formulas NgAl and Nis(Al,Ti), respectively[49]. ONj phase is cohere
matrix, assuming a sphericauboidal or platdike shape, depending on the specific
composition and heat treatmedf7]. Due to their sound thermal stability, these
precipitates provide a great deal of strength and creep resistance at higher
temperatures. The ONNj phase i s -baannmgt her s
nicketbase supmlloys. It has the BCT (ordered R crystal structure with the

formula NgNb and assumes a diskaped morphology50,51] ONJNj di sks
nanoscale with a thickness of around 10 nm and a diameter of 50[5%h
Precipitation of ONj and met amturesbThe 9 NjNj
strengthening effect of these two phases strongly depends on their distribution, size

and volume fraction, determined by the specific heat treat®@jt Prolonged
exposure to elevated temperatures may ca

d and U phases, r es pe c bsicwystal syructurelwitbthea s e  h a

17



formula NgT i , wh i lhas aniorthpitha@mbie (QPcrystal structure with the

formula N&Nb [54]. The unstable and stable forms of these phases are also named
geometrically closgpacked (GCP) phasgsh,56] The d phase forms inte
in a cellular form or intragmularly in an acicular form when the titanidm

aluminum ratio is high49,54] Similarly, when metastabl e 2N
they transform into stabl e[54. pbBwoatshe sdq iannda Un e
phases are usually considered detrimental to the mechanical properties due to the

fact that they act as stress concentration E@}s Lattice structures of GCP phases

with the location of the elements are shdvig. 2.6

’le-crystal DO,,-crystal DO,-crystal DO,,-crystal
Y ;‘l?ha:le #fc:) n-phase (hcp) 6- phase (orthro) y”- phase (bct)
1,(A1,Ti) Ni,Ti (or Ni;Nb Ni;Nb

Ni Ti(Nb,Al))

Figure2.6 GCP phases in superalloys with thaitice structurefs5].

2.2.2.2 Carbides

The elements within the composition of nickelsed superalloys have great affinity

for carbon which is present up to 0.2 wt%. This leads to the formation of different

types of carbide phasesjch as MC, Cs, MsCand MCz.i N whi ch t he &6MO6 st
for metal atoms. Carbides are classified as primary and secondary carbides,

according to their formation and stoichiometry. Mye primary carbides form

initially during solidification. They resideoth at grain boundaries and within grains

[51,59] However, at elevated temperatures, the stability of-tiyf@ carbides

decreases, artiey have a propensity for decomposing into secondagZdyIMeC

18



and M;,Czcarbides at grain boundaries rich in chromium, molybdenum and tungsten
[60]. M23Cs and M/Cs carbides are chromiwmch and are mostly found in
chromiumbearing nickebase superalloys. MCs carbides are the most common
secondary carbides seen in superal[dy$. FurthermoreM-Cswasalso reported to
transform into MzCs at elevated temperaturigsl]. On the other hand, é@ carbides

tend to form at greater temperatures thapQ¥ carbides at the expense of heavy
refractory metals such as tungstembmiim and molybdenun61]. Carbides can be

both beneficial and detrimental to mechanical properties, depending on their
location, dispersion, and shape. Owing to their irregular shape, carbides may act as
crack initiation sites, deteriorating the strength anctitity. Conversely, carbides at
grain boundaries hinder grain boundary sliding, thereby improving creep resistance
[59,60,62,63]

Figue27The presence of g
alloy,creepd e f or med a
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2.2.2.3 Topologically ClosePacked Phases

At elevated temperatures, nickese superalloys are prone to form detrimental TCP

phases at the expense of refractory elements within the matrix. The name comes from

thar complex hexagondlke crystal structure in which atoms are layered such that

the coordination number reaches as high agl&®5] This arrangement results in

a very low number of slip systems, making TCP phases very hard and[Bfitle

TCP phases deteriorate the mechanical properties of +bekel superalloys by

several mechasms. Due to their acicular shape, they act as crack initiation sites

during cyclic loading, and their brittle fracture facilitates crack propag#@dh

During formation, TCP phases consume strengthening elements from the matrix,

reducing the solid solution strengthening effect. Common TCP phases seen in

superalloys are Laves {B) , xB8y) ( A n dRy)ewhereAA denoteBe Ni or Co

and B denotedlb, Mo, Taor Cr [47]. The morphology of the Laves phases with
respecttopmary carbides is demonstrated in Fig.
as commonly form as Laves phasexCs The 0 p
precipitates, is structurally very similar tood@sc ar bi des. Simil arly, th
similar to MsC carbides ah forms when concentrations of molybdenum and
tungsten are higlfs1]. Overall, knowledge and hindering the formation of TCP
phases is essential to retain dedgimechanical properties at elevated temperatures.

4 -
20kV  X2,008 10mm 18 48 BES ZGI{UKSB 11 40 BgS

Figure2.8 Intermetallic phases observed in a) wrought and b) additively
manufactured Inconel 7188].
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2.2.2.4 Borides and Nitrides

Boride and nitride phases can also be present in HAigss superalloys. Boron and
nitrogen tend to segregate to the grain boundaries and ferous@ompounds. On

the one hand, minor boron additions have been found to improve stress rupture
properties and suppress the formation of TCP pHd8¢s1] On the other hand, the
presence of nitrides is considered deleterious thanr@cal properties, as brittle and
blocky nitrides like TiN and HfN form at grain boundar{€®]. Borides are also

hard particles, typically observed in blocky or khaibon shape$§47]. Although
borides and nitrides are found in superalloys, they are present in insignificant
amounts compared to carbides. In summary, phases that can be observed-in nickel
base superalloys are outlinedTiable 2.3

Table2.3 Commonly observed phases in nickelsed superalloys, with their lattice
structure and stoichiomet$7,49,70]

Phase Crystal System Formula(s)
Solid Solution Matrix 2 Cubic Ni, Cr, Fe- Base
2 Nj Cubic Nis(Ti,Al)
Geometrically Close 2 Njl Tetragonal NisNb
Packed Phases a Orthorhombic NisNb
d Hexagonal NisTi
_ a Tetragonal FeCr, FeCrMoCrFeMoNi
Topologically Close
Rhombohedral CoWs, (Fe,Coj(Mo,
Packed Phases oW, ( )Mo, We
Laves Hexagonal Fex(Nb,Ti,Mo), Ca(Ta,Ti)
MC Cubic TiC, NbC, HfC
M23Cs Cubic (Cr,Fe,W,M0}3Cs
Carbide Phases . FesMosC, FeMosC, FeMosC,
MeC Cubic
FesMosC,
M-Cs Hexagonal CreCs
. _ MN Cubic TiN, (Ti,Nb,Zr)N
Nitrides and Borides
M3B2 Tetragonal TagB2, V3B2, N:B2
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2.2.3 Strengthening Mechanisms

Principal strengthening mechanisms governing the mechanical properties of
superalloys are solid solution strengthening, precipitation hardening and dispersion
strengthening. Precipitation hardening involves thermally stable intermetallics that
precipitate out at higher temperatures, while dispersion strengthening is provided by
metallic carbide and oxide particles. These mechanisms work along with the intrinsic
FCC structure, which has a high solubility for alloying elements, making the
formation of strengthening phases possible. While grain size refinement and cold
working can also contribute to strengthening, their effectiveness is limited at elevated
temperatees. For instance, cold working only provides an increased strength up to
around 540AC, and grain refinement is rarel
high-temperature environments they are designe{fir73].

2.2.3.1 Solid Solution Strengthening

Solid solution strengthening in superalloys takes place due to the introduction of
differentalloyinge | ement s i nto the 2 matrix. These el
of the matrix because their atomic radii differ from that of nickel, thereby creating
strain fields that impede dislocation motif#9,73,74] This strengthening arises
from two main mechanisms: atomic size misfit and elastic modulus misfit, where
solute abms of differing stiffness compared to the matrix create either hard or soft
regions. The result is an increase in the strength compared to a pure Ni[A%trix
Solid solution strengthening can lower stacking fault energy (SFE) in the crystal
lattice, making it harder for gliocations to move and creskp. This mechanism
becomes critical in preventing deformation at elevated temperatures. Lower SFE
leads to dislocations dissociating into partials, forming hcp stacking fault ribbons,
further restricting dislocation movemdiitl,76,77] Certain solute elements, such as
molybdenum, tungsten, chromium, and iinem are prevalent in enhancing this

hardening effect. Larger atomic size elements tend to reduce diffusion rates and
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improve hightemperature performance but can also promote undesirable phases,
such as TCP phasp#9,65,78,79]

2.2.3.2  Precipitation Hardening

Precipitation hardening is considered one of the most effective techniques for
altering the alloybés strength and ductd.
involves the interactionbetween precipitates and dislocations in which the
movement of dislocations is hindered by the precipitates, leading to increased flow
stress and moderate ductilif§0]. Mechanisms pertaining to dislocatiparticle

interactions are determined according to the rigidity of the precipitate.fipkyi

dislocations bypass hard precipitates by either Orowan looping orstipsgthout

changing the particle. In contrast, soft precipitates are sheared by the dislocation

