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ABSTRACT

IN 738 LC MICROSTRUCTURE OPTIMIZATION WITH HEAT
TREATMENT AND SIMULATION TO IMPROVE MECHANICAL
PROPERTIES OF TURBINE BLADE S

BoyrazMust afa Tar ek
M.Sc., Department of Metallurgical and Materials Engineering

SupervisorAssist.Prof. Dr.Bi | ge Kmer

May, 2018, 226 pages

IN 738 LC isaNi-based superallayat is employednhostlyin nozzle guide vanes and
turbineblades in gas turbinet these parts of gas turbinesaterial isexposed to
high temperaturandthe highly corrosive environmenihereforejmprovement in
high temperature strength (yield strength, crestygngth tensile strength) and

corrosion resistancareextremely important

In this studyeffect of heatreatmentind aluminide coating parameters to IN 738 LC
microstructurewere investigatedBoth experimental and simulation studies were
performed to improve materials microstructure and optimize its yield strength.
Microstructure evolution duringeattreaments and aluminide coating wsisulated

using JMAT PRO softwareand simulation results were compared to experimental
results The experimentahicrostructurenformation obtained froraluminidecoating

and heat treatmemgsultswere useds input to ghysical model that was formed to
estimate yield strength of IN 738 LC samples with different microstructures. The result

of this modelwas comparedvith experimental tensile test literature findings and



JMAT PRO yield strength estimationgdditionally, surface growth and diffusion
during the aluminide coating were simulated using DICTRA software. The
composition profile and coating thickness results of simulatwei® comparedo
experimental aluminide coating results. The purpose was to achieve atisimula
model capable of estimating coating composition profile and thickness for given
experimental conditions since experimental aluminide coating is a costlgnagd

consumingprocess.

Keywords: IN 738 LC, Ni-based superalloyaluminide coating, heat treatment,
DICTRA, JMATP PROmicrostructure characterization, simulation.

Vi



¥Z

IN738LCT! RBKN Bl ¢ AKLARI NI N MEKANKK ¥ZELLK
GELKKTKRKLMESKLK&KKNEM VE SKM! LASYONLA Mt
OPTKMKZASYONU

BoyrazMust afa Tar ék
Y¢kdek ans, Metal ur j i ve Mal zeme Mgl

Tez YO nesisiiPoi.BriBi | ge Kmer

Ma y 213, 226 sayfa

I N 738 LC genel ol arak karada yer al an ge

bée-akl arénda kull aneéel an N i bazl é bir S
bii exkenl erinde sékléekla kullanél anond N 738
maruz kal maktadér. Bu nedenl e, bu mal zem
dayaneéeme, s¢nme dayanémé, -ekme dayaném

takémaktadeéer .

Bu - adhe&ewsma i Kkl emlerin ve aluminid kapl a
mi kr sgapé et ki si i ncelenmi ktir. Si m¢gl asyc
kull aneél ar ak mal zemenin mi kroyapeéeseée gel
edi | m&ltiirkl dml er ve al ¢minid kapl ama sér
JMAT PRO yan&llamakkwsliimul e edil miktir ve
sonu-laré i1ile karkeéelaktéreéel méexkteéer. Kapl ¢
mi kroyapeée bil gileri, far kl é mi kroyapel a

dayanémeéné hesap!l almakk abmarc éfyi ai kosleulk t no d «
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kull anél méekt ér . Bu modelin sonucu, deneysel
Proy az ealkenmaé dayamdma it daHm karkeél aktéréel mekteéer .

aluminid kaplama i kyemey skgpnsmasia gerdiek{ z2xe

yazéel émé kullanéelarak sim¢gle edil mi ktir. Sin
ve kaplama kal énl éjée karkel aktérélmekteéer. Am
Zzaman al ece bir I KI em sellduk awmmwdlalngr biediim | &
kompozisyonu profilini vV e kal enl eéj éneé t ahm

ol uktur makteéer .

Anahtar Kelimeler: IN 738 LC,Nibazl & s¢per al akém, aluminid k
DI CTRA, JMATP PRO, mi kgsiomalp&s kamakterizasyon
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CHAPTER 1

INTRODUCTION

1.1 General

In 1872, Georg®&ailey Braytonintroduced Brayton cycle and showed timateasing
inlet temperature of thermal systenalso increases its efficiencyhis development
led to the discoveryof the steamturbine inthe 19" century,that was followed by
employment of gas turbinda the early 1900g[1]. It was soon understoaithat
operatios under high temperaturesnd progress of these new enetgghnologies
were only possible with high temperature materighis led to the introductionof

superalloysand their employment in gas turbieegines

The term Asuper altoldesgribea gnoapsof dlloys developed e d
for turbine engines and turbsuperchargers ithe 1930s [2] These alloysare

based on Group 8B elements and commonly consist of various combinations o
Fe, Ni, Co, and Cr, as well as lesser amounts of W, Mo, Ta, Nb, Ti, and Al. The

three major clases of super alloys are iracobalt,andnickel-based

Iron-based superalloys are developed from austenitic stainless steels and
strengthened by both soliblution and precipitation strengtheninfhe most
important group of these alloys contain at least 25 percent Ni to stabilize FCC
matrix phase; tbse type of alloys are calledas nickeliron-cobalt based
superalloysThe precipitates of irofbased alloy:a r e NIi)3 AINi (3axhd ( o

Ni 3Ti[3 4]d) .

Cobaltbased superalloyare strengthenely solid solution hardening and carbide

strengtheningUnlike the ironbased and nickddased superalloys, no precipitates



existto strengthen the materialhesealloys show superiocorrosion resistance,
thermal fatigue resistance and weldability over nickel alléyswever, they have

lower strength, ductilityand fracture toughness thanibése super alloys[3, 4, 5]

Ni-base superalloysarethemostcomplex groupf all superalloysThese alloys
have highly stable FCC matrix thet strengthenedyy various processesligh
temperature strengtlBurface stability, @idation and corrosion resistanoé Ni-
based superalloyare readily improvedy alloying with Cr and Al elements.
Corrosionresistanceof Ni-based Superalloysan beimprovedeven furtherby
high temperature coating$herefore, Nibased superalloyarewidely usedfor
gas turbine blades.

The first appearance of simple turbines dates back to the time of ancient Greece.
However, the gas turbines are relatively new in energy production hi&wown

Boveri company developdtie fird gas turbine tg@roduce electricityn Switzerland

in 1939 andfirst gas turbine powered plataok off in Germany in 180 using the gas
turbinedeveloped by Hans P. von Oh#ij.

Today,thegas turbinesire usedn seveal different modelsShaft power gas turbines

are used in industrial applicatioasd energy production to provide shaft power while
jet engine gas turbines are usednititary and commercial aviatioto deliverthrust
Regardless oivhether it is at se@n land or in the ajthe gasturbine operates in the
same form however depending on power output and operation environment, the
design changes$sas turbines can utilize a variety of fuels, including natural gas, fuel

oils, and synthetic fuels

A gas turbinébasicallycompeesses air and mixes it with fuel, which are then ignited

together Resulting gaseare expandethrough a turbineinder high temperature and

pressure That turbineds shaft continues to rota
on the same shaft, atmbpscontinues. The basiccomponents ofhe gasturbineare

shownin Figure 11.



Combustion

Intake Compressor Chamber Turbine

Cold Section Hot Section

Figure 1.1: Main components of gas turbine engif@&T13E2 Gas Turbing7].

Gas tirbine components mustork under a variety of extreme stresnperature, and
corrosion conditions. Compresdadades operate attamparablyow temperature but

a highly stresseatondition The conbustor operates at a relativéligh temperature
andlow-stress conditions.he turbine blades operate untiagh temperature and high
stress, and additionally in extremely corrosive environment. The high temperature
durability of turbine blade improves the lifetime and efficiency of gas turbine.
Depending a the applicationtype, the severity of problemis gas turbineghanges

greatlyas shown in Tabl&.1.

Table 1.1: The Important Problems for Gas Turbine Applicati{8)]

Oxidation Hot . Interdiffusion The_rmal Weight
Corrosion Fatigue
Aircraft
) severe moderate severe severe severe
Engines
Land-Based
Power moderate severe moderate light light
Generators
Mar_me moderate severe light moderate  moderate
Engines

The first gas turbine was developed to produce electricity in Switzerlah@3@

However, first gas turbinesere used in 1980s to produce electricity in Turki).



Today, Turkeyis oneof the fastest growing energy marketsthe world and it has
been experiencingharp demand growth the energysectorin last yearsCurrently,
almost 35%energy demandf Turkeyis heavily met by natural gaandfuel oil as
shown in Figurel.2 [11]. A significant part othese resourcas usedin gas turbine
basedpower plantgo produceenergy.Some of the power plants thiadve highest
energy production capacity in Turkey are Enka Gebze, Enka AdapB@sa and
Ambar |l & p ¢1®d0]Therdforemesearches about critical high temperature
materials thaare usedn gas turbinesuch as turbine bladéswve critical importance

to guarantee energy securttyTurkey [11]

__ 100

90

20

70

60

50

40

30

20

10

0

1970 1975 1980 1585 1950 1995 2000 2005 2010 2015

Year

Coal Fuel 0il
Matural Gas ——Hydro
Renewable Energy and wastes

Shares by Energy Resources (%

Figure 1.2: Turkeys energy production shares by resouftEs
1.2 Background Information and Literature Review
1.2.1 The Need for High Temperature Materialsin Gas TurbinesBlades

Gas turbinesvere first introduced durinthe Second World War. Since heat resistant
steels and super alloys were not availdbéek therthe efficiency of gas turbinesas

verylow, and the necessity of this technology was discussable.

Wrought ad cast ironwere usedn the earliestversion of turbinesn hot sections

where operation temperature goeessurevasrelativelylow. However, itwas soon

4



understood that higher operathg temperature is necessary to increase
correspondingefficiency. Low alloy steelswere usedas the first high temperature
metallic materials in gas and steam turbiteesperatures up to 5%0. The need for
higher oxidation resistance resultedthe progress of stainless steel with high Cr
contents.9-12% Chromium steel allowed operation temperatures up to°@G00
however above this temperatueep strength of highrGteel was quite insufficient
[13].

The NiCr alloyswasdevel oped early in 19006s and
oxidation resistancelhe aldition of small amounts of Al and Ti was found to be
consideably increasingcreep strength of NCr alloys in 1929.This mechanism

provided the basis of the first Miasel superalloy(Nimonic 80 in 1940.In 1960s,

changes in Nbased superalloy composition to increase creep resistance, resulted in
degredationof corrosion resistanceSince then, application gbrotective coating

become a general practitmeimprove corro®n resistancl3].

As the inventions in gas turbines progressed, different high temperature matergls
developedhrough composition and microstructural modification. A brief list of these
materials includes NCr alloys, Nibased superalloys, -hased alloysCo-based
alloys,ceramic materials (silicon carbide, silicon nitride, glass ceraties)ing and

zirconig), high temperature composite materials.

Due to insufficient dislocation mobility, poor ductility and incapability of plastic
deformation, eramic materials angtilized in stationary partsf gas turbines such as
combustionchamber. However, the ceramic compositeshave been developed,

suitable for turbine blades that are improved upon so callediahabewbackd13].

1.2.2 Introduction to Ni-based Superalloys

Ni-basel superalloys have exceptional performance at high temperatatasstmally
combines high strength (creep, tensile, fatigue), toughdessity, and corrosion

resistance. Due to these characteristic propertiebabid superalloys are heavily



employed in the production of gas turbine blades and discs at tempeeststesyvn
in Figurel.3, between 65C-115CC [14].

O Aluminium
@ Titanium
Q Steel

O Nickel

Figure 1.3: In a jet engine, the turbine part is made bybksel superalloys (red

parts)[5].

Turbine blades are critical components in both aeronautical and stationary gas turbines.

The engine performance is closely related to the capabilitheofurbine blade to

withstand high temperatur&he evolution of the high temperaturapaility of the

Ni-basels uper all oy over about 60L4|Blar s period i
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Figure 1.4: Evolution ofproduction methodsf theNi-based superalis over about

60 years of periofil5].

As shown in Figure 1,4vrought superalloys/ere useds turbine blades e 1940s
Due to increased demand in aviation after 1955, conventionally cast supeiadioys
the place ofthe wrought superalloyS'he conventional equiaxed casting process is

widely used to create uniforgrain structure aing in all axes, since desirable grain



sizes, shapes, and transition aremsse failure of turbine blades. Théaiures occur
at gran boundaries during service rather than within the grdihsrefore,the full
strength of the crystatdelf cannot be used15, 16] The grain boundaries of this
equiaxedmicrostructurewere strengtheneoly carbm, boron and zirconium, hafnium

[14]. Theequiaxednicrostructuress shownin Figure 1.5414].

In the 1960s directionally solidified Nibased superalloys were developed to improve
the creep strength and ductility. In this method, columnar gveéme alignedo the
blade axigmost of the stress in the blade is in the direction of centrifugal-fdorey

the length of the bladepnd transversal grain boundarie®re eliminated The
directionally solidifiedmicrostructuras shownin Figure1.5b[14].

Around thirty years ago, 1st generation of single crystal (SC) aleys develope

by eliminating all the grain boundarieBhis removed the necessity of using grain
boundary strengthening elements such as zircorbonon and carbon. Additionally,
creep resistance of blades was improved ddestabsencef grain boundary sliding
and lower vacancy condensatiofihe cast turbine blades made by these three
tedhniquesare givenin Figure 1.5c [14]. Compositions of some commercial-Ni
based superalloys thate usedn industry are given in Tabte2 [17].

Figure 1.5: Cast turbine blades: aphkiaxed, b) Directionally solifled (DS),
c) Single crystal (SC1L4]
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IN 738 is one of the widely used conventionally casbBsed superalloy, developed
and patentetly Inconel Corporation in 19428]. The alloywas specifically designed
for land-based turbines rather than aircraft gas turbioegthstand high temperature
corrosion/oxidation and stress environmé. The objective to design this alloy was
to combine sulfidation and oxidation resistance of UDIMEU @fh high strength of

IN 713[20]. Composition of these alloys and other commercially availableased
superalloysare given in Table 1.2, specifically composition of IN 738 LC is given in
Table 1.3.

GE used IN738 as a first stage blade material from 1971 until 198£nit was
replaced by GTEL11 (Table 1.2) It is nowmostlyused as a secoraohd thirdstage
materialin gas turbinesIN 738 LC has aroperatioml capability in high temperature
hostile environment up 950A Gind melting range to 123B15C [13, 21] It has
high (0.17 wi% C) and low carbon versions widow carbon (0.11 w# C) shows

better castability in large section sif24].

IN 738 LC has a unique design that combiplease stabilitycorrosion resistance and
high temperature strength corresponding to perfectly balacritézhl elements (Cr.
Mo. Co. Al. W. and Ta) insidg22].The chemical composition of IN 738 LC (low
carbon) is given in Tablg.3[21].

Table 1.3: IN 738 LC ChemicalComposition {t. % ) [21].

Elements Range Nominal Composition
Ni Balance Balance (61)
Ti 3.203.70 3.4
Nb 0.61.1 34
Ta 1.52 1.75
c 0.090.13 0.11
Co 3-9 8.5
Cr 15.716.3 16
w 2428 2.6
Mo 152 1.75
B 0.0070.012 0.01
Zr 0.030.08 0.05
Al 3.203.70 3.4




In this study, IN 738 LC superalloy is used to manufacture st@rgle gas turbine rotor
blade The manufacturing process of these turbine bladasiss of casting, different
heat treatments (hot isostatic pressing, solutionizing and aging) and high temperature

coating steps.

IN 738 LC structure is tend to form micro porosities during solidification that reduces
the materials mechanical properties. Hastatic pressing (HIP) is a typical heat
treatment thais performedafter casting, at high temperature and high Ar pressure to
eliminate these micro porosities and their detrimental effects.

Traditionally, two heat treatmentare performedfor IN 738 LC after the HIP
operationis completed Firstoneis thefisolutiorn z i heat reatment tdissolved'

and secondary carbidegs,homogenize the microstructym@ndto reduce the effects
ofelema t a | segregatioagngd T h e et@ achewanrdaximume i s
volume fraction and accordingly maximwstrengthfacilitating to precipitation ofo'

phase inthe matrix. The cooling rate after these heat treatments is also critical to
design and develop materials microstructure and mechanical prep&he hgh

cooling rate is known tanprovemechanical propertiesf the bladg23, 24]

Preferably after solutionizing, high temperature coatings are applied on IN 738 LC.
Thermal barrier and bond coatings are widelgdudgh temperature coatings forNi
base&l superalloygas turbine bladeto reduce bladéemperaturs and to provide
oxidationtorrosion resistance, thereby inciegdifetime. Bondcoatingis preferred

for turbine blades with lower operation temperatyg4. It can be performed by
pack above the pack, or chemical vapor deposition (CVD) methods. These coating
operationsare performedat high temperature for long time periods. Due to this

reasonstudying the effect of coatingpnditionis important.

The details of heat treatment and aluminide coating operatsopsovided in

following sections.
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1.2.3 Metallurgy of Ni-BasedSuperalloys

Ni-basel superalloys are usualljnulticomponentand multiphasealloys that have
highly complicaed microstructures. They constitute more than ten elements and these
elements forma number ofphases such aga mma 2,0 Scarbides (MC, M:Cs,

MeC, andM-C) andtopologically closed pack (TCBhasesAll of these phases and
alloying elements, influenagharacteristiproperties othesuperalloy Thus chemical
composition andtructureof alloy should b@ptimized accuratelyn this section,ales

of alloying elements and effts of the phases on superalloy properiesdiscgsed
1.2.3.1 Role of Alloying Elements

Ni-basel superalloysusually constitutd@igh amounts ofickel, chromium, cobalgnd
low amounts ofluminum, titanium, tungsten, carbon, niobium #&magde amounts of
tramp elements (such as sulfand oxygen). The properties of superalloy highly
dependon the chemicalcomposition of theseontributingelementsA single element
can be a majocontributor or it can cause massive degradatiansuperalloyé
properties depending oits chemical composition and thpresence of phases.
Therefore,it is important to controamounts ofalloying elements ina superalloy
precisely.Alloying elements are generally classified by the phésey form ¢ 6ro '
formers carbide formers, carbon nitridermers etc.) or theai beneficial/detrimental
effects (oxidation/corrosionresistants grain boundary refiners, embrittlement
increasers etc.) Roles of alloying elementsidely used in Nibase superalloysare
given in Tablel.4[3, 20, 26]

Solid solution formers provide strength ttee matrix via interacting and blocking
dislocation movements. These elements cause lattice distortions and limit slip of
dislocations. Jena and Chatuverdi stated sbattesthat arehaving high hedening
coefficients and reasonable solid solubility should also improve the creep strength
[27].

11



The effects of residual elements inbsed superalloys are investigated by Sinha et.
al. Tramp elements found to be segregatinggrain boundaries and reduce creep
resistanceductility and stress rupture properties. However, trace elements (B, Mg, Y,
Zr, Cr) added in ppr{part per million)evel sometimes found to be beneficial for high

temperature performance and hot workab[&§].

Table 1.4: Functions of various Ni-basel superalloyg3, 20, 26]

Effect Element

Solid solution strengtheners

Co, Cr, Fe, MoW, Ta, Re
Ni, Nb, C, Co, Mo, W

High temperature strength

o' formersNis(Al,Ti) Al Ti
MC Ta, Ti, Mo, Nb, Hf
Carbide M 23Cs Cr
Formers MeC Mo,W,Nb
M-Cs Cr
Carbonnitrides: M(CN) C,N
Raises' solvustemperature and melting Point of
matrix Co
Hardening precipitatesnd/orintermetallics Al, Ti, Nb
Oxidation resistance Ni, Al, Cr, Y, La, Ce, Si, Co, Mo
Hot corrosion resistance La, Th
Sulfidation resistance Cr, Co, Si
Increases rupture strength B
Grain boundary refiners B, C, Zr, Hf
Adherence of oxide layer Rare earth elements
Causes embrittlement by grain boundary segregati S, P, Si

Ni, Al, Ti and Nbform 2'-NisX phasein Ni-bas@& superalloys. Since these alloys

strength derives frora-NisX phasetheformationof theseprecipitates arerucial.

Carbidesare classied by theirmorphologyandchemical composition. Depending on
their morphology and distribution, theyayphave both detrimental and favorable
effects.Fine sizeccarbidedormedalong grain boundaries can peat grain loundary

sliding and dislocation, thus improving creep resistance and rupture strémgtine

12



otherhand, continueshainof carbidedormed alonggrain boundaries ay facilitate

crackpropagatiori3, 29].

Corrosion, oxidation and sulfidation resistant elements aiao becalled surface
stabilizers. These elements prevent matelégradationn aggressive environments.
Ni, Al, Cr, Y, La, Ce, Si, Co, MoJi andNb elementsarecalled surface stabilizers.
[3, 20, 26, 29]

Presenceof B, C, Zr and Hf elementsare known to contribute grain boundary

strengthening27].
1.2.3.2 Phases Present in NBasal Superalloys

Ni-basel superalloys are the most complex alloy type because of their dynamic
chemical structureThey are multicomponent and multiphase alloying systdine
microstructureof Ni-basel superalloyconsissofo matri x phase, 0
( 2 ' 3(Al, TN iNb)), metal carbide phases (MC s M7C3z, MeC) and some minor
other phases such as borides and TCP phHadéss section structure and constitution

of themajorphasegpresent in Nibasel superalloysare summarized
1.2.3.2.1 Gamma (0 Matrix

The continuousFCGo mat r i censigishol grimarily Ni and solid solution
elements such as Co, Cr, Fe, Mo, W4, and Re The strengthened matrix can
withstand with most severe temperature and time conditiorshowshigh phase

stability due toits almostfilled third (d) electron she[].

Typically, additionof Co, Cr, and Al tod matrix is favorable. Co is increasing alloys
melting temperaturg20]. A reasonable level of Cr is important for corrosion
resstance An excessivelevel of Cr is found to decreasige strength of the material
[29]. Also, Cr.03 formed onthe surface of the materilinits the inward diffusion of
oxygen,nitrogen and sulfur.A similar effectis displayedby Al.Oz formedon the
surface that provides resistance against further oxidatithre material [3]

13



1.2.3.2.2 Gamma Prime (@ ) Precipitates

9-NizAl precipitationis themajor strengtheningnechanism of Nbased superalloys.

60% of the aluminum inside' canbe substitutedy Ti and/orNb. [3] This phase

coherently precipitates imatrix and it had=CC_L12crystal structure. In FCC_L12

corners and faces are occupiedilgyfferenttype of atoms ashown in Figurd..6. [1]

(@)

Figure 1.6: Conventionakh) FCC ando) FCC_L12[30].

(b)

The precipitate BAI (0 'has a narrow range &sn be seen in NAl binary phase

diagramgiven in Figurel.7.
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The shape of the precipitatedepends orthe mismatchbetweeno-matrix and 2 '
precipitate Increasing the mismatch result with the transformation of spheroidal to
cuboidal, then cuboidal to plate like morpholof}. SEM image of aniformly
distributed cuboidad’ precipitatess shown in Figurel.8 [2].

Figure 1.8: Uniformly distributed cuboidad’ precipitates in IN 100, mag. 1362FX.

20 part i c llimitsdislocationnmotements and enhance the high temperature
strength of materia]31]. This can be controlled by amount and distributioro'of
precipitates.Co n s i d eis th@ gian strengthening mechanism of -basel
superalloysthe amountof this phase ikighly important.This phases dispersedt
thepointsthatAl, Nb and Ti presence is higher thidne solubility limit of the matrix.
Carbides% Borides

Carbon (amount of 0.02 to 0.2 weight percent) and reactive elecoenksnedforms
carbide phasesn Ni-basel superalloys[2]. Depending on their distribution and
morphology they can be detrimenéaidbeneficial to materials propertiddC, M23Cs
M-Cs and MsC are the common carbide types whereddresents metals such as Ti,
Ta, Nb, Mo, W and Crigure 1.9 showscommonshapes of carbides formed in-Ni
basel superalloyg31].
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Figure 1.9: Morphology of carbidef31].

MC type of carbids areformedduring solidificationascoarse and randoparticles

in transgranulanntergranulaipositions and betweeaterdrites [3]. Fine MC carbides
that are segregatedt matrix or grain boundaries strengthens the alloy and ties up
elements thgiromoteunstablgohase formations dimg heat treatments or servi@2]
These carbides are vesyable at low temperatur§33]. However,theydegenerate at
high temperatures artdansforns into more stable WtCs and MsC carbidesat 760
98(°C and 81598(C°C, respedtely [32]. This transformation cabe describeds:

D6 r 0 6 WERIW O 1832

M23Ce carbides are relatively smaller amireirregularly shaped¢ompared tviC
carbides. Finely shaped and distributegt®4 carbides at grain boundaries can limit
dislocation movemerdnd increase rupture strend®). However chainand film

like carbideparticles might facilitate crack propagatithratcauss failure [3, 29].
Additionally, theformationof M23Cs carbidescauss a significantdecrease of Cr in
the matrixthat carweaken tle corrosion resistance of allf34, 35] Examples of

MC and M3Cs carbides are shown in FigutelOon SEM imagd?2].
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Figure 1.10: Fine Me3Csand coarse MC grain boundary carbides @50, mag. 4900x
[2].

MeC type carbides a more stablthan M3Ce. It is formedwhenCr is replacedy
Mo andor W. This carbide ifommonly encountered whéime amountof these two
elementss more than 8% of alloy compositionlt is commercially important for
grain size controllinglt can transform into IkCe with alongtime exposuréo heat
treatments described beloj8].

006 r 0 0 [3

M-Cs is not a common carbide in superdoys. It presents mostly in Goasd
superalloys and rarely in Niasel superalloys as blocky shaped in grain boundaries.
It can taketheformationof Cr,Cs [3].

Boridesare formeddue tothe low solubility of B in 2 matrix phasg32]. Similar to
carbides they act as a dislocation barrier, thus they increase creep resistance and
rupture strength of superalloys. They are blocky to-tmddbn shaped hard particles

[3]. M3B2 and MsB3 boride typesare generallyencountered in Nbase superalloys

[32].
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1.2.3.2.3 Topologically Close Packedhaseg TCP)

Topologically close packeI CP) phases form during heat treatment or more likely,

during service. Specifically, they form when the alboynposition is not balanced and

controlled properly. Distinctivelythe presencef high amount BCC transition metals

(Cr, Ta, Nb, Mo, and W) nromotes TCP phase formatioNi-base& superalloys

commonly have e-(Fe,Coy(Mo,W)s, U-(Fe, MoX(Ni,Co)y, and Laves
(FeCr,Mn,Sip(Mo, Ti,Nb) TCP phases that are mogtlgte or needle like shapgg].

Since & has si mile&rndt r hasimiaristructwrertaus@,ur e t o M
they are known to nucleate on these secondary cafdiddsCP phases are known to

be detrimental to materi al propertites becaus
phase) known todegredate ductility and creep rupture strength properties of

superalloys beause of their extrenmtgardnes$2, 3, 31] Secondly, they are known to

deplete strengthening elements around their formation regmotiee matrix. This

could cause the lack of solid solution elementhematrix such as MoCo, and W.

Additionally since they are also retrieving Cr frahre matrix during their formation

process, they promote weakened corrosionteggispots on materials surfd@e 31].
1.2.4 Heat Treatmentsand Their Simulations

Ni-based superalloys are specifically designededoutilizedin high temperature
applications. The microstructure and mechanical propestisese matgals can be
related to their manufacturing process. One of these manufacpidngses is heat
treatnment whichconsiss of hot isostatic pressing, solutionizing followed &@gingle

or double step of aging.
1.2.4.1 Hot Isostatic Pressing

Discontinuities of IN 738 LC in interdendritic areas such as porosities form during the
solidification and weaken the mechaaliproperties which eventually degrading creep
resistance and ductility ahaterial Hot isostatic press ia widely usedmethod to

eliminate these micro porosities and their detrimental effactsdditional benefitof

18



HIP is increasing materigddlshomogeneity. Basically HIPing process involves
subjectingthe materialto combined effects of high temperature and isostatic gaseous

pressure.

The studies inheliteratureshow thainternalporositiesand their detrimental effects
on cast IN 738 LC cod be eliminatedby HIP operatiorat about 1208 and 100
MPa.HIP duration timehas beewariesbetween 2 t®& hours depend@on the initial
microstructurd36, 37, 38, 39, 40]

SaeedFarahanyet. al proved thatHIP is more effective when i appliedbefore
solutionizing and agindreatment tharafter for IN 738 LC Application of HIP at
1200°C for 2 hoursunder 120 NPa followed bysecondarheat treatments provide
better creegstrength hardnes and ductilitycompared tdN 738 LC samples heat
treated andfterwardHIPed[36].

Due to high temperature and long durations of ldfferationsd’ morphology in
microstructurechangesSaeed-arahanyet. al alsdfound thatHIP causes coarsening
of primaryo particles anamaking them less coherent withe matrix. Wangyacet al.
reported that smallep' particles dissolve intdhe matrix during HIP operation
decreasing totad' volume fraction[40]. Due tonecessityof recoveing from these
detrimentakthangeshat occuion IN 738 LC microstructurduring HIP, especially on

2' morphology, secondary heat treatmgstdutionizing and aginggre necessary
1.2.4.2 Solutionizing

Several studies had been carried outhe literature regarding the solutionizing
operation of IN 738 LC in between 169@35C for 1 to 4 hoursvith different cooling
rates[20, 41, 42]

Generally, Nibasedsuperalloys arsolutionizedover theird' solvustemperature to
have complete dissolution and provide maximalnaolume fraction.However,the
high solutionizing temperature to dissolve all particles 1 s not

LC due to incipient méihg [41]. Therefore mostly subsolvussolution temperature is
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used thatresultsin incomplete dissolution of primaryo ' ronstoichiometric
secondary and tertiary particlesEqui | i br i um we i 'gahdtliqudr acti ons
phases in IN 738 LC are calculated in IMAT P8&sftwareas shown in Figuré&.11

100
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Figure 1.11: PhaseTemperaturgrofile of IN 738 LCcalculated in JIMAT PRO
software.

