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ABSTRACT

EFFECT OF POST-PROCESSING HEAT TREATMENT ON THE
MECHANICAL PROPERTIES OF INCONEL 718 FABRICATED BY
SELECTIVE LASER MELTING

¥ z eSeren
Master of SciengeMetallurgical and Materials Engineering
SupervisorPr o f . Dr . Arcan Fehmi Deri ci
January 2020110 pages

In this study, effect of the building direction and pegatocessing heat treatments on
the microstructure and high temperature mechanical propertiesfabricated
Inconel 718 alloys have been investigatedonel 718 samples were fabricated in
two different building directionssuch that their lontudinal axes wereeither
parallel (horizontally built) or perpendicular (vertically built) to theilding plate.
During the selective laser meltingSLM) process, ame undesired features can
appear in the microstructurd the asfabricated parts due to high temperature
gradient and rapid solidificatiomesulting from the nature of this additive
manufacturing method Therefore, possible postprocessing heat treatments,
including solutionizing and aging, westudiedto eliminate thesaspectsn the as
fabricated parts to enhance the high temperature mechanical properties of
Inconel 718 alloyto be able tsatisfy the requirements of the demanding working
conditions. For both afabricated angheakheattreated(PHT) samplesthe texture

of the horizontally built samples was commonly concentrated in (001), pldrieh
representsthe maximum heat flowand hence easy grain growth direction

Additionally, the columnar grains had slight tendency talso align alongthe



(111) and (101) plarseOtherwise the texture of the vertically built samplead an
intense texture on (001) plane. After all heat treatment conditions, the average
microhardness of the Inconel 718 allsignificantly increasedand themaximum
microhardhessof ~462 HV was achieved foPHT-8h condition (solutionizing at
1040LC for 2 h subsequently aging at 708 for 8 h followed by air cooling). A
slight decrease in hardness was observejingheat treatments applied for more
than 8 hourssi nce t he f or rmiaderedohe prexipitation ofthéd a s e
st r engtthpkase by gonsuming Nb elemeint the system Among the
applied heat treatment processdaiT-8h condition resulting in optimum
hardnesswas selected fothe samples to biensile testd The tensile test results
performed at room temperature revealed that-pastessing heat treatment can
significantly increase the yield strengfffS) and ultimate tensile streng(VTS)

while reducing the elongation at failure for both ikontally and vertically built
samples. Aging treatment promoted the formation of the finely distributed
strengtth@ndi/og 9N precipitates in the matri:
dislocation movement, and therefore improve the mechanical prapéttierever,
both the YS and US of theage hardenethconel 718 alloy decreased when the
tensile test waperformed at high temperaturesinly because of the dissolution

ofthes t r e n g tprexipitatessyndthe formationothel phase i n the matr

Keywords:Nickel-Based Superalloys, Inconel 718 Alloy, Additive Manufacturing,

Selective Laser Melting, High Temperature Mechanical Properties
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CHAPTER 1

INTRODUCTION

Inconel 718was deeloped by International Nickel Corporatiom achieve better
weldability characteristics and has been extensively used for various industrial
applications including aerospace, automotive, nuclear energy systems and
petrochemical industries over the five decadasonel 718 isone of the most
preferred supealoys as high pressure compressor discs, bla@desngand other
components due to good combinations of mechanical properties combined with
oxidation and corrosion resistance, as well as excellent creep resistaieeted
temperatures up {700 (L.

In order to produce only one piece of Inconel 718 alloy component, several
conventional manufacturing methods such as casting, machijongng are
generally tilized together. Furthermore, the machinability of the Inconel 718 alloy
is difficult owing to its low material removal rate. In contrast tonventional
manufacturing methods, additive manufacturing (AM) methods have received
significant interest due to the manufacturing capabilities of highly complex
functional components. The mastportant advantage of AM is that it enables the
production of very complicated geometric shapes in a single production stage, thus
eliminating the number of assembly processes. While conventional manufacturing
methods require many steps to produce théreemomponent that reduces the
product quality and component kfane due to the defects that occurred during the
assembly processes. In addition, AM technology allows manufacturers to replace
or revise the product in a cesffective manner. Instead ofi@nging the production
equipment, it$ enough to change the compeaieted design (CAD) model of the

partto be produced. In contrast, modifying a design during production can result in



significant cost increases or time delays, as it often requiresngelwd equipment

on the production line for conventional manufacturing methods.

AM technology isbasically divided into two groups based on the feeding of
starting materials which aredirected energy deposition (DERnd powder bed
fusion (PBF) Among these methods selective laser melting (SLM) method has
been widely utilized to produce complex shaped Inconel 718 alloy components
with near fully density (>99%) and dimensional accuracy. During the SLM
process, the components are fabricated Haydayer directly with controlled
melting of Inconel 718 alloy powders with a focused laser beam. Then, Inconel 718
alloy powders are uniformly spread on a building platform of a certain layer
thickness and then, the powders are melted according to the-secissal
geomety of the part After the solidification of the melted powders, the platform is
lowered andthese operations are repeated until the mmment is completed as
designedOptimization of process parameter®.(laser power, powder properties,
sa@nningorientation etc.) is necessary t@chievegood mechanical and physical

properties of fabricated components.

Although the SLM method provides several advantages @aventional
manufacturing methodsuch aseliminating assembly processes, reduciegd

time, minimizing material consumption and lowering investment cost, some
undesired features gappear in the microstructurBroblems encountered during
SLM processing can be described as high residual stresses, creation-of non
equilibrium phases,idectional grain growth, segregation of refractory elements or
formation of defects such as cracks, pores, etc. The residual stress can significantly
affect the componentsd di mensi onal and geon
properties. Additionally, te microstructures of gwocessed Inconel 718 alloy
have been shown to differ from that of wrought and casting maté&hakefore,
posttreatment heat treatments are required to prevent the occurrence of these
defectsin the manufactured parte improvemechanical properties and meet the

requirements of harsh operating conditions.



The microstructure of the Inconel 718 allogmpriseso f t he st abl e o9 m
strengt heni m@AIlp,hTais)e)s ;N nhl webNms othe secondary
phasesThe man objective is to optimize precisely the characteristics of the phases

formed in the alloy by adjusting the pgsbcessing heat treatment parameters to

obtain the best mechanical performance. The typical heat treatment procedure of

the Inconel 718 alloyincludes solutionzing followed by agingtreatment The
solution process is <carried out above t
second phases to achieve a homogeneous alloying element concentration in the

solid solution.Aging is then carried out ithe range of 428 70 UC wi t h var
soaking times to allow the formation of finely dispersé@ngthening precipitates

of oN and o9n phases.

This study focuses on the effect biilding directionand postreatment heat
treatments on the mechanical properties of Inconel 718 edioyponentgroduced

by the SLM methodFirstly, Inconel 718alloys were producedin two different

buil ding dir dc 80 dnaseokedmhaefinedoasd homally and

vertically built, respectively Gas atomized Inconel 718 powders with a size
approximately 26 Om were used as starti.
optimization of the pogprocessing heat treatment was performed by changing the

aging @rameters while keeping the solution heat treatment parameters constant. In

this scope, all horizontally and vertically built samples weretsgolized at 1040

UC f @ndtheh aihcooledThe aging heat treatment was then carried out at 700

UC f omus halding timesln addition a pair of the horizontally and vertically

built samples were subjected to standard aging treatment process defined by the
standard AMS 5664 for comparisoRurthermorethe building direction strongly

influences the texturdormation of theasfabricatedcomponent and thus leads to
anisotropic mechanical propertieeherefore tensile tests werperformedboth at

room temperature and el evated temperatur

standardo investigate the mechanical behaviottloé alloy



This thesis consists of five main chaptessich giveinformation about the topics
covered in the current study. Chapter 2 is did into three sections to give
detailedinformation abouthe main componds of the study. Firstly, the properties
of the nickelbased superalloys and their strengthening meshmanare explained.
Then, theAM technology andpostprocessingheat treatmenperformed tothe
manufactured componengse presentedChapter 3 consists of the experimental
procedure utilized for the manufacturingtbe parts by SLMmethod their post
processing heat treatment and high temperature mechanical testaiglition, the
characterization methods used in this study arerdesl in this sectionChapter 4
covers the experimental results of the microstructural examination and mechanical
behavior ofthe Inconel 718 alloy partsFinally, Chapter 5 presents the critical

conclusiongobtained at the end of the study.



CHAPTER 2

LITERATURE REVIEW

2.1  Superalloys

Superalloys have been definad alloys developed farse in gas turbine engine
(GTEs) technologyhat requirs high performance characteristics under prolonged
exposure withoutleteriorationat high temperaturegdditionally, they have been
successfully employed in other engineering applications includingmical and
petroleum plants, nuclear reactors, powerggation, space vehicles, eft]. These
materialsbased on Group VIII B elements withe addition of multiplicity of
alloying element$2,3]. Theyareusuallycomposed of various combinat®af Ni,
Feand Crwith lesser amounts someelements such &3o, Mo, Ti, Al, Ta, Nb, W
and Hf[4].

There are many material grougigt can be utilized at elevated temperatures such
as superalloys, refractory metals and ceranfithough refractory metals possess
good mechanical properties, their paxidation resistance limitheir application

at hich temperature Similarly, the low fracture toughness of ceramic materials
restrics their usagan mechanical application®©n the other hand, superalloys
have been mostlyrpferred due to their greatombination of highkemperature
mechanical charactetiss (i.e. fracture toughness, yield and ultimate tensile
strength) and good resistance to environmental attack. In addition, compositional
control of superalloys allows the development of a broad array of metallic alloys
which can be optimized through ma&acturing or heat treatment process[b
Additionally, the excellent creep behavior of the superalloys makes them attractive

metallic materials for many higlemperature engineering applicati¢6s3].



211 History of Superalloys

Development of the superalloys from the 1940s to these days can be characterized
by optimization of the microstructure and the manufacturing processes. Firstly,
both vacuum induction melting (VIM) and investment casting were introduced in
the 1950s to in@ase the alloy performance by controlling the chemical
composition and remavg of some volatile trace. The@flowed much higher levels

of aluminum and titanium to be added to the superalleggling to the formation

of the strengthening phasgs]. Subsequentlythe manufacturing of directional
solidified and singlecrystal alloys enabled significant developments to be made in
the 1960s. These techniques have been used specifically to produce certain engine
components to minimize or eliminate the grain boundaries that aligned in the load
direction. Nowadayssingle crystal supatloys are used in increasing amounts in

gas turbine engine parts, especially where fatigue em@p properties are

important[9].

Indeed, the superalloys were subjected to both chemical and mechanical
degradations under such extreme operating conditions and resulting in loss of
mechanical properties. Some compositional difications were applied to
superalloys in order to t@r their mechanical propertiesoWever these changes
caused to decrease in the other characteristics of superalloys such as
oxidation/corrosion resistance or thermal expansion properties. Therkaighe
temperature protective coatings were also developed to protect the superalloys
from environmental attacks in the 1960s. Protective coatings were obtained by
enrichment of alloy surfasewith metallic elements (i.e. Al, Cr, Si etc.) the
formation of a dense metallic oxides layer at the coating surface at elevated
temperatures [5,10,11] Advances in manufacturing technology and the
development of protective coatings promote an increase in epgif@mancedy

raisingthe maximum operating temperatire om 800 t o 13mp UC

(Figui
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Figure 21. Development in the temperature limit of superalloys for aircraft turbine engines
[12].

2.1.2 Classification of Superalloys

Superalloys are categorized according to the predominant alloying elements in the
composition; nickel iron-nickel and cobakbased which are used at temperatures
above SFhesesupe@llog are formed by combining a stable faemtered

cubic (FCC) matrix with various secondastyengthening phas¢s,7].

Iron-nickel based superalloys developed from austenitic stainless steels which
undergoes a transformation from beoBnered cubic (BCC) to FCC phase at 912
(C. These alloys contain #0% iron with at least 25% nickel to stabilization of
the matrix. Most of these alloys are primarily strengthened by precipitation
hardening where intermetallic compouradeformedin the matrix.These types of

alloys are less expensive compared with nidtdeded and cobalt superalld$sl3].

Cobaltbased superalloys are generally strengthened by a combination of solid

solution strengthening and carbittiemation. Cobalt is hexagally closepacked



(HCP) at room temperature but undergoes an allotropic transformatiba F&€C
phase at 41WC. The stabilization of the matrix phase is achieved by the addition of
certain alloying elements. These alldyave better hot corrosioand silfidation
resistance than other typessafperalloys owing to their high amount of chromium
content (2680%) and lowdiffusion of sulfur in the matrix3,4].

