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ABSTRACT

DESI GN ANDOPHEEBRT HOlKGH TEMPERATURE
NI CKBBIASED SURBRAL

E r,IR&sim
M.S., Department of Metallurgical and Materials Engineering
Supervisor: Prof. DiM. Vedat Akdeniz
Co-SupervisorProf. Dr.Amdulla O Mekhrabov

July 2017, 289 pages

Remarkablehigh temperaturenechanical properties mickel-based superalloyare
relatedwith the arrangement of ternary alloying elementsiplly pe oNdA r ed o'
intermeallics. Therefore,in this thesishigh temperatre site occupancy preference
and energetistructural characteristics of atomic short range ordering of ternary
alloying X elements (X = Co, Cr, Hf, Mo, Nb, Pt, Re, Ru,ar@W, respectivelyin
Ni7sAl21.875X3.125 alloy systems have been studied by conmiginthe statistico
thermodynamical theory of ordering and electronic theory of alloys in the
pseudopotential approximatio&imulations have shown thaall ternary alloying
element atoms (except Pt) tend to occupy Al sublattice siteszsAf Miermetallcs
whereas Pt atoms prefer to stilose for Ni sublattice siteddowever,in contrast to

other X elementsublattice site occupancy characteristics of Re atoms seem to be both
composition and temperature dependé@ustribution of Re atoms at bothl ard Ni
sublattice sites abowaitical temperatureslc, may leadto localized supersaturation

of the parent NAI phase and makes possitidemation oftopologrcally closepacked

(TCP) phasesln order to validate theseresults site occupancyendenesof afore



mentionedalloying X elementshave also been determined by performing first
principlesab initio calculationsat O Kelvin and similar results have been obtained
Furthermore, bynaking use o€harge density difference (CDD), electron localaa
function (ELF) and density of states (DOQ®83thodsthe effects of alloying X elements

on the bonding naturef NisAl-X phases have beesimulated

Superior nechanical properties ofigkel-based superalloys strongly dedeion
microstructurakcharacteistics of these materialé i . wlumedraction, sizé& size
distribution, orientation and shap@&or this purposeNigeAl15Xs alloy systemsX =
Al, Co, Cr, Hf, Mo, Nb, Ta, Tiand W, respectively have been producednd
characterized by various teahues In the light ofall theoretical and experimental
data, it has beerconcluded thatbetter micro-hardness propertiesf nickel-based
superalloys can be obtaindty appropriate alloying element addit®mand heat
treatment procedures whidbadto o precipitates having higdr lattice parameter,

higher volume fractionsmallersizeand correspondinglgptimumu parameter

Keywords: NisAl Intermetallics, Site Preferencétomic Short Range Ordering

Characteriscs, First-principlesAb Initio Calculations Microstructural Evolution

Vi



¥Z

Y ! K S BHCAKLIK UYGULAMALARI NDA KULLANILAN NKK E L
ESASLIS! PEARL Ak | MLATRASMMRI MI VE GELKKTKRKL ME

E r,iR&sim
Y¢ksek, LMeaaburji ve Mal zeme M¢ghendi
Tez Y°net i dvi\edat Akdenizo f . Dr .
Ortak Tez Y° nAmndullex@ MekhraboRr o f . Dr .

Temmuz2017, 289 sayfa

Y¢ ksek sygcuakalneaki aw € nikdebhe skassld lga@eim@ k a ml anr én  d
-ekici me k ani k Ieémenddridini nkktgearpi €, ia |iankiigdipi yee r a l

d ¢ z e mMNizAl intermetalikleind e yer | exltt ¢ i fakinif €pahki | i di
Dol ay,bstezgelXa al akém el e me n tHf Mo, N PtiRe,RX = Co
Ta ve W) NizsAloig7Xs1sa | a K € m s ikikafesanll gez@syomexdhg e r | e K i m

tercihleri, istatistkt e r modi na mi k teori Ve al akéml g
pseudopotansiyel yakl akeéeme il e birl ecx
sim¢llmsgdme,al eém el ement at oml asAlenén t
inter met ali kl erinin Al pozisyonlaréena yer|

pozisyonlaréné dol dncakshay ert et emkbnéetl me ke @c
Re at okdfesaléth@&@ npayeslexnimbemalj akém kompozi sy
hemdes € c atkd jélj @ g ° rRen naetkot helrdaitré. k és €écakl ekl ar é
Al BendeNi §nel melsif dNaenén | okalize bir kKeki
vet opol oji k a-éeédan yakeéen paketl ennBuk ( TCF
sonudbar al amak ababsddilen Xal ak ém el e pAd ntflaezréi n |
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i -indelkiil t @afpeoszi syonl ar a yrecipleg abmeitiooe] i | i ml er
hesapl athaKal éi nd dee asoEwa jélreell unkélka t ut ar |l el ék ¢
go°r ¢l migxn &charge dénsity differencé CDDYie ) ect r on l ocali za
functon( ELF)iad ewvnes i t y DOR)bet antHeBk ul | a,n éX aalakk é m
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mi kroyapésald ©°z®k é hdcimeefrakeiypina boyut & boyut

daj] &4 ergaatasyonnave ke kajl BderamalisosAlidXs al ak é m

sistemleri (X = Al,Co, Cr, Hf, Mo, Nb, TaTiveW) ¢ r et i | mi k ve -exkitld] t
karakteri Zlgmedebmi kt vel fleaggkpleish®d eEEilsgmper
alakemlar mikotsrerddh & igegikeekerPirmgign parametre s
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CHAPTER 1

INTRODUCTION

1.1 Aim and Motivation

High temperature nickédased superalloyssed in aerospace (turbine blades/discs),
marine and landbased applications, possess significant ability to maintain their
excellent mechanical progigs at elevated temperaturésence these materials are
alwaysof great interest to improve the operating efficiency of their application areas.
Nickel-based superalloys owe their unique class of mechaamalonmental
properties (high temperature tensiteength, creep and oxidati@orrosion resistance)

to the existence dheir two phase microstructufeCGtype disordered mat r i x pha
(Ni solid solution) andL1>-type orderedo ' pr e (Nizg)i nh éhe égbt of
strengthening mechanisms, the tielaship between these two constituent phases
plays a significant role to obtairfae mentioned excellent mechanical properties.
Luckily, thanks to developingechniguesenhancement of high temperature capability
and efficiency of these materialsis posshble by adjusting alloy

compositiow/microstructure and heatreatment procedures

Nickel-based superalloysaycontaintento fifteen alloying elements (e.@\l, Co, Cr,

Hf, Mo, Nb, Pt, Re, Ru, Ta, Ti and W). Thuisis very importanto comprehend #h

role of each individual alloying elemeftiheir site occupancy characteristicsNizAl

sublattices, phase preferencemnd effects onthe microstructural features uch as o
precipitatevolume fraction,size & size distribution, orientation and shapeln this

thesis therefore high temperature and 0 Kelvin sublattice siteupancypreferences

of afore mentionedalloying elements have been studied by performing short range

order (SRO) parameter calculations and first-principles ab initio calculatons,



respectively. In additioto first-principlesab initio calculations utilized in Vienna ab
initio simulation package (VASP), simulatiomethods such ascharge density
difference(CDD), electron localization functio(ELF) and density oftates (DOS)
have also beenapplied to reveal the effects of alloying elements on the bonding
characteistics and hybridization typesf NizAl-X intermetallics In the current work
another alloy design consideration is to determine optimum heat treatananigters
result in better microstragral and mechanical properties whidapend on cooling
rate (during initial solidification and between heat treatment steqs

time/temperature values bbmogenization, solutionizing arajing heat treatments

This thesis consists &evenchapters. After giving a brief introductian the first
chapter some basic definitions andseful information related with ickel-based
superalloyshave beemmentionedin Chapter 2.In literature, several studidsave
focusadonthedetermination o$ite occupancy characteristics of some certain alloying
elements in NAl phase. Thus, in ChapteB-4, similar workshave beerdone by
applying SRO parameter calculations arfigst-principles calculations. In Chapter 4,
by performirg CDD, ELF and DOSmethods,bonding types between two adjacent
atoms in N4AI-X phass and the origin ophasestrengtheninghave beemsimulated.

In Chapter5, after production oNisoAl15Xs alloy systemgX = Al, Co, Cr, Hf, Mo,
Nb, Ta, Tiand W, respedtely) by arc melting &suction castig techniquesheat
treatment procedures and characterization nigcies have beenmentioned and
microstructural& mechanical properties afs cast and heat treatBiboAl 15Xs alloy
systemshave beerxaminedin detail. Furthermoreall theoretical and experimental
data obtained from premis chapterbave beercombined andliscussedLastly, in
Chaptes 6-7, majpr contributions of thighesis to the existing literatuteave been

highlighted andutureworkshave been figested

1.2 Contribution of the Thesis

In literature, sublattice site occupancy characteristics of alloying elemeNtisAh

phaseare usually determined by performing figgtinciplesab initio calculations at 0



Kelvin which have also been performed in this thesis. Howevemigh sevice
temperatures afickel-basedsuperalloys (i.e. $000°C) necessitee these calculations
to be perdrmed at high temperatures as well. Therefore, in the current, Witk
temperature site preference behaviourallofing X elements (X = Co, Cr, Hf, Mo,
Nb, Pt, Re, Ru, Taand W, respectively in nonstoichiometric (Nirich)
NizsAl21.875X3.125 alloy systemdave beerstudied by combining the statistical theory
of ordering and electronic theory of alloys in the pseuadential approximation.
Theory proposed for the calculatiof partial SRQparameters in ternary intermetallic
systems at first coordination sphere (in R space or real spadagdrautilized for the
first time to evaluate distribution tendencies of ¢ibasnt atoms in submicro volumes
of NizAl phase. According tohe sigrs of partialSRO parametes of atomic pairsas
opposed to the alloying elememigeferentially occupyingeither Al or Ni sublattice
sites both Al andNi site occupancy behaviour ofWosoluble Re atoms in NAl2s.
xRecalloys has been attributed tpossible formation ofopologically closed packed

(TCP) phass abovecritical temperaturg Te.

In experimental investigation part of the the#iig effects of alloying X elementsn
as @st and heat treatedsbl 15X alloy systemsX = Al, Co, Cr, Hf, Mo, Nb, Ta, Ti
and W, respectively have beeninvestigated by means of microstructural
characteristicss uc h as 0 'volurper feadtionpsizet & dize distribution,
orientation and shapeMicro-hardness values of each alloy system have been
determined and the results have been riedated with these microstrudural
characteristics antheoreticalCDD, ELF and DOSsimulations.In conclusionin the
light of thesetheoreticalsimulations and experimental data, improvadchanical
properties of nickebased superalloyBave beerascribedto o-NizAl precipitates
having higler lattice parameterhigher volune fraction, smallersize and

correspondingly optimurip ar amet er with o9 matrix phase






CHAPTER 2

NICKEL -BASED SUPERALLOYS

2.1 Historical Background of Nickel-based Superalloys

Nickel-based superalloys, whose invention dates back to the 1940spmmonly

used in hot sections of turbine blades, rocket engines, nuclear power and chemical

processing plants [1,2ps shownin Figure2.1[1], first superalloysverein wrought

forms, however with evolving process technologiesperalloyshave beemgenerated

in conventionally castlirectionally solidified and singlerystal forms, respectively.
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Figure 2.1 Development of high temperature mechanical properties of allger
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Figure 2.2 Equaxed (left), columnar (middle) and singdeystal (right) forms of
turbine blade¢Adapted fron{1]).

The first turbine blade®ne ofthe most commonly used application areas atkel-
based supehays, were also produced in wrought forms. However, thanks to
introduction of enhanced casting techniques, tasine bladesather than wrought
oneshave been preferred. Latémnfroduction of diretional solidification has ledo
better mechanical pperties sincemicrostructure of these materials consest of
columnar grains in which transverse grain boundaries were dli$e8tarting from
the 1980sto middle ofthe 1990s in the approximately fifteeear period of alloy
processing improvementshysical factors affecting high temperature properties of
superalloys have bearomprehendedndfirst singlecrystal forms of turbine blades
have been produced in which grain boundasiesecompletely removeds illustrated

in Figure 2.2[1]. Due to elimnation of grain boundaries withimicrostructurs of
single-crystal superalloygrain boundary strengthening elemestsh as carbon and
boron were removed and high temperature capability of these materials has

enormouslybeenincreasedToday, most ofhe turbine blades are in singleystal

forms sincehebest creep properties are required in these materials, although columnar

and equiaxed form casting§these materialare still used in many practicgl.
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2.2Mechanical Properties of Nickelbased $iperalloys

Nickel-based superalloys have widenge of application areas due to their outstanding
high temperature mechanical properties (yield strength, creep strength, toughness) and
oxidatiorrcorrosion resistancfl,2]. At room temperaturéRT), yield strength and
ultimate tensile strength (UTS) ofckelbased superalloys mostly change in the
interval of 9001300 MPa and 1200600 MPa, respectivel2]. Interestingly, these
materials maintain their tensile properties until temperatures slightly gtbate850

°C and a minor improvement in yield strength valoithese materials at intermediate
temperatures (i.e. < 80€), which is called as yield anomalig originated from the
unusual p arwof dbNisAlaprecipitates [2]. Depending ondifferent
compositions 6 nickel-based superalloys, themit of yield anomaly can exceed
around 880C [1].

Remarkablecreep properties ofickel-based superalloys are substantially arised from

the fact thab-NisAl precipitates resisshearing at elevatedrtperatureg2]. Creep
deformation generally ooces by the deformation on <11{I41} slip systems in

which continuouso matrix phase is preferred for dislocatighde. On the other hand,
<112X111} slip systems may also be activated by high uniaxial &sesd
temperatures < 0.6 [2]. Since creep properties (including rate controlling processes)

are diffusion controlled, alloying elements hayin | ow i nt er diwithusi on
nickel atomsare considered to bfavourablefor creep resistance which cdre
improvedfurther by orientinggrain boundaries along the applisttess direction or,

most notably, by removing grain boundaries in the microstructure thialyof@j.

Because of extreme service conditions rmi¢kelbased superalloys (oxidative
corrosgve high temperatures), these materials have to resist environmental degradation
Oxidatiorrcorrosion resistance of these materials are generally enhbyedidying
element additios) such as Cr and Hf which lead formation of protective laysron
supealloys [1]. In general,mechanical properties ofiakel-based superalloys are

associatedwith the microstructuralcharacteristicsof these materials(i.e. volume



fraction, size& sizedistribution, orientation and morphology 2-NizAl precigtates
within 0 matrix phasg [1-3]. However, due to disruption ithesemicrostructural
features and high diffusion armbarsening phenomenatrength rapidly decreases
above 1000C [4,5].

2.3 Strengthening Mechanisms

Strengthening itwo phased2 'mjcrostructursof nickel-based superalloys is arised
from some mechanisms including precipitation hardening, solid solution
strengtheninggcoherencytype strengtheningndgrain boundary strengthenind,2].

For this reason, correct understanding of éhesechanisms is very important to

improve mechanical properties of these materials.

2.3.1Precipitation Hardening

In precipitation hardeningp-NizAl precipitates restrict the motion of mobile

dislocations by means of some interaction mechanismsuch as ordering

strengthening, coherendype strengthening and modulus hardenj6y While L1.-

type ordered o' pr e congantiphase kosndarig@PB3mayct wit h d
foomand sl ow down dislocation nsahndihennbne headi ng
improve mechanical properties.€. strength[6,7]. In other words, by reducing the

mobility of dislocations during plastic deformation,hevently distributec-NizAl

precipitates im  maphasaNbsolid solutionare the sources sfgnificant order and

coherencytype strengthenirg)6,8].

In nickel-based superalloys, plastic deformation may occur in different ways; at lower
loads,dishcat i ons move within the 9 matrix channe
sufficiently high, precipitate cutting mechanisms cause deformation to occur in both

a n dphas€e$9]. In precipitate cutting eformation, APBsvi t hin 2' precipitate
dislocation motion energjg]. If temperature is high enough, dislocations become

capableof passingo precipitatesthrough thermallyactivatedclimb procesess[9].



If o' precipitates are assumed toodk Pperfe
phasess perfectly coherent, dislocation glide system becomes <110>{111}. Thus,
i ntersection shapes between dislocation ¢

or irregular hexagond.0].

2.3.2Solid Solution Strengthening

Besides precipitéon hardening, strengthening of relatively sofhatrix phase is also
importantto improve mechanical propertig¢$l]. For many alloying elements
matrix phaseNi solid solutionhaslarge solidsolubility due to electronic structure of
Ni. However,there arethree criterianeedto bemetby each alloying element. For a
notable solid solution strengthening, alloying elements should[Bz8}e

T hi gh amount of sonatrdphasep | ubi | ity withi
1 large atomic size to deform/alter the lattice efficiefRly

1 high meltingtemperature, #[9].

By consideringthesethree criteria, certain amowf refractory alloying elements
(e.g.Mo, Nb, Re,Ru and W can be added toickel-based superalloys to designate
alloy compositions as solid solution strengther&12,13. Unlike Re atoms, Ru
atoms cause solid solution strengtherofigotho a nd pwherepdRemtonasare
the strongest solid solution strengtheneompared to otherefractory elements
[11,13. However, at evated service temperatures dtkel-based superalloys,
localized supesaturation of Re atoms leatts formationof deleterious TCP phases
[14-16).

2.3.3Coherencytype Strengthening

As given in Equation (2.1epending onattice parameters abnstituenb (  and

) p b a steemmount of coherencfcalculated bylattice misfit parameter )

betweenthese two phasesduces strain fields which restrict dislocation motidn).

This pheaomenon is defined as coherettgpe strengthening which also controls the

9



coarsening behaviowf o precipitates [Z-19. 1 n t hi s mechani sm,
have a cube-oncube relationship having crystallographic systenof
(100)recipitaté/ (L00)matrix and [010}recipitatéd/[0L0]matrix [9]-

1 (OB—— (2.1)

2.3.4 Grain Boundary Strengthening

Grain boundary strengthening is another strengthemmchanism for polycrystalline
nickel-based superalloy$Becausejn this mechanism, besidesprecipitates, grain
boundaries alsoimpede dislocation motion. By adjusting alloy composit®n
(additiors of carbon and boron which letmdcarbides and borides at grain boundaries)
and heat treatment procedsirgrain sizeand correspondingly mechanical properties
of these materialsan be controllefi1,?.

