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SUMMARY

Single crystal (SX) superalloys are widely used in the core engine parts of
aircraft turbofan engines. Generically, CMSX-4 alloys are the most common SX alloys
used in these turbofan engine blades due to their high temperature mechanical
properties and thermal oxidation resistance.

In these alloys, various refractory and rare earth elements which have low
diffusion rates are used as an alloying element to enhance mechanical properties,
corrosion resistance and creep properties. Hence, heat treatment processes are more
complex and take more time than the usual heat treatment processes for other high-
temperature alloys.

In this thesis, the heat treatment process parameters for CMSX-4 high-
temperature superalloys are subsequently determined by several processes,
microstructural analysis, and mechanical tests. Two heat treatment processes are
performed to observe the effects of eutectic regions in CMSX-4 superalloys. The
eutectic regions are completely dissolved after the standard heat treatment (SHT)
process, while these eutectic regions remain as undissolved after the modified heat
treatment (MHT) process. The morphological and mechanical properties of CMSX-4
are determined for each heat treatment process applied to the specimens. SHT process,
it is determined that the eutectic regions are completely dissolved after SHT process
while undissolved y/y' eutectics are observed in MHT specimens. After the heat
treatment processes, y and y' precipitates are distributed at the appropriate size.

After mechanical tests, it is determined that the MHT specimens show higher
resistance at room temperature. The tests at 982°C showed higher strength compared
to the tests applied at 1038 °C. No significant difference is observed in terms of yield
strengths of both heat-treated specimens at 982 °C. In comparison to the tensile test
results, SHT specimens show higher strength in stress rupture tests than the MHT
specimens. No significant difference is observed on hardness of specimens and the

eutectic regions.

Key Words: Ni-based SX superalloys, CMSX-4, heat treatment, mechanical
properties.



OZET

Tek kristal (SX) siiperalasgimlar havacilikta kullanilan tiirbinli motorlarin
pargalarinda yaygin olarak kullanilmaktadir. Genellikle, CMSX-4 alagimlari, yliksek
sicaklikta gosterdikleri mekanik o6zellikleri ve iyi 1s1l oksitlenme direnci nedeniyle
turbofan motor kanatlarinda en yaygin kullanilan SX alasimlardir.

Bu alagimlarda diisiik difiizyon hizlarina sahip ¢esitli refrakter ve nadir toprak
elementleri; daha iyi mekanik 6zellik, korozyon direnci ve siirinme &zelliklerini
gelistirmek amaciyla alasim elementi olarak kullanilirlar. Bu nedenle, bu alagimlarin
1s1l iglem prosediirleri daha karmasik olup, diger yiiksek sicaklik alagimlara uygulanan
1s1l islem proseslerine gore daha uzun siirmektedir.

Bu tez ¢alismasinda, CMSX-4 yiiksek sicaklik siiperalagimlarin 1s1l islem proses
parametreleri uygun 1sil islem sicaklik araligi goz Oniine alinarak gesitli prosesler
uygulanarak, mikro-yapisal analiz ve mekanik testlerle belirlenmistir. Bu g¢alismada,
CMSX-4 siiperalasimina iki farkli 1s1l islem prosesi uygulanmistir ve bu 1sil islemlerin
numune iizerinde gosterdigi morfolojik ve mekanik etkileri belirlenmistir. Uygulanan
standart 1s1l islem sonras1 tektik bolgelerin tamamen ¢6ziindiigii tespit edilmis olup,
uyarlanan 1s1l iglem sonrasinda 6tektik fazlarin varligi gozlenmistir. Bu 1s1l islemler
sonrasinda y ve y' ¢ozeltilerinin uygun boyutta dagilim gosterdigi belirlenmistir.

Yapilan mekanik testler sonucunda, oda sicakligi icin uyarlanmis 1s1l islem
uygulanmig malzemenin daha iyi dayanim gosterdigi belirlenmistir. 982 °C sicaklikta
yapilan testlerde numuneler, 1038 °C’de yapilan testlere nazaran daha diisiik uzama
gostermesine karsilik, daha yiiksek dayanim gosterdigi belirlenmistir. Gerilim-kopma
test sonuglarinda standart 1sil islem uygulanmis numunelerden daha iyi dayanim
verileri elde edilmistir.

Sertlik deneyleri sonucunda, iki 1s1l islem uygulanmis numuneler arasinda
onemli bir farklilik gézlenmemistir fakat standart 1s1l islem uygulanmis numunelerde
daha iyi bir sertlik verileri elde edilmistir. Uyarlanmuis 1s1l islem sonrasi yapida bulunan
otektik bolgelerden alinan sonuglar ile dokiim hali numunelerinin 6tektik

bolgelerinden alinan sertlik degerleri arasinda 6nemli bir farklilik gdzlenmemistir.

Anahtar kelimeler: Ni-esash SX siiperalasimlar, CMSX-4, 1s1l islem, mekanik

ozellikler.
Vi
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1. INTRODUCTION

Superalloys are known as the main alloys in aircraft engines with their enhanced
properties at higher temperatures, higher stresses and under corrosive environments.
Since the 1950s, superalloys are used on the aircraft engine turbine blades which
require more than 5000h creep strength and good corrosion strength at high
temperatures. Their properties vary depending on each part related to the engine and
its operating temperature. As an example, combustion chambers goes up to the
temperatures above 900°C and these components should resist significant amount of
temperature, pressure and oxidation strength in these temperatures [1, 2].

Theoretically, all thermodynamic and kinetic parameters are taken to interest
during the alloy selection of superalloys. In particularly, casting type, post process
parameters and even coating environments should be controlled due to extreme
conditions of the parts that operate in aerofoils.

The chemical composition is the key parameter for the structure-property
relationship of superalloys. The influence of the elements in the composition
determines the solidification parameters of the superalloy via primary dendrite
spacing. With the presence of eutectic phases between dendrites, the mechanical
properties of the superalloy changes throughout the material [3]. The nominal
composition of Ni-based superalloys contain 10-20 % of Cr, 8% Ti — Al, 5-10 % Co
and small amounts of Zr, C balanced with Ni. Some other elements like Mo, W, Ta,
Hf can be added as an alloying element [4]. Al, Ti, Nb, Mo, W elements are added in
order to obtain good mechanical strength and corrosion resistance. Table 1.1 shows
some of the important Ni-based superalloys with an alphabetic order [5].

Nickel is tough and ductile due to its face centred cubic (FCC) crystal structure
and owing to this, nickel is stable from room temperature to its melting temperature
and not resulting with phase transformations, prevents expansion and shrinkage
conditions, which restricts usage at high-temperature applications. Diffusion rate
should be at lower rates in order to obtain lower creep rate. By the reason is that nickel
has lower diffusion rates with its FCC structure, microstructural stability is
substantially provided at higher temperatures. Ni-based superalloys are strengthened
with solid-solutionized phases and secondary intermetallic phases via precipitation

hardening. These intermetallic metals are by-products of Al, Ti, Nb [6, 7].



Table 1.1: The nominal compositions of some Ni-based superalloys.

Alloy Cr{Co|Mo|W | Ta|Nb|AlI| Ti|Fe | C B Zr | Re | Hf [ Others
ATI718Plus| 19 | 9 | 28|11 56 [1,45[0,75[ 9 [0,03[0,006

Astroloy 14,9117,2] 5,1 4 135 0,03 0,04

CMSX2 8 [46]06([79]58 56109

CMSX4 57| 11 |042]| 5256 52 (0,74 3101

CMSX6 98| 5 3 2,1 48| 47

CMSX10 2 3]104] 5 8 101]57[02 6 10,03

FT750DC 20 3,5 23121 5 [0,07[0,005 0.4 Si
Hastelloy X | 22 | 15| 9 6 18,5] 0,1 0.5Mn, 0.5S
Hastelloy S [ 15,5 14,5 0,2 1 |0,02|0,009 0.02 La
Inconel 600 | 15,8 7,2 10,04 0.2Mn, 0.2 Si
Inconel 718 | 18,6 3,1 5 104]0,9]18,5]|0,04 0.2Mn, 0.3S
Inconel 625 | 22 | 0,1 ] 9 35/01(02| 3 (0,01

MA758 30 0,5 0,3 0,05 0.6 yttria
MA760 19,5 3,4 6 1,2 10,06 1.0 yttria
MA6000 15 3,9 45123| 150,06 1.1 yitria
MAR-M200( 9 | 10 12 1 5 2 0,150,015 0,05

Nimonic 80A 19,5| 1,1 13|25 0,06

Nimonic 105| 14,5| 20 5 12145 0,2

PM1000 20 03[05]| 3 0.6 yttria
Rene N5 7 8 2 5 7 6,2 3102

Rene N6 42 1125| 14| 6 [ 7.2 5,75 5 10,15

Rene 41 19 |1 11 | 10 15] 31 0,09 0,05

RR2000 10| 15| 3 0,05| 4 1V
RR3000 23133|04]|55](84 58[0,2 6,3 (0,03

UCSX1 23| 6 | 15| 7 |84 5802 6,3 [0,03 2Ru
UCSX8 23| 6 3 6 | 84 58[0.2 6,3 (0,03 6Ru
SRR99 85| 5 9528 5522

TMS 63 6,9 7,5 8,4 58| 0

TMS75 3 112] 2 6 6 5101

TMS138 3 112] 3 6 6 5101 2Ru
TMS162 29(158[39|58]([56 5,8 49101 6Ru
Udimet 500 | 18 [185| 4 29129 0,080,006 | 0,05

Udimet 700 | 15 |18,5]| 5,2 43135 0,08 0,03

Waspaloy ]19,5|13,5]| 4,3 13| 3 0,080,006 | 0,06

Ni-based superalloys are better than stainless steels from the point of mechanical
strength, especially over 650°C temperatures. Solid solution alloys like Inconel 600,
Inconel 601 and RA333 are widely used in the components of heat treatment
equipment and different kinds of furnace components. The reason of that is these alloys
have high oxidation - corrosion resistance and high mechanical strength which provide
the properties required for these industrial areas. Other applications of Ni-based
superalloys are hydroelectric and nuclear power plants [6, 7].