Nickel-based superalloys achieve the highest temperature/strength combination of
all groups of speralloys, making them remarkable materials for many -high
temperature application©nly these alloys have a stable austenitic FCC crystal
structure at room temperatuithe most outstanding characteristicsledse alloys

are their excellentstress ruptwe and creep resistanceat elevated temperatures
above D% of their melting temperatu(@m = 1280LlC). Thesealloys can be either
strengthened by precipitation hardening or solid solution strength@niiy,15]

The comparison ahechanical properties asérvice conditions for superalloys are

given in Figure 2.2 and Table 2.1, respectively.
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Figure 22. Stressrupture strengths for strengthened superalloys as function of temperature
[14].

Table 21. Some of the application areas and operating conditiosspEralloyg4,16].

Stress Temperature Application Areas
Cobaltbased low moderate hiah Vanes and other stationary
superalloys 9 components in GTEs
Iron-based . Blades, discs and casing in j
low high .

superalloys engines
Nickel-based hiah hiah Turbine blades and discs in
superalloys 9 9 GTEs




2.2  Nickel-Based Superalloys

Nickel-based superalloys first designed in the 1940s as a simple-ohaikehium

matrix alloys.They were then altered to a mypthase system with the addition of
alloying/refractoryelementslt has been claimed that ferritic steels, aluminum and
titanium alloys are generally used as components of GTEs. However, the low
corrosion resistance and mechanical instability restrain their service temperatures
bel ow a b da)tt wag found thh@te dficiency ard performance oGTEs

can besignificantly improvedby increasing theurbine entry temperature (TET)
where the hot gases entering the turbine sedfiegure 2.3).Therefore, new
material types have been developed for extreme conditions, including high

temperature and corrosive environmesib,6,12]
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These alloys typically comprise /D% of the total weight of an aircraft engine,
especially in the turbine and combustion sections of the engineeuse of nickel

based superalloys is also increasing in #esospace, nuclear power systems,
petrochenical and automotive industrie®ue to thei high creep and fatigue
resistance combined with superior corrosion resistance, these alloys possess high
performance under prolonged exposure to high temperatures, thus maintaining their
stability throughout the servidé4,17-21].

These alloys have a complex system with many alloying elements, including high
amounts of chromium (2R0%), titanium and aluminum (combined up to 8%),
cobalt (515%) and small quantities of molybdenum, tungsten and carbon elements.
Other elements such asobium, boron, tantalum and rhenium also play an

important role in the strengthening mechanj8mn

The desired microstructural and mechanical characteristics of these alloys are
highly dependnt on alloying elements embedded in the matrix in terms of their
composition, morphology, size and volume distribu{iéh These elements should

be modifiedin a certain range as they play an important role in achieptigaum

alloy propertiesTable 2.3 summarizethe alloying elements that widely used in

nickekbased superalloys and the subsequent effect on their properties.

11



Table 22. Role of alloying element effects on the nickalsed superalloy3,14].

Effect Element
Solid solution strengtheners Cr, Fe, Mo, Co, W, Ta, Al, Ti, Re
High temperature strength Ni, Nb, C, Co, Mo, W
Carbide formation W, Ta, Ti, Mo, Nb, Hf
MC W, Ta, Ti, Mo, Nb, Hf
M23Cs Cr, Mo, W
MeC Mo, W, Nb, Ta
2j precipitation Al, Ti
atprecipitation Nb
Rai ses solvug te Co
Hardening precipitates and/or intermetall Al, Ti, Nb, Ta
Oxidation resistance Al, Cr, Y, La, Ce
Improves hot corrosion resistance La, Th
Sulfidation resistance Cr, Co, Si
Increases rupturgtrength B
Grain boundary refiners B, C, Zr, Hf
Retards coarsening Re

2.2.1 Phases in Ntkel-Based Superalloys

The microstructure of these alloys typicall
along with other secondary phasé@$iese secondary phases candearibed as

gamma pjrandge mma d o u bi) ghasgsintermetallid compounds,

metal carbider borides[7,14]. A brief description of each phase presented in

nickelbased superalloys will be discussed in the following sections.

12



2.2.1.1 Ga mma Méatox)Phase

T h e Fm@adix phase consists afiainly nickel and high concentration of solid
solution elements like cobalt, chromium, molybdenum and iftwe. matrix phase

is suitable for high temperature structural alloys because of its high modulus and
multiple slip systems, providing optimum mechanical proper(ies. tensile,
rupture, creep, thermamechanical fatigue). For example, some of theay be
employed at > 0.85 Tm and for times up to 100000 h at relatively lower
temperatures. In additiorthe tendency to form a protective film of chromium
oxide (CpOg) or aluminum oxide (AlO3) on the substrate surface prevetits

diffusion of oxygen or sulfur inwardvhich promotes resistance to oxidat{an7].

2.2.1.2 Geometrically ClosePacked Phases

Geometricallyclosepacked(GCP) phases are intermetahidth the formula AB.
They consi st of t h eFCG-tNizA, Mgt ih)enamd phat¢eé:
centered tetragonal (BCF)NisNb) and t he HCPR-NeTlliy) rendatied
(orthorhombic - NisNb) phases.Mostly, the strengthening mechanism tfe
nicketbased superalloys is based on the formation obtig p ha s e . Il n som
the strengthening of the materi al i's ach

as of Inconel 7185].

22121 Gamma Pr i mse ( 2 Nj) P

The 9N phase is the mos tanomina tommositionf t he
Ni3z(Al, Ti) and possesses the F&Q@, type structure which means the crystal

lattice varies slightly (@.5%) from that of austenite FCC matiiX,22]. The
strengthening mechanisiwf most nickel and nickeliron- based superalloys is
provided by the f o[23mdhisiploaseusoaflyfotmh as ao Nj p h a

coherent precipitate in the matrl)x just

13



[24]. The morphology of the phase (Figure Zépends on the misith between

the matrix and 2 precipitate whbrch can be

compositional alterations. Amcrease in the mismatchdsize of the precipitates

lead to the transformation of spheroidal to cuboidal, then cubowiglatelike

morphology[7]. In addition, the volume fraction and the size of the phase phase

also affect alloy properties, especially cremm fatigue strengtfiL5]. Today, the

most advanced nickéd a s e d superall oys di spl ay bi modal
distribution with a higher volume fractiorg0 vol.%). Typically, the intergramar

primary oNj phas® iOsn,i whihe taegénofaf@ranul e
tertiary 9Nj phase 250maand HS@Gnmdréspentiectild]lr about 50

Some of t he most representative morphol ogi
Figure 2. 4. The di s ad-aderiedalays iothat lfefofe o Nj pr e c
the component is wultimately restsinctected by t
it can undergosome undesirable phaseduring prolonged operation at elevated

temperaturel5,7].

Figure24. Sel ected morphol ogies of tdhapedpbNj phase i n
irregularshaped and c) spheridite [5].

2.2.1.2.2 Gamma Double R i me) Phase

The 2 nj pcbharene N§Nb sntermetallic compound with an ordered BCT

DOy, crystal structure which assumes a esbaped morphology as shown in Figure

14



2.5[25,29. This phase precipitates wiiléa v er age di amet eend of ar c
thickness between 88 0 [7]. Al t hphasgis nobagwidel used as the
precipitate, itis the primary strengthening phase somesuperalloys as Inconel

718 and 7047,27]. After prolonged exposure to temperatures abgs@ L, the

metastableo nj p ¢oaverts totheti p h a s e, a klight dbgradationtob

mechanical propertig$,28].

of I nconel 718 samples age

image, (b) DF image and (c) corresponding SAED paft&sh

As mentioned earlierthe properties of superalloykrgely depend on the
morphology, volume reaction, size and quantities of the precipitates formed in the

matrix. In this respect, homogeneously dispersedljin d onj parti cl es ir
serve as a barrier to dislocation mowsts, therebyncreasing the mechanical

properties and oxidation resiatze of superalloygl4].

22123 Del t ahaget) P

The incoherent U phase has asgNbformtldh or homb
This phase forms amn acicularshaped precipitate in the ovaging state of Nb

containing nickebased superalloys as given in Figure [28,25] The formation

ofthedl phase is highly infl ueformesldn they t e mp
temperature r an g {0].fArtemperatuedbeen 650J820d U C
885UCtheli phase initiates to precitheitate

formation of ths phasds accompanied by rapid coarseninglod o+ phaseln the

15



range of 84QC to 950LC, the plats haped U phase occurs rapidl\
[7]. Althoughas ma | | amount of O phase alters the t
the alloy by limiting the grain growth, it is not preferred in the structure since it

does not contribute any strength evén significant quantities[6,24]. The

properties of thesalloys have been reported to be adversely affected by the

formation of large quantities of the plegeh a p e d  UThe gohmatore o this

phase consumes the niobium elements, causing the depleti & precipitates

[31].

Figure 26. (a) SEM image showing precipitates after heat treatment and (b) magnified
TEM bright field showing the3Zacicular mor phc

2.2.1.3 Carbides & Borides

Variouscarbide types may be present in nickaked superalloys depengiaon the

alloy composition, operating conditions, manufacturing prqoetesSome of the
significant typesaareMC, MgC andM,3Cs; Wheren M represents one or more types

of a metal atom(i.e. Cr, Ti, Hf, Ta or Mo) [5,6]. Such secondary phases provide
beneficial or adverse effects on the properties of superalloys, which depend
primarily on the morphology and distribution of the carbides. For instance, fine
blocky-type carbides formed at the grain boundaries contributenpmoving creep
resistance and tensile strengp preventing the grain boundary slidirgowever,
carbidesformed as continuous filmslong the grain boundaries can seriously

degrade the propertiegn particular the ductility and impact resistan¢@3,34]

16



Because these typeof carbides provide easy paths for crack initiation and
propagationyhich can lead teatastrophic failure of the alloy85]. Therefore, the
distribution and morphology of the carbides should be precisely controlled to
improve the mechanical properties of the superallBigure 2.7 demonstrates the

common morphologies of carbides formed in nidk@ted superalloys3].

MCO O;}L

M:sCe (>O | WB
bz] b3)
me c::':: 2@\

Figure 27. Morphologies of carbides formed in nickedsed superalloys,fjaglobular,

() blocky, (&) script, (k) discontinuous blocky particles,Jjtplate, () cellular, (g)
blockyand(¢) Wi dmanst a2t {38ln morphol ogy

MC type carbideswhich are usually rich imNb, Ti, Hf or Ta, can be formed with
various morphologies such as globuarblocky and scriptshagd during
solidification These carbides are generally heterogeneously distributed throughout
the alloy in both the intragranular and intergranular regions. SEM micrographs of
the carbides having various morphologies are shown in Figure 2.8. These
secondary phases, which are stadilédow temperatures, serve as the main carbon
source for superalloysHowever, theytransforminto more stable compounds
M,3:Cs and MsC type carbides at higher temperatures {@0-980 (T for M,sCs

type carbidesand 815980 (T for M¢C type carbides}7,36,37] In some alloys
containinga high amount of niobium or tantalum, the transformation of the MC
type carbides can be delayed to temperatures between 1200 andC]ZG0The

transformation can be defined:

17



MC + 0,Ce¥ jendlorMC + o (Eq.2.1)

M,3Ce type carbides are usually formed on the grain boundaries as irregular and
discontinuous particles duringhe relatively low temperature heat treatment
processs or operating conditions, especially alloys which are rich in Cf33].