2.4 General Microstructural Features

Depending on different process techniqugsneralmicrostructure of nickel-based
superalloysmay consist of equiaxed @ns, columnar grains or singéeystals[1,2].
Considering excellent cregpoperties, rast of the ickel-based speralloys are in
singlecrystal forms having no grain boundaragingas damage accumulation sites

at elevated service temperatuf@s]. However in somecertaintype of rickel-based
superalloys used in the cooler stages dfihe blade and disc appditons, equiaxed
grains constitute the polycrystalline microstructareof these materials 2J.
Polycrystalline ickelbased superalloys may be disadvantegeous in terms of creep
resistance, however, due to thebabilistic randomess of grain orientatiartheir

mechanical properties would most probably have isatrolparacteristici20).

In some certain polycrystallindckelbased superalloys, annealing twins may form

due to growth accidentson {111} propagatingsteps presenton migrating grain

10
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boundariesBecause otheseaccidents, Shockley partials are createdaant to the
grain boundaries and ithe last step, twin boundaries occur since these partials repel
each other and cause themselves to glide awaytfrergrain boundarig21]. In twin
boundary formation mechanism, for higher grain boundary velocities, the probability
of growth accidents o111} propagating steps increase®n the other hand
annealing twin boundaries aaot form in high stacking faudtnergy materials in which
Shockley partials are not stable. Therefore, the existence and absence of these
boundaries may give some important clues aboustidieking fault energy values of
relatedalloy systemdq?21]. In low stacking fault energy materialannealing twin
boundaries arise that make recrystallization process compli@din other words
annealingwin boundariegorm in low to moderate stacking fault energy materials up

to a limited value described by Palumbo et 28] [

Nickel-basedsuperallys mainly consist 0  arpdasesHowever, depending on
alloy compositios, additional phases may appear at saewrain temperatureb the

following parts general properties of these phasage beementioned in detail.

2.4.12 -NizAl Precipitates

Nickel-based sugralloys owe their excellent high temperature mechanical properties
to the existence of LAtype ordered-NisAl precipitatesn which Al atoms and Ni
atoms occupy corner and faementered sites, respectivelyrigure 2.3) [1]. 2 '
precipitatesct as obstdes against dislocation motiamd alloys containing this phase
exhibit yield anomaly with increasing temperature, namely, their yield strength
increase up to certain temperatuse[2]. The greatest advantage ofsAli phase
comparedt@ mat r i Msrgsistanceapacityto deformatiomizAl phasemay
exhibit flow stresses-3 t i me s  h majrik ghasedoes[ E3n Some physical
properties ofNizAl intermetallicsare given in Table2.1 [24]. Besides excellent
properties such ashigh melting pant, low density, high strengthas well as good
corrosionoxidation resistanceNisAl phase has some draacks such as brittle

fracture deficient ductility and creep resistance at high temperaf24e?7].

11



Figure 2.3The crystal structuref L1,-type orderedd-NizAl precipitatesn which
Al atoms plue) and Ni atomsdreer) occupycorner and faceentered sites,

respectively.

Table 2.1 Physical properties of Bl intermetallics (Adapted frorf24]).

Properties NizAl phase
Electrical resistivity (18q m) 32.59
Thermal conductivity (W/m.K) 28.85
Thermal expansion coefficient (80K ™) 12.9
Lattice parameter; () 3.57 [1,24]
Young's modulus (GPa) 168
Specific heat (J/g.K) 0.54
Melting point (°C) 1395
Bonding Covalent/metallic

232(CALPHAD at 650°C),
310 (DFT) 8|

APB energy (midn?)

Magnetic gmoment (¢ 0.22[29], 0.23 [3Q
Curie temperature (K) 41 [30]
Heat of formation (kdnol?) -42[31]
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At low temperatures, deformation in I phase occurs by the activation of
<110>{111} slip systemswhereas at higher temperatures <110>§16lip systens

lead to deformation [24]At low temperatures, antiphase domain bounddA&8s)
woudbe created by <itiGrdll}ndslocations due to slip. This
boundary willhave high energy to makhis slip modeunlikely. However, thigype

of dislocation may move easily within the material since the passage of a <110>{111}
dislocation does not leave any such fault behinf24i.

In nickekb a s ed s uper apreciptgtes maysnvotve trintodlal distribution

(i.e. primary, secondargnd tertiaryd ' pr eci phathadistmcs)i z[e3 20]f. o'
precipitatestakes different roles in tke alloys. P r i ma pregipitateés pin grain
boundaries and restrict grain boundary migratiwsh er eas secondary an
precipitatedead toprecipitation hardening by interacting with dislocati¢3a)].

2.4.20 Mat r i-Mi SdidhSwolatien

Another phas within the microstructusofnickel-b a s e d s u pmatriaghds® ys 1 s
(Figure 2.4) which is Ni solid solutionindeed[1]. Better mechanical properties can
be obtained when this phase is strengthened by alloying elements. Some physical

pr oper matrexghase drshownin Table 2.2

Figure 2.4 The crystal structure of FGtype disordered mat r 4iNixsoligg h a s e

solutionin which Al and Ni atoms randomly occupy any sites

13



Table 2.2 Physical properties of Ni solid solution/Ni

Properties Ni solid solution/Ni
Lattice paameter [ ) 355[9
Curie temperature of Ni (K) 633 [33]
Stacking fault energy of pure Ni (mJ3n 125 [34]

2.4.30 'U)-Nis(Al,Nb) Phase

When nickeliron-basedsuperalloys are doped with Nb atogesg. IN718), ordered

precipitateso -Ni3(Al,Nb), mayform. o ‘precipitates hav®0.2-type ordered crystal
structure which is very précipitmtesThisphaszehe cryst a
originates fromtwo Lt ype or der eeparatedy aicorisdrvativee(00L)s

antiphase boundary (APB),3536]. In IN718, lattice arameter ob ‘intermetallics

is0=362] and40¢ Ffdijmi |l ar to the orientation rela
2" phases, there is a distinct asrwelentation r
(i.e. <0013 // <00L>, and <1003 // <100>) [1].

Figure 25FESEM mi cr o gr a p e (white platesymagthin/20@Nh a s
exposed to heat treatment9&0 °C for 35 minutes (Adapted frofi37]).

14



0" ! pr e c i puperadoynacsostructuts haverdisclike morphology having

diameter of 50 nm andhickness of 40 nm[1].Even i f 0" ' preci pit
better mechanial propertiss r t h o r h o mdwihichevolvep h a sne osata p hase
certain temperature range (680 to 980 °C) are detrimental[1,36]. Below this
temperature range, formation of thephass occursat grain boundariedHowever,

when the alloy is exposed to high temperature levels frolfG®0 885°C, U sp has e
occura s precipitates rapidly coarsen at the same tidmve 885°C , pracipitates

areno longerstabls i nce U ety &stetaveerd 80Crand 950°C (Figure
2.5 [1,37].

2.4.4Topologically ClosePacked (TCP) Phasg

At high service temperatures oickelbased superalloys, i.e. 850 °C, localized
supersaturatiorof some refractory alloying elemensich aCr, Mo, Re, Ta and W
may startprecipitation of topologically closed packed (TCP) phases as a result of
atomic size difference in constituent alloying elemé¢ht$416,38]. TCP phases are
very hamful for mechanical propertiesince these phaseateplete satl solution
strengtheners frommatrix phase, serve as craokiation sites due to their complex
lath- or platelike shapes(Figure 2.6) and cause void foration at elevated
temperaturesl,2,1416].

Re atoms, as compared to other refractory element atoms, are more effectiiet¢o init
TCP phase formation. During solidification, TCP phases pnetfiatly precipitate in
dendrite cores (rich with Re concentratiori89,40]. In interdendritic regions,
precipitation of TCP phases occurs at later st@dfeéls Despite the full solution h¢a
treatmentsteps these detrimental phases continue to exighérmicrostructues due

to low diffusivity of TCPformer elements (especially RE)1]. However, there are
also some alloying elementich adr, Pt and Ruvhich inhibit precipitation ratesf
TCP phaseFl,16,42]. Most particularly Ru atomshave beeproven to influence both
nucleation and growth raaeof TCP phaseswhile affecting the interface energy

betweenTCPb phase [4043]. Whencertain amouns of Ru atomsare added into

15



nickekbased superalloys, sol ubi | matrixphase TCP f or
increasesdegree of supersaturation behaviour of Re atoms in dendrite reaigses

and partitioning behaviours of TCP former elemenésy be reversedi.e. Cr, Mo, Re

and Watoms participate into ' p r eiosteadiob naatriephase) [40,43,44].

Figure 2.6 FESEM micrograph showing TCP phase precipitation at PO0for
1000 hr exposure time (Adapted frof®]).

2 5 ldealization of Microstructural Characteristics

Better mechanical properties oitkel-based superalloys can be obtaingientwo

phase -0 ' ) mi c s of shese watérialsiresidealized by adjustingvolume

fraction, size sizedistribution, orientation and shapexof pr ec i peliwidint es; chan
of 0 whast latiice misfit paramete( UAPB/ st acki ng fdult ener |
interfacsa n eéb "o/ o p has e (sblvusitengpératureaHence, n this part

of the thesisafore mentionegarametersave beemxamined in detailn summary

it is important to note that theparameters hawaready been idealized the literature

as fhigh voume fraction(approximately 7%) ofc uboi d al shaped o pr e
having edge length of ~500 nmwhich arecoherentlyaligned along the <061

directiors with quite narrono  ma t nnelx(~66 mréd [9,45,44.
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251Vol ume Fraction of 9o Precipitates

Volume fractionof o ' p r e ltas @ cohsmdrable efteon the achievement of
bettermechanical propertigse. strength is proportion#o the product of APB energy

and s quar golumeofradtion Bafs x 96') [1328]. As indicated in many
research studig4-2,9,13, there is an agreement with thptimumvalue ofprecipitate
volume fraction, i.e. ¥0% whichdepengdonbothalloying element additisand heat
treatmens. 9 ' f alloyimgeetementssuch adNb, Ta andl'i are known to increase
volume fraction ob precipitats [1,2], while strength of alloys rapidly decreases at
high temperatures above 1080 due tolower precipitate volume fractian[4,5]. In

the work of Huangteal.[47], increasing micrehardness values of some alloy systems
have beerorrelatedwith their increasing precipitate volume fractions

25.2Size& SizeDi stri bution of o Precipitates

2-NisAl precipitate size is one of the parameters strongly affecting mechanical
propertes of rnckelbased superalloysBy applying different heat treatment
procedurs and processing steps, it is possible to inbtarying size populations of '
precipitates whio are termed as primary, secondary and terfidry Cooling rate
throughsolvus temperaturne aparameter taking role ithe size distribution of NiAl
precipitatesAccording toPollock and Tir[2], unimodal distribution of relatively fine

) p r es bavipgi 3000 nm sizecan beobtainedwhen cooling rate is higher
than 40°C/minutes. On the other hand, for sl@ma@oling rates, precipitate sixeould

not be uniform (i.e. appear in different sizelgrger than 500 nm and smaller than 50
nm). Thus, rénement of these different size precipitates into an ideal size is very
important for the enhancement of mechanical propefe48]. In the worls of
[1,9,49, NisAl precipitates having 36800 nmedge lengtthave beerattributedto

yield better mechanal properties sincthis range oprecipitatesize ismore effective

for the restriction of dislocation motian turbine blade applications
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2530ri entation of o Precipitates

During shape evolution,o / 2’ i nterfaces pasmlelta rihg e t hemsel
crystallographic orientat i o.nBue toeahstin g mi ni ma
anisotropy of rckelbased superalloys, theserystallographic orient@ons are

elastically soft <001> directionsvhich makeo ' p r e ltaving i1Q6tspe Bcets

[1,9]. Alignment ofo ' p r eaong<Dladirextons is related with aging times;

randomly distributed precipitates align themssl at longaging timessuch as 64 hr

[1,9].

254Shape of o RattieedMisfit Paraenéter 6 U A n d

Most studies in the literature claimthad e al shape of 090" precipitate
propert i es]/[1R5)]. Hiocwebvoeird,a | o0are notrakvays gubdidalt e s

forms. Thsshape od ' p r eappegs dependingpsappropriatalloying element

additiors and heat treatments proceduiiegpe and content dlloying elemerg and

their atomic radius, site prefamee and partitioning behaviours in thenstituent
phasedlirectlyaffects hape of o precipitates and al so c
comes into prominence at later stagd$1]. For example, incase ofNi-Al-Cr

superalloys, the dominant precipitate shape is spherical or sphevdidealin Ni-Al

superalloys precipitates exist in cuboidal shapes. This shape difference is originated

from Cr effect whitebecowmenearty tattice misfit fiegdbd.ci pit at es
On the other hand, cuboidal shaped precipitates are the result of soneeafdgitéce

misfit (i.,e.  =%)02,913When lattice misfit is highenougbu boi dal o' precipi-t
coarseninto rafts or rods aligned parallel or perpendicular to the applied stress

direction depending onstress type (tensile or compressive) and dattimisfit

p ar a me (pasitive or negative)2]. Secondly when nckel-based superalloy

samples are quenched from a certain temperature above pbbses transformation

to RT, spheroidal shaped precipitates form aegpending oraging temperature and

times, precipitate shapes evolve from spheroidal to cubdidalFor shorer aging

ti mes, rando ml y atds have sphetoidal rmodohotogyowpverefar i p i t
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|l onger aging times orient edappearimoboaal i pit at
morphology [1].

As indicated in Eguatio®.], lattice misfitparametef G ) d e |jatticeghmmebers

ofo and o' phases and it is arised from t |
degree of elastic anisotropy which casispherical coherd precipitates turn into

cubes, doublets or octets of smaller size precipif&88]. As indicated inTable2.3,

the relationshigpetween lattice misfiparameteandshape ob precipitates is much

clear [54]. For low lattice misfit values, precipitzd have spheroidal shape which

evolve into first cuboidal andhennearly rectangular forms with increasing magnitude

of lattice misfit. This shap ev ol ut i on aldo camfirmsphe earlkf pi t at €
F 2 h r reteah pb]. Similarly, precipitate shapewlution has been determindbm

spherical to cuboidabadodendritic or rodike shapesn other studiesis well[48,50].

Mor phol ogical evolution of 2 precipitat

elastic free energy and interfacial free eyergb et ween sO'anmpd ex i mat
phasg50]. Aso precipitates grow in size, elastic free energy increases in a rate of R
whereas interfacial free energy raises asTRus, at later stages of precipitate growth,

the elastic free energy becomesitloant over interfacial free energy and causes shape
evolution from sphere to cube and coarsening phenomenon which is not beneficial for

the mechanical propeds of nckel-based superalloysA753]. Another feature of

elastic free energy is that it actsdriving force for the precipitate alignment occurring

at the same time with morphological evolut[&3].

Despite the fact thatoberency stresses are the main factors for the shape evolution

(i.e. when the elastic free energy and interfacial free gnerginating from lattice

misfit are minimized and el astic and diffusional i n
precipitates control the spatial correlations, precipitate morplsoghange
[9,53,56])mor phol ogi cal d e v e | oasondifusibn-cantrolled." prec
Coherency or | ow | att i arethemesusdfsinilarbrgtalwe en 2

structures and lattice parameters of these pHas@s]. Cuboidal morphology f 9
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precipitates depends énat t i ce par ame tegular avdr thestruotare r i X phas
which necessitatghe alloy becomes chemically homogenef&H.

Table 2.3 Lattice misfitparametes( 0 ) o precipitatemorphologies ofelated
alloys (Adapted from $4)).

Alloys Lattice misfitparametef U) a't Morphologyofo '
tempeature (%) precipitates
Ni - Al 0.60 Nearly rectangular
Ni- Al - Cr 0.65 Nearly rectangular
Ni- Al - Co 0.59 Cuboidal
Ni - Al - Ru 0.42 Spheroida
Even if cuboidas hape of 0o precipitates is accepted

determination of its degree is important. For this purpiosde work of Sluytman and

Pollock [50] , shape phas Bendetinedrand(nieasured for the alloy

compositions having precipitat@me fractions ranging from 0.45 to 0.[8D,51]].

In these studiefb0,5], it has been concluded that precipitates become cuboidal when

0.4 < d < 0.8 and cr eep attrieuedistiheaoptimen enhance m
valu e of dAnother Bemafkahle result obtained froB0[5] is that there is a
relationship between shapearapaer(aimet ewWh e(nd) an
approxi mat e v aslobt@nedstape (parametdl redches its maximum

val ue .dbivhict is correlated with better creep properftd. For this reason,

by consideringthesemicrostructural parameters, design arelelopment of high

temperature iokelbased superalloysan beattributed to alloying element additisn

and heat treatemt procedurgleadto optimum valuesoff O5and U [50]. 0. 4%

2.55 Channel Width o f 2 Matrix Phase

As it is previausly mentioned shape of ) dependingiophet at es evo

competition betweenelastic free energyand interfacial freeenergywhich strongly
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depend on l attice mi sfit par ameter (a) .
precipitates comes into prominence at this point since it inflisgheemagnitude of

elastic free energff]. Inarecentstudyp pt i mum v al uwedthdds been c hanr
determined as 60 nm[9].

2.56 APB and SFEnergy

When o precipitates interact \Bs)tare di s |
created to restrictlislocation motionand thereforamprove mechanical properties

[7,9,28. Instead of elstic moduliof thecong i t uent 9 an ddo wot phas
di ffer greatly from o2 to 2"), APBs and
properties since the magnitudes of these faults strictly inhibit plastic[#8jn The
magnitudes of these faslican be adjusted by the variationoeNizAl precipitate
compositiors and heat treatmeparameter$s8]. At lower temperatures which yield

finer microstructurs, t he energy barrier for t he
precipitates leads to classical pecipitation strengthening. In this case, vyield
mechanism occurs astransition from shearing @rrecipitates with weakly coupled

pair of dislocations into strongly coupled pair of dislocations. Shearing stresses depend

on APB energy on the (111) plandl]. On the other hand, at high temperatures
yielding coarser microstructures, that energy badeereaseand dislocations expose

to short range cross slip to the (100) plane which helps the creation of sessile

dislocation locks and yield anomdly,31].

In literature, s1ce the magnitude of APB energy has such a great effect on better
mechanical properties, several techniques and methade beenperformed to

calculate APB energgf NizAl-X phase[31]. For this purpose, Paxtofg] and Fu et

al. [60] have applied full potential methgdghereasgkosengaard and Skriveg]] have

used Greends function t emffinainohita (LMTI®) c h i s
method. Furthermore, Guillet et abg have investigated the effects of ternary
alloying elenent additios on the change of APB energy in 4type orderedrystal

structurs. Today, APB energyof NisAl phase carbe theoreticdly determinedby
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applying density functional theory (DFETFurthermore, experimental determination
of its valuecan be doneby measuring the distance between superlattice partial
dislocation pairsof NisAl phase in transmissionleetron mcroscopy (TEM)
[28,63,64. In the work ofCruddenret a. [28] and Mignanelli et al. [48]the effects of
some ternary alloying eleants on APB energy kiabeen investigated amdb, Taand

Ti elements have been determined to increase APB enerdii@mekrall strength of
alloys For these alloying elements occupying Al sites ofANphase, APB energies
for (111) plane hee been calclated over 600 mJ ¥y while APB energy of the same
plane in impurity free NAI phase has been found as 181 mdJ[B1]. In the work of
[28], according to CALPHADresults Ti has been determined tave the strongest
effect onAPB energy. For other alloyg elementssuch asMo, Nb, Taand W, APB
energy reaches itmaximum value at 5 &b. For higher concentrations of these
elements (> 5 &b), APB energy is affected negativeyecondly, m [28], it has been
mentioned thaCr isone of thealloying elemetsreducingABP energyAccording to
density functional theory (DFT)t{ has been determined thaPB energy ismostly
affected by Ta followed by Nb and &dditions respectively2g].