The predictedsolvus temperature is calculated to be 13@7Avhile commercially
recommended solution heat treatment is 2CA0r IN 738 LC, which is aubsolvus
temperature[20] Ho-Seob Yunet. al and Jeong Min Kim et. al performed patrtial
solutionizing at 1126C for 2 hours in their studies and found a bimodal microstructure
with coarse cuboidal primary and fine secondamarticles. They also used 1200

as solutionizing temperature for 2 hours that formed a unimodad'fozeticles in the
microstructurdg42, 43]

Anurag Thakur used solutionizing temperatua¢sl120, 1150 1175 and 1225
Highesto' sizewas achievedt 1150°C and temperature increageer 1150C resulted
in decrease of' sizeand decrease ol volume fractiondue to bimodal to unimodal
structure transformatiof20]. Besides o' particles there are also MC carbides in IN
738 LC microstructureDue toameltingpoint abovel525C, they juspartly dissolve

during solutionizing[43].
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Solutionizing time has been useda rangeof 1 to4 haurs for IN 738 LC inthe
literature[36, 43] The commerciallyrecommendetheattreatment period is 2 hours
at 1120C for IN 738 LC [20]. However, Saeedrarahanyshowed thatl hour
solutionizing treatment is enough to have desired bimodal final microstratttire
samesolutionizingtemperaturg¢36].

Jeong Min Kim proved that increasing solutionizing time of IN 738 LC from 2 to 4
hoursat 1200C, increases' sizeand decreasesvolume fraction It was also reported
that 4 hourssolutionizingheat treatment caused coarsening@' gfarticlesin IN 738

LC [43].

Thecommerciallrecommended IN 738 LC cooling type is air cooling after at 4220
for 2 hourg20]. Behrouzghaemet. alhas the leadg work focused otheinfluence
of cooling rateon IN 738 LC2' microstructural propertiest was reportedhat at low
cooling ratesprecipitate growth occurs a more stable mannancreasingcooling

rate also increasessize,howeverd o e sharigé the' densitygreatly[41].

Contrarily, a similar work has been penfved by Guzman et. al, reporting that
increasing cooling rate decreased both primary and secoralasyzes after
solutionizing at 1128C for 2 hourg44]. Thisresult caralsobesupportedy Ho-Seob
Yund study that investigatethe effect of cooling rate on secmlaryd' precipitates
[42]. Bagouryet. al reported that increasing cooling rate decretts®golume fraction
of o' particleswhichwas expectedue to smallep' particles obtained at higher cooling
rates[45].

1.2.4.3 Aging

Aging is commerciallyrecommended tde performedafter 1120C-2 hours(air
cooling) solutionizing, at 84% for 24 hours(air cooling) to provide furtherd'
precipitationand increased’ volume fractionof IN 738 LC [20]. Ho-Seob Yun
performed these heat treatment conditions and obtained a final bimodal microstructure

with coarse cuboidal primary and fine secondascipitateg43].
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AnuragThakur used differerdagingtime periods between 8 to 72 hours at 8%and
reported that increasing aging time increases both primary and secohdasy. It
was reportedhat 8, 24 and 72 hours aging8t5°C achieves, 392, 425 and 48t
primary and 65, 96, and 1¥2m s e ¢ o n d eespectivel\j20].s i z e s

Panyawat Wangyao et. al applied two stage aging that consists of primary and
secondary precipitate agings. Primary aging was applied &C926d 105%C for 1

hour while secondanyas appliedt 845C for 20 hours. lvasreportedhat additional
primary aging step provided higher volume fraction and uniform distributios of

particles compared to single step aging a84®%r 20 hourg39].

There are aging studies performed dsolongertime periods in literaturéo obtain

the effect of operation condition to microstructuseffelner performed aging of IN
738 LC at 788C and 871C for 100620000 hours range and obtained that increasing
aging temperature and time also increases primatysanondary' sizes changing
themorphologyof the largen' particles from blocky to sphericdt was also reported
thatexposure to long time aging causes detrimental-li@®mation in microstructure
[46].

Shargi performedging atthe sametemperature for 750, 1500, 3D@ours. Itwas
reportedthat when aging time was increased volume fraction of prirdangcreases
while secondary' decreases. Additionallyt, was reportedhatsamples at early aging
stages performeletter yeld strength than later stagds].

1.2.4.4 Heat Treatment Simulations

CALPHAD (Computer Coupling of Phase Diagrams and Thermochemistra
widely used method tperform thermodynamiand kinetic calculations for Nbasel
swperalloysbased on theoric models and experimentally formed datapje3he
use of this method has become quite widespread through the development of the

software MMAT PRO. There are various studias literature calculating phase
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temperature profile, solification behavigr mechanical properties of Niase
superalloys using JMAT PRé&bftware[49, 50, 51]

The heat treatment modulef JMAT PRO can beused to estimat®' size and
microstructure evolution during heat treatments. This evolusiatictatedby three
mechanisms included in JIMAT PRO; precipitation, coarsening and dissolutin of
The acuracyof this module is proved by N. Saunders et. alcmarseningdf 9' in
various Nibasedsuperallgs and TTT and CCT diagranas shownn Figure1.12
[50].

:
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Figure 1.12: Comparisorof calculated and experimentally obsaiha coarsening
rate of various Nbasel superalloysandb) TTT diagram for the single crystal alloy
RR2071]50].

N. Saundenlsocalculated 0.2% proof stresising JMAT PRO for various Niasel

superalloysand compatible resultsese found with experimental results as shown in
Figure 1.1350].
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Figure 1.13: Comparison between calculated and experialéh2% proof stress of
variousNi-based superalloys0].

1.2.5 Diffusion Coatings and Their Simulations

Ni-basedgas turbine blades operate in very aggressiwmeoding and oxidizing
environment that can consume substrate material at an extremely rapid rate.
Consequentlyturbine bla@ do@d carrying capacity is decreasadcordingly lifetime

is limited. Therefore, Al and Cr rich protective coatings applied tbddied substrate
surfaceas shown in Figure 1.1#5]. These coatings cape classifiedas given in

relative to their oxidation and corrosion resistajiey.

Oxidation Resistance ———ym

High Cheomium

Carrosion Resistance - Chromium Content ——3=

Figure 1.14: Relative oxidation and corrosion resistanceighhemperature coating
systemg14].

Diffusion (aluminide) and overlay (MCrAlY) coatingare two main types of
protective coating52]. Diffusion aluminide coatinghave been widely useds
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protective coatings on gas turbine blades made of nickel superalloys sii@6@se
[53]. There are three main processes, by which the aluminide coatirge darmed
These are the pack, above the pack, and chemical vaportdap(ShVD) processes
[25].

Chemical vapor deposition is a process where one or more volatile precnesors
transportedria the vapor phase to the reaction chamber, where they decompose on a
heated substrate to create high gyaliigh-performance solid material from a gaseous
phase. The CVD system has some advantagaspack and above thpackprocess

Main advantage of CVD is its ability to control process parameters., thereby growth
rate and coating microstructuréAdditionally, CVD coating provides more
homogenous and clean coatings in complex geometries such as cooling channels.
Simulatenous deposition of reactive and alloying elements is also possible with Al to

substrate surface.

Aluminide coatingsare basedntheb-NiAl phasehat is formedn the surface of the
substrateas shown in Figurd..15. This phase has high oxidation and corrosion
resistance,high melting point around 163€, and wide stable nge around
stoichiometric point which makes it desirabléetween outerb-NiAl layer and
substrate, interdiffusion zone (IDZ) forms by precipitation of substrate alloying

elements due to their low solubility BANIAI.
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Figure 1.15: SEM imageon a crosssectionof aluminide coatingand NiAl binary

phase diagram
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Aluminide coating is a&omplexmulticomponentnd multiphaseoperation making
the continuous experiemtal coating operations a tiraensumingand cody task.
Thus,computationathermodynamic and kinetic calculaticsr® used taccelerate the

research anteduce the cost.

Computationathermodynamicsindkineticscalculationsare basedn the conept of

Gibbs energyand mobiliy. Today multicomponentdatabases exist fomaterial
systemdncluding both thermodynamic and kinetic dafhese databases haveen

collectedfrom experimentaldata using the CALPHAD method, which has been

discussed extensively ithe literaure [48]. The development oflatabases and a

suitable softwareto calculapeh ase equi | i bri a starmadd in the
thermodynamicsare nowadays appliesth many fields of materials sciendg4].

Generally theyan be divided intequilibrium calculations and diffusion simulations,

which also consider kinetic effects.

Sincecoating operations are controlled by diffusion procesgesmodynamic and
kinetic data including modelfor high temperaturenaterialbehavioris necessaryA
suitable softwar@ackage to treat such diffusion controllgtemis DICTRA which
was developedh the 1 9 9.0TBesapplication othis software forturbine materials
started in1996,when Saunders developedhermodynamic datmse for Nibased
superdbys [55]. However, the capability to perform diffusion calculationsvas
achievedafteramulticomponent diffusiomobility database for Nbasedsuperalloys
wasdeveloped by Campbeti 2001[56]. Since thensomesuccessful thermodynamic
and kineticcalculations for Nibased superalloyand coating operationfiave been
publishedwith using DICTRA

Campbellperformed one of the key studies dgsessg mobilityofod6 and BCC_B?2
( MiAl) phasesn the Ni Al Cr systemin 2007, since these elements and phases
characteristic properties of a fased diffusion coupéeand coating system

Validation of theseassessmentwas proved by performing both simulation and

experiment 0B2-B2, o- 9 ' and 9-B2 phase diffusion couplefs7]. Basedon Ni-Al-
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Cr ternarysystem, KaishengVu simulatel o+b-0 ando+b-0 9 di f f usi on
study MCrAlY coatingsystem and founa reasonableagreemenbf interdiffusion
behaviomwith experimental result$58]. En g s t r “have redently sariulated the
interdiffusion occurring between NiAl coating andN 939 superalloy substrate
Compatible gperiment and simulationoacentration profile resultsf this studyare
given inFigurel1.17[59].
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Figure 1.16: Concentration profiles for IN 938iAl coating region Solid linesare

calculated Symbols are experimental d§fe].

Also, evolutionof diffusion coating oraging or service like conditiorese simulated
in theliteratureby using DICTRADahl and J. Haldtudiedthe evolutionof MCrAlY

cou

appliedIN 738 superalloysurfaceisothemally heat treated up 8 7 5 A C, 925AC

9 5 0 fArc 2000 hourg60]. Kang Yuanet. al also studied MCrAIY coating applied
IN 792 behavioraged for different times & 0 0 A© 0 Ga/@ 1 160].0TAeC
results ofboth simulation studiesaptured the main microstructurdatures and

predicedthe phasdransformations occurring at the interfadeserved.
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1.2.6 Modeling of Yield Strength for Ni-Based Superallog

The turbine blades see th®st aggressiveonditionsin the engine. Because of the
high temperatures involved turbine blades manufacturetfom Ni-based alloys. It

is the only material that retains sufficient integrity at high temperature with an
exceptional combination of strength, toughnesy] resistance to deglation. This
outstanding strength of thdi-basel materialis derivedfrom three parametersplid
solution, graifphase boundarystrengthening and precipitation strengthening

mechanisms
1.2.6.1 Solid Solution Strengthening

Solid solution strengtheningerives from solute interactions with dislocations in the
materi al s matri x. These solutes strengt her
diameter differences, elastic interactions, modulus interactions, electrical interactions,

and shorrange/longrange order interactiorj62, 63]

The o-FCC nickel matrix preides high solubility for many solid solution
strengtheningelements because of its nearly filled 3d electron shell electronic
structue. These slid solution strengthenginclude W, Mo, Cr, Co, Ta, Ti and Al
[20, 62, 64] Addition of theseelements increases yield strength of riegterialsince
each solute atom acts as frictional obstacles foochsion slipsThere is a common
equation described that is reviewed by Battcalculate the contribution of solid

solution to yield strengths given beloy65].

In this equation,z. is a strengthening (:onsta[nv(l]L is theconcentration of solutiewhile
=S a constant that varies between 1/2 af@6]. d, wy; definesyield strength due to
solid soluion. Labusch[67], Nabarro[68] and Galindo[69] used=mas 2/3 while

Felthmanproposed as walueof 1/2 for various alloyg70].
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Gypen and Deruytterre expandie simpleHall-Petchapproach tantegraing solid
solution contribution ofarious alloying elements in multicomponent systemgiven

belowwhere A of¢and== ¢fog71, 72]
Lin Bt o 771,72 (Eq.1.2)

Gypen andD e r u Yy trasutsshovied thaksis aconcentratiorusedas 2/3provides

better compatibility tha1 and 1/2 with experimental results for FCC strucfud@y.

Solid solution contribution constaht is related to lattice and modulus misfit of
elementi in Ni matrix. Mishima et. aldefined 71:: experimentally for binary NK

systems, with X being an alloying element from the transition metal grégip
7i:constants for alloying elemerase giverbelowtaken fromMishimaet. @ s st udy

are given beloW73].

Table 1.5: Solid Solution Contribution Constants falloying Elementsn IN 738

LC [73].

Elements i (MPa At.Fraction-?)
Ni Matrix
Ti 775,00
Nb 1183,00
Ta 1191,00
C 1061,00
Co 39,40
Cr 337,00
W 977,00
Mo 1015,00
B Ignored
Zr 2359,00
Al 225

1.2.6.2 Grain/PhaseBoundary Strengthening
1.2.6.2.1 Grain Boundary Strengthening

Grain act asbarriers for dislocation movement, and contribute, togetbeyield

strengthDecreasing grain sizecreaseshe number of neighborirgyains;moregrain
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boundaries create mobarriersagainstdislocation movemenincreasing the amount
of stress necessary to move dislocatiorosera grairboundary.Thus, there isma
inverse relationship betweeyield strengthand grain size thatrelationship was

explainedn the50sby Hall and expanded byetchasgiven below{74, 75]
" ” — [76] (Eq.1.3

In this equation, d_ is grain boundary strengthening, is friction stress of matrix,

ky is Hall-Petchconstantand - - is mean grain size of samplésall-Petchconstant

is experimentally estimated to be betwe@d0-750 MPaem!? for Ni-basel
superalloysn variousstudieg77, 78] Kozar et. al use@50 MPagm'for calculation

of IN 100 grain boundary strengtheninfy8]. Si nce i t 6 s familpof t he
superalloys with IN 738 LC and it has a similar chema@hpositiondistribution

750 MPagm'?is usedas Hall Petch constant in our calculations.

2 phase has a friction stress that inhibits the dislocation movefiterhpson digned
this friction stresfor pure Nia s,=24.8 MPa[79] Sinceo-matrix phasecontainsa

highamount of Ni in IN 738 LC superalloy this valiseacceptedor simplification.

The Hall Petch relabn between the yield stresspaflycrystalline metals and the grain
sizeis known to beusedfor over a grain size range from 20 nm to hundreds of

micromeers which is a valid range for our calculatiof@o].
1.2.6.2.2 Phase Boundary Strengthening

Dendrite arm spacais one of the microstructural characteristic thagan effect on
mechanical properties of materials. It was reported that dendrite arm spacing is
determined by process parameters such as thermal gradient and solidificafei] rate
Additionally, the dendrite arm spacing can change during heat treatments or dendrites
can dissolve into matrix and disappeAr.SEM image of secondary dendrites in
CMSX-4 single crystal sugralloy is shown in Figure 1.182].
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Figure 1.17: Secondary dendgtarms in CMSX4 singlecrystal[82].

The HallPetch is used to describe the yield strength variation due to change in dendrite

spacing.The equation is given below.

. —[83, 84] (Eq. 14)

&

accepted as 23@ P a Y&wnhich is reported by. C. Cordero et. Alor pure Ni[85].

In this equatio

m is Hall-Petch constant ang is dendrite arm spacin

1.2.6.3 Precipitation Strengthening

It is well knownthat most effective way to strengthen the matrix oNabasel
superalloy is precipitatiorstrengtheningmechanism, where strength is related to
volume fraction, size, morphology, and distributiorn@fnd carbidéMC and M:3Cs)
precipitatesCarbidevolume fractionof IN 738 LCwas measured to be below 3 %.
Therefore, effect of MC carbide to yield strengths not calculated in this study.

Modelingof o strengthening has been the subject of studies Hiecs[69]. There

is a limited number ophysicaly based models in superalloys with multimodal
structure Kozar et. alised partiallymodified weak coupling model and fouadjood
prediction for subsdvus heat treatment conditionNg8]. Jackson and Reednd
subsequetly Collins and Stone have employedetclassic weak and strong pair
models topredict yield strengttof Udimet 720Li and RR1000, respectivelyand
achieved compdile yield strengthreaults with experiment$86, 87] The purpose of
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these studies &sto find the optimum heat treatment cations leading microstructure
that provides highest yield strengithere is a common view that this da@achieved
by examiningthe interactionof dislocationpairs betweewsmall (weak pair coupling)
and large (strong pair coupling)’ p a[86t8i7lc | e s

When the o' particles are t ®@othexantaatyl |, di sl oc
casewhen particles are large and too strong to be cut through, dislocation bowing

(Orowan strengtheningccurs Maximum strength calpe achievedf precipitates can

resist cutting and are too close to allalislocation bypassing. The radius that

maximum strengtiis achieveds alsocalledh s fAcr i t i c a becalaldtédu s 0 t hat

by the given formula below for iNoasel superalloys.

Q —[69] (Eq. 15)

In this formula, b is Burgers vectdr,is shear modulusiaps is antirphase boundary
energy Wheno' size d is lower than critical radiwk:itica Weak coupling, in contrary
case strong coupling is dictated as shown in Figut&

Weak Coupling Strong Coupling

Bowing Cutting

Yield Strength

de rilﬁc al
]

\J

Radius of 7' Particles

Figure 1.18: Configuration of dislocations and precipitates during cutting and
bowing. Duplicated froniKozar et. al[78].
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Theyield strengtiformula for strong and weak couplas giverbelow.

T
t P & —— p& 1[86] (Eq. 16)

e
T O %o "Q[86] (Eq.17)

In these formulaM is Taylor equation factorf is o' volume fraction, w is elastic
repulsion which irderof unity. [86] f volumefractionanddr a d i U particdeb
which were obtainedfrom experimental work%ois a constant depending dhe
morphologyof 9' particles.For spherical particle%o 1 {86]. T is line tension

expressed btheformula given below
Y —[86] (Eg.18)

All the constants taken fromme literaturethat were usedto calculate yield strength

and their reference numberszgivenin Tablel.6.

Table 1.6: Strengthenind?arameterdJsed in The Precipitatio®strengthening

Parameters Values References
r 0.17 J/m [20]
b 0.249 nm [88]
ENi 80 GPa [89]
M 3 [90]
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1.3 Thesis Overview

The main objective of this studis to create an independent simulation model to
perform aluminideoatingsimulations that is capable of estimatitigckness and
composition profileof coating appliecon IN 738 LC turbine bladsubstrate and
optimize microstructure of IN 738 LC turbine blade using heat treatment and

simulations tomprovemechanical properties.

Chapter 2 coversaluminide coating surface growth artle interdiffusion
simuation that wasperformedby diffusion basd modelingin DICTRA on IN

738 LC surfaceAn independent simulation modal DICTRA was formed to
estimate aluminide coating thickness and composition profile for given
experimental conditionsSimulation results ofthe compositiondistribution of
coating regionwere comparedwith experimental aluminide coating results

obtainedby a colleague andgraduate studemd mut can Ert ¢r k.

Chapter 3 involveshe microstructureoptimizaion studies of IN 738 LC. The
effect of hot isostatic pressg, solutionizing and aging to IN 738 LC
microstructure was studied Additionally, the effect of aluminide coating
conditions on IN 738 LC microstructurewas investigated Microstructure
evolution simulations were performed using JMAT PR® experimental heat
treatment and aluminide coating operatio8snulation resultsvere compared

with experimental results.

In Chapter 4 the yield strength of IN 738 LC wasnodeledbasedon solid
solution, graiphaseboundaryand gamma primstrengtheningnechanismsor
the samples that hawdfferent heat treatmertftistory and microstructureThe
resultswere comparedavith tensile test results of IN 738 LC found in literature
and yield strength estimations of JIMAT PRO.

Chapter 5contains thduture studiesHtatlack in the literature and expected to
provide promising results in both simulation and experimental studies -of Ni

basel superalloys.
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CHAPTER 2

ALUMINIDE COATING SURFACE GROWTH AND INTERDIFFUSION
SIMULATIONS FOR INCONEL 738 LC

2.1 Introduction

In this chapter, surfaceagwth and interdiffusion duringluminidecoating process is

simulated usig DICTRA software at the samsonditions of aluminide coatg
experiments performagasing chemical vapor deposition met{@Y/D) on IN 738 LC
substrate surfacé\ colleagueand gr aduate student Umut c al
experimental aluminide coatings used in this study.

In CVD processthere aretwo ratescompetingeach other. These are interdiffusion
(between substrate and Al deposited on substratacg and Al incorporation rates
used tomaximize growth rate an-NiAl/ interdiffusion (IDZ) zonethickness ratio
(Figure 2.1) An increase irtheinterdiffusion rateesults increase in the intffusion

zone thickness and ancrease irthe Al incorporation rate results increasetime b-

NiAl zone thickness.Optimization of thisprocess is time, money and energy
consuming considering each growtikesat least takes 17 hours. The purpose of
creating a simulation was to predict composition profile and thickness of aluminide
coating for hypothetical conditionsdependent from experimenttherebyreduce

time, money and energy used in experiments.
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Figure 2.1: a) Scheme oAl surface growth and diffusion during CVD aluminide

coatingandSEM image of aluminide coating region.

In order to beindependent from expenental process, multiple numbef growth
experiments with various conditions, and their characterization results-EZEM
WDS-EPMA) were used to find related growth rates. After sufficient of growth rate
experimentsinput pair, grovth rate was educationallgstimated for hypothetical

experimentatondiions.
2.2 Method

Simulation method optimizatioand independent growth rate estimationsthods
were followed tocreate a simulation that can estimate coating thickness and
composition pofile. The command list used for the simulation is given in Appendix
A.

In theAppendix A, the code lines in between 1 to 15 represents definition of the system
including databases, the code lines in between 16 to 21 represents definition of
temperaturethe code lines in between 22 to 28 represents definition of base metal
thickness and number of grid points, the code lines in between 29 to 96 represents
phases and compositions, the code lines in between 97 to 102 represents simulation
time and the codenes starting from 102 till the end represents teéndion of

boundary conditiomnd some further settings.
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2.2.1 Simulation Method Optimization

DICTRA is a suitable software package to solve diffusion controlled phase
transformations. It is connected to CRHAD (Computer Coupling of Phase
Diagrams and Thermochemisttyased THERMOCALC software, which provides all
necessary thermodynamic data. The thermodynamic database used in this study was
fiNi-based super al | oyand thekihetchlaabase & ST CalldN/S ) 0
mobility database (MOBNI 4) 0.

The basic of DICTRA program cdre describedhs follows. Initially, experimental

and simulation parameters defined for the software with associated kinetic and
thermodynamic databases. Initial composition, time, temperature and pressare w
defined for the system. hadHigributionafindaroe gi o n G
geometricnodes for numerical calculations. In each node, DICTRA stores the local
composition and corresponding thermodynamic and kinetic parameters. A boundary
condition needs to be defi nedcondittontot he
provide growth rate (Al incorporation rate) on a surface. Bdscschematic of how
DICTRA use these databases and how diffusion simulatamisis givenin Figure

2.2 and explained further in following pages

[ <
Simulation Parameters Experimental Parameters
— + Linear length + Initial Composition Growth Rate
*+ Node number * Process Temperature
+ Global/Boundary Condition | [ * Process Time
L T J
_ * Hypotetical Parameters
Initial G i + Estimated growth rate indipendent
nitial Lamposition from experiments
Associgted Databases % P
Kinetic Database Thermodynamic Database i
{Mobility} (Gibbs Energy)
_______________________________________________________
1
rf = MPx? [59] | {— O G
2
de
4 Solve Diffusion
|

Leqg.
RT . Ay
== J [Mx]5, [Myx, 1577 25inh (ﬁ) [59]

Figure 2.2: Schematic of DICTRA diffusion simulation.
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As explained in previous section, after calculated growth rates were related to
experiment parameters, growth rate was estimated for given hypothetical condition

independent from geriment

In order to perform multiphasand multicomponensimulations the problem is
transformed into a singlghase problem by a homogenization procedure: it is assumed
that equilibrium holds locally, i.e. in a small volume elementctimical potendls,
phase fractions andhase compositions and are given by the equilibrium
corresponding to the localemperature, pressure and compositidrnis local
equilibrium assumption is essentially the same for all models suggested for 1D
multiphase simulationg.he local kinetic properties are found by choosing a suitable

"avemging function”, as given below wheré andw are the mobility and mole

fraction of componenthrespectively.
0 o [59] (Eg. 2.1)

DICTRA uses homogenization model automatically when a spheroid phase is entered
to configuredsystem. This is useful whdang-range diffusion through a multiphase
mixtureis simulatedunder the assumption that local equilibrigristsat each node.
Thisway,the homogenization model can be uséxn calculating a moving boundary

problem.

The simulations presented in this thesis haven pmeformed usingpomogenization
model, in whit a diffusion flux of species, Kk , is calculated in a lattice fixed frame
of referencausingthe "averaging function" as given in .E®.

0 — 0w 0D w ¢ @@ [59] (Equation2.2)

In Eq 2.2, w is the molar volume, which is assumasiconstant for substitutional
species and zero for interstitial speciesigs a timedependent spatial coordinate

defined in the latticdixed frame of reference that can be related to the ordinary time
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dependentmatial coordinate z , by keeping track of the velocity with which the lattice
and numbefixed frames of reference move with respect to each otkeand T

represents gas constant and temperatespectively.

The numbeifixed frame of reference isetrminedby the condition that the number
of atoms on each side of a reference plane stays constant. Wabdkie assumption
for the molar volume, then the numband volumefixed frames of reference are
identical. Thus, te fluxes are calculated in &tlae-fixed frame of reference, but the

resulting concentration fields are mapped to number fixed frame of reference.

Furthermore, in EQ2.2 0 ® is a fnheffectiveo kinetic |
n 17T1 that i s c¢al @udueofatodic mopilitcfar spbciemkiwithg t h e
its fraction forthe phasg present on that plane/source.

8 8 Eq. 2.2 is the chemical potential for species k undlaral equilibrium

conditions. Alocally minimized Gibbs energy is assumed in thixdel, as islso the
case for the dispershiffusion model. This means that the local phase fractions, phase
compositions etacanbe obtainedy performing an equilibrium calculation with the

local composition.

For the calculation presented inghhesis,the upper Wienebound p9) or A Rul e
Mi xt ur es 0 Indwulingithe equatian giedoklow.

0 o BQO ¢ [59] (Eq2.3)

In Eq 2.3, "Qis fraction of phase i .The summation in E@ i8.taken over all phases

thataretobeinclude, i . e. i n ophase.case o2, b and oE

The assumptions made to perfoitme simulations using DICTRA software are given

below.

1 Local equilibrium is established in each volume element at eackstapen

the @alculation.
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1 Molar volume of all substitutional elements is constant and equal.

1 Matrix phases are present@mtinuous layers.

The pressure value used in simulation was changed in between 1 to 10 atm to see effect

of pressure on coating composition profiled thickness. But, the pressure change

di dnot

affect

any of

t hese

par ameters.

occurs between substrate and coating in simulation. Therefore, the pressure parameter

in simulations accepted asonstant atmogyeric pressure.

In literature, DICTRA iuswaly used for simulation of diffusion couples to investigate

coating operations.

Diffusion couples are preferredb-&$Al-substrate or Al

substrate to observe interdiffusion between substrate and coatingedldat tb a

complicated microstructurgs5, 58, 49] However, during CVD aluminide coating

process, there is a continuous Al deposition instead of a bulk diffusion couple with a

certainthicknesswhich leadsto continuous surface growth on substrate surface.

At best

of

aut hor 6s

knowl edge,

S i

mu |

ati

surface growth during aluminide coating process are not available in literature and

studies performed in this thesis to @sfe that is a leading work. The schematics of

diffusion couples and simultaneous surface growth and diffusion model are given in

Figure 23.

Al-Substrate
Diffusion Couple

b-NiAl -Substrate Diffusion
Couple

Simultaneous Surface
Growth and Diffusion

Initial
Composition

iPure Al
Base
Metal

Surface
Growth

After
Diffusion
and/or
Growth

$ B-NiAl

‘ IDZ
Base
Metal

Pure Al

Figure 2.3: Schematic Alsubstrateb-NiAl -substrate diffusion couplesd

simultaneousurface growth and diffusion simulation model.
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The models given in Figure 2were simulated at the same experimental conditions.
The results of these simulation models were compared to experimental CVD aluminide
coating region composition analysis resulise composition of experimental coating
region wa determined by using coating energy dispersivi@ay spectroscopy and
wavelength dispersive spectroscopy methods. After the best simulation model was
chosen,multiple number of experiments were performed to pairekgerimental
parameters to growth rateBhen estimated growth rate was simulated for randomly

given hypothetical experimental conditions.

In simulation method optimization, four elements of IN 738 LC, Ni, Al, Cr@odre

used to define IN 738 L8ubstrateeomposition as shown in Table 2.1simplify the
simulation. These elemenigere preferredlue to themajority of phasesqmatrix and

' precipitate) they form in microstructure and composition profile of substrate IN 738
LC and aluminide coating. Depending on compositions of these fenreals in the
substrate coating and regionp-FCC_L12#1, o'-FCC_L12#2,
BCC_B2#1,b-NiAl-BCC_B2#2, LIQUID phasewere definedo DICTRA. Time

and temperature pameters were also used as input.

interdiffusion

Table 2.1: Nominaland Simulatior{4 ElementslComposition ofSubstratdN 738

LC (at. %).
Nominal Composition | Simulation
Elements e "
Composition Range Composition

Ni Balance Balance Balance
Ti 4.04 3.84.39 4.18
Nb 0.55 0.37-0.67 -

Ta 0.55 0.47-0.63

C 0.52 0.430.62 -

Co 8.2 2.898.68 8.87
Cr 17.49 17.1617.81 1892
W 0.8 0.740.87 -
Mo 1.04 0.891.18

B 0.05 0.040.06

Zr 0.03 0.02-0.05 -

Al 7.16 6.747.79 7.75

The compositia and thickness of Adubstrate anf-NiAl -substrate diffusion couples

and surface growth and diffusion model are giveRigure 2.4.
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Figure 2.4: The schemes, thickness and compositiba) Al-substrate ant) b-

NiAl -substrate diffusion couples, aopsurface growth and diffusion model

Substrate thicknessas assumeds 200em since substrate thicknesses higher than
this value changed the comptosn profile hardly and higher substrate thicknesses
increased simulation time considerably due to increase in number of node/ibants.
simulation models were compared with experimental results, simultaneous surface
growth and diffusion modetasfoundto bebest model to estimate coating thickness
and composition profileOptimization of necessary growth rate data input for this

model is given in next section.
2.2.2 Independent Growth Rate EstimationMethod

After Al-substrate b-NiAl substrate diffusion cqules, and simultanesusurface
growth and diffusionmodel results were compared with experimental results,
simultaneas surface growth and diffusiono d erésdlts found to be pnoising.To
provide necessary growth rate (Al incorporation rate) to simulations independent from
experiments, mitiple numbers of growth experiments with various conditions, and
their characterization results were used to find related growth fatedifferent
experimenal parameters.After calculated growth rates were related to experiment
parametersyrowth rate was estimated fagiven hypothetical condition independent
from experiments shown in Figure 2. Then CVD aluminide coating experiments
were perfomed for simulated hypothetical cotidns and results were compared to
see accuracy of estimated growth rate.
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Figure 2.5: Independengrowth rateestimationflow chart.