They can also found along twin boundaries, stacking faurltat twin endq?7].
These carbidesnay play an important role in th&trengthening mechanism by
restricting the dislocation movement and/or the grain boundary slifB8h
However, the formation of BACs carbides may weaken the hot corrosion
resistance of superalloys due to the reduction of chromium in the nja%j29]

MeC type carbidesare generally formed bthe decomposition of primaryiC
carbidesat temperatures slightly higher than the formatioMeiCs carbidesvhen

the amount of tungsten and molybdenum is between 6 t0.98 Wt40]. These
carbides are more thermodynamically stable thanCyicarbides andcan be
formed as blockype particles at grain boundaries or as Widmahst t e n
morphology in the matrik33]. They carturninto M,3Cs with a longtime exposure

to heat treatment as defined below:

MeC + 023C6.Y. M (Eq22)

0 pm
2 N6 P55 Alloy #10

g b
u @ 2o’ 2SNl g’ rwl e

Figure 28. SEM micrographs of MC carbides contained within the interdendritic regions
(a) blocky and (b) scrigk0].
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M3B, and MsB; type borides can be also encounteaetthe grain boundaries of the
alloysbecause of the low solubility in the matrix phase. These compounds are hard
refractory particles with morphology varying from bloekyp halfmoonshaped.
Similar to carlides, they promote an increasé the rupture strengtrand creep

resistancef the alloys by limiting the movement of the dislocatipnls

2.2.1.4 Topologically Close Packed Phases (TCP)

Topologically closepacked (TCP) phases are unfavorable and occur during heat
treatment or more commonly in operating cormtii where the composition of the

alloy is not carefully controlledn addition, the presence of high amounts of BCC
transition metals such as Cr, Wi Ta, Mand Nb leads to the formation of such
phasesThe TCP phases are commonly observed in nickskds uper ad | oy s ;
(Fe,Co}(Mo,W)e, -(Fe, Mo)(Ni,Co), and LavegFe,Cr,Mn,Si}(Mo,Ti,Nb) [7].

These phases tend to precipitateag@éate or needldike particles, acting as crack

initiation and propagation sites (Figure 2.9}].

(@ 20 um (b) 2um

Figure29. Scanning electron micrograph showing
alloy (@) platelet i ke and (b) Wi dfinsta2atten morp
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2.2.2 Strengthening Mechanisms of NickelBased Superalloys

Superalloys must be capable of withstanding high stress at elevated temperatures
without plastic deformation. The stigthening mechanisms of metals are usually
accomplished by inhibiting the dislocation movement. There are various
strengthening mechanisms leading to obtain the desired mechanical properties of
superalloys, Table 2./Among these mechanisms, the meHlective strengthening

methods for nickebased superalloys will be discussed in the following section.

Table 23. Strengthening mechanisms for superalldys.

Mechanism Effective Temperature
Solid-solution strengthening High temperature
Precipitation hardening High temperature
ODS Moderate temperature
Grain size control Moderate temperature
Work hardening Low temperature

Martensitic transformasion strengtheni  Low temperaturéFor specific metals)

2.2.2.1 Solid-Solution Strengthening

Solid solution strengthening is achieved dgding a different soluble element to
the matrix at certain concentrations. Distortion of the crystal structure caused by
the mismatch of the atomic radius limits the dislocation movement and thus
increases the alloy strengtBuch elements havin@ high melting point ensure

strongerlattice cohesion and decreas#ifusion, especially at high temperatures

[5].

20



2.2.2.2 Precipitation Hardening

The process is described as prectpta hardening or age hardenisgmcesmall
particles of the new phase are referred to as "precipitaldés’se pecipitates
strengthen the heatreated alloys depending on the interaction between the
precipitates and dislocations in the matfé?]. Strengthening mechanisms of
precipitation hardening are substantially based on the two situations which are
associated with the critical size of particlpt3]. If the size ofprecipitatesis
smaller than the critical size, the dislocationay cross the obstacleSn the other
hand, ifthe size of precipitateis larger tharthe critical size, the dislocations can
pass the obstacles leaving dishtion loops around the partidi4]. In these two
cases, the mechanical propertidghe alloy are affected adversely in which yield
strength is decreased. Therefdie size of the precipitates should not be small or
large enough to prevent the pass of the dislocation by either cutting or bowing
through the obstacle as illustratedrigure 2.10.

For nicketbased superalloys, the strengthenimgchanism essentially obtained by

the formation of extremely small uniformly dispersefda n d /x@recipitatesn

the matrix. The characteristics of the precipitates (i.e. morpholdggribution and
volume fraction) and the degree of consistency between the precipitates and the
matrix strongly influence the stigthening mechanism of the heegated alloys.

[17]. In fact, the strength of superalloys typically increases with increasing
temperature until it reaches a temperature of aboutl 0@t temperatures above
8001, the strength decreases rapidly as the particles become coarse and initiate to
transforminto the detrimental phas¢§].

21



Figure 210. TEM micrographs of the model microstructures deformed al®q@) fineoj

phase (b) mediunoj phase(c) and (d) coarsg phasg17].

2.3 Inconel 718 Superalloy

Inconel 718 alloy wadirstly designed by the International Nickel Corporation in
the 1950s to overcome the poor weldability of nidk@sed superalloys. It is an
agehardening nickebased superalloy with Cr and Fe as major alloying elements
and relative Nb and Mo conterj28,44]. Chemical compositions of Inconel 718

alloy defined by AMS 5383tandard are given in Table 2.5.
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Table 24. Elemental compositions determined by AMS 5383 standard Inconel 718 alloy

[45].
Element Chemical Composition (wt%)
Ni (plus Co) 50.001 55.00
Cr 17.007 21.00
Nb (plus Ta) 4.75-5.50
Mo 2.80- 3.30
Ti 0.65-1.15
Al 0.20-0.80
Co 1.00 max
C 0.08 max
Mg 0.35 max
Si 0.35 max
P 0.015 max
Si 0.015 max
B 0.006 max
Cu 0.30 max
Fe Bal.

Inconel 718 alloy has been extensively utilized tanefacture the higpressure
compressorblades, disgscasingand other high temperature parts for many
industrial applications including aerospace, nuclear energy and petroleum industry
[46,47] Inconel 718 alloy possesses remarkable properties suchnighs
temperature strengtlexcellentfatigue and creepresistanceas well asgood hot
corrosion and oxidation resistance in aggressive environrf@i&0]. In addition,
welding characteristics of Inconel 718 alloy, especially its resistance tavptbt
cracking and mechanical stability high temperatures are outstandiffgfl,52]
Depending on these properties mentioned above, the alloy is commonly used in
many fields that require long operation periods at operating temperatures up to 700
AC [53-55]. Some properties of Inconel 718 alloy @abulated in Table 2.6 and
Table 2.7.
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Table 25. Material properties of Inconel 718 allpiA4].

Density 8.192 g/cm (0.296 Ib/ir)
Physical Properties _ .
Melting range 1260-1 336 AC
Thermal conductivity 11.4 W/mt K
Thermal Properties i
Specific Heat Capacity 0.435J/gA C
Electrical Electricalresistivity 1218tmnq

Properties

Table 26. Effect of temperature on the mechanical properties of wrought Inconel 718 alloy
[14].

Temprature  Yield strength - 0.2% Tensile strength  Elongation 2"

( AC) (MPa) (MPa) (%)
21 1185 1435 21
540 1065 1275 18
760 740 950 25

As given in Figure 2.11he microstructure of Inconel 7X®mmonlycomposed of

2 maas wellasother intermetallic phasesichaxc o he t@NisNib )o and 0

(Ni3(Al,Ti)) precipitates, Laves ((Ni,Cr,Fd) Nb, Mo, Ti ) ) phase, i nco
(NisNb) phase and MC (Nb,Ti(C)) type carbid&able 2.8.
Table 27. Phases commonly observed in Inconel [36.
Phase Crystal Structure Chemical Formula
) FCC Ni
ot BCT (ordered D,) NisNb
9j FCC(ordered L%) Nis(Al,Ti)
a orthorhombic (ordered B NisNb
MC cubic B, (Nb,Ti)C
Laves hexagonal & (Ni,Fe,Cry(Nb,Mo, Ti)
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Figure 211. SEM images of the heat treated sample produced by SLM method, (a) the
precipitates at the grain boundaries and in the matrix, and (b) magnified dide &nd o

ci r ciphaseg22)o

The mainstrengthening mechanism of Inconel 7d®y is accomplished by heat
treatment processesorsisting of solution heat treatment and double aging
treatmentgd53]. Solution treatment promotes the diffusion of segregate elements
and the dissolution of the brittle phases in the matrix like Lavescanuides.

Aging treatment offers the formation of strengthening primarily,f20r d e+ ed o
and slightly L2-0 r d e ypeedpitates by adjusting the cooling rate and exposure
time[32].

It is already known thathe formation of strengtheningphasesis strongly
influencedby manufacturing oheattreatment process¢29,57,58] According to

the time-temperaturdransformation (TTT) diagram for Inconel 718 (Figure 2.12),

t hephasecanbe converted to the U phase when
service conditionslt has been found that tifermation of the aciculars hap e d U
phase consumes Nb frothe matrix and impedes therecipitation of the

st r e n g ttphaseresaltgng in loss of strength and creep life of the superalloy
However, it was also reported ththka ppr opr i at e amount of U
morphology campreventgrain boundary sliding and thus alter the tensile or fatigue
properties and creep fractu45]. In addition, the relatively high Nb content can

lead to theprecipitationof Nb-rich MC type carbide ardr Laves phasd29].
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Therefore, it is important to understand the precipitation behavior of the Inconel

718 alloy and the corresponding mechanical properties.
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Figure 212 Time-temperaturdransformation (TTT) diagram for Inconel 7%9)].

2.4  Additive Manufacturing Technology

Additive manufacturing (AM), also known aapid prototypingis the process of
joining materials to make objects frothree dimensional (3D) computarded
design (CAD) model data. It is a growing new industry sector to manufacture more
complex functional components with lower energy costs and shorter manufacturing
time that cannot benanufacturedoy conventional manufacturinggchniqus. In

1986, the ifst additive manufacturing technique was utilized by researchers at the
University of Texas[60]. From the beginning of these days, many new AM
processes have been evolved and successfully implemented in numerous fields
including aerospace, defense, automotive, healthcare and industrial products
according to the ASTNF42 Committee formed in 20Q80].

In this technology, the coponents are manufactured @layerby-layer format
without the need for machining operation or final installatidns process consists
of the following step$61];
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- Design of the component to be manufactured by CAD program,

- Transferring of the drawing to the 3D printer by converting it to STL
(STereoLithography) format which is a file thetangs the surface athe
scanned model wita mesh of triangulated surface segments,

- Determination of the most suitable prototyping method for manufacturing.

The nost significant benefit of AM lies in the fabrication of extremely complex
geometric shapes in a single production stage whielans thathe number of
assembly operations is removdd addition, the use of today's AM technology
allows manufacturers to manufacture all components with extremely precise
tolerances, including nuts and screws. Therefore, AM technology improves product
quality and extends component life by reducing the number of component defects.
On the contraryconventional manufacturing methodsquire multiple steps to
producecomplex componentgnother important advantage of the AM process is

the opportunity for designéedom.Using CAD software enables manufacturers to
make changes considerably faster. It only needs change to design a file rather than
changing the manufacturing equipment. Other advantages of AM processes can be

also summarized as follovj§2-64];

- Reducing the material waste that acenmeconventional manufacturingp
to 25 times less versus machining,

- Elimination of some of the timeonsuming operations including
machining, joining, injectiomolding etc.

- Manufacturing of lightveight structureswvhich allows manufacturing the
lattice structure or combines porous with solid materials into one
component,

- Elimination of the required tooling amolding parts which resultsn a
reduction of the cost and time by accelerating prototyping,

- Reducing engyy consumption by using less material and eliminating steps

in the manufacturing process.
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2.4.1 Metal Additive Manufacturing Processes

Metal AM processes usgire or powder as thetartingmaterial, laser or electron
beam as thenergy source. This technique can be categorized as directed energy
deposition and @wder bed fusion in terms ohetallic feedstock, energy source,
build volume, etc.[60]. Some of the metallic materials including nickelsed
superalloys (e.g. Inconel 7185 and Hastelloy X 66]), cobaltbased superalloys

[67], titanium alloys[68] and aluminum alloy$69] have been already produced
with using AM processe§ome of the metal AM methods and their manufacturers

are tabulated in Table 2.9.