(Fig. 2.9)[81]. In nicketb ase superall oys, el ement s wi
matrix (e.g.,Ti, Al,Nb) preci pitate as intermetallic
ONNj phases. | mpedi me nt articles istaifestéddycvaribiso n  mo t
factors:

9 Coherency strains between the matrix and precipitate due to lattice mismatch

1 Antiphase boundary energy, which affects the difficulty of dislocation

cutting

1 Volume fraction and particle size of the precipitdi#s75,82]
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2.2.3.3 Dispersion Strengthening

Dispesion strengthening in nickélase superalloys is another way to enhance the
mechanical properties. The mechanism is analogous to precipitation hardening,
where secongbhase particles effectively hinder the motion of dislocations. In this
case, however, arengthening component is added externally to form compounds
rather than precipitating from the matrix at elevated temperatures. Moreover,
because dispersed patrticles are usually hard and incoherent with the matrix, only
Orowan looping contributes to stigthening. Dispersion strengthening is usually
achieved through a special case called oxide dispersion strengthening, which will be
reviewed in subsequent chapters. Also, creep properties can be enhanced by the
formation of carbonitrides and secondary c@elsi at grain boundarigg1,84]

Interactions between dislocations and particles have been summarigdariO.
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Figure2.10 Dislocationrparticleinteractions in a) solid solution strengthening and
b) dispersion and precipitation hardening (adapted fiaH).

2.3  Manufacturing Methods of Superalloys

2.3.1 Conventional Manufacturing of Superalloys

Conventional manufacturing of superalloys includes several standard processes,
including remelting and casting, remelting and wroughbcessing, powder
metallurgical consolidation and thermomechanical proce$85]gingots, then, are
shaped into sheets, bars, tubes and other wrought products through
thermomechanical processiff]. Remelting the constituent elements by vacuum
induction melting (VIM) to form ingots and cagjgis common. However, pouring

the melt under vacuum conditions often results in intrinsic cavities and shrinkage in
the ingots besides inclusions, which is why it is generally followed either by vacuum
arc remelting or electro slag remelting (ESR) to gaite these defec{42,87]
Nevertheless, micro and macro segregation takes place during the solidification of
superalloysThe degree of segregation strongly depends on the composition of the
alloy [88]. The use of superalloys for structural parts often requires intricate shapes,
which are conventionally achieved through investment casting due to the difficulty
of machining these materials. However, pores and structural instabilities may form
in castingorocesses. To eliminate these issues, hot isostatic pressing (HIP) is applied
to densify the castings and fill any pores, which results in an equiaxed structure

[89,90] Alternatively, powder metallurgy routes, usually followed by HIP, are
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employed to produce components with more uniform microstructures and reduced
porosity. The process chart of manufacturing methods of Aibdsdd superalloys i

shownin Fig. 2.11

Vacuum
Raw Materials Induction Scrap / Reverf
Melting (VIM)
Remeit ingot Electrodes
Bl Powder Vacuum Arc
9 Prooessmg Remeiting

L4

Electroslag
Remelting

Thermomechanical
Processing

Additive
Manufacturing

Equiaxed Directionally Near Net Shape Plates, Tubing,
Castings Solidied or Single or 3D Printed Pipes, Discs,
Crystals products Rings, etc.

Figure2.11 Flow chart depicting the manufacturing methods used to produce
superalloy part§42].

2.3.2 Additive M anufacturing of Superalloys

Additive manufacturing (AM) of metals is a novel process in which metal
components are built layer by layer using compatded design (CAD) models
[91,92] Various metabased AM techniques have been developeer the last
decades. However, processes involving the rapid fusion and solidification of metals
have been attracting the most interest over the decades, since they offer high
flexibility in creating complex geometries, minimizing material waste andcregu

lead times compared to conventional manufacturing methods. This is especially the
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case for the nickdbase superalloys where traditional methods (e.g., casting and
machining) are demanding, expensive and matariahsive. AM of nickelbase
superallys mostly utilizes powder or wire feedstock, which is fused by means of
heat sources like lasers and electron beams. Specifically, studies within the last
decade have been focused on methods such as laser powder bed #RR¥H),(L
electron beam melting @M) and directed energy deposition (DE[3p,92 95].

The progressive inease in research about powder bed fusion (PBF) AM of nrickel
base superalloys can be seefrig. 2.12
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Figure2.12 Number of publications through the last two decades on laseBH)
and electron (EPBF) powder bed fusiof®4].

2.3.2.1 Laser Powder Bed Fusion

L-PBF is the most common metal AM technique in which a-Bigérgy laser beam

is used to melt metal powders in a powder bed. Tidegss has other names such
as selective laser melting (SLM), laser beam melting (LBM) and direct metal laser
sintering (DMLS)[55,96] A layer of metal powder on a substrate or on a previous
layer is selectively melted and solidified according to the 2D layer profile of the part.
The building platform is lowered according to the layetkhess and a new layer of
powder is provided by a tepater. This cycle continues until the desired shape is

obtained. During the process, the building chamber is filled with an inert gas to
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prevent any contaminatidf5,97]. L-PBF is governed by complex heat transfer and

fluid flow dynamics, where rapid solidification occurs with coolingesareaching

up to 10 K/ s. Four i mportant factors deter
metal powder: laser power (P), scan speed (v), layer thickness (t) and hatch distance

(h). The shape, microstructure and mechanical properties of the finisithapare

significantly influenced by these factors. Although each parameter plays a different

role, they are often combined into a single term known as volumetric energy density

(VED) for a more thorough understandii®g].

P(J/s)
s mmT ty mm)(

0’)

Vol umetric Ermerr?)gy\’/( 2. 1)

As mentioned above, the metal powder in front of the molten pool is continuously
melted and then solidifies almost instantaneously as the laser moves away. The large
thermal gradients present during solidification induce convection which leads to the
formation of localized melt pools, a common feature +#BF[991 102]. The shape

and depth of the melt pool are determined bystiaa speed. Faster scan speeds result

in narrow and deeper melt pools while shallow and wider melt pools form at slower
speeds. Improper control of the melt pool leads to defects such as gas pores and
keyhole porosity. Therefore, careful analysis is penfd especially in parameter
studieg[103,104]. A comprehensive schematic of the®BF process, including the

key parameters and melt pool formation, is illustrated in Fig. 2.13.
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Figure2.13 Schematic diagram depicting the stages-iAHB[100].

2.3.2.2 Electron Beam Melting

EBM is another PBF method that uses a feglkrgy electron beam as the energy

source to melt and fuse metal powders. This process is very simil&BéIn terms

of operation which is why EBM is also referred to aPBF in literature. In both

processes, nedret shape products having near full density can be produced

[55,95,97,105]In Fig. 2.14, the EBM process and its components are shown.
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Figure2.14 Schematic representation of the EBkd@esq106].

Although EBM shares operational similarities withPBF, it has remarkable
differences in processing conditions, which makes EBM difficult to employ in metal
AM studies (Fig2.12). One key difference is that EBM is performed undea@ium
environment, which limits the size of the build chamber and affects dimensional
control[94]. Additionally, accelerated electrons have enough momentum to spatter
powders during the process. Therefore, the powder size is larger in EBM than that
of L-PBF. Anotheimportant factor is that in EBM, powders should be preheated to
very high temperatures in EBM (up to 0.8)To facilitate fusion during scanning.
High temperature preheating also leads to longer cooling times, which results in the
formation of undesiredhases, defects and inclusions, and makes superalloys more
susceptible to cracking after the proce$s1,97,107,108] Overall, process
optimization is quite challenging in EBM, and it is not always applicable to all types
of superalloy$109,110]
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2.3.2.3 Directed Energy Deposition

DED is an AM method where either powder or wire feedstock is melted as they are
being depsited. Unlike PBF techniques, in the powder form of DED, the feedstock

is delivered from a muHaxis nozzle directly into a molten metal pool. This process
utilizes different kinds of energy sources such as lasers, electrons and plasma arcs,
to create th concentrated heat necessary to melt the feedstock. Therefore, several
other names, such as laser engineered net shaping (LENS), directed light fabrication
(DLF), electron beam direct manufacturing (EBDM), direct laser deposition (DLD)
and wire arc addie manufacturing (WAAM), are associated with DE3,111]

All processes are usually carried out with a shield of inert gas to prevent any kind of
contaminatiorf112]. Like other AM methods, parts are built laymrlayer, and the
nozzle moves up after a layer is deposjiek8].