In growth rate optimization processmimber of elements used in simulations were
increased to five. Ni, Al, CiCoand Tito define IN 738 LC substrate composition as
shown in Table 2.2 to simplify the simulation. The reason of the increase in number of
defined elementscompared to simulatiooptimization modelwas to define more
elementdrom IN 738 LC into simulatiorto improve compatibility of simulation to
experimental conditionTi was added to system as fifth element due to its high
composition ind' phase in IN 738 LCHowever, more thafive elementdecreased

the simulation time and efficiency greatly.

Table 2.2: Nominaland Simulation(5 elementsComposition of Substrate IN 738

LC (at. %).
Nominal Composition Simulation

Elements Composition Range Composition

Ni Balance Balance Balance

Ti 4.04 3.84.39 4.18

Nb 0.55 0.37-0.67 -

Ta 0.55 0.47-0.63

C 0.52 0.43-0.62 -

Co 8.2 2.898.68 8.5

Cr 17.49 17.1617.81 18.13

w 0.8 0.74-0.87 -

Mo 1.04 0.891.18

B 0.05 0.04-0.06

Zr 0.03 0.02-0.05 -

Al 7.16 6.747.79 7.43

The Ni, Al, Cr,Co and Tielementsvere preferrediue to themajority of phasesdq
matrix and?o' precipitate) they form in microstructure and composition profile of
substrate IN 738 LC and aluminide coating. Depending on compositions of these four

elements in thesubstrate coating and interdiffusion regiomg-FCC_L12#1, 9'-
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FCC_L12#2, BCC_B2#1, b-NiAI-BCC_B2#2, BCT D022,

LI

QUID and

NI3TI_DO024 phasewvere definedo DICTRA in independent growth rate estimation

studies. However, the simulations performed at 1000, 1050 an@dQ Ebdwed a

miscibility gap. Due to this reason, an additional BCC#3 pheseaddedto the

systemf or si mul ati ons

composition of that phase formed by different elements. Simulation temperature, time

perfor med

at t hese

and substrate thicknesgere also useds input to simulation. Substrateadknessvas

assumedas 200em since substrate thicknesses higher than this value changed the
composition profile hardly and higher substrate thicknesses increased simulation time

considerably due to increase in number of node points. Time and temperature

parameters were also used as input.

In order to measurgrowth rate (Alincorporatiorrate),the total coating thicknesgas

multiplied with the average Aat. %of the total coatindincluding b-NiAl and IDZ)

region as shown in Figur&.6. The molar volura fraction of elements were not

considered since DICTRA assumimat all substitutional elements have the same

molar volume in all phase$he necessargoatingcompositionwas determined from

WDS results andcoatingthicknesswas determined fronSEM images of coating

region

Substrate
B-NiAl IDZ (llr'a 738 Lcl}

Composition Distribution of Coating Region (at. %)

Distance | Al Ni Co [ Ti
1 |488043 |45 20045( 335095 | 02065 | 09448 |
10 |s061785| 441287 | 39448 |1,07425 | 01819
20 | 50,214 |439621 | 43604 |1,31465 | 00813 p-Nial
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Figure 2.6: SEM image and WDS compositiamalysisresultof coating region.
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After sufficient of growth rate results related to experiment conditions, growth rate

was educationallgstimated for hypothetical experimental conditions.
2.3 Results and Discussion

Optimizationsimulation method and growth rate estimation resultsdiscussions are

given in this section.
2.3.1 Simulation Method Optimization Results

In literature, DICTRA isusuwdly used for simulation ob-NiAl-substrate and Al
substrate diffusion couples to investigate coating operatifts.58, 49] However,

during CVD aluminide coating process, there is a continuous Al deposistead of

a bulk diffusion couple with gertainthicknesswhich leadsto continuous surface
growth on substrate surface. To obtain a simulation modeletahates coating
thickness and composition profile prior to depositibhAl-substrate, Akubstrie
diffusion couples and surface growth and diffusion simulations were performed at the
same parameters of an aluminide coating experiment. The parameters of aluminide

coating experiment is given in Table32.

Table 2.3: Parameters of CVD Aluminide Coating

Temperature Time Pressure HCl H2 HCI : Ar Internal

FA c) ) (mbar) Flow Flow H2. Flow HCIL:Ar Trays
(sccm) (sccm) (sccm) (an

1050 4 100 125 1000 1:8 250 1:2 Al-Cr

50/50 wt. %

The simulation parameters fotiAl-substrate, Aubstrate diffusion couples and
surface growth and diffusion simulations are given in Talle 2.

Table 2.4: Parameters of Simulation.

Temperature (A C ) Time Base Metal Thickness Node Number

(h) (em)
1050 4 200 100

The schemes of these simulation models, and comparison of experimental and

different diffusion simulation modeésults are given in Figure72.
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Figure 2.7: Comparison of differersluminide coating simulation modedsultsto
SEM-EDS and EPMAEDS results of thexperimentahluminide coating.

Al-substrate an®-NiAl substrate diffusion model results failed to estimate coating
thickness and composition profile of experimental CVD aluminide coating. However,

simultareous surface growth and diffusion model showed good compatibility with
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experimental coating thickness and composition excephtéediffusion zone (IDZ)
thickness an€r compositionThis model needs an Al (incorporation rate) growth rate
input to simuate surface growth and diffusion simultaneously. Therefore, growth rate
needed to be calculatedptimizedand related togformed experimental conditions.
After enough experiment parameters pair with growth rate, it was educationally

estimated and simuted for given hypotetical parameters.
2.3.2 Independent Growth Rate Optimization Results

The different simulation models were used to simulate the simultaneous surface
growth and diffusion in previous section. Surface growth and diffusion model showed
better corpatibility with experimental results than-8ubstrate an@-NiAl substrate
diffusion models. This model uses the growth rate (Al flux rate) as iMputgroups

of experiments simulatedsing DICTRA softwardo find related growth rates for
different experiment parameters as given in Tabke @hd Table &. The first
experiment group given in Table52was performed avarying temperature950,
1000, 1050 and 1100 for 4 hours. The second experiment groiveryin Table 26

was performed at 1100 for varying time periodst, 8 and 12 hoursTime and
temperaturewere chosenas varying parameters since these two parameters of
experimentare common parameters with simulatiamd they have a considerable

influence on coating structur@ther experimental parameters were kept as constant.

Table 2.5: Aluminide Coatingexperimental Parameteas Varying Temperatures.

. HCI H2 . Ar Internal
TemE):rgt;Jre T(an)e P(rn(:ﬁztrj)re Flow  Flow H|_(|3£ Flow HCI:Ar Trays
(sccm)  (sccm) (sccm) (gn)
. . Al-Cr
950 4 100 125 1000 18 250 12  ALCr
. . Al-Cr
1000 4 100 125 1000 1:8 250 1:2 50/50 wt. %
. . Al-Cr
1050 4 100 125 1000 1:8 250 1:2 50/50 Wi, %
1100 4 100 125 1000 1:8 250 1:2 Al-Cr

50/50 wt. %
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Table 2.6: Aluminide Coating Experimental ParametiysVarying Time Periods.

) HCI H2 Ar Internal
Temperature Time Pressure HCI :
3 Flow Flow Flow HCI:Ar Trays
(AC) (h) (mbar) H2
(sccm) (sccm) (sccm) (gn
. . Al-Cr
1100 4 100 125 1000 1:8 250 1:2 50150 vt %
. . Al-Cr
1100 8 100 125 1000 1:8 250 1:2 50/50 vt %
1100 12 100 125 1000 18 250 12 Al-Cr

50/50 wt. %

The simulation parameters used to simulate the experiments givabli@2.5 and

2.6, are given in Table 2.and 28.

Table 2.7: Simulation Parameteed Varying Temperatures

p Time Al Growth Base Metal
Temperature (A C) ) (em/h) Thickness(em) Node Number
950 4 1.40 200 100
1000 4 131 200 100
1050 4 2.36 200 100
1100 4 3.94 200 100

Table 2.8: Simulation Parameteet Varying Time Periods

5 Time Al Growth Base Metal
Temperature (A C) ) (em/h) Thickness(e m) Node Number
1100 4 3.94 200 100
1100 8 5.58 200 100
1100 12 6.66 200 100

The comparison of simulation results wWiBEM images of analyzed coated regions
and linear composition analyze results (SEMS, EPMAWNDS) are given in Figure
2.8 for samples coated at 1000, 1050 and $Cd0r 4 hoursand for samples coated
at 1100C for 4, 8, 12 hours in Figui29.
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Before comparison of simulations to experimental results, &8 and EPMA
WDS resultsvere comparedSEM-EDS is usually used for qualitative compositional
analysis while EPMANDS s usedor quantitativecompositional analysis due higher
accuracy and resolution of this methodwidts foundthat in theouterlayer of coating
(b-NiAl region), EDS result§500 ms for each point) provided-18 at % lower Al
content than WDS resultShe composition profile of inner layer coating found to be
relatively similar for both analyze methods. Additionally, thicknesséseobuterand
the innerdayer ofcoatingswere found to be compatibieith both linearcomposition

analyze methods.

Composition distribution results of simulations thvate performeat 950, 1000, 1050
and 1106C for 4 hoursvere comparewith SEM-EDS and EPMAWDS results of in
Figure2.8. Thediffusion simulation performed at 9%D for 4 hours shows similarity
to both SEMEDS and EPMAWDS characterization results. The inner layer (inter
diffusion zone) of coating shows similarity to SERDS results due to higher Cr
composition obtained in thimethod. However, outer layer found composition found
to be similar to EPMANDS results due to higher Al composition obtained in this

characterization method.

As shown in Figure 38, the outer layeramposition profile results of simulations that

were coatd at 1000, 1050 and 1190 for 4 hoursshowsmore similarity to WDS

results thahave Al rich region close to theoatingsurface Since SEMEDS results

show higher composition profile of Ni than Al in the outer layer of coating similarity

with simulationsc ou |l dnoét be acquired zagimethod.t hi s
Simulation results showed up to 15 at. % lower Cr rate imtiexlayer of thecoating
comparedo SEMEDS and EPMAWDS results for the same coating sampldse

gap between simulation aedperimental innecoating layer Cr composition found to

be slightly increasing when coating temperatues increased

The composition profile of simulations performed at POfor 4, 8 and 12 houewe
given in Figure 2. These simulation resulshowe more similarity to EPMANDS

results since EPMANVDS resultsshow an Al rich region close to coating surface
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However, SEM-EDS results showed higher composition of Ni than Al in the outer
layer of coatingThe thickness of this Al rich region showed a ldlijmcrease when
coating timewas increasedhown in simulation and WDS resul&mulation results
showed up to 15 at. % lower Cr rate in theer layer of thecoatingwhen itis
comparedo SEMEDS and EPMAWDS results.The gap between simulation and
experimental innecoating layer Cr composition found to be slightly increasing when

coating timewas increased

As shown in Figure 9, the Cr in inner layewas diffusedo theouterlayer of coating
at the amount of lessthd®at % a nd u phe toatindgs @ppledrat J4WT
for 4, 8 and 12 hours. Increasing simulation time also increased the diffusion of Cr into
the outerlayer of coating slightly. This Cr diffusion to tlwaiterlayer of coating did
not occurremarkablyat simulations performedt lower temperatures than 1200
This could be due toncreagdd i f f usi on ¢ o eNiAlwhentrecadating f Cr
temperaturavasincreasedSimilar Cr profileis seerat SEMEDS results of coatings
applied at 1100 for 4, 8 and 12 hours as givem Figure 2.8.Experimentaland
simulationcoating thickness results samples coated at 950, 1000, 1050, and 1100
for 4 hours and coateat 1100C for 4, 8, and 12 hourare givenin Table 29 and
2.10respectively.

Table 2.9: Coating Thickness Results of SEHEDS Analysis and Coating

Simulations at 9508C, 1000°C, 1050°C and 1100cC.

Experimental Results

b-NiAl IDZ Total .
0 -
Temperature®C) Thickne: Thicknes« Thi ckne: b-NiAVIDZ
950 9 7 16 1.28
1000 9 6 15 1.50
1050 17 10 27 1.70
1100 25 20 45 1.25
Simulation Results
b-NiAl IDZ Total .
0 -
Temperature’C) Thickne: Thicknes« Thickne: b-NiAIDZ
950 9 6 15 1,50
1000 11 7 18 1.57
1050 18 8 26 2.25
1100 26 12 37 2.16
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Table 2.10: Coating Thickness Results of SEHEDS Analyss and Coating
Simulations for 48 and 12 hours at 11%0.

Experimental Results
b-NiAl IDZ Total

Time (hou)  Thickne Thicknes em Thi ckne. PNA/DZ
4 25 20 45 1.25
8 38 24 62 1.58
12 45 28 73 1.61
Simulation Results
Temperature b-NiAl IDZ Total .
(hour) Thickne: Thickne: Thickne: b-NIAVIDZ
4 26 12 37 2.16
8 37 14 51 2.64
12 42 17 69 2.47

Thes i mu | aNiAl tiicknedsesvere found to beimilar to experimental results.
However, the inner layer thicknesses of coating were found to be considerably lower
than experimental results for all simulations. Increasing coating temperature or time
increased the gap between simulation and experimental inrnigrgcdacknessesA

similar trend was seen for inner layer Cr compositiomantionedobefore. Since Cr
accumulation is lower in simulation results, inner layer coating thickness was found to
be also lower.This could be due to some experimental condititimst werenot
consideredand/or assumed differentlyhile simulating surface growth and diffusion
during aluminide coating.One of this conditions the limited numbepnf elements

used in DICTRA to simplify simulations. Ignored elements in ghmeulationcould

affect the amount of Cr accumulation under the outer layer of coating. The second
reason of this error could be the linearly defined Al incorporation rate against time. In
experimental conditions, Al incorporation rate follows the parabolic law.th&mno
problem could be an error in kinetic and thermodynamic dataleifesjng the Cr

diffusion during coating.

Table 29 and 210 also showso ut er | ay er / i-NiA/mter diffusigne r rat

zone) of simulation and experimental results. Due to ldivekness of inner layer
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obtained in simulations, this ratio was also estimated to be higher in simulation results.
However, the trend of this ratio against time and temperature foundrelatgely

similar as shown in Figure 0.
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Figure 2.10: Simulation and experiment outer layer/inner layer ratio results at a)

different coating temperatures and b) for different coating periods.

Calculated Al incorporation rates were iteratively chehglightly to achieve the same
coating thickness with experimental result¥he simulated and calculated
incorporation rateare givenin Figure 211 for the experimental groups given in Table
2.5 and 26. Calculated Al rates achieved higher coating thésdses than experiment
results except the coating performed at®@Mespite the fact that calculated and
simulated Al incorporation rates were slightly differesitilar trendswere obtained

for the change in Al incorporation rate against time and tesyne.

Al incorporation rate primarily depends on coating temperature. Increasing coating
temperature from 95C to 1100C increased calculated Al incorporation rate almost
two times higher as shown in Figurel2. Thisis due to higher diffusion coefficient

of Al to substrate at higher temperatures #iaiwed higher Al incorporation to IN

738 LC substrate surface. Time hazkativelylower effect on Al incorporation rate
than temperature. Increasing time increabkestdtal amount of Al deposited on the
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substratesurface. Due to this reason Al incorporation rate is increased slightly as

shown in Figure 21L
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Figure 2.11: Calculated anderativelysimulation Al incorporation rates for

samples a) coated at different temperatures and b) for different time periods.
2.3.3 Independent Simulationfor Hypothetical Growth Condition

After Al incorporation rates were determined for related heat treatment parameters, Al
incorporation rate estimatiomas performedor hypothetical experiment parameters
independent from experiment¥wo independent simulations were performed to
estimate oating thickness and composition profile for given coating experimental
conditions. Experimental parametergiodése two hypothetal conditionare givenin

Table 2.1.

Table 2.11: HypotheticalExperimental Pa@ameters of Two Different Aluminide

Coating Operation.

Aluminide Temperature Time Pressure HCI H2 HCI Ar Internal
Coating (DA c) (h)  (mbar) Flow  Flow : Flow HCILAr Trays
Number (sccm) (sccm) H2  (sccm) (gn

. . Al-Cr
#1 1050 4 50 125 1000 1:8 250 1:2 So/50m. %
#2 1050 4 100 500 1000 1:8 1000 12 AI-Cr

50/50 wt. %
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The first experiment given in Tablel2.was performedt the same conditions with
the experiment performed at 1080in Table 25 except the pressure that was
decreased to 50 mbarhe seconaxperiment given in Table.PL wasperformedat

the same conditions with the experiment performed at®@B0Table 25 except the
HCI flow that was increased to 500 scdased on the group of experiments that was
performed to relate thgrowth rate t@xperimental parametemecreasing pressure to
50 mbar at 105 and increases total coating thickn&8% while increasing HCI
flow to 500 sccm decreases the total coating thickness 11% when other parameters
were kept constant. Based on these resulsitiincorporation rate that was used for
the experiments performed at 1060n Table 28 was increased 18% amnl@écreased
11% respectively to simulate these two experimental conditibhs. simulation
conditions used to simulate hypothetieaperimentatonditions Table 2.1) is given

in Table 2.2.

Table 2.12: Simulation Parameters of Two Different Aluminide Coating Operation.

Aluminide Base Metal

: . Time Al Growth . Node
Coating Temperature (A C) ) (em/h) Thickness Number
Number (em)

#1 1050 4 2.78 200 100
#2 1050 4 2.62 200 100

The simulationresults for composition profile of coating regiare givenin Figure
2.12.

Aluminide Coating #1 Aluminide Coating #2
(Pressure: 50 mbar) (HCI flow: 500 sccm)

cEHBEE5DHBEE
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Figure 2.12 The Simulation Results for Hypothetical Experimental Conditions

The simulation results for coating thicknese givenn Table 2.B.
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Table 2.13: The Simulation Coating Thickness Results.

Simulation Results

Aluminide Al Growth b-NiAl IDZ Total
Coating Thickness Thickness Thickness b-NiAl/IDZ
(em/h)
Number (em) (em) (em)
#1 278 22 7 28 3.14
#2 2.62 13 5 19 26

After the simulation results are obtained for hypothetical conditions, aluminide
coatingswere performed at the same conditions using chemical vapor deposition
method to investigate accuracy of simulation results. The SEM images of coating
region and EDS and WDS composition analysis results are given in Figure 2.13.
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Figure 2.13: The Experimental Results for Hypothetical Experimental Conditions

The experimental results for coating thicknass givenin Table 2.4.
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Table 2.14: The Experimental Coating Thickness Results.

Experimental Results

Aluminide b-NiAl IDZ Total
Coating Thickness Thickness Thickness b-NiAl/IDZ
Number (em) (em) (em)

#1 21 12 33 2

#2 14 10 24 1.4

As shown in Figure 22 and 2.13 and Table 23 and 2.4, simulation and
experimental results showesimilar composition profiles and similar coating
thicknessesSimilar to previous simulation results, these two simulations estirbated
NiAl composition profile and thickness relatively better than inner layer composition
profile and thickness.The inner layer t#tmess and Cr compositiowere again
estimated to be lower than experimental res@respondingly, the total coating
thickness and-NiAl/IDZ ration found to be higher than experiments as shown in
Table 2.B and 2.4. However, the simulations still achved relativelysuccesful

resultsindependenbf experiments
2.4 Conclusion

In this chapter, diffusion between substrate and coating, and surface growth during
aluminide coating application by CVimethodon IN 738 LCwas simulatedor
variouscoatingtime and temperaturesThe conclusions obtained in this chapaes

givenbelow.

1 Results of the Al substrate;NiAl -substrate and, diffusion and surface growth
modelswere comparedith experimental result.he nostcompatibleresuls
wereachieved using diffusion and surfag®wth simulationmodel.

1T Since AFI X FLUXO \as ddfirkdinr spftwareg andAlt i o n
incorporation rate calculation was necessary to perform. Calculated Al
incorporationrates were iteratively changed slightly &chieve the same

coating thickness with experimental results. A similar trend between iteratively
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simulated and calculated Ahcorporationrateswere foundfor different
aluminide coatingime and temperature

SEM-EDS and EPMAWDS compositionanalyzeresults of coating region
were comparedEPMA-WDS results showed higher Al composition at the
outer layer of the coating up to 15 at. %.

Simulation results were found to be closer to ERMWMAS results thashow
higher Al composition at the outer layer of teatingfor all samples

Outer layer thickness and composition profilwere more successfully
estimatedthan inner layer thickness and composition proiileDICTRA
simulation results.

The ticknessof the inner layer of the coatingas found to be lowethan
EPMA-EDS and SEMEDS resultsup to almost40 in simulationsand Cr
compositiorwasfound to be lower up to 15 &6 Increasing coating time and
temperature found teincreaingthese errors.

Outer layer/inner layer rate was found to be higher inukitons than
experimental results due to lower inner layer obtained in simulations.
However, the trend of this ratio against coating time and tempevedsfeund

to besimilar.

After a trendwas obtainedbetween simulations and experiments, simulations
were performedhdependent of experimaitresults. The Al incorporation rate
was calculatedor random experimental aluminide coating paramet&ssa
result, heindipenden simulation results provided satisfactory estimations of

coating thickness and agosition profile.
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CHAPTER 3

EFFECT OF HEAT TREATMENT AND CVD COATING CONDITIONS ON
IN 738 LC

3.1 Introduction

In this chapterboth experimental and simulatistudies were performed optimize
and improvelN 738 LC microstructureThe effecs varying solutionizing, CVD
aluminide coating and agimgarameterso IN 738 LCmicrostructurenverestudied o

size and volume réction, hardness, grain sizmeasurementind dendrite size
measurementesultsare given for before and after heat treatments and aluminide
coating The heat treatmen@nd aluminide coating procethat were performed to

improve andbptimize IN738 LC microstructurare shownn Figure 3.1.

Hot Isostatic Pressing
T Solutionizing
Aluminide Coating

Ts

Temperature (°C)

Te
Ta

tHIP

Time (hour}

Figure 3.1: The scheme of heat treatments and coatings applied to IN 738 LC

microstructure.

As shown in Figure 3.1, there doir stepsapplied to IN 738 LC after castingt the

end of theséour steps, th@urposevasto achieveabimodalo' precipitation and finely
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shaped MC carbideas shown in Figure 3.that are known to provide highest

mechanical properties for this mater{di2]

Primaryy* | ‘

o ‘Sécondary "

= ONLEL
HANBAT4800 10.0kV 10.6mm x10.0k SE(M)

(@) G

Figure 3.2: IN 738 LC SEM images &f) bimodalo' precipitation andb) MC carbide
[42].
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3.2 Experimental Procedure

The information aboutthe materia)] experimental setup, metallography and

characterizatiomethod are given in this section.
3.2.1 Material

In this studyIN 738 LC wasused to manufacture thislage gas turbinetor blade
asabasematerial Conventionakquiaxednvesment castingvasperformedto cas
polycrystallineIN 738 LC rotor blade Then thebladewas cut to prepare 2x2 cm
samples by electrical discharge machining &izeledby using laser marking as
shown in Figure 3.3hensamplesverehot isostatic pressed (HtB) at 1200C for
10 hours under 150 MPa pressure to remove micro porositiedotimatduring
solidification.
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Column and Row Label
—» Alloy Name
Past Operations (H: Hipped etc.)

Fa738H
1

F3738H
v

F3 738
Vi

CHIZrR=-"ZTOTMTMOON®>

Figure 3.3: IN 738 LC rotor blade cting and label methad

3.2.2 Experimental Setup

In this study solutionizing and agingoperations werecarried out at different
condtions in VAKSIS vacuum furnacthat consist of pumpsnolybdenumheaters

and cooling unitasshown inFigure 34.

Heating

Furnace Cold Chamber Cooling Pipes
Cuiller | e—
Warm
Water —_—
Ve . Q ; Mass Flow
o — Controller
DP.
Valve
0 _g Sample \
Holder
%m Gas Connection Valve

Exhaust

O Warm Water
s Cold Water

Figure 3.4: Schemeof VAKSIS Vacuum Furnace

Three pumps of VAKSIS vacuum furnaserking simultaneouslachievel 10° Torr
vacuum environment during heat treatnseahd heaterswere capable of heating
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furnaceup to 1350C. Outer and inner chambeexisted for better insulabn and
higherefficiency of the furnaceSamples were placed holderin the outerchamber
and carried to inside chamber by a pneumatic elevaar.thermocouplesxisted in
inner chamber to measure temperatae wasattached toupperwall of inner
chamberandamtheronewasattachedo holdernear to sampleS.he one on holder
was usedor tracking temperature of heat treatmeAt cooling andfurnacecooling
methods weravailableas cooling typesAr cooling method was used by pumping Ar
to inside of chamber up to 4500 sccm and increasing its circulation by a fan. The
cooling curves of Ar and furnace cooling are given in AppeilixIhe average
cooling ratesof these methodsvere measuredas 180°C/min and 20°C/min,
respectivelyln this experimental setupplutionizing and aging heat treatmewsre

performedat various temperatures, time periods and cooling rates.

Additionally, HIP operatiorwas conductedh ahigh pressuréurnace and aluminide
coatingwas performeati AT Lc Mer T echemical \@pot deposition system.

3.2.3 Simulation Method

JMAT PRO software waased to simulate microstructure evolution during various
heat treatmentand aluminide coatingN 738 LC composition, grain siz&,size and
cooling rate were usedk inputto heat treatment module of softwakéicrostructure
evolution during solutionizing, aluminide coating and aging were simulated tngng t
microstructure data of HIPedoth thicksample taken from middle section dhe
blade(average thicknesk3.25 mmin range of 17.718.5 mn) and thinsamples were
taken from leading edge of the bla@erage thicknes8.5 mmin range of 8.29.1
mm). Initial microstructure(HIPed microstructurg solutionizing temperature and
cooling rate, coating temperaturedaperiod aging temperature angeriod were
providedas input to JMAT PRO simulatioft s t i m'asizee wlunte fraction and
yield strength values were JMAT PMALDO s
comparedn this chapter with experimental resulEstimated yield strength datas
comparedwith the yield strength model results and literature tensile test findings in
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Chapter 4 The microstructure data of HIPed IN 738 Lsamplegshat were usedas

simulation inpuis givenin Table3.1.

Table 3.1: Microstructure Input Data of HIPed IN 738 LC

9' Size (nm) Grain Size Cooling Rate C/min)
Thick Thin Thick Thin Ar Furnace
Sample Sample Sample Sample Cooling Cooling
(18.25 mm) (8.25 mm) (18.25 mm) (8.25 mm) (°C/min) (°C/min)
351 325 2846 692 180 20

Thed' size and grain size measurement methods for the results given in Table 3.1, are
given under section 3.2.4.2.4 Grain Size and Dendrite Spacing Determination and
3.2.4.2.5Gamma PrimeSize and Volume Fraction DeterminationThe further
information about cooling rate is provided in section 3.2.2 Experimental Setup and

Appendix A.

Solutionizing temperature and cooling rate, aluminide coating temperature and time
period, agingtemperature and time period were entered as input to JMAT PRO.
However, JIMAT PRO was not capable of simulating the effect of solutigniizime

to microstructure, since trsoftware assumes a certain time period for solutionizing
that achieves an equiliom state of microstructureFurthermore, the cooling rates
after aluminide coating and agingrenot entered to JMAT PRO since the software
was not able to simulate these parametétewever, during comparison of
experimental and JIMAT PRO results, iassumed that the experiments and the IMAT

PRO simulations were performed at the same conditions.
3.2.4 Metallography and Characterization

All the sampleswvere exposedo conventional metallographic sample preparation.
Various characterization methods were usadvestigateheeffectof heat treatments

and aluminide coating parameters to IN 738 LC microstructure.
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3.2.4.1 Metallography

Before and after heat treatmeartd aluminide coatingperationsthe IN 738 LC
sampleswvere preparedor microstructural analysis. The metallographic preparation

consistedf steps given below.

i Casting, HIP, solutionizingzoating and agingverea continuous operations
chain Before nexjprocessvas performegdone ofthe six pars of IN 738 LC
samplewas left behind to compare before and after of a heat treatment or
coating. Therefore, samples were twyt aggressivecutting methodon the

dashed lines as shown in Fig&s.

Figure 3.5: Cuttinglinesof anIN 738 LCsample

1 Samplesveregrindedby 60 220 400, 800and1200em papersaandpolished
by 3 andl em diamond suspension.

91 Before characterization, samplesre etched with etchamtfor microstructure
analyze inscanning electron microscopgnd etchant 2 for grain size
measurementising immersion methodhe chemical compositieof these

etchantsare giverbelow.