257920 " | o [Iahsfognationl(Solvus) Temperature

In nickelbased superalloys whose operating temperatures are aboutd,0fitase

stability of hi gh walsumes fersascetnitsolwas a Thhree @if |

temperature ofalloy systems should legh enough t@reventprecipitatedissolution

in 9 matrix phase g1]. According toHong et al.[65 |, ) solvus tempera

determined as the average ¢fTf i ni shing temperature of o di

and Ts( st arting t e mpaionapgoncoding)similady, as ipdicatedi p

in differential scanningcalorimetry(DSC) measurementd the work of [6§, 0 sol vus

temperature refers to minimum of endothermic peak during heating and onset

temperature of exbermic peak during coolingd. t is assumed that ) p

occurs at a certain amount of undercooliggT() bel ow o' s®/]. vus t empe
Hencedet er mi n at i otempeavature il alse edd\appropriate solution

heat treatmenttemperatureatwhich all existingd pr ecthegi hatatexs o0i n
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phasearedissolvel prior to subsqguent aging heat treatmen&olution heat treatment
temperatures should be selected just above solvus and below solidus tengperature

reduce the risk of incipient melting8]. Better mechanical properties (i.e. creep
resistance)are related with solvus temperaturdevels since b6 we r 2" sol v
temperaturegenerallyyield worsecreep resistancélloying elementssuch as Ta

and Ti are known to if8% ease 2' solvus t

2.6 Coarsening Behaviourof o Precipitates

At high temperaturesnechanical strength ofiakelbased superalloys depds on

directional coarsening whictakes place via Ostwald ripening process as small
precipitates di s s dhksubsequemtmasstrendiet o x | phgse :
precipitates[3]. In Ostwald ripening, mass transfer occurs from high interfacial
curvature regions (high chemical potential) to low interfacial curvature regions (low
chemical potential) and the total reductiarinterfacial area of the system ledds '
precipitate growth3,9]. The relationship between precipitate coarsening (diffusion
controlled) andiine can be explaineda modified LifshitzSlyozovWagner (LSW)
theory. In this theory, coarsening growihetics with time depends oHrelationship

(considering spherical ) precipitates w

and volume fraction close &ero.)[3,9].

Coarsening rate o ' precipitates can be minimize

st ongly participathavientloow 's glruekciilpiittya/tdeisf

matrixp hase and reduce | 43956158 €onsideradeidégreqp a r a m¢
of 9-NisAl precipitate coarsening starts at low temperatures, i.e’G4mndwhen

refractory alloying elementsuch asMo, Re, Ta and Wre added, coarsening can be

delayed until 850C. However, when temperature is high enough, i.e. > 3000one

of afore mentioned refractory elementanretardfurther precipitate coarsenindgl].
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2.7 Compositions ofNickel-based Superallog

Most of the commercial superalloys used in aircraft applicationsiiekel-based.
However, cobaltbasedand iron-nickekbasedsuperalloys are sb usedin these
applications As indicated in Table 2, nickel-based superalloysonsist ofaboutten
to fifteenalloying elements each contribute mechanical properniésferent manners
[1,2]. For example, enhancement of creep properties can be achieved itothimdo
order: Co < Cr < Ta< W Re[1]. Re addition leads to best creep resistawtde Co
addition causethe worst creep propertigds. Therefore,m the next part, contributions

of alloying elements within superalloysve beementioned in detail.

2.7.1Effects of Alloying Elements

2.7.1.1 Niaddition

1 Due to its electronic structure, nickel has large solid solubility for many
alloying elements which helps solid solution strengthening [68],

1 Diffusivity of Ni is higher than sometheralloying elementssuch as B and
Ru, whereas it idower than Cd41].

2.7.1.2Al addition

1 Alincreases volume fraction of ' prel[t]j pitates

T Shape paramet er ( dadditionam thérefore, pnecipitatea s e d
shaps becomenore cubid50],
Al mobility plays a critical role ta@ontrol coarsening kinetics [69],
Al helps the formation adlense continuous layseof alumina on the surface of

superalloys and enhances oxidation resistghd®].
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2.7.13 Co addition

T Co reduces o' precifj/jitate solvus temperat
T Since Co reduces t he marikphask,iCo gdibh a ul t ener
improves creepesistance]],

1 In nicketbased superalloysjflisivity of Co atomsis much faster than other
alloying elementssuch as Ni, Re and Rd]].

2.7.1.4Cr addition

Cr reduces volume fracticand sizeo f 0 pla&ci pitates
In binary NiAl system,whel€Cr i s added, Il attice misfit p
const it ue nt sigoificantydeducgandmpreitate shapes become
spheroida[1,9,50],
Crredues APB energy [2Bf2],0o matrix phase
Cr reduces ' solvus temper at wiptates tohosedheir may caus
stability [72],

1 Cr improves creep properties at elevated temperatures and retards precipitate
coarsening [1],

1 Inaddition toductility, Cr addition enhances @htiontcorrosion properties of
nickel-based superalloys by forming pective CpO3 coatings[1,2],

1 Because of partitioning behaviour of Cr, addition of this element tends to
decrease solubilitys[ef AI atoms in o pr e

1 Inhibition of TCPphaseormation requires low Cr conteffit].

2.7.1.5 Hf addition

1 Hfimproves ductility andncreasesdherence of the protective oxide coasing
to the allog [73],

1 As a reactive element, Hf ireases antbxidation behaviourl],73.
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2.7.16 Mo addition

T Mo reduces Jlattice misfit p ahaginge t er (
sphreroidal morphology74],

Mo has a profond effect on APB energyf],
Mo improves creep pperties and retards coarsenidgy [
Mo leads to TCRhase formationl].

2.7.1.7 Nb addition

Nbincreasesvome f r acti on @&f o° precipitates
Nb increases AB energy 29,

Nb improves creep propegs and reduces coarsening sdi#b|,

= =A A

Nb increases hot corsmn resistance of superalloy&d].

2.7.1.8 Pt addition

Coarsening can be retarded by addition g5},
With small anounts of reactiveelements (e.gHf), Pt addition remarkably
enhancs high temperatureoxidation resistace of nickel-based superalloys
[51,77],

1 Ptinhibits TCPphaseformation and increases creep resistd2oé?).

2.7.1.9 Re addition

T Re reduces o713%8pl ume fraction

T Re reduces o%50,precipitate size |

T Re stabilizes cubo98@@jiz,o" precipitate:
T Rehcreases 2' sk vus temperature |

1

Coarsening can be retardeddndition ofRe [1,51],
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1 Creep properties ofickel-based superalloys can behanced by Re addition
[2,13,
Re lead to poor oxidation resistanced,
Re has very low diffusion coeffiant in nickel-based superalloyg ],
Re leads to TCPhasgormation[1,1416)].

2.7.1.10 Ru addition

Ru additionreduceso* v ol unE]. fracti on

Ru has no effect poenpitatdsEl], mor phol ogy of o
Ru enhances creep properties and retards coarseningatimgy kinetics

[2,13],

Ru increasesxidationrcorrosion resistance g,

Ru increases solubility of Re and Wat®withino mat r i1, phase [

Ru inhibitsthe formation of TCP phase$,f043].

2.7.1.11Ta addition

Taincreasesvoimne fr acti on ©355@3" precipitates |
Tai ncreases J2'50,precipitate size |

Shape parameter (d) i £hmdnes ea'sepr dyi Piat aat
more cubic 0],

1 Taincreases APB energy and addition of this elemenitsasibetter shear
resistanced8g],
Tancreases 2' sH] vus temperature [
Ta reduces coarsening kinetidsg1],

Ta leads to better creep stggimandgood oxidation resistanc&().
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2.7.1.12 Ti addition

1 Tiincreasesvolme fr action @&f o precipitates
1 Tiincreases APB energ§,

f Timcreases 29' sl vus temperature |

2.7.1.13 W addition

W additionleadsto ncr ease i n nP8l, vol ume fractio
W reduces o' 8lprecipitate size |

W has gprofound effect on APB energ2§],

Wincreases 2' sl vus temperature |

W increases creep resistarand decreases coarsening [&181],

= =4 4 4 A -2

W reduces diffision processes and ledadsI CP phase formatio[1].

2.7.2 Phase Preferensof Alloying Elements

In addition to alloy compositiapcompositionofthec onst i t uentsalso and ¢
impact both mechanicahd environmental properties atkel-based superalloysor

this reasonphase prefereass of alloying elements (elemental partitionir@gmeinto
prominencen alloy desigrconsiderationDependingonphase preferensef alloying

elements, precipitate shapes can be adjusted and thus coarsening kinetics can be
controlled[50,57.

In orderto reduce coarséng rates of superalloys, the maimategy is the addition of
alloying elements tend to participate in
|l ow sol ubi |l ity [51.nBeswmes allaying elemenp ddditmrédeat
treatmentparametergaging time and cooling rate following eachheat treatment

step) also affeqthase preferense@ f al | oy i ng edrredneon't sp hbaest ewse. €

work of Sudbracket al. [81], Al concentrationin 2 ' p r e hab Ipeentstatedaos
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increase withncreasingaging times. In gerral alloying elementssuch adNb, Ta and

Tiprefer to parti ¢gwhpe&o,@r, Mb,iReandRiendtpoecentei pi t at es
enr i ch i n 213%nWtamdilratomshae sicephdse prefereneehile Ni

has a slight tendency to participatéoio p r e[&64]. Pn theather kand, ithe

work of [47], Ni has been statedtoparti pat e i nt oPhase prefetenceof phase.

Hf atoms is still questionable; sonaom probe tomography (APT) results have

indicated that Hf preferstobe enrici i n 2  pwehile same firgiphnaiges
calculations have claimed that8,83% prefers to
Phase preference of | mpurthettonstitaehtd ogmadgo fi 0 el
phasegan be determined by codsring partitioningoefficientso f t heses ii 0 el e me
which are calculated by dividing tiheeoncentrationgn o precipitatego the onesn 2

matrix phase, Equation 2.2

I — (2.2)
where[ isthepat i ti oning coeffici # nmhd#oafethdgii 0 1 mpur i
concentrations o©fandimeéespeptiey.£d £ ment i n

Phase prefemces of some certaimlloying elements also affephasepartitioning and

solubility behaviours obther alloying elementsifnec onst i t uent o2 and 9 p
instancejn case of Waddition Cr at oms more strongly partici
while more Alatoms lmomee nr i c hed i n[9,&il IntlpewerkafB8liit at e s

has been justified that Cr additiomkesHf at oms t o participate int
Cratomsal so tend to decrease sol[9 hiaddiohy of Al a

to experimental APT and theoretical fimtinciples calculations, phase preference or
elemental partitioning characteristics of alloying elements can be determined via

another experimental method, electron probe miralysisSEPMA).
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2.7.3Site Preferences of Alloying Elements

According toOchiai et al[84], alloying elements occupying Al sublattice siteef

NizAl precipitates have much greater strengthening effect rather than those occupying
Ni sublétice sites. Similarly, Rawlings and Statonbey8% have claimed that yield
strength can be enhanced by alloying elements substituting for Al sublattcefsite
NisAl phase and having large lattice misfit aluminumrich or stoichiometric
compositions od precipitatesather than nickedich onesBecause ofheir important
effects onl at t i ce mi s)and mephanical preperées ofckelbased
superalloys, sublattice site occupancy characteristics of alloying elementsAh Ni
phase have drawn attentifor many yearsFor this purposeGuardand Westbrook

[86] have established a phenomenological thermodynamic model by considering
electronic strature of ternary alloying element additions intprecipitates. Rawlings

et al. B5] have tried to set up a relationship between site occupancy characteristics of
alloying elements in NAI phase and their effects on the mechanical properties.
Afterwards, Ochiai et al.84] have used Miedama model, Tebal. B7] have applied
cluster variation method and Raju et &8][havedeveloped pseudopotential orbital

radii based structure maps.

2.7.31 SRO Parameter Calculations

The excellet mechanical properties of afinides (i.e. N§Al) can be attributeé to the
existence of long range order (LRO) and short range order (SRaDacteristicof
these intermetallic§89]. It is possible to determinsite preferences odlloying
elementsby calculatingpartial short range order parametergalatedatomic @irs

within NizAl phaseat high temperatures.

2.7.32 First-principles Ab Initio Calculations

First-principles basedb initio calculations are one of tledfective methods to reveal

site preference of alloying elementswithin a model of NizsAl phase In these
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calculations,VASP is used to carry out density functional theory (DFT) based
calculationsAb initio methods cadeterminesome physical propertiesuch as lattice
parameter, lattice misfit, interfacial energy between precipaate matrixphases,
solute diffusivity,solubility and so onrHowever, all of fore mentioned properties are
mostly calculated at 0 KelvinHence there are also some studies investigahigg
temperature site preferences of alloying elemdstscombining first-principles
calculations with Wagne®chottky mode[90,91.
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CHAPTER 3

HIGH TEMPERATURE SITE PREFERENCE AND ATOMIC S HORT
RANGE ORDERING CHARACTERISTICS OF TERNARY ALLOYING
ELEMENTS IN 2 -NisAl INTERMETALLICS

3.1 Introduction

It has been reported thatdering temperature of Bl phase is almost equal to its

melting temperature (3375°C) and depends on the degree of phase stoichiometry as

well as impurity concentrationd]. According to the binary phase diagram of Al

system (Appendix A) the compositional range of dl intermetallics is quite
restricted. Besides stoichiometric composition (7%d\li-25 at% Al), limited non
stoichiometric compositions of Pl phase are alsavailable due to some point

defects such as alloying element addit®(Appendix B) antisites, vacancies and

thermal defect§90,9]]. In order tostatesolubility limits of impurity atoms Ochiai et

al. have investigategolubility of somealloying elanents in the stoichiometric base
composition of N§Al (whose homgeneity range i22-27 at% Al) and determined

solubility limits of X =Hf, Mo, Ta andW atoms in NdAl phase at 1006C ( al ong b
direction of solubility lobe) ag at% <,5 at% <, 9 at% < and5 at% <, whereas for

X =CoandPtat o ms, sol ubi I it yofsblubiity lobbe hae beenfia 6 d i
foundas22 at% and19 at%, respectivelyfFigure 3.1)84,99. However, it has been
mentioned that both X = Re and Ru alloying element aterfsbit very limited

solubilities in NisAl phase [92 which have been furtherconfirmed byisothermal

ternary phase diagrams of-Wi-Re[93,94 and N+AI-Ru[95] alloy systers.

As mentioned in the previous part, maatyempts have been made for thediction

of site occupancgharacteristicsof alloying elementsin NizAl phase byapplying

33



50

Figure 3.1 Solubility limits of alloyingX el ement s af f eghase ng t he e x:
field in ternary phase diagram of-i-X systems at 1008 (Adapted from [8%).

phenomenological thermodynamic mod&d)] Miedema model§4], cluster variation
method B7] and pseudopotential orbital radiidsd structure map8§]. For the last

few years, there have been plenty of theoretical and experimental studies dealing with
sublattice site occupancy characteristics of substitutional ternary alloying elements in
NizAl intermetallics. In this regard, sonfiest-principles basedb initio calculations

have been performed bgpplying either antsite formatiorbasedformalism or
substitutional (formation) energy calculatidb®,54,82,836-103. Unfortunately, in

these studies, calculations have been dar@ kelvin which exclude the fact that
sublattice site occupancy preferesad ternary alloying elements in Ml phase

could change reversibly with increasing temperatlr@arder to solve this problem,
Jiang and Gleeso®(] andWu and Li[91] have corbined firstprinciples supercell
calculations with WagneBchottky model and examined high temperature occupancy
characteristics of transition metal elements by considering different compositions of
NizAl phase in a wide range of high temperature scalevéver, in WagnerSchottky
model, defect concentrations are required to be sufficiently dilute and in regarding
temperature effect, only the mefield configurational entropy is consideredhile

vibrational entropy is negleedl
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In order to support fare mentioned firstprinciples calculations, sublattice site
occupancy characteristics of ternary alloying elements jAllyhase have alsbeen
examined by experimental studiesuch as 3D atom probe tomography (APT)
[52,54,99,102105, atom probe field iomicroscopy (APFIM) 106-108 and atomic

site location by channelling enhanced miarmalysis (ALCHEMI) LO9. It is worth

to note that all of these experimental technique® laoproved the consequences of
previous studiesHowever, experimental studjesuch as APT are very challenging
since they require spatial sensitivity which is possible after a casafiple
preparation and the experimental devices are operated at very low temperatures like
233°C (40 K) [103. Thus, in order to eliminate these id&fncies and considen

both service temperatures dtkel-based superalloys, i.e. > 1080, and solubility

limits of impurity atoms in N$Al phase, in the current work, high temperature
sublattice site occupancy preference (up to 1280 which is lowe than
ordering/melting temperature of il phase[1l]) and atomic short range ordering
characteristics of ternary alloying X elements (Xa; Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta

and W, respectively in nonstoichiometric (Nirich) NizsAl21.875X3.125 alloy sysems

have been studied by combining the statistical theory of ordering and electronic theory
of alloys in the pseudopotential approximation. Theory proposed for the calculation of
partial short range order (SRO) parameters in ternary intermetallic syatefinst
coordination sphere (in R space or real spacspbhan utilized for the first time to
evaluate distribution tendencies of constituent atoms in submicro volumesAdf Ni
phase. Herein, comparisons have been made with other theoretical calcidations
experimental studies reported in the literature to validate present modelling approach

and simulation results.