Table 28. Categorization of metal additive manufacturing techni¢e2s 0]

Technique Process Manufacturer
LENS Optomec
Directed energy ) o Insstek
deposition
LD Irepa laser, Huffman, Trumpf
SLS 3D Systems, MC Machinary Systems, Farsc
Technologies
Powder bed fusion EBM Arcam

SLM Solutions, EOS, 3D Systems,Renisha
SLM Concept Laser

2.4.1.1 Directed Energy Deposition (DED) Processes

DED method can be categorized as wire feedstock developedimtmaditional
welding process and powder flow feedstock developed by Sandia National
Laboratory in 1996 according to material feedstock typé,72] In DED
processes, the startingaterial is deposited and melted simultaneously with an

electron beam or laser, thereby forming a molten pool on the sub$tfititethe
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DED process, metal powders or metal wire filaments are sprayed through a single
or multiple nozzles onto the substraarface to form an additional metal layer.
Manufacturing efficiency may be enhanced by adjusting the process parameters
such asharacteristics of startingaterial (i.e. material feedstock type and feeding
rate), laser power, scanning strategfg.[73]. A schematic illustration ahelaser

based DED process is given in Figure.1
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Figure 213. Schematic illustration of direct energy deposition (DED) techniddie
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2.4.1.2 Powder Bed Fusion (PBF) Processes

In PBF processes, the components are fabricated to the desired shape by controlled
melting or sintering of the subsequent metallmwvders by an energy source.
Basically, the production processtiatesby spreading a thin layer of powder onto

the building platform and then melting the powder according to the geometry
model The platform is then lowered in thedrection and the presegs are
repeated until the component is completed. Among the RBthods Selective
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laser melting (SLM) and electron beam melting (EBM) techniques are the most
commonly utilized processes for the production of various metal compofiéets.
working principle of the process is similar for both SLM and EBM methods with
slight differenceg60]. A schematic illustration othe laserbased PBF method is

shown in Figure 2.14.

4D geometry model Aoplication of a ayer of Powdered materal i solidified  Building platfor s lowered  The nextlayer of powder The process repeats ftself Loose powder s removed Completed part
powdered material into a cross-section of the model s applied until the part is complete

Figure 214. Schematic illustration of lasérased powdebed fusion (PBF) additive

manufacturing technologi¢56].

2.4.1.2.1 Selective Laser Melting Method

Selective laser melting (SLM) is an AM technique that offers comgieped
metallic components to be printed from-8&IAD data with almost full density (>
99%) and dimensional accuracy in a single stEipe principle of the process is the
fabrication of the components layley-layer directly withthe controlled melting of
metal powders with a focused laser bg8&j. In the SLM process, metal powders

are spread uniformly on a platform at a certain layer thickness according to the
crosssectional geometrpf the part to be formed. After that, the powders are
melted with lasers and then the melted powders are solidified to fordaytheThe
platform is then shifted down to layer thickness and filled with a new layer of
powder. These cycles are repeated until the part is completed as designed, then the
part is removed from the platfor{i@5,76] The properties of the printed partear

highly influenced by the processes parameters ifiigal powder composition,
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layer thickness,laser power, scanningtrategy etc.) [44,77] A schematic

illustration ofthe SLM technology is given in Figure 2.15.
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Figure 215. Schematic illustration of selective laser melting (SLM) techno|@§}:

SLM method provides several advantages, such as reducingirtegdhigh

material consumption efficiency and reducimyestment cost for the tooling or

mold. Furthermore, this technology can greatly redtee production steps which

eliminates the joining operations like welding or brazing and their detrimental

effects on microstructure, resulting in prolamgthe service life of the materials

produced79-81].

However, some undesired features caneappnthe microstructure ofabricated

parts due tahe high temperature gradient and rapid solidification rate resulted

from the SLM process. Problems encountered dutimgSLM processing can be

specified as high residual stresses, formation ofetpnlibrium phases, directional

grain growth, segregation of refractory elements or formation of defects such as

cracks, pores, etc[80,81] The residual stress can significantly affect the

componentso6é di mensi

Therefore, posprocessing heat treatments are critical for eliminating these defects

onal

and

geomes.ry

ac

in fabricated parts to enhance the properties of materials and meet the requirements

31

c



of demanding operating conditions. addition, preheating of the powder bed or
optimizaton of the process parameter cafficiently reduce the unfavorable

conditions during the SLM process.

2.4.1.2.2 Electron Beam Melting (EBM) Method

Electron beam melting (EBM) methp&igure 2.16 was developed mainly from
scanning electron microscopy (SEM) technique and was teateén 2001 by
Arcam AB, Swederf82]. This method uses a higiowerelectron beam to melt the
powder to form a layer and simultaneously fuses with thesqlidified layers in a
powder bed.Unlike the SLM processa high vacuum is utilized throughout the
manufacturing steps which make this process particularly suitablethi®
fabrication of highly reactive materials e.g., titaniuAkdditionally, the base
platform is first preheated slightly above the operation temperétui@/0 K),
before applying the first layer of powd&ontrolling the process parameters of the
EBM method is more difficult than the SLM methathis techniquanvolves more
variablesincluding laser power,beam diameterscaming strategyand speed,

preheating temperaturetc.[77].
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Figure 216. Schematic representation of electron beam melting (EBM) technpl8hy
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Recently, the use of both additive manufacturing methods has increased in many
application areasDue to the advantages listed below (Table 2.10), they are
particularly preferred in the production of functior@mponents with complex

geometries.
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Table 29. Some advantages of the both SLM and EBM procd62¢583]

SLM EBM

Geometric freedom for engineering product designers

Production of neanetshaped components
Comparable mechanical properties with the convetional production technol
Production of lightweight materials
Minimum material waste
Less tooling and set up costs

Short production cycle time for parts in small series

Use of a large range ofiaterials Reduction of oxidation due to vacuun
environment
Reduction of residual stress due to
Better surface finish preheating step

2.5 Heat Treatment of Inconel 718 alloy

The poperties of superalloys can benproved by manufacturing process
optimization and/or heat treatment applicatiofteat treatment is applied to
achieve optimum material performance depending on the change in the solubility
of elements by heating and cooling processes. It is known that thesesggsc
affect the microstructure of the Inconel 718 alloy, includihg separation of
alloying elements and grain growtKiao et al.found that the formation of TCP
phases (i . e. Laves and U phases) and
grain boumaries of the Inconel 718 alloy were reduced by heat treatment at 1066
T [83]. One of the series of processes applied to the Inconel 718 alloy typically

includessolution treatmenfollowed by a single or double aging step.
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251 Solution Heat Treatment

Solution treat ment i s performed at rel a
temperaturgo achieve an almost homogeneous concentration of elements in the

solid solution by dissolving the second phas®arious studies have been
performed regardinghe solution treatment process of Inconel 718 between 980

1200(C for 1 to 2 hours with different cooling ratgs3]. Although the standard
process for casting and wrought ioal |l oys
temperature was fixed to 103t%asOServacc cor di
that carbides and brittle Laves phases remain undissolved &€ 98&reasing the
solutionizing temperature leads to improtree dissolution rate of these phases,

which results in the niobium and titanium elements solved back into the nAegrix.
mentioned earlier, these elements have a strong effect on improving the mechanical
properties of Inconel 718 alloys due to the formatibn dv #a rod prezipitates,

respectively{2§].

Tuchoetalper f ormed a solution process for di
and 1250 UCc to examine t he ef fect of
microstructure of Inconel 718 alfs fabricated by the SLM method@hey found

that theincreasing oBoaking time resulted in the growth of the grains and carbides

within the matrix for both 110Q@ Gind 1250U Gemperatures. Additionally, the

Laves phase with a sizd# approximately 100 nm remained as undissolved in the

matrix even at 1250 ¢53).

M. Ni et al. alsofoundthat the transformation of the columnar to equiaxed grains
was increased by increasing solution tempeeattom 980 to 1100C, resulting in
decreasing ofhe fraction of the low angle grain boundaries. Increasing solution
temperature caused grain growth which leaddower yield and tensile strength
[84].
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2.5.2 Aging

Aging is carried out at an intermediate temperature, normally in the range-of 425
870 (T with various soaking time to allow th®ecipitationof the strengthening
phases in the matrix. The resulting phases provide an inciredse mechanical
properties bthe Inconel 718 alloy by blocking the dislocation movemeént. the

fully heat treated Inconel 718 alldayyh e v ol ume fracti oms of
phases are 5% and 20%, respectively. Some authors statethébaphases
precipitatebetween 700 and 90@& for short soakingimes while others said that
they format a relatively lower temperatusgi.e. between 550 and 6&C for long
aging times. Also, some authors explained tha&tot phase generally forms at
higher temperatures (02 C) whi | e 9atlowehteanperatu@es (620)r
[51,89. Moreover,the secondarycarbides precipitate in the temperature ranges of
730 to 1040LC, which influence the mechanical properties of the alloy
Additionally, some undesirablel phase can be formed with aciculahaped
morphologies. Therefore, it Egnificantto optimize precisely the size, shape and
vol ume fr act izphasends well as aginmgdemperature and soaking

time to determine the microstructure and mechanica\aeh[29].

S. Raghaan et al.found that the agindgreatment caused the formation of nano

si zeand o pnieedlleskapel alh d p h a s e a laage amoeniofl as
carbides in the SLMproduced Inconel 718 alloys. Thereported that the
medanical properties of the allayereenhanced significantigompared to the as

produced alloylue tothe presencef strengthening phas¢s9].

W. Huang et al. studiedhe effect of diffeent aging temperatures on the
mechanical behavioof the SLMproduced Inconel 718 alloy. The microhardness
resultsdemonstratedhat completeprecipitation of the strengthening phasess
obtained when the aging treatment wadqered ranges from6800 7 pM@. UC
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1  Starting Materials

Thegas atomized Inconel 718 powders were usesfaaingmaterials for the SLM
process. The chemical composition of the powder particles (Table 3.1) was found
to be in accordance with the AMS 53&tandard. Malvern Mastersizer 2000 with
Hydro 2000S module as employed to determine the particle size distribution of
the powders as demonstrated in Figure Bltie average particle size of the Inconel
718 powders was a,pamthe paiticiessizeerange waséobsdrve® m
to change betwmen 18.5 and 37.3 O

Table 31. Elemental composition analysis of the gas atomiziey glowders compared

with AMS 538 Standard Specification designed for wrought Inconel 718 alloy.

PowdersUsed in AMS 5383 Standard
the PresentStudy for Wrought Alloy

Element wt.%
Ni 52.82 50-55
Cr 18.91 17-21
Nb 5.39 4.755.5
Mo 3.27 2.83.3
Ti 1.06 0.651.15
Al 0.75 0.2-0.8
Fe 17.80 Balance
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Figure 31. Particle size distribution dhe usednconel 718 alloypowders.

The morphology of the particleplays an important role in determinirihe
mechanical properties of the fabricated Inconel 718 alloy to obtain fully dense parts
during SLM process. As shown in Figure 3.2, the powder particles have perfectly
sphericalshaped morphology with a fine dendritic network resultiog the rapid

solidification during gas atomization

particles showingthefine dendritic network.

3.2  Manufacturing of SLM -Produced Inconel 718 Alloy

The production of the Inconel 718 alloy was carried esingEOS M290 machine
equipped with a 400 W ¥bber laser. SLM processing parameters including scan
velocity, hatch spacing and the thickness between powder layersutilezed as
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decribedby EOS Compay. Standard process parameters include layer thickness of

40 Om, hatch spacing of 110 Om, |l aser po
and hatch rotation of @¥[38,86] Controlled argon atmosphere wasedin the

building chambenof the SLM machingo minimize the possibility of oxidation. In

addition, the building platform was heated tol80o diminishthe thermal gradient

between the platform and theanufactured o mponent s . Thaanalsampl e s
axes wee eitherparallelor perpendiculato the building platform, designating as
horizontallyand verticallybuilt, respectivelyThe schematic representation of as
fabricatedspecimenss as demonstrated in Figure 3.3.

Vertically Built

Sample
Axial Observation
Direction
b
a -
S
Building Direction . 3
= =
Horizontally S 2
— . =9 &0
2 Built Sample g
E Lateral %
Observation o
Direction
90 mm
10 mm

Figure 33. Schematic representation of the geometry gabscatedspecimens imegard

to the building direction (a) horizontally and (b) vertically built samples.

3.3 Heat Treatment Procedure

Various heat treatmergonditionshave beerappliedto investigate theffect of
microstructureand building directionon the mechanical behavioof the as
fabricated sampledn the presentstudy, gtimization of the alloy properties was

achievedby changing the aging parameters while keeping the solution treatment
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parametersanstant. Before the heat treatment processes, the samples were cleaned
in an ultrasonic bath by soaking in acetone for 15 minutes and then cleaned with
ethanol.All horizontally and vertically built samples were solutionized at 1@0

for 2 hours andhenair-cooled Subsequentlyaging treatmestwere performedat

700 (T for different soaking times (5 to 34 houd®noted as PHEoaking time
Moreover,a pairof the horizontally and vertically built samplegre subjected to
standard aging treatment procelfined by the standaiMS 5664 (denoted as

SHT) for comparison.The main purpose of these processes to dissolve the

brittle Laves phase and carbides in the mataxensure the formation of the
strengtheimg phasedy aging The details of thgostprocessing heat treatments

are listed in Table 3.2.