CMSX-4 is a nickel based single crystal (SX) superalloy which consists of 3 %
of Re as an alloying element and precipitate strengthening phase, y" with 70% volume
fraction. Their enhanced properties make these alloys favoured in the core part of the

turboshaft and turbofan engine turbine blades’. In general, these parts perform at the



first stage of turbine engine and are exposed to significant amount of temperature and
pressures compared to other parts of the turbine engine [2, 8]. Hence, alloying,
processing and coating parameters required extreme dedication during the production
of CMSX-4 SX turbine blades.

In this thesis, the heat treatment process parameters of nickel based SX CMSX-
4 superalloys are determined to improve high-temperature mechanical properties of
these alloys via homogenization and controlled precipitation of microstructure. For
this purpose, various heat treatment processes are applied to observe the effect of step
wise heating and controlled quenching. Then, microstructural characterization of these
samples is studied via optical and electron microscopy techniques. Mechanical
characterization of these samples is started with room and high temperature tensile

tests and completed with stress rupture tests.



2. LITERATURE REVIEW
2.1. Background of Ni Based Superalloys

The history of superalloys goes back to 1940s. The development of the turbine
blade materials and their processes depends on the improvements of superalloys.
Wrought superalloys started to use at turbine blade applications at late 1950s. Then,
due to the improvements of casting under vacuum technologies and the quality of
alloying during casting; casting superalloys were favoured in 1960s. Figure 2.1 shows

the evolution of these superalloys by years [1].
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Figure 2.1: Evolution of the superalloys by years.

At 1970s, directionally solidification process was preferred as the main casting
technique and used to obtain columnar structures which have no crosscut grain
boundaries. Thus, the mechanical properties of the materials are improved. Figure 2.2
shows the grain growth mechanism based on types of turbine blades [1]. After the
production of Ni based SX alloys started at late 1980s, the necessity of grain boundary
strengthened elements B, C is reduced. Meanwhile, micro-segregation and the amount

of eutectic phase were reduced by the improvement in heat treatment processes.



Modified heat treatments also prevented the local melting on the surface. Thus, the

fatigue life was prolonged [1].

Equiaxed crystal - | Single crystal

structure Columnar crystal

structure

(a) (b) (c)

Figure 2.2: Turbine blades based on their crystal structures a) equiaxed, b) columnar
and c) single-crystal forms.

SX superalloys had become widespread at mid-1990s in order to achieve best
creep performances in gas turbine engines. For example, 1% generation SX superalloys
like SRR99, under 850°C/250 MPa conditions, have 250h creep rupture life as well as
for the 3" generation SX superalloys like RR3000 creep rupture life is almost 2500h.
Under the tough conditions as 1050°C/150MPa, creep-rupture strength increases from
250h to 1000h. Commercially used Ni-based SX superalloys and their compositions
are shown in Table 2.1 [1, 9].



Table 2.1: Commercially used Ni-based SX superalloys.

Alloy Cr Co Mo W Ta Re Ru | Nb | Al Ti Zr | B C Hf
P 10 6 4 | 12 5 | 15

ReneN4 | 128 | 9 | 19 | 38| 4 05| 37 | 42

SRR99 8 5 0 |10] 3 55 | 22

AM1L 8 6 2 |6 | o 52 | 12

AM3 8 6 > | 5 | a 6 2

cMsx-2 | 8 5 |06 | 8| 6 56 | 1

cMsx3 | 8 5 | 06 | 8| 6 56 | 1 0.1
CMSX-6 | 10 5 3 | o | 2 48 | 47 0.1
MC2 8 5 > | 8| 6 5 | 15

CMsx4 | 65 | 9 | 06 | 6 | 65 | 3 56 | 1 |1 0.1
o 6 0| 2 | 6] 9 3 56 | © 0.1
SC180 5 0 | 2 | 5|85 3 52 | 1 0.1
tekos | S5 | 55 | 55 | T | 26 | 36 e | 11 018
ReneN5 75 | 15 | 5 | 65 62 | © 0.05 | 0.15
CMSX10 2 |04 | 5| 8 01| 57 | 02 0.03
ReneN6 | 42 | 125 | 14 | 6 | 72 | 54 01| 57 | o 0.05 0.15
RR2100 | 25 | 12 | 0 | 9 | 55 | 64 6 0 0
T™MS75 3 12 | 2 [ 6] s 5 6 0 0.1
MCNG 4 0 1 | 5| s 4 | a 52 | 11 0
EPMI02 2 | 165| 2 | 6 |825]| 595 | 3 555 | 0 0.15
RR2101 | 25 | 12 | 0 | 9 | 55 | 64 | 2 6 0 0
TMS173 | 28 | 56 | 28 |56 56 | 69 | 5 56 | © 0.1
TMS162 | 29 | 58 | 39 |58 56 | 49 | 6 58 | 0 0.1
TMS196 | 4.6 | 56 | 2.4 56 | 64 | 5 5.8 0.1
TMS238 | 46 | 65 | 1.1 76 | 64 | 5 59 | o 0.1

As can be seen in Table 2.1, 1% generation SX superalloys like PWA1480, Rene

N4 and SRR99 alloys contain y' phase strengthening elements Al, Ti, Ta. Grain

boundary strengthening elements B and C are not used for SX superalloys [7]. 2"
generation SX superalloys like PWA1484, CMSX-4, Rene N5 and 3™ generation SX
superalloys like CMSX-10, Rene N6 comprise 3%wt and 6%wt Re, respectively. In

general, the compositions of new generation superalloys include low concentrations of

Cr and high concentrations of Al, Re [1].
After 2000s, 4™ generation SX superalloys like MC-NG, EPM-102 and TMS-

162 were improved with 2-3%wt Ru additions [1]. In this case, Ru was used to prevent

precipitating of TCP phases and improved the high temperature stability of

microstructure. From the viewpoint of high temperature creep performances, 4™

generation SX superalloys operates 30°C above the previous generation [10, 11].




The development of new generations is still an active scientific topic for the
materials engineers; tough 5-6%wt Ru element is a levelling point for 5" generation
SX superalloys. Lattice misfit of y and y' phases in these superalloys are controlled in
order to balance strength and coherence of interface. 5™ generation superalloys have
thinner dislocation network between the interfaces of y and y' phases, in order to

prevent dislocation movement under stress [10, 11].

2.1.1. Production of Superalloys

The investment casting process is the primary process used to produce difficult
to machine superalloy parts with its complex ceramic mould design advantageous.
This is why investment casting of superalloys is concerned with the manufacture of
blades and vanes in turbine industry.

Firstly, the designated moulds and cores are produced with wax-bunch models
in order to fabricate the ceramic moulds. The wax-bunch model is later immersed into
the slurry which consists of different ceramic powders and left to dry in an autoclave
furnace. During the autoclave process, the wax is removed from the shell mould via
heating. After that, the ceramic shells are transferred to the conventional vacuum
casting process.

In order to produce wrought or cast alloys, Vacuum Induction Melting (VIM)
method is used as a first melting step and is a must to add high atmospheric oxygen
and nitrogen rated elements to superalloys. VIM method is preferred in order to take
all the low melting temperature impurities (non-metal residuals/contaminations) out of
the system via vacuum. VIM method is favoured due to the existence of Al, Ti solutes
in the compositions of Ni-based superalloys [12]. Figure 2.3 shows melting under

vacuum and solidification system for Ni-based SX superalloys [13].
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Figure 2.3: The system of melting under vacuum and solidification of Ni- based SX
superalloys.

The conventional casting microstructure will be coaxial. When the columnar SX
castings are produced at a controlled speed from a hot zone to a cold zone in furnace,
the coaxial castings are obtained as a result of the solidification of the castings being
fairly uniform throughout their volume. Following the initial solidification, the alloy
is subjected to a series of heat treatment processes aimed at reducing segregation,
producing a y' precipitate phase, altering the grain boundary phases (especially
carbides) and/or helping the coating process [14].

In each casting operation, the final structure of the material and therefore its
properties are sensitive to the thermal conditions present during solidification.
Solidification has dendritic character and the primary and / or secondary dendrite arm
spacing is dependent on the G*R cooling rate. Figure 2.4 shows the change in dendrite
morphology and the cooling rate (G * R) of the primary dendritic arm spacing (PDAS)
during solidification [14]. The segregation tendency of alloying elements with

dendritic solidification morphology is directly related to each other [14].



PDAS: 294 ym

G*R: 0.13 "C/sn.

PDAS: 361 ym — PDAS: 686 um
G*R: 0.07 "Clsa. 200 pm G*R: 0.01 "C/sn.

Figure 2.4: Changes in dendrite morphology and primary dendrite arm spacing
(PDAS) with cooling rate (G*R) during solidification.