Table 3.2: Chemical Composition of Etchants, 91]

Etchant 1 49CuSQ+20cc+HCI+20ccHO [91]
Etchant 2 33%HNQ:+33% CHsCOOH +33H,0+1%HF[4]

66



3.2.4.2 Characterization

Scaning electron microscopy (SEM), electron diffractiopestroscopy(EDS),
hardnesgesting and grain size determinatioverethe methods used to characterize

IN 738 LC samples before and after heat treatmamisaluminidecoating
3.2.4.2.1 Scanning Electron Microscopy

The microstructural characterizatiras conductedh fAiFEI Nova Nano430 Scaning
Electron Microscope freefield mode.The imagesvere takerwith an integrated
software at different magnificationSEM imagesvere usedor 2' and carbide volume

fraction and size measurements.
3.2.4.2.2 Electron Diffraction Spectroscopy Analysis

EDS (Energy Dispersive-Ray Spectroscopytudies were performagsingfiEDAX
SSD Apollol0 Detectar and AEDAX Genesis Version 6.0 Analysis Software
adapted t@iFEI Scanning Electron Microscope (SEM)

Compositionanalyze with electron diffraction spewiscopywas conducted Line
scans and mapping wensedto see whethedetectecelements can be related to the

carbides.
3.2.4.2.3 Hardness Testing

Micro and nacrohardnessestingwereperformed to see whether there was a change
of hardness in heat treatadd coatedamples iASHIMADZU HMV -G Series Micro
Vickers Hardness Tester wuseslunder 9.807 N loador micro hardness testing
whileii WI L SON Macr o Hnas uded o sandud meacro leardidess testing
under 150 kg loadAt least fve measurementwere performedor eachsample and

averagevalue was determineas shown in Figurd.6.
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Hardness Measurement Points

Figure 3.6: Hardness testing locations tire sample

After the initial measurementsvhere performed, considerablyhigher standard
deviationwas obtainedor micro hardness resultean macro hardness results taken
from thesamelN 738 LCsampleThiswas expectedince theaverageliameter of the
micro hardness measurement area found to beerBOwhile macro hardness
measurement area found to be gdb Thesediameterscomparedto an optic

microscog imageanda SEM image as shown in Figure 3.7.

30 pm

Macro Hardness Micro Hardness
Area Diameter: 745 pm Area Diameter: 20 pum

Figure 3.7: Optic microscope and SEM image of IN 738 LC that shmasro

hardness and micro hardnessasurement area diametegspectively

As shown in Figure 3.Ticro hardness measurement afieeneterarealmostsimilar
to a carbidediameterin IN 738 LC. During micro hardness measurement, particles
such as carbides might affect tinécro hardness measurement result greatly.

Macro hardnesss measuredrom a much bigger surface area that contaimigh

volume ofthe matrix. Due to this reasommacro hardness measurements achieved
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better precision and accuradjhereforemacro hardness measuremeasperformed

for all samples instead of micro hardness measurements.
3.2.4.2.4 Grain Size and Dendrite SpacingDetermination

Grain sizeand secondary dendriggm spacings determined usinghotos of samples
taken byhigh resolutiorcamerasSince the surface areaf samplesvereless tharsd
c?, only threemeasurementsereable to baakenfrom minimumfour grains, each

asymetric grain pivotted by a center.

IMAGE J softwarevas used to measure average grainisiferee different directions
asshownin Figure 3.8 Average secondary dendrite arm spacing was found using 20
measurements taken from each samplesing IMACE J software as in Figure 3.8

4541pm’ - 2025 pm

S A789 ym

e

~.
A

1000 pm &

Figure 3.8: Photoof an IN 738 LC sample taken frommiddle sectionof a turbine
blade andisedfor grain size measuremeamd secondary dendrite arm spacing

measurement.
3.2.4.2.5 Gamma Prime Size and Volume FractionDetermination

Gamma primed) volume fraction and particle sixeerecalculatedusing5 different
SEM imagegaken from thick IN 738 LC samples a8dlifferent SEM imagegaken
from thin IN 738 LC samples as shown iige 3.9.
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Thick Sample | Thin Sample

>l

Figure 3.9: Points SEM imagewere takeron thethick and thin sample.

The SEM imagesvere takenfrom different depthfrom cast surfacePrimary and
secondary 92 particl es usigiVMAGECIsaftwareasd f r om SE|
shown in Figure3.10.

b
{954

. e

AL AN T
mag 20000

Figure 3.10: SEM image and IMAGE J analyze result that calculateamberof o'

particles.

Secon'dwarzye x ange was determined t'sizebe at | ea:
range. These particles were counted separately using IMAGE J software. Calculated

area fractions were used to calcul ate vol ume
particles by assuming the particle shapes are square or spheneasurements were

taken from each SEM image to obtain average primary and secahgariclesizes.
3.3 Heat Treatment Plan

Several heat treatmerdad aluminide coating experimemtgreperformedat various
conditionsfor IN 738 LC sampleDifferentexperimengroupswere formeds shown
in Table3.3

70



All the samples used in A, B and C experiment groups were HIPed £iC121010
hours under 150 MPa pressure. Effect of HIP to IN 738waS also investigate

individually in this chapter.

Table 3.3: Heat Treatmers&ind Aluminide Coatindlanfor DifferentSample

Groups.
Heat .

Treatment Solutionizing Pacrg?:gtgers Aging
Group Parameters Parameters
Name

1 2 3
1080C-
1100°C)
=)
g 1120°C
% 1000°C-20h 1050°C- 1100°C-
GROUP A o) 1150°C F.C. 16hF.C. 12hF.C.
O (7°C/min) (7°C/min) (7°C/min)
e 1180°C
N
1200°C
1235°C No aging
, Ar C.
O .
S < (18C°C/min)
N
= F.C.
(20°C/min)
. Ar C. ,
) (18C°C/min) 1000°C-20h | 1050°C-16h 1100°C-
GROUP B Q& F.C. F.C. 12hF.C.
o F.C. (7°C/min) (7°Cimin) | (7°C/min)
(20°C/min)
, Ar C.
g < (18C°C/min)
9 F.C.
(20°C/min)
1000°c-20h | 10500c- | 1LO0°C-
F.C 20hF.C 200 845°C-24h
. e ; F.C ;
GROUP C 11(210g(CPC2/rr;iAr:)c. (°Cimin) | (°Cimin) | ooy | AvC
(180°C/min)
No coatingapplied.
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The location of samplegsed ineachexperimentgroup is shownin Figure 3.10.
Sample group Wvas usedn heat treatment group &hdsample group X was used in

heat treatment group Bample groupY and Zwere usedn heat treatment group C.

12345678
A Group Name Average (mm) Range (mm) Colour
B
c
E Group W 17.5 16.5-19.2 E—
F
G
i“ Group X 105 18.1-21.3 e
J
K .
p Group Y (thick 1825 17.7-18.5 —
R samples)
T
v -
Group Z (thin 83 £.2-01 |
samples)

Figure 3.11: Locationof samplesused ineachheattreatmengroup.

After the solutionizingoperation samplesvere cutby aggressiveuttingmethod

andeachpiece of sample wasasusedasshownin Figure3.12.

/ GEELE ———» Before Heat Treatment

Solutioniang ¢ FEREE

“Hl

el ——>  Solutioniang+Coating2

F3738H

Solutionizng+Coatingl <«——— &2 ——» Solutionizng+Coating3

Figure 3.12. Sample aitting method
Details of each experiment groapegivenbelow.

Group A: 7 IN 738 LC samples were used in Group A with the average thickness of
17.5 mm and in the range of 16.519.2 mm. The samples at this growpere
solutionizecat different heat treatment temperatures 10800, 1120, 1150, 12@dd
1235°C for 2 hoursandAr cooled(18(®C/min). Then each samplevas cutas shown

in Figure3.12 and each pieceascoatedat different conditions given ak000°C-20
hours 105(C-16 hours and 1100C-12 hours (furnace coole€/°C/min).
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Microstructure characterization of samples were performed before and after

solutionizing andaluminidecoating

Group B: 6 IN 738 LC samples were used in Grdaipvith the average thickness of
19.5 mmin therangeof 18.1-:21.3 mm The samples at this growgeresolutionizedat
1120C for 1, 2 and 4 hours usindgpoth Ar (180°C/min) and furnace cooling
(20°C/min). Then each sampl&vas cutas shown in Figur8.12 and each pieceas
coatedat different conditions given as 1020 hours105¢C-16 hours and 110G-
12 hours(furnace coole€/°C/min). Microstructure characterization of sampigas

performedbefore and aftesolutionizing andaluminidecoating.

Group C: 8 IN 738 LC samples werused in Group Gl of them were taken from the
thick middle sectiorpart(average thicknesk3.25 mmand in range of 17-18.5 mn)
while the other 4 were taken from theading edgegverage thicknesa5 mmand in
range of 8.29.1 mm)of theIN 738 LC rotor blade The samples in this groupere
solutionizedat 1120C for 2hours and Ar(180°C/min) cooled Then samples were
groupedby 2, includingonethick andonethin samplen each group3 groupswere
usedin coatingexperimers, andeachgroupwas coateét different conditions given
as 1000C-20 hours 105C°C-16 hours and 110G-12 hoursNo coatingwasapplied
tothe 4. group. Finallyboth coated and uncoated samplese agedt 845C for 24
hoursandAr cooled (180°C/min).

Samples solutionized at various temperatures for different time periods and with
different cooling rates werall coated at 100C-20 hours, 105®-16 hours and
1100C-12 hours by using chemical vapor deposition method to investigate
microstructure evolutiorduring aluminide coating The purpose of performing
coating operations at 108020 hours, 105-16 hoursand 1100C-12 hours was to
acheve same coating thicknesd different coating temperaturesSince coating
thickness is proportional to coating temperatuweating operations with lower
temperaturewere performedfor longer time durations The other exp@mental

parameters were constant for all three coatingatjwas as given in Table 3.4.
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Table 3.4: Experiment Parameters of CVD Aluminide Coating Operations.

Temperature  Time Pressure HCI Flow  H2 Flow HCI:H2 Ar Flow HCLAr
(AC) (hour) (mbar) (sccm) (sccm) Flow (sccm) Flow
Rate Rate
1100 12 100 125 250 1:2 250 1:2
1050 16 100 125 250 1:2 250 1:2
1000 20 100 125 250 1:2 250 1:2

Coating region SEM images samplesoated al000°C-20 hours, 1058C-16 hours,
and 1100°C-12 hours,and thicknesses aboatingouterlayer @-NiAl zong andthe

innerlayer (interdiffusion zondDZ) are givenin Figure 3.3.

Aluminide Coating SEM Images

100C®C-20 hours Aluminide
Coatin

1Bz

Substrate
IN738 LC

mag 2000

Quter Laygr -
bz ST e

24¢m}

1050C-16 hours Aluminide
Coating

Outer Layer 36 SmI

T 15 smI
Substrate
IN 738 LC

mag 2000

1100°C-12 hours Aluminide
Coating

Substrate

IN 738 LC

mag 2000 50em

Figure 3.13: Coating region SEM images of samptesmted al000C-20 hours,
1050°C-16 hours and 110T@-12 hours.

As itis shownin Figure 313, the coatinghickness achieved at 11for 12 hours is
twice as big as at 1080 for 20 hours. Although longer time periodsre usedor
lower coating temperatures, same coating thickness for three diftereitiors was
not achievedThe desired coating thickresvas at least 76ém. 1100°C-12 hours
aluminide coating achieved this thicknesfowever, the coatings performed at
1000C-20 hoursand 1050C-16 hourscouldht achieve 70 em. The time periods of
these two coatings were not kept longer sin€&/® aluminide coating over 20 hours
is not desirableand a dramatic microstructure chamngas not expectefibr coatings

performed for longer time periods thaé hours
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3.4 Results and Discussion

The response of IN 738 L@icrostructureto hot isostatic pressingsolutionizing,
coatingand agingis presentedvith some varying experimentgarangtersin this
section 9' and carbide characterizations, grsire and hardness measurementse
performed before and after heat treatmenssd aluminide coatingto track
microstructural changeuring these processeBVIAT PRO microstructure evolution
simulations were performed and simulation resultswere comparedwith

microstructural findings of experiments.
3.4.1 Effect of Hot Isostatic Press to IN 738 LC Microstructure

Hot isostatic pressvasapplied to IN 738 LC samples at 12Q0for 10 hours under
150 MPa pressurdt.is the first heat treatment applied to IN 738 LC microstructure as

shown in Figure 34.

E
o
2.
g
3
®
o Hot Isostatic Pressing
T, Solutionizing
g T S22 Aluminide Coating
£ == Aluminide Coati
g T 1 \ I 1
T I \ I )
C i \ 1 \ Aging
T, ! oy g m \ FTTe
I v Vo
1 W] 13 I\
e ! 1 v te i ta 1
L M [ »
Time (hour)

Figure 3.14: Thescheme of heat treatments and coatings applied to IN 738 LC

microstructure.

Effect of HIP to IN 738 LC microstructure was investigatedmparing the
microstructures ofwo HIPed and two cast samples with similar thicknesSese

sample locations are shown IN 738 LC turbine blade in Figure 3.15.
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Figure 3.15: Location of samples that were used to study the effect of HIP.

porosities decreasesimilarly to literature findingsafter HIP operation [36, 37, 38,

Figure 3.16: Optic microscope images of IN 738 LC before and after. HIP

6s

Since the primary reason to apply HIP is decreasing the number of cavities, initially

density of porosity was investigated shown in Figure 3.1&ize and density of

39, 40] However, there are still some porosities laftsmaller scaleghat shows
similar characteristis to gas poresJ.C. Beddoes and W. Wallace also reported that

HIP operation for IN 738 samples at 120Qunder 100 MPa pressuraléd to close

SEM images of as casto samples were compareah HIPedsamples (with similar

thicknesses) as shown kigure 3.17. Averaged' size and volume measurement of

resul

HIP primary?2' its sizewas increasedbout 25 nndue to coarsening36] Secondary

t s,



J'is dissolved intahe matrix as Wanygao et. al reportedringHIP. [38] Due tothe
disappearancef secondary' after HIP,total 9' volume fraction was deceaedas
given in Table3.5. To recoverfrom thesedetrimental effects of HIFsecondary heat

treatmentgsolutionizing and agingyere appliedo IN 738 LC sample

As Cast HiPed
€ €
S S
™~ ©
=t 5
b ™
@ o
Q. Q.
IS IS
@ ©
] n
€
: £
n <
5 5
N <
@ o
Q. [oR
S = ,
C"‘S 8 WA
YR
23558
mag 20000 mag 200000
Figure 3.17: SEMimages oss cast and HIPedamples
Table 3.5: 9 Size and Volume Fractioof As Cast and HIPed Samples
As Cast HIPed
Primary Secondary Primary Secondary
Size | Volume | Size | Volume Size V.E Size | Volume
(nm) | Fraction | (nm) | Fraction (nm) | (nm) | Fraction
Sample 1 Sample3
(17.7mm) 332 0.37 108 0.11 (17.6mm) 359 | 0.44 - -
Sample 2 Sample4
(17.5mm) 321 0.32 96 0.14 (17.5mm) 342 | 0.38 - -

Hardness and grain size measurement results of sam@gegivenin Table 3.6.

Hardness is directly proportional to'
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PostHIP microstructure showed lower hardnesthan as cast samples due to
secondathgtdeacasepatr ali cd'esvol ume

dissolutiono f

Table 3.6: Hardness and Grain SipéAs Cast and HIPed Samples

Hardness (HRC) Grain Size E€m)
Sample # As Cast Sample # HIPed Sample # As Cast Sample # HiPed
Sample 1 Sample3 Sample 1 Sample3
(17.7mm) 46 (17.6mm) 41 (17.7mm) 2442 (17.6mm) 2617
Sample 2 Sample4 Sample 2 Sample4
(17.5mm) 44 (A7.4mm) 43 (175 mm) 2122 (17.4mm) 3075

IN 738 LC generally hasoarse grainThe HIPing temperature for IN 738 LS
generally preferreébove theo' and MsCs/MeC solvustemperature but preferably
below the MCsolvustemperaturesince MC carbides prevent rapgdain growth.
Rapid grain growtlprovides less area torin carbides, thatsultsin film like carbide
chainsthat are detrimentdbr mechanical properties e material Additionally, the
larger thegrain, the lower the grain strengtheningmaterial Koul et. al reported that
rapid grain growth in IN 738C starts at 122% [92]. As shown in Table.6, there
wasa slight increasen grain size after HIP at 1200 for 10 hours under 150 MPa

pressure

3.4.2 Effect of Solutionizing to IN 738 LC Microstructure

Effects of solutionizing time, temperature and cooling rate to IN 738wete
investigatedn this sectionSolutionizing is thesecond heatreatmentapplied tolN

738 LC as shown in Figu®18.
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Figure 3.18: The scheme of heat treatments and coatings applied to IN 738 LC

microstructure.
3.4.2.1 Effect of Solutionizing Temperature

Various solutionizingheat treatmeniemperature¢Table 3.3Group A)were applied
to HIPed IN 738 LC samplds investigatehe effect of solutionizing temperature on
microstructure The solutionizing temperatuveas changein betweenl0801235C

and other parametewgere kepconstant as shown in Tal8e7

Table 3.7: ParameterfJsed tolnvestigate Effect of Solutionizingemperature

HIP Condition Solutionizing Conditions
TemperatureC) 1200 Temperature®C) 11;88?1;(1)022332(1)23
Time (h) 10 Time (h) 2
Cooling Type and .
Pressure (MPa) 150 Rate (C/min) Ar Cooling-180

The location of samples used ireiesolutionizing heat treatments shown on IN
738 LC rotor blade in Figure 3.19

ABCDEFGHIJKLMNTU

Colour Average Thickness
: Thicknesgmm) | range(mm)
: — 17.5 16.519.2

Figure 3.19: The lbcation of samples thateresolutionizedn between 1080
1235C for 2 hours.
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The representative SEM images of eaample after solutionizing givenin Figure

3.20.

Before Solutionizi

mag 20000

1100°C

i mag 20000

mag 20000

1120°C

m.a;j QOhDD

1180°C

mag 20000

1200°C

mag 20000

1235°C

Figure 3.20: SEM imageof IN 738 LC samples aftesolutionizingat various
temperatures between 10801235°C for 2 hours (Ar cooled 8C0°C/min).

As it is shownin Figure 3.20, bimodad' structurewas foundafter solutionizing
performed at 1080, 1100 and 1%20vhile theunimodalstructurewas foundat 1150,
1180, 1200 and 1286.

Primary o' found to be <cuboi dal and second

solutionizingat 1100 and 112C. Bot h
solutionizing at 108®. However,it is possible to sethe beginningo f

primary and secondary 9o

primary 2°'
shape tansformation from spherical to square at Pa88olutionizingtemperature
Solutionizingsat 1150, 1180, 1200 and 1285resulted with only spherical unimodal

0 particles.

Primary and secondapysizeand volume fraction of the as cast, HIPed sampleasb
samples solutionized between 10BEB3C for 2 hours and\r cooled(180°C/min)

are givenn Figure 3.21.
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Figure 3.21: Primary and secondapysize and volume fraction of as cast, HIPed
samples, and solutionized samples at various temperatures betwe®n-19885C
with representative SEM images
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The 1080C solutionizing temperature found to be too low even for partial
solutionizing.It only decreased volume fraction slightly sincedi dndét di ssol ve i
thematrix at this temperature. However shape was changed ird@pheredue to the

increase in2-0' mismatch and cornatissolution of thed' particles during heat

treatment

The solutionizingat 1100 and 112Q acquired bimodal microstructure withfine
dispersion of secondarg' precipitates. However, slightly bigger primary and
secondary' were obtainedt 1120C. A similar bimodal microstructure was found by
Yun et. al ad Jeong Min Kim et. al after the same solutionizing conditions performed
at this temperatur@?2, 43] Solutionizing temperatures at 1280and above acquired
increased dissolution af particles and formation of unimodal microstructure.
However, Anurag Thakur found bimodal microstructure at 3@58nd obtained
unimodal structure at 1176 for IN 738 [20]. This could be due to a different initial
microstructure solutionizedr the different ype of furnaces used to perform

solutioniang studies

Highest bimodal volume fractiowas achievedt 1120C. Above 11586C increasing
temperature resulted in stable unimodakize and volume fractiorAs shown in
Figure 3.21 secondany fraction is higner than primary fosolutionizingsperformed
only at 1100C and 1120@C which is an advantage sinbemogerously distributed

smallerd’ particles provide higher yield strengthening

Hardness measurement results of as cast, HIPed samples and saiupiesized
between 108A235C for 2 hours andér cooledare givenin Figure 3.22.
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Figure 3.22. Hardnes®f as cast, HIPed samp)esd solutionized samples at

various temperatures between 1880235C.

The hardness results were f oresnl higher be s
solutionizing temperatures provided lower hardness due to softeffi@agof primary

J' disappearance arglight decrease in total volume fractionat temperatures above
1150C [20].

Grain size measurement resultsasfcast, HIPed samples and samples solutionized

between 1080.235C for 2 hours anér cooledare givenn Figure3.23.
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Figure 3.23: Grain sizeof as cast, HIPed sampjesd solutionized samples at

various temperatures between 1880235C.
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The resultshows that therewas two considerable increase in grain size during
solutionizing heat treatments. @Hirst one was during HIP operation due to high

temperature ankbng periodof this process, at 12080 for 10 hours under 150 MPa.

The second considerable increase occurred where materials microstructure changes
from bimodal to unimodal in betwedri201150C solutionizing temperature range.

This was expectedue to thedisappearancef coarse primary' particles thablock

the movement of grain boundaries above 2C20T his effectwas also seeim studies

of Koul and CastiiicandAnurag Thakuf20, 38]

3.4.2.2 Effect of Solutionizing Time Cooling Rate

Solutionizing treatmest at varying conditionsvas applied toHIPed IN 738 LC
samplesto see the effect of solutionizing timend cooling rateon IN 738 LC
microstructureThe experimental parameters used for this purposgivenn Table
3.8.

Table 3.8: Parameters Used to Investigate Effect of Solutionizing Time and Cooling

Rate
HIP Condition Solutionizing Conditions
Temperdure CC) 1200 Temperature®C) 1120
Time (h) 10 Time (h) 1,2, 4
Cooling Type and Ar Cooling-180
Pressure (MPa) 150 Rate fC/min) FurnaceCooling-20

The location of usedamples on IN 738 LC rotor blade givenin Figure 3.2.

ABCDEFGHIJKLMNTU

! Colour Average Thickness
§ Thicknesymm) | range(mm)
: == 19.5 18.1-21.3

Figure 3.24: The location of samples thatere solutionizeét 1120C for 1, 2 and 4
hoursusing Ar(180C/min) and furnace coolin@20°C/min).
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Therepresentative posilutionizing SEM images, arndsize and volume fraction of

each samplare givenn Figure 3.25.
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Figure 3.25: SEM images, and primary and secondamize and
volume fraction after 1, 2 and 4 hours solutionizing time periods, ¢
1120C and with Ar (1860C/min) or furnace cooling (2@/min) rates.
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Hardness and grain size me@suent resultare givenn Figure 326 and Figure 3.27.
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Figure 3.26: Hardness ofamplesfter 1, 2 and 4 hours solutionizing time periods
at 1120C and with Ar (180°C/min) or furnace (20°C/min) cooling rates.
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Figure 3.27: Grain sizes of sampledter 1, 2 and 4 hours solutionizing time periods
at 1120C and with Ar (18CC/min) or furnace (20°C/min) cooling rates
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Effect of Solutionizing Time

As it canbe seenn Figure 3.25, precipitation arabalescencef primaryd' were not
completedfor solutionizingsperformed for 1 hour and particles were coarsened

whenthe solutionizingtime was increased similartoJeelg n Ki m ets. al 0s
[43].

The?d' site and volume fraction are given in Figure 3.Ri&reasing solutionizing time

slightly increased the' size and decreased thieszolume fraction. This trendias also

seenin Jeong Min Kimo6s [48]t Mach deersasevird’ tolaomel N 7 3 8
fractionwas seenvhenthe solutionizingtime was increasettom 1 to 2 hours rather

than 2 to 4 hours.

Hardness and grain size of samples thate solubnizedfor different time periods
and cooling rategre givenin Figure 3.3 and 3.Z. Increasing solutionizing time
decreased volume fraction and increasetsizes. Therefore, increasing solutionizing
time decreased the measured hardrBEss.ncreaein solutionizing timeresulted in
increase ingrain sizes as shown in FiguBe27, since grain size is proportional to

solutionizing time.

Similar trendsvere seeffior samples against solutionizing time either theyfameace
or Ar cooled. Effect of cooling ratafter solutionizingo IN 738 LCwas discusseih

next section.
Effect of Solutionizing Cooling Rate

As it can be seen in Figure 3.2&s,c ool i ng ac hd 'evmidseduldinghler o

in the cuboidal primary and sphericele condary 0 shapes whi |
achieved irregularly shapedOnlythe furaacey and
cooling used after 4 hours of solutionizing achiekaddtively finer shapeg r i mar y o'
particles.This couldbe due to longer solatnizing time period resulted in increase of

2-0 mi smat ch.
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Effect of solutionizing time and cooling rai@ ' size and volume fractioaregiven

in Figure 326 inprevioussectionSi mi | ar t o Guzman et . al 6s fin
rate achieved finelyreped smaller primary and secondarparticle sizes and lower

total volume fraction ofd' [44]. In contrary, these findings were different in
Behrouzghaemi et . al 6s findings that report s
size[41].

Hardness and grain size of samples tiate solutionizedfor different time periods

and cooling rateare givenin Figure 3.5 and 3.7 in the previoussection.Similar to
Anur ag Th ak tumace codlingachieved gigher hardness valukan Ar
cooling Thisis dueto higherd' volume fraction inmicrostructureof furnace cooled
sampla [20]. Grain sizes were found to be higher for furnace cooling samples due to

longer time that furnace cooling provided during cooling.

3.4.3 Effect of Varying Solutionizing Parameters in Combine withVarying

Aluminide Coating Temperature

The samples solutionized \arious temperatures, times and cooling rates (Table 3.7
and Table 3.8) were all aluminide coated at 20880 hours, 105®C-16 hours and
1100°C-12 hours (furnace cooled®°@/min)using chemical vapor deposition method.
Aluminide coating is the thirgrocess applied to IN 738 LC as shown in Figug8.3.

Hot Isostatic Pressing

Solutionizing . B
Aluminide Coating

Temperature (°C)

Time {hour)

Figure 3.28: The scheme of heat treatments and coatings applied to IN 738 LC

microstructure.
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The response of the IN 738 L@icrostructureto aluminide coating was greatly
different depending on initial microstructure that was formed by solutionizing
conditions. Therefore, the effect of aluminide coating to IN 738 LC microstructure was

investigated separatelygr each different solutioniag sample group

3.4.3.1 Effect of Varying Solutionizing Temperature in Combine with Varying

Aluminide Coating Temperature

The pstcoatingmicrostructure is directly affected from the initial microstructure that
wasformedby solutionizing applied beforuminidecoating operatioriThe samples
solutionized at different temperatures (Table 3w8re coatedat three different
conditions as given in Table 3.9.

Table 3.9: Parameters dbolutionizing andCoaing at Varying Temperatures.

HIP Condition Solutionizing Conditions Alurgg]rl%?ticolr?stmg
1080, 1100, 1120,

Temperature®C) | 1200 | Temperature®C) 1150, 1180, 1200,

1000°C-20 hours
1050°C-16 hours

1235
Time (h) 10 Time (h) 2 1100°C-12 hours
Cooling Tvpe and (Furnace Cooling
Pressure (MPa) | 150 9P Ar Cooling-180 7°C/min)

Rate C/min)

The locatiorof usedsamples on IN 738 LC rotor bladeshownin Figure 329.

ABCDEFGHIJKLMNTU

: Colour Average Thickness
5 Thicknesymm) | range(mm)
: [ 175 16.519.2

Figure 3.29: The location of samples thaere solutionizedh between 1080
1235C for 2 hours and aluminidmated

Thepostsolutionizing and postoating SEM images of IN 738C samples thawvere

solutionizedand coatedt different temperaturese givenn Figure3.30.
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108C0C

1100C

1120C

1150C

118C0C

1200C

123%C

Before Coating
(PostSolutionizing)
SEM Images

Coating Conditions andPostCoating SEM Images

1000C-20 hours
F.C. (7C/min)

105CC-16 hours

F.C. (7°C/min)

1100C-12 hours
F.C. (7°C/min)

Figure 3.30: Postsolutionizing and postoating SEMmages of

samples thatvere solutionizedat various temperatures between
1080°C-1235C for 2 hours (Ar cooled 8C’C/min).
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As it is shownin Figure 3.8, the samplesolutionized at 1080, 1100 and 1220

showed bimodal microstructure after all coating operations.

The sample solutionized at 1P&0and coated at 10%0-16 hours also showed
bimodal structure. However, the other samples et solutionizect 1150, 118,
1200 and 123% showed unimodahicrostructureafter all coating operations. Pest
coating bimodal microstructures showed cuboidal primary and spherical secandary
profile while postcoating unimodal microstructures showed both cuboidal and

sphericab’ particles.

Postcoating primarya n d s e ¢ o n daaergiwen in'Figuse3.34 and volume

fractions are given Figure 3.32.

Increasing solutionizing temperature betwdd80112C°C, increased primary and
secondar y -ooatingsmicrostructuse Hqvevertabove 112G, increasing
solutionkzing temperature decreased posating primary o ‘particle sizes due to

bimodal to unimodal structure transformation.

Hi ghest prwasaahieyedfter coasnpppptedat 1100C-12 hours for the
sampla thatweresolutionized below 115C (bimodal region)while at 1156C and
above solutionizing temperaturésnimodal region) h i g Wwas adhievedifter
coating at 1058C-16 hours. Based on these resultsywéts obtainedhat bimodal
microstructuresncreasetheir sizegreatly after coating applied &4100C-12 hours
while unimodal structures increase it only slighflis could be due to different
behavior of coar spmnides with differertt sizesi andnstruttures
at temperatures cde to solutionizing.

In postcoating microstructures of the samples solutionized above°C12thly

S e ¢ 0 n'gaaticlgis achievedit 1150C solutionizing followed by 105C€-16 hours
coating.Thisc oul d be due 'dize achiaveyn ths sampiethayallows
t he s e cdeterthination thawvas precipitatect lower sizes.
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Figure 3.31: Postsolutionizing andpostcoatingprimary andsecondaryo' sizes
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As shown in Figure 3.32,ighest primary and secondagy volume fraction was
achieved after coating at 10120 hours, followed by 108C-16 hours and 110G-
12 hours respectively for the samples thate solutioized below 1150C (in the

bimodalregion).