Table 32. Heat treatment parameters used for{postessing of SLMprocessedinconel

718alloy.
Heat Treatment L .
Condition Solutionizing Aging Phases Present
SHT - (AMS 5664) 720 AA%'LQZ o A 2,i xond U
PHT-5h 700 AC/ 5 2,japd 2
PHT-8h ) 700 AC/ 8 i
1040 Ac/ d.apd 2
PHT-16h 700 AC/ 16 2.,i zond U
PHT-28h 700 AcC/ 28 2.,i xond U
PHT-34h 700 AC/ 34 2.,i, zond U

SHT - Standard Heat Treatment / PHPeak Heat Treatment

3.4 Characterization Studies

3.4.1 Metallographic Sample Preparationand Examination

For microstructural analysis, the samples wseetionedby a precision abrasive
cutter Buehler IsoMet 5000 The surfaces of the samples were then ground using
SiC papers up to 3000 grit size and tipetishedwith diamond suspension from 6
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t o 1After oleaning with deionized water and ethartbé samples were etched

usingKal | i n g dos3050esecondghable 3.3.
Table33. Composition of Kallingés Reag
Etchant Composition Method

40 ml HCI, 2 g CuGland

Immersion
40 ml ethanol

Kal l ingds

3.4.1.1 ScanningElectron Microscopy (SEM)

Microstructural observations of botsfabricated and hedteated samples were
conducted usin@ Scanning Electron Microscope (SEM) (Nova NanoSEM 430,
FEI Company, Eindhoven, the Netherlands) operated at 20kV acceleratingvoltag
The size of the present phases andatlerage grain size of the heagated samples
were measured from SEM images. In additithre chemicalcomposition of the
samples wasleterminedby energy dispersive spectroscopy (EDS) deteatdhe
SEM.

3.4.1.2 Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) mapping was performed to observe the
grain direction and texture in detail for all samples. Prior to the EBSD analysis, the
samples were prepared by grinding up to 3000 gt [gaper and then electro
polished with the A2 electrolyte (Table 3.4) using a Struers LectroPol5 machine
with a 30 V voltage for a few secondster the electropolishing stefhe samples
were cleaned with ethanol and deionized water and subsequeatyndth air.

Table 34. Composition of the AElectrolyteused fordlectropolishing

Electrolyte Composition

90 ml distilled water, 730 ml ethanol,

A2 100 ml butoxyethanol and 78 ml perchloric acid
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3.4.2 X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was conducted to determine the phases present in

the asfabricated samples as well as the phases formed after heat treatment

processes. Rigaku DMAX 2200-Ray Diffractometer was employed using-&uJ

radi atli.om4aq6) =with a fi xedraysgenaratorpowered of 1A/
set at 30 mA and 40 kM representative sample was analyzed at vargoanning

rates (i.e. 0. 1A/2nA/nNmdddernind thendstrconvetdight mi n an d
scanning rateln all four cases, same phases wdeterminedn the testsample,

and thus all XRD analyses were carried out

35 Mechanical Tests

3.5.1 Hardness Measurement

Vickers microhardness measurements were performed using a standard
microhardness tester f/ -2, Shimadzu Scientific Instruments, Kyoto, Japan) on
the polishedsections of samplesith a load of 2 kg (further denoted as HV2) and
holdingtime of 10 seconds. The microhardness measurements were taken from at

least 7 different points to obtain theesage hardness values of each sample.

352 Tensile Test

Tensile test samples witgage length of 30.0 mm wengrocessedrom both
horizontally and vertically built samples according to ASTM E21 standard. The
drawingof the tensile test samplésgivenin Figure 3.4. Before the tests, all the
tensile testing samples were heat treated according to theBREdndition This
process was selectedthe best option among all of the heat treatnuamiditions
according to the hardnesslues obtained by vaing conditions the details of

which will be discussed in thieesuls and Discussioohapter
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Dimensions, mm [in.]

G- Gauge length 30.0 + 0.1 [1.250 + 0.005]
D- Diameter 6.0 +0.1 [0.250 + 0.005]
R- Radius of fillet, min 6 [0.188]

A- Length of Reduced section, min 30 [1.4]

Figure 34. Drawing of round tension test specimen according to ASTM E21 staj@¥#rd

Tensile tests were performed using an Instron 5582 universal testing machine with
a load cell capacity of 100 kN at a constant crosshead speed of 0.5 mm/min at both
room temperature and elevdteemperaturesaf 600, 700, 800 and 900 C The

yield strength(YS) of the samples was measured by the 0.2% offset method. Two
series of tensile testing samples were prepared for efatie test conditions to

ensue the accuracy of the results.

High temperature tensile tests were performed at a constant crossghesedi of 0.5
mm/min using essentially identical samples and procedures as room temperature
tensile tests. Unlike the room temperature tests, the samples were heated and
cooled in a furnace, anthe temperature of the process was monitored by
thermocouples attached at the center of the gage length of samples. In addition,

strain measurement was made by using extensometer attached directly to the

samples.
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3.6  Density Measurement

Ar c hi me d e s 6carred buhto rdeasura ghe density and porosilyegof

the asfabricated pad by PRECISA XB220A balance equipped with density
determination kit. The samples were firstly weighed in air, and then immersed into
xylol solution (CHCgH4CHz) for 2 hours tcallow impregnation of xylol into the
pores. Subsequently, the samples were weighed in xylol sqlar@hthen they

were removed from the solution and weighed again in the air.

Calculations of the density and porosity values of the samples were conducted
using equations 3:2.4. During determination of total porosity percentages ef as
fabricated samples, i (%), by Eq. (3.3), volumes of the samplesane Were
initially calculated according to Eq. (3.1). Then, the densities of the samples,

} sample Were calculated using Eqg. (3.2).

0 —h__f (Eq. 3.1)
M — (Eq. 3.2)
0 p pmm p TITT (Eq. 3.3)
2 A1 ABKIOBBROUT 0 (Eq. 34)

Where,

1 yloi: density of xylol (0.861 g/cry,

} alloy: density of the wrought Inconel 718 alloy (8.22 gfxm
m,: mass of the sample in air,

M, . mass of xyloimpregnated sample in air,

My x: mass of xylol impregnated sample in xylol solution,

Protal 06): Percentage of total porosity.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Microstructural Examinations

4.1.1 As-Fabricated Inconel 718 Alloy

Selective lasemelting (SLM) method is capable of producing samples with more
than 99.5% relative densities. Results indicated that the average relative density of
SLM-produced Inconel 718 alloy components is ca. %.&f the bulk density,
which is accepted in thetandard. This can be attributetbstly to the spherical
shapedmorphology of the powders usgdiaying an important role in obtaining

fully dense parts during the SLM process.

Optical microscope images of the-fabricated Inconel 718 samples in@dishal

condition arepresentedn Figure 4.1The blockyshaped particlesfca.5 Om si z e
distributed heterogeneously throughout the alloy matrix during the SLM process.
These patrticlesre thought to be primary M@ype carbides which were found to

be rich inTi element according to the EDS analysis. The chemical composition of
these particles for bothhorizontal and verticabuilding directions aregiven in

Table 4.1 and Table 4.2, respectively.

These types of carbides generally do not dissolve during thefataring or heat
treatment processes due to their high stability evenght temperatures. It was
observed that the primary TIiC carbides formed in both intragranular and
intergranular regions with a relatively low volume fractioAs mentioned
previousy, the characteristics of the primary carbides may affect the properties of
the superalloypositively or negativelyy eitherpreventing dislocation movement

or acting as a crack nucleation gi®).
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Matrix

WD | mag | HV | HFW WD | mag | HV | HFW

£19.0 mm 5000 x| 18.0 kV |59.7 pm

Figure 41. SEM images of the gsolished SLM Inconel 718 samples infadricated
condition (a) horizontally built and (b) vertically built.

T D — | 30 pm
METE-METU *|8.6 mm |5000x| 18.0 kV|59.7 ym METE-METU

Table 41. EDS analysis of the Ti€arbides formedh horizontally built Inconel 718
samples.

Elements (in wt. %)
Points Ni Cr Fe Nb Mo Ti Al Co C
1 6.49 327 259 953 168 753 027 0.24 0.63

Matrix 51.7 1854 17.71 551 424 0.92 0.7 0.56 0.10

Table 42. EDS analysis of the primary MC type carbide forriredertically built Inconel
718 samples.

Elements (in wt. %)
Points  Ni Cr Fe Nb Mo Ti Al Co C
1 472 254 187 885 161 79.12 05 0.24 054
2 8.14 424 343 817 218 7265 036 0.27 0.56
3 291 187 127 10.72 217 79.73 054 025 0.54
Matrix 51.48 1861 17.83 56 4.04 107 056 062 0.11
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The microstructures of thasfabricated Inconel 718 allgyfor both building
directionsare given in Figure 4.2 and Figure 4.3. At lower magnifications, the melt
pool morphology with typical arshapedfeatures carclearly be observedin the

lateral direction (Figure 4.2(ajc) and Figure 4.3(a)c)). The melt pool depth and
width were measured to be approxi mately
pool morphology is the common feature of Sitdbricated components which was
alsoobserved by Amato et abn Inconel 71888], D. Tomus et alon Hastelloy X

[66] and Bi et al.on Inconel 100[89. It was already reported thahe
microstructure is in the form of an asbaped curve developed according to the
Gaussian energy distribution tfe laser bean{30,32,4% .Furthermorethe laser

beam scanning paths were detected in the axial observation direction (Figure 4.2(b)
and Fgure 4.3(b)). The width of the @ening paths was measured to4e0 0 O m

which was close to the hatch distance impated in the fabrication method
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Figure 42. Microstructure of the astched SLM Inconel 718 samples infabricated
condition (a) the melt pool morphology showing typicalsihapedeatures (lateral view)
(b) the laser beam scanning patisial view), (¢) magnified image of the zone pointed by

white rectangles in (a) and (d) magnified image of the laser scanningspathis in (b)
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Building direction

WD |mag| HV | HFW B WD |mag| HV | HFW 500 pm
* 6.6 mm {250 x| 20.0 kV [1.19 mm ' 6.2 mm (250 x. 20.0kV [1.19 mm METE-METU

{,Ov}er Apping
Jregion®,

WD mag ‘ HV HFW | vac mode 100 ym
*17.3 mm |1000x|20.0 kV | 298 ym | High vacuum METE-METU

Figure 43. SEM images of SLMprocessedinconel 718 samples in-dabricated condition
(a) horizontally builtlateral view (b) vertically built, axial viewand (c) magnified image

of the zone pointedut by thewhite rectangle in (a).

The microstructure of the melt pools is highly influenced by the process parameters
and scanning strategy. During the SLM process, some overlappgigns can
occur bothin horizontal and vertical planesith respect to the building direction
(Figure 4.2(ed) and Figure 4.3(¢) Thiscan be explainetly the remelting of the
previously solidified layers due to the high laser beam energy. The stxepath
gradient generated in the overlapping regions provides strong bonding interaction
between the deposited layers, resulting in formation of more dense structure
[59,81] Mostafa et al. found that the shape of the melt pools in the produced
sample was ifferent in the upper (i.e. flat boundaries in a layered fashion) and

lower sections of the pafb9]. The schematic illustrations of overlapping for both
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building directions are also given in Figure 44trizontaloverlappingobserved in

the asfabricated samples ithe presenstudy are emphasized in Figure 4.3(c).

a b

Laser beam Laser beam
diameter overlapping

N -8-8-8

Horizontal overlapping

Hatch angle

Layer thickness

Vertical overlapping

Figure 44. lllustration of overlapping regions (a) horizontal and (b) verf{igg].