Nickel-based superalloys require a critical draw rate for producing SX castings.
This value and the casting method are important to determine preform of solidification
while temperature gradient and the cooling rate for determining the as-cast
microstructure. An increase in the cooling rate reduces the distance between the
primary and secondary dendrite arm spaces; and thus, it means decomposition of y/y’
eutectic and y’ phases and consequently reduced dendritic microsegregation as well as
time and cost of heat treatment process are obtained. The temperature gradient and
chemical composition of the alloy affect the type and amount of defects (freckle
defects, elongated grains, high and low angle boundaries) especially in large size
castings [15].

2.1.2. Effect of Alloying Elements

The important properties of superalloys are determined by the elements in its
content. These elements have different characteristic features and they have an
important place in providing certain important properties. They change the lattice
parameters of the y and y 'phases and therefore also change lattice misfit which effects

mechanical properties. Superalloys can contain more than ten elements in their
9



content, mostly chromium (Cr), cobalt (Co), aluminum (Al). In addition, other alloying
elements are added to provide different properties. These elements are some of the
refractory elements like rhenium (Re), tungsten (W), tantalum (Ta), hafnium (Hf) from
5d block and some of elements like molybdenum (Mo), niobium (Nb), zirconium (Zr)
etc. from the 4d block of the periodic table. Figure 2.5 shows the position and
behaviour of the elements are located on the periodic table [1].
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Figure 2.5: The elements used in Ni-based superalloys and their position at periodical
table.

The elements such as Co, Mo, Re, W, whose atomic radius is close to Ni,
dissolve and afterwards form the austenitic y phase. Al, Ti, Ta have a larger atomic
radius than Ni and play an important role in the formation of y' phase via forming

Niz(Al, Ta, Ti). The general effects of these elements are shown in Table 2.2 [1].

Table 2.2: The influences of the elements on Ni-based superalloys.

Effect Elements

Solid solution strengtheners Co, Cr, Mo, W, Ta, Re
Forms y' Al, Ti, Ta

Raises solvus temperature of y ' Co

Hardening precipitates and/or intermetallics Al Ti, Nb

Oxidation Resistance Al, Cr

Sulphidation Resistance Cr, Co

Improves Creep Properties Re, Ta

Retard y ' Coarsening Re

10



Re is an important element which classifies the generations of the superalloys in
SX form. The first-generation alloys are not included with Re but after 2" generation
SX superalloys, at least 3% Re is included because of its role against especially creep
performance. The additions of Re influence as an obstacle of coarsening of y' particles
and at the same time enabling y' clusters to be stabilized depending on slow diffusivity
of Re but however Re prevents microstructural homogeneity, while heat treatment
process depending on low diffusivity of Re, and intensive microsegregation
conditions. High ratio Re additions have a result of precipitating of topological close
packed (TCP) phases and these precipitated phases negatively effect on creep
properties in virtue of reducing strength improver elements from matrix, initiating
fractures depending on stress concentration and preventing microstructural durability
[10].

Re also effects on the hardness of y phase positively but in spite of that some
experiments show that Re has no effect on hardness of y' phase [16]. Addition of Re
element also increases the cost and the density.

In order to enhance high temperature performances of new generation Ni-based
superalloys, the total percentage of refractory element additives are gradually
increased. Nevertheless, additions of refractory elements like Re, W ends up with some
problems such as excessive segregation formation, tendency to grain defects
formation, more complex solution heat treatment processes and increasing harmful
TCP phase formation.

The effective way to enhance the stress rupture strength of Ni-based superalloys
over 1050°C temperatures is decreasing percentage of Cr and increasing percentage of
W. For instance, Cr is decreased about 2-4 % wt in third generation SX superalloys.
Total percentage of refractory elements like W, Mo, Ta, Re is about 20% wt. Among
these elements, Re has the positive effect on oxidation resistance, while Cr has
opposite effect, and stress rupture strength [17].

In this thesis, Ni based SX superalloy CMSX-4 is used. The chemical
composition of this alloy is shown in Table 2.3. The most important difference of

CMSX-4 is 3% addition of Re in its content which is important for creep strength.

Table 2.3: The chemical composition of CMSX-4 in weight percent.

Cr Co Mo w Ta Re Al Ti Hf Ni
6.5 9.0 0.6 6.0 6.5 3.0 5.6 1.0 0.1 Ba

11



2.2. CMSX-4

2.2.1. Importance of CMSX-4

Aviation industry made one of the most innovative step with the development of
turbofan jet engines in 1980s. A turbofan jet engine consists of a compressor,
combustion chamber, turbines and exhaust nozzle (Figure 2.6). In general, the blades
in front of the turbofan engines are bigger than the blades inside. These blades work
under 150°C, therefore, aluminium, titanium and stainless steels are favourable.

The next part of the turbofan engine is compressor. Blades boost the incoming
air to the stator blades and the pressure goes up to 30 times more. So the temperature
in this chamber increases to till 1000 level. Therefore, the materials used in here
should have high strength values at high temperatures and should resist against fatigue,
oxidation and creep. In this part, Ni-based superalloys are favourable due to their
fascinating properties at higher temperatures. Ni-based superalloys are used over
800°C for the aircraft engines [1].

In the end part, the compressed air goes through combustor chamber and mixes
with fuel and ignited. After this process, the temperature increases up to 1800°C and
therefore thermally barrier coated SX and directionally solidified (DS) Ni based
superalloys become the material of choice. These superalloys comprise the elements
like titanium, aluminium and also refractory metals (i.e. tungsten, molybdenum,
niobium, tantalum and rhenium which has high resistance to high temperature,

corrosion and wear) [18].

Compressor Combustion Exhaust
chamber nozzle

Shaft Turbine

Figure 2.6: A simple illustration of a basic engine motor.
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CMSX-4 is a 2" generation Ni-based superalloy which is upgraded from 1%
generation Ni-based superalloys in 1980s. In order to get enhanced properties, CMSX-
4 improved with balancing Ta/W ratio, adding 3% Re, increasing Co content and
reducing Cr ratio [19]. After addition of Re, creep strength and thermal fatigue
resistance are improved in comparison to the 1% generation superalloys [19].

There are two main phases in CMSX-4 superalloys. These phases are “Gamma
Phase (y)” as matrix and “Gamma Prime Phase (y')”.

Gamma Phase is a nonmagnetic phase which has FCC crystal structure is that
consisting high percent of some solid solution elements Co, Fe, Cr, Mo and W. All Ni-
based superalloys have this phase as matrix [20].

Gamma Prime (y') is another phase which is consisting after additions of Al, Ta
and Ti metals for resisting to high temperatures and creep via constituting FCC
structured, y' (Ni3Al,Ti) phase which is coherent to austenitic y matrix. This phase is
that forms (Ni,Co)3(Al, Ti) composition, is required for high-temperature strength and
creep strength, and occurs which Al and Ti are settled dominantly inside [21-23].
Intermetallic y', which is coherent to intermetallic y-matrix, is formed via
homogeneous nucleation process and spreads as fine form. These particles are firstly
consisting antiphase boundary via dislocation intersects while deformation continuous,
and then this antiphase boundary disappears after the second dislocation occurs (twin
forms). A dislocation twin is separated by the diffusion controlling of antiphase
boundary [22]. The strength improving the property of this phase is direct proportion

to the temperature. y' phase has the shape of a sphere or a cubic precipitate.

2.2.2. Single Crystal Casting Process

In SX casting process (schematically shown in Figure 2.3), the grains are placed
in the lower part of the spiral grain selector which is shown in Figure 2.7 [24]. The

grain at the top of the grain selector also fills the entire of the mould cavity [25].

13
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block

Figure 2.7: A typical grain selector used in SX solidification process.

The temperature gradient in the nucleation chamber is related to the cooling
plate, molten metal and mould temperature. The mould temperature is generally about
1500-1600°C. On a water-cooled copper cooling plate, most grains nucleate randomly.
As solidification continues, as can be seen in Figure 2.8, a few grains enter helix of
grain selector [25]. Some grains are physically prevented from entering to the grain

selector. After one or two turns, only one grain remains to growth [25].

HELIX

STARTER

Figure 2.8: Schematically illustration of SX grain formation by grain selector.

The diameter of the spiral wire usually ranges from 0.3 to 0.5 cm, depending on
the required heat flow and mould filling. A helix with a circular cross section is used
to reduce grain nucleation in sharp edges. Changes in cross-sectional area occur during

solidification process in a part. The grain nucleation at the cross-sectional area changes
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can be avoided by appropriate flap design and heat flow control provided by the mould
thickness [25].

The desired mechanical properties of the castings are obtained with the value of
the angle of deviation o from [001] direction have to be less than 15°, if not, the creep

performance of the material is going to be reduced [26].

2.3. Heat Treatment

CMSX-4 superalloys are subjected to a solution heat treatment process and a

two-stage ageing heat treatment process.

2.3.1. Solution Heat Treatment Process

SX superalloys are subjected to solution heat treatment to obtain a suitable
microstructure consisting of fine y' precipitates free of eutectic phases and to
homogenize microsegregation between dendrite and dendritic core [27]

In order to be able to apply appropriate heat treatments, the transition reactions
of the material must be known. In particular, the size of the y' precipitates and the gap
between them are the important points. For Ni-based superalloys there must be a
balance between the solidus temperature (the temperature at which the melting starts)
and the solvus temperature (the temperature at which precipitating (y' for CMSX-4)
starts). Between these two temperatures are known as the heat treatment window. Heat
treatment processes should be performed between these temperatures [28]. Figure 2.9

shows the heat treatment window schematically [28].