3.2 Theory

The electronic theory of atomic short range ordering (SRO) in the pseudopotential
approximation for ternary alloys has beenveleped in 110113 and for the
calculation of partial SRO parameters at first coordination sphrefollowing

eguations have been propogéd3]:
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# # 1 2 # 1 2 8# # ] 2 # 1 2
o 2 & # APPh— m

# # ] 2 # ] 2 8# # | 2 # ) 2
o 2 & #8A@PPp— ™

# # ] 2 # ] 2 8# # | 2 # ) 2
P 1 2 & #8A@b— ™ (3.1)

where kg is the Boltzmann constant; T is absolute temperature in KelwinGa and

Cx are the concentrations of Ni, Al and alloying X atoms in ternarINK systems,
respectively. In Equatior(3.1), 7 2,7 2 and 7 2 are the
pairwise ordering energy values and 2 ) 2 andy 2 arethe

partial SRO parameters of M, Ni-X and AFX atomic pairs at first coordination
sphere,R.. The m@irwise ordering energieg, 2 hon the base of electronic
theory of multicomponent alloys in the pseudopotential approximation can be
calculated by usi naly=N-A,INi-oand AlX respectivaly) i o n s
[110-113.

7 2 — & N NAN (3.2)
where
& KN —5 N 5 N N — — = 7 Aob— (3.3)

In Equations 8.2) and 8.3), m is the average atomic volume of the ternary alloy;
R N is the dielectric constant in the Hartree approximat®nl is the modified
dielectric constant wibh takes into account the correlation and exchange effects;

5 N and5 N arethe form factors of unscreened pseudopotentialsainda’
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componenions @, a' = Ni, Al and X), respectively; * (: * ) is the effective alency

of thea(a') component atoms ands the Ewald parameter.

Equations 8.2) and 8.3) enable one to calculate partial ordering energies as a function
of interatomic distanceRR, for any ternary alloy provided that the form factor of
unscreened psdopotentials and effective valences are known for the ions involved.
However, unlike simple metal alloys, there are still some difficulties with the
utilization of pseudopotential theory for th#eterminationof characteristics of
transition metal systemwhich strongly depends on the full internal energy. The
problem has been attributed to the fact that the fiactors of the pseudopotential for
transition metals must contain terms responsible for4tesanance effect. The use of
pseudopotential methoir the calculation of ordering energies and/or interatomic
interaction potentials in transition metal alloy systems has already been discussed in
detail elsewhergl11-116. The nonlocal bare pseudopotential form factors, proposed
by Animalu[117] in which the dresonance effect has been partly taken into account,
were used in quasin the Fermi spherapproximations and have been screened using

a modified dielectric constant. Therefore, the Animalu's model pseudopotential has
been successfully appliedgwiously for the evaluation ofarious characteristics of

Ni- and Febased binary and multicomponent transition metal systghid-
116,118,119. In the present stugdyhich deals with the calculation of partial ordering
energies, only nediagonal matrix EEments were involved as given in Equatid®\2)

and @.3), in which the contribution of the-ilksonance effect is relatively smgliL7].

3.3 Partial Ordering Energy & Partial SRO Parameters

For NizsAl21.875X3.125 alloy systems, partial ordering engrgariations of related
atomic pairs as a function of interatomic distance are given in Figuzes®3.3 for

X = Co, Cr, Hf, Mg Nband X =Pt,Re, Ru,TaandW, respectively. In the calculations,
the nonlocal bare pseudopoteatiform factors, proposkin [117, were used in quasi

on the Fermi spherapproximations and have been screened using a modified

dielectric constantl20,12]. Moreover, the function proposed by Shat@7 that is
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responsible for the exchange and correlation effects in theatitey electron gas was

also used. The value of Ewald parameter in Equation (3) was taken @</. The

radius of first coordination spherB;, which is equal to ¢ in Ll-type crystal
structure, was derived frolattice parameter of N\l phase 6= 3 . 5 823. Theh, |

Ry value was calculated as 4.766 & and put in the graphs (La u . = 0.529177
The position of first coordination sphere, as indicated in the figures, is the same as that
calculated for binary NAI intermetallics (the effets of low concentration impurity
elements and temperature change in the variation of lattice parareeéarsaumed to

be negligible). The ordering energy of-Ni atomic pair at first coordination sphere,

R1, was adapted from the study of Stocks etl@l4], as7 2 =7.1x1CGa.u.

It is evident from Figures.3 and3.3that the variation of partial ordering energies of
Ni-X and AFX atomic pairs with interatomic distance has quesiillatory and sign
changing character which is a wkhown featurefor metallic interactions. This
suggests that the magnitude of partial ordering energies alters for different pairs of
atoms and various ternary element additions, not only in terms of quantity but also in
terms of sign. The calculated partial orderingrgies for all alloying X elements in

NizsAl21.875X3.125 alloy systems are tabulated in TaBlé.

Shortrange order parametey  introduced by Cowley125 can be defined as,

L P — (3.4)

whereQ is the probability of finding an Aatomt t he | attice site fAi 0
occupies | at-BENil Ni-X anel AHX,jrespectivaely. InAaddition to

the determination of partial ordering energies, partial short range order (SRO)

parameters for the atomic pairs of ternarysNli21.875X3.125 alloy systems have been

calculated at first coordination spher, by using Newtonds method
simultaneous nctfinear systems of Equatior8.0). In this method, initial values

of | 2 .1 2 andj 2 were put randomly and Jacobian matrix was

solved. In the expressions of Equati8rl, Boltzmann constant wasken as 0.32 x
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Figure 3.2Partialordering energies of iNX (solid curves) and AK (dashed curves)

atomic pairsas a function of interatomic distaniceNizsAl21.875X3.125 alloy systems

where X =(a) Co, (b) Cr, (c) Hf, (d) M@and(e) Nk respectively. (1tau. (energy) =
2Ry=27.2eV;and ltau. (length= 0. 529177 ).
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Figure 3.3 Partialordering energies dfi-X (solid curves) and AK (dashed curves)

atomic pairsas a function of interatomic distaniceNizsAl21.875X3.125 alloy systems
where X =(a) Pt, (b) Re, (c) Rud] Taand(e) W, respectively. (1tau. (energy) = 2

Ry = 27.2 eV, and 1ta
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10° at. u./K (Kg= 8.617 x10° eV/K, 1 &. u. = 27.2 eV) and temperature dependence
of partial SRO parameters shiheendeterminedfrom 800°C to 12%® °C in 50°C
increments. Final values of partial SRO parameters have been approgctiesr

exact values as the numerical “ealoulated o f

partial SRO parameters of Ml, Ni-X and AFX atomic pairs of ternary

NizsAl21.875X3.125alloy systems are presented in TaR2

Table 3.1Partial ordeing energies of NK and AlX atomic pairs at first

coordination spherdRy, in NizsAl21.875X3.125alloy systems.

Alloy systems A;t)c;?:;c (x7 103)(;. u) A;Z?slc (x7103)(:t. u)
NizsAl21.874C03.125  Ni-Co 0 Al-Co -2.704
NizsAl21.874Cr3.125  Ni-Cr -0.328 Al-Cr -2.078
NizsAl21.874Hf3.105  Ni-Hf 27.218 Al-Hf 21.142
NizsAl21.879M03.125 Ni-Mo 43.041 Al-Mo 43.577
NizsAl21.87Nbs.125  Ni-Nb 32.107 Al-Nb 30.854
NizsAlo187PtB.125s  Ni-Pt 0.628 Al-Pt 8.060
NizsAl2188Res1205  Ni-Re 38.219 Al-Re 42.865
NizsAl21.87RWw.125  Ni-Ru 30.719 Al-Ru 25.140
NizsAlo1g7sT @125 Ni-Ta 28.183 Al-Ta 27.648
NizsAl21.878W3.125  Ni-W 49.949 Al-W 48.309
In binary NgAl intermetallics, according to EquatioB4) , fAi 0 anNlandj 0

Al sublattice sitesrespectively and# is the atomic fraction of B = Al atoms. When
there is a preference for unlike neighbolrs, # and] becomes negative aim
case of a preference for like neighbods, # and| becomes positive. For

completely randomnes8, # andy 11, which is impossible. Hence, negative

values of partial SRO parameter oBRatomic pairs mean that B atoms tend to occupy
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the nearest neighbour lattice sites of A atoms. For example, for the current ternary
Ni7sAl21.875X3.125alloy systems) 2 values are expected to be negative since
the closest neighbours of Al atoms inxti¥pe ordered crystal stcture of NgAl phase

are Ni atoms as indicated in Figur2.3. Secondly, when| 2 values are
negative, X atoms would become the closest neighbours of Ni atoms, namely X atoms
would occupy Al sublattice sites of ordered sANi intermetallics When

1 2 values are positive, preference of like neighbours will be dominant and X
atoms preferentially occupy Al sublattice sit&kirdly, wheny 2 values are
positive andj 2 values arenegative,X atoms are most likelyot occupy Ni
sublattice sitegather than Al sublattice site®Next, when bothy 2 and

1 2 values are negative, X atertend to substitute for both Al and $liblattice

sites. Lastly, in case of both 2 andj 2 values are positive, X atoms
would not occupy any sublattice sites ogAliphase which is not expected at all.
Partial short range order parameter ofAlliatomic pair, | 2 hcan change in

the interval of {0.33, 0)[89] but it never reaclsezero since unlike atoms always tend

to be the closest neighbours at any ambient temperature. Apart from the signs of partial
SRO parameters of related atomic pairs, the magnitudes are also quite important which
address the fraction &l and/orNi sublatice sites of NdAl intermetallics occupied

by ternary alloying elements. The site occupancy tendency of ternary alloying
elements in NJAl phase and the extent of ordering become more apparent when high
magnitudes of partial SRO parameters are attainedbveer temperatures. As
temperature increases, since ordering progressively disappears and correspondingly
| Vvalues gradually reduce in magnitude, site occupancy tendency of ternary atoms in

NizAl intermetallics diminishes.

34 Site Occupancy Charaatristics of Ternary Alloying Elements and

Theoretical Explanation of PossibleTCP PhaseFormation

It is evidentfrom Table3.2 that, ternary alloying elementX & Co, Cr, Hf,Mo, Nb,
Ru, Taand W) revealing 2 <0 andy 2 > 0, manly occupy Al

sublattice siteswhereas alloying elements havipg 2 >0 andj 2 <0,
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i.e. X = Pt, predominantlpccupy Ni sublattice sitesf ordered N§Al phaseat all
temperaturesSite occupancy preferences of ternary alloythglements (X <o, Cr,

Hf, Mo, Nb, Pt, Re, Ru, TandW, respectively in Ni-rich NizsAl21.875X3.125 alloy
systems which have been studied in the present work by combining the statistical
theory of ordering and electronic theory of alloys in the pseu@opat approximation

are mostly consistent with the ones obtained by theoreticapfirstiples calculations

and experimental studies, Tabl.3However, the occupancy tendency of Co atoms

in NizAl phase is still questionable; some studies have detethtinat occupancy
preference of Co atoms would be Al sites (i.e. fors(dil23C0p) alloy up to ordering
temperatureqQ]), while some works have found that Co atoms preferentially occupy
Ni sites (i.e. for(Niz4Co1)Al2s, (NizsCo1)Al24 and(Ni74.24C01)Al 2475 alloy systems up

to ordering temperatur®{]). There are also some studies have claimed that Co atoms
substitutefor both Al andNi sites (i.e. at 0 Klvin [54,90,9] and for N#3Al2sCo and
Niz35Al245Cop alloy systems up to orderiigmperature [9). The discrepancy of site
occupancy tendency of Co atoms reported in the literature may be originated from its
high solubility limit in NgAI intermetallics which depends on badtioy composition

andtemperature.

It appears that, in addition to tempeens, type and content of alloying element
additiors as well as their solubility limits in MAl intermetallics could be very critical

in determining the site preference characteristics. In this cordsxtiRe atoms
preferentially occupy Al sublattice siédelow 1023C, both AlandNi sublattice sites

of NizAl intermetallics are occupied above this particular temperature for Re = 3.125
at%. Moreover, due to sign changing nature of SRO parametersRé Atomic pairs

as a function of composition, as oged to other X elements, the content of Re atoms
in NizsAlosxRec alloys would also play a decisive role for the alteration of the
distribution characteristics over dl sublattices. In view of that, sublattice site
occupancy characteristics of Re atomdNizsAl2sxRex alloys hae alsobeen studied

in the curent work for x = 14 at% range of compositioms it is evident from Figure
3.4, for the low concentration values of Re atoms (most probably vihkigolipility

limit), i.e. x < 2 at%, Re atomsfavourably occupy Al sublatticesites of NizAl
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intermetallics up to ordering temperature which is consistent with the wor$g, off.
Neverthelessas the concentration of Re atoms exceeds its unclear low solubility limit
[92-94], ~ x > 2 at%, Re atoms surprisingly have a tendency to occupy Ab#nd

Ni sublattices sites of Bl phase at critical temperaturéls, where site occupancy
characteristics showing alteratidfigure3.4.
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-B-Re: 2%
&-Re: 2.5%
-&Re: 3%

0 -9-Re: 3,125%
-#-Re: 3.5%
-©-Re: 4%

Ni sublattice

-' Al sublattice (a)

-6

800 850 900 950 1000 1050 1100 1150 1200 1250
Temperature (°C)

20 --Re: 1%
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&-Re: 2.5%
15 -&-Re: 3%
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Figure 3.4 The variation opartial SRO parameters of (a)-Re and (b) AIRe

atomic pairof NizsAl2sxRex alloys with increasing temperaturehere x = 14 at%.
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It is of research interest that whether this peculiar behaviour, in contrast to other X
alloying element atoms, is asmonly for low soluble Re atoms or not. Therefore,
attempts have been made for further clarification of site occupancy caharacteristics of
other alloying elements having low solubility ar{NizAl-X) intermetallics. For this
reason,owing to low solubility in NizAl phase §2,95], Ru alloying element has

been selected and studied within the same temperature range for the concentrations
believed to exceed the solubility limit (i.e. x > 3%]. It is interesting to note that
unlike Re atoms, Ru atonsolely occupy Al sublattice sites of 4l phase at all
temperatures, Tabl8.4, and do not display thalteration of site occupancy

characteristics with compositi@ndtemperature as Re atohs.

Table 3.4Partial SRO parameters of-ii, Ni-Ru and A{Ru atomic pair®f Ni-rich
NizsAl21Rw alloy at elevated temperatur@s 2 =7.1x10%at.

u.,7 2 =230.645x 10 a. u. and7 2 =25.198x 16 at. u.).

T (°C) Ni7sAl2:1Rw

1 2 1 2 1 2
800 -0.257 -0.256 0.722
850 -0.251 -0.250 0.702
900 -0.245 -0.244 0.683
950 -0.239 -0.239 0.664
1000 -0.234 -0.234 0.646
1050 -0.228 -0.229 0.629
1100 -0.223 -0.225 0.612
1150 -0.218 -0.220 0.596
1200 -0.213 -0.216 0.581
1250 -0.208 -0.212 0.566

It seems that solubility limit dependency of site occupancy characteristics is unique

for Reatomsoccupying bothAl andNi sublattice sites of NAlI phase above certain
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critical temperatures, I The variation of critical temperatures;, &nd site occupancy
preferences as a function of Re concentratwiNf;sAl 25 xRe alloys are illustrated in
Figure 3.5, for x = 14 at% Re.Based on the site preferences of Re atdims,
demacation lines in Figur8.5separate the regions whetéerent types of predicted
phases present. The isotherm at 1375 °C corresponds toorderdisorder
transformationtemperature for binary Bl intermetallics below whicH.1>-type
ordered NJAI phase aists. In this region, site preference of Re atoms has been
determinedas either Al (indicated bgown arrows) or botlAl andNi sublattice sites
(shown in up arrows)The site occupancy tendeesof Re atoms as a function of

concentration and correspondiTcvalues are shown by a solid line.
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Figure 3.5The variation of critical temperatures;, With respect to Re content at
which occupancy preferences of Re atoms iptlype ordered NAI intermetallics
showing alteration and leadtophase st abi | ity of the parent

possibleformation of TCP phases
Recent theoretical studytd] based on the calculation of binding energies of low

soluble alloying elements (Re and Ruhiokel-based superalloys has suggested that

Re atoms occupying Nisitesof / o ' i ntte phasaigsw@bility byanardasing
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binding energy so as to favoliCP phase formation. Consistent with this prediction,
the present results show that rdneés some evidence of possible formation of TCP
phase below ordering temperature at a composiiar85 at% Re, where Re atoms
occupy bothAl andNi sublattice sitesis shown in Figur8.5. It is evident thatboth

Al andNi sublattice sites occupancy Be atomgor x> 2.35 at% in NizsAl2sxRex

alloys may lead to localized supersaturation of the pakdsaitype ordered NAI
phaseand subsequentlgnakes possible the precipitation/formation of topologically
closepacked (TCP) phases below ordering Bhove critical T temperatures. It is
worth to note that, these critical temperatures, are compatible withthe
experimentally determined TCP precipitation/formation temperatures reported to be
above ~850 °C [14-16]. However, this unusual high temparee behaviour of Re
atoms needs a further clarification in terms of the disclosure of the relationship
between TCP formation mechanism and sublattice site occupancy characteristics of

Re atoms in NAl phase.

3.5 Conclusions

In many studies, improvedigh temperaturanechanical properties aickel-based
superalloyshave been attributed to the arrangement of ternary alloying elements in
NizAl phase. Therefore, determination of high temperature sublattice site occupancy
characteristics of ternary allognelements in NAl phase (espedily at service
temperatures ofickel-based superalloys) is crutids opposed to the most bifst-
principles calculations being done at @n, the present studhas shown that
statisticathermodynamical thegrof ordering combined withelectronic theory of
multicomponent alloys can be successfully applied to the qualitative and/or semi
guantitative analysis of the site occupancy tendency and atomic short range ordering
characteristics of substitutional X impurity elems K = Co, Cr, Hf,Mo, Nb, Pt, Re,

Ru, Taand W, respectively in L1>-type orderedNizAl intermetallics at elevated
temperatures. In this work, pairwise SRO parameters-@fiNili-X and AFX atomic

pairs inNi7sAlosxXx alloy systemshave been calculatl by taking into account the

solubility limits of ternary alloying X elements in Ml phase.Over a wide
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temperature rangehe substitution tendencies of ternary X elementlliigAl 25xX x

alloy systemshave been classified in three groups:

1 1%group: The elements of = Co, Cr, Hf,Mo, Nb, Ru, Ta andlV which mainly
occupy Al sublattice sites of PAl superlattice at all temperatures, i.e.
1 2 <O0and 2 >0;
2" group: The element of X = Pt which mainly occupies Ni sublattice sites at
all temperatures, i.q. 2 >0and 2 <0
f 3 group: Sublattice site occupancy characteristics of X tB@msseem to
be both composition and temperature dependent. The critical temperatures, T
at which site occupancy characteristics showing alteration also vary with Re
content.
I.  Re atoms predominantly substitute for Al sublattice sites at all
temperaturegbelow ordering temperature) if the composition of
Re < 2.35 afo or temperatures below: Tor Re> 2.35 at%, i.e.
1 2 <0and 2 >0;
ii.  However, Re atoms occupy both andNi sublattice site®elow
ordering and above cTtemperaturedor Re > 2.35 at%, i.e.
| 2 <0and 2 <O0.