Above 1150C solutionizing temperature (innimodalregion), highest primary'
volume fractionwas achievedafter coating at 100C-20 hoursfollowed by 1100C-
12 hours and 105Q-16 hours respectivelyfhis is due to highen' size and higher
area ofPFZ (article free zoneachieved after the coating performedl860C-16

hours in thaunimodalregion.

Primary postcoatingd' volume fraction was slightly higher for samples solutionized
above 1158C than belowthis temperature. In bimodal region (solutionized below
1150C), total2' volume fractionwas derivedrom both primary and secondany
particles. However, irunimodal region (solutionized abovell%D), total o' was
derived from only primary' particles.Since theravereno secondary' particles in

this region, primary' volume fraction found to be higher.

The postcoating samples solutionized below 13G&Ghowed higher total' volume
fraction due to existence and volume fraction contribution of skrgr' particles

below this temperature.

Postcoating hardnessneasurement resultsf samples thatvere solutionizedat

different temperaturesregivenin Figure 333.
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Figure 3.33: Postsolutionizing and postoating grain size of samples thagre

solutionizedat various temperatures between 1B0235C.

Postcoating microstructures showed higher hardness thatsphsgionizing due to
increasd o ' v 0 | u nedter dlumanidecoatiogiHighest hardness was achieved
after the coating at 1000-20 hours, followed by 1058C-16 hours and 110Q-12
hours respectively for the samples solutionized below T1%06imodal region), due

to decreasing' volume fraction in the same order.

The hghestpostcoatinghardness of sampleshieved after aluminate coating applied
at 1000C-20 hours, followed by 110C-12 hours and 108C-16 hours for the

samples solutionized abo®@5CFC (unimodal region)

1100C-12 hours postoating sample sha¥d most similar microstructure tgost
solutionizing However it had slightly highera' volume fraction. Thereforehe post
coatinghardness ofhis coating parameteneasured to be slightly higher than post

solutionizing.

The pstcoatingmicrostructureof 1050°C-16 hours condition showdugherd' size
andlower 9' volume fraction than 110Q-12 hours coating that caused even lower
hardness values tie measuretbr 1050C-16 hours postoating microstructure.
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Postcoating grain size of saples thaiare solutionizedt different temperaturesme
givenin Figure 334.
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Figure 3.34: Postsolutionizing and postoating hardness of samples thatre

solutionizedat various temperatures between 1UB0235C.

The grain size of postoating samplesolutionizedbelow 1120C found to be lower
than the samples solutionized above this temperafire main increase in pest
coating grain sizevas achievedbove 1128C solutionizing temperaturdue tothe
disappearancef primary?' particles. Primary' is known to pin the grain boundaries
and disappearance thiis particleknown to cause rapid grain growth. This effeets

mentionedn Koul and Castilb6 andAnuragThaku® studies][20, 38]

Highestpostcoatinggrain sizewas obtainedafter the coating operation applied at
1100C-12 hours, followed by 108C-16 hours and 100Q-20 hoursrespectively
However,therearefew exceptions as shown in Figure8. Sincehigh temperature
was balancedtby low time period of aluminidecoatingprocessthe grain sizesvere
measured to be quite close the each other.
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3.4.3.2 Effect Varying Solutionizing Time and Cooling Ratein Combine with

Varying Aluminide Coating Temperature

The pstcoatingmicrostructure is directly affected from the initial microstructure that
is formedby solutionizingappliedbefore coating operatiomhe samples solutionized
for varying time periods and with difient cooling rates (Table 3.8) were coated at

three different conditions as given in Tabl&G3.

Table 3.10: Parameters of solutionizing for varying time periods and cooling rates,

and coating at varying temperatures.

Aluminide Coating

Rate ¢C/min)

Furnace Cooling20

HIP Condition Solutionizing Conditions i
Conditions
Temperature®C) | 1200 | Temperature®C) 1120 1000°C-20 hours
Time (h) 10 Time (h) 1,2, 4 1050°C-16 hours
. . 1100°C-12 hours
Pressure (MPa)| 150 celling Iiee e Al Coelling e (Furnace Cooling

7°C/min)

The location olusedsamples on IN 738 LC rotor blagdeshownin Figure 335.

ABCDEFGHIJKLMNTU

Figure 3.35: The locations of samples thaere solutionizeadt 1120C for 1, 2 and

The postsolutionizing andpostcoating SEM images dhese sampleare showrn
Figure 336. Thesamples solutionized at 11%ZDfor 1, 2 and 4 hours followed by Ar

(180C/min) and furnacg2°C/min) c oo | i n g

their postcoatingcondition similar to their postsolutionizingmicrostructuresThe

effect of solutionizing cooling rate anine periodto postcoatingwasinvestigated

1 Average Thickness
3 Colour Thicknesgmm) | range(mm)
: = 19.5 18.1:21.3

4 hours, and aluminideoated

under different subtitleat the end of characterizatioesults
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Before Coating
(PostSolutionizing)
SEM Images

Coating Conditions and PostCoating SEM Images

1000°C-20 hours-F.C.
(7°C/min)

1050°C-16 hours-F.C.
(7°C/min)

1100°C-12 hours-F.C.
(7°C/min)

1 hour

Ar C.(18C°C/min)

F.C. (20°C/min)

2 hours

Ar C. (18C0°C/min)

F.C. (20°C/min)

mag 20000

4 hours

Ar C. (18C°C/min)

F.C. (20°C/min)

Figure 3.36: Postcoatingand mstsolutionizingSEM images of samples

thatweresolutionizedfor 1, 2 and 4 hours, Aar furnace cooled.
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Postsolutionizing andpostcoating primaryand secondary ', amdzvelume

fractionsof these sampleare given in Figur8.37 and 338 respectively
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SEM images after coating at 12812 hourgSolutionized at 112C-2 hour§
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Figure 3.37: Postsolutionizing and postoating primary and secondasysize of
samples that were solutionized at 1%2@or 2 hours, Ar (188/min) or furnace

cooled (26C/min), and aluminide coated at 1000, 1050 and %2 @@mperatures.
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Figure 3.38. Postsolutionizing and postoating primary and secondany volume
fraction of samples that were solutionized at 2C2for 2 hours, Ar (18%/min) or
furnace cooled (ZC/min), and aluminide coated at 1000, 1050 and %0i
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Postsolutionizing angostcoatinghardness and grain size’ o thesessampleme
given in Figure3.39 and 340respectively.

Ar Cooled (180C/min) Furnace Cooled (2@/min)
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Figure 3.39: Postsolutionizing and postoatinghardness asamples thatvere
solutionizedat 1120C for 2 hours, Ar (188/min) or furnace cooled (AT/min),
and aluminide coated at 1000, 1050 and 2C00
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Figure 3.40: Postsolutionizing and postoating primary and secondagyainsize
of samples thatvere solutionizeét 1120C for 2 hours, Ar (18%/min) or furnace

cooled (20C/min), and aluminide coated at 1000, 1050 and %2.00
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Effect of Solutionizing Time

Theincrease in solutionizingime periodresulted in increasgafimaryand secondary

) sni ppseésslutionizing andaccordinglypostcoating microstructures (Figure

3.37).Thisis due to longer coarsening time provideddqgrarticles.

Increasing solutionizing time decreased primary and secondaojume fraction in
postsolutionizing andaccordingly postcoating microstructuresThe increasein
solutionizing time also increase¢ke amount ob' particles dissolved in the matrix.
Therefore,PFZ areawas increasednd 9’ volume fractionwas decreasedt longer
solutionizing timegFigure 3.38).

Increasingsolutionizing time in both Ar and furnace cooled samples decrgestd
solutionizing andpostc o at i ng hardness due to decreasi ng

i ncr ea s inthegir mictostrgciure e

Hence, thegrain size is proportional to heat treatmetitne period increase in

solutionizing timeresulted in increase gfain sizes.
Effect of Cooling Rate

The samples Acooled after solutionizindpadlowero 6izeand volume fractiorthan
furnace cooled samples their postsolutionizingand postcoating nicrostructures
(Figure 3.37and 3.38. Furnace cooling allowddngerperiod of time&or precipitation

and growth (coarsening) compareddiocooling. Thereforey' volume fraction was
found to be higher for furnace cooled samples after solutionizing and accordingly
coating.

Samples that were furnace cooled after solutionighmgvedhigher hardness than Ar
cooled samples in their pesplutionizing angostcoatingmicrostructurs. Thiswas
expectedd u e t o 'vblumg fraetion o furnace cooled samples compared to Ar

cooled samples.
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Furnace cooled samples achieved slightly higher grain size since it allongea

period of timeto increase in grain size dugrtooling.
Effect of Coating Temperature

Hi ghest pri mar y veasathieseafteocoating applieddt 1184 z e
12 hours, followed by 108CQ-16 hours and 100Q-20 hours.Highest primary and

s econdar yfractionwas achievedéter coaing applied at 100C-20 hours
followed by 1050C-16 hours and 110Q-12 hoursIncreasen coating temperature

resulted in increase obcoarseninga n d d e c rpee@pdationo f 0

Highest postoating hardneswas obtainedhfter coating performed at 10020
hours, followed by 105-16 hours and 110CQ-12 hours respectivelyThis was
expecteds i nce i ncreasing coatsSizagnd ednper ad e @

volume fraction.

Highest postoating grain sizevasfoundafter coating performed at 1112 hours,
followed by 1050C-16 hours and 100Q-20 hours.However, results were pretty
close to each other since higher coating temperatascbalanceavith shortertime

period

3.4.4 Effect of HIP, Solutionizing, Varying Aluminide Coating Temperatures
and Aging to Thick and Thin Samples

I n this section, the purpose was to inve
microstructure against heat treatments and aluminide coatings. Additicaftltof
agingwas studeédoncoated and uncoated samples. Agstfe fourth and last process

applied to IN 738 LC samples shown in Figure 3.41
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Figure 3.41: The scheme of heat treatments and coatings applied to IN 738 LC

microstructure.

IN 738 LC samples thatere takerfrom thick middle sectiotfin rangeof 17.718.5
mm, average 18.25 mnandthin leading edge of the turbine blafle rangeof 8.2
9.1 mm, average 8.5 mmyere HIPed, solutionized coated and aged at given

conditions in Table 3.11.

Table 3.11: Heat Treatment and Coating Parameters for Thick and Thin Samples

HIP Condition Solutionizing Conditions Alum|n|d<_a _Coatlng Aging Condition
Conditions
Temperatur) 1,5, | Temperatre| 4,5, 1000°C-20 hours
e (C) (C)
Time () |10 Time (h) 2 1050°C-16 hours
Coolina T Ar 1100°C-12 hours 845°C-24 hours
Pressure ooling 1ype : (Furnace Cooling
(MPa) 150 and R_ate Cooling 7°C/min)
(°C/min) 180

Onethick andonethin samplewere left uncoated and directly aged to investigate the

effect of aging on uncoated IN 738 LC samples.

The location®f samples used in this experiment grasiphownin Figure 3.42.
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ABCDEFGHIJKLMNTU Average Thickness
1 Colour Thickness range
; (mm) (mm)
‘ Thick | 1825 | 17.7185
' Samples
Thin | o 8.5 8.29.1
Samples

Figure 3.42: The location®f as cast, HIPed, solutionized, coated and aged thick and

thin samples

The effect of HIP, solutionizing and agingas investigateds first at the given

parameters in Table 3.12. No coatimgs appliedo these samples.

Table 3.12: The HIP, solutionizing and aging parameters iggjlo thick and thin

samples.
HIP Condition Solutionizing Conditions Alum|n|de_:'Coat|ng Aging Conditions
Conditions
Temperatur Temperature
e €C) 1200 (°C) 1120
Time (h) 10 Tlme (h) 2 No Coating 845°C-24 hours
p Cooling Type Ar
ressure .
(MPa) 150 and R_ate Cooling
(°C/min) 180

The SEM image®f as cast, HIPed, solutionized, coated and agedahd thck
samplesare givenn Figure3.43 and Figure3.44.

As shown inFigure 3.43 and 344, bimodal microstructurewere achievedn cast,
postsolutionizing, poscoating and postging microstructuresf boththick and thin
samplesHowever,in the postHIP microstructures mal | er si zwate secon
dissolved intothe matrix and accordingly unimodal structuweas obtainedor both

thick and thinsamples
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THICK SAMPLE (Middle Section of the blade, average thickness 18.25 mm, in range of 821 mm)

Cst

000 2

Hot Isostatic resianOG’C-lO hours150 MPa

Solutionizing

Aluminide Coating Conditions and PostCoating SEM Images

Uncoated Sample
(After Solutionizing)

1000C-20 hoursF.C. 1050C-16 hoursF.C. 1100C-12 hoursF.C.
(7°C/min) (7°C/min) (7°C/min)

After Aging

845°C-24 hoursAr C. (18C°C/min

Figure 3.43: SEM images of thick IN 738 LC sample after HIP, solutionizing,
coating and aging.
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THIN SAMPLE (L eading edge of the bladeaverage thickness$3.5 mm in range of 8.29.1 mm)
Cast

Aluminide Coating Conditionsand PostCoating SEM Images
1000C-20 hoursF.C. 1050C-16 hoursF.C. 1100C-12 hoursF.C.
(7°C/min) (7°C/min) (7°C/min)

Uncoated Sample
(After Solutionizing)

PostAging SEM Images
845°C-24 hoursAr C. (180CC/min

Figure 3.44: SEM images of thin IN 738 LC sampadter HIP, solutionizing, coating

and aging.
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The as ast,solutionizedHIPedandaged a mpl es 2' si zaregived v ol ume f
in Figure3.45.

HI'P increased prifraationana’ dsiszel ard velcomaeary
inthematrix. The dsappearance f s ec'@rmaddrnyxl®s is detri ment al
strengt h. Sol ut i oni Zpresigtatianlagam wialeldedrelastng s econdar

t h e p rvolomaerfrgction sharply due to tlgssolutionof these particles.

Agingincresed the bot h pr' sizeaand/volane dactorsscAtlendar y o
aging primary and secondary particles achieved similar volume fractions. Cuboidal

primary and spheroidal secondary particlese formedn postagingmicrostructure

of both thick andhin samples

The hicksampléhads | i ght |l 'y hi gher ’'gizelandeofuiye fraaiath s econdar
than thin sample due to slower cooling of thick sample after casting. Naturally, slower

cooling for thethick samplewasalso seemfter HIP, solutionizig, coating and aging.

Due to thesereasgnishi ck sampl e showed slightly higher

sizeand volume fraction than thlkin sample.
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Figure 3.45: o' size and volume fraction of as cast, HIPed and solutionized thick and

thin samples with SEM images.
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The hartiess measurement resutis as cast, HIPedolutionizedand agedhick and
thin IN 738 LC sampleare givenn Figure 346.
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0 C C+H C+H+S C+H+S+A

A Thick Sample Thin Sample

Figure 3.46: Hardness othe of the as cast, HIPeshlutionizedand agedhick and
thin samples.

HIP decreased the hardness dueh@dissolutiono f second artoytheo ' partic
matrix. Solutionizing decreased thardnessurtherdueto partially dissolved primary

) p sithat deardassttie volume fraction ofprimary 2. 'After agingthe samples
achieved their higher 'kholumafracion®btanedlatee s due t o

this process.

The hardnes®f thick sample thatvas takerfrom middle section oftheblade showed
slightly higher hardness thdihe thin sample thatvas takerfrom leading edge ahe

turbineblade.This was expected u e t o 'vblumg fraetronthatwas provided
by the slowercooling rate othethick sample. This trendas alscseenafter casting,

HIP, solutionizingand aging

The grain size measurement results for as cast, HIPed and solutionized both thick and
thin IN 738 LC samples are given in Figure 3.47.
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Figure 3.47: Grain size othe of the cast, HIPedolutionizedand agedhick and
thin samples.

Grain sizewas increasedafter HIP, solutionizingcompared to cast microstructure.
However,the grain size increase during HIP200°C-10 hours)was slightly higher

since itwas performedt a highertemperature and longgeriodthan solutionizing

(1120@C-2 hours) Moreover, since '  totallg dissolved aHIP temperature and
partially dissolved i n solutionizing te
existence duringartialsolutionizingDue t o t hi s reason pinnin
particles against grain boundary movementsh®d the rapid grain growtthatwas

mentionedn studies oKoul and CastiiimndAnurag Thakud studieq20, 38] Aging

only slightly increased grain siz&his could be due to lower temperature of aging
(845°C-24 hours).

The gainsize ofthethick sample obtained to be alm@dtmes higher than thin sample

due to inhomogeneous cooling maiolycurredafter casting ofheturbineblade. This

trendalso continued for pogilP, postsolutionizingand postagingmicrostructures.
Thegainsi ze of thin samples measur edthd o be
thicks ampl e measured to be abovomwatezb@ddaGede m f o

samples.
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The effect of HIP, solutionizing and agivgas investigatedn previous pages$o
uncoated sample3o investigate effect of aging to coated thick and thin samiies

experiment parameters given in Table 3M83eused

Table 3.13: The Parameters Used to Investigate Effect of Aging on Coated Thick
and Thin Samples

HIP Condition Solutionizing Conditions AIum|n|d¢ _Coatmg Aging Conditions
Conditions
Tem[OJerature 1200 Temgerature 1120 1000°C-20 hours
Q) (C)
Time (h) 10 Time (h) 2 1050°C-16 hours
Coolina Tvoe AT 1100°C-12 hours 845°C-24 hours
Pressure ng yp . (Furnace Cooling
(MPa) 150 and R_ate Cooling 7°C/min)
(°C/min) 180

Postcoatingand postagingd' sizeand volume fractiomeasurement resulisegiven
in Figure3.48.

Highestpostcoatingo Volume fractionwas achievedat 1000C-20 hours thatvas
followed by 1050C-16 hours and 110Q-12 hoursfor boththick and thinsamples
Highest post 0 at i n gvas@achievedt $160C-12 hours thatvas followedby
105CC-16 haurs and 100%C-20 hours for both thick and thin samplassimilar trend

was seetn the postagingmicrostructureof samples.

Aging has not affected thmostcoatingmicrostructureof samples dramatically since
coating operationperformedfor more thanl0 hoursat temperatures above 9%D
acedas aging or primary high temperature agi@gly aslight increasevas obtained

i n b'sizeland wolume fractioafter aging o' size and volume fraction showed
similar trends for both thick and thin sangplan postcoating and posaging
microstructuresHowever,theywerefound to be slightly higher fahe thick sample
than thin sampldue to slower cooling of thick sampieainly after casting, following

heat treatments and coating.
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Figure 3.48: Primary and secondapysize and volume fraction of pesbating and

postaging thick and thin samples.
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The hardness measurement reswdte given for postcoating and posiging

microstructures of thick and thin samples in Figure 3.49.

48
- 1
—~ 46
2 -
T 44 . T
4 = 4
3 42 I i
S 40
[ l - !
T
38 l
36
950 1000 1050 1100 1150
_ Temperature{C)
A Thick (coated) Thin (Coated)
Thick (aged) Thin (aged)

Figure 3.49: Hardness of postoating and posagingthick and thin samples.

The increase in coating temperature resulteddecreasef measured hardnesghis

was expected i nce i ncreasing c oa'tvdlumgfrattienang er at ur e d
sizes The hin sample showed slightly lower hardness than thick sample due to its

| o w'evolume fraction. Both samples hardnesss slightly increasedfter aging due

to aminorincreasen 9' volume fraction.

The grain size measurement resudt®e given for postcoating and posiging

microstructures of thick and thin samples in Figure 3.50.
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Figure 3.50: Grain size of postoating and posagingthick and thin samples.
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The increase in coatirtgmperature resulted in higher grain sizes. However, grain size
was measured to pretty similar since legboating temperatureas balancedavith

shortertime period

Aging has increased grain size slightly for all coated samples proving low temperature
can be effective on grain size if enough tim@iven The posicoating and posaging

grain size of thick and thin samples found to be quite different since the grain size
difference derived from inhomogeneous cooling after casting as mentioned before.
However, the grain size of both samples followed shenetrend against varying

coatingparameters and aging.

The increase in' size, volume fractionhardnessandgrain size of the samples that
were only solutionizedound to be higher than the increase in shsize, volume
fraction,hardnessindgrain size of the samples that were both solutionized and coated,

beforeaging was applied.

Aging has not affected the microstructure of coated samples dramaticallgcatics
operations applietbr long durations at high temperatures, acted as aging or primary
high temperature agin@onsequently,@ating decreased the effect of agimgN 738

LC samples.
3.4.5 Microstructure Evolution Simulation Results

JMAT PRO sftwarewasusel to perform microstructure evolution simulati@hsing
solutionizing, coating and agin&incethe softwarewasable to perform maximum
three consecutive processelsot isostaticpressing was not simulate@imulations
were onlyperformed forsolutionizing,aluminidecoatingandaging using postHIP
microstructureastheinitial microstructureAll simulation resultavere comparedith

experimental measurement restittatare givenn this chapter
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3.4.5.1 Microstructure Evolution Simulations for Varying Solutionizing

Conditions and CVD Temperatures.

Comparison of Simulation and Experimental Results atvarying Solutionizing

Temperature in Combine with Varying CVD Temperature

Experiment and simulation results thick and thinsamples solutionized ambated
atvarying coating temperaturegecomparedn this sectionOnly solutionizing and
coating conditionshat are given in Table 3.Mere simulatedHIPedmicrostructure

was useds input to simulations.

Table 3.14: Heat Treatment and Coating Parameters for Thick and Thin Samples

HIP Condition Solutionizing Conditions CVD Conditions

1080, 1100, 1120,
Temperature®C) | 1200 | Temperature°C) 1150, 1180, 1200, iggggig ESEE

1235
Time (h) 10 Time (h) 2 1100°C-12 hOl_,IrS
Coolinag Type and (Furnace Cooling
Pressure (MPa)| 150 9 1yp Ar Cooling-180 7°C/min)

Rate fC/min)

Experiment and JMAT PRO simulation of primary and secondasysolutionizing
and posttoating 9' size results for samples thavere solutionizedand coatedat

different temperaturesre givenn Figure 3.51.

Simulation of samples solutionized at 1080and 1100C followed by CVD at
1100C-2 0 h o u r shepertonmkeddint® dolutionizing temperaturegrelower
than or equal t&€VD temperature and JMAT PR®i daticdvtsuch a condition.
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Experimental Results

Simulation Results
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Figure 3.51: Experimenal and JMAT PRO simulatioresults for primary and

secondary' size.
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As shown in Figure 31, postsolutionizing primary and secondarysizewasfound
to be quite compatible with simulatioesults Two obvious differentregiors were
seen belowl15C0°C solutionizing temperaturand above this temperatuiiéhis is due
to bimodal to unimodal temperature transformation in between -1120C
solutionizing temperaturaa experimental resultdHowever, this temperaturange

alsopromoted trimodal to bimodal transformationn JMAT PRO results

In postcoating microstructures, primagysize trend found to be similar for coatings
performedat 1000C-20 hours and 108C-16 hoursHowever,the 9' sizeresults in
these coating conditions found to be insensitoveolutionizing temperaturexcept
the increase ' size when the temperatuneas increasefrom 1120C to 1150C.
The available simulation results for pesbatingmicrostructureof 1100C-20 hours

conditionwas significantly higher than experimental results.

Secondary' sizes of possolutionizing microstructure were found to be simfiar

simulation and experimengsults

The aailable simulation data on secondarysize of postoating microstructure
performed at 110C-12 hours found to be similar to experimental results. However,
coatings simulatedt 1000C-20 hours and 108C-16 hoursprovidedconsiderably

highersecondary' sizein simulation resultshanexperimental results.

The samples solutionized above 1%2@nd coated at 11801 2 hour s di dndét sh
secondary' structure since the unimodal structure was obtained in both experimental

and simulation rsults in these conditions.

Experiment and JMAT PRO simulation of primary and secondarygabstionizing
and postcoatingd' volume fraction results for samples thv¢re solutionizedand
coatedat different temperaturese givenn Figure 3.52.
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Experimental Results

Simulation Results
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Figure 3.52. Experimenal and JMAT PRO simulation results for primary and

secondary' volume fraction
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As shown in Figure %2, both primary and secondasyvolume fraction trend @as
found to be similar to simulation resultgr postsolutionizing microstructureThe
only remarkable differencevas obtainedafter solutionizing at 112C. Simulation
results alsshow that secondary volume fraction shows a shamincreasean this

temperaturehan experimental results.

In IMAT PRO simulationsCVDc o n di t i affect pridaryd wofute fraction
significantly and different coating conditions provided similar primarwolume
fraction However, in experimemntesults a sharp increase was obtained a@&D
processapplied to solutionized sampleBostcoating secondary' volume fraction
found to be quite similar to pesblutionizing in simulation results below 1P80But,
secondary 9 volume fraction obtained in posbating microstructures was
significantly higher than postolutionizing in experimental results beldit50C.
Above this temperature, simulatiorshow secondary' existencewhile experiment
results showed that structure was unimodal and secondpayticlesdid not exist.
Moreover, JMAT simulations shadt e r t 'i ezistepcewdsth size and volume

fraction given in Figure 33 for postcoating microstructures
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Figure 3.53: IMAT PRO simulation results for tertianysize volume fraction.
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Tertiary o' particlesexistal only for the posicoating samples thatere solutionized
below 1150C. T e r t iparticheswerenot foundin postcoating microstructures in
experimentalesults.There is a noticeable poittiattertiary o' size was only slightly

| ower t h ansize @taioed blyasimuyatioms.

Comparison of Simulation and Experimental Results atvarying Solutionizing
Time and Cooling Rate in Combine with VaryingCVD Temperature

A group of simulationsvasperformedwith the same conditions thi experiments to

seethe effectof solutionizing timeand cooling rate at given conditions in Table 3.15.

Table 3.15: Parameters of Solutionizing at Varying Time and Cooling Rate, and

CVD at Varying Temperatures.

HIP Condition Solutionizing Conditions CVD Conditions
Temperature®C) | 1200 | Temperature®C) 1120 1000°C-20 hours
Time (h) 10 Time (h) 1,2, 4 1050°C-16 hours

1100°C-12 hours
(Furnace Cooling
7°C/min)

Cooling Type and  Ar Cooling-180

Pressure (MPa) 150 Rate fC/min) FurnaceCooling-20

Simulation of samplethat were solutionizedor different time periods o u | ibn 6 t
performedsince JMAT PRO is not able to perform solutionizing for different time
periods. The ®ftware assumes that microstructure is in equilibriumaastated
solutionizingtemperature and enough time was given for #ukieve equilibrium
condition. So, possolutionizing condition for 1, 2 and 4 hours assumed to be equal
and due to this reasamot only postsolutionizing conditionsbut alsopostcoating
conditions for samples thatere solutionized, 2 and 4 hours obtained to be same
JMAT PRO resultsHowever theeffectof cooling ratewas simulateguccasfully in
JMAT PRQ
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Comparison of Simulation and Experiment Resultsat Varying Solutionizing
Time of Ar Cooled Samples(18°C/min) in Combine with Varying CVD
Temperature

Postsolutionizing and postoating simulation and experimentprimary and
s e c o nd a ang volume fradtiameAr cooled(180°C/min) samplesare givenn
Figure 3.54and Figure 3.55
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Figure 3.54: Postsolutionizing and postoating &periment and JMAT PRO
simulationfor primary and secondanysizeresultsof samples solutionized for 1, 2
and 4 hours, andr cooled (180C/min).
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PRI

MARY AND S E CVONIME RRACTHION OF AR COOLED(18C°C/min)

Simulation Results
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Figure 3.55: Experiment and JMAT PRO simulation results for primary and

secondary' volume fractions.
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Postsolutionizing primary' size results of samples solutionized for 1 hour were found
to be similar to simulation results. The simulation could be obtaining equilibrium
aroundl hoursolutionizing time. Highest primary sizewas obtaineéfter coating at
1000C-20 hours, followedby 1050°C-16 hours and 11008C-12 hours in both

simulation and heat treatment experiment results.

The same' size trendwas obtainedor secondary' size againstlifferent coating

conditions inboth experiment and simulation reswdtscept the coating at 119012

hours Thesize of secondary after coating at 110C-12 hoursfound to be equal to
postsolutionizing secondary' size in simulation results.This could be due to
simulated high coating temperature clossdtutionizng temperature of IN 738 LC.
However, 1108C-12 hours coating provided highest secondasyze in experiments.
In general, he postcoating secondary' sizes were slightly higher than post

solutionizing in experimental results.

Simulation results shovhat postsolutionizing and samples coated at 1MA0 and

1050°C-16 hours exactly same primary and secondarglume fraction for Ar cooled
samplesSecondaryo' volume fraction after coating at 1112 hours found lower
than postsolutionizing condition while th@rimary o' volume fraction found to be

higher than post solutionizing conditionsimulation results.

Primary2' volume fraction oexperimentresultswasfound to be significantly higher
than simulation results. Secondaryolume fraction estimationgaluesby JMAT
PRO were relatively found to be more similar to experimental residtsever, the
trend of secondary volume fraction against coating conditions were quite different

for experiment and simulation results.

Highest primary and secondaoy volume fractionwas obtainedafter coating at
100CC-20 hours, followed by 105C-16 hours and 110C-12 hours in experimental
results. However, highest primaryvolume fraction was dhined at 1100C-12 hours

while highest secondary volume fractimas obtainect 1050°C-16 hours and 1000

°C-20 hours equally in simulation results.
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The JMAT PRO simulation estimated a tertiargxistence after coatings performed
at 1000C-20 hoursand 1050°C-16 hours whichwas not obtainedh experimental
results.The sze of these tertiary particlesasonly slightly lower than the secondary
particles.Tertiary2' size was highemando' volume fractionvas lower after th€VD

performedat 1050°C-16 hours, compared to results of 180@0 hours condition.

TERTI ARIXE AND VOLUME FRACTION OF AR COOLE18C°C/min) SAMPLES
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Figure 3.56: IMAT PRO simulation results for tertiasysize and volume fractioof
samplessolutionizel for 1,2 and 4 hours, amr cooled(180°C/min).