Nozzle assembly

Metallic

Shielding .~ powders
gas

envelope

Melt pool
,/

v B . |
i e
| spacing [CENESS,

Figure2.15 Schematic representation of the DED prodé&d].
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Laser power, scan speed, laser beam spot size and powder feed rate are prominent
parameters in DED thanfluence the process outcomes. A unique microstructure
can be obtained based on the specific combination of these parameters. Parameter
optimization by using a process window is essential in DED, as with PBF techniques,
to control deposition and produdegh-quality parts. In the aBuilt (AB) state,
superalloys typically show a columnar dendritic microstructure with either planar or
equiaxed grains. Due to the nequilibrium cooling process and higlamperature
gradients, columnar grains usually hawsrang texture along the building direction

(BD). Besides, the weldability of the superalloy is a critical parameter for a proper
application in DED studid$5,114 117]. Generally, aluminum and titanium content
primarily govern the weldability of the alloy, as susceptibility to crack formation
increases with the amount of ONj precipitat
weldability of some superalloys according to tlairminum and titanium content is
demonstratech Fig. 2.16[97,106,110]
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Figure2.16 Weldability assessment diagram for superalloys (adapted[fr06j).
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The number of studies on the DED of superalloys is comparable to those on EBM.

The outcones demonstrated on DED for several superalloys in the literature are

diverse. Nevertheless, DED has been successfully implemented for specific

applications and shows significant potential in developing graded matdrials
The main charactetiss of L-PBF, EBM and DED are summarizedTiable 2.4.

Table2.4 Main features of three common AM methods for superall@ys

L-PBF EBM DED

Heat Source Laser beam Electron beam Laser beam
Laser power Beam power Scan speed
Scan speed Scan speed Hatchspacing

Key Parameters

Power (W)

Scan speed (mm/s)
Spot size (mm)
Powder si z
Surface roughness
(em)

Melttp ool si z

Cooling rate (K/s)
Temp. gradient (K/s)

Environment

Hatch spacing
Layer thickness

Scan strategy

50-1000
10-1000
0.040.5
1553
7-30

~100
10°-10°
10°-10°
Inert gas

Hatch spacing
Layer thickness
Preheat
temperature
500-3000
10-8000

0.1-2

50-120

20-50

~100
10°-10°
10°-10°

Vacuum

Layer thickness

Powder feed rate

10063000
6-60

1-3
53-105
1560

~500
10%-10°
10°-10°
Air/inert gas

2.3.3

Challenges in the Additive Manufacturing of Superalloys

Although the advent of AM has revolutionized the production of advanced materials

with intricate shapes, the technology still faces practical and technical challenges

that must be taken into consideration for AM to reach its full potential. The key
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challerges in the AM industry can be classified as defect formation (i.e., porosity
and cracking), residual stresses and anisotropy in the final product. Poor surface
finish and unwanted inclusions in the microstructure often necessitate post
processing, especiglfor superalloys. Very high cooling rates in AM processes lead

to remarkable residual stresses, which affect the final shape and cause anisotropy in
mechanical properties. Specifically, residual stresses result in warpage, cracking and
substandard mech@al properties, when parameters are not optimally selected.
Stress relief treatments are typically implementedhparts to alleviate residual
stresses. Pores and rough surfaces, which act as stress concentrating sites, are formed
during the processeBue to the nature of heat loss during melting and solidification,
grains tend to grow epitaxially. This leads to a strong texture alongDRh&hich
reinforces the anisotropy. Within the context of superalloys, undesired secondary
phases such as Laves, &vand inAB p a r t s-strengtimened &lidyjs, it has been
found that the formation kinetics of the de
in additively manufactured parts compared to the wrought components, in which the

d f or ms af tofthermalexpssure. Literhturaion mitigating these factors

has been growing. Despite this growth, global standards and certifications on AM of
superalloys have yet to be established. Furthermore, parameter optimizations are still
performed in the studie® have a complete understanding of the underlying
mechanism$110,118,119]

2.4 Inconel 625

Inconel 625 (hereafter referred to as IN625) is one of the most common padee|

superalloys in use. In industand literature, it is also denoted as Alloy 625. IN625

is essentially a solid solution strengthened superalloy by virtue of various refractory
elements such a€r, Mo and Nb. However, it is also capable of forming
strengthening i ntand cadbides Iby applysng suitabldhheass s 9 NjNj
treatmentq120i 122]. This enables IN625 to achieve an optimal combination of

yield strength, fatige resistance, as well as oxidation, corrosion and wear resistance
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under harsh environments. Moreover, it has excellent weldability, making it widely
used in crucial parts of aerospace, chemical, nuclear and marine compbaghts
The composition of IN625, as per the standard ASB4 3, islisted in Table 2.5.

Table2.5 The chemical composition of IN625 (in wt%d)24].

Element Ni Cr Fe Mo Nb+Ta C Mn Si Al Ti

58.0 20060 50 8.0 3.15 0.10 050 0.50 0.40 0.40
[ 23.0 max 10.0 4.15 max max max max max

Amount

241 Phases and Heat Treatments

As briefly mentioned above, IN625 forms several phases at elevated temperatures.
Bet ween 650 and 95as wAlGs MG MNanchNisGe-type phas e ¢
carbides and Laves phases, are found in the microstructure. Additionally,
Ni2(Cr,Mo0) phases can be observed in IN625 after long thermal exposures less than
6 00 A C.yCrMo)ephadeihas a o-type lattice structurebpdy-centered
orthorhombic) mostly seen in Mir-Mo base alloys. The inferior mechanical
properties of IN625 under prolonged thermal exposure have been attributed to the
presence of this phafE23,125] The thermal stability of this phase varies depending

on the molybdenum and chromium content, as well as the presence of additive
elements[126]. However, Ni(Cr,Mo) phase in IN625s observed to become
unstable at t e mplda7althasraher edipsadal er srbWwiake A C
morphology[51].
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Figure2.17 (a) Bright field and (b) dark field TEM images ofkLr,Mo) phase
with ellipsoidal morphology and (c) snowflake morphol¢g¥].

2.4.2 Heat Treatments and Mechanical Properties

Numerous studies to date have shown that the mechanical properties of IN625
depend significantly on the typsgize, distribution and orientation of the secondary
phases. Thus, the application and duration of thermal processes, as well as phase
transformations, are crucial for achieving desired properties in specific applications.
In IN625, the control of microstoture is generally implemented by solutionizing
and age hardening heat treatments. The former refers to heating the alloy to
temperatures below the incipient melting temperature to dissolve secondary particles
into the matrix, followed by rapid quenchirgretain the dissolved elements within

the matrix. The latter is employed to facilitate the precipitation of strengthening
phases and to control the carbide phases at moderate tempei@t,t28 130].
Additionally, stress relief annealing to reduce residual stresses and HIP to reduce
porosity and homogenization are employed in AM ING231]. Solutionizing

treatment for wrought I N625 is recommended

rapid quenching132]. However, phase control becomes more complicated at
moderate temperatures (i.e., between 600 andd80) . Ther ef or e, t

the timetemperaturd@ransformation (TTT) diagram for BR5 is essential to design
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a successful heat treatment strategy. The TTT diagram for IN625, includit@r,Ni
Mo) phases, is shown Fig. 2.18
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Figure2.18 TTT diagram of IN625 (adapted frofa1]).

There are several studies on the heat treatment of IN625 that investigate different
procedures and detail specific outcomids et al., for example, applied different

heat treatments around solutionizing temperature to investigate the change in the
microstructure and mechanical properties with respect to the amount of Laves phases

in laser solid formed IN62BL33]. Wang et al. found solutionizing on gas metal arc

wel ded (GMAW) [IN625 at 1140 ACntheasul t ed i
weld sample, while twstep age hardening yielded MCy pe car bi des and
in the microstructurgl34]. Similarly, Hu et al. report that solutionizing DED IN625

at 1200AC for 30 minut e gleposiechsamges, while | Lav
subsequent age hardening\pded the greatest strength at the expense of ductility

[135]. However, Safarzade et al. arglthat solutionizing GMAW IN625 does not

improve mechanical properties, and in fact, ductility deteriorgt8€]. About age

hardening, vaables and results are rather dispersed. Donachie claims that direct
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aging of wrought samples may result in a mo
compared to traditional twstep aging process¢®82]. This case has indeed been

confirmed by recent studies. Marchese et al. found that direct aging?Bifr IN625

at 700 AC r greatedt strerdjth comparedhte other heat treatment
techniqueg137]. Similarly, it has been found in another work that direct aging at

70@C Aields better mechanical[l3g)fnaheser t i es t ha
studi es, an i mprovement i n str€Aaywyes h has bee
carbideqd137,138] Liu [64] followed a different approach, called shtetm stress

aging treatment, to achieve an improved balance of strength and ductility which is

attributed to the formation of nassoc al e U phases.

2.4.3 The Microstructure of Additively Manufactured | nconel &5

Unique microstructure characteristics are achieved in AM IN625, since they
experience various and different thermal histories, along with the complex elemental
composition of the alloy. In all AM processes involyi IN625, melt pools
containing dendritic and cellular structures are formed depending on the process
parametergl39]. In PBRbased methods, smaller track sizes, melt pools and cellular
structures are achieved compared to DED, due togbenfifiner laser beams and
thinner layer thicknesse$his results in superior mechanical propertieg\B L-

PBF parts[140,141] Microstructures ofthe AB L-PBF and DED IN625 are
denonstratedn Fig. 2.19.
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Figure2.19 Microstructures of a) {PBF and b) DED IN62% AB condition
(adapted fronj131]).