Eutectic

Heat Treatment '
e

Window
i Carbides
’ i Temperature
]
|
|
1

ly’solvus lS TL

Figure 2.9: Schematic illustration of heat treatment window.

The temperature at the beginning of the first melting is important in order to

determine the formation of these precipitates. Solvus temperature is also important to
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control for an appropriate heat treatment process. A wider heat treatment window can
be determined since a higher solvus temperature requires a higher melting incipient
temperature [28].

Coarse y' precipitates occur as a result of slow cooling during solidification
following by casting process. Similarly, y/y' eutectic phases are formed in
interdendritic regions during solidification. In order for SX superalloys to exhibit
optimum mechanical properties, these phases must be homogenized by applying a
suitable heat treatment process to the solution. To accomplish this, the alloy must be
heated to the temperatures above the y' solvus temperature, nevertheless but not over
the melting point to avoid melting. This temperature range between the y' solvus
temperature and the melting temperature is called as heat treatment window. It is
desirable that the heat treatment window is high for a successful solution heat
treatment process [27, 29].

Despite the existing knowledge, the development of a suitable solution heat
treatment for Ni-based superalloys is a problematic process. The first reason for this
problem is that when analysed by differential scanning calorimeter (DSC), it is very
difficult to distinguish the solvus and solidus curves because of the expansion of the
corresponding endothermic and exothermic peaks due to chemical heterogeneity of the
alloy. These phase transformation temperatures do not only change by heating and
cooling rates, but also with the level of homogenization. The second reason is that it
is quite difficult to completely dissolve coarse y' precipitates with a low surface area
by volume ratio in y matrix. In high-segregated microstructure, the local solidus
temperatures between the dendrites may be much lower than the average solvus
temperatures. This leads to regional problems between the dendrites in the solution
heat treatment process, which causes the dissolution process to be incomplete. In order
to get over this regional melting problem, the solution heat treatment process is carried
out step by step at different temperatures and durations. Each heat treatment step,
which occurs with a certain increase in temperature and a certain time at the reached
temperature, provides partial homogenization of the alloy and elimination of eutectic
phases. Thus, the start of melting can be reduced to the earliest run. However, the step-
by-step process of heat treatment at different temperatures and durations makes it
difficult to control the process [30].

Figure 2.10 shows optical microscope images of the y/y' eutectic regions in the

as-cast microstructure of the superalloy [31]. After solution heat treatment process,
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many of y/y' eutectic regions dissolve in order to stabilize the microstructure. Duration
of the solution heat treatment process is also important because existence of eutectic
regions also provide positive effect on mechanical properties. Figure 2.11 shows
optical micrographs of a superalloy after short term solution heat treatment process
and long term solution heat treatment process, respectively [32]. Eutectic regions are
completely dissolved after long term exposure to high temperatures.

Figure 2.10: Optical microscope images of y/y" eutectic regions in as-cast
microstructure of superalloy.

500 um !

Figure 2.11: Optical microscope images of y/y' eutectic regions after a) short term
solution heat treatment b) long term solution heat treatment.

Figure 2.12 shows the diffusion rate of the alloying elements in the nickel matrix
depending on the temperature [27]. Figure 2.12 illustrates that the diffusion rate of
rhenium (Re) and tungsten (W) elements in the nickel matrix is very slow. For this
reason, the rhenium (Re) and tungsten (W), which are refractory elements, tend to
segregate without being diffuse. In the new generation SX nickel based superalloys,
increasing the refractor element ratio leads to increase the heat treatment time and

17



increase the heat treatment process temperatures. For example, in the first generation
SX Ni-based superalloys, a typical solution heat treatment takes about 1 hour at 1300
°C, while it takes about 30-35 hours at 1366 °C in the 3rd Generation CMSX-10
superalloy [27].

Temperature (°C)
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Figure 2.12: Diffusion rate of alloying elements in nickel matrix vs. temperature.

At the end of the solution heat treatment, the samples are usually cooled rapidly
using argon gas to prevent coarsening of the precipitates. In solution heat treatment
process, a long period of holding at high temperatures results in a pure y solid solution
phase (Figure 2.13a) in FCC structure and also as a result of rapid cooling, the y' phase
(Nis (Al, Ti)) in FCC structure (Figure 2.13b) [33].

Figure 2.13: Structure of the phases in superalloy, a) y and b) y' phases in FCC
structure.
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When the microstructure is examined after the solution heat treatment process is
completed, irregular y' precipitates can be easily seen in y matrix. The size of the y'
precipitates directly affects the mechanical properties of the alloy. The size of the
precipitate can be controlled by adjusting the cooling rate in solution heat treatment
process. During cooling, the precipitates grow and shape to form a cube. In SX
superalloys, the size of the precipitates (0.2-5 um) and morphology are changed with
the change of cooling rate (0.02 -100 °C/s). Figure 2.14 depicts the time-temperature
graphs obtained by cooling the CMSX-2 SX superalloy at different cooling rates in

solution heat treatment process [29].
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Figure 2.14: Time-temperature graphs obtained by cooling CMSX-2 SX superalloy
at different cooling rates in solution heat treatment process.

In order to reduce the cost of the desorption heat treatment, the maximum heat
treatment temperature (to ensure faster segregation of the segregating elements) and
the minimum heat treatment time should be selected. Because complete dissolution of
the eutectic phases and successful microstructure homogenization depends on

temperature and duration [27].

2.3.2. Ageing Heat Treatment Process

The ageing heat treatment process performed after the solution heat treatment
process is carried out at temperatures below the solvus temperature. The homogeneous
nucleation, growth and coarseness of the y' precipitates form regular and cubic v'
precipitates on y matrix [27, 33].

The temperature of ageing heat treatment affects the distribution of precipitates,

while time affects the size of precipitates. For this reason, the choice of temperature
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and time is very important in order to obtain proper morphology, sequence and
precipitate size after heat treatment [33].

The ageing heat treatment is carried out at lower temperatures than solution heat
treatment, but for a longer period of time. For example, the solution heat treatment of
CMSX-4 SX superalloy takes 4 hours at 1080 °C, while the ageing heat treatment takes
16 hours at 870 °C. In Figure 2.15, scanning electron microscopy images of the CMSX-

4 SX superalloy after solution heat treatment and ageing heat treatment are given [27].

S LT Ty

Figure 2.15: SEM microstructures after a) solution heat treatment b) ageing heat
treatment of SX CMSX-4 superalloy.

Ageing heat treatment results in cooling in air or in furnace. In order to obtain a
homogenized matrix, slow cooling is carried out; while high-volume y' precipitates in
v matrix cooling in air is carried out. The microstructure obtained by the regular and

cubic growth of y' precipitates increases the creep resistance [33].
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3. EXPERIMENTAL STUDIES

In this thesis, CMSX-4 Ni-based single crystal superalloy produced by Cannon-
Muskegon is used. CMSX-4 is a 2" generation Ni-based superalloy which is upgraded
from 1% generation Ni-based superalloys CMSX-2 and CMSX-3 via balancing Ta/W
ratio, adding about 3% Re, increasing Co content, reducing Cr ratio in order to enhance
properties [19]. CMSX-4 is selected because the mechanical properties of this
superalloy are suitable for turbine blades and also the production procedures of this
superalloy are not complex.

Experimental studies were started with production of the moulds by the
investment casting and conventional casting processes, respectively. Two moulds were
produced for this thesis to prepare specimens which were required for the tests. Each
mould incorporated 12 test rods and totally 24 test rods were produced for the thesis.

3.1. Investment Casting Studies

The moulds for the casting process were designed by using Siemens NX
software in desired dimensions after the casting simulations were made by Procast
software. The designed model was then made into a wax-bunch model which consists
of runners made of wax by Modtech C20 wax injection press and the rods made of
ceramic powder by using Voxeljet VX500 3D printer. 3D printer was used in order to
eliminate the mould producing process for the model and wax injection press was used
because of the cost of PMMA powder which is used in 3D printer. The prepared model

is shown in Figure 3.1.

Prepared by
wax injection

press

Prepared by
3D printer

Figure 3.1: Wax - bunch model prepared by 3D printer (the rods) and wax injection
press (the runners).
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After this step, the wax-bunch model was immersed into the slurry made of fused
silica and alumina powder and then the wax was removed by LBBC-1525 autoclave.
This process was completed under 10 bar pressure at 200°C in 15 min. At the end, the
bunch mould was put into Thermcore box type furnace with 60 kV at 1100°C for 2-
2,5 hours to be baked prior to the casting process. At the same time, the wax residual
came after autoclave was burnt at this process. The final moulds are seen in Figure 3.2.
The gating system of the moulds can be seen from Figure 3.3. All investment casting
processes were carried out at TUBITAK MRC.

Figure 3.3: The gating system of the moulds.

For the casting process, “ALD Vacuum Induction Melting (VIM) Furnace”,
which was established at TUBITAK MRC, was used. First, the moulds were put into
the furnace and warmed to be ready for the casting. After this process, the casting
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process was carried out. The parameters used for the casting process is shown in Table
3.1

Table 3.1: The parameters used for the casting process.

Vacuum Rate 3.1 x 10° mBar

Casting Temperature 1530 °C
Mould Temperature 1480 °C

Withdraw Rate 4 mm/min

The amount of the alloy | 6,7 kg

The mould size 24cm x 36¢cm

Figure 3.4 shows a mould after one of two casting treatments. At the end of the
process, the ceramic mould was broken down to remove the bunch of specimens from
the moulds. Figure 3.5 shows the bunch of specimens after breaking ceramic mould

process.