Comparison of Simulation and Experiment Results aVarying Solutionizing
Time of Furnace Cooled Sample$20°C/min) in Combine with Varying CVD

Temperature

Postsolutionizing and postoating simulation and experimentprimary and
secondary o' s i ofdurnace dooled20iC/imm)samplesaecgiven o n
inFigure3.57an@ . 58. JMAT PRO di dparficltes existéngeriva t e t
furnace cooled sampleslso,t er t'paryi gl es di dnot ulsxi st i

of furnace cooled samples.
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PRI MARY AND S E CSIZH DRRURNAECE COOLE20°C/min) SAMPLES

Experimental Results Simulation Results
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Figure 3.57: Postsolutionizing and postoating expriment and JMAT PRO
simulationfor primary and secondanysize result®f samples solutionized for 1, 2
and 4 hours, and furnace cool@@°C/min).
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PRI MARY AND S E C/ ONMERRACHON OF FURNACE COOLE§20°C/min)

SAMPLES
Experimental Results Simulation Results
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Figure 3.58: Postsolutionizing and postoating experiment and JMAT PRO
simulation for primary and secondaryvolume fractionof samples solutionized for
1, 2 and 4 hours, and furnace cooledCmin).

127



Postsolutionizingd' sizeresults of samples (furnace cooled) tate solutionizedor
1 hours closer to simulation resuf{sgure 3.57) Considering thesame equilibrium
condition was assumed for different solutionizing timés simulation could be

obtaining equilibrium aroundl hoursolutionizing time.

The postsolutionizingandpost oat i ng primary 92' size result

be closertogxer i ment al primary 2 size results. Ho
solutionizing and post o at i ng s e ¢ ared @onsigerabiighes than e

experimental result@=igure 3.57)

Hi ghest pri mar y wasnobtairedftercoathg at J0°C320 hosirs, z e
followed by 1050°C-16 hours and 110®C-12 hours in both simulation and heat
treatment resulté-igure 3.57)

JMAT PRO estimated h ower v ol ume f r pattitleds compaed to pr i mar vy
experi ment al results while it 'wpatslesf ound to
Additionally, software estimated a constant primamng secondary volume fraction

for postsolutionizing and various pesbating conditions. Infurnace cooling

condition, different CV/D par amet er s d i' lirdetfracteorsfit eolyt the 0
affected?’ sizes(Figure 3.57 and 3.58)

P r i mavolyme fraction of the postoating and possolutionizing microstructure
was found to be less th&nl (Figure 3.58) in simulation resultShis resultwas not
expectedThe possible reason for this ok explainedh next section since the reason

of this result could béhe coolingrate.

Comparison of Simulation and Experimen Results Based ovarying Cooling

Ratein Combine with CVD Temperature

Furnace cooling achieved higher primary and secondaryspagionizing and post
c 0 a t isimegandgolume fraction inexperimental resultéFigure 3.57 and 3.58)
Simulation results also showed that furnaoeling achieved higher primary and

S e ¢ 0 n'dsige tlyan Ar coolingBut, simulations showethatp r i mavolyme 2
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fraction of furnace coed samples lower than Ar co@d sample(which is not
expectel and s ‘evalume af lumagce cooleshmples higher than Ar coeld

sample

Pr i mavolyme fractios of the postcoating and possolutionizingmicrostructure

of furnace cooled sammevere found to be less than 0.1. This cooling method

i ncreased bot h pr'isioaslightly &owdver,she cimulatioar vy 9
decreasedveolrumar yracti on an'dolume fcactienas e d ¢
dramatically. Itis believedt hat t he de c tvelanedractiomocqured mar y
due tothe dissolutionof this particles during solutionizing and increase in secondary
2'volume fraction occurred due to precipitatauring cooling irthesimulation After

al |, even these reasons arwlumedrdctiomlase ugh t
thanO0.llnexeer i ment al resul ts f ur hvalere fractom | | n g
higher than 0.3.

Both Ar and furnace cooled pestol ut i oni zi ng microstruct
tertiary o' existence in simulation results. Howevenge tsamples Ar cooled after
solutionizing had tertiaryo' particles aftetCVD performed at 100C-20 hours and

1050°C-16 hours. Furnaceooled samples had no tertiayparticles in their post

coating microstructure®uring furnace cooling applied after solutionizing, most of

the dissolved' in thematrixwas precipitated However, since Ar CoO«
along period of timeto precipitation, there were stplotentialdissolvedo’ in matrix

read/ to precipitaten matrix after solutionizing. Therefore, a part of dissolhzeih

the matrix was reprecipitatedfter CVD. It is believedhat this could be the reasoh

this behavior inthe simulation But, tertiaryd' particleswere not seenn any post
solutionizing and postoating experimental results.
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3.4.5.2 Microstructure Evolution Simulations for Solutionizing, CVD at

Varying Temperatures and Aging of Thick and Thin Samples.

A group of simulationsvasperformedatthe same conditions with experiments to see
the effect of solutionizing,varying CVD temperatues and agingo thick and thin
sampl es 6 neatgivensconditionstinuTabte 3.18dditionally, one thick
and one thin sample was left uncoated totseeffectof aging on uncoated samples.
The anly differenceof thick and thin samples for IMAPRO simulation was their

initial (HIPed)2' and grain sizes.

Table 3.16; Parameters of Solutionizing for Varying Time Periods and Cooling

Rates, an€CVD at Varying Temperatures.

HIP Condition SolutionizingConditions CVD Conditions Aging Condition
Tere“@g)at”r 1200 Tem(Eg)rat“re 1120 | 1000°C-20 hours
Time () | 10 Time () 2 1050°C-16 hours
Cooling Type Ar 1100°C-12 hogrs 845°C-24 hours
Pressure . (Furnace Cooling
(MPa) 150 and Rate Cooling 7°C/min)
(°C/min) 180

Simulation and experimengsults forprimary and secondanysizefor thecoated and

aged sampleare givenn Figure 3.59.

Primary and secondary sizes of both postoating and posiging microstructures

found to be similar to each other in simulation results for thick and thin safmbieks.

sampl es showed hi gh e sizepinmpostoatnyancgposiging econdar y
microstructures due thh i g h' size provided for thehick sample as arnitial

condition in thesimulationexcept one conditior©Only difference irsimulation results

for thick amdizewsiolmainsdd MpPAC-42 hours CVD process.

Thick sample showed lower dary?' size than thin samplafter coating at this

condition This could be due to different initial sizes used as input for thick and thin

sample, and the CVD temperature close to partial solutionizing temperaturéq1L120
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Experimental Results

Simulation Results
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Figure 3.59: Experiment and JMAT PRO simulatiohsize of postcoatingand post
agingresults forthick and thinsamples
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Primary 9' sizes of postoating and posaging found to be higher than simulation
results except theéVvD performed at 105%-16 hours for both thick and thin samples.
Secondary' sizes of postoating and posaging found to be lower than simulation
results except th€VD applied to thethin sample at 1108C-12 hours. Except the
CVD performed at 105C-16 hoursfor both thick and thin samples1d1100°C-12
hours for thinsample similar trends were founfibr o' sizeagainstCVD temperature

between simulations and experiments.

Aging increased primary' sizes slightly for thin and thick samples in experiment
results. Similar trend was seen in simulations except the thick andatmples that

were coated at 1080-16 hoursandthin sample that was coated at 120612 hours.

Simulation and experimemesults forprimary and secondary volume fraction for

thecoated and aged samphka® givenin Figure 3.60.

Aging increased primary and secondany volume fraction of postoating
microstructures slightlyn experiments However, in simulations, different results
were obtained. Compared to pasiating condition, only primary volume fraction
increasevas obainedafter aging of the sample that was coated at AD36 hours in
simulations for both thick and thin samples due to bigiize obtained at this coating

parameters as shown in Figuré®3and Figure 3.60

Aging increasedecondary' volume fractionfor thick samplecoated at 1001C-20
hours and 110%-12 hours whilefor thin sample coated at 10@20 hours. Aging
decreasedecondary' fraction of both thick and thin sampleoated at A50F°C-16
hoursin simulation resultsA differencebetweerthick and thin samplesas obtained
at 1100C-12 hours aluminide coating operationsimulation resultsThin sample
kept its secondary volume fraction almost constacating temperature is increased
from 1050C to 1100C whilethick sample decreaséd secondary' volume fraction
atduringsame conditiomhangeHowever after agingthe samples coated at 1300
achievedalmost the same volume fraction which was not expedibis. different
behaviorcould be due to initially provided differeditsizes to simulation for thick and

thin samples
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Experimental Results Simulation Results
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Figure 3.60: Experiment and JMAT PRO simulatiohvolume fraction of post

coating and posaging results for thick and thin samples

Ter t iveas gbtainetthe sameor both thick and thin samplaa JMAT PRO

simulation resultsfor postcoating and posaging microstructures However,
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experi ment al | yweremotfoundirey t dsiaergydvatme frdctors

simulationresultsare givenn Figure3.61.
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Figure 3.61: JMAT PRO simulatior' size andsolume fraction of postoating and

postaging thickand thin samples

As shown in Figur&.61, aging caused only a slight increase¢hasizeof tertiary o'

particles.The main increasenvas seerin volume fractionof tertiary o' particles The

size and volumé&action oftertiaryd' particles were found to be identical for thick and

thin sampleglespite the fact thatiffierentin i t i a |

thick and thin samples

Experimental and JMAT PRO simulatignr i mar y

9 si ze

us e d

a n dsizesaaccvolumt a r y

fractionresults for thick and thin samplésat were solutionizednd directly age¢no

coating appliedare givenin Figure 3.@.
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Primaryands e c ond ar y tabe similar m@osfolotionizidg and posaging.
However, experiments showstighttyhi gher i ncr é€size afteragmg pr i mary ¢
than acoating Aging didnot change primary and se

simulation results. However, experiment results showed a sharp increase for both.

The reason for constant primary and second
simulatonrs ul t s coul d be t he bdfamredby simulatiomin si ze est
duringaging The tertiary o' aregivezfer pastsoitionizong u me f r ac't
and postagingconditionsin Figure3.63 The postsolutionizing condition had zero

tertiaryo' particlesl t i s c¢cl ear that simulation formed a
a volume fraction over 20% instead of incre:
fracton.nThi ck and thin samples showedtedenti cal

postagingmicrostructure.

Tertiaryo ' Si ze Tertiaryo ' Vol ume Fr a
70 5 025
£ 3
g L 0,2
() ()
N 50 c
n
@ 40 733 0,15
S >
£ >
o
g 30 Dg_ 0.1
% 20 g
0,05
© 10 £
O
0 0
0 C+H+S C+H+S+A i 0 C+H+S C+H+S+A
Tertiary (thick sample) Tertiary (thick sample)
Tertiary (thin sample) Tertiary (thin sample)
Abbreviations C:Cast, H:HIPed, S:Solutionized, A:Aged

Figure 3.63: Experiment (left) and JMAT PRO simulation (right)olume fraction

of postsolutionizing and posaging results for thick and thin samples
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3.5 Effect of Heat Treatmentsand Aluminide Coating Temperatureto

Carbide Types

Line scans and mapping wererformed usinglectron diffraction spectroscopy see
whether detected elements can be related to the carGiaeg of samples for carbide
type determination were relatively kephall. However, all experimental parameters

that is expected to affect carbide types were considered.

Typically, MC type of carbides formedduring solidification as coarse and random
particles in transgranular, intergranular positions and betdexinites of IN 738 LC.

[3, 44]Fine MC carbides thatre segregateat matrix or grain boundaries strengthens

the alloy and ties up elements thmmbmoteinstablephase formations during heat
treatments or servicg32] These carbides are very stable at low temperat[88§.

Due tomeltingpoint abovel525°C, they just partly dissolve during solutionizifdg3]
However, MC carbide degenerate at high temperatures and transforms into more stable
M23Cs at 76098(°C and 81598(°C, respectively[32] Formation of MzCs carbides

causs a significant decrease of Cr in the matrix that cankeeathe corrosion

resistance othealloy. [3, 29]

MC carbides are known to be Ta, Ti, Mo, Nb rich while:®4 carbides are Cr rich.
Therefore specifically composition analyze of these elements were performed. As a
cast solutionized, coated and aged samples showed discretely shaped carbides that
were Ta, Ti, Mo, Nb rich which defines them as MC carbides. Cr rigi€dtarbides

were not founcs expected as expectedcsW carbides precipitate during long service

times mostly.

The main motivation for analyzing carbides was to determine if the carbide types were
detrimental or beneficidb material Initially as cast and HIPed samples carbide types

were investigatedhe oher investigated parameters are given in Table-3.20. The

shaded areas show the investigated conditions and unshaded areas show the process

history of samples.
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Table 3.17: Experiment Plamo ObserveEffect of Solutionizing Time and Cooling
Rate on Carbide Types

HIP Condition Solutionizing Conditions
Temperature®C) 1200 Temperature®C) 1120
Time (h) 10 Time (h) 1,24
Cooling Type and Rate Ar Cooling-180
Pressure (MPa) 150 (°C/min) Furnace Cooling

Table 3.18: Experiment Plan to Obsenrtdfect of Solutionizing and CVD

Temperature on Carbide Types

HIP Condition Solutionizing Conditions CVD Conditions

Temperature®C) 1200 Temperature®C) 1120, 1200 1000°C-20 hours

Time (h) 10 Time (h) 2 1050°C-16 hours

. . 1100°C-12 hours

Pressure (MPa) 150 caelng] Typt_e and| - Ar Cooling: (Furnace Cooling
Rate ¢C/min) 180 7°C/min)

Table 3.19: Experiment Plan to Obseng&ffect of Aging (after CVD) on Carbide

Types
HIP Condition Solutionizing Conditions CVD Conditions Aging Condition
Temgerature 1200 Tem;o)erature 1120 1000°C-20 hours
W) (W) ]
Time (h) 10 Time (h) 2 LSUACHIOUI
Coolina T AT 1100°C-12 hours 845°C-24 hours
Pressure ooling 1ype . (Furnace Cooling
(MPa) 150 and R_ate Cooling 7°C/min)
(°C/min) 180

Table 3.20: Experiment Plan to Obsengdfect of Aging ( No CVD applied) on

Carbide Types
HIP Condition Solutionizing Conditions Aging Condition
Temperature®C) 1200 Temperature®C) 1120
Time (h) 10 Time (h) 2

845°C-24 hours

Cooling Type and

Pressure (MPa) Rate fC/min)

150

Ar Cooling-180
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Multiple carbide analysis performed fesich sample. The representativee scan and

mapping composition analysis resute givenn AppendixC.

As cast structure showed Ti, Nb and Ta rich MC carbides distributed in intergranular
spaceslt was obtainedhat application oHIP is decreamg the Ti, Nb, and Ta
considerablyn the chemicalcomposition of MC carbidedhis could be due to high
temperature ankbng periodof HIP (1200C-10 hours) that is increasing the diffusion

betweerthe matrix and MC carbide.

The amount of TiNb, and Ta elementw/ere slightly increasedfter solutionizing
applied at 112% and 12008C for 2 hours.There was no considerable change of

carbide composition when solutionizing temperature was increased.

Increasing solutionizing time or cooling rate didtrchange carbide composition
profile greatly. However, carbide sizes were found to be higher for furnace cooled

samples than Ar cooled samples.

The coating applied at 1180-12 hours resulted in lowdri, Nb, and Ta elements in
MC carbides when is comparedo 1000C-20 hours and 105Q-16 hoursThiscould
be due to higher coating temperature that incoetieediffusion between MC carbide

and matrix.

The samplethat wasdirectly (no coating applied with CVDaged after solutionizing

showed similacarbide conposition profile to samples coated prioagng.

The MC carbides were found to be discreetly shaped and mostly located in

intergranular spaces of all samplather than grain boundaries.
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3.6 Secondary Dendrite Spacing

Secondary dendrite arnpacirg was measured for a group of samples with different
microstructures and heat treatment historiéee method of dendrite spacing
measurement was given in section 3.2.4.2.5 Grain Size and Dendrite Spacing
DeterminationRelatively smaller group of egpiment was used for this studiyhe

purpose was to see the change in secondary dendrite arm spacing depending on heat
treatment conditions. A group abbreviations were used in this section for different heat

treatments as explained in Table 3.21.

Table 3.21: Heat Treatment and Coating Conditions and Abbreviations.

Processes Conditions Abbreviations
Hipped 1200°C-10 150 MPa H
Solutionized 1120°C-2 hAr C. (180C/min) S
Coatingl 1000°C-20 hF. C. (PC/min) C1
Coating2 1050°C-16 hF. C. (PC/min) Cc2
Coating3 1100°C-12 hF. C. (PC/min) C3
Aging 845°C-24 hAr. C. (180C/min) A

The optic microscope images of HIPed, solutionized, coated and aged samples are
given in optic microscope images in Figure 3.64. Heat treatments and CVD processes
increased the secondary dendrite arm spacing. The results of secondary dendrite arm
spacing ee given in Table 3.22. Only conditions dendrites were dissolved into matrix
wereH+S+C3 and H+S+C3+A. Thisould be expectedue to high temperature CVD

process applied at 118012 hoursat these processes

Table 3.22: Secondaryendrite Spacing and Phase Boundary Strengthening

Secondary
Processes Dendrite Spacing
(em)
H 67
H+S 59
H+S+A 102
H+S+C1 86
H+S+C2 107
H+S+C3 -
H+S+C1+A 125
H+S+C2+A 129
H+S+C3+A -

140



Figure 3.64: Optic microscope images of samples with different heat treatment
histories.
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3.7 Conclusion

This chapter has dealt with the effecthaft isostatic pressingaluminide coating,
solutionizing and aging to IN 738 LC microstructuyesize and volume fraction
determination, carbide analysis, hardness and grain size measurenweyets
performed Beside experimental studies, JMAT PRO software was used to
simulate microstructure evolution during these operations. The conclusions of

these studieare listedas given below.

1 The HIP operationwas performedto close porosities thavere formed
during solidification of IN 738 LC at 120€-10 hours undei50 MPa.
Porositieswerepartly closedduringHIP, and grain sizes of samplagere
increaseddue to its high temperature and long period. However, HIP
caused detrimental results in microstructure such aslideppearancef
pr i maparicles and alecrease f t 'ovoluanke frawtion. Hardness
was decreasedue to these reason$o recover from these detrimental
results solutionizing and aginwere performedHIP increasedrainsize
of samples due to its high temperature and long period.

1 Solutionizing were performedat various temperatures in between 1080
1235°C for 2 hours and Ar cooled environment to see treffect of
sol uti oni zi n dprdfile. e Brmodatsuwuctwewasmbtained
at solutionizing temperatures b&lol1150C, above thistemperature,
unimodalstructurewas achieved H i g $ize antd volurme fractiowere
achieved after solutionizing at 112€. Increasing solutionizing
temperature increased grairtsand decreased hardness due
volume fraction obtained at diner solutionizing temperatures

7 Solutionizings were performedat 1120C in for 1, 2 and 4 hours in Ara
furnace cooled environments. Increasing solutionizing time provided
h i g H size andlower 2' volume fractionthat decreased the hardness of
samplesAdditionally, solutionizing time and grain size of samples found

to be proportional.
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T Furnace <cool i ng'pmecipdatiantaaddgrowib than Ao
cooling, increasing o t hize and votume fractiorHlowever,Ar cooling
achieved finely s patglesdvhile fuinaca coglingc u b i ¢
results showed 'gpartelesrHdréness was snbaauped tb o
be higher for samples that 'wme furn
fraction in their microstructure. Furnace cooling also allowed higher grain
size formation compared to Ar cooling.

1 The aluminide coating operatiomas appliedo all the samples thatere
solutionizedat various temperatures, times and cooling rakés. coating
operationwas performedat 1000C-20 hours, 1058C-16 hours and 1100
°C-12 hours. The purpose of using these experimental conditions was to
achieve same coating thickness at different temperatures. However, same
coating thicknesswas not achieved Highest coating thicknessvas
achievedat 1100°C-12 hours followed by 100C-20 hours, 1058-16
hours respectively.

1 Effect of aluminide coatings to IN 738 L@icrostructurewas investigated
The coating applied at 110C-12 hours provided thé i gh e st 2" S

samples solutionized below 11%D (bimodal region) while samples

solutionized above this temperature (

size after coating at 1080-1 6 hour s. Hi ghestaso'’ VvV O

achievedafter 1000C-20 hours coating. These results show that higher

coating thicknes$ower coatingperiodpromotel an increase iprecipitate

size while lower coating temperatunégher coatingperiod promoteal an

increasein volume fraction of samples. Additionally, experimental

conditions thatprovideh i g h e st ) size and vol ume
from bimodal structure to unimodal structure. Increasing coating
temperature increased grain size while hardness was mddsuye higher

for coatings performed at | ower t emg

fraction in their microstructure.
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1 The effect ofaging thatwas performedat 84%-24 hoursAr cooled, to
samples thatvere already coatedvas found to bé&mited. The agingonly
Il ncreased o' size and volume fraction of
aging i ncreased 2" vol umewereroalyct i on of
solutionizeddramatically. These results show that coating operation acted
as a main or primary high temperagur agi ng t hat i ncreased
volume fraction, and decreased the effect of aging appliesdward This
was expectedue to high temperature and lopgriodof aluminide coating
operation. Agingvas foundo slightly increasing both hardness and grai
size of samples thawere coatedUncoated samples showed relatively
more considerable changes of grain size and hardness after aging.
1 A group of thick and thin samples thaere takerfrom middle section and
leading edge of the blade to seféectof sanple thickness on microstructure.
These samples were HIPed, solutionized, coated and aged. Additionally, as
cast microguctures of these samples wermvestigated. Due to
inhomogeneous cooling after casting thin sample showed significantly lower
' size and volume fraction, since leading edge cooled much faster of the blade.
Due to same reason thin sample showed significantly lower grain size, slightly
lowerd' volume fraction, and hardness. This trevas also seein postHIPed,
postsolutionizing, postoating and posaging microstructures.
71 Increasing aluminide coating temperaturereasedhe 9' size and decreased
thed' volume fraction. Additionally, increasing aluminide coating temperature
decreased the necessary coapipgodto achieve a certain coating thickness
An aluminide coating temperature that satisfies necessary coating thickness
and desired bimodal high volume fract@iphase is necessary. The aluminide
coating at 110% is not advisedsince this coating temperatuincreased '
sizesanddecrease ' v ol ume f r a @healamnidelcoatingatt i cal | y.
100C°C provided high volume fraction of and lowerd' sizes. However, this
coating temperature only achieved &# of coating thickness after 20 hours

which isnot a reasonable coatitigne periodand thickness. Therefore 10%D
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is advised as coating temperature to provide both necessary coating thickness
over 50em and desired bimodal microstructwae given Figure 3.2 in Chapter

3. Solutionizing performed atlPC-2 hours Ar cooled180°C/min) before
aluminide coating performed at 108 found to beeffecting postcoating
microstructurepositively sinceit achieved finely shaped bimodddighesto'
volume fraction in thepostsolutionizing and accordinglypostcoating
microstructureAlthough aging aB45°-24 hoursperformed after aluminide
coating only slightly improved the microstructure, application of aging
process still found to be beneficial since aging helps the stabilization of
microstructure due tagingtemperature similar to third stage gas turbine
blade service temperature.

JMAT PRO simulations were performed to estintagize and volume fraction
after solutionizing and aging. Pesblutionizing results were found to be more
compatible with gperiments than postoating and posiaging results. In
general, the simulation results were not satisfactory except the few
characteristic results estimated that were similar to experimental results.
Only Ta, Ti, Mo and Nb richdiscrete MC carbidewere obtainedn as cast,
HIPed, solutionized, coated and aged sampled carbides werenostly

locatedin intergranular spaces.
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CHAPTER 4

MODELLING OF YIELD STRENGTH FOR INCONEL 738 LC

4.1 Introduction

Theaim ofthepreviouschaptemwas to improve and optimizricrostructureof IN 738

LC with heat treatmentdn this chapter, e microstructure characterization results
obtainal in Chapter 3 wereused as input to estimate yield strength of IN 738 LC
samples with different microstructures and heat treatment his{éigsae 4.1) The
ultimate purpose was tobtainthe microstructure that wouldoutturn highestyield
strengtls and optimize consecutive heat treatments and chemical vapor deposition

processes.

Three majoryield strengthcontributors solid solution, grain/phase boundary and
precipitation strengtheningyere calculated to find total yield strengithe results of
calculated yield strengtivere comparedith yield strength estimation of IMAT PRO

and yield strength measurements obtained froemaliure as shown in Figure 4.1a.
Figure 4.1b shows microstructure, carbides and gamma primes that provides
precipitation stregthening.Figure 4. showsmacrostructuredendritesand grains

that provides grain/phase boundary strengthening
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Figure 4.1: a) Yield strengthcalculationflow chart b) SEM imagec) Optic
Microscope Image.

Table 4.1 shows abbreviations that are used in Figure 4.1€tmaputer 4as given
below.
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Table 4.1: List of Abbreviationan Chapter 4.

Symbols Definition
» hA Solid solution strengthening
1 Solid solution constant
@ Atomic fraction
f andn Concentration exponents
Grain boundary strengthening
" Friction stress
Q Hall-Petch constant for gralmoundary
(0] Average grain size
" Phase boundary strengthening
o) Hall-Petch constant for dendrite
(6] Average secondary dendrite spacing
T Strong couple recipitation strengthening
1) Weak couple precipitatiostrengthening
0 Taylor equation factor
Y Line tension
Q 9' volume fraction
0 Elastic repulsion
b Burgers vector
d Average o' r a
r Anti-phase boundary energy
%o 9" morphology constant
‘ Shear modulus

4.2 Solid Solution Strengthening

A slightly modified Hall-Petchequationwas usedfor calculation ofsolid solution

strengheningmechanisnfor IN 738 LCbased on the equatigiven below[71, 72]
L e BT o T [71,72] (Eq. 1.9

In this equation,d, s is solid solution strengtheningsand A are concentratn
exponens where ma (7oA T A 07¢81: is asolid solution constant thatwas
calculatedfor different alloying elements in binary systems NiX, with X beingan
element from the transition metal group by Mishima et. al[73]. o'|sthe atomic
fraction of each solid solution element io-matrix since the solid solution

strengtheningnostly occurs inthe matrix phase Composition change a¥-matrix
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depending on temperature was calculated in JMAT PRO software in equilibrium
condition as given in Figure 4.2.

w b
o O

Composition (at.%)
N
(@)

10
0 — e —
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Temperature {C)
Al Co Cr Mo Nb
Ta ¢ T w Zr C

Figure 4.2: Composition change afmatrix depending on temperature calculated by
JMAT PRO software.

As shown in Figuret.2, Cr, Co, Al and Ti h amtrixt he hi ghe:
independent of temperature. However, the compositiaction of Cr and Co is
decreasingndthecompositiors of Al, Ti andNb are increasing when themperature

is increasedver 600C. Thiscould be due to dissolution ATji and Nbr i ¢-Niz(Ab

Ti, Nb) precipitates tehematrix. However, thissimulation isvalid forthermodynamic

equilibrium condition In the experimentakondition during cooling of IN 738 LC

s a mp |I' madicles reprecipitate and grow by retrieving Aband Ti from the 0
matrix.

Below 600C, compositiono f-mairix showed constant composition profile in IMAT
PRO results (Figure 4.2JMAT PRO9-matrix composition below 60CQ was use@s
constant-matrix composition for all samples with different heat treatment histories
for the solid solution strengthiery calculationsStrengtheningz: coefficients atomic
fraction calculated by JMAT PR@r below 600C, and calculated solid solution

contributions of each element tamatrix are givenin Table 42 [73]. Total solid
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solution contribution was calculated to be 273 MPa for IN 73&trGom temperature

composition.

Table 4.2: IN 738 LC Solid SolutiorConstant@andCalculated Contributions of
Alloying Elementq73].

Elements i (MPa At.Fraction'? o 0 ™ (MPa)
Ni Balance element. 5.36x10" Balance element.
Ti 775 4.88x10* 4.80
Nb 1183 6.26x10° 1.87
Ta 1191 1.22x10* 2.93
C 1061 1.21x10°8 0.12
Co 3940 1.41x10?! 10.68
Cr 337 2.94x10* 14912
W 977 9.46x10° 4371
Mo 1015 1.05x10? 48.68
B Ignored 2.74x108 Ignored
Zr 2359 2.31x10° 1.92
Al 225 8.18x10° 9.14

Total Solid Solution Strengthening 27300

The 51 coefficientsgiven in Table £ and composition profile given in Figure 4ct
equilibrium conditiorwereused to calculate the change of solid solution strengthening

against temperatusshown in Figure 4.3.
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Figure 4.3: Solid solution contribution of alloying elementsoimatrix of IN 738

LC depending on temperatuiie equilibrium)
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Highest solid solution contributiowas acquiredrom Co,Mo, Cr and W for IN 738

LC matrix below 1008C. Above 1008C solid solutioncontribution of Ti showed a
sharp increase duNe(AlLtTo, N ipastisles! Solidi solution o f
contribution increase of Al and Nb were relatively lower since Al has lower solid
solution strengthening constant and Nb has considerably lowgpasition (Table
4.2).

The assumption of using the constant composition belowGFgure 4.2) for solid
solution strengthening contributions of all samples with different microstructares
accepted aan approaclkor simplificationof calculations.

4.3 Phas€éGrain Boundary Strengthening

Phase (dendrite boundaries) and ghaminndary strengthening mechanisms contribute
together to yield strength of the mater@tain boundaries and dendrites act as barriers
against dislocations and block their movemditterefore,grain size and dendrite

spacing are important parameters to improve yield strength.
4.3.1 Phase Boundary Strengthening

Phase boundary strengthenwgs calculatedy using secondargiendrite spacing.
The HallPetch equatiowas usedor this calculation.

,  —[83,84] (Eq. 1.11)

In this equation

is Hall-Petch constanty is dendrite arm spacing that was
measured using the method given under se@i@m.2.4 Grain Size and Denite
i s accept ed Yavkich & 8eportdd By C.e m

Cordero et. Afor pure Ni[85]. The experimental group investigated in this study was

Spacing Determinatior

relatively small. The conditions and abbrevatiohapplied processes and their results

are given in Table 8.and Table 4.
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Table 4.3: Heat Treatment and Coating Conditions and Related Abbreviations.

Processes Conditions Abbrevations
Hipped 1200°C-10h-150 MPa H
Solutionized 1120°C-2 hrAr C. (180C/min) S
Coatingl 1000°C-20 hF. C. (PC/min) C1
Coating2 1050C-16 hF. C. (PC/min) Cc2
Coating3 1100°C-12 hF. C. (PC/min) C3
Aging 845°C-24 hAr. C. (180C/min) A

Table 4.4: Secondarypendrite Spacing and Phase Boundary Strengthening Results.