SEM images in Figure 4.5 represent the detailed microstructure of-thbrasmated

sample.A very fine cellular/columnar microstructure was formed within the melt

pool morphology. The magnified view in Figure 4.5(b) demonstraesdolumnar

dendrites with an average dendrite arm spacinglof 0 Om in the hori z
sample. Some cellular structis appeared to be equiaxgadiins (Figure 4.5(c))

were also observed ieover | appi ng regions wit.h si zes
X. Li et al. reported that the difference between these two types of microstructure is
caused by the high cooling ratiiring the SLM procesf22]. These sizes are

smaller when compared to other Inconel 718 alltabricated by conventional
manufacturing methods. D. Zhang et al. showed that the dendigrostructure of
asfabricatedinconel 718 is relatively finer than that of the castaligy in which

its dendrite arm spacing9was measured to
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Figure 45. SEM micrographs of SLM Inconel 718 samples kiadsicated condition (a)
showing columnar and equiaxepairns within the melt pools(b) the Laves phase which is
embedded in the columnar dendrite and (c) the equiaxedraifbwhich is formed in the

overlapping region.

Further details of the dabricated samples reveal that irregulashaped small
particles with a few microns size areembedded along the interdendritic regions
(Figure 4.5(b)). As mentioned earlierhe rapid solidification during SLMrpcess
causes segregation ebme elements (Nb, Mo and &ihd leads to the formatiaof
nonequilibrium phases such as Laves phase andtif@ carbides. The white
particlesseen in Figure 4.5(lx) were identified as the Nbch Laves phase~(-

2 Om) a c ctbeEMES analysigivenin Table 4.3t is generally accepted that
the Laves phase adversefiffects the mechanical properties of the alloy, in

particular fracture toughness well asfatigue and creep propertieghis phase

50



serves as nucleatiosites for crack initiation and propagation as well ths

formation of microvoids Additionally, it consumes the available Nb from the
matrix which restrains t htehadedb8MpW.i on of
Huang, et al. observed that brittle Laves phases are formed in the interdendritic
region with a chaidike morphologythat must belissolved inthe following heat

treatment processg47].

Table 43. EDS analysis of the Lavgdhase formed in the Inconel 718 alloy matrix.

Elements (in wt. %)
Ni Cr Fe Nb Mo Ti Al Co

Laves 14.20 4.72 491 6056 5.61 8.53 0.35 0.11

Matrix 51.74 19.00 17.71 5.35 4.00 1.06 0.84 0.44

Figure 4.6 represents the XRiatternof the startingnconel 718 powders as well

as adabricated samplebuilt bothin horizontal and vertical direction$he XRD
patternsrevealedthe presence od+, j and FCCGo phases for all conditionsased

on the information about thgeaksidentified in previous stugks in the literature
[22,92] However, it is difficult todifferentiatet h e p edaaknsg phades fom

that of the matrix phasesince their peaks are overlapping. No other peaks
including MGt ype <car bi de sobsemwed inthepdswdts Eor theeas e
fabricated samples, it can be seen that the dendritic structures illustrate a dominant
texture along the (200)plane whereas the powder exhibited strong (111) peaks.
This may be related to the formation sifengthening phaseghich maypromote

variation inthegrain orientation during the fabrication process.
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Figure 46. XRD patternof thestartinglnconel 718 powdeas well asorizontally and

vertically built samples.

4.1.2 Heat Treated Inconel 718 AlloyProduced by SLM

Manufacturing of the Inconel 718 alloy using conventional production techniques
is very challenging because of its low plasticity and high strain hardening rate,
especially for components with complicated geometries. Selective laser melting
(SLM) method eables the production of any complex shape of functional parts
with high dimensional accuracy. Over the past few years, near full dense and
homogeneous Inconel 718 materials have been successfully manufactured using
SLM technology. Many researchéravestudied on the optimization of the process
parameterandthe properties of the alloy4,93] However, SLM process causes

the development of undesired microstructure Hfiadsicated components owing to

the rapid solidification rate and steep temperagreglient.As mentioned before,
related negative aspects encountered during SLM processing can be described as

the formation of nosequilibrium phases, segregation of refractory elements,
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directional grain growth, high residual stresses or formation ofcttefuch as
cracks, pores, etd80,81] Additionally, microstructure othe SLM-processed
Inconel 718different from those of wrought and casting mategasignificantly
influencsst he component s geomkiricalecousacy anveell abheairn d
meclanical properties. For this reason, ppsicessing heat treatments are essential
to minimize thesenegative aspects the asfabricated components and &iter

their mechanical performance.

Inconel 718 alloys are mainly designed to overcome the extsemee conditions

including corrosive environment at high stress and/or temperatoesefore, heir
favorabl e microstructure consbychesentof t he
and disper si vezx@rajrpbases laredsotheo tecondarg phases.
Therefore, the main purpose is to optimize precisely the morphology, size and
volume fractions othesephasesas well asagingtreatment parametete achieve

optimal mechanical performance.

In this study, two types ofinconel 718 alloys (i.e. horizontally and vertically built

as illustrated in Figure 3.3) were fabricated by SLM methédter the
manufacturing procedurall samples were firgtolutionized at 1040QC for 2 hours

followed by air cooling to increase thesdolution of the Laves phase and carbides

in the matrix.Subsequentlyone step agintteatment wasarried outat 700lL for

different soaking timeso form finely distributed strengthening pirpdates.

Various heat treatmembnditions(as summarizechi Table 3.2) have beeapplied

to investigate the microstructure and mechanical behavior of the samples. Although
the standard solution treatment i s carr.i
many studies were performed to determine the most c@amnesolutionizing
temperature for SLMproduced alloys. It was reported that carbides and brittle
Laves phases remain undissolved at 980
temperaturepromotesthe dissolution of these undesirable pha3éwrefore, the

aim of this study is to optimize heat treatment processes for the Inconel 718 alloy
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produced by SLM method to obtain mechanical properties closthase of

wrought materials.

SEM images othe grain structures athe samplesuilt in horizantal and vertical
directionsand subsequentlizeat treatedinder differentconditions are giverin

Figure 4.7 and Figure 4.8, regpgely. Comparedo the grainstructures of as
fabricated sampkein Figure 4.2 and Figure 4.3, asbhaped structurseem tchave
disappeared and converted into a mixture of columnar and/or equiaxed grains for
all heat treatment conditiondn the literature, e reason for this type of
modificationhas been attributeth the presence of primary carbides and secondary
phases dipersed in the matrixyhich may lead to limitation irgrain boundary
motion[55].
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Figure 47. Lateral microstructures of horizontally built SLM Inconel 718 samples in
different heat treated conditions (a) PAEM, (b) PHT8h, (c) SHT, (d) PHA16h, (e) PHT
28h and (f) PHT34h.
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WD mag | MV | HFW 100 pm
|87 mm 1000x 180KV 268 ym METE-METU
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82 mm 1000x 200k METE-METU

Figure 48. Axial microstructures of verally built SLM Inconel 718 samples in different
heat treated conditions (a) P¥bh, (b) PHT8h, (c) SHT, (d) PHT16h, (e) PHT28h and
(f) PHT-34h.
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For all heat treatment conditions, Laves partildes 2 and 1 wen i
observedto disperg in the grain interiors an@longthe grain boundariesThe
corresponding elemental mapping analysis demonstrated that the Lavessphase
enrichedn Nb, Mo and Ti elements, while the dendritic regiansenrichedin Ni,

Fe and Cr elements as shown inufeg4.9. It should be noted that the dissolution
of the Laves phase by heat treatment proceissas important considerationto
release the Nb element whigihomotes the formation f  t phase fothe alloy
matrix. However, it is also known that it isfficult to dissolve the Laves phase due
to the low solubility of the large Nb and Mo atofi]. Similar to the results
obtained in the literaturelarge amount of undissolved Laves particles were

observed after all heat treatmi@onditionsin the present study

S. Raghavan et atxamined the effect of different heat treatments on the properties
of the Inconel 718 alloy produced by SLM by varyitittge solution treatment
temperature from 1040 to 12Q@. They found that the dissolution of the Laves
phase increased by increasing thmcesstemperature However, some Laves
phase remained along the grain boundaries evetheahighest solutionizing

temperaturg79].
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Figure 49. EDS elemental mapping of the heat treated Inconel 718 in SHT condition; the
elemental maps of Ni, Fe, Nb, Mo and Ti, respectively.

Figure 4.10 reveals the detailed morphologies of the phase®d in the heat
treated Inconel 718 samples. It is seen that +sarexl precipitates which
cor r es pto njphmasesmre mmogeneously distributed in the matrexcept
for the sample heattreated using PHT-5h condition (Figure 4.10(a)
Microstructural observatins revealed that the aging procas§00LWC for 5 hwas
not sufficient for completéormation of the strengthening phasddus, somext
a n d /j mhases®0 nm in size were randomly distributed within the matrixtfer
PTH-5h condition.lt has been observed thiacrease insoaking time during the

aging treatmentausesan increase in the average size of the precipitates.size
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of thestrengthening phas wasneasured between 20 aBd nm for PHTF8h, SHT
and PTH16h condi t i on s ta nvib/r phesesapproximatdly &0 rom
in size, are uniformly distributed in the matrix folPHT-28h and PTFB4h
conditions. Also, coalescence of the phases wasrebd when the alloys were
treatedusingthe PHTF28h and PHT34h conditionsshownin Figures 4.10(eand

(), respectively.

According to the transformatiofime-temperature (TTT) diagram of the Inconel

718 alloy systenj14], the mephasabktanotransform to
aging treatment within 65080 (C in duratons more than 10 h. Under these
conditions,somedisc| i kterecipitatesdissolvedand aciculars haped U phas
particles(~30 nm thick and-200 nm lengthjormedalong the grain boundaries for

SHT and PHT16 hconditions As time increases agiven temperature, the size

and amount of t ke thaPHRE mandkPHI34 kcconeitoasa d .

phasewith a length of about 450 naisoappeared in the matrix.

It has been reported that precipitation of large amounts afthgg has e ®on s ume :
element,whi c h resul ts I n ztphriclesdla @ddidan,i tleen of
morphology oftheti p hase (i .okthe adchlashaped pattigles)scan

act as crack initiation and propagation sites at elevated temperakhezefore,

this phaseis not preferred in thenicrostructure as it causes a reduction in the
mechanical properties of the Inconel 718 alldgwever, some researchers agreed
onthefact hat appropriate amount of O phase \
the grain boundary igling, refine the grain sizend thus alter the tensile or fatigue

properties and creepesistance D. Zhang et alreportedthat the needit i k e U
particles formedncoherently along the grain boundaries as wellnathe grain

interior when the standafteat treatment proceduneas applied tavrought Inconel

718[32). D. Deng ¢ al. studiedthe effectof heat treatment on the microstructural

evolution and mechanical behavior of the Inconel 718 aliere heyobserved

t hat padiclegleadtaiformation of voids in the matriproviding easy crack

propagation site[45].
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A few irregularshaped primary MC type carbideksize~5 Om wer e al so de
for all hed treatment conditions, which wef@C carbides asverified by EDS and

XRD analyses. As mentionepreviously this can be associated with the high
stability of the primary MC type carbideven at high temperatures. Therefore, the
primary carbides formed during SLM process remained undissolved during the
heat treatment processes. The poimimberedin Figure 4.11(b) correspond to

those in Table 4.4, whichives the results of the EDS analysisthe different

phases formeth the matrix. EDS results revealthatthe white particles (point 1)

which correspnd tothe Laves phaseare enrichedin Nb (29.99 wi%), Mo (4.55

wt.%) and Ti (3.53wt.%) elementsand the primary MC carbideofmed in the

matrix (point 2)is errichedin Ti (74.73 wt.%) and Nb (17.54 wt.%lhe chemical
composition of the matrigpoint3)isc | ose to that of I nconel
3.1) used in the production of thalloy. Additionally, some blocishaped
secondary MC type carbides enriched Nb were detected along the grain
boundaries Table 4.9. It is known that the error of ED8nalysis raises when

small particles are observed depending on the volumetric interaction between the
phases and the surrounding matiikerefore, EDS analysis was unable to detect
theelementpr e s e nt, téondt & enudh ansaklesin size compared to the

above mentioned ones

Mattix:

WD ma HV HFW | m WD | mag HV HFW P T —
METU |78 mm|8000x|200 7.3 pm METE-METU

x g —_—1
*16.7 mm | 100 000 x | 20.0 kv |2.98 ym| METE-

Figure4ll SEM i majgeasndfl (mhases and (b) Laves p
particles formed within the matrix in PHABh condition.
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Table 44. EDS analysis of the Laves phase, the primary MC type carbide and the matrix of
the Inconel 718 alloghown as points 1, 2 and 3 in Figure 4.11{e3pectively.