As discussed in section 2.3.3, due to the rapid cooling rates and high thermal
gradients, a strong texture with columnar grains alon@ihés generally obtained

in AM parts, which results in anisotropicachh act er i sti cs. Specific
a <100> orientation tend to undergo epitaxial columnar growth during solidification

in both PBF and DED. Despite this anisotropy, the mechanical proper8spzirts

have exceeded the wrought anecast countgrarts[114,135,142] Moreover, solid

solution elements such as Nb and Mo remain in a quenched state and segregate into
interdendritic regions along with the buildup of high residual strg88$39] In

this regard, recent studies demonstrated
IN625 takes place much faster than that of the wrought pr¢dd8it145]. Similar

accelerated precipitation kinetics have also been observed in IN625 weldments

[146]. As a result, the TTT diagram for conventionally produced IN625 (Fig. 2.18)

may be misleading in terms of ONNj and U
treatment route. To thiend, Stoudt et gl147] restructured the TTT curve to batt
represent the formation of the 1% vol ume
of wrought IN625. This phenomenon is also investigated with computational
simulations and it is confirmed that segregation of Nb and Mo segregations in the

AB statesace| er at e t he pr ecitypeédarhidefl48h of o NjNj, @
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Figure2.20The TTT diagram depicting the formation curves of AM IN625 and
wrought alloy[147].

2.5 Oxide Dispersion Strengthening

At temperatures abovdd7?0 AC, t he strengthening phases
dissolve into the matrix, which limits their effectiveness in hostile environments.

ODS holds significant potential for maintaining the stability of these phases and
further enharmspropartgs forhighemperdtueerapplechtions, as well

as improving its corrosion and radiation resistance.

251 Oxide Dispersion Strengthening Principles

ODS is a method where insoluble ceramic oxides and/or oxide formers are inserted
into the alloy. The strggthening effect is obtained by the hidgansity dispersion of
nancoxides within the metallic matrix. It essentially works in a similar way as

precipitation hardening. However, naopides do not precipitate from the
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supersaturated matrix and are usugbpherent with the matrix 1,149} In all ODS
applications, ¥Os (i.e., yttria) in varying amounts are added to the composition.
Yttria, then, reacts with the specific elementsigher temperatures to form nano

size oxides. In the case of stainless steel and riidsd superalloys, yttria usually
reacts with aluminum and titanium to formTY-O and Y¥-Al-O oxides[150,151]

The naneoxides effectively pin the dislocations and grain boundatiesieby
impeding the dislocation motion and stabilizing the grain boundaries during
recrystallization. Specifically, dislocation motion is hindered through Orowan and
Hall-Petch mechanisms, and grain growth is suppressed by Zener jibinth 3]
Moreover, the nano oxides enhance radiation resistance by acting as sinks for
vacancies and helium atoms, thereby himderrradiatiorinduced void swelling.
Nancoxi des within the matrix are known to
and they also maintain stability under both neutron and ion irradiation at
temperatures [B4its8ledi ng 300AC

25.2 Production Methods

The production of ODS alloys is not a straightforward process. Firstlygighase
methods, such as casting, are unsuitable for ODS alloy production because the
density of the nanoxides is lower than that of the base alloy, causing them to float
in the melt and leading to inevitable agglomerafithl,159] Conventional ODS

alloy preparation involves multiple stages of powder metallurgy, including
mechaical alloying (MA), canning, HIP, and hot extrusion. Depending on the
application, these processes are often followed by further sintering or heat treatment
[160i 162]. MA is a solidstate powder metallurgy technique in which powders
undergo repeated deformation by mechanical forces. This is obtained by the
interaction of powders with grinding balls in a process called ball milling. During
the processmetal powders are mixed, fractured and cold welded with-paiues.
Usually, hard vials and grinding balls such as WC, hardened steels and tool steels

are used in ball milling. A uniform distribution of oxides is obtained when the metal

41



powders and naroxides are sufficiently interacted under either an inert or reducing
atmospher¢l163i 166]. However, ball milling involves several process parameters
that must be controlled which makes the production and development of ODS alloys
a very demanding procefrom MA to enduse[167,168] AM, in this regard, offers

a faster route for fabricating ODS components with intricate geometdegdnced
material waste (Fig. 21). The rapid melting and solidification in AM processes are
also beneficial in retaining the naoaides[151,161,169,170]L.-PBF and DED are

the most studied AM techniques in developing ODS alloys. Nevertheless, it is
important to account for the fact that most powders lose their shape due to plastic
deformation during milling, as irregulgrshaped powders are unsuitable for AM
processes. Conserving the sphericity while equally distributing theamades is
required to have a fully dense structure without any defect, and process parameters
should be designed accordingly’ 11 174].
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Alloying Manufacturing HT build platform
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#
Removed substrate
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Figure2.21 Flow charts comparing the steps of conventional production of ODS
alloys and AM[161].
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2.5.3 Nano-Oxide Systems

The strengthening in ODS alloys strongly depends on the size, number density and
distribution of thenancoxides. In this regard, complexAl-O oxides are found to

be coarser than other oxide systems, and they have a propensity for coarsening during
subsequent processgbr5,176] Recent studies demonstrate that adding exide
forming elements can refine the oxides. For instance, the preferential formation of
Y-Ti-O oxides by the addition of Ti in a nickel matrix has led to finer oxides and
increased mechanical properties, withimereased number density of naoxides

[150]. Dou et al. reported that a 0.03 wt.% increment of titanium in aluminum
containing DS steel raised the-Yi-O oxides by almost 30¢477]. Lu et al. studied

the effect of the Y/Ti ratio to observe the oxide distribution behafd@B].
Furthermore, the addition @f and Hf resulted in the formation of even more refined
nanoeoxides, contributing to superior mechanical properties. Specifically, oxides,
including Zr and Hf, are observed assZv30:12 and Y:Hf2O; compounds,
respectively[177,179181]. Gao et al. showed that Zr addition suppresses the
formation of Y-Al-O oxides and promotes the formation of fineZ¥O120xides in

ODS ferritic seel[182]. Xu et al. compared two kinds of ODS steel, with and without
Zr addition, and demonstrated the exceptionally improved mechanical properties
with ultrahigh number densities oncoxides in the Zcontaining varianf183].
Similar to Zr addition, Hf addition to ODS steel effectively suppressed the formation
of Y-Al-O oxides and refined the grain sig84]. TEM and HRTEM study on

Y Hf>O7indicates that an excellent improvement in the coherency ofoeides is
achieved with Hf additioi185]. Tang and Kang state thabhf.O7 particles are
found to be finer than XZr3O12particles, which leads to better mechanical properties
[186,187] Additionally, Huang et al. shosdthat Hf is more potent in refining the
oxides than T{188]. Common yttriurAdbased nanoxide compouds are listedn

Table 2.6.
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Table2.6 Common nan@xide compounds based on yttrium with their
crystallographic structure (adapted frgb61]).

Alloying Element Oxide Compound(s) Lattice Structure
Yttrium Y203 Cubic
o Y2TiOs Orthorhombic
Titanium ) )
Y2Ti207 Cubic
Y 4Al 209 Monoclinic
Aluminum Y 3Al5012 Cubic
YAIO3 Hexagonal
_ _ Y 4Zr3012 Trigonal
Zirconium .
Y 2Zr207 Cubic
Hafnium Y oHf207 Cubic

2.5.4 Studies Pertainingto Inconel 625

The available literature on ODS IN625 is scarce, with most studies concentrating on
the addition of yttria. Within the scope of metal matrix composites, Ghodsi et al.
investigated various PBF parameters for IN625 reinforced with ytistabilized
zirconia to monitor porosity and mechanical proper{ie89]. Spierings et al.
demonstrated that AM of irregularly shaped® IN625 powders is possible,
although it requires significant alterations to the process win{ib®d]. A
remarkable increase in strength in AM ODS IN625 in the study of Li et edpat
temperature, 800 AC an dD3va@ao(194nterntcso mpar ed t
of corrosion resistance, Arnold et al. reported that #eation rate of ODS IN625
produced via spark plasma sintering was reducefldOcompared to the wrought
componen{l192]. Moreover, Zou et al., successfully incorpodaterOs into IN625

to produce nansized LaTi>O; oxides using wire arc DED and achieved an

excellent oxidation resistance at elevated temperafii®8s
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o v[am] o]y [a[T]

1# 433 1.78 0 0.56
2# 833 564 0 0.60
3# 5.64 3.15 0.21 0.55

1# 326 1.88 0 0.60
2# 258 253 0 0.60
3# 3.10 403 0 0.54

Figure2.22 STEMimage showing the naraxides in aAB and b) heatreated
ODS IN625, with their atomic fractigi91].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Starting Materials and Alloy Design

In this study, a new grade of ODS IN625 was intenidetle developedror the

production of ODS IN625 via AMgas atomized IN625 powders with particle sizes
ranging from 24 tfom6e&lkon Metcow Busopes@mplgs! i e d
shown in the SEM micrographs kg. 3.1. In order to see the effect of prodion

method on the final properties of the IN§2&vrought IN625rod, which had been

heatt r eat ed at 951 AC for 3®aspurchased #@sn and t
VDM Metals International GmbH. The elemental composition of the IN625 powders

and the wroght componenasprovided by the manufacturerarelistedin Table

3.1,along with thenominalIN625 compositiorprescribed irASTM-B443 standard

[124].