It seems likely that, in contrast to othérelements, this peculiar atomic short range
ordering behaviourof Re alloying element atomdistributed at bothAl and Ni
sublattice sites of NAl intermetallics above dmay lead tdocalized supersaturation

of the parent NAI phase at certain fractioand makes possible the formation of
topologically closepacked (TCP) ptses below ordering temperatuBs. considering

above classification, it has been concluded that the results of the current research in
terms of site occupancy tendency determinatiballoying X = Co, Cr, Hf,Mo, Nb,

Pt, Re, Ru, Ta andV element atoms iro-(NisAl-X) intermetallics coincide
gualitatively well with other theoretical studies and experimental observations

reported in the literature.
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CHAPTER 4

SITE OCCUPANCY CHARACTE RISTICS OF TERNARY ALLOYING
ELEMENTS IN 2 -NisAl INTERMETALLICS: FIRST -PRINCIPLES AB
INITIO CALCULATIONS AT 0K ELVIN

4.1 Introduction

In this chapter of the thesiirst-principles supercell calculatiomgave beempplied to
determine sublattice sitgccupancy behaviours of alloying X elements in a model
NizAl phase in Vienna ab initio simulation package (VASP) based on density
functional theory (DFT.)

4.2 Methodology

VASP is a fast and reliable electronic structure method which is applicalbelk
solids, surfaces, interfaces darso on. In these calculationsletermination of
sufficiently converged values of plane wave-offtenergy and Kmesh (1/K spacing)
values,which leadto more accurate total energy and lattice parameter resultsyis ve
important For this purpose, in VASP, automated convergence test has been applied
for a 32 atoms 2 x 2 x 2 supercell model ofAliphaseand optimum values of@re
mentioned paramete(sonsideringcomputation timghave been determined as 315
eV and9 x 9 x 9, respectivelyasshown by down arrows ikigure4.1. Figure 4.1
shows the variation of energy per atom val(es the computational iterations are
dong with respect to plane wave eatf energy and 1/K spacindt should be noted
that as the ngnitudes of plane wave cubff energy and 1/K spacing valuggrease

computation time of the total energy and lattice parameter calculafemécrease
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Figure 4.1 Optimum values of plane wave eoff energy and 1/K spacing.

In density functional theory solving the Koi8ham equations, DFT exchange
correlation has been selected as Generalized Gradient Approximation after Perdew,
Burke and Ernzerhofer (GGRBE) [12§. In the calculations, standard potentials of
alloying X elemats were treated (except Nb atoms). For Nb atohesséniicore4p
electrons were explicitly treated as valelisiice standard potential of this element
was absent in the simulation prograB@ atons 2 x 2 x 2supercellswith plane wave

cutoff energy o815eV and 9 x 9 x &-point mesHhor Brillouin zone sampling were
constructedwhich give fully converged result§Figure 4.1). In the current work,

consdering the effectsof magnetis, spin-polarized calculations were performied
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real space projectn. In order to use time efficientlystructure optimization
calculationgi.e. relax atom positions, allow cell volume to change, allow cell shape
to changejvere done in three steps. In the first step, 2 x 2 x 2 supeas€allstructures
(binary and mpurity added NAl phases)vere relaxed with all atoms occupying their
ideal lattice positionas conjugate gradient convergence was &MJAng and spacing
between kpoints was 0.35/Ang which refers tax3 x 3 explicit mesh parametas
plane wave cutlh energywas 315 eV. In the second step, previous sealaxed
structures were rereatedto structure optimization by applying the same parameters
except conjugate grasht convergence was 0.01 /@vig. Finaly, fully relaxed
structures of all systems wepbtained as the previous structures were treated to the
same parameters excegpacing between-goints was 0.1/Ang which refers tox®

x 9 explicit mesh parametdn thesecalculations, type of smearing was Methfessel
Paxton with smearing widtbf 0.2 eV and seltonsistentield (SCF) convergence
was 1 x 10 eV.

4.3 Point Defect Formation Enthalpies in NgAl Phase

In this part of thesupercell calculations, formation enthalpies of point defects (Ni and
Al anti-sites) in L%-type ordered NAI intermetallicshave been determined. For this
purposefirstly, 32 atoms 2 x 2 x 2 supercells ofsNi phase containing one single

point defect at theicentreshave beerreatedas illustrated irFigure4.2

3%9°9Y P L A
o
o“u"oJ‘J%“ S ":/"J
JJ‘JJJJ‘JJJJ J') JJJJJ! J*
" JJOO J’OOO J 0‘;‘)_.0 J)

@) (b)

Figure 4.232 atoms X 2 x 2 supercells of (a) b§Al7 and (b) NisAlg systems in

which (a) Ni (green) and (Al (blue) antisites located ahe centres, respectively.
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The formation enthalpy dflizox.yAlxXy systems can bealculatedby usingfollowing
equation90],

PH ( liAlXy) = E(NizyAlXy) - (32-x-y)E(Ni)- XE(AI) - yE(X) A1)

where E(Ni2xyAlxXy), E(Ni), E(Al) andE(X) are the total energies (per atom) of the
corresponding allogystens and pure elements of Ni, Al and X, respediyavhich
have beerfully relaxed to theirequilibrium geometriesn the previous structure
optimization part In Equation @.1), x any y denote the mole fractions of Al and X
element atoms in the alloys, respectively. Then, formation enthalpite @int
defects (Ni and Al anites)in a NgAl modelcan bedeterminedoy using[90],

He=2- T (4.2

whereY( is the brmaion enthalpy (per atom) of a 3®ons 2 x 2 x 2 supercell of
NisAl phasecontaining oe point defect of typel (antisite) and ¥( is the
formation enthalpy of perfectly (defect free) 8@ns 2 x 2 x 2 supercell df1,-type
ordered NiAl phase. For anisites, the value @@ is 1/32 In this study, lhe formation
energy of the exchange asite defect (both Ni and Al antisites)in L1>-type NBA
modd has been calculated as 1.04 eich coincides well with other studies
[90,91,103,12]7as indicated in Tablé.1

Table 4.1 Formationenthalpiesof exchange antsite defects.

(. E(eV) (11 (eV) (. E (V1 (eV)

Current work 2.01 -0.97 1.04
Wu and Li[9]] 2.39 -0.99 1.40
Kim et al. [L27] 2.06 -1.00 1.06
Jiangand Gleesof90Q] 2.04 -0.92 1.12
Chaudharet al.[103 2.10 -1.06 1.04
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4.4 Anti -site Formation-basedFormalism

At 0 Kelvin, siteoccupancyreferences of alloying X elements irgNli phasecan be
deternined by usingantisite formationbasediormalism in which the energy change

parameter% o, , describes the energy required to move alloying X elemmmhs
from Ni sublattice site to the nearestneighbour (NN)AI sublattice sits. Energy

change parametefo o , which equalsto ( 8 (8 (! 1[90, can be

calcubted ly consideringollowing equation system

% % o % % (4.3

%o % % % % (4.4)

By looking at the sigeiand magnitudeof % o, , sublattice site occupancy tendencies

of alloying X elementsn NizAl phasecan beclassified into three groups:

1 1% group: X elementatoms preferentially occupy Al sublattice sites when
% o ™

1 2"group:X element atoms tend to occupy Ni sublattice sites vihesn
(. E ('1 p8t1A6g

f 39group:X element atoms may occupy both andNi sublattice sites when
T %o (.E (!'1 p&tiAe@

4.5 Site Preferences of Ternary Alloying Elements at O &vin

Table4.2 shows total energy of each system and tbeiresponding% ., values
consistent with other firgbrinciplescalculations §0,91,127. According toTable4.2,

% o values of the systems have negative signXferCr, Hf, Mo, Nb, Re, Ta, Ti
andW additions whereas for X = Paddition % , value equals to 1.27 (greater than

1.04eV). For X = CoandRuadditions% - values have positive signs but the
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magnitudes are less than04 eV. These results imply that, at 0 Kelviafore
mentioned alloying elements (except Co, Pt and Ru) preferentially occupy Al
sublattice sites of MAl intermetallics whereas Pt atomsake a tendency to occupy

Ni sublattice sites. Occupancy behaviours of Co and Ru ateensamposition

dependentthese atoms may substitute for béihandNi sites

4.6 Theoretical Lattice Parameter Calculatiors of NizAl-X Phase

When impurityalloying X elements X = Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, and

W, respectivelyare placed by a centrally located Al or Ni atoms in 32 atoms 2 x 2 X
2 supercells of NAI-X systems (i.e. NkAI7X and NipsAlgX, respectively), aftefull
structure optimizationgquilibrium lattice parametersf these systembave been
calculated Table4.3). According to Tablel.3 it is possible to conclude that emst

of the alloying X elements occupy Al sublattice sjtdsttice parameters ahese
systemdbecome smaller timethe systems in which X atoms occupy Ni sites. However,
for X = Pt atoms lattice parameter dfi2sAl7Pt system looksslightly smallerthan
Ni2sAlsPtone. For X = CandRu atoms, lattice parametersiibsAl7X systemsare

smaller than NBAlgX onesbut nd as much afirstly mentioned alloying elements

Therefore, by combining the results of occupancy characteristics of alloying X
elemens and lattice parametersizAl-X systems, it can be concluded thdbying
elements preferentially occupy Al sutilee sites of NHAI phase if thedifference
between lattice parametersizaAl7X and Ni2zAlgX systems isig enough (Ni site
occupancy probability of these alloying elements leads to considerable amount of
lattice distortiof). When this difference getswer, alloying elements may substitute

for both sites. However, when the difference is very small, alloying elements tend to
occupy Ni sites due to very small amount of lattice distortion. Figure 4.3 illustrates

this relationship much clear.
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Table 4.3 Lattice parameters dNi2sAl7X andNiz2sAlgX systems
where X =Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, andW, respectively.

Lattice parameter

Alloying X : .
elements NizaAl7X NizsAlsX
(Al site is occupied) (Ni siteis occupied)

Co 3.561 3.570
Cr 3.558 3.596
Hf 3.586 3.643
Mo 3.571 3.616
Nb 3.580 3.632
Pt 3.579 3.582
Re 3.568 3.604
Ru 3.569 3.577
Ta 3.578 3.637
Ti 3.570 3.622
W 3.571 3.624

© 3.66 : :

= O Theoretical (Al site is occupied)

f 3.64 A A A Theoretical (Ni site is occupied)

© A 1 1

o I A A | :

3.62 A : !

° A& NI ! Ni

© 360 | Al sites A A

—_ 1 Sites i sites

- o) | |

~ 358 o ©O N |

© 1 1

354 1 1 1 1 1 1 1 1 I 1 1 I 1

Hf Ta Nb W Mo Ti Re Cr Ru Co Pt

Figure 4.3 Lattice parameter variatigof Ni2sAl-X (shown inspheresand
Ni23AlgX (indicated bytriangles)systemsvhere X = Hf, Ta, Nb, W, Mo, Ti, Re, Cr,

Ru, CoandPt, respectively
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4.7 Atomistic Level Simulations ofNizAl-X Phases

In VASP program, inaddition to total energynd equilibriumlattice parameter
calculations(which reveal the sublattice site occupancy behaviours of allofing
elements), thanks to some simulatimethods atomic bondingcharactestics and
hybridization types withithe models oNisAl-X systemscan be determined. Hence,
in the following partscharge density difference (CDD), electron localization function
(ELF) and density of states (DOBlethodshave beermpplied to botiNi2sAl7X and
Ni23AlgX systems where X Al(Ni), Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, andW,

respectively.

4.7.1 Charge Density Difference (CDD)

The effecs of alloying X element additios on the bonding propertiesf NisAl-X
systemscan be determined via charge density difference (CDD) method in which
charge ihduced by the alloying elemeinis redistributedIn this stuly, the effects of
alloying X elements located at either Al or Ni sites of 32 atoms 2 x 2 x 2 sotlel
NizAl phase on CDzharacteristickave been investigated for (010), (110) and (111)
planes of the supercells (Figu.4). In the simulatios, charge distribution
characteristicsvere colouredfrom red (refers to charge accumulation regions, 0.07)
to navy blue (denotes to chargeptetion regions;0.1). Inliterature[12813Q, it has
been stated that charge accumulation near alloXirelementatons located at the
centre refers tetrong bondings (i.e. directionabvalenttype bonding) betweerthese

X elementatomsandtheir NN atomsMoreover it hasalso been mentioned that as
this accumulation region gets more visible in size and/or red colowtjrgpstrength
increasesThe CDDcharacteristics fothe additions o = Al(Ni), Co, Cr, Hf, Mo,

Nb, Pt, Re, Ru, Ta, EndW atoms located at either Al or Ni sites o&Ali phasefor

the afore mentioned planes are given in tlmdldwing figures startingrom Figure4.5

to Figure4.1Q
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(e) (f)

Figure 4.4 CDD characteristics atentrally located alloying X elemendigght blue)
at either(a,c,e) Al or (b,d) Ni sites of 32 atoms 2 x 2 x 2 model of;Ni phase for
(a,b) (010), ¢,d) (110) and (&, (111) planesrespectively
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As illustrated in Figurd.5, for(010) planeCDD simulationgit can benoticedthat all
ternary X elements located at the centre Alssii@use charge accumulatioggions
betweerthemselves antheir NNNi at oms denot ed armgionsto. Th
can be ordered froine smallesto thelargestas Al< Pt <Co <Ru<TiHf<Cr<

Nb < Mo < Ta <W < ReRe atoms lead to the strongest directional covalent bondings
with NN Ni atoms while Pt atoms aase the weakest ones. Seconepen charge
depletion regions of centrally located X elements are examined, it is noticed that the
shapes ofhesedepletion regions (shown in navy blue) become different. For most of
the alloying elements (excepbCPt andRu), NN Ni atoms causthese regionso go
inward. However, for Pt atoms, NN Al atorfisstead of NN Ni atoms3eem tdead

to the same effectn this caseNN Ni atoms make these regions to go outwent. X

= Co and Ru atoms, botr none ofNN Ni andNN Al atoms seem to hawffect on

this behaviour. The depletion regions of these atoms are rsdmdyical they do not

go either inward or outward

Theseinteresting shape characteristics of the depletion regions around alloying X
elements most probBbexplain their site occupancy preferences (Al and/or Ni) in
NizAl intermetallics. For this purpose, in order to understaeiderthis relationship,

the samegplane(010) CDD characteristics ofentrally located alloying X elemenas

Ni sites of N3Al phase have been examined as indicated in Figure 4.6. Interestingly,
among these alloying X elements, only Co, Pt and Ru atoms seem to lead to directional
covalent bondings with their NN Al atomshile other alloying elements cause a slight
accumulation regin (shown in orange colours) towards NN Ni atoms. Therefore,
CDD simulation patterns of centrally located alloying X element occupying either Al
or Ni sites can also be considered to determine sublattice site occupancy characteristics
of these alloying el@ents. According to CDD simulations, X = Cr, Hf, Mo, Nb, Re,

Ta, Ti and W atoms preferentially occupy Al sublattice sites eANntermetallics
whereas X = Pt atoms tend to substitute for Ni sites. X = Co and Ru atoms occupy both
sites. As opposed tolwr alloying X elements, Re atom located at Ni site creates a
thin continuoudayer of accumulation region between itself aisdNN Al and NN Ni

atoms. Thispeculiar behaviour of Re atoms occupying Ni sites ofAlphase would
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Figure 4.6 (010) planeCDD characteristics atentrally located alloying X elements

at Ni sites of NJAI phasewhere X =Ni, Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, and

W, respectively (1: NN Niand 2: NN Al atoms).
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W, respectively (1: NN Niand 2: NN Al atoms).
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Figure 4.8 (110) plane CDDcharacteristics atentrally located alloying X elements

Ni, Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, and

W, respectively (1: NN Ni atoms).

at Ni sites of N§Al phasewhere X
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start charge accumulation/supersaturation amadise TCP phase precipitation as
previously mentioned in Figure 3.5 in detail. Secondéntrally locatedPt andRu
atons, which have beemroven toinhibit TCP plase formation by many studies
[1,4042A43], leadto accumulation regiosbetweerthemselveandtheirNN Al atoms.
Therefore, this Heaviour of Pt and Ru atomswould break thin continuous
accumulatiorlayers of Re atomsvhich may help thenhibitation of TCP phase&or
Co addition, charge accumulation region is visible between Co and its NN RAEat
(similar to Pt and Ru additions); but, unfortunatelyere is no information inhe
literature about the effects of Co atoms on TCP phak®sever, it is well known that
Co atoms have significant diffusivity in superalloys [41] which make Co atoms
to break dore mentioned accumulation layers introduced by Re atwwasmgverylow
diffusion coefficient within superalloys [79].

For (110) planes dfli2sAl7X andNi2zAlgX systemsvhere X Co, PtandRu, similar

results have beeabtained.Since charge amwmulation regiongepresented in red
coloursdominatealong <110>directiors (along X alloying element atoms and their

NN Ni atoms) strengtheningan be attributed to occatongthis directioninstead of
<001>directiors (along X alloying element atonad their NN Al atoms)Because

along <110>directiors, covalent bonding characisticsarevery dear. However, for

X = Co, Pt andRu atoms, there is no such a strong directional covalent bonding nature
between thesatoms and their NN Nitoms along <10> directiors (Figures 4.7-8).
Therefore, these alloying elements may be considered to increase ductility rather than
strength of NJAI phase due to possible metallic bondings instead of covalent

bondingsIn the next part, this possibility is goitg bediscussed in more detail

Similarly, for (111) planes olNi24Al7X systems, chargaccumulation regions around
centrally located alloying X element atomscupying Al sublattice site@xcept Co
and Pt) are visible (Figurel.9). For Ru atomghese regios are not clear enough.
However, as shown in Figuré.10 when alloying X element atoms ocgqui
sublattice sitesf (111) planeNi23AlgX systems, X = Cr, Hf, Mo, Nb, Re, Ta, dind

W atoms seemto havedirectional bondingwith NN Ni atoms whereas X Co, Pt
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and Ru atoms have no directional bondingRu atoms lead to more visible
accumulation regisrather than Co and Pt atoms do which would make Ru atoms
more effectivgrather than Co and Pt atonte)prevent TCP phases.

4.7.2 Electron Localization Function (ELF)

In order to comprehend the origin of strengthening mechau$MizAl-X phass in
atomistic level, electron localization function (ELF) is another way to reveal the
bonding charactestics betweenNN atoms.ELF defines the probabilitgf finding a
second electron at a position B, given thdirst electron having the same spin is
located with certainty at position A and it is considered as more effective to measure
the inteatomic bonding characteristics rather theactronic charge ehsity maps
[100. In ELF contour plots, directional red regions having high ELF values between
adjacent atoms show thadvalentbonding arethe main bonding tysan thesearea.
However, uniform green regions having low ELF values between adjacentsatom

indicatethat metallidoondingsrather than covalent onasedominant in tlese regions.