Elements (in wt.%)

Points Ni Cr Fe Nb Mo Ti Al
1. Laves 3497 1362 1256 2999 455 353 028
2.P. 3.04 191 1.05 1754 142 7473 031
Carbides

3. Matrix 51.06 19.01 17.71 6.21 4.01 1.06 0.84

Table 45. EDS analysis of the secondary MC type carbptecipitatedon the grain

boundaries imeat treated Inconel 718 alloy.

Elements (in wt.%)

Points Ni Cr Fe Nb Mo Ti Al C

S. Carbides 1255 572 491 5956 411 703 035 574

XRD patterns othe samples built in horizontal and vertical directions heat treated

under differentconditions are giveim Figure 4.12 and Figure 4.13, respectively.

Three main peaks were determined in the heat treated samplé€as mat ri x and
st r en g txhaenndj phages dor all conditions. Depending on the bogdd
direction, the intensities of the peaks changeet the dominant texture was the

same for both conditions. All heat treated samples exhibited a dominant texture in

the (200) direction similar to dabricated samplesvhile thesample heat treated

usingPHT-34 h condition showed a strong texture in the (111) direction.

A new peak at around 46Uc or r esponding to thas orthorho
attributed tothe (201) planen samples heat treated usiS§iT, PHF16h, PHF

28h and PHT34h conditions, whichs also in good correlation withthe SEM

analysis. I 't was me niphaserorvdrtsta htathe t hephbhase during
treatment within 6580 (C when the soaking time exceetD h. Additionally, a

small peakpresentat around 38corresponds to the {1) plane of the primary MC
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type carbide[38]. XRD method generally fails to identify the phasesh an
amount less thab vol.% of the sample, thuthese to peakpossess very small
intensities. For this reason, another XRD analysis was performed for3BKT
condition with a fixed scan speed of
carbides and U splthfaheattredtroen(®gui 4. 82sHowever, e
the peaks of the phass#ll did not appear clearly according to the results obtained

from the XRD analysiatslower scanning rat@nset of Figure 4.12)
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Figure 412. XRD patternof horizontally built SLM Inconel 718 samples in different heat

treated conditions.
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Figure 413. XRD patternof vertically built SLM Inconel 718 samples in different heat

treated conditions.

4.2  Texture Evolution in As-Fabricated and HeatTreated Inconel 718
Alloys

42.1 As-Fabricated Inconel 718Alloy

Figure 4.14 and Figur£.15 illustrate th&BSD analysisesultsof theasfabricated
SLM Inconel 718 samplesuilt in horizontaland verticaldirections respectively.
Theinverse pole figure (IPF) calanappings were conductedh the corresponding
EBSD data to determine the crystallographic orientatidhg. colors inthe IPF
maps showthe crystal orientations of the grains in the alleyherethe normal
planes representday red green and blueolors correspond t¢001), (101) and
(111)planes whiclare parallel to the buildindirection.
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The structure in the horizontally built sample illustrated columnar grains elongated
along the building direction which correspondsthe direction of the dominant
heat flux duringthe SLM process Figure 4.14(a]J81]. In contrast, the equiaxed
grains with sizes of approximately 9%68 . 8 Om wer e obsé&r ved
built sample along the axidirection as illustrated Figure 4.15(ahe inverse pole
figures (Figure 4.14(b) and Figure 4.15(b)) demongtrttatthe horizontally built
sample had nearly random orientation with the maximum intensity value of 4.713
while the texture of the vertically built sample concentratgth the maximum
intensity value of 3.160 if001) plane. However, the grains in the hontally

built sample in the lateralirection seem tpossess vaguetendency to align along

to (001) and (111) planes. It should be dateat this texturealong the building
direction (i.e. (001) plane) igoinciding withthe maximum heat flowand herce

easy grain growth direction at the melt pool boundary.

Low angle grain boundaries (LAGBg)ere predominant at both horizontally and
vertically built samples, especiallgaving misorientatiomngles in theof range 0

50 The number fraction of AGBs misorientation angles of the horizontally and
vertically built samplesvere 0.73 and 0.69, respectively. On the other hand, the
number fraction of the HAGBs showedl slight increase for vertically built
samples. For the SLM process, these LAGBs consist ¢drge number of

dislocations to accommodate the large residual thermal sf&dih
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Figure 414. EBSD mapof the horizontally built agabricated Inconel 718 alloy (a) IPF

color mapping of columnar grains and (b) pole figures demonstrating alloy texture.

Figure 415. EBSD mayof thevertically built asfabricated Inconel 718 alloy (a) IR#©lor
mapping of columnar grains (b) pole figures demonstrating alloy texture.
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4.2.2 Heat Treated Inconel 718Alloy

EBSD analysis and corresponding inverse pole figure) (t®Fr mappingsof the
heattreated sampleshown in Figures 4.187, where the effect of thariousheat
treatments on the grain structures were more clearly obsekgethn be seen, the
heat treatment processes did not significantly alter the texture of the samples for
both buildng directions. While lie structure in the horizontally built sample
contained columnar grains elongated along the buildingctitirg the equiaxed
grains were observed in the vertical directions as similar to the texture- of as

fabricated samples.

For PHT-5h condition (Figure 4.16(a) and Figure 4.17(a)), teeture in the
horizontally built sample illustrated columnar grains elongated along the building
direction whereas the equiaxed grains with sizes of approximatehNIL.9 . 2 Om
were observed in theewtical directions. The IPFs of the horizontally built sample
demonstrated a nearly random orientation (mainly (001) and less frequently (111)
planes) with the maximum intensity value of 5.115 whihe vertically built
samples ha@ dominant texture on QQ) plane with the maximum intensity value

of 4.396 as given in Figure 4.16(b) and Figure 4.17(b), respectively.

For PHT-8h condition, the microstructure in the horizontally built sample (Figure

4.18(a)) showed again columnar grains elongated along thinigudirection. The

equiaxed grains with sizes of approximately I89 . 5 Om wer e exami ne
vertically built sanple (Figure 4.19(a)) which showedslight difference from the

PHT-5h condition.According to IPFs, the texture of the horizontally bs&mple

(Figure 4.18(b)) concentrated with the maximum intensity value of 3.803 in (001)

plane. Additional textures were also observed on the (111) and (101) planes. The
vertically built samples had a strong texture on (001) plane with the maximum

intensty value of 3.775 as demonstrated in Figure 4.19(b).
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Figure 416. EBSD map®f the horizontally built heat treated Inconel 718 alloy in PHHT
condition (a) IPFcolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.

Figure 417. EBSD maps for the vertically built heat treated Inconel 718 alloy in-BfHT
condition (a) IPFeolor mapping of columnar grains and (ijle figures demonstrating

alloy texture.
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Figure 418. EBSD map®f the horizontally built heat treated Inconel 718 alloy in P3hT
condition (a) IPFcolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.

Figure 419. EBSD map®f the vertically built heat treated Inconel 718 alloy in P8tT
condition (a) IPFeolor mapping of columnar grains and {imle figures demonstrating

alloy texture.
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Figure 4.20 (a)demonstrated thathe width of the columnar grains in the
horizontally built sampleshowed an increase when ti8HT condition was
performed The size of the equiaxed grains observed in the vertically built sample
(Figure 4.21 (a)) was measured ddyout 11.1N9 . 8 IRFsresults showed that

the texture of the horizontally built sample (Figure 4.20 (b)) concentrated with the
maximum intensityalue of 4.787 in (0O01Furthermorethe columnar grains seem

to possessa slight tendency to align along to (111) plafiée texture of the
vertically built sample as shown in Figure 4.21 (b) concentrated with the maximum
intensity value of 3.393 in (9.

For PHT-16h condition,the coarser columnar structuire the horizontally built

samplecan be seen clearly in the EBSD maps (Figure 4.22(a)). The equiaxed

grains with sizes of about 1281 0. 4 Om were observed in the
sample (Figure 23(a)). The IPFs of the horizontally built sample demonstrated a

nearly random orientation with the maximum intensity value of 6.§28ure

4.22(b). It means that the texture has a tendency to align along to (001), (101) and

(111) planesin contrast the texture of the vertically built sample (Figure 4.23(b))

concentrated with the maximum intensity value of 5.101 in (001) plane.
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Figure 420. EBSD map®f the horizontally built heat treated Inconel 718 alloy in SHT
condition (a) IPFeolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.

Figure 421. EBSD map®f the vertically built heat treated logel 718 alloy in SHT
condition (a) IPFeolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.
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Figure 422. EBSD map®f the horizontally built heat treated Inconel 718 alloy in PHT
16h condition (RIPF color mapping of columnar grains and (b) pole figures demonstrating
alloy texture.
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Figure 423. EBSD map®f the vertically built heat treated Inconel 718 alloy in PEgh
condition (a) IPFeolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.
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As can be observed in Figure 4.24 (#)e coarser columnar graina the
horizontally built sampleean be seen clearfpr PHT-28h condition. The size of
the equiaxed structures in the vertically built sample (Figure 4.25 (a)) was
measuredapproximately 11.4N 10.2 O m When IPFs of the horizontally built
sample (Figure 4.24 (b)) we investigated it was observed that th&exture
concentrated with the maximum intensity value of 7.216 in (O@dditional
textures were also observed on the (111) plane. Otherttisetexture of the
vertically built sample as shown in Figure 4.25 (b) concentratedtigtmaximum
intensity \alue of 3.306n (001).

For PHT-34h condition, the structure in the horizontally built sample (Figure
4.26(a)) illustrated again coarse columnar grains elongated along the building
direction. The equiaxed grains with sizes of approximately M®. 9 Qen we
observed in the vertically built samp(€igure 4.27 (a)which showeda slight
difference from the other heat treatment conditidxeording to IPFs, the texture

of the horizontally built sample (Figure 4.26(b)) concentrated with the maximum
intensityvalue of 3.495 in (001) plane. Additional textures were also observed on
the (111) and (101) planes. The vertically built samples had an intense texture on
(001) plane with the maximum intensity value of 3.2Bigure 4.27(b)

73



Figure 424. EBSD map®f the horizontally built heat treated Inconel 718 alloy in PHT
28h condition (a) IPEEolor mapping of columnar grains and (b) pole figures demonstrating
alloy texture.

max= 3.306
2708
2219
1818
1.490
121
1.000
0819

RD

Figure 425. EBSD map®f the vertically built heat treated Inconel 718 alloy in PE8h
condition (a) IPFeolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.
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Figure 426. EBSD map®f the horizontally built heat treated Inconel 718 alloy in PHT
34h condition (a) IPEolor mapping of columnar grains and (b) pole figures demonstrating

alloy texture.

Figure 427. EBSD map®f the vertically built heat treatddconel 718 alloy in PHB4h
condition (a) IPFcolor mapping of columnar grains and (b) pole figures demonstrating
alloy texture.
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As a result, the effect of various heat treatments on the texture of the samples for
both building directions was discussede previous sectiolit.is clearly seen that

the applied heat treatments did not significantly change the texture. Only small
differences correlated as the soaking time of the aging treatmentolseeved

The same EBSD results were ateportedby D. Deng et al. fothe standard heat
treatment and homogenization plus double aging procgsskes

The results showed that the average grain size of all vertically built samples was

close to that of the dabricated sample (i.e. 988 . 8 Om) , i og@n cating t I
growth was not observedfter heat treatment processes. As noted previously, a

lar ge amount of Laves particles were observe
dispersing inthe alloy matrix afterall heat treatment conditions. This can be

attributedto the fact that théemperature of the solution treatment was insufficient

to completethe dissolution of the Laves phases. The studies in the literature

showed that the dissolution of the Laves phase incse@isie increasing solutio

treatment temperaturetl@oughsomeof the Laves phase remains undissolved even

at the highessolutionizingtemperatureapplied(i.e. near the melting temperature

of the Laves phase). It can be concluded that the presence of remained Laves

phasesand carbides along the grain boundariegy contribute to the grain

boundary pinningand thus inhibigrain growth in Inconel 718 alloys.

The number fraction ofLAGBs misorientation angle distribution of both
horizontally and vertically building directions for all heaeatment conditions
(Figure 4.28. The results showed theAGBs are predominant forllaconditions,

as similar to the distribution in the -gebricated samples. Only minor changes in

the distribution were observed for different heat treatment processes.
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Figure 428. Number fraction o AGBs misorientatiorangle distributions of SLM Inconel
718 alloys in various heat treated conditions (a) horizontally built and (b) vertically built.