Figure 3.4: A mould after casting process.
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Figure 3.5: Bunches of specimens after casting process.

After the casting process was accomplished, the rods were prepared by cutting
the bunch into rods. Then, all the rods were cleaned by sand blasting process to remove
all residuals emerged from ceramic mould.

After preparation of the rods, non-destructive inspection test was applied on each
rod in order to find out if any volumetric defect occurred within prior to the mechanical
tests. YXLON MU2000-D CT Radioscopy & CT (Computed Tomography) test
system with W anode/cathode X-Ray tubes was used for the test. The important
parameters regarding the test system are shown in Table 3.2. An inspection test result

is shown in Figure 3.6.

Table 3.2: The parameters used at radioscopy & CT test system.

Device YXLON MU2000-D CT
Voltage 280 kV

Current 2,5 mA

Focal Spot Size 0,4 mm

Filter 2,5 mm brass filter
Focus detector distance (FDD) | 900 mm

Focus object distance (FOD) 450 mm
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Figure 3.6: Non-destructive test applied on a specimen.

As can be seen from Figure 3.6, there is no volumetric defects observed on

specimens after casting process.

3.2. Heat Treatment Studies

Two heat treatment processes selected for the thesis are shown in Table 3.3. The
first process is the standard heat treatment process of CMSX-4 superalloys. The heat
treatment process of PWA 1480 was selected as the modified heat treatment process
in order to leave eutectic phases unsolved in solution and investigate the effects of
eutectic phases with their mechanical effects on CMSX-4 superalloy. This process is
taken from the study made by Wilson et. al. [34]. All heat treatment processes were

performed in Nabertherm box type furnace under argon atmosphere.
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Table 3.3: Heat treatment processes and steps applied in this thesis.

Heat Treatment Steps

Standard Solution Heat Treatment:

Heat 1277°C (2h) + 1288°C (2h) + 1296°C (3h) + 1304°C(3h) + 1313°C
(2h) + 1316°C (2h) + 1318°C (2h) + 1321°C (2h)+AC

Treatment |y ting Ramp 1°C/min]

Process of & p

&'\;'SX"‘ Ageing 1: 1140°C (2s) + AC
Ageing 2: 871°C (20s) + AC

Modified Solution Heat Treatment: . ‘ '

Heat 1210°C (2h) + 4?5 h ramping + 1285°C (2h) + 1h 12 min ramping rate
+1287°C (30 min)+AC

Treatment

Z;’CGSS Ageing 1: 1140°C (6s) + AC
Ageing 2: 871°C (20s) + AC

The specimens are numbered as shown in Table 3.4. Specimen codes named with

A (Standard heat treated specimens) and B (Modified heat treated specimens) to

indicate the heat treatment process applied on specimens. The number after A and B,

indicates the test number. For example, “HT-982-B2” is refers to “2" modified heat

treated specimen used for high temperature tensile test applied at 982 °C”.

Table 3.4: Specimens used in this thesis.

) ) Applied Heat
Specimens Specimen Code
Treatment
RT-Al
RTAD Std. CMSX-4
RT Tensile Test Specimens -
RT-B1 Modified
RT-B2
HT-982-Al1
HT Tensile Test Specimens | HT-982-A2 Std. CMSX-4
(for 982 °C) HT-982-B1 -
HT-982-B2 Modified
HT-1038-Al
HT Tensile Test Specimens | HT-1038-A2 | o0 CMSX-4
(for 1038 °C) HT-1038-B1 -
HT-1038-82 | Vodified
: SR-A Std. CMSX-4
Stress Rupture Test Specimens SR-B Modified
Microstructure Specimens M-A Std. CMSX-4
P M-B Modified
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Microstructure specimens are numbered in themselves. Table 3.5 shows the
classification of microstructure specimens in regarding with the cross sections taken

from the rods.

Table 3.5: Microstructure specimens used in this thesis.

Transverse Section Longitudinal Section
Specimen Heat Specimen Heat
P Treatment P Treatment
M-A-T Std. CMSX-4 | M-A-L Std. CMSX-4
M-B-T Modified M-B-L Modified

3.3. Metallography Studies

The specimens were prepared via cutting the rods to specimens for
microstructural analysis by using ATM Brillant 220 cutting machine. After that, the
specimens were mounted with ATM Opal 460 model hot mounting press and then,
they were grinded and polished by Struers Roto-Pol 25. The specimens were grinded
for 90 seconds using 120, 240, 320, 400, 600, 800, 1200, 2500 SiC grinding papers,
respectively. After rough polishing bilaterally with ATM Diamantschmiermittel
diamond lubricant for 45 seconds, the specimens were fine polished with Buehler
Masterpolish 0,05 u Colloidal Silica & Alumina polisher.

For etching process, fresh Glyceregia (50 ml glycerol + 30 ml HCI + 20 ml
HNO3) was prepared and the specimens were electrically etched for 5 sec under 4A
using Struers Lectropol-5. Glyceregia was used to observe the general microstructure
of CMSX-4 superalloy and also has a good view effect on SEM.

After etching process, optical micrographs were taken by Nikon Eclipse L150
microscopy. For image analysis, such as SDAS calculation and phase analysis, Java-
based software ImageJ was used. Microstructures were also observed by using Jeol
JSM-6510LV SEM at TUBITAK MRC and Philips XL 30 SFEG SEM at Gebze
Technical University. Specimens for SEM were used after platinizing (30-40 pm)

process.
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3.4. X-Ray Diffraction Studies

Laue X-ray diffraction method was used in order to check the single crystallinity
of the specimens at room temperature. The test carried out by Proto XRD Laue COS
device with 40 kV accelerating voltage and 30 mA the tube current. Exposure time
was 6500ms with 8 frames.

The specimens also were analysed by using Rigaku SmartLab Multipurpose X-
ray diffraction (XRD) system.

3.5. Simulation Studies

Java-based material properties software, JMAT Pro v8.0 was used to calculate
phase equilibrium diagrams of CMSX-4 via using the SX database. Phase
transformations diagram for CMSX-4 was drawn by thermodynamic calculations
made by JMAT Pro. At the same time, elemental composition changes by temperature

for y and y’ are calculated.
3.6. Mechanical Test Studies

For this thesis, room temperature (RT) and high temperature (HT) tensile tests,
stress rupture tests were carried out to observe the effects of heat treatment processes

on mechanical properties of CMSX-4.

3.6.1. Tensile Test

Tensile tests were performed both at room temperature and high temperature.
Zwick/Roell Z600 (600kN) Universal machine was used to carry out the test using
ISO 6892-1 (2016) standard method A under 100N pre-load with the velocity of
0,0067 s*. Epsilon 3448 high temperature extensometer was used during the test.
982°C and 1038°C temperatures were selected to apply the tensile test on specimens.
These temperatures selected from the study made by Fullagar et.al. [8] in order to
compare the results obtained this thesis. On the other hand, these temperatures are in

the temperature range where CMSX-4 alloys show desired properties.
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The dimensions of the specimens were measured before and after each
accomplished test. The yield strength at 0.2 % plastic strain deformation Rpo.2, tensile

strength Rm and elongation %e were determined by the software.

3.6.2. Stress Rupture Test

Stress rupture tests were performed in ATS WIN CCS creep test machine. The
specimens were prepared with regards to ASTM E139-11 standard.

The stress rupture tests were performed at 982°C under 345 MPa load with -3°C
/+3°C sensibility. After the results obtained from tensile tests, it was decided to

perform these tests at 982°C.

3.6.3. Hardness Test

Hardness test studies were carried out using Qness Micro Hardness tester under
1 kg load. The results were obtained from transverse sections of two heat treated

specimens and as-cast specimen.
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4., RESULTS & DISCUSSION
4.1. Confirmation of Single Crystal (5X) Formation

Single crystal formation was observed by Laue XRD method. It is predicted that
the single crystal zone axis is equal to the [001]. According to Laue X-ray diffraction
pattern, which is shown in Figure 4.1, all the reflection spots (in grey colour) are clear
and sharp. The green circles of the numerical simulation, which are shown in Figure
4.1b, match the experimental diffraction pattern with rotation angle of gamma which
is equal to 1.60°. As a result, it is oriented in [001] direction with single crystal

formation.

Figure 4.1: The laue diffraction diagram from single crystal zone axis [001] of
CMSX-4, a) laue diagram b) laue diagram with diffraction pattern.
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The specimens also were analysed by using Rigaku SmartLab Multipurpose X-

ray diffraction (XRD) system via using Time Delay Integration (TDI) scan by 2D
mode which is shown in Figure 4.2.

Figure 4.2: Single shot image by TDI (Time Delay and Integration) scan by 2D mode
of HyPix-3000.

Two analysis were carried out on the crystallographic planes (001) of the

specimen and the XRD profile with results are shown in Figure 4.3 and Table 4.1,
respectively.

1.00e+002-

1.00e+001-

Intensity (cps)

1.00e+000

1.00e-001+

T T T T i
50 51 52 53 54
2-theta (deg)

Figure 4.3: XRD analysis on crystallographic planes (001).
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Table 4.1: XRD analysis results.

Analysis No 2-0 (deq)
1 52.0064

2 53.47

The X-ray investigations (Figure 4.2) of CMSX-4 showed only one reflection at
52° and 53° on the 2-6 scale (Table 4.1). These results indicate that the material has a

single crystalline microstructure with no grain boundaries.