In this study, ELF characteristio$ alloying X elements located at either Al or Ni sites
of NisAl phasehave been investigated for (010), (110) and (111) plah&2 atoms 2

x 2 x 2 supercell models (Figudel]). In thesesimulatiors, ELF contour plotsvere
colouredfrom red (0.2) to navy blue (0). The ELF coatlots forX = Co, Cr, Hf,

Mo, Nb, Pt, Re, Ru, Ta, BndW atoms located at either Al or Ni sitesNizAl phase

for the aforementioned planes are giventhre bllowing figures starting from Figure
4.12to Figure4.17. However, it should be noted that for Nb addition, these contour
plots would be questionable sindeetsemicore 4p electronsof this dementwere

explicitly treated as valenaes peviously mentioned

ELF simulations of (010) plane for alloying X element atoms located at the centre Al
site of NisAl phaseshow the effecs of these alloying elementsn the bonding
characteristics (Figur¢.12). Alloying elementssuch as X = Re, TandW atomslead

to strong directionatovalent bonohgs with NN Ni atoms while X =CrandMo atoms
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Figure 4.11ELF contour plotof centrally located alloying X elementigght blue)
at either(a,c,e) Al or (b,d) Ni sites of 32 atoms 2 x 2 x 2 model of;Ni phase for
(a,b) (010), (c,d) (110) and fe(111) planesrespectively
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cause moderate ones. Similarly, by the addition of X = Hf, Rulaatoms, very weak
covalent bondigs are created. Howeveome alloyingelementssuch as Co and Pt
have no any directional accumulation regions around them. For centrally located Co
atom, there is a homogeneous green area around it. In case of Pt addition, a continuous
(nearly sphericalpccumulation region is visible which has no directional character.
Therefore, by considering these ELF contour plots, it is possible to suggest that
alloying X elements causing directional covalent bondings in the order of Ti < Hf <
Ru < Cr<Mo < Ta<W Re (Re atoms lead to the strongest covalent bondiigke

Ti atoms cause the weakest ones) increase strengthAlfpgtiase. Secondly, Co and

Pt additions seem to have no effect on the strength gihlase. However, these atoms
may be attributed to iorease ductility of NAl intermetallics by creating nen
directional (homogeneously distributed or continuous) metbdiiedings [98].ELF
contour plots of (110) and (111) planes for alloying X element atoms located at Al or
Ni sites ofNizAl phase also agfirm that Re addition leads to strength enhancement
while Co addition causes improved ductility ofsNi phase as illustrated in Figures
4.1417.

4.7.3 Density of States (DOS)

In order toanalyse furthetthe interactions between centrally locatakbying X
elemens (either at Al or Ni sitesandtheir NN Ni(Al) atoms along <110> directions
of NizAl-X systems andorrelate electronic structures and energettestof pure or
micro-alloyed NAl lattices partial density of states (pDQ8alculations hee been
performed where X = AI(Ni), Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta,ahd W,
regpectively(Figures 4.1&81).In pDOS diagrams, x axis represents energy values (in
eV), whereas y axis indicates the contributions of electron states-gtatgs of Al
and dstates of Nalloying X elemat atoms) in arbitrary units (a.). As it is well
known Al atoms have no d states and-gAland Nid states providedominant
contributiorsto the total DOSs o4l andNi atoms [131]. San this study, for impurity
free NizAl phase, only Alp and Nid states have been considered and presented.

axis, the origin refers to Fermi energy leve) (EHence negative energy values left to
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Figure 4.14(110) planeELF contour plot®f centrally located alloying elements

at Al sites of NdAl phasewhere X =Al, Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, and

W, respectively (1: NN Niand 2: NN Al atoms).
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Figure 4.16(111) planeELF contour plot®f centrally located alloying Xlements
at Al sites of NdAl phasewhere X =Al, Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, and
W, respectively (1: NN Niand 2: NN Al atoms).
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Figure 4.17(111) planeELF contour plot®f centrally located alloyig X elements

Ni, Co, Cr, Hf, Mo, Nb, Pt, Re, Ru, Ta, and

W, respectively (1: NN Niand 2: NN Al atoms).

at Ni sites of NJAl phasewhere X
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Er correspondo occupied statesvhereas positive energies right tpaee the energy
values of unoccupiedaties Upper part opDOS diagrams with respect to x axis shows
the contributions of spip electronswhereas lower parfwhich is not shown in
Figures 4.181) represents the contributions of sygiawn electrons, or vicegersa.

One of the mst importahfeatures opDOS diagram determining structural stalii

is hybridization betweer\l-p and Nid electronicbands[128. This hybridization
forms directionalcovalentbonding betweenAl and NN Ni atoms along <110>
directionsasalreadyshown in Figuret.5. In the first CDD simulation of Figuré.5,
the orange regions between centrally located Al atochiss NN Ni atoms refer to
directional bondings along <110> directions. In pDOS diagrams, this hybridization
indicated by Adp/Ni-d peak overlapFigure 4.18 [100,128. According toFigure
4.18a), hybridization betweeAl-p andNi-d statess shown byasharp bonding peak
andanantibonding pealocated near3 and 1.2 eywhichhasalso beenconfirmed
by the workof [128]. Otherweakerbonding peak®f this system are approximately
locatedat -3.75,-3.2,-2.75,-2.5, -2 and-1 eV, respectivelyAnotherfeature of the
electronic structure fopureNizAl system isfia valleyo located at about 0.6V above
the Fermi energy which separatbe pd bondirg and antbonding state§12§. As
shown in Figures 4.1819, for Co addition, more bonding peaks aveible
approximatehjocatedat-3.85,-3.65,-3.15,-2.8,-2.25,-2.1,-2,-1.4,- 1.1, -0.75 and
-0.35 eV. However, there is no any clear dmtndingpeak. In case of Cr addition,
bonding peaks and arttibnding peaks (located-#&.4,-3,-2.75,-1.5,-1, 0.45 and 0.65
eV, resgctively) are separated by a narrow pseudogap (valley) which is very close to
Fermi energy. For Hf additigrapproximate energyalues of bonding and anti
bonding peaks ares.4,-2.25,-1.45, 2.65, 3.1 and 3.6 e3éparatedby a pseudogap
minimum located at nearly 0.5 eV. For Mo addition, these vatuespproximately
3.7,-3.5,-3.25,-1, 0.55, 0.65, 0.75 and 0.9 e€paratethy a narrow valley again. For
Nb addition (onlythe semicore4p electronf this elementvere explicitly treated as
valenceas previously mentioned), there are a few peaks nearly locatdda2.85
and 1.1 eVseparatedby a valley at aboud.5 eV. ForPt addition, peak distributions

are very close to the ones observedCo additionIn this case, there is no any anti
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bonding peak and bonding peaks are closely locat&1t2.5,-2,-1.75,-1.1,-0.75
and-0.25 eV. However, for Re additionp snany overlapping of bonding and anti
bonding peakare visibleat-4.75,-4,-3.65,-3,-2.5,-1.75,-1.5,-0.5, 0.5, 0.75 and 1.2

eV, respectively. This behaviour betweendRand Nid states imply that there is a
strong dd hybridization which leads ttrong covalent bondings between these atoms
along <110> directions. In case of Ru additibasidesbonding peaks (a#.6, -4, -
3.65,-3,-2.6,-1.85,-1.65,-1, -0.6 eV)there is a weak anbionding peak at 0.2 eV
However, these peaks are not separditg a pseudogap valley similar to Co ad Pt
additions.For Ta addition approximate energy values of bonding anebanting
peaks are3.5,-2.3,-1.5, 1.1 and 2.3 eV separated by a pseudogap minimum located
at nearly 0.5 eV. In case of Ti addition, bamglpeaks and arbionding peaks (located
at-3.35,-2.15,-1.5 and 1.1 eV, respectively) are separated by a pseudogap valley
which is right to the Fermi energy. Lastly, for W addition, so mavsrlapping of
bonding and antibonding peaks (similar to Reditlon) arepresenat-4.5,-3.5,-2.9,
-2.3,-1.6,0.75, 1, 1.2, 1.3 and 1.8 eV, respectively implying that there is a strong W

d/Ni-d hybridization along <110> directions which leads to strong covalent bondings.

The stability of a particular systempinds on the position of tik&rmienergylevel

in the pDOS plots Systers are consideed to be more stable if the Ells in the
pseudogap which separatbs bonding states from the aitionding state§i.e. stalle
structures always have low NJE[132]. Whenthe Fermienergylevel lies leftto the
pseudogap minimum, the bonding stabexomecompletely occupiedHowever,
whenthe Fermienergylevel lies rightto the pseudogap minimum, the bonding states
can be considered axompletelyoccupied [133]As it is evident in Figures 4.189,
for X = Cr, Hf, Mo, Nb, Re, Ta, Ti and W atoms N)Ealues of Xd curves become
very low. However, for d states of X = Co, Pt and Ru atoms;)Néilies are not low.
This interesting feature of-H states at Endicaes that when alloying X elements
occupy Al sites, NjAI-X phase becomestable for the former alloying X elements
whereaghey becomainstable for the latter alloying X elementsshould be noted
that these results havalready been confirmed by preu® CDD contour plots.

Becausestrong %d/Ni-d hybridizations between the former alloying X elements
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Figure 4.18pDOS diagramsf (a) Al-p/Ni-d and (bf) X-d/Ni-d stateshowingp-d
and dd hybridizations betweerentrally located AX) and their NN Ni atoms along
<110> directios where X = Co, Cr, Hf, M@ndNb, respectively.
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Figure 4.20pDOS diagramsf (a) Nid/Al-p and b-f) X-d/Al-p states showing-d
hybridizations between centrally locatliX) and their NN Al atoms along <110>
directiors where X = Co, Cr, Hf, M@andNb, respectively.
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Figure 4.21pDOS diagramsf (a-f) X-d/Al-p states showing-gd hybridizations
between centrally located X and their NN Al at®along <110> directi@where X
= Pt, Re, Ru, Ta, TandW, respectively.
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and their NN Ni atoms along <110> directiolesad to strong directional covalent
bondings which make the Mil-X phases stable. On the other hand, for the latter
alloying X elemets, due to lak of anttbonding peaks anar some certain amount of
N(E) values (whicharenot low), there is no any hybridization and covalent borgling
between these alloying element atoms and their NN Ni atoms. Hence, instead of
covalent bondings, metal bondingsmayexist between these atoms.

In order to comprehenirtherthe stability of NsAlI-X phases, pDOS contour plots of

d states of alloying X element atoms occupying Ni sites and p states of their NN Al
atoms are given in Figurds20-21. As shown in these contour plots, for X = Cr, Hf*,
Mo, Nb, Re, Ta*, Ti*and W* atoms, there are bonding and ambinding peaks but
N(Ef) values are very high (*: with respect to Figudes8-19). However, for X = Pt
atoms, N(B) is very low. These results, tledore, confirm thatmost of theafore
mentioned alloying X elements preferentially occupy Al siteNighAl phase whereas

Pt atomgend to substitute for Ni sitesaterestingly, by looking atigh N(E) values

of d states of X = CandRu atoms occupyinlyi sites of N3Al phase, itis possible to
suggest that these highlues also leatb unstable structuseNamely, these alloying

elements would occupy both sites ogMNliphase as previouslyetermined

4.8 Conclusions

In conclusiondue to their strog dd hybridizations with NN Ni atoms along <110>
directions of NdAl-X phasegi.e. strong covalent bondings)loying X elementssuch
asCr, Hf, Mo, Nb, Re, Ta, Ti andW enhance strengtbf nicketbased superalloys
Thestrengthenhancemertan be undrstood from the accumulation regions appear in
the contour plots of CDD and ELF simtitans and overlapping phenomeingpDOS
plots. On the other hand, alloying elemenssich as Co, Pt and Ruay improve
ductility of nicketbased superalloys due to lamddirectional bondingdnterestingly,
alloying X elements increasing strength preferentialtigupyAl sublatticesites of
NizAl intermetallics whereaslloying X elements most probably improving ductility

tend to substitutefor Ni sitesor ther site preferencesare compositiondependent,
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namely, they may occupy by Al and Ni sitderefore, it is important to note that
these results are consistent with the works of Ochiai et al. [84Ramdings and
Statonbevan [85)hich claim that yitl strength can be increased by alloying elements

occupying Al sublattice sites of pil phaseinstead of Ni ones

87



88



CHAPTER 5

PRODUCTION, CHARACTERIZATION AND MICROSTRUCTURAL &
MECHANICAL DEVELOP MENT OF NigoAl20 AND NigoAl15Xs ALLOY
SYSTEMS

5.1 Introduction

In this chapter previous theoretical findingsuch as site occupancy preferences of
alloying X elemerd (via SRO parameter calculations and{pshciples calculations)
and effects of esealloying elements on the bonding characteristicsoeNizAl
precipitateqvia CDD, ELF and DOS simulatiomethods)and mechanical properties
of nickelbased superalloysave beemimed to be confirmed by experimental studies
as well.For this purpose, binamyigoAl20 andternaryNigoAl15Xs alloy systems wére

X =Co, Cr, Hf, Mo, Nb, Ta, TandW, respectivelyhave been produced, characterized
and microstructural and mechanicdévelopmentof these alloy syems with
increasing aging timéave been investigated. Effects of type of alloying element
additionsand some variations in heat treatment procedures on the microstructural
characteristics and mechanical propertieshefrelated alloyhave been dcussed
correlatedand ithas beeroncluded that experimental results coincide well vt

literature ad theretical results of this thesis.

5.2 Experimental Procedure

5.2.1Raw Materials

NigoAl15X5 samples (where X = Al, Co, Cr, Hf, Mo, Nb, Ta,andW, respectively

were produced by mixing appropriate amount of high purity alloying elements
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procuredoy Alfa Aesar. Thénighpurities of the alloying elements are given in Table
5.1.

Table 5.1 Purities of alloying X elements (Wb).

Alloying X elements Purity (wt.%)
Ni 99.95
Al 99.90
Co 99.90
Cr 99.20
Hf 99.70
Mo 99.95
Nb 99.90
Ta 99.95
Ti 99.99
w 99.95

5.22 Production of the Samples

NigoAl15X5s samplesvere melted and casted into cylindrical ingots via arc melting and

suction castingechniquesrespectively.

5.2.2.1 Arc Melting

NigoAl 15X5 samples were produced by using a-sonsumale tungsten electrode on
a watercooled copper tray in arc melting unit which is shown in Fidguteln order
to dilute oxygenfirstly, arc melting chambewasvacuumed to 3.8 x mbar level
by using rotary pump and then vacuum levasincreased upo 1.1 x 16 mbar level
by activating diffusion pumgn addition, a piece of bulk Zwasput in the chamber to
reduce oxygen furthehen constituent alloying elements weneelted in oxygen
free/inertargongas environment. In order to achieve homoggnesamples were

remeltedthreetimes. After melting process the weight lossvasnegligible.
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Figure 5.1 E d mu n lder @cgmelting unit used for the production of samples.
5.22.2 Suction Casting

After arc melting process NigoAl15Xs sanples were melted one more time and casted
into cylindrical rods(with diameter of 3 mmby applying suction casting technique
which enables samples to be exposed to the same cooling rate (Bigure
Furthermore, thanks to this technighemogeneous relike samplesvereeasily cut

along the cross sectialdirectiorsto see the dendritic as cast microstruciatearly.

_|—> Slow cooled

I—» Fast cooled

Figure 5.2 Copper mold and cylindrical rods produceddsy melting anduction

casting technique
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5.23 ICP-MS Measurenents
As cast NgoAl1sXs samples were treated to inductively coupled plagmaass
spectroscopy (ICRMS) techique to verify the compositienof alloy systens.

Comparisons are given in Tal8e.

Table 5.2 Verification ofalloy compositiondy ICP-MS tednique.

Systems (as cast) Nominal compositioga(at.%) ICP-MS (at%)

Ni Al X Ni Al X
NigoAl 20 80 20 - 79.55 20.45 -
NigoAl 15C0s 80 15 5 79.72 15.32 4.96
NigoAl15Crs 80 15 5 80.40 14.84 4.76
NigoAl 15Hfs 80 15 5 80.45 14.76 4.79
NigoAl 15M0s 80 15 5 80.07 15.11 4.82
NigoAl 15N bs 80 15 5 80.20 15.21 4.59
NigoAl 15T &g 80 15 5 80.65 14,51 4.84
NigoAl15Tis 80 15 5 80.48 14.67 4.85
NigoAl 15Ws 80 15 5 80.64 14.47 4.89

5.24 Heat Treatment

Subsequent toelting and castingas cast samplaegere exposedo a series of heat

treatment steps to reduce segregation of some alloying elementsoatjustp r eci pit at e
size (primary, secondary and tertiary) and modéwpdritic as cashicrostructureinto

grains[1,2]. For this purposeas cast NbAl15Xs samples were heat treataccording

toTable53( homogeni zati on apartidspibt0i AICi Ziomg 2dt hdbL5 G
for 3 hoursprimaryagingat &@®O3hA nd agi rCdor4 16, 68 dnd 256\

hr, respectively. All sampleswerefurnacecooled to partiakolution heat treatmeir
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primary agingtemperatures aftéromogenization heat trement;ice-water quenched
to RT after partial solutioizing or primary agingandair cooled to RTafter aging heat
treatmentsThesedifferent heat treatmermroceduresvere applied undegir/oxygen
environmentnstead of argofdue toheat treatment setp of argon gas environment
which prevens effectiveice-water quenching Oxide layes occurring on the samples
were grinded and polishedtine subsequent metallographic sample preparatiorsstep

5.25 Characterization Techniques

5.25.1 X-ray Diffra ction (XRD)

Phase analyses of as cast and heat treatefll NKs samples were performed by X
raydiffraction method usin@ruker D8 Advancevith CuKgr adi at i onj )( & = 1
for the angl @ 13Cawigeh @af s nutk€fhy rate of 2

5.25.2Differential Scanning Calorimetry (DSC)

In order to determine the effiscof each X alloying element dhe shift of phase
transformation tenmgratures, thermal analysis measurements of as cagtlNKs

samples were done by usiSgtaram Setsy46/18differential scanning calorimeter

(DSC) (Figure 53). The samples of 230 mg weight were heated up in alumina
crucibles under argon atmospherenrRTto 450AC at a const28nt hea
A C/ utés After waiting for a while at this temperatysamples were cooled to RT

at a constant cooling rate »f0 A @tésmi n

5.2.5.3 Field Emission Scanning Electron Microscopy (FESEM)

Microstructural characteristics ads cast and heat treateckddi 15X5 sampleswere
examined by using Fei Nova Nano 48fd emission gn model of scanning electron
microscope FESEM). Before that, samples were metallographically prepared; sliced

into small cylindrcal rods (3 mm diameter and 2 mm heighty sharp cutter, ground
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up to 2000 grit, polished witlvaterbased polycrystalline diamond suspensiprta

1 em and etched i n2S04Hel0 mLoHCluanl L0omb digtiifed O . 1 m
water for 1045 seconds. NsAl1sMos and NigoAl15Ws samples were etchday using

Mar bl eds r3secaneé Gampositos of thesamples and each constituent

phasewere verified through energy dispersive spectroscopy (EDS) method.