Table3.1 Elementakcomposition of théN625 powdersand rod with respect to the
ASTM-B443standardspecifiedfor wrought N625 (in wt%)

IN625 Powder IN625 Rod ASTM-B443
Nickel 65.4 59.9 58.0 min.
Chromium 20.9 22.3 20.023.0
Iron 0.20 4.36 5.0 max.
Molybdenum 8.75 9.12 8.0-10.0
Niobium + Tantalum 3.60 3.39 3.154.15
Manganese 0.41 0.06 0.50 max.
Aluminum 0.02 0.24 0.40 max.
Titanium 0.02 0.32 0.40 max.
Carbon 0.03 0.02 0.10 max.
Silicon 0.48 0.16 0.50 max.
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Figure3.1 SEM micrograph of IN625 powders.

Y20z is the most commonly usediditive forstudies regarding OD& metals This
preference isttributed to the fact that20z and Y20z-based nanoxides have the
greatst thermodynamic stability, making them resistant to coarsening effects at
temperat ur es h[l6]h76]HoweverynOsid @tedto aldys that
containoxide-forming elements such as Al and Ti in their composition, whieh

not sufficiently present ilN625. Additionally, Hf isshown in several studies to
producethe finest nanaxides due to its effectiveness in refining tbther oxides
[179,185,186,188]Consequently, powder forms ob@3 and Hf were selected as
starting materialg this study along with IN6250owders High-purity Y203 and Hf
powders wer@btainedfrom Nanografi Nanotechnology Cawith particle size®of
1544 mm and 1838 nm, respectively. Both powders have irregular morphology, as
shown inthe SEM micrographs in Fig. 3.2.
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Figure3.2 SEM micrographs of)eHf and b) ¥.0s powders.

3.2  Mechanical Mixing of Powders

To achievea homogeneous dispersion of nasiped Y-:Os on the surface of the
IN625 powders without losing their sphericity, ball milling waeformedusinga
zirconia (i.e., Zr@) vial with zirconia falls of varying diameters (5 mm, 1 mm and
0.5 mm). Mixing of the powders was carried out using the Fritsch Pulverisette P6
classic line planetary mono mill higgmergy ball milling machine under Ar
atmosphere to prevermontamination.To optimize the mixig parameters (i.e.,
mixing time and rotation speed),ixing times were set at 2, 5, 10, 30, 60 and 120
minutes, while rotation speeds ranged from 200 to 500 Fwn.comparison,
powders were also mixed by hardwas found that ¥Oz powders were effectively
dispersed ontdhe IN625 powders with minimal agglomeration when using the
rotation speed of 200 rpm with Zs®@alls with diameters of 0.5 mm and 1 nifime

ball milling machine, zirconia vial and balls used in mechanical alloyi@g@own

in Fig. 3.3.
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Figure3.3 a) Ball milling machine and b) zirconia vial with balls inside.

3.3 Laser Powder Bed Fusion of Standard and ODS IN625 Powders

The AM of ODS IN625 and no®DS variant (hereaftare f er r ed t o as ASTDO
performed using an EOS M29@I8ctiveLaser Meltingmachine equipped with a

400 W ytterbiumaf i ber | aser wi t h Aaotalsop 2btdiffesentz e o f 110
combinations of scan speed (mm/s) and laser power (W) tegteel to detanine

the optimalcombination ofparametersitilizing the parameter matrix shown in Fig.

3.4. For eachset ofparametes, a batch otubeshapedsamples with a dimension of

15x15x15 mmwere produced and uséat porosity and hardness measurements.

otherwords, two batches of the parameter mattikedor STD and ODS IN625 has

been produced for the parameter optimizafidre layer thickness and hatch spacing
werekeptconstant at 4@ mand 110 & m, r -éirecfoaat scanmirgg! vy . A bi
strategy with aatationange of 67 A was deployed during t he
After a thorough metallographic investigation, 4 parameter setcinvariant were

selected for further microstructural analytsisnake dinal decision on the optiom

parameterskor boh alloys, scanning power of 285 W and scanning speed of 960

mm/s were determined to be the optimal parameter setRBR production.
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#1 #2 #3 #4 #5
P=200 P=200 P=200 P=200 P=200
V=750 V=850 V=960 V=1100 V=1200

#6 #7 #8 #9 #10
P=240 P=240 P=240 P=240 P=240
V=750 V=850 V=960 vV=1100 V=1200

#11 #12 #13 #14 #15
P=285 P=285 P=285 P=285 P=285
V=750 V=850 V=960 V=1100 V=1200

#16 #17 #18 #19 #20
P=300 || P=300 || P=300 || P=300 || P=300
N v=750 || v=850 || v=960 || v=1000 || v=1200
Laser #21 #22 #23 #24 #25
Power (P) || P=350 || P=350 || P=350 || P=350 || P=350
(W) v=750 || v=850 |[| v=960 || v=1100 || v=1200

) Scan Speed (V)

(mm/s)

Figure3.4 Production matrix for the{PBF of powders.

Using thesele¢ed optimal parameter setylindrical samples with a diameter of 10

mm and a length of 60 mm were produced vertically on a stainless steel build plate
in an Ar atmosphere to prevent crasstaminationA cylindrical sample produced

by L-PBF method and dogbone shaped tensile testing specimen machined from

that sample are shown in Fig93.

3.4 Heat Treatments

The heat treatmesif all alloys werecarried out usinga Protherm MOS 180/4
chamberfurnaceshown in Fig. 3.5 wi t h a heati Alepsam@ese of
were placedn alumina crucibles and a protective purgewasappliedduring heat
treatment to prevent contaminatiduring the study,wo different heat treatments

were applied to the samples. Namely, additively manufactured AB alloys were

directly aged atthe selected aging temperature and also AB alloys along with
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conventionally produced rod were solutionized and aged according to the selected

solutionizing and aging temperature.

Cm

[
i
=
o

Figure3.5 Thechamberfurnace used fathe heat treatments

3.4.1 Solutionizing of the Alloys

Solutionizing of the IN625 takes place at te
the solutionizing temperature and the duration plays an important role in determining

the final mcrostructure as well as mechanical properties. The recommended
solutionizing temperatur e[l137ointhelctdién2 5 i s 1150
study, three solutionizing temperatures ran:
with durations varying from 10 to 120 minutes to optimize the solutionizing process.

Specifically, a parameter matrix similar to that used HPRBF production,

comprisng 15 different temperatutene combinations, was evaluated to identify

the optimal solutionizing temperature. For the best mechanical properties, 15 AB
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ODS IN625 samples were sectioned and solutionized according to the matrix shown
in Fig. 3.6. To prevanunwanted phase formation during cooling, all samples were

waterguenched right after heat treatment.

1100 °C
Solutionizing 1150 °C 10/20/30/60/120 mins.
1200 °C

Figure3.6 Heat treatment routes to select optimal solutionizing conditions.

After metallographicahvestigatios and hardness tests on solutionized samtiies,

optimal solutionizingtemperature wadeterminedtobd 150 AC for 60 mi
STD, ODSIN625 and conventionally produced rod were then sectioned and
solutionized for microstructural analysising this parameter set asdbsequently

water quenchedMoreover, tensile test specimens fraiorementioned samples

were also subjected to the same procedures prior to their tensile testing.

3.4.2 Aging Temperature

Similar to the solutionizingaging heat ti@ment is also applied to IN625 samples to

promote strengthening phases and enhance the mechanical properties at elevated
temperatures. Aging temperaturl®44Ddeor | N6
to the number and complexity of phase transformations within this temperature

range, selecting the appropriate aging temperatunaigsat for achieving optimal

mechanical propesds. Aging treatmentshave beenapplied on two different

conditions such a®\B and solutionized sample§he aging temperatureas

determined based on the mechanical property changes on AB ODS IN625 after their

direct aging DA). DA, a relatively novel heat treatment for additively manufactured

Il N625 sampl es, was conducted at[l38emper at
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To optimize the aging process, these two temperatuees tgsted with durations
ranging from 2 to 36 hours, resulting in a parameter matrix of 12 different
temperaturdime combinations, as shown in Fig. 3The aing treatment on

samples was followed by air cooling.

700 °C
Direct Aging < 2/4/6/12/24/36 hrs.
800 °C

Figure3.7 Heat treatment routes to select optimal DA conditions.

Based on metallographic examinations and hardness tests on AB ODS IN625 alloys,

the opti mal aging treatment parameters were
parameters were Beequently applied to the solutionizing and aging heat treatments,

resulting in a combination afolutionizingatt 150 AC for 60 minutes f
agingatr 00 AC for 24 hours.