4.2. Thermodynamic Studies

Thermodynamic calculations of CMSX-4 simulated by JMAT Pro and the phase

transformation changes vs increasing temperature are shown in Figure 4.4.

CMSX-4

o0 I cama

M GAMMA_PRIME
# 5IGMa

)

Wt % Phase

300 500 700 |00 1100 1300 1500
Temperature(C)

Figure 4.4: Phase equilibrium-Temperature diagram simulated by JMAT Pro.

According to the calculations made by JMAT Pro, y matrix and y’ precipitates
and small amount of pu and o phases are present in the graph. After 900°C, the amount
of y’ precipitates slightly reduces and close to 1200 °C these precipitates dissolve in

y-matrix completely.
Figure 4.5 and Figure 4.6 illustrate elemental change by increasing temperature

in ' precipitates and y-matrix respectively.
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Figure 4.5: Elemental distribution in y’-precipitates by increasing temperature
simulated by JMAT Pro.
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Figure 4.6: Elemental distribution in y-matrix by increasing temperature simulated
by JMAT Pro.

As can be seen from Figure 4.5, y’ precipitates contain Al, Ti, Ta elements higher
than 6% wt. at higher temperatures. Figure 4.6, illustrates the elemental distribution in
y- matrix by increasing temperature.

According to the calculations, y’ precipitates that effect not only the hardness of
the materials but also mechanical properties are changing with the size of the
precipitates. Figure 4.7 illustrates simulation graph of the effects of the size of the y'-
precipitates on the hardness and mechanical properties of CMSX-4 at 982°C which is

in the range of operating temperature of a turbine blade.
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Figure 4.7: Simulation of the size effect of precipitates in terms of the hardness and
mechanical properties of CMSX-4.

4.3. Microstructural Characterization

4.3.1. Optical Microscopy (OM)

According to the first investigations, undesired casting defects were observed.

The Si-based defects are clearly seen in the micrographs shown in Figure 4.8.

Figure 4.8: Si-based defects.

It is considered that the reason of these Si-based residuals come from the billets.
The waterjet cutting system (CT waterjet with 3800 bar pressure) was used to cut the
billets to required size for the casting process and Si-based abrasive sand was used
while cutting. It is predicted that this process could be the reason of these defects.

These defects were observed mostly at the edge of the specimens. EDS (Energy

34



Dispersive X-ray Spectroscopy) analysis result is shown in Figure 4.9. The analysis
was taken from the defect and matrix. The results proved that these defects are based

on SiC which came from during cutting.

Figure 4.9: EDS analysis result
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There are a few recrystallized grains observed at the edge of the specimens. This
recrystallization problem is the formation of the grains which is oriented randomly at
the edge of the surface, during heat treatment process. It is predicted that, the cold
work made during sand blasting process (sand blasting process was used to remove
the ceramic residuals after casting) is the reason of the recrystallization problem.
Another reason of recrystallization is the differential thermal contraction between the
components. The temperature difference between the mould, melt metal and ceramic
cores also results in the recrystallized grains occurred at the surface of the component

[27, 35]. Figure 4.10 shows the recrystallization defects occurred in this study.

R i

Recrystallized grains

g E;; o
Recrystallized grain w‘*‘;?‘

Figure 4.10: Recrystallized grains.

Zhang et. al. [36] studied regarding surface recrystallization of single crystal Ni-
based superalloys. They indicate that, the annealing temperature affects the
morphology of the recrystallized grains. Cellular recrystallized grains can be observed
below vy’ solvus; but above solvus, appropriate formed grains are resulted in
recrystallization. Recrystallized grains occur in dendritic core regions and grow
inwards along dendritic cores. Recrystallized grain boundaries move through
interdendritic areas after dissolution of coarse y’ precipitates and y/y’ eutectic regions
in interdendritic regions. They also claimed that the dissolution of primary vy’
precipitates effect the recrystallization behaviour of SX superalloys. The studies made
by Wang et. al. [37] and Wang et. al. [38] indicate that the nucleation and grain growth
behaviour of recrystallized grains are related to the dislocation density with eutectic
regions. The high dislocation density in eutectic/y’ and at eutectic/matrix interfaces

promotes the nucleation of recrystallized grains. If the dislocation density within
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eutectic regions is high enough, the eutectics tend to be recrystallized when a
recrystallized grain boundary moves by. If it is low, the recrystallized grain boundary
is pinned at the eutectic.

On the other hand, there are a few twin formations observed in recrystallized
grains. According to the study made by Xiong et. al., [39] this twin problem occurred
in equiaxed recrystallized grains comparison to the cellular recrystallized grains
because of the lower stacking fault energy of y matrix. Twin formations observed in

this thesis are shown in Figure 4.11.

Figure 4.11: Twin formations in recrystallized grains.

Another observed defect is the interaction between the molten metal and the
ceramic mould. Figure 4.12 shows this interaction problem. Ceramic residuals passed

into metal during casting process, and this results in contaminations in final material.

ceramic-metal
interaction
problem

ceramic
residual

Figure 4.12: Ceramic-metal interactions at the surface of specimens a) ceramic
residual problem b) ceramic-metal interaction problem
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General microstructure investigations were taken from as-cast and heat treated
specimens (M-A and M-B, respectively) after etching with gligeregia. The
micrographs at the magnification of 5X for as-cast, 2,5X for heat treated specimens

from their transverse and longitudinal sections are shown in Figure 4.13.

Secondary
dendritic arms

 EH

Figure 4.13: The micrographs of a) as-cast specimen at the magnification of 5X b)
M-A c¢) M-B specimens at the magnification of 2,5X from their transverse (left) and
longitudinal (right) sections.

The microstructures of as-cast specimen in 5X magnification show the dendrites
and the eutectic regions between these dendrites clearly. The primary dendritic arms
with secondary dendritic arms are indicated in the figure. Modified heat treatment

shows the same effect in the microstructure. Eutectic regions are mostly located
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between secondary dendritic arms and at the edges of these dendrites. The effect of
standard heat treatment process is not the same as modified heat treatment process. As
can be seen from the related figures, after long time exposure to high temperatures,
eutectic regions dissolved into matrix and therefore the eutectic regions cannot be seen
throughout material. Similar microstructural properties are obtained from the study
achieved by Wilson et. al. [34]. They aimed to see the effect of solution heat treatment
process on microstructural changes. In their study, they observed y/y' eutectic regions
and dendrite cores with secondary arms easily after modified heat treatment process.

Rzyankina et al. [26] also studied the standard heat treatment of CMSX-4. They
were aimed to see the effect of heat treatment in terms of microstructural, hardness
and crystallography orientation of CMSX-4. After solution heat treatment, ageing-1
and ageing -2 processes they observed the microstructural changes in CMSX-4. After
solution heat treatment process, they observed that the dendritic cores with their
dendritic arms can be identified easily. They also observed that ageing-1 effects y/y'
coherency throughout of material but not enough yet to stabilize; and after ageing-2
process, y/y' eutectic regions were dissolved completely.

According to the study made by Karunaratne et. al. [40], during solution heat
treatment process, homogenising of dendritic and interdendritic regions occur at
different rates. They also noted that, in CMSX-4 superalloys, Co, Cr, Re, W segregate
to the dendritic cores with Al, Ni, Ta, Ti partitioning to the interdendritic regions. In
addition to this, backdiffusion effects can occur during solidification process. Kruk et
al. [41] studied where these elements are segregated in. The results show that Co, Cr
and Re have a relatively high solubility in y matrix, while Ni and W present in both y
and vy’ precipitates. Al, Ti and Ta elements are partitioned to the y’ phase. An advanced
study regarding elemental segregation made by Hemmersmeier et. al. [42]. According
to this study, after standard heat treatment process Re and W elements were detected
in the matrix of the dendrites compared to the interdendritic regions. y’ precipitates and
their morphology are more stable in dendrites and therefore the strength of the
dendrites is higher.

The precipitation process of y' precipitates are important parameters that have
influence on mechanical properties of superalloys. According to the study made by
Ges et al. [43] the heating rate strongly influences the initial and final temperature of

precipitation process, then effecting mechanical properties.
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Figure 4.14 shows the microstructures at the magnification of 10X for each

condition.

-

<

e "‘_‘ "?A“\

Interdendritic
yly' eutectic
regions

Figure 4.14: The micrographs of a) as-cast b) M-A c) M-B specimens at the
magnification of 10X from their transverse (left) and longitudinal (right) sections.

As-cast microstructures show dendritic cores with the y/y’ eutectic precipitates
or eutectic islands which occur in the interdendritic regions (Figure 4.14a). As can be
seen from Figure 4.14b, standard heat treatment process dissolved these eutectic
phases and the dendrite cores are not seen clearly. Longitudinal section of M-A
specimen shows elemental segregation like capillaries after dissolution of eutectic

regions. These eutectic regions started to dissolve into matrix shown as in grey colour
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in Figure 4.13c. The undissolved eutectic regions (in white colour) left between
secondary arms.

Figure 4.15 shows the capillary lines in micrographs at the magnification of 20X.
As can be seen that, the capillary like lines here are more sensible. They cannot be
identified in transverse section specimen because in transverse section, they seem like

points and not big enough to be observed by optical microscopy.

Figure 4.15: The micrograph of M-A at the magnification of 20X from its

longitudinal section.