Figure 5.3 Setaram Setsy46/18 DSC used for thermal analysis measurements.

5.25.4Micro -hardness Measurements

Vickers micrehardness measements were performed @s castand heat treated
NigoAl15X5 sampleshy using a Shimadzhlicro HardnessTester under a load of 0.5
kg (4.903 N) The average hardness values were calculated by considering

measurements on each sample.

5.3 Characterization of NigoAl 20 Alloys

After production ofthe samplesphase, thermal, microstructural and mechanical
properties ofbinary NigoAl2o alloys have beercharacterizedand discussedh the

following parts
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5.3.1 Phase Analysis

Phase analyseof binary as cast(fast and slow cooledNisoAl2o alloys have been

carried outby XRD technique Figure 5.4 shows Mer indices of the constituent

phase§ o2 a mavhite &njl blacksphers, respectivelyAs shown inFigure 54,

white and black sphere pairs (denote to (111), (200), (220), (311), (222) and (400)
fundamental peaks) confirm the existence of HCC k e o saswihile sirigle p h a

black sphees(refer to (100), (110), @) and (211yuperstructurepeaks ot 1>-type

ordered o precipitates) validate the exist

microstructurs of NigoAl2o alloys

When fast cooled as cast samples are heat treated iagctordrable 5.3, following

XRD patterns have been obtain€ayures 5.58. Figure 5.5 shows the XRD patterns

of binary as cast (fast cooleM)isoAl 2o alloys partially-solutionized at 1156C for 3

hr, icewater quenched to RT and subsequeaglyd at 800C for differentaging times

of 4, 16, 64 and 256 handair cooled to RT, respectivelgecondly,in Figure5.6,

XRD patterns othe same heat treatélisoAl 2o alloys (exceptionalljhomogenized at
1250°C for 24 hr beforgartialsolution heat treatmeraire given. Nextphase analyses

of binary NgoAl2o alloys aredemonstratedh Figure5.7which arefirst primarily aged

at 800°C for 3 hr, icewater quenched to RT and subsequently aged at@aGor
differentaging timedollowing the order of4, 16, 64and 256 hiand air cooled to RT,
respectively. Lastly, Figurés.8 indicates the XRD patternsf NigoAlyo alloys
homogenized at 125 for 24 hr andorimarily aged at 800°C for 3 hr icewater
guenched to RT andubsequently aged at 80C starting from4 hr to 256 hr,
respectivelylt should be noted that fundamental peaks are composed of two individual
peaks correspond.iSmog the wlune fractiond af 0 maphdsé g e s
within the microstructurei s very smal | a n da nlda tot' i cpeh apsaersa naert
very close to each otheoverlapping prblem occurs irthe fundamental peaks. In
order toincreag resolution of XRD peaks and eliminate overlapping problem, XRD
scanning ratehas beenreduced from Zminutes to 0.0%minutes. However,

fundamental peaks referto a nd xduld pohba sepasated from each other.
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Figure 5.4 XRD patterns of (ajastand (b)slow cooled as cadlisoAl2o alloys.
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Figure 5.5 XRD patterns of (as cast (fast cooledisoAl2o alloys (b) partially
solutionized at 1158C for 3 hr and subsequently aged at 800or (c) 4 hr (d) 16 hr
(e) 64 hr and (f) 256 hr, respectively.
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Figure 5.6 XRD patterns of (ags cast (fast cooledisoAl2o alloys, (b) homogenized
at 1250°C for 24 hr angartially-solutionized at 1158C for 3 hr and subsequently
aged at 800C for (c) 4 hr (d) 16 hr (e) 64 hr and (f) 256 hr, respectively.
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Figure 5.7 XRD patterns of (a@s cast (fast cooledisoAl2o alloys, (b) primarily
agedat 800°C for 3 hr and subsequently aged at 800dor (c) 4 hr (d) 16 hr (e) 64
hr and (f) 256 hr, respectively.
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Figure 5.8 XRD patterns of (aas cast (fast cooledisoAl2o alloys, (b) homogenized
at 1250C for 24 hr angrimarily agedat 800°C for 3 hr and subsequently aged at
800°C for (c) 4 hr (d) 16 hr (e) 64 hr and (f) 256 hr, respectively.

532Det erminati on of L aretipitatesin Bimary Nmplltoe r s o f
Alloys

By considering XRD patterns of binaNisoAl2o alloys given in Figure$.4-8, lattice
parametes of the constituend 'recipitateshave beer al cul at ed by apply
Law and the resulteave beerabulated in Tabl®.4 which does noexhibit lattice

parametes o f matrix phasedue to previously mentionealverlapping prblem in

XRD patternslt is evident from Tabl&.4 that httice parameters of precipitates of

ascast (both fast and slow cooleNjsoAl2o alloys coincide well with theiterature

[123. Morever, itis interestingto note thatfor each sample groufattice parameters

of 0 precipitates reducenimagnitudeand f undament al per'ks of
phases start to separate from each abexging time isncreased from 4 hr to 256 hr

which is expected to lead to some significant changes [imecipitate shapes and

mechanical properties dfigoAl2o alloys (i.e. microhardness values).
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5.3.3 Thermal Properties

It is well known thatorderdisarder transformation temperatuoé L1>-type ordered
stoichiometridNizAl phasg75 at% Ni and 25 a% Al) is in the vicinity of its melting
temperature which is about 1376 [1]. DSC heating and cooling curves of as cast
(fast cooled) NbAl2o alloys at a rate of 26C/minutes are given in Figurg.9. By
considering this DSC plotnelting/solidification temperaturdsgve been determined
as 1388°C and 1402°C, respectively.However, br the cooling curve,a small
exothermic peakshown by down arrowappeardeft to the main exothermic peak
(which refers to solidification)may correspondto orderdisorder transformation
temperature af precipitatesin addition, for the heatg curve, distortion of the main
endothermic peak (which refers to melting) confirm that another phase transformation
prior to melting is possible (i.eorderdisorder transformation of precipitates).
Moreover, in Figure 59, other possiblepeaks whichmay refer to eutecti@andbr
peritectic phase transformations are ahdelBBEEM micrographs in the next paatso

confirm these predictions

400
exothermic
(b)
~ 300
. | |
S - endothermic
2 200 (@)
o
S
(3]}
T 100 }
0 1 1 1 1 1 1 1 1 1
1200 1250 1300 1350 1400 1450

Temperature (°C)

Figure 5.9 DSC(a) heatingand (b) coolingcurvesof as cast (fast cooled) §Al 20

alloys(at a rate 020 °C/minutes)
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5.3.4 Microstructural Investigation

I n order to investigat epraoipitatevausne fraagtio, ur a l char
size & size distribution, orientation and shage#)NigcAl2o alloys FESEManalyses

have beemperformedForas cast samplesplidification cooling rate has a sigraéint

effect onthesi ze distri bution of o precipitates.
dendrites and dhHedepdritie egions have sneker sixadierbas n

slow cooling rates lead targerdendries andbiggero pr e(Eiguebllat es

Figure 5.10 FESEM micrograph®f as casiNisoAl o alloysshowing(a) fine and(c)
coarsedendritic(@ ' ) and i nt er den¢yfastandc)slgwo ' ) r egi ons
cooling rates, respectively. Micrographsd) showdendriteinterdendrite interface

regions of (&) where(b) fine and(d) coarsen precipitates exist.
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As indicated in Figur®.10, in dendritic regions of both fast and slow cooled as cast
NigoAl2o alloys, o ' precipitates hudon.eSinage on dendriticmo d a |
regiors, latterstages of solidification occur at interdendritic interfaae this region

2' preci pit atsratkerthaathesonel in thegirgerior rIegionseof dendrites.

In order to examinthe effects of homogeamation, partialsolution heat treatmeind
primaryaging as well aagingdurations binary as cast (fast cooleMjgoAl2o alloys
have beerexposed tdour different heat treatment procedur@sgures 5.1118). In
Figures 5.11-12, the first sample grougs partially-solutionized at 1150C for 3 hr,
ice-water quenched to RT and subsequeatgd at 800C for differentaging times
of 4, 16, 64 and 256 hand air cooled to RT, respectiveyecondly, in Figure5.13-
14, FESEM micrographsf the same heatdated (exceptionalljomogenized at 1250
°C for 24 hr beforgartial solution heat treatmeniNisoAl2o alloys are given. Next,
FESEM micrograph®f binary NgoAlzo alloys areindicatedin Figures 5.15-16 which
arefirst primarily agedat 800°C for 3 hr,ice-water quenched to RT and subsequently
aged at 800C for theaging timedollowing the order o#, 16, 64 and 256 hand air
cooled to RT, respectively. Lastly, Figerb.17-18 demonstratemicrostructureof
NigoAl20 alloys homogenized at 125 for 24 hr andprimarily agedat 800°C for 3
hr, icewater quenched to RT arslibsequently aged at 800 starting from 4 hr to
256 hr, respectively.

In Figure5.11, general microstructuseof the first sample groupre given. Due to

rapid solidification, as ast (fast cooled)NigoAl2o alloys have dendritic and
interdendritic regions. As indicated in Figusd 2, dendritic regions consist of bodh

and 2 ', whehneass mterdendritic regisnare si ngl e so2Sincephase
homogenization heat treatmeig not applied in this heat treatment procedure,
dendritic charactéstic of the microstructure (instead of grains) is still visible in the

other samfes of the first groupFigure 511(b-f). Whenas cast sample zartially-
solutionizedat1158C f or 3 hr , i n de n deacipitatéesdissoheg i o n,
i n 0 ancgubsequently leado hi gher v ol mamephaseandt t i on

bimodal distribution of o 'precipitates; bigger spheroidal precipitates having
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approximately 482 nm size arsialler sphericaprecipitates(~ 161 nm), Figure
5.12b). When aging is applied 80°C for 4 hr, volume fractiorof 0 maphase x
within the dendritic regionlecreasesincen e w 9 ' p fore, dFigyel 5126ck e s
Secondly, previougbiggel) spheroidal precipitatemerge with other precipitates and
turn into much bigger irregular shaped phases. It is possible to undersiand th
predpitate combinatiorfrom the serrated surfaces of bigger irregular precipitates. In
a similar way, previougsmalle) spherical precipitates become slightly bigger
spheroidal precipitates-@40nm). When aging time is increased up to 16 hr, serrated
surfaces of big irregular precipitatesdisappear and previous small spheroidal
precipitates turn into bigger cuboidal precipitates167 nm) aligned in <001>
directiors since tlesedirectiors arethe softest orein FCGtype phasefl,2]. For 64

hr aging, preus smaller cuboidal precipitaté®ep their alignment in the same
directiorsandbecome slightly bigger{212nm). Lastly, when aging time is increased
up to 256 hr, previous cuboidal precipitates lose their shapihepdecomarregular
(elongatedlin three specific directions (the angleetween these directiomseabout

51° 54° and75°).

In Figure5.13, generaimicrostructure of the second sample group gieen. Since
homogenization heat treatment is applied in this heat treatment proced@&OatC
for 24 hr, dendritic character @ casmicrostructure disappesand equiaxed grains
containing annealing twingecomevisible in the othesamples of this group. When
as cast sample is subsequeptytially-solutionized at 1158C for 3 hr, in each grain,

) precipitates hthe lggesprimaryod alp rcics tpr it ad teiso rh;a
serrated surfaces @ . #), rmoderate spharalshapedsecondary precipitates (58

nm) and between these two tygpef precipitates tiny tertiaryrecipitates having

spherical shapes-@0 nm), Figure 5.%(b). When aging is applied &0°C for 4 hr,

tertiary precipitateslisappea(mergedwith primary and secondary precipitates) and

lead to bigger smroidal secondary precipitatés 160 nm) Figure 5.14(c). When

aging time is increased up to 16 hr, previous small spheroidal precipitates turn into
biggerspheroidaprecipitates{ 192nm) aligned irnthe softesk001> directios. For

64 hr aging, previous precipitatbecome cuboidal arkkep theiralignment in order,
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become bigge¢~ 206 nm) and start to elongatéastly, when aging time is increased
up to 256 hr, slightly elongated precipitates becately elongated in three specif
directiors (the angle between these directioaseabout 3°, 63’ and 78).

For the third group, general microstructures of the samples are given in Figure 5.15.
Unlike the first group, in this case, dendrites seem to be much larger. Since
homogenization heat treatment is not applied in this heat treatmentdprece

dendritic characteristic of the microstructure (instead of grains) is still visible in other
samples similar to the first group. However, as opgdse the first group, wheas cast

sample igprimarily agedat 800°C for 3 hr, in dendritic regigrthere is no bimaal
distribution of o p r e cprinpaiyagegae860°C leBdsg ur e !
to unimodal di st r 8&lnm)i When agirig isapplie@®0e@ | pi t a
for 4 hr, previous smaller precipitates become slightly biggetl4 nm), Fjure

5.16(c). When aging time is increased up to 16 hr, bigger precipital@9 (xm) align

along the softest <001> directions. For 64 hr aging, previous smaller precipitates
become slightly bigger<(177 nm) having cuboidal shapes and keep their alighmen

in order. Lastlyfor 256 hraging previous cuboidal precipitates lose their shape and

becomarregular glongatedl mostly in one direction (i.e. <001>).

For the last group of samples, general microstructures are given in Figure 5.17. Since
homogenizabn heat treatment is applied in this heat treatment procedure af@250

for 24 hr, instead of dendritic characteristic of the microstructure equiaxed grains
containing annealing twins are visible in the other samples of this group (similar to the
secondyroup). Wheras cast sample is subsequeptiynarily agedat 800°C for 3 hr,

in each grain, 2 precipitates have bi moi
precipitateshaving2 . 4 em i n size and ~78mmy Figugher i c ¢
5.18(b). When aging is applied 80°C for 4 hr, tiny spherical gcipitates become

bigger in size £ 102nm). When aging time is increased up to 16 hr, previous small
precipitates turn into bigger cuboidal precipitatesl81 nm) aligned in the softest

<001> and <018 directions.For 64 hr aging, thenumber of previouscuboidal

precipitates€189nmd ecr eases since the volume frac-
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Figure 5.11 FESEM micrographs showin@) as castfast cooled)(b) partial
solution heat treated (at 1180 for 3 hr) microstructures and temporal evolution of
2 precipitatesn NigoAl2o alloysas aging time at 80T is(c) 4 hr, (d) 16 hr,(e) 64

hr and(f) 256 hr, respectively.

106



AR LHI LN

5 1 """"’.’,‘ 4

oy X - e _"-\'

P AN o YO 20 =
ERR Ty

I';!'"\ T
?1:}'?’0- z‘( e )

A 8)

S V)

s
>93]

b
:-Jo%:
$ Za‘-i'-

R

P o>
25 6

o €

L L TN
¢l

e
39

Figure 5.12 FESEM micrographs showin@) as castfast cooled)(b) partial
solution heat treated (at 1130 for 3 hr) microstructureand temporal evolution of

2 precipitates in NibAl2o alloysas aging time at 80 is(c) 4 hr,(d) 16 hr,(e) 64
hr and(f) 256 hr, respectively.
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Figure 5.13 FESEM micrographs showin@) as castfast cooled)(b) homogenized
andpartialsolution heat treated (4250 °C for 24 hr and1150°C for 3 hr)
microstructures and temporal evolutiorooprecipitates in NbAl2o alloysas aging
time at 80CF°C is(c) 4 hr,(d) 16 hr,(e) 64 hr andf) 256 hr, respectively.
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Figure 5.14 FESEM micrographs showin@) as castfast cooled)(b) homogenized
andpartialsolution heat treated (4250 °C for 24 hr and1150°C for 3 hr)
microstructures and temporal evolutiorooprecipitates in NibAl2o alloysas aging
time at 80CF°C is(c) 4 hr,(d) 16 hr,(e) 64 hrand(f) 256 hr, respectively.
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°C for 3 hr) microstructures and temporal evolution gfrecipitates in

Figure 5.15 FESEM micrographs showin@) as castfast cooled

aged(at800

(e)64 hr andf) 256 hr

(d) 16 hr,

NigoAl 20 alloysas aging time at 80T is(c) 4 hr

respectively.
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Figure 5.16 FESEM micrographs showin@) as castfast cooled)(b) primarily
aged(at800°C for 3 hr) microstructures and temporal evolution gifrecipitates in
NigoAl2o alloysas agingime at 80C°C is(c) 4 hr,(d) 16 hr,(e) 64 hr andf) 256 hr,

respectively.
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(f)

200 ¢

Figure 5.17 FESEM micrographs showin@) as castfast cooled)(b) homogenized
andprimarily aged(at 1250 °C for 24 hr and 8@ °C for 3 hr) microstructures and
tempaal evolution ofo precipitates in NbAl2o alloysas aging time at 80 is (c) 4
hr, (d) 16 hr,(e) 64 hr andf) 256 hr, respectively.

112



Figure 5.18 FESEM micrographs showin@) as castfast cooled)(b) homogenized
andprimarily aged(at 1250 °C for 24 hr and 8@ °C for 3 hr) microstructures and
temporal evolution od precipitates in NbAl2o alloysas aging time at 80 is (c) 4
hr, (d) 16 hr,(e) 64 hr andf) 256 hr, respectively.

113



its increase andrecipitate alignment disappears. Lastly, whem@gime is increased
up to 256 hr, previous precipitates totally
to lead to worseing of mechanical properties, i.e. miehardness.

5.3.5Energy Dispersive Spectroscopy (EDS) Measurements

In order toverify the nominal compositionsf as cast and heat treatedddi.o alloys
andidentify thephasewisible InFESEM micrographs, energy dispersive spectroscopy
measurementisave beemppliedonthe general microstructusandconstitueno an d
0 phases. In ordeo get more accurate resultajo EDS measurementbBave been
appliedon each individual phase atfte average resultewve beenabulated in Table

55. In Table 5.5, standard deviation values are not given due to their negligible
magnitudesAccording toTable5.5, Ni contentof 9 matrix phasesf as cast and heat
treatedNigoAl2o alloys is ~ > 80 at%, whereaso precipitatesseem to have nearly

stoichiometric compositions (75.% Ni and 25 a6 Al).