35 Microstructure Characterizations

The cubes produced for the parameter stumtlycylindrical samples were separated

from the build plate using electrical discharge machining (EDM) by the

manufacturer. Each cube was metallographically prepared for porosity
measurements in the-pslished conditionThe ample surfaces were ground ngi

SiC abrasive papemsith grits of 220, 400, 800, 1200 and 2000. Final polishing of

the samples was carried angingd i amond suspensions of 6 em a
sizes, followed by colloidal silica suspenswith a particle size f 0 .. After € m

cleaning the polished surfaces with etharnbésamples were electrolytically etched

to reveal the microstructural features by means of a solution of 5 g oxalic acid and

95 ml of HCl at 3 V for 1015 seconds. In the case where eleetahing was found

to betoo aggressivdahes ampl es wer e i mmersed in a Kallin
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ml ethanol, 100 HCI and 5 g Cufletchant for 30 to 60 seconfls chemical
etching

351 Optical Microscopy

3.5.1.1 Porosity Measurements

For pore analysisurfaces of theubes produced wittlifferent parameters from the
production matrixwere examineth aspolished conditiorusing optical microscopy
(OM) under Huvitz Digital Microscope (HDS5800). Lowmagnification images
werecapturedrom five different locationsmweach sample, and Imap&.4¥Y digital
processing software watilized for the quantification of the pore contetsing the
global thresholding method, the area peragetf the porosities were calculated and
averaged for each samp&amples having the lowest porosity arahstard deviation

were identified.

3.5.1.2  Microstructural Investigations

Micrographs of etched samples were captured at various magnifications using OM
to study the shape and distribution of the melt pdd&dt pool length and depth for

the cubes from the prodiien matrix were calculateahalyzing their microstructural
images using ImageJ 1.49v digital processing software. For each sample,
measurements were taken from 10 different melt pools across twadgnification

OM micrographs and averaged. Grain morplg@s in asbuilt (AB), direct aged
(DA), and solutionized and agedSA) conditions were analyzedyhere semi
quantitative grain size measurementyeconducted in the SA condition using the
same software. Excluding edge grains and twin boundaries, st theee
measurements were takéar eachgrain, and average grain sizes, along with their
number fractions, were plotted. Additionally, the columnar and dendritic structures

in the AB alloys were characterized, while microstructural investigations of heat
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treated samples focused on melt pool boundaries, secondary phases, and grain

structures.

3.5.2 Scanning Electron Microscopy

3.5.2.1  Microstructural and Compositional Analysis

The morphology of the virgin and batiilled powders, melpools in AB SA, and

DA alloys, as well as the secondary phases and local compositional differences, were
analyzed usingcanning electron microscop$EM). FEF430 NanoSEM scanning
electron microscope equipped with EDAX SSDD Apollol0 Energy Dispersive
Spectroscopy (EDX) deteor wasused, operating at an acceleration voltage of 20
kV. Similarly, a Hitachi SU5000 Field Emission Scanning Electron Microscope,
equipped with an Oxford axN 80 EDX detector, was utilized for chemical
composition analysis of the secondary phasese@mental mapping of selected

regionsat an acceleration voltage of 20 kV

3.5.2.2 Texture and Grain Boundary Analysis

The textures and grain structures of the AB and-treated IN625samplesvere

analyzedusing the Electron Backscatter Diffraction (EBSD) taghe. Sample

preparation for EBSD involved grinding 300 nthick samples with SiC abrasive

paper up to 2000 grit followed by elecfpolishing. Electreetching was conducted

using a Struers TenuRBltwin jet electro polisherat 0 AC and 108 V in a s
of 5 vol% perchloric acid and 95 vol% methanol. EBSD was implemented on a 1000

Om T 1000 Om region, with a step size of 1
equipped with a TSL EBSD detector. Data refinement was carried out using OIM

5.31 software to geerate inverse pole figure (IPF) maps, grain boundary maps,

Kernel average misorientation (KAM) maps and pole figures.
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3.5.3 Transmission Electron Microscopy

The presence of the nawoaides and their composition in AB condition were
examired through TEM. A JEOL JEMRM200CFEG UHRTEM equipped with
EDAX EDX detector at 200 kV and JEOL JEM 2100 HRTEM equipped with Gatan
Model 833 Orius SC200D CCD camera were used for these investigations. Sample
preparation for TEManalysisinvolved grindingthe samples to a thickness of 100

nm using SiC abrasive paper (2000 and 4000 grit) and punching them into 3 mm
diameter discs. The final thinning of the samples was achieved by gbetishing

with the same procedufer the EBSD sample preparation.

3.6  Mechanical Properties

The preliminary evaluation of the mechanical behavior of the samples at room
temperaturewas conducted via microhardness measurements, followed by room
temperature tensile testing. Microhardness measurements were performed using a
Shimadz HMV-2 E machine, applying 0.5 kg of load for 10 secoAdtatal of 21
measurements were taken at various points on each sample surface. For tensile
testing, verticallybuilt cylinders have been machined as per the ASTM E8M
standard, whiclhequiresa dogbone shape with threaded ends with gauge length five
times the diameteFig. 3.8 and Table 3.2 specifies the dimensions of the tensile test
specimen, and in Fi@.9 the manufactured cylinder and machined tensile specimen

is shown.

[
N y Z
*~— —— D — - —_ [
i P
|

G R

Figure3.8 Cylindrical tensile testing specimemachinedaccording to the ASTM
E8M standard195].
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Table3.2 The dmensiors of specimens (smaflize) used in this study.

Component Dimension (mm)
Gauge Length (G) 20.0 N 0.1
Diameter (D) 4.0 N 0.1
Radius of Fillet, min. (R) 4

Length of Reduced Parallel Section, min. (A) 24

Room temperature tensile testing of the AB and-tregited samples was conducted

according to 1SO 6892 1 standard, using the BESMAK BMHE series universal

testing machine. The initial strain ratpto the yield point was 3x10s, while it is

2.4x10% s from the yield point to the fracture. On the other hand, tensile tests at 700

AC have been carried out using an Instron 5
with a tubular furnace. The initial strain rate of the high temperature tensile testing

was1.5x10% s, as per ISO 6892 standardTo have thorough and reliable results,

eachtensiletest was performed three timaleng the zirection (i.e., BD) and the

valuesncluding yield strength and elastic modulus, waermined from the stress

strain curves.
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Figure3.9 Cylindric sample after {PBF production and tensile test specimen.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Ball Mil ling Parameter Determination

Mechanical alloying via &l milling for ODS applications ofteresults indeformed
powders which decreases the flowability anaffects the quality of LPBF
production[196]. An optimal combination of parameter selectioressentialfor
satellite formation, indicating a proper spread of raxides on microssized
powders. In this studynechanical mixing of powders was performeddifferent
durationsand rotation speeds using different sizes of zirconia.ballasfound that
ball milling with 5 mm diametemediaseverely disfigures the shape of the IN625

powders usually after 5 minutes of rotation, regardless of the rotyesed. This is

illustratedin Fig. 4.1

Figure4.1 SEM micrographs showing the morphology of ballled IN625 with 5
mm balls for 10 minutes at a) 300 rpm b) 400 rpm c) 500 rpm

On the other hand, reducing the size of ball miling media as well as the rotation
speedchas been showto effectivelydistribute nanexidesevenlywithout distorting

the shape of the powders. Therefore, a mixture of balls withm@nSand 1 mm
diametersvas selected, andpeed was set to 200 rpwfter determination of the
dimensions of the milling media and the rotation speed during miriaghanical

mixing wascarried ouffor durations ranging fro® minutes to 120 minutes gain
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thorough insights intothe powder distribution and agglomeratioRrior to
mechanical mixing, hand mixing waaso carried out to observe thsatellite
formation ofthe naneoxides.Fig. 4.2.showsthe SEM micrographs of IN625 .03

and Hf powders mixed either by hand mixing or ball milling for different times. As
shown in this figurehand mixing does not yield proper satellite formatiwhereas

the fraction of the ¥Os nanepowders in mechanidgtmixed samplesemarkably
increass up to 30 minuteafter which agglomeratioof nancoxidesbeginsto occur

at 60 minutesPowdersappeatto breakapart in the case of 100 minutes, then start
re-agglomerating at 120 minutes. Consequently, ball milling for 100 minutes at 200

rpm has beefound to produce the best satellite structures.
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Hand mixing

Figure4.2 SEM micrographs of mechanically alloyed IN6@23Y>0s-0.4Hf
powders with the mixture of 0Ofamand 1mm diameter media at 200 rpm,
showing yttria oating and morphology with respect to the milling time.
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4.2  Parameter Optimization for Laser Powder Bed Fusion

Two batches, includingtandardSTD) and ODS IN625, and 25 different samples,

according to the production matrix given in F3g4., are produced viaBBF.

421 Standard IN625

#1

. .

=

E-“t .