Figure 4.16 shows the micrographs of as-cast and M-B specimens at the
magnification of 50X from their transverse and longitudinal sections. As can be seen
from Figure 4.15, the eutectic regions after modified heat treatment process started to
dissolve and easily be observed at the magnification of 50X. The morphology of
eutectic regions is not same before and after heat treatment process. The modified heat
treatment process is not enough yet to dissolve all these eutectic regions. The eutectic
regions first start to dissolve as coarse y’ precipitates and then transform to fine vy’

precipitates which are going to dissolve in y matrix later.
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Figure 4.16: The micrographs of a) as-cast b) M-B specimens at the magnification of
50X from their transverse (left) and longitudinal (right) sections.

The percentage of eutectic regions after modified heat treatment process was
calculated by ImageJ software via thresholding eutectic regions illustrated in Figure
4.16. The volume percent of eutectic regions is calculated about 10%. Eighty
micrographs at the magnification of 10X were used for the calculations.

Figure 4.17: Thresholding eutectic regions with ImageJ a) before thresholding b)
after thresholding.
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4.3.2. Scanning Electron Microscopy (SEM)

The as-cast microstructures of CMSX-4 are shown in Figure 4.18. The v'
precipitates are not ordered regularly within material and they are not in desired shape.

The y/y' eutectic regions and coarsened y' precipitates are located throughout specimen.

vly' eutectic

@ coarsened Y’ e region
precipitates . LA

TUBITAK %2,000 10um WD 152mm

TUBITAK kv  X5000  1gm WD 152mm

Figure 4.18: General microstructure of as-cast CMSX-4 specimen at the
magnifications of a)2000X and b)5000X, respectively.

The general microstructure of CMSX-4 is shown in Figure 4.19 after standard
heat treatment process.
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Figure 4.19: General microstructure of CMSX-4 after standard heat treatment
process at the magnifications of a) 5000X, b)10000X and ¢)20000X, respectively.

As can be seen from Figure 4.19 that, y' precipitates ordered regularly in proper
shape and the size of y' precipitates vary approximately 0.4 - 0.5 um which has
influence on mechanical properties at different temperatures [44]. Because of exposing
the specimen to high temperatures for long time, the eutectic regions dissolved
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completely and the coarsened y' precipitates are not seen throughout material. The size
of ¥’ precipitates are close to the results calculated by Evans et. al. [45].
The general microstructure of CMSX-4 after modified heat treatment process is

shown in Figure 4.20.
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Figure 4.20: General microstructure of CMSX-4 after modified heat treatment
process in magnifications of a) 1000X, b) 2000X and c) 20000X, respectively.
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The micrograph in 1000X shows some y/y' eutectic regions with coarsened y'-
precipitates. The time in modified heat treatment process is not enough to dissolve all
eutectic regions into matrix. Distinguishable boundaries were occurred by coarsened
v' precipitates between eutectic regions and dendrites. In the study made by Wilson et
al. [34] they observed the same microstructural morphologies.

At the edges of the specimens, the formation of spherical y' precipitates is
observed. The temperature gradient between the surface and the material resulted in
this morphology. The high temperature at the surface effects y' precipitates kinetically
and hence their morphology changes from cubic form to spherical form. Figure 4.21
shows this morphological change.

precipitate

free region

Figure 4.21: Spherical gamma prime precipitates at the edge of the samples at the
magnifications of a)5000X and b) 20000X, respectively.

The grain formation after recrystallization is shown in Figure 4.22.
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Figure 4.22: Grain formation at the edge of the specimens a) M-B b) M-A

New grain formations with different orientations are occurred at the edge of the
specimens because of the internal stresses at the surface of the specimens. Heating
specimen to higher temperatures release this energy and this energy results in the
formation of new grains.

The volume percent of y-matrix and y' precipitates are important parameters for
SX superalloys. Across a wide range of temperature and levels of applied stress, creep
deformation on the microscale is restricted to the y channels which lie between the y’
precipitates. Hence, the dislocations do not penetrate the y' precipitates. This results
with a reduced fraction of y-matrix which yields improved properties. Creep
performance does not increase monotonically as y' fraction increases. Hence, an alloy
with 70% vy' performs greater than the other one with 100%. This is because of the
strengthening effect of y/y' interfaces which prevents creep deformation [1]. The
volume fraction of y and y' precipitates are calculated from SEM micrographs by
ImageJ and the results are shown in Table 4.2.
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Table 4.2: Volume fractions of y and y' precipitates calculated by ImageJ.

oo M-A M-B
ecimens

P % Y % y % V' % y
]YO'“.me 7041 | 2960 71,73 28,27
ractions

Standard 3,37 2 30
Deviation

The desired volume fraction of y and y' precipitates were obtained after the
calculations. In the study made by Lapin et. al. [46], volume fraction of y'- precipitates
range from 62 to 70 vol %. They also indicated that the volume fraction and the size
of vy’ precipitates effect the vickers hardness at the same time mechanical parameters
of CMSX-4 superalloys. With decreasing volume fraction and increasing overall size

of y' precipitates, the vickers hardness and yield strength decrease.

4.4. Mechanical Characterization

4.4.1. Tensile Test

To observe the mechanical effects of the heat treatment processes, tensile tests
were performed on heat treated specimens at RT, at 982°C and at 1038°C. As
mentioned before, these temperatures are selected because they are in the range of
operating temperature of turbine blades.

Two specimens were prepared for each heat treatment process and for each
tensile test. Figure 4.23 and Figure 4.24 show the stress-strain behaviour of RT-A and
RT-B specimens at room temperature, respectively and the results obtained from these
tests are shown in Table 4.3.
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Figure 4.23: Stress-strain behaviour of standard heat treated specimen at room

temperature.
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Figure 4.24: Stress-strain behaviour of modified heat treated specimen at room
temperature.

Standard heat treated specimens show different characteristic properties at room
temperature tensile test. It is determined from Figure 4.23 that the elongation values
have a difference between two results. It is considered that this difference is the result
of strain hardening mechanism in the region of plastic flow. The yield strength of RT-
Al is lower however have a higher elongation. Epishin et. al. [47] studied
microstructural degradation of CMSX-4 in terms of mechanical properties at different

temperatures. They determined that it is not easy to explain this effect just with the
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strain hardening mechanism. Microstructural changes as y-channel widening, loss of

interfacial coherency, coalescence of the y'-precipitates should be taken into account

[47]. Same interpretations can be made for RT-B specimens to explain the difference

of elongation values.

Room temperature tensile test results are shown in Table 4.3. Although RT-A

specimens have higher Rpo2 and Rm values, they have lower elongation than RT-B

specimens. According to these results, it is considered that the reason of degradation

of elongation in RT-A is the existence of eutectic regions in RT-B specimens. These

eutectic regions effect mechanical properties of this specimen somehow in a good way

of elongation.

Table 4.3: Room temperature tensile test results.

Specimens Rpo2 (MPa) |Rm (MPa) |% ¢
RT-Al 975 976 5,8
RT-A2 1060 1061 14
RT-B1 926 966 20,6
RT-B2 899 929 11,9

Figure 4.25 and Figure 4.26 show the stress-strain behaviour of HT-982-A and

HT-982-B specimens at 982 °C, respectively and the results obtained after tests are

shown in Table 4.4.

Stress (MPa)

800

600

400 +

200

—— HT-982-A1
—— HT-982-A2

T
10

T T T
15 20 25
Strain (%)

T 1
30 35

Figure 4.25: Stress-strain behaviour of standard heat treated specimens at 982 °C.
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Figure 4.26: Stress-strain behaviour of modified heat treated specimens at 982 °C.

Table 4.4: High temperature tensile test results obtained at 982 °C.

HT Tensile Test results (982 °C) | Rpo.2 (MPa) | Rm (MPa) | £ (%)
HT-982-A1 621 817 30,03
HT-982-A2 599 794 33,68
H1=862-B1 572 753 28,67
HT-982-B2 588 758 28,74

HT-982-A and HT-982-B specimens show similar mechanical behaviour within
themselves however HT-982-A specimens show higher elongation performance with
the value of ~30%. The yield strength of these HT-982-A specimens have a value of
621 MPa and 599 MPa and while the tensile strengths are 817 MPa and 794 MPa,
respectively. For the modified heat treated HT-982-B specimens these values are quite
lower. The yield strengths are 572 MPa and 588 MPa while the tensile strengths are
753 MPa and 758 MPa, respectively. In comparison to the results obtained at room
temperature tensile test, these values are lower.

Dislocations move mainly through y matrix channels at higher temperatures. At
higher temperatures, yielding is controlled by climbing process of dislocations. As
mentioned before, at room temperature there is a strain-hardening effect, making the
yield strength to be higher. This behaviour changes after the temperature about 800

°C[44]. At lower temperatures, thermally activated hardening is taking place, whereas
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at higher temperatures thermally activated softening occurs. The yield strength is
rapidly reduced and here strain softening mechanism becomes dominant factor [8, 44].

In the study made by Lapin et. al. [46], they proved that the ageing time effects
inversely on the high temperature mechanical properties of CMSX-4 SX superalloys.
With increasing ageing time, yield strength, ultimate tensile strength and elongation
are increased slightly and then decreased. The yield strength is the most affected
parameter by ageing time. It reduces most among these mechanical parameters. The
ageing time of modified heat treated specimens is higher than standard heat treated
specimens. As can be seen from the result shown in Table 4.4, the mechanical
parameters of HT-982-B specimens are lower than HT-982-A specimens. The results
are in accordance with the results obtained in that study.