5.3.6Micro -hardness Measurements

Mechanical responses of east and heatéatedNisoAl 2o alloys have beemxamined
by applying micrehardness testIn order to obtain better result®n measurements
have beerappliedon each sample and the restits/e beemiven in Table5.6. As
shown in Tablé.6, low standard deviation vads imply ttat mechanical properties of
samples are homogenously distributed throughout the samples. When the hardness
data of as cast samples are compatéginoticedthat fast cooled as cdsigoAlzo alloy

is slightly harder than the slow cooled origgure5.19.1t is attributed that tis result
is arised from the smaller dendstndo precipitates of théastcooled sample which
would leadto more coherencyype strengtheningWWhen preaged samples (artial
solution heat treatéorimarily agedand both homogenized anghrtial solution heat
treatedprimarily aged are compared, micrbardnesqVickers) values follow the
order of 292.6> 238.3> 233.4> 226.5 for the sample groupsof 3>4>1 > 2,

respectivelyFigure 5.20These results implthat homogenization and partial solution
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heat treatment procedures yield lower miberdness valuesSecondly, when heat
treated sample groups are compared within themselves, for each sample group, micro
hardness vaksmostlydecrease as aging time is increased from 4 hr to 256 hr, Figure
5.20. These results are attributed to the microstructural characteristics of the samples
whichwill be discussed in the next part in detail.

277.9
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Micro-hardness
(Vickers)
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Figure 5.19 Micro-hardness (Vickes) comparison of fast cooled (left) and slow

cooled (right) as cadligoAloo alloys.
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Figure 5.20Micro-hardness (Vickers) comparison of heat treategAiio alloys.
Black sphere denotes to fast cooled as cast sampéreas sample groups4) are

represented in 1: blue, 2: red, 3: green and 4: purple spheres, respectively
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5.3.7 Effects of Heat Treatment Procedures on the Microstructural and
Mechanical Properties of NigoAl2o Alloys

As previously mentioned inChapter 2 improved mechanial properties of kel
based superalloys are strongly related with microstructural characteristics (
precipitate volume fraction, size &ize distribution, orientatioand shape) of these
materialsHence, n this part thesemicrostructural propertielsave beermnvestigated
for all sample groups and resultave beertiabulated in Tabl®.7. In terms & being
an exampleFigures5.21-22 created by MIPAR software prograshowthe volume
fraction, size% size distribution and orientation af precipitatesf the second sample
groupof NigoAlpalloysas aging time is increased from 4 hr to 256Awucordng to
Figure5.21, it is easily noticed that as aging time is increased precipitate volume

4 ,
Taboald
Pae )r’({’i [

9
b RS

Figure 5.21 9 precipitate wlume fraction variation of the second sample group of
NigoAl2o alloys as aging timat 800°C is (a) 4 hr, (bX6 hr, (c) 64 hr and (d) 256 hr,

respectively.
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Figure 5.22 Size & size distribution and orientation af precipitates of the second
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hp56 hr

64 hr and (d

119



fractions ofalloys decrease from 0.81 to 0.63. Secondly, agit/isn in Figure 222(a-

d), precipitate sizeincreasewith increasing aging time-ere, size distribution scale
i's | i mit ed(oprecipitates slibwrbin g& aolourshave bigger sizes than

0 . 5). Mext as illustrated in Figure 82(e-h), for 4 hr aging time, precipitates are
not aligned in order. Howeveais aging time is increased up to 256 hr, precipitates are
mainly aligned irthreedirections.Here, he orienation scale is coloured fro(0°to

9(® relative to the horizontal x axis.

5.3.8 Conclusions

In conclsion, as summarized in Table7 5with increasing aging tim&om 4 hr to

256 hr, lattice parameteiof o precipitatesdecrease precipitatevolume fractiors
decreasgeprecipitate sizeincreaseand randomly distributed precipitatesbecome

aligned in orderAs aging time at 80€C is increased up to 256, precipitate shapes

follow this order: spherical, spheroidal, cuboidal @anegular glongate§l Depending

on the variations offare mentioned microstructural characteristigsgro-hardness

valuesof binary NkoAl2o alloysalso decreasd hese results imply that micitwardness

values strongly depend on lattice parameter, volume fraatidrsize ob precipitates.

In order to have higher strength superalloys, therefore, lattice parameter and volume

fraction ofo precipitates should becreasedand increase in precipitate size shdul

be retardd which all leadto an optimum lattice misfit parametdr 0 ) . Due to
overlapping problemaf & phases in XRD techniquig, this studythe magnitude

of U pscouddmet beecalculated. However,is well known in the literature

t hat u gfectsshapsofepr eci pi t at es. Wh eecomal = O, pr
perfectly spher i cal paramettincaeasestptecpitatessigppest ude o f
evolve in the following order; spheroidal, cuboidal, cubic and irregular (agglomerated

and/or elongated). Therefore, at the end of this study, by loakinheshape ofo '
precipitates, it can be concluded that elongated shapes observed at agoige
durations are detrimental fadhe mechanical properties sindbe magnituds o f u

parametes increas¢oo much
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5.4 Characterization of NigoAl15Xs Alloy Systems

After production of samples, phase, thermal, microstructural and mechanical
properties of NjoAl15Xs alloy systemshave beercharacterizednd discussedh the

following parsfor X = Co, Cr, Hf, Mo, Nb, Ta, TandW additions, respectively

5.4.1 Phase Analysis

When fast cooled as cast sampiégernaryNisoAl15Xs alloy systemsare heat treated
according to Tables.3, following XRD patternsare obtained Appendix C). In
AppendixC, FiguresC.n (n=2ki 1;1 k 8; kN N)showXRD patterns obinary
as cast (fast cooledisoAl 15X alloy systemspartially-solutionized at 1156C for 3
hr, icewater quenched to RT and subsequeaglgd at 800C for differentaging times
of 4, 16, 64 and 256 handair coole to RT, respectively. Similarjyn Figures C.n (n
=2k; 1 k 8; kv N), XRD patterns othe same heat treatétisoAl15Xs alloy
systems(exceptionallyhomogenized at 125C for 24 hr beforgoartial solution heat

treatment aredemonstrated

In FiguresC.1-16, Millerindi ces of t he ¢ o n saterepresentedin 2
white and black spheres, respectivélyhite and black sphere pairghich denote to
(111), (200), (220), (311), (222) and (400) fundamental peakfirm the existence
of FCGlikeo a nd pwhile pirnglatdaekspheres refer to supgructure peaks
ofL1>t ype o r de atesdt(100), (140), €tqR11) (221) and (310ndices
validate the existence of this phase within the two phase microstsofiNgoAl 15X5
alloy systemsw i t Imatrix phase.However, in addition to these two phases
NigoAl 1sHfs alloys NisHf phaseis also presenand Miller indices of ths phaseare
shownin white triangles(FiguresC.5-6). For other ternarfisoAl15Xs alloy systems
(i,e. X Hf), no other phasesre presentlt is important to note that these phase
identifications have been performed by consideisnghermal ternary phase diagrams
of Ni-Al-X systems demonstrated in Appendixand EDS results of the constituent

phases (i be metioned later)
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5.4.2 Determination of Lattice Parametersof o ' Pr e c i NsiAlisdstADy 1 n
Systems

By considering XRD patterns ¢érnaryNigoAl 15X alloy systemsgiven in Appendix

C, lattice parameterof 0 precipitateshave beeralculatel by appl ying Br aggaos
and the resulthave beerabulated inAppendix D. Snce the volume fraction of

matrix phase withinthé wo p koangceostructureof ternary alloyss very small

and | attice par amet e rosetoeathother, peakereppingphases ar
occursin XRD patterns of these alloy systems. Herfoedamental peaks refer to

and 02 ' coplch mos bes separated from each other and lattice parameter
determination ha been carried out only fop ‘precipitateswhich cmstitute high

volume fractions in the microstructures and much more contribute to the formation of
fundamental peakd~or Hf addition, lattice parametersf NisHf phasehave been

determined andabulated in Table D.3wvhich coincide well vth the literature

[134,135]

5.4.3 Thermal Properties

It is well knownthatimpurity additiors in L12-type orderedtoichiometric N§Al phase
(75 at% Ni and 25 a®6 Al) causeslight changs in its orderdisarder transformation
temperatureTherefore, depending on typadacorient ofimpurity atomsthis phase
transformation temperatuneay slightly increase atecrease in the vicinity ehelting
temperaturef NisAl phase ~1375°C [1]. For this purpose, DSC measoents have
been carried out. éhting/cooling curves odis cast(fast cooled)NigoAl15X5 alloy
systems at a rate of 20°C/minutes have beenshown in Appendix E and
melting/solidification temperatures tiesesystens have beemabulated in Tabl&.8.
However, br X = Hf and W additiors, melting/solidificationtemperaturegmelting
for Hf and bothmeltingand solidificationfor W additions)could not beobtainedsince
the DSC unit has approached its maximum temperature limit, ~°CA3%@owever, as
it is shown in Figure.3,8, melting/solidification temperature$ NisoAl1sHfs and

NigoAl15W5s alloy systemsare greater than the ones obtained for bihisyAl 2o alloy.
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For the rest balloying X elementsas it is evident in Appendi, 5 at% additiors of

X = CoandMo increase meltingolidificationtemperaturgof binary NigoAl2o alloy,
whereasX = Nb, Taand Ti additionsmakethesetemperaturesower. For X = Cr
addition, it seems thathere is no any dramatic change with respect to binary alloy
(when 5 at% Cr is added,melting temperature slightlyincreases whereas
solidificationtemperature slightly decreases)

As demonstrated in Figur&s3,5,7, for X = Hf, NbandTi additions, some secondary
peaks(shown by down arrowsare visible adjacent to the priary peaks. For Hf
addition, thesecondary peak refers eutectigphase transformatiomhereas for X =

Nb andTi additions, the existena®f these peaks imply thaeritectic reactios have
occurred in bottNigoAl1sNbs andNigoAl 15Tis alloy systems. In order to identify these
secondary peak&ESEM investigabns of dore mentioned alloy systems haleen
performedwhich also validate the current estimations. Similarly, single (primary)
peaks of ternaryNigoAl1sXs alloy systems (X Hf, Nb and Ti) explain that
solidification occursvithout eutectiandbr peritectic reactionthatis also verified by
FESEM micrograph®f as casiNigoAl1sXs alloy systemsFigure5.23 However, in

these peaks additional phase transiations (i.eorder-disorder transformationsf o

precipitatey may be preserds in the case disoAl2o alloy.

One of the alloy design considerationsickel-based superalloys ke determination

of-0' / o phase owustenpéraiurenitasknovwnthatalloying elements
increasing solvus temperature ldadb et t er cr eep properties
start to dissolve in 9 matrix phase at
In DSC plots, dependingnalloy compositionssolvus phaséransformations appear

as smallendothermi@xothermic peaks iheatingtooling curvesHowever, inthe
currentstudy, for both binary NbAl2o and ternaryNigoAl1sXs alloy systems these
peakshave not beenbserved X Hf and W).As it is evident in eglibrium phase
diagram of binary NAI system (Appendix A)binaryalloy composition(80 at% Ni

and 20 afb6 Al) does notintersectwith sdvus transformation temperatgrat any

temperature level. Similarly, additions of very low content impurity X aton®d at.%
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would be attributed to not ledd solvus phase transformations to occur. However, as
demonstratedy star marksn Figuresk.3,8, for X = Hf and W additions small
endothermiaxothermic peaks appear at210°C and~ 1100°C, respectively. Tése

peaks may refer to solvus temperatures, but it should be noted that any other phase
transformations may also become possible. Hence, by considerifBSEM
micrographs of thesalloy systems, identification of these peaks will be carried out in

the following parts.

Table 5.8 Melting/solidification temperatures of heating/cooling curves of as cast
(fast cooled) NibAl 15X alloy systems where X = Al, Co, Cr, Hf, Mo, Nb, Ta,ahd

W, respectively

Alloy systems

Melting/solidificationtemperatures’C)

Heating Cooling

NigoAl 20 1388 1402
NigoAl 15C0s 1417 1411
NigoAl 15Crs 1399 1393
NigoAl 15Hfs - 1403
NigoAl 15M0s 1397 1412
NigoAl 15N bs 1335 1377
NigoAl1sTas 1390 1379
NigoAl15Tis 1365 1376
NigoAl15Ws - -

Since solvus peaks aretrvisible inDSC gdotsof most of theNigoAl 15X 5 alloy systems

(Appendix B, firstly, temperatureevel of solution heat treatmerabovewhich 2

precipitates araimedtobd ot al | vy

not be decidedHowever, inthe literature[48,103], for somenickelbased supatioy
compositions, solution heat treatment proceslinagvebeen carried out dt150-1200

°C for 30 minutes48 hr. Therefore, as will be méaned in the next partheseheat
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treatment procedusehave been performeat 1150°C for 3 hr under the name of
Apartial solution heat treatment 0.

5.4.4 Microstructural Investigation

Microstructuracharacteristicef as cast and heat treatd@oAl 15Xs alloy systems( 2 '
precipitate volume fraction, size & size distribution, orientation and shepe) been
invegigated by performingield emission scanning electron micropy analyses
(AppendixF). In order to examine the effects of homogenization heat treatment and
aging durations, ternary as cast (fast coolbsligoAl15Xs alloy systemshave been
exposed to two different heat treatment procedufé® first set of samplesof
NigoAl15X5 alloy systemshave beerpartially-solutionized at 1150C for 3 hr, ice
water quenckd to RT and subsequentged at 800C for differentaging times of 4

16, 64 and 256 hand air cooled to RT, respectiveNext, the second set of samples
have been treated to homogenization heat treatate#50°C for 24 hr beforgartial

solution feat treatmenand subsequeiigingat 800°C for the sameging durations.

5.4.4.1 As Cast Microstructures

Because ofrapid solidification, general microstructgref as cast (fast cooled)
NigoAl 15X alloy systemsconsist ofdifferent formsof dendrites (Figures5.23. For X

= Co and Cr additiors, some dendrites are still visibl the interior regions of
elongated grains. However, for X = Hf addititine general microstructuoensists of
bigger dendritesrhose secondary arms fill the regions betwagecticphasemixture.

In this case, existence ofteatic phase regions withas cast microstructuteelps the
identification of the secondary peak observed in FiglE8 as eutectic phase
transformation Next, br X = Mo addition, even if dendriteturn into small grains,
their existence is still visiblézor X = Nb, TaandTi additions, dendritic characteristics
of the general microstructur@se so clear. For instance, in case of Nb addition, 3D
dendrites can be seen in Figd24(a). For Nb andTi additions, as it is evident from

Figure5.24b) and Figure 5.25(a), sometracesof peritectic reactiomare observed
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200e m

Figure 5.23FESEM micrographs showing as céfstst cooled)microstructuresf

(d) Mo, (e) Nb, (f)

(b) Cr, (c) Hf,

Ta, (g) Tiand(h) W, respectively.

ternaryNigoAl 15X alloy systemsvhere X = (a) Co
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Hence, the existee of these peritectic phadedps the identification of the secondary
peaks appear in Figures E.5,7 which refer to peritptiase transformations. Lastly,
For X = W addition, similar to Mo addition, dendrites appear in small grains.

In the light ofternary phase diagrams of-MI-X systems (Appendix BXRD patterns

(Appendix C)and EDSphaseanalysegAppendix G) phase idetifications have been

carried out iIfFESEM micrographs of as calNligoAl15Xs alloy systems. For X = Co,

Cr, Mo, Ta and W additions,dendritic regions seem to be suseturated phase
mixtureofo + 0 whpehraesaess i nt erdendritic areas cc
of X =Hfadditon,pr o r egi ons ¢ o n,Figwet5.8.0A6 it isevitdegt! e o'
in Figure5.26(a), 2" pr eci p attthe preregionguteetic phasgegitnl e

i nterfaces. I n eutectic phase regions, tl
NisHf phase (black regions), revealing different eutectic phase morphaldgib®

lamellar, (c,0g) rodlike and (f) feathenfike, respectively For X = Nb addition

peritectic phases are identified in Figuse4( ¢ ) . In (o0 + 090") p has
channels (black regions) reveal 92 matri X
the inner regioso f s i n g | celourdbéconed lightee. Hence, inetseregons,

local EDS measurements have been performed. According to the resulisorb

seem tosegregaten this region (~19 at% Nb). Nb segregatiorhas beerfurther

confirmed by BSE micrograpbf the same area. In Figue24d), these regions

appear in whe colours due to their high amount of Nb content whose atomic mass is

much bigger thabothNi and Al. Lastly, for Ti additionsimilar to the previous phase
characteristics, peritectighases areisible in Figure5.25 For as castNigoAl1sTis

alloy, Ti segregation (9 at% Ti) has been detected in peritectic trace regions. This

smaller segregation amount of Ti atoms can be attributed to its smaller atomic size

with respect to Nb atoms. Another interesting outcome to be drawn from BiQEre

is tha solidification sequence during peritectic reaction letmd i gg e r facet e
precipitates at o525 o))} ahi)l smakrénmckbacé:
in (o2 + 0'") po2Hd)e region (Figure
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2em 2em

Figure 5.24 FESEM micrographef as cas(fast cooledNisoAl1sNbs alloys showing
(a) 3D dendrites, (b) the traces of a peritectic reacfionSEl and (d) BSE

micrographs demonstrating peritectic phadesd Nb segr egation i n sin

To sum upmicrostructural characteristics of as ddgiAl15Xs alloy systems seem to

vary with small amount of impurity X element additions (3@t Alloying element
additions such as X = Co, Cr, Mo and W lead to as cast microstructures of the related
alloy systems to reveal in graktendritic characteristics. In these cases, dendrites
either bse their original shapes/become more grainy or they appear in grains. On the
other hand, in as cadlisoAl15Xs alloy systems (where X = Nb, BadTi), dendritic
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Figure 5.25 FESEM micrographef as castfast cooledNisoAl15Tis alloys showing
(a)the traces of a peritectic reactioh) peritectic phase&) bigger and (d) smaller

faceted 9 precipitates around and in
characteristics of thenicrostructurs are stilldominant similar tohe birary as cast

NigoAl2o alloy whose as cast microstructural characteristics have pesnously
mentioned. For X = Hf addition, it seems that secondary arms of dendrites lead to pro
regions to occur between eutectic phases. Therefore, for each alloyingn¥nele
addition, by considering these as cast microstructural characteristics and
melting/solidification temperatures determined in the previous part, itismated

that 5 at% additionsof X = Co, Cr, Hf, Mo and W atoms shift the composition of
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