Secondar Phase Boundar
Processes Dendrite Spa)c/:ing Strengthening Y
H 67 28,1
H+S 59 29,9
H+S+A 102 22,8
H+S+C1 86 24.8
H+S+C2 107 22,2
H+S+C3 - -
H+S+C1+A 125 20,6
H+S+C2+A 129 20,3
H+S+C3+A - -

As show in Table 4, application of heat treatments and CVD process decreased the
phase boundary strengthening due to increase in secondary arm spacing. The phase

boundary strengthening increased yfedd strength in between 280 MPa.

The phase boundary strengthening could not be calculated for H+S+C3, and
H+S+C3+A. This is due to dissolution of secondary dendrite arms into matrix during
CVD process applied at 1112 hours. This could be due toghi coating
temperature that allows the dissolution of secondary dendrite arm spaeixtgnded

growth times

Phase boundary strengthening was not considereduring total yield strength
calculation since it has a relatively small effect on calculation of total yield strength.
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4.3.2 Grain Boundary Strengthening

Grain boundarieblock the dislocatioomovementsand contribute togethewith the
friction stress, to theigld strength otheo-matrix. The inverse relationship between

grain size and yield strength is explained by Hrdtch equatioasgiven below[76].

. . — [76] (Eq.1.10)

In this equationd_ is grain boundary strengtheningl is friction stress ang, i

Hall-Petch constarfor grain boundariesKozar et. al used 750 MRan'”? asHall-

Petch constant for calculatiaf IN 100 grainboundary strengthenirfi@8].Si nce it 0s
in the same family of superalloys with IN 738 LC and it has a similar chemical
distribution, 750 MPa&m'? was usedas HaltPetch constant in our calculations.

Friction stress was acceptasd ¢ @0 0 dMPa foro-matrix[79]. O is average

grain size thatvas measured for each sample as mentioned wadéon3.2.4.2.4

Grain Size and Dendrite Spacing Determination.

Due tothecoarsegrain size of IN 738 Lblade( over 200 0p aermh si,n 5t0h0i cekm
thin parts) the grainboundarystrengthening contribiain wasfound to be below 50

MPa, and grairboundaryshowed just a slight change before and after heat treatments

and CVD aluminide coatings

Average grairboundary strengthenirgf castand HIPed IN 738 LGamples (average
thickness 17.6 mnfpund tobe 37.68 MPa and 35.86 MPa respectivBlye to grain
size increase during HIP operatiograin boundary strengtheningas sligtly
decreasd

Effect of solutionizing, coating and aging to M38 LC vyield strength is investigated

in following sectionsAll related microstructures were given in Chapter 3.
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4.3.2.1 Effect of Solutionizing Parameters in Combine with Varying Aluminide

Coating Temperature

The samples solutionized waarious tempeatures, itmes and cooling ratesere all
aluminide coated at 1080-20 hours, 105%C-16 hours and 110%-12 hours (furnace
cooled7°C/min) using chemical vapor deposition method.

CVD conditions changed the microstructure differently depending on initial
microstricture that was formed by solutionizing conditions. Therefore, the effect of
solutionizing in combined witlVD to grain boundary strengthenimgs investigated

separatelyor solutionizing temperature, time and cooling rate variables.

4.3.2.1.1 Effect of Varying Solutionizing Temperature in Combine with Varying

Aluminide Coating Temperature

HIPed IN 738 LC samplesere solutionized at various temperatuemvestigate the
effectof solutionizing temperature on grain boundary strengthening. The solutionizing
temperaturevas changedh between10801235°C and other parametergere kept
constant as showim Table 45 The varying parameterare shownwith darker

background.

Table 4.5: Parameters Used to Investigate Effect of Solutionizing Temperature.

Aluminide Coating
Conditions

1000°C-20 hours
1050°C-16 hours

HIP Condition Solutionizing Conditions

1080, 1100, 1120,
Temperature®C) | 1200 | Temperature°C) 1150, 11801200,

1235
Time (h) 10 Time (h) 2 1100°C-12 hours
Cooling Tvpe and (Furnace Cooling
Pressure (MPa)| 150 9 yp Ar Cooling-180 7°C/min)

Rate fC/min)

The location of samples usetthese heatreatmentand CVD processeme given
in Figure 44.
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Figure 4.4: The location of samples thakre solutionizedh between 108Q235C

for 2 hours and aluminideoated
Postsolutionizing and postoating grairboundarystrengthening calculations of these
samplesre givenn Figure 45.
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Figure 4.5 Postsolutionizing and postoating grairboundarystrengthening of

sampleghatweresolutiorizedat different temperatures.

In postsolutionizingmicrostructure increasing solutionizing temperature decreased
grain boundary strengthening due to increase in grainasizécrostructureof IN 738

LC showed bimodal to unimodal transformation ab@t@C®C. During thischange
coar s e particlesdahablockio’ grain boundary movementansfornedinto
substanti al | y Dsenualislieasaona sharp dpcaease in grainesize was
seen at solutionizing temperatures above 1Q2Bat decreased strengtheningThis
effectwas also mentioneith studies ofKoul and Castiiig andAnurag Thakur [20,

38]
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In postcoating microsuctures, grain boundary strengthenfagnd to be lower than
postsolutionizing conditionHighest grain boundary strengthenimgs achievedfter
coating performed at 1080-20 hours followed by 105C-16 hours and 110Q-12
hours. Similar to postolutionizing trend, samples solutionized at lower temperatures

showed hgher grain bounary strengthening in their pesbating microstructures

4.3.2.1.2 Effect of Varying Solutionizing Time and Cooling Rate in Combine

with Varying Aluminide Coating Temperature

Thesamples solutionized for different time periodsl @ooled with diffeent rates and
CVD aluminide coated at three different conditions were investigated for grain
boundary strengthenin@he experimental parameters of these processegivenn

Table 46. The varying parametevgere showrwith a darker background.

Table 4.6: Parameters of solutionizing for varying time periods and cooling rates,

andCVD at varying temperatures.

HIP Condition Solutionizing Conditions Alum|n|de_ _Coatlng
Conditions
Temperature o 1000°C-20 hours
(°C) 1200 | Temperature®C) 1120 1050°C-16 hours
Time (h) 10 Time (h) 1,2, 4 1100°C-12 hours
] Cooling Type and Ar Cooling-180 (Furnace Cooling
Pressure (MPaj 150 Rate PC/min) Furnace Cooling20 7°C/min)

The location of these samplasegiven in Figure 4.

ABCDEFGHIJELMNTU

Colo Average Thickness
QIO Thickness (mm) | range (mm)
I 195 181213

Figure 4.6: The location of samples thaere solutionizedt 1120C for 1, 2 and 4
hours and aluminideoated
The grainboundarystrengthening calculatiorisr samples solutionized for 1, 2 and 4

hours, cooled in Ar and furnaeee givenn Figure 4.7 and 4.8spectively
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Figure 4.7: Postcoating grairboundarystrengthening of samplésatwere

solutionizedfor different time periods anér cooled
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Figure 4.8: Postcoating grairboundarystrengthening of samples thaére

solutionized for different time periods and furnace cooled.
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The trend in between pesblutionizing and postoating microstructuresvere
obtained similady to previous experiment group. Pastating microstructures
achieved lower grain boundary strengthening than-gastionizing since, larger

grain sizes werelgainedin postcoating microstructures than pesilutionizing.

Increasing solutionizing time decreased grain boundary strengthening due to increase
in grain sizesAr cooling achieved slightly higher grain boundary strengthening than
furnace cooling duedo lower grain size obtaineth Ar cooling method.Furnace

cooling allows grain size increase for a longer tpeaodthanAr cooling

The change of grain boundary strengthening in samples both during solutionizing and
coating found to be less than 5 Mihich is a pretty low value compared to expected
(over500 MPa in room temperaturttal yield strength of IN 738 LC.

4.3.2.2 Effect of HIP, Solutionizing, Varying Aluminide Coating Temperatures
and Aging to Grain Boundary Strengthening of Thick and Thin Samples

A significant differencevas seetfor grain boundary strengthening between samples
with different thickness. Due to inhomogeneous cooling after casting, the thick
samples taken fromiddle section of turbine blade hadnsiderablhhigher grain size
thanthin sampletaken fromtheleading edge of the gas turbine blade. Therefore, thin
samples acquired higher grain boundary strengthening thahi¢tkesamples.Effect

of HIP, solutionizing, CVD temperature and aging to thick and thin sanwdss

investigatedvith the parameters given in Tablg 4.

Table 4.7: Heat Treatment and Coating Parameters for Thick and Thin Samples.

HIP Condition Solutionizing Conditions CVD Conditions Aging Condition
Temgerature 1200 TemEerature 1120 1000°C-20 hours
G (W) s
Time () | 10 | Time (h) 2 1050°C-16 hours
Coolina T A 1100°C-12 hours | 845°C-24 hours
Pressure 0oling 1 ype ' (Furnace Cooling
(MPa) 150 and R_ate Cooling 7°C/min)
(°C/min) 180
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Additional to Table 47, one thick andone thin sample was directly aged after
solutionizing to se¢he effectof aging on uncoated samples. The locations of thick

and thin sampleare givenn Figure 4.9.

ABCOEFGHIJELERTY Average Thickmess
. Colour Thicknesz ranze
(nam) {mm)
H Thick LY == 5
: Samples = 1823 17.7-183
Thin z
Samples == 85 B2-41

Figure 4.9: The locationf thick andthin samplegroup.

Grain boundary strengthening of as cast, HIPed and solutionized thick and thin

samplesare givenn Figure 4.0.

a 60 .
é C: Cast
o 50
= H: HiPed
G 40
= A A A A n
2 30 S: Solutionized
[¢)]
n 20
ﬁ A: Aged
N
o 10
.% 0
O C C+H C+H+S C+H+S+A
A Thick Sample Thin Sample

Figure 4.10: Grainboundarystrengthening aothe cast, HIPedsolutionizedand aged
thick and thin samples

Grain boundary strengthening of ttien sample obtained to be considerably higher
than thick sample since thick samples considerably higher grain size th#mn
sample.Thisis due to inhomogeneous cooling of turbine blade during solidification.
The thick samples also cooled slower cooliatgrafter the heat treatments and CVD

processlueits size.
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Initially, the effect of HIP, solutionizing and aging (no coating applied) to grain
boundarywas investigatedHIP and solutionizing applied to these samples slightly
decreased the grain boundatsengthening due to increase in grain sizes during these

heat treatments.

Grain boundary strengthening decrease was slightly higher during HIP than
solutionizing due to a higher temperature andh longer period of HIP process
(1200C-10 hours) than solutionizing (11ZD2 hours).Aging did notchange grain
boundary strengthening greatly because dbitstemperatur&45°C despite the fact
that itwas appliedor 24 hours.

The grain boundary strengthening decrease ithihesample was slightly higher than
thick sample after heat treatments &\dD, since thin sample had sgnificantly
| ower gr ai n si zwas rmooevwefectedJr@rOgram Bide charga than

thicksample grainsizeover 2000 & m)

Aging was also appliedo samples coated at 10320 hours, 105%-16 hours,
1100C-12 hours Postcoatingand postaging grainboundarystrengthening othick

and thinsamplesare givenn Figure4.11.
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S 36
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Thick (aged) Thin (aged)

Figure 4.11: Grainboundarystrengthening@f postcoating and posaging thick and

thin samples.
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Increasdn CVD temperature resulted decreasef grain size strengthening. Aging
decreased the grain boundary strengthening slightly duenioa increase in grain
sizes during this heat treatment. The grain boundary strengthening dectbasieim

sample was slightly higher than ttreck sample after CVD .

The decrease in grain boundary strengthening of directly aged sampleswésl0)
slightly higherthatthe decrease in coated and aged samples (FHi$was expected
since coating apied prior toaging decreased the grain size strengthening and reduced

the effect of aging slightly.
4.4 Precipitation Strengthening

The precipitation strengthenimgderivedrom gamma primed) and MC carbidefor
IN 738 LC. TheMC carbides found to be Ta, Ti and Nb rich andaingeof 55 0 € m.
Howeveryvolumef r acti on of MC carbides didnot
heat treatment histories. Therefoogntribution of carbides to yield strengtivas

ignoredin this study

Highest yield strengthontributionis providedby 9' precipitationstrengthening in Ni
basel superalloysThere is a common view that tmsodelingcanbe performedy
examiningtheinteractionof dislocation pairs between small (weak pair coupling) and
large (strong pair coupling) ' p a[B&, 87]dhe doemula for strong and wealir
coupling yield strength contributicare given below.

7
T P © pE [86] (Eq.1.13

¥
t 0 %o — "Q [86] (Eq.1.13

In these formulad is Taylor equation factoff}is o' volume fraction, is elastic
repulsion which ighe orderof unity, 7 | jis antiphase boundary energs,is shear
modulusVol ume f r act i Oparticeeswdre meastdiredusing thé method
given under section 3.2.4.2.5 Gamma Prime Sizé/ahgme Fraction Determination
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is a constant depending on tim@rphologyof o' precipitate For spherical particles
© 1% {86]. 4| is line tensioncalculatedas 2.48x10° N for IN 738 LC by the

formula given below.
Y —[86] (Eg.1.13

All the constants taken from thieeraturethatwasused to calculate yield strength and

their reference numbesse givenn Table 48.

Table 4.8: StrengthenindParameterdJsed in The Precipitation Hardening.

Parameters Values References
i 0.17 J/nd [20]
b 0.249 nm [88]
ENi 80GPa [89]
M 3 [90]

Maximum strength cabe achieved ' precipitates can resist cutting and are too close
to allow dislocationbypassing. The radius that maximum strengtachievecalled

as fcr i dltwaadalcutads®™ u sc @ nm by the gien formula below for

IN 738 LC[86].

Q —[86] (Eq.1.19

In the Chapter3, both primary and secondavysizesweremeasuredor samples with
different microstructureand different heat treatment historiéd of them were found
to be higher thathecritical size of 29.2 nmvhich meanstrong coupling is the valid
mo d e | for Dbot h ptpreoqatateg in auNd’38d.@sanaplesl ar vy o

In strong paircouping, 2 strengthening i s fragctommand r t i on

i nversely pr oipthemiciosiracaule t o 2' si ze
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4.4.1.1 Effect of Solutionizing Parameters in Combine with Varying Aluminide

Coating Temperature

The samples solutionized warious temperatures, times and cooling rates were all
aluminide coated at 1080-20 hours, 105%-16 hours and 110%-12 hours (furnace
cooled7°C/min) using chemical vapor deposition method.

CVD conditions changed the mictoscture differently depending on initial
microstructure that was formed by solutionizing conditions. Therefore, the effect of
solutionizing in combined with CVD to grain boundary strengthening was investigated

separately for solutionizing temperature,aiand cooling rate variables.

4.4.1.1.1 Effect of Varying Solutionizing Temperature in Combine with Varying

Aluminide Coating Temperature

HIPed IN 738 LC samplesere solutionized at various temperatuemvestigate the
effect of solutionizing temperature goredpitation strengthening. The solutionizing
temperaturevas changedh between10801235°C and other parametergere kept
constant as showm Table 49 The varying parameterare shownwith darker

background.

Table 4.9: Parameters Used to Investigate Effect of Solutionizing Temperature.

HIP Condition Solutionizing Conditions Alum|n|d¢ .Coatlng
Conditions
1080, 1100, 1120, 1000°C-20 hours
Temperature®C) | 1200 | Temperature°C) 1150, 1180, 1200, 1050°C-16 hours
1235 1100°C-12 hours
. . (Furnace Cooling
Time (h) 10 Time (h) 2 7°C/min)

The location of samples usetthese heareatmentand CVD processeme given
in Figure 4.12.
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Figure 4.12: The location of samples thaere solutionizedh between 1080
123%C for 2 hours and aluminidmated

The postcoating and poss ol ut i oni zi ng cal cul at'ed

strengtlening of these samplesegivenin Figure4.13 and 414.

Thetd al o s ttheeamtgbutior® rf 'ipamtiglesare givenin Figure 4.5.
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Figure 4.13: Primary?' strenghening of possolutionizing and postoating

samples
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Figure 4.14: Secondary' strengthening of postolutionizingand post coating

samples
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Figure 4.15: Total o' strengthening of soludnized and postoating samples

As shown inFigure 4.8, primary2' shows lowen' strengthening contribution below
1150°C than above 115C in both possolutionizing and postoating
microstructures, since bimodal microstructure was seen below@ W8ile unimodal

microstructurewas seerabove this solutionizing temperature. Primargize of the
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unimodalregion is considerably lower than primasysize of thebimodal region.
Primary2' volume fraction of thainimodalregion is slightly higher than primaoy
volume fraction of thdimodal region. Due to these fa¢igrimary o' of theunimodal

region provided higher yield strengthening contribution

Postcoating microstructures of samples solutionizdabve 1150C showed lower

pri mary 2" thantpossalugoninng.nThenrgasofor this trend was the

i ncr eas.i ngizepduringnaatigg?ostcoatingmicrostructures of samples
solutionized below 115%¢€ achi eved higher primary o'
solutionizing due to consi deraadnumberbfncr e a:

particles

Secondary 2 wasworlyrseeatght samples solytionized beldd/50C,

since solutionizing above this temperature provided unimodal structure. Increasing
solutionizing temperature in between 160BIPCC increased postolutionizing
secondary 9 'and décreasedgobsbatngs engondary 9 stre
slightly.

Secondary' strengthening results given in Figure 4ighows that after 115G-2
hours solutionizing, only postoating bimodaktructure was achieveslith 1050C-

20 hours coatinglhis could be due to highest prinyar 2 Ssi ze =wgdatngi ned

microstructuresafter L05°C-16 hours coating.

In the bimodal region below 115% solutionizing temperaturdyi g h e s t pri mar
strengthening was achievedter 1000°C-20 hours coating, followed by 10%D-16
hours and 110C- 12 hours coatirgrespectively. Howevein the unimodalregion
above 150°C solutionizing temperatureh i g h e st pri mary ) st
achieved aftet 00®C-20 hours coating fadwed byl100C- 12 hoursand1050C-16

hours coating respectively. The reasaof this trend difference in unimodal and

bimodal range is due thedifferentreactionof these microstructuresyainst coating
temperatur e. Uni mod al'size after coating performeaty e d h i

1050C-16hour s whi |l e bi mo d a l'size &tgricoatimg perioimede v e d
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at1100’C-1 2 howur 5s.t rSinngcteheoni ng 1 s i sizeedheseel y

conditions provided lowest yield strength forehe d i f striecturesnt 9

Highest postoating secondary strengthening was achieved after the coating at 1000
°C-20 hours, followed by 1#D°C-16 hours and 118C-12 hours.The secondary'
strengthening of postoatingmicrostructureafter 1100C- 12 hours was lower than
postsolutionizing conditions due #considerabléncrease in particle size duritigs
coating operation.

As shown in Figure 43, in caseof postsolutionizingd' strengthening contributions
were compared the samples solutitzed above 11%C has slightly higherd
strengthening than samplgslutionizedbelow this temperature. The reason of this is
the considerably low' sizesin unimodal microstructure thé seenat solutionizings
above 1150C.

In postcoating andhostsolutionizing microstructures of samples solutionized below
1150¢C bimodal structure was achieved. In bimodal structures, secoralary
strengthening was calculated to be higher than primiasirengthening as shown in

Figure 4.8 and 4.8 mainly dueto lower size of secondary gamma primes

In postcoating microstructures, highdstal o' strengthening was achieved after the
coating performed at 1000-20 hours, followed by 108CQ-16 hours and I00°C-12

hoursrespectively for the samples solutionizeelow 1150C (bimodal region).

The postcoating microstructure of samples solutionized above %1,5hd coated at
100CC-20 hours and 110Q-12 hours showed similar total strengtheninghat was
higher than théotal 9' strengtheningf coating performed at06(’C-16 hours. This is
due to higho' size and lowo' volume fraction of thenicrogructure coated at 105(C-
16 hours.
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4.4.1.1.2 Effect of Varying Solutionizing Time and Cooling Rate in Combine

with Varying Aluminide Coating Temperature

The samples solutionized for different time periods and cooled with differenimates
combined withCVD aluminide coang at three different conditions were investigated
for precipitation strengthening:he experimental parameters of these processes are

given in Table 4L0. The varying parameters were shown with a darker background.

Table4.10: Parameters of solutionizing for varying time periods and cooling rates,

andCVD at varying temperatures.

Aluminide Coating

HIP Condition Solutionizing Conditions -
Conditions
Temperature®C) | 1200 | Temperature°C) 1120 1000°C-20 hours
Time (h) 10 Time (h) 1,2, 4 1050°C-16 hours

1100°C-12 hours

Cooling Type and  Ar Cooling-180 (Furnace Cooling

Pressure (MPa) 150 Rate ¢C/min) Furnace Cooling20

7°C/min)
The location of these samples are given in Figure 4.16.
ABCDEFGHIJELWMHNTU
i Colo Average Thickness
i O | Thickness (mm) | range (mm)
: | 19.3 18.1-213

Figure 4.16: The location of samples thakre solutionizeét 1120C for 1, 2 and 4
hours and aluminideoated

The postsolutionizing and postoating yield strength contribution of primary

secondaryand totab strengthening contributions of these samplegivenin Figure

4.17.

In postsolutionizingand postcoatingmicrostructurs, Ar cooling achievedower o'
strengtheningFurnace coolingprovidedmore time too' precipitation during cooling
that increased total' volume fractionand 2' strengtheningmore than Ar cooling
However, as stated i@hapter 3, furnace cooling resulted in relatively disordefed
precipitate shapes.
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Figure 4.17: Postsolutionizing and postoating primary and secondary

strengthenindor samples Ar and furnace cooled
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In the caseof postcoating microstructure both furnace and Ar cooled samples

achi eved hi'gibléstrengthening @aantyibution than psstutionizing

mi cr ostr uct ur grengthening greup,comlydtlree rsample furnace cooled

after solutionizing and coated at 10020 hours achieved higher pastating

S e ¢ 0 n dstrengthening than pesolutionizing. The post oat i ng $econd:
strengthening performeasith Ar cooled samples was below the psstutionizing due

to | ower vol ume f padides.iFurnace edolingsadlosve anhiigher y 0

volume of secondary fraction to form during cooling.

Inthecaseo f o v'st alin gd h e nstrangtheningesyltewene achieved

with the samples furnace cooled after solutionizing in bothgmstionizing and post

coating microstructuresHighest postoating yield strengthwas achievedafter

1000C-20 hours coating, that is followed by 106620 hours and 110Q-12 hours
coatings respectively. Onl y 'dgrengtheninggh cond
postcoating condition thapostsolutionizingconditionwas 1000C-20 hours in both

cooling types.

Shorter coating periods atvolume fdction amanp er at
h i g h' eize, azcordingly lower yield strength. Longer coating periods at low
temperatures achievédi g hweao | wme f r a c t'size, accadingly highewer o

yield strength.

Increasing solutionizing time decreasg&dstrengthening in postolutionizing and
postcoating microstructuresThis trend was seen in both Ar and furnace cooled
samplesThereason of this trend isthen c r e assiez eosf an d 'wdlener e as e
fractionwhensolutionizing timewas increasedAdditionally, o' sizes ancrecipitate

free zone area ware increasedmicrostructure wherthe solutionizing time was

increasedT hi s resul t ed 'strangtheereng.r ease of t he 0
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4.4.1.2 Effect of HIP, Solutionizing, Varying Aluminide Coating Temperatures
and Aging to Precipitation Strengthening of Thick and Thin Samples

Effect of HIP, solutionizing, CVD temperature and aging to thiakef from the thick
middle sectiopand thin [eading edge of the turbine blgdamples was investigated

with the parameters given in Tabld 4.

Table 4.11: Heat Treatment and Coating Parameters for ThicKTéuid Samples.

HIP Condition Solutionizing Conditions | CVD Conditions | Aging Condition
Temperaur) 1500 | TEMPErature| 1150 | 1000°C-20 hours
e °C) (°C) 1050°C-16 hours
Time (h) 10 Time (h) 2

1100°C-12 hours 845°C-24 hours

Cooling Type Ar ;
P(r,\(st,)s‘;;re 150 and Rate Cooling (Furg?é:/emicnc;olmg
(°C/min) 180

The location of these samples are given in Figure 4.18.

ABCOEFGHIJELMNTLY Avarazp Thicknesx
Colour Thickns:s ranze
[mam) {mm)
; Thick : 21
: Samples = 1823 17.7-18.5
Thin £
Samples — 85 52341

Figure 4.18: The location®f thick and thin samples

Primary, secondary arid o t' strengtbening of as cast]Ped solutionizedand aged
(no coating appliedhick and thinsamplesare givenn Figure4.19.

The tick and thin sample showedsimilaryield strength results derived from primary
and s e c'gartclasr Howews, due to higher volume fractiorof 9, the o'
contribution toyield strength found to be slightly higher fdre thick sample.The
reason of 'vollme fractiorgditheck sampleis the slower cooling after

casting, following heat treatments a@¥D.
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Figure 4.19: Primary, secondary and totalstrengthening of the cast, HIPed and

solutionized thick and thin samples.

Thereisa e c r e a s é strengthenhirglueatdthe disappearancefs econ'dar y 0
particlesin the postHIP microstructureas shown in Figure 4. 1Jhere is a slight

increasei n  p r | strangtlyening after HIP operatiomhis result proves that
secondary heat treatments are necessary to recover microstaeftetirdP.

Solutionizing recovered the secondaryprecipitatespartially and increasd the
secondary?d' strengthening.However, during solutionizingan important part of
primary?' particles dissolved into matrtkat decreased the yield strengtimtribution

of pr ipartclesy o

Aging increased bot''Wolume flactienTherefaretttere svassc o n d a |

an increase in contribution of both primary and seconulg@rticles to yield strength.

Postcoating and posagingprimary, secondary and totaltrengtheningf both thick
and thin sampleare givenn Figure4.20.
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Figure 4.20: Postcoatingand postagingprimary and secondany strengtheningf
thick and thin samples

As shown in Figure 4.20, agingncr eased pr i mdstgngtlReniy secondar
slightly due to increase in volume fraction these precipitdibs could be due to

stabilized microstructures of samples after coateqgslied above 100Q for more
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than 12hours.Thi ck s ampl e h asttengithening than lthyn samplegit e r

both postcoating and posaging microstructures.

Total o' strengtleningcomparison of thick and thin samples is given in Figure 4.21.
There is a slight difference between the results of thick and thin samples. Due to slower
cooling ofthick sample, 2’ volume fraction of this sample was found to be higher in
both postcoatingandposta gi ng mi cr ostr uct ustrengthenirigu e
of thick sample was slightly higher than thin sample.
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Figure 4.21: Postcoating and posagingd' derived yield strength of samples.

Increasing coating temperature decreased both-quading and posh gi n g )
strengtheningHo we v er t hi s decr e a'stengtheninghtihag h e r

primary.

This gap between primary and secondary strengthéningreasediue to anncrease
of s e c'oauthafragtionafter aging at 84524 hoursThe coatings performed
at 1050°C-16 hoursand1100°C-12 hoursshowed closer primary and secondary yield
strength due t dsizk.Agimniarrtrend was eseerth postaging

microstuctures of these coatings.
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In both of the samples, aging was found to be more effective to increase the yield
strength provi de gartiddeg than lpramarg Enceotinedircreage i
secondaryolume fraction increaskyield strengthmore duetd ower sécondary 0

size than primary' size

Direct agingat 84%C-24 hours provided a sharp increase in both primary and
secondary' strengtheningThisis due tchigh o' volume fractiorachievedwith low o'
sizein postcoatingmicrostructureThick sample taken fromiddlesection of turbine
blade achieved higher yield strengditian the thin sample taken from leading edige,
postaging microstructure This is due toslower cooling and accordingly obtained

highera' volume fractionof thick sample.
4.5 Total Yield Strength

In this section, He sum ofcalculatedsolid solution strengtheningyrain boundary
strengtheningand?' strengthening is given for the IN 738 LC sampiéth different

microstructures and differeheat treatment histories

4.5.1.1 Effect of Solutionizing Parameters in Combine with Varying Aluminide

Coating Temperature

The samples solutionized waarious temperatures, times and cooling ratesre all
aluminide coated at 1080-20 hours, 105%-16 hours and 110%-12 hours (furnace

cooled7°C/min) using chemical vapor deposition method.

CVD conditions changed the microstructure differently depending on initial
microstructure that was formed by solutionizing conditions. Therefore, the effect of
solutionizing in combined with CVD targin boundary strengthening was investigated

separately for solutionizing temperature, time and cooling rate variables
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4.5.1.1.1 Effect of Varying Solutionizing Temperature in Combine with Varying

Aluminide Coating Temperature

HIPed IN 738 LC samplesere solutionized at various temperatiemvestigate the
effect of solutionizing temperature omotal yield strength. The solutionizing
temperaturevas changedh between10801235°C and other parametergere kept
constant as shown in Tableld. The \arying parameters are shown with a darker

background.

Table 4.12. Parameters Used to Investigate Effect of Solutionizing Temperature.

HIP Condition Solutionizing Conditions Aluminide Coating
Conditions

1080, 1100, 1120, 1000°C-20 hours
Tempeature PC) | 1200 | Temperature°C) 1150, 1180, 1200, 1050°C-16 hours

1235 1100°C-12 hours
Time (h) 10 Time (h) 2 (Furggé;emci:nc;onng

The location of these sampleg ahown in Figure 42

ABCDEFGHIJELMNTUY

) Colo Average Thickness
; PO | Thickness (mm) | rangs (mm)
- 175 16.5-19.2

Figure 4.22: The location of samples thaere solutionizedh between 1080
12353C for 2 hours and aluminidmated

The sum ofsolid solution, grain boundarynd precipitation strengtheningf these
samplesare given in Figure 4.3. The yield strength contributions and total yield

strength resultare given inTable 4.13
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Figure 4.23: Postsolutionizing and postoating total yield strength of samples that

weresolutionizedand coatedt different temperatures

Table 4.13: Postsolutionizing and postoating total yield strength of samples that

were solutionize@nd coated at different temperatures.