' 3 1F

21 N 22 2 524 W r2s’ T
[‘V . ‘ ‘ _- 3 ’T" : "\ = o 2 ' s ”'\

Figure4.3 OM micrographs of STD IN625 samples ir@dished conditionwith
numberscorresponding to those specifiedthe parameter set of theroduction
matrix.

The aspolishedoptical microscoped@M) micrographs of standard IN625 are shown

in Fig. 4.3 aboveBoth scan speed and laser power haw@nsiderable effecn
porosityformation insamplesFrom Fig. 4.3, a increase in the porosity is apparent

at lower scan speeds and higher laser powers. Specifically, gas porosities are
observed at moderate scan speeds and laser powers, while lack of fusion porosities
(i.e., keyhole porosity) starts to form at higher scan speeds and laser iiaars,



which is consistent with théindings reported in théterature[197i 201]. Lack of
fusion is a result of insufficient melting between the layers or convective flows due
to higher laser powerf202]. Such porsities are considered very detrimental,
especially when they are accumulated in a specific retjiarantrast, gs pores, are
observed as spherical and remarkadhallerthan lack of fusion porosities. They
result from the hydrogen encapsulation dueht® moisture on the surface of the
powderg203,204] Fig. 4.4 stows the amount of porosity and hardness values with
respect to the sample nber. It is clear from this figure thathile hardness values
among the sampleare relativelysimilar, porosities as high as 1% have been
observed at the extrasof theparameter matrix. On the other hand, porosity amount
decrease$o around 0.1% witlthe combination of moderate parameterhis low
porosity contentias beerachievedin several other studies, following tisamilar
strategesfor the L-PBF of IN625[205,206] Among all, bur samplesH9, #13,#18

and #20) were found to have the minimum porositsth the lowest standal
deviation andwere selected for the melt pool analysis. The quantitative gadtie
porosity percerdigesand hardness values of selected sammésng with their

parameter sefarelistedin Table 4.1
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Figure4.4 a) Porosity amount and b) hardness valigesample numbédor the
STD IN625.
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Table4.1 Porosity percent and hardness values of the selected STD IN625 samples
from the produtton matrix.

Sample # Parameter Set  Porosity (%)  Hardness (HV)
P=300 W . .
9 0.14N0.04 291N9
V=750 mm/s
P=285 W . .
13 0.18N0.05 290N 16
V=960 mm/s
P=240 W . .
18 0.07N0.02 276N 15
V=960 mm/s
P=240 W . .
20 0.05N0.04 284N13
V=1200 mm/s

As demonstrated iffable 4.1 Samples#18 and#20 have the minimum porogit

content However, their hardness values are lower than those of Sa#f@esi#13,

which also shovhigher standard deviationSonversely Samples#9 and#13 have

slightly higherporosity percentages than the other samplethey posseskigher

hardness valueblelt pool analyses of Sampl#8, #13,#18 and#20wereconducted

based on th©M micrographf STD samplesn etched conditiorfFig. 4.5) and

their melt pool dimensiamarelisted in Table 4.2The melt pools in Sampl9

appeasslightly shallow andvide, as they have the minimum depth and the greatest

width among the samples wi t h

eEm,

On the other hand, deeper melt poulkich infer higher energy inputs are found in

a

mel t

pool depth

r e s.mMereoverr keyhdleyporsitieswere also observed in that sample

Samplestl8 and#20. Both samplegxhibit wider melt poolsalong with thénighest

standard variationwhich isresulted from aombination of high laser power and
lower scan speed206]. Eventually Sample#13 (285 W, 960 mm/s) shows the most

properlyformed melt pools among the final samples, and therefore, haslbessn

as the optimal parameter set.
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Table4.2 Average nelt pool dimensions of the select8d@D samples.

Melt Pool Melt Pool Melt Pool
Sample # _ _
Depth Wi dt h Aspect Ratio
9 61.5 N 159. B8 2.60
13 62.1 NM124. 8”0 2.00
18 68.1 N 154 .442 2.27
20 71.4 N 145 .240 2.04

b) #13

Figure4.5 Melt pool micrographs of a) Samp#9, b) Sampletl3, c) Samplét18
and d) Samplé20in etched condition.

4.2.2 Oxide Dispersion StrengthenedN625

The same procedur@s determining the optimum processing parametssiesd for
STD IN625 were also appliddr ODS IN625. OM micrographs in the-pslished
condition for each parameter satpng with corresponding hardnesaluesand

67



porosity amountareshown in the following figures (Fig. 4.6 and 4.7). The behavior

of the ODS powders exhibitssamilar patternto that ofSTD IN625, with a slightly
improved porosity at moderate laser powers and spaads. Itvas observedhat

the ODS samples produced at moderate scan speeds and low powers contain
approximately0.1% porosity while parameters at the extesim the matrix results

in a considerable porositgachingup to 1.4%. Moreover, Sampi23 exhibited
solidification cracking, which is likely owing to residual stresses or the presence of
semisolid secon@hase particles during solidificatip207]. Based orthe hardness
values coupled with porosity percages Sample#l, #7,#13 and#21wereselected

for further microstructural investigationThe quantitative values of porosity

percenagesand hardneskr the selected samples are shown in Talfe 4.

#1 #2 #3 #5

Figure4.6 OM micrographs of ODS IN625 samples in@dished conditionwith
numbers corresponding those specified ithe parameter set gfroduction
matrix.
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Figure4.7 a) Porosity amount and b) hardness valteesample numbdor the
ODS IN625.

Table4.3 Porosity percertgeand hardness values of the selected ODS IN625
samples.

Sample # Parameter Set  Porosity (%)  Hardness (HV)

P=30 W - N
1 0.17N0.07 296N 14
V=750 mm/s
P=300 W . .
7 0.16N0.19 309N13
V=850mm/s
P=285 W . 5
13 0.18N0.05 309N21
V=960 mm/s
P=200W . .
21 0.16N0.05 305N17
V=750mm/s

The porosi percentageand hardness values of the selected samples are somewhat
similar to each other. Therefore, microstructures in etched conditions play a more
predominant role in the selection of thigtimal parameter sét this caseMelt pool
configurations of the selected samples are shown in Fig.a#@ the melt pool
dimensions of the selected samples are listed in Tahl&ednelt pools in samples

#1 and#7 are relativelydeepeibut larger n width, indicating a lower energy input
[208]. In contrastsample#21 exhibitsrelativelyshallowmelt pools Quantitatively,

samples #13 and #2fave the least standard variation in their melt pool depth and
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width, inferring more stable melt pool structuredowever keyhole porosities
associated with the lack of fusion are visible in sampilés #7 and #21.
Consequentlythe parameter set of Sarapil3 has once again, has beatentified
asthe optimal choice for the ODS IN625 productidtote that using the same L
PBF parameters resulted in different melt pool aspect ratios, with the STD alloy
exhibiting an aspect ratio of 2 and the ODS alloywshg 1.61. This indicates that

the addition of Hf and ¥Os altered thdaserabsorptivity of IN625 powders which

can be seen from their larger melt pool depths.

Table4.4 Average melt pool dimensions of thdesgedODS samples.

Melt Pool Melt Pool Melt Pool
Sample # . .
Depth Wi dt h Aspect Ratio
1 04.4N12.9 174.4N352 1.85
7 82.3N 99 . 159.0N 4.3 1.93
13 809N 10 130.1N12.9 1.61
21 79.7N 12 1559N 24 1.96
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Figure4.8 Melt pool micrographs of a) Samp#&, b) Samplé#7, c) Samplefl3
and d) Samplé21 in etched condition.

4.3 Selection of the Heat Treatment Route

There are several heat treatment methods to control microstructural features of
IN625. As mentioned in the literature review, most of the heat treatments for
conventional and AM IN625 include stress relieving or two step solutionizing
followed by aging stges. Owing to the high number of parametersolved
hardness measurements were initially conductedODS sample$o assesgshe
changes in mechanical propertieShis is followed by microstructure

characterization for the final decision.

43.1 Solutionizing Temperature

To control the morphology, quantity, size, and distribution of secondary phases, as
well as the grain structure, IN625 is usually subjected to solutionizing heat treatment
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to fully dissolve the alloying elements into the nickel matrix. Whileiows
solutionizing temperatures have been tested to enhance the mechanical properties of
the IN625 alloy, the specific role of the treatment temperature in microstructural
evolution and mechanical performance remains ambiguous due to the numerous
variables influencing the final microstructure and properfg89]. Fig. 4.9illustrates

the hardness evolution of ODS IN625 aftee heat treatmestaccording to the

parameter matrix in Fig. 3.6

250
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Figure4.9 The hardness of ODS IN625 alloys solutionized at 1100, 1150 and 1200
AC from 10 to 120 minutes.