The stress-strain behaviour of HT-1038-A and HT-1038-B specimens are shown

in Figure 4.27 and Figure 4.28, respectively and the results are shown in Table 4.5.
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Figure 4.27: Stress-strain behaviour of standard heat treated specimens at 1038 °C.
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Figure 4.28: Stress-strain behaviour of modified heat treated specimens at 1038 °C.

Table 4.5: High temperature tensile test results obtained at 1038 °C.

HT Tensile Test results (1038 °C) | Rpo2 (MPa) |Rm (MPa) |g (%)
HT-1038-Al 395 550 38,9
HT-1038-A2 482 644 35,3
HT-1038-B1 449 587 34,67
HT-1038-B2 405 554 39,46

As can be expected, tensile results obtained at 1038 °C are lower than tensile
tests at RT and 982 °C. With increasing temperature, the size of y’ precipitates are
increased and this results in the decreased mechanical strength. y channels are widen,
and dislocation movement effect is more dominant [34, 48]. Before the dislocation
move through the y matrix, the applied stress must be higher to overcome dislocation
resistance of y matrix [46].

After the tensile tests, new specimens were taken from HT-982 tensile test
specimens in order to see changes of y’ fraction on microstructures with the effect of
high temperature during tensile test. The results are shown in Table 4.6. As can be

realized that there are no changes in y' fraction during high temperature tensile test.
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Table 4.6: y' fractions calculated from M specimens and HT-982 specimens.

Specimens % vy’ Standard Deviation
M-A 70,410 2,313
HT-982-A 72,409 2,049
M-B 71,732 2,116
HT-982-B 74,428 1,798

4.4.2. Stress Rupture Test

Two specimens per heat treatment process were used for stress-rupture test. The
tests were performed under 345 MPa load at 982°C. The results are shown in Table
4.7.

Table 4.7: Stress-rupture test results which performed under 345 MPa load at 982°C.

Specimen Load Temperature Result
SR-Al 345 MPa 982 °C 61h 15m
SR-A2 345 MPa 982 °C 54h 8m
SR-B1 345 MPa 982 °C 28h 38m
SR-B2 345 MPa 982 °C Failed

SR-Al and SR-A2 specimens were ruptured in 61h 15m and 54h 8m
respectively. One of the specimens of SR-B was failed while testing. The testing Kits
were deformed due to high temperature effect and then the test was stopped. The other
specimen was ruptured in 28h 38m.

The modified heat treated specimen ruptured before the standard heat treated
specimens. Various factors can affect the results. The SX superalloys are strengthened
with y’ precipitates and as a mechanical behaviour, the stress rupture properties depend
on the morphology, size, volume fraction and distribution of y' precipitates [48].
According to the study made by Shi et. al. [48], with increasing ageing time, the rupture
life of the specimens is became shorten. Shi et. al.[48] and Wilson et. al. [34] indicated
that decreasing of stress rupture life depends on amount of coarsened y'-precipitates in

specimens. In SR-B specimens, there are more coarsened y’ precipitates.
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According to the study made by Zhang et al. [4], recrystallization is inversely
proportional to the stress-rupture life of SX superalloys. It means that stress-rupture
life of a SX superalloys is reduced with the amount of recrystallized grains. The cracks
are initiated from these grains.

The micrographs were taken after stress-rupture tests and the fracture surfaces
were observed with stereo microscopy and SEM. Figure 4.29, Figure 4.30 and Figure
4.31 show the fracture surfaces of SR-Al, SR-A2 and SR-B1, respectively.
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Figure 4.29: Fracture morphology of SR-A1 after stress-rupture test taken by a)
stereo microscopy b) SEM

Figure 4.30: Fracture morphology of SR-A2 after stress-rupture test taken by a)
stereo microscopy b) SEM
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Figure 4.31: Fracture morphology of SR-B1 after stress-rupture test taken by a)
stereo microscopy b) SEM

The square-shaped dimples are observed in SR-A1 and SR-A2 specimens shown
in Figure 4.29 and Figure 4.30, respectively. The fracture surface is covered with lots
of square-shaped dimples, and nearly every dimple has a micro-pore in the centre,
which is considered as casting pore in the study made by Zhang et. al. [4]. The
existence of casting pores leads the specimens to rupture, in terms of micro-cracks,
before as expected. The fracture surfaces of these specimens are typical morphologies
of cleavage fracture. However, the dimples are determined as a typical morphology of
ductile fracture from the study made by Shi et. al. [48] but here, the fracture surface
has more ductile than the SR-B specimen.

The fracture surface of SR-B1 have sharp cleavage planes and there are no
square-shaped facets throughout specimen. The result of this specimen also proves this
theory with lower resistance to stresses at high temperature.

In the study made by Hao et. al. [49], they have mentioned that stress—rupture
life time of [001] oriented SXs is significantly longer than that of crystals with [011]
or [111] orientation. With increasing temperature, the difference of rupture life time
among three principal orientations is reduced, which indicates that the anisotropy of

stress—rupture decreases with increasing temperature.
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4.4.3. Hardness Test

The hardness test results taken from each heat-treated specimen are shown in
Table 4.8.

Table 4.8: Hardness test result for as-cast and heat treated specimens.

As-Cast |Standard Heat treated | Modified Heat treated
Specimen Specimen Specimen
No. HV HV HV
1 428 463 453
2 417 474 446
3 418 479 443
4 429 484 453
5 409 467 452
6 412 473 453
7 416 459 456
min 409 459 443
max 429 484 456
mean value 418 471 451

As can be seen from Table 4.8, Vickers hardness results of modified heat treated
specimens are lower than the results of standard heat treated specimens. According to
the study made by Lapin et. al. [46], Vickers hardness is inversely proportional to the
ageing time of a heat treatment. The total ageing time of modified heat treatment
process is 26 hours while ageing of standard heat treatment process takes 22 hours.
Therefore, the results seem reasonable according to this study.

On the other hand, hardness test was performed on eutectic regions of as-cast
and modified heat treated specimens in order to see if any difference occurs between

two morphologies. The related results are shown in Table 4.9.

57



Table 4.9: Hardness test results taken from eutectic regions of as-cast and modified
heat treated specimens.

Modified
As-cast
) heat treated
specimen _

specimen
No. HV HV
1 401 406
2 403 410
mean value 402 408

As can be considered from the results, there is no significant difference

occurred regarding hardness between two morphologies.



5. CONCLUSIONS
5.1. Summary

CMSX-4 composition used as the main superalloy grade and two different heat
treatment processes were designated based on their effects on microstructural and
mechanical properties. In some level, thermodynamic approach, using the JIMAT-PRO
database, was used to calculate the equilibrium phase and precipitate formations. The
data base was also used to select thermal processing temperatures. The objective was
to generate microstructures with strength and ductility properties between that of 2"

generation single crystal alloys. The main results are as follows:

e The heat treatment of CMSX-4 superalloys provide an appealing combination
of enhanced performance and production affordability for demanding, high
temperature applications in advanced gas turbine engines.

e The heat treatment processes were practically a success because a range of
room temperature mechanical properties was achieved, thereby a certain
amount of process parameters were developed. Tough, optimization studies
regarding vacuum heat treatment processes require more attention in the future
considering all our experiments conducted on a box furnace.

e Hot tensile tests were satisfactory in the sense of tensile and yield stress values,
tough they could not achieve elongation values compared to literature studies.

e The challenge for stress rupture resistance in this unique superalloy has not
been achieved. Stress rupture strength could not exceed that of standard second
generation single crystal alloys in high applied stress conditions

e Superior mechanical properties obtained by “modified heat treatment process”
at room temperature mechanical testing conditions. In contrast to these result,
“standard heat treatment process” showed slightly higher strength values at hot

tensile and stress rupture tests.

Finally, it is considered that predicted y and y' formations was succeeded and it

is the reason for higher room temperature mechanical properties. However, the
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inhomogeneities in the microstructure and carbide formations as well as recrystallized

edges

5.2,

5.3.

work:

challenged the high temperature mechanical properties in this study.
Contributions to the Original Knowledge

For the first time a single crystal superalloy were cast, heat treated and
characterized in Turkey.

Two novel heat treatment process were applied, depending on the level of v, '
and eutectic formation and their effect on the mechanical properties were
characterized.

The effect of generated microstructures on the room and high temperature
mechanical properties of CMSX-4 was studied for the first time in TUBITAK.
Indeed, a strong effect of heat treatment on the relationship between
microstructural and mechanical properties was confirmed.

For the first time, a single crystal superalloy was conducted on hot tensile and
stress rupture tests above 1000 °C in laboratory conditions of Turkey.

Recommendations of Future Work
The following observations can be considered for recommendations for future

Considering the different microstructures obtained throughout these two
different heat treatment studies, it can be clearly said that they have very little
effect on the mechanical properties. However, it is a fact that more processing
and mechanical characterizations are required for the potential of these two
structures to emphasize which structure would be more ideal for SX with
higher ductility concept.

The effect of eutectic formation has been proposed as a significant mechanism
in this study. However, there is no direct explanation of this no eutectic
structure on the mechanical characterization (in particular high temperature
mechanical properties) and this is certainly a candidate for future work (i.e.,

with more sample statistical analyse is required).
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e A more comprehensive study is required for the y and y' calculations in SX
microstructure, including a new approach or modelling.
e Applying the findings to industrial conditions is necessary, particularly to

properly design a solution heat treatment and ageing schedule that incorporates
production line.
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