Postsolutionizing Post coating Total Yield Streg_g_th De'\rjlelzanding on Aluminide Coating
Solutionizing | Total Yield Strength Conditions (MPa)
Conditions (MPa) 1000°C-20 hours 105(°C-16 hours 1100°C-12 hours

P. | S.S.|G.B.| Total| P. | S.S.|G.B.| Total | P. | S.S.|G.B.| Total | P. | S.S.|G.B.| P.
1080°C -2

390|273 | 35 | 698 | 499|273 | 35 | 807 | 441|273| 34 | 749 | 370| 273 | 34 | 677
hours-Ar C.
1100°C -2

369 | 273| 35 | 677 | 474|273 34 | 781 |426|273| 34 | 733 | 357|273| 34 | 664
hours-Ar C.
1120°C -2

379|273| 35 | 688 | 435|273| 35 | 743 | 388|273| 34 | 695 | 345|273 | 34 | 652
hours-Ar C.
1150°C -2

407|273 | 34 | 714 | 295|273 | 34 | 601 | 358| 273| 34 | 665 | 235| 273 | 33 | 541
hours-Ar C.
1180°C -2

424|273 | 34 | 731 | 298|273 | 34 | 604 | 229|273| 34 | 536 | 280| 273 | 33 | 586
hours-Ar C.
1200°C -2

464 273| 34 | 770 | 295| 273| 33 | 601 | 220|273 | 33 | 527 | 316| 273| 33 | 622
hours-Ar C.
1235°C -2

4141273 | 34 | 721 | 343|273 | 33 | 649 | 220|273 | 33 | 527 | 345| 273| 33 | 651
hours-Ar C.

The defnition of abbreviations used in Table 4.13 are given in Table 4.14.

178



Table 4.14. Abbreviations and Related Definitions.

Abbrevation Definition
P. Precipitation Strengthening
S.S. Solid SolutionStrengthening
G.B. Grain Boundary Strengthening

In postsolutionizing microstructures, the samples solutionized above®C1%fih
unimodal microstructure showed slightly higher yield strength than samples
solutionized below this temperature with bimonatrostructure. This is due to lower

J' size obtained for the samples solutionized above °Cl%0nimodal region) than

below this temperature (bimodal region).

In postcoatingmicrostructurs, highest total yield strengthias achievedfter coating

at 1000C-20 hours followed by 105C-16 hours and 1100-12 hours for the samples
solutionized below 115C. In the same region, the coatings performed at1BA0
hours and 105C-16 hours achieved higher yield strength than -gokitionizing
condition while 1100C-12 hours achieved lowejield strength.This was due to
considerably higly' size obtained at 1100-12 hours that decreased vyield strength
greatly.

In postcoating microstructuresthe sampls that were solutionizedabove 1150°C
obtainedo be unimodal andalculated yield strengthf these sampleserebelow the
postsolutionizing conditionThiswasdue to increase iprimary2' sizethat decrease

yield strength and lack atlatively smalker secondary' particlesthat provides high
strengthening contributiarAfter the totalo' strengthening was investigated for the
samples that were solutionized at different tempertures, same investigation was
performed for the samples solutionized for different time periods and cooled with

differentrates.
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4.5.1.1.2 Effect of Varying Solutionizing Time and Cooling Rate in Combine

with Varying Aluminide Coating Temperature

The samples solutionized for different time periods and cooled with different rates and
CVD aluminide coated at three different conditiansre investigated for total yield
strength.The experimental parameters of these processes are given in TablEh.1

varying parameters were shown with a darker background.

Table 4.15; Parameters of solutionizing for varying time periods and cooling rates,

and CVD at varying temperatures.

HIP Condition Solutionizing Conditions Alum|n|dg _Coatlng
Conditions
Temperature o 1000°C-20 hours
(°C) 1200 | Temperature®C) 1120 1050°C-16 hours
Time (h) 10 Time (h) 1,2, 4 1100°C-12 hours
] Cooling Type and Ar Cooling-180 (Furnace Cooling
Pressure (MPa) 150 Rate PC/min) Furnace Cooling0 7°C/min)

The location of these samples are given in Figure 4.24.

ABCDEFGHIJEKLMHAHTU

Colo Average Thickness
O | Thickness (mm) | range (mm)
== 19.5 18.1-21.3

Figure 4.24: The location of samples thaere solutionizedt 1120C for 1, 2 ad 4

hours and aluminide coated.
The postsolutionizing and postoating total yield strength of Ar and furnace cooled
samplesare givenin Figure 4.5 and4.26 The yield strength contributions and total
yield strength results are given in Table 4.16. The abbrevations used in Table 4.16 was

given in Table 4.14.
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Figure 4.25: Postsolutionizing and postoating total yield strength of samples that

are solutionizedor different time periods anélr cooled.
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Figure 4.26: Postsolutionizing and postoating total yield strengthf gamples that

are solutionized for different time periods and furnace cooled.
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Table 4.16: Postsolutionizing and postoating total yield strength of samples that

are solutionized for different timgeriods Ar or furnace cooled

Post coating Total Yield Strength Depending on Aluminide Coating
Postsolutionizing Total Conditions (MPa)

Cooling | Time Yield Strength (NPa)
Method | (hour) 1000°G20 hours 1050°G 16 hours 1100°G12 hours

P. | S.S|G.B.| Total | P. | S.S.|G.B.| Total| P. | S.S.|G.B.| Total| P. | S.S.|G.B.| Total

1 435|273| 36 | 744 |482|273| 35 | 790 [ 430|273 35 | 739 [392| 273 | 35 | 700

379|273| 35| 688 |429|273| 35 | 737 [ 388|273 | 35 | 695 |345| 273 | 34 | 652

ArC
(18C°C/min)
N

4 3241 273| 35 | 631 |364|273| 35 | 672 |330|273| 34 | 637 | 295| 273 | 34 | 602

Cooling | Time | o | ¢ 5l g| Total | P. | 5.5|G.B.|Total| P. | S.5|GB|Total| P. | s55.| 6B, Total
Method | (hour)

1 472 273| 35 | 780 | 560|273 35 | 868 | 471|273 | 35 | 779 |424| 273 | 35 | 732

421|273 | 35 | 729 | 467|273 | 35 | 775|416 273| 34 | 723 | 378| 273 | 34 | 686

F.C.
(20°C/min)
N

4 376|273 | 35 | 683 |422|273| 34 | 729 | 372|273 34 | 679 |337| 273 | 34 | 644

Furnace cooling achieved higher yield strength than Ar cooling due to biglogrme
fraction In both coolingtypes only the coating at00®C-20 hoursachieved higher
yield strength than thgostsolutionizingcondition.Thiswasdue to relatively smat¥

size and higher volume fraction achieved at this specific condition.

Increasing solutionizing time decreased total yield strength in botksphgioniang
and postcoating microstructures due to a decrease in bptbcipitateand grain

boundarystrengthening.

4.5.1.2 Effect of HIP, Solutionizing, Varying Aluminide Coating Temperatures
and Aging to Total Yield Strength of Thick and Thin Samples

Effect of HIP, solutionizing, CVD temperature and aging to thiakgn from the thick
middle sectiohand thin [eading edge of the turbine blgdamples was investigated

with the parameters given in Tallel7 for total yield strength.

182



Table 4.17: Heat Treatment and Coating Parameters forkramd Thin Samples.

HIP Condition Solutionizing Conditions CVD Conditions Aging Condition
Tem;o)erature 1200 Temgerature 1120 1000°C-20 hours
&) &) .
Time () |10 Time () 2 1050°C-16 hours
Coolina T Ar 1100°C-12 hours | 845°C-24 hours
Pressure ooling 1ype . (Furnace Cooling
(MPa) 150 and Rate Cooling 7°C/min)
(°C/min) 180

The location of these samples are given in Figure 4.27.

Figure 4.27: The location®f as cast, HIPed, solutionized, coated and aged amdk

Calculated yield strength af cast, HIPedolutionizedand aged (no coating applied)
IN 738 LC thick and thin samplesgre givenin Figure4.28 and Table 4.18 The

thin samples

Averaze Thicknasx
Colour Thickmess ranze
(i) {mm)
Thick B - =
Samples — 1825 17.7-18.3
Thin .

definition ofabbrevations used in Table 4.18 were given in Table 4.14.

The thi

higher grainboundarystrengtheningThese two factorarebalancing each other that

resultsin similar total yield strength in both thick and thin parts

As shown in Figuret.28 and Table 4.1&lue tothe disappearance f

c k

s a mptteegthdoraribidion Ihawgviy ¢éhe thin samplédas

strengtheningthereis asharp yield strength decreasehe HIPedmicrostructure.

Solutionizing increased tdta yi el d

strength

due

t o

secondary

pre

particles. Aging increased the total yield strength further mainly due to increase in

pri mary

a n'dvolene ftaotiond a r y
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Figure 4.28: Calculated yield strength of as castPed solutionizedand aged thick

and thinsample.

Table 4.18: Calculated yield strength of as cdsdtPed solutionized and aged thick
and thin samples.

Thick Sample (18.25 mn  Thin Sample (8.5 mm)
P. | S.S.|G.B.| Total| P. | S.S.| G.B.| Total
Casted 497 | 38 | 273| 808 | 481 | 56 | 273 | 810
HIPed 266 | 36 | 273| 575 | 261 | 50 | 273 | 584
Solutionized| 379 | 35 | 273 | 688 | 376 | 48 | 273 | 697
Aged 504 | 35 | 273| 812 | 476 | 45 | 273 | 794

Process

The postcoating and posaging yield strength of thick and thin sampége givenn
Figure4.29 The vyield strength contributions atwtal yield strength results are given
in Table 4.19The abbrevations used in Table 4.19 was given in TableBoiH thick
and thin samples shad similar yield strength. The thick sample have higher
precipitatestrengthcontribution howeverthe thinsamplehas higher grainboundary
strengtheningThese two factorarebalancing each other that resufissimilar total
yield strength inboth thick and thin partsAging applied after coating operations
increased yield strength slightiipe to highly sthilized microstructure after coating.
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Figure 4.29: Postcoating and posagingtotal yield strength othin and thick

sampls.

Table 4.19: Postcoating and posagingtotal yield strength athin and thick

samples
Aluminide Total Yield Strength of Thick Sample (18.25 mm)
Coating Postcoating (MPa) Postaging (MPa)
Conditions ™ ss. | GB. Total P. ss. | GB. Total
1000C-20 1 4a5 | 273 | 35 743 463 | 273 | 34 771
hours

1050C-16 | 464 | 273 34 672 395 | 273 34 702
hours

H100C-121 559 | 273 | 24 628 335 | 273 | 34 642
hours

Aluminide Total Yield Strength of Thin Sample (8.5 mm)
Coating Postcoating (MPa) Postaging (MPa)
Conditions ™ ss. | GB. Total P. ss. | GB. Total
1000C-201 445 | 273 48 739 451 | 273 45 769
hours

1050C-16 | 557 | 973 47 678 385 | 273 42 701
hours

1100C-12 1 594 | 273 45 632 332 | 273 42 647
hours

When solutionized andaged (no coating applied)samples are compared to
solutionized,coated andiged sampk aging had a higher effect ocreasing yield

strengthwhen agingis applieddirectly after solutionizing The coating operation

185



already effects as primarligh temperatureaging or replaces the actual aging
operation.Thereforethe coatingapplied before aging decreases the efféeiging to

increasey’ precipitation and accordingly volume fraction.

In the caseof solutionizedaged and solutionizecbated samples compared, the aging

had a better effect of increasing yield strentjién coahg since aging is applied at

lower temperatures and for longer time periods ttteemical vapour depositioiihe

reason postoating microstructures achieves lower yield strength is due to high
temperature of CVD aluminide coating operatidine CVD aluminide coatings
achieve higher 9' size and | owsamperatute v ol ume
above 100€C.

The closest yield strength achievedagingby coatingis after the coating applied at
1000°C-20 hours.This coating condition ithe closestconditionregardingtime and
temperature to aging applied at 8854 hourswhen itis comparedto coating
operations at 108CQ-16 hours and 110Q-12 hours.

4.6 Yield Strength Simulation Comparison

JMAT PRO was used to simulate microstructure evotuturing heat treatmeand
coatingoperations. Ithe previouschapter, microstructuvolutionsimulation results
were given and theywere comparedvith experimental microstructuréndings
obtairedafter heat treatment and coating operations. Insiition JMAT PROyield
strengthestimatiorfor postsolutionizing, postoating angbostagingmicrostructures
were comparedwith the yield strength model resulf§She JMAT PRO simulation

method and asimptions are given under section 3.2.3 Simulation Method.

The JMAT PRO simulation and yield strength model results for solutionizib@g8x,
1100, 1120, 1150, 1180, 1200 and 1%Z3%or 2 hours Ar cooled) and coatg at
1000°C-20 hours, 105A.6 hours and100°C- 20 hours (Furnace cooledje givenn
Figure4.30.
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Figure 4.30: Yield strength estimation results AT PROand yield strength

model for IN 738 LCsamples solutionized at different temperatures

Exceptfew trends results are found to lspuite different. Initially, postsolutionizing
microstructures were compared. The yield strength of samples that were solutionized
above 1128C was found to be higher thathe samples solutionized below this
temperature in yield strength model results. A similar trend was seen in JMAT RPO.
However, thesolutionizing temperature that yield strenggiarted to increase in
simulationswassligtly higher than the experiments

In IMAT PRO simulations yield strengthsultof 1000C-20 hours coating found to
be higher than postolutionizingmicrodructured s y i e | for the sam@es that h
weresolutionized up to 100°C. On the other handh yield strength modell00CC-

20 hours and 1058C-16 hours of coating results found to be higher than-post
solutionizing microstructure for the samples thet solutionizedip to 1120C. The
postsolutionizing microstructre yield strength was found to be highan post

coating for the samples solutionized above €36 yield strength model. Similarly,
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the postsolutionizing microstructure yield strength was found to be higher than post

coating for the samples solutionized above 2C56 JMAT PRO simulations

The highest ield strength obtained for pesbating microstructure in JIMAT PRO was
achieved by 100€-20 hours of coating, followed by 10%316 hours and 110W-
12 hours of coatings respectivelyowever, in yield strength model this trend idyon
valid for the bimodal region below 115 solutionizing temperature. Above this
temperaturghighest postoating yield strength was achieved1&0C®C-20 hours,
followed by,110012 hours and 1058C-16 hours. Sincéhighestd' size achieved in
postcoating microstructureondition wasl05@C-16 hours, this coating provided the

lowestd' strengtlenng and accordingly lowestield strength.

The JMAT PRO simulation and yield strength model results for samples solutionized
at1120C for1,2 and sours Ar (180°C/min)orfurnace coolednd coatdat 1000C-

20 hours, 10516 hours and 110Q- 20 hours furnace cooledare givenin Figure

4.31. Unfortunately, it was not possible to type in solutionizing durat@mdMAT
PRO.The softvare assumes ttsolutionizingmicrostructure in equilibrium at given
temperaturavithout the interferenceof time duration.So the JMAT PRO simulation

results for 1, 2 and Hoursare &ceptedo bethesamevalue as shown in Figure31.
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Figure 4.31: JIMAT PROyield strength estimatioand yield strength model results
for IN 738 LC samples solutionizédr different time periods followed b&r or

furnace cooling

In IMAT PRO results all postoating microstructures achieved lower yield strength
than postsolutionizing microstructure. Heever, in yield strength model results, the
postcoating performed at 1000-20 hours achieved higher yield strength than-post

solutionizing microstructure.
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The postcoating and postolutionizingJMAT PRO simulation and yield strength
modeltotal yield srengthresults for thick and thin samples solutionized20C for

2 hours (Ar cooled18®C/min), coaed at 1000C-20 hours, 10516 hours and
1100C- 20 hours furnace cooled®C/min) and aged at 846-24 hours Ar cooled
18C°C/min) aregiven in Figuret.32.

Simulation Experiment
1.000 1.000
950 950
900 900
850 850
< 800 800
o
= 750 750
s
=y 700 - 700
f= 650 650 =
w X
5= 600 2 600
)
< 550 2 550
o 500 500
|9 900 1000 1100 1200 900 1000 1100 1200
Coating TemperatureC) Coating TemperatureQ)
A Post-Coating Thick Sample A Post-Coating Thick Sample
Post-Coating Thin Sample Post-Coating Thin Sample
Post-Aging Thick Sample Post-Aging Thick Sample
Post-Aging Thin Sample Post-Aging Thin Sample

Figure 4.32: Yield strengthestimationof JMAT PRO andyield strength model
resultsfor total yield strength athick and thinIN 738 LCsamples

Postcoating microstructures of both samples shoaadnilar trend in both IMAT
PRO and yielestrength model resultbicreasing coating temperature decreased yield

strengthof postcoating microstructures.

Increasingcoating temperature decreasbe pataging yield strengthin the yield
strength model resultddighest postging yield strength was achievediter the
coating atLO0CC-20 hoursn yield strength modeHowever highest posaging yield
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strength was achieved at 120012 hours coatingondition in JMAT PRCresults
The JMAT PROmay be assuming thahis coatingtemperatureachieve partial
solutionizingduring coatingthat allows the following aging operation to be more
effective Aging process performeafter thiscoating, increasetthe 2’ volume fraction

of solutionizedmicrostructureandconsiderablythe yield strengtim simulation

The JIMAT PRO simulation and yield strength model results for thick and thin samples
solutionized atl120°C- 2 hours(Ar cooled18C°C/min) and directlyaged(no coating
applied) at 845C-24 hours Ar cooled18CC/min) are given in Figure 4.33. No

coatingwasappliedto these samples.

Simulation Experiment

1.200 1.200
o) 1.100
Ny 1.100
2 1000 1.000
= 900
= 900
o 800
& 700 800
o
5 600 700
- 500 600
) 0  SolutionizedAged 0 SolutionizedAged
|_

Thick Sampla Thin Sample Thick Sample® Thin Sample

Figure 4.33: Yield strength modeandJMAT PROsimulationyield strength
estimationresults fortotal yield strength aothick and thin IN 738 LC samples

Similar trendswere obtainedn betweenJMAT PRO simulation and yield stretig
model resultdor the thin sample for b postsolutionizing and posaging vyield
strength. Howeverthe thick sample shows much higher increase afteaging in
JMAT PRO resultshan yield strength results.
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4.7 Literature Comparison

Calculated yield stragth resultsvere comparewith tensile test results of IN 738 LC

samples with similar microstructures obtained in literature.

E. Balikci, R. Mirshams and A. Ramdras performea tensiletest for IN 738 LC
samples of various microstructures under two different strain Taee.tensile test
sampleswvas solutionizedt 1200C for 4 hours and water quenchddhensamples
were aged in between 1IZD1200C for different time periods that weneot

specifically pointed ou{93]

Similar microstructures/ere choseffrom our experimental set to tensile teatmples
of E. Balikci, R. Mirshams and A. RamadMAT PRO software yield strength
estimation andalculated yield strengtimodelresultswere comparedith tensile test

resultstaken from literatur@as given in Tabld.20. [93]

The SEM imagethat aretaken fromliteratureand our SEM imagesywveragey' sizes
o f' pastidesin SEM imagesheat treatment and coating conditions of samples are
also provided in Table 20.

As input to JIMAT PRO, the input data given in Table 3.1 and experimental conditions

used in this study given in Table 4.20 were used.
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Table 4.20: Literaturetensiletest yield strengthmodel| and JIMAT PRQralculation

results[93].
N Literature .
) Yield
u Tensile Test JMAT
Strength
m ) Results(MPa) PRO
Literature SEM Images IN 738 LC SEM Images Model
b Low High Results
Results
e Strain | Strain (MPa)
(MPa)
r 10%s? | 5x10°s?
" '5 7“. oo
TKOSAN
0 % &
’
1 |- A’ 2ol 10| oo 644 670
2 $ize:700 nm 0 $ize: 702 nr251 nm
Solutionizing Solutionizing
1200C-4h -WQ+Aging 1120C-4 h-F.C.+Coating
(11201200°C) 1000°C-20 hoursF.C.
R
2 - — - 853 857 ' 721 788
0 &ize: 70 nm 2 $ize: 62 nm
Solutionizing o
. Solutionizing
1200C-4h -WQ+Aging
123%C-2 h-Ar C.
(11201200°C)
&2 ‘ | 400 |
.y & 4
e oL
0, . %
3 | = N 861 833 . 812 1110
2 $ize: 45050 nm 0 $ize:437109 nm
Solutionizing Solutionizing
1200C-4h -WQ+Aging 11202 hAr C.+ Aging
(11201200°C) 845C-24 hoursAr.C.

Figure 4.34 shows the results of literature tensile test results with yield strength

model and JMAT PRO software results in a better view for each compartsen.

samplenumbers in Table 45land Figure 4.34 are identical.

193




1200
1100
1000
900
800
700

600
0 1 2 3 4

SampleNumber

Yield Strength (MPa)

Measured (Low Strain) @ Measured (High Strain) ® Calculated A JMAT PRO

Figure 4.34: Literature tensile tegmeasured)yield strengthmodel(calculated)and
JMAT PRO calculation resultfo3]

Yield strength model results were found to be slightly lower than actual tensile tes

results for both bimodal and unimodal structufidss could be due to several reasons:

1 Literature study samples were 1 mm thick bars. However, grain profile of
samples was not pointed out. It is highly possible these barsl o n 6 t have
any grains or ave limited number of grain boundaries due tiowa surface
area thaincreased thgield strength during tensile test.
1 Yield strength contribution of carbides thaere precipitatedn grains and
grain boundariesvere ignoredn this model due to bw fraction of carbides
(below %3) in IN 738 LC.
1 o particles below 10 nm would be hard to detect and precisely measure in SEM
images. These particles havstaeongcontribution to yield strength due to their
low size close to theriticals i ze of o' (24 nm) that achi e

strength.

Even though the yield strength model provides slightly lower results than actual tensile
test results, the trend that seenin between the different microstructures are the
strongly similar as shvan in Figure 4.34.
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JMAT PRO yield strength estimation results $8ample 1 and 2 found to be relatively
closer to calculated yield strength model and tensile test results found in literature.
However, JMAT PRO vyield strength estimation result &ample 3found to be
considerably higher thazalculated yield strength model and tensile test results found

in literature.
4.8 Conclusion

Yield strength estimatiowas performedor as cast, HIPed, solutionized, aluminide

coated and aged samples tvare investigatein this chapter A modelwas formed

i ncluding solid solution, gr ahavedifierent e and
microstructuresThe microstructure results obtained in Chaptere8e useds input.

The resultswere comparedvith JMAT PRO etimations for yield strength and
experimental tensile test results froneliterature The conclusion of these studies

is listedas given below.

1 Solid solution strengtheningias calculatecand assumed to be constant
for all IN 738 LC samples. Highest contribution to yield strengths
obtained from with Cr, Mo and W elements in IN 738 LChemical
composition.

1 Grain size strengthening was calculatedeach sample separately. Samples
with higher grain size achieved relatively lower grain size strengthening. Due
to grain size increase of samples during HIP, solutionizing, aluminide coating
and aging, the yield strength contribution was constantly decreasing after each
step appliedHowever,due tocoarsegrain size of IN 738 L&Gampleghese
changswerenot greater than 20 MPahethick samples thatere takerfrom
middle section of turbine blade showed significantly lower grain size
strengthening than samples taken from leading efigerbine blade due to

inhomogeneous cooling after casting.
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Phase boundary strengthening was calculated for a relatively small sample
group. Since the strengthening contribution of dendrites found rteldtes/ely
lowerthey were not considered in calculation of total yield strength.

o) strengthening was performed for IN 738

size and volume fraction: strengthening found to be proportionabtéolume

fraction and inversely proportiona t o 9 size of the sampl es

Due tothedisappearance f secondary 0 partgthcl es dur i
was significantly decreaseal postHIPed microstructures.
In postsolutionizing microstructureshé samples solutionized above 1%50

(unimodal egion)s howed sl ightly hi gher ) streng
solutionized belowvthis temperaturéimodal regiondue to their dramatically

lower sizeof 9 particl es.

In postsolutionizing microstructuresnéreasing solutionizing time decreased

2' stredgehetno ngower 2 vol ume fraction
solutionizing times. Additionally, furnace cooling achieved slightlp *

strengtheningdue to higher volume fractionobtained in furnace cooled

samplesAging at 848C-24 hoursncreasdo ' s t r eohcgdted samples g
onasmallscalei nce it only i ncdightysed o' vol ume
Highest postoatingtotal yield strengthwas achievedfter 1000C-20 hours

for the samples solutionized below 1¥6(Qbimodal region)while samples

solutionized above this mgperaturgunimodal regionjpchieved highest post

coatingyield strengthafter coating performedat both 1100°C-12 hours and

1000°C-20 hours

Aging provided only a slight increasetotal yield strength of coated samples

since it only increased awrinidecaaling me fr act.i
processacted as a main or primary aging for these samples and reduced the

effect of aging. However, samples that were only solutionized and netcoa

showed dramatic yield strength increase after agingess

The hick sampletaken from middle section of turbine blasleh o we d hi gher o'

strengthening than thin sampéken from leading edge of turbine blaties to
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slower cooling after casting. Howewy due tothe samereason, grain size
strengthening ofhe thin sample was higher thahe thick sample. These two
factors roughly balanced each other. Thick (middle section) and thin part
(leading edge) showeglitea similar yield strength.

The solutiolizing performed 112X-2 hours Ar cooled (18C/min) followed

by aluminide coating a&00(’C-20 hoursand aging at 84%&-24 hours found

to be achieving highest total yield strength. However since the aluminide
coating performed al00(®C-20 hoursd i d n 6t provide the
thickness as mentioned @hapter 3, aluminide coating performedL@60°C-

16 hours can be used since it provided the second highest total yield strength.
Compared to tensile test results taken from literayuedd stength model and
JMAT PRO vyield strength estimatioasults showed relatively similar trends.
The JMAT PRO simulations performed better for pasttionizing than post
coating and posaging yield strength estimationis general, the simulation
results wee not satisfactory except the few characteristic results it estimated

that were similar to yield strengthodelingresults.
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CHAPTER 5

FUTURE WORK

Some suggestions for future work and development of this asnedgiverbelow:

U Aluminide coating simulations cdme performedver differentsuperalloys
Phasetypes obtained from composition diagrams and accordingly coating
properties can be determined.

U The operation conditions @fgasturbine blade cabe simulatedor coating
region. The change in coating composition profile and Al depletiotien
coatingcanbe estimatedor different initial coating structures.

U TEM (Transmission Electron Microscope) analysis can be performed to follow
dislocation activity at the interfaces and in the matrix and precipiitatidé
738 LC microstructure.Additionally, TEM can provide bettarisualization
and thus a better detemaition of size and morphology of precipitates can be
usedto reveal very fine precipitates (if they exisgpeciallyin the solution
treated samples

U The adition of reactive elements to aluminide coatings can be studied. Effect
of these elements @coaing compositionprofile and phasstructuresanbe
investigated

U Tensile strength cabe performedto IN 738 LC samplesvith different
microstructuresgnd results cabhe comparedvith yield strength modekesults

in this study.
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APPENDICES

A. DICTRA Simulation Commands for Aluminide Coating Simulation

goto_module
data

Sw tcni8
defsys

ni al crco ti
rej_ph *
resph fcc_112 bcc_b2 bet_d022 lig ni3ti_d024
get

app
10.MOBNI4
11.def-sys
12.nialcrcoti
13.rej-ph *
14.resph fcc_112 bec_b2
15.get
16.goto_module
17.d-m
18.set_cond
19.¢9

20.T

21.01223; * N
22.enter_region
23.BASEMETAL
24.ent_grid
25.BASEMETAL

© 0 N o g b~ wWwDdhPRE
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26.2e-4

27.1in

28.100
29.ent_ph_in_reg
30.ACTIVE
31.BASEMETAL
32.MATRIX
33.fcc_I12#1
34.ent_ph
35.ACTIVE
36.BASEMETAL
37.sph
38.fcc_l12#2
39.entph
40.ACTIVE
41.BASEMETAL
42.sph
43.bcc_b2#1
44.entph
45.ACTIVE
46.BASEMETAL
47.sph
48.bcc_b2#2
49.entph
50.ACTIVE
51.BASEMETAL
52.sph
53.bct_d022
54.entph
55.ACTIVE
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56.BASEMETAL

57.sph

58.liq

59.entph

60.ACTIVE
61.BASEMETAL

62.sph

63.ni3ti_d024
64.ent_comp
65.BASEMETAL
66.fcc_I12#1

67.ni
68.MOLE_FRACTION
69.AL LINEAR 0.07 7E2
70.CO LINEAR 0.08 8E2
71.CR LINEAR 0.18 0.18
72.TI LINEAR 0.04 4E2
73.ent_comp
74.BASEMETAL
75.fcc_l112#2

76.Y

77.ent_comp
78.BASEMETAL
79.bcc_b2#1

80.Y

81.ent_comp
82.BASEMETAL
83.bcc_b2#2

84.Y

85.ent_comp
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86.BASEMETAL
87.bct_d022

88.y
89.ent_comp
90.BASEMETAL
91.liq

92.y
93.ent_comp
94.BASEMETAL
95. ni3ti_d024
96.y
97.set_sim_ti
98.14400

99.YES

100.1440
101.1E-07
102.1E-07
103.set_cond
104.b
105.LOWER

106 fix

107.0 6.05e10; * N
108.0 0.05e10; * N
109.0 0.05e10; * N
110.0 0.05e10; * N
111.ut

112.NO

113.NO

114y

115.NO
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116.NO
117.NO
118y
119.NO
120.NO
121.NO
122y
123.10
124.NO
125.NO
126.NO
127y
128y
129.YES
130.0.05e10
131.NO
132.sscC
1330
1341
135.2
136.n
137.act
138y
139y
140.1
141.2
142y
143y
144.n
145.ho
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146y
147.n
148.n
149y
150.10000
151.log
152..2
153.n
154.n
155y
156.save_workspaces cvd Y

157.set_interactive
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B. Average Cooling Rates of Different Cooling Types Available in VAKSIS
Vacuum Furnace

TableB.1: AverageCooling Rates of Different Cooling Types Available in
VAKSIS Vacuum Furnace

Ar-4500sccm+fan 180
Ar-2500sccm+fan 169
Ar-500sccm-+fan 165
Ar-4500sccm+no fan 174
Ar-2500sccm+ no fan 166
Ar-500sccm+ no fan 163
Air Cooling 155
Furnace Cooling 20

FigureB.1: CoolingCurves of VAKSISvacuumfurnace
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