4.3  Mechanical Property Evolution of Heat Treated Inconel 718 Alloy

43.1 Microhardness Measurements

Axial and lateralmicrohardness vaks of the SLM Inconel 718 samples produced
both in horizontal andvertical directionsin both asfabricated and heat treated
conditions are given in Figure 4.29. In both samples, there was no significant
microhardness fluctuatiorwith respect to the measurement axidere the
microhardness of the samples produced by SLM shoavedsotropic nature in
terms of thenardnessThe average microhardness of thdadsicated sample was
measured as 315 HV, which was relatively lower theat bf the wrought material
(340 HV - AMS 5662)[32]. On the other hand, the v& was considerably higher
when compared to the cast material (270 HXMS 5383)[32]. This may have
resuled from the higher cooling rate of the SLkhethod, which lead$o the
formation of finer microstructure andparticles than those produced by
conventional manufacturing method$he microhardnes of the Inconel 718

samplesncreaedsignificantlydue to theformationof the strengthening phasies
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the matrixby the application of theagingtreatment. In the case of PFbh, the
duration of the aging process was not sufficient to comhetédormationof the o+

and 9 Nj phbk misrahardnesssab the alloys waswer when compared to
other treatment conditions. Thus, the heat treatment optimization was continued by
increasing the aging time to obtasompleteprecipitation in the matrixor PHT

8h condition, the microhardnesss reached to the peak value at 462 (Hgure

4.29.

For SHT, PHF16h, PHF28h and PHI34h conditions, the microhardness values
were almost the same among the four heat treated conditorixoth building
directions (~450 HV). SEM analysis showed thats the aging treatment time
increased, acicules h a p e d particlpsforanedealong the grain boundaries and

in the interior ofthe grains. It is believed that the formation of this phase caused a

slight reduction in hardness as it leads to the dissoluti of t he strengt hen

phase.
500
Horizontally Built
Vertically Built
450
400

350 4

Hardness (HV)

300 4

250

1 I I 1 I I I 1
ASF SOL PHT-5h PHT-8h SHT PHT-16h PHT-28h PHT-34h

Figure 429. Vickers hardness of vertically and horizontally built SLM Inconel 718

samples in both a®bricated and heat treated conditions.
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4.3.2 Tensile Test

The building direction in the SLMbrocessnfluences the texture formatian the
produced component and leads to anisotropic mechanical propefti¢lse
materials Therefore, tensile tests weperformedat both room temperature and
elevated temperatures (up to 9@) to analyze thenechanical progrties ofas
fabricatedand heattreated Inconel 718 alloygarallel and perpendicular to the
building direction Tensile tests werearried outusing an Instron 5582 universal
testing machine with a 100 kN load cell at a constant crosstieeeld of 0.5
mm/min for both conditionsFirstly, all horizontally and vertically built samples
(Figure 3.3) were machined accordingA8TM E21 standardFigure 3.3. For
each test, two different samplasth a gauge length of 24 mnvere utilizedin
order to attain average valuesPrior to the tensile tests, alamples were heat
treated according to theHF-8h condition { e. solution treatmenat 1040(L for 2

h, subsequently aging at 700 for 8 h followed by air cooling)which resulted in

the higheshardneswsalue

Table 4.6presentghe room temperature tensile test restdtsasfabricated and
heattreated samples in botterpendicular to building directioraxXial, HBO) and
parallel to building directionldteral,VBO) including yield strength (YS)ultimate
tensile strength (UTSnd the prcent elongation (% EL)'lhe AMS specification
values of casting (AMS 5383), wrought (AMS 5662) and additively manufactured
(EOSAMS 5662) Inconel 718 alloy aralso given as refemces[32,99. The
stressstrain curves of the dabricated and heat treated samples also are shown in
Figure 4. 30.The results showed that pgsbcessing heat treatment significantly
improved the YS anthe UTS values while reducing the % EL at failure for both
casesThe mechanical properties of Inconel 718 alloys produced by SLM for both
axial and lateratlirections were higher than those of the heat treated cast material.
Furthermore, the YS (above abo@t@% forthe horizontallybuilt samplei 12.2%

for the vertically built sample) and the UTS (above about 10.4% fioe

horizontallybuilt samplei 4.3% forthe vertically built sample)valuesof the PHF
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8h treated samples exceed#uat of the wrought Incoal 718 alloyin both

directions

Additionally, % EL of the heatreated samples showed an increase of 63.3% and
97.5% for bothlateral and axial directiongespectively compared to wrought
Inconel 718 This may be related to thenique microstructure of Inconel 718
produced by SLM, which was relatively more uniform afger than those
produced by conventional methods because of the higher coolinfRPhtdt is
known that for tis precipitation hardened alloy, heat treatment promotke
precipitation off i nel y di st r i btatheld ohmdesieNhgphakie ni ng o
which act as barrier to dislocation movement, atfdis improve the mechanical
properties. Additionally, itpromotesthe dissolutionof the undesirable second
particles such alsich altarthe ductilayrofdthe iIncopeh7d& e
alloy [14,45]

When the mechanical properties of the samples are compared with respect to the
building direction, thelateral YS andthe UTS values of the horizontally built
samples were slightly higher than those of #x@&al ones of thevertically built
samples, whereas the % EL showed the opposite tfEne. average relative
density of the afabricated samples was measured to be ca. 99.8%. No residual
porosity has been observed during the microstructural examinations as well.
Therefore the differences between the mechanical properties of the samples cannot
be related to the defects caused by the SLM process. This phenomenon can be
explained by the formation of textured columnar grains leading to anisotropy in the
mechanical propertiewith respect to the building direction. Moreover, the re
melting of the previously solidified layers causes the formation of some
overlapping regions in the microstructure of the samples produced with SLM that
provides a strong bonding interaction betweit)e deposited layers. In the
vertically built samples, the orientation of overlappings with respect to the loading
direction is such that they do not interlock the subsequently built layers making

them relatively easier to separate compared to the haaizohtiilt samples.
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Figure 430. Stressstrain curves of the &abricated and heat treated samples tested at

room temperature.

Table 46. A summary of the tensile properties of Inconel 718 altogasurect room

temperature for both building directions.

Condition Yield Strength Ultimate Tensile Strain at Fracture
(MPa) Strength (MPa) (%)

ASF-HB 785.22 1066.50 N 27.55 N

ASFVB 702.70 998.40 N 32.22 N

PHT-8hi HBO 1206 . 64 1408.46 F 19.60 N

PHT-8hi VBO 1160. 30 1330.42 N 23.74 N

EOS-AMS5662 1130. 00 1241.00 N 15.00 N
Cast- AMS5383 758 862 5
le\;l?ggé_z 1034 1276 12
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In order to understand the effect of heat treatmenthenfailure mechanism,
fracture surfaces of samples were examined after tensile tests at room temperature.
As seenm Figure 4.3, the fracture surfaces of both horizontally and vertically
built samples hadsimilar characteristics with a findimpled surfacesindicating

the ductile failure modeNote that the characteristics (i.e. size and depth) of the
dimples provide information aboutthe ductility of the material. The results
indicated that the deptof the dimples in the fracture surface of the vetydaibilt

sample (Figure 43 (b)) are higher compared to that ofhe horizontally built
sample pointing out to their higher ductilitywhich was also verified by the
mechanical tegiesults(Table 4.9.

Figure 431 Fracture surfaces of the heéaated Inconel 718 alloys tested at room

temperature (a) horizontally built sample and (b) vertically built sample.

Figure 4.2 shows thecross sectionef the tested samples at room temperature for
both horizontal and vertical directiorisis well known thathe brittle Laves phase
acts as preferred crack initiation and propagat&ites along the interdendritic

regions.As can be seenhé microvoidgFigure 4.2) aremostly formed around the
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Laves phases resulting in premature degradation of the sartpkeddition to the
Laves phase, some MC type carbidekich were verified to be rich in Ni{59.56
wt.%) by the EDS analysis resultaiere also detded around the microvoids. A
similar result for the Laves phases and Qe carbides waalso found on the
fracture surfaces of the Inconel 718 alloy fabricated by direct laser idepos
method[58].

Microvoid

o
;| WD | mag | HV | HFW —— 50 pm —— WD | mag | HV | HFW = 50 pm
*|9.5 mm |3 000 x| 20.0 kv |99.5 ym METE-METU

Figure 432. Cross sectionsf the fractured surfaced the heatreated Inconel 718 alloys

i
*19.0 mm |3 000 x| 20.0 kV |99.5 ym METE-METU

tested at room temperatu@ horizontally built sample and (b) vertically built sample.

Figure 4.3 reveals the detailed morphologies of ME-type carbidedn the tested

Inconel 718 samplesSome primary M&@ ype car bides ampr oxi me
size were detected on the fracture surfacestted samples for both building

directions These carbides were found to be rich in (B0.14 wt.%)as verified by

the EDS analysislit was mentioned that the Mi@pe carbidesave beneficial or

negative effectson the mechanical properties of the nickelsed superalloys,

which mainly depend on the distribution and morphology of the carbidesin be

observed that primary Fich MC carbides exhibited cleavage characteristics and

alsoactedas preferential sisfor easy crack initiation
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Figure 433. Fracture surfaces of the héaated Inconel 718 alloys tested at room

temperature showing fractured primaryriah MC carbide.

Table 4.7and Figure 4.8 give a summary of the tensile properties of Inconel 718

alloys, which were performed at high temperatures for both building directions.

The results showed that the mechanical properties of Inconel 718 alloys produced

by SLM for both horizontal and vertical dctions tend to decrease as the

temperature increase¥/hile the mechanical properties of the horizontally built

sample tested at 60 met the standard values for the wrought matettialse of

the vertically built samples were observed to be slightliowethese values.
Consideringt he tensil e test conducted at 700 UC
strength values (YS and UTS) of the samples produced in both direeatiessl|

close to the standards. However, the ductility of the horizontally built ssninals
significantly reduced compared to test resu
4.7, the ductility of the vertically built samplese approximately three times

higher thanthat of thehorizontally built samplesin the case of théensile test
conducted at 800 UC, bot hredfuGedignifidanty TS val ues
for both horizontal and vertical directionkinally, consideringthe tensile test

perfor med at 900 UcC, bot h YS and UTS val
dramatic#ly for both building directions. The results showed that the strength of

the alloys decreasetb about 200 MPRa level. In contrast the ductility of the

samples increasdoly ~33% and~48% for both horizontal and vertical directions,

respectively.
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Table 47. A summary of théigh temperaturéensile properties of Inconel 718 alloys for

both building directions.

Heat Yield

Treatment Temperature Strength Ultimate Tensile Strain at
1)
Condition () (MPa) Strength (MPa) Fracture (%)
HB1 600 1127.9C 1195.80 18.10 f
HB2 700 975.20 1045.60 6. 40 N
HB3 800 618.50 618.50 N 6.20 N
HB4 900 210.05 209. 45 N 326N 1.
VB1 600 975.00 1107.9 N 20.25 f
VB2 700 900. 90 976.40 N 18.45 |
VB3 800 588.50 600. 25 17.25 f
VB4 900 203. 40 201.65 N 47.9 N
EOS 650 970.00 1170.00 | 16.00
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g 600 'LEJ 600+
% 4004 % 400+
- =
200 g 200 -
0-
600 700 800 200 600 700 200 900
Temperature (°C) Temperature (°C)
so{ Eleein”
gﬂ 20
84}
104
o 600 700 800 900
Temperature (°C)

Figure 434. High temperature tensile propertiesodinconel 718 alloys for both building

directions, (a) yield strength, (b) ultimate tensile strength and (c) elongation at failure.
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The fracture surfaces of both sampleg st e d @adssessedl Gine WirGples as
shownin Figure 4.3. However, the size and the depth of the dimplessmaller
compared tothose atthe fracture surfaces of the sales tested at room
temperaturelt is clear that the ductility of theertically built samples tested at 600

UC was | ower t h a nestadfatarbom temperatiree Figgiraéhp | e s
revealsthat Laves phases and M@pe carbides still serve as nucleation sites for

the formation of microvoids as the case ofresuls obtained from the room

temperature tensile tests.
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Figure 435. Fracture surfaces of the hétated Inconel 718 alloys tested at &G0

(a) horizontally built sample and (b) vertically built sample.

Figure 436. Fractred cross sections of the h&atated Inconel 718 alloys tested at &80
(a) horizontally built sample and (b) vertically built sample.
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