A notable and expected decrease in hardness is observed in all samples, with values

ranging between 210 and 240 HV which are significantly lower than those/ABthe
alloythatis314HY At 1100 AC, the hardness remains
tothetr eat ments at 1150 and 1200 AC, ranging
stability has beerattributed to the slower dissolution of secondary phases, such as
carbides. At or bel ow 111adbedu€portedto s ol ut i on
sluggish, which impets grain coarsening and the solid solution content during heat
treatment[209]. Conversely, the dissolution of secondary phasssms to have

acceleratds i gni fi cantly at temperatures above 11¢
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i n hardness for sampl es t rine 30t reirdites.a t 115
Quantitatively, the hardness reduction is more apparent isatin@les hedatreated

atl1200 AC, with a decr easdeatedtat@(be., a0 f r om t
minutes)to the sample treated for 30 minut€M micrographsof ead sample are

presented in Figt.10.

10 min. 20 min. 30 min. 60 min. 120 min.

11000(:---
1150“C- ’ ‘ --
12c'o.c-----

Figure4.10 OM micrographs of hedteated and etched ODS IN625 samples, with
each row corresponding to temperature and each column corresponding to time.

Recrystallization is evident in all samples, regardless of the heat treatment
temperature and duration. An abundance of twin boundaries is observed in each
sample, though their prevalence decreases with increasing temperature and time.
Grain size increaseprogressively with extended heat exposure, with the most
significant gr owt h o c c ulnadequate dissalutioh bfe 1 2 0O |
secondary phases for the samples-heate at ed at 1100 AC restri
to a certain extent by grain bowarg pinning, leading to a stable hardness change

during the heat treatmerithe initial decrease in hardness observed between 10 and

30 minutes in the 1150 AC and 1200 AC sa
internal stress reliednd secondary phasdissolution This occurs while the solid

solution strengthening effect remains absent sihealloy has not yet achieved a

uniform solid solutiorstate Beyond this period, the subsequent increase in hardness

suggests that the alloy transitions intmare homogeneous solid solution state, free
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from residual stresses introduced by thBRF process. In other words, prolonged

exposure at these temperatures allows the microstructure to stabilize, overcoming

transient softening effects. As the material rapghesuniformity, its mechanical

properties begin to improvAdditionally, formation of new naroxides at elevated
temperaturebelpshindeiing grainsfrom furthercoarseningPu et al. statkthatthe

grain coarsening af teaedissbltibrniofsécendarysphasese t o t h e
and enhanced diffusion of the solute atoms, facilitating the grain gri@a0j.

Therefore, ® promot an effective strengthening wiht muchgrain coarseninga

heatt r eat ment rout e of hasleénchosadfor ffusther 6 0 mi nu't
characteriation Fig. 4.11 shows the&SEM micrograplof theODS alloy solutionized

at 1150 AC f{Tlermicrér3calensecondarg ghases correspond to the

primary carbides of Hf and Nb, which have greater stabwhygre theydissolve in

the matrix at much higher temperatufies e . , t emper at uiflds4 exceedi n

Figure411SEM mi crograph of the ODS sample solut
minutes.
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4.3.2 Direct Aging Temperature

Recent studies have shown that DA of AM IN625 resultsdigaificant increase in

the mechanical properties compared to conventional heat treatment routes. In one
study, Keya et al. used 700, 900 and 105
hours to monitor hardness changes HPRF producedIN625, finding anotale
increase in har dne §38] Similarly, Dar AicCe s ®d s 10e ha
selected DA temper at uwithsgeatmentiwagoasoR, 800 and
and 24 hours. The hardnesstohe AB sampl es peaked at 70!
hour s, although the formation of the del
[137]. Both studies demonstrate that mechanical properties impvikieextended

DA treatmentdurations regardless of the temperature. Ferraresi et al., on the other
hand, conducted DA onl achieset sugefidpropétids f or 8
compared to the othdeat treatments such as stress relieving, solutionaomg

or solutionizingfollowed byaging[211]. According to therecentinformation, DA
temperatures are selected as 700 and 800
36 hoursas illustrated in Fig. 3. Thehardness values of the DA alloys, with respect

to the duration of the heat treatménshown in Fig. 4.12
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Figure4.12The hardness of th&B ODS alloy andDA ODS IN625 from 2 to 36
hours at 700 and 800 AC.

As can be seen froiffg. 4.12, shortterm DA at both temperatures leads to a notable

decrease in the hardgsprobably because of the relief of the residual stresses

generated during-PBF production. Further heat treatmenbsequentlypromotes

the formati on Njphasesresuling optameease nngardreess,

although it has not yeeactedthe \alue of the AB alloy. Between the 4 to A@urs

range, a compdive trend in hardness is observeetweensamples.However, a

decrease in hardness is observed at 700 AC
between 6 and 12 hours which potentially indicatee onset of phase

transformations, as shown in the micrographs in Fig. 4.13. The subsequent increase

in hardness after prolonged ther mal exposur
hours at 800 AC) can be attrformedbhaged t o t he 1
scaleo NjNj p h as e s, decomposition of MIC aarl@des into 2MCe-type

carbidesand the continued formation ®fNjNjesp h a s
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Figure413SEM Mi crographs of DA 40DSb) NGDRSH AC
6h and ¢ ®BO00d)ACBO00 AC

For samples treated @& 0 0 A Gnjtiallyt omogeneous distribution of the

secondaryphase networks appears disrupted between 6 and 12 hours. Interestingly,

the TTT diagram of AM IN62%loes not inttater a pi d f @hasedotnmatom U

and even Laves phase after around 30 hoQoversely, the TTT diagram of

conventional | N625 indicates U and even

hours. Given the shift of the formationtbield p h a s e TTd for AMéN625n

formation of the Laves phase may have taken placamples treated 80 0, AC

over24 hours.

An exceptional increase in the hardniessbserveé&a f t er 12 hours at 70
A Qwhich is consistent with the findings of MarchesaletHowever, & 36 hours,
hardness decreasat 8 0 0 dh@vjng aslightlinereaset 7 (L87]. Thi€
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limited increase in hardne§so | | owed by a ,tbkelydeatsthte at 800 A
coarsening of the 0 amagnificaion O migrdymaphe s . Il ndee
of the sampleshowninFig.4.14, eveal the presence of the int
along grain boundaries and withgnains.

a) b)

Figure4.140M Mi crographs of DAiDHSh|l &ABAS5bRrt8A) A
i 36h

For 7 0924A 36hdutsamples come to the forefront due to theliatively

higher hardnessomparedot he ot her sampl es. Since U phase

detrimental to the properties, a microstructure devoid of this phase is preferable.

However, the formation of 04 phase is alread

700 Afake aTweHlsuppored decisioron the DA temperature, both OM and

SEM micrographs of 2224 and 36hour samples are shownkig. 4.15. In the 12

hour OM micrograph, melt pool boundaries are cleadible, while theybecome

obscure in the 24and 36hour samplesi-urthemore no significant change in the

morphologyof the grain boundaries is observed throughowgetiarations
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Figured150M and SEM Micrographs of DAI2Z0ODS | N¢
h,c)jandd) 70iR4AC, e) ®n3d. f) 700 AC

TheSEM micrographs clearly reveal secondary phases formed duribgithia all
samples, micros i zed U are evident. Surprisingly
fairly consistent across the samplegile mechanicaproperties improve over
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time. Additionally, bHocky particles appear in the 24nd 36hours samples.
According to the TTT diagram and existisgudies these particles are likely MC
and M:3Cs type carbides.Ultimately, following hardness measurements and
mi crostructur al anal ysi s, 700 AC for
temperature for both STD and ODS alloykreover, solutionizing and aging (SA)
temperature for the IN625 alloyas been chosebased on the aforementioned
parameters (i.e., 1159 Gr1 h a n d for’28h). A C

4.4  Microstructur al Analysis

44.1 Microstructure of As-Built Alloys

SEM micrographs of botBTD IN625 and ODS IN62& asbuilt (AB) condition

where the BD is specified with an arrow, are shown in£id.

Figure4.16 SEM micrographs of a) STD and b) ODS IN625 under low
magnification.
Both microstructures are characterized by a combination of fine cellular and
columnar structures, a common phenomenon in alloys producedRBFL The
rapid cooling rates andteepgradients during {PBF drive the formation of these
structures. Suimicron primary dendrites, along with carbides and Laves phases can
also be observed within the cellular regi¢®8,212] Moreover, significant Nb and
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Mo segregation into the cell boundartekes place after the-RBF production of
IN625 parts[128,144,145,148,213]The cell structures of the AB STD and ODS
IN625 are depicted ifrig. 4.77. In the micrograph of STD alloy, columnar and
cellular structures are apparent and specified in &itjfa. Besides, melt pool

boundaries are highlighted with dotted red lines in #mesmicrograph.

Figure4.17 SEM micrographs of a) STD and b) ODS IN625 under high
magnification, showing cellular and columnar structures.

The micrographn Fig. 418 illustrates the interdendritic strhicron precipitates in
ODS IN625.Distinguishing these precipitates using standard SEM techniques is
challenging, as the use of noonductive bakelite for mounting causes charging
effects at higher magnifications during EDX analyBisvertheless, they caasly

be seenusing backscattered electron (BSE) mode in SEM at higher magnifigations
provided in Fig. 418. The available literature indicates that these features correspond
to MC carbides and Laves phases formed during solidificj#ds,215] In ODS
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