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PACK ALUMINIZING OF A COBALT-BASED SUPERALLOY

SUMMARY

Cobalt-based superalloys manufactured by casting are used in applications with
corrosive environments, under high temperature and relatively moderate-low loads.
Components manufactured from these alloys are expected to exhibit high thermal
stability; thermal fatigue, creep and hot corrosion resistance. Cobalt-based superalloys
contain several alloying elements and as a result, segregation is encountered in the
structure. Segregation leads to the formation of undesirable phases in the
microstructure and thus adversely affects the mechanical properties. In order to
eliminate the negative effects of segregation in materials manufactured by casting,
homogenization heat treatment is performed. This process is based on the principle of
diffusion of alloying elements under certain temperatures and times.

Cobalt based superalloys are used in such applications that corrosion environment is
severe. The cobalt-formed CoO layer lacks protective properties; hence, various
coatings are employed to mitigate oxidation and hot corrosion. The most widely used
of these coatings for a long time are aluminide coatings. Aluminide coatings are
currently applied by Pack aluminizing and chemical vapour deposition methods.
Aluminide coatings increase the resistance against oxidation and hot corrosion thanks
to the protective Al2O3 layer they form on the material surface.

In this study, homogenization and pack aluminizing processes at different conditions
were applied to a cobalt-based superalloy, which has been used as turbine stator
material in the gas turbine engine industry for many years.

Homogenization conditions were determined with the assistance of ThermoCalc
software and carried out in three different conditions: 1 hour at 1200 °C, 1 hour at 1250
°C and 10 hours at 1250 °C. After homogenization, the samples were cooled in water.
The microstructural changes after homogenization were examined by optical
microscopy and scanning electron microscopy (SEM). Energy Dispersive
Spectrometry (EDS) was used to analyze the chemical composition changes of each
phase and hardness changes were analyzed. The morphological changes of carbides,
which are the structure of the casting and the main strengthening mechanism, were
examined and the changes in the carbide volume fraction were observed with the help
of Image J program.

Pack aluminizing aluminide coating conditions were determined with the help of the
literature. Pre-process surface preparations were carried out under different conditions
and their effect on the coating structure was observed. Coating microstructure,
thickness and unifomity were examined by optical microscope and scanning electron
microscope (SEM), and Energy Dispersive Spectrometry (EDS) was used to analyse
the chemical composition of the formed phases.

It was observed that as the homogenization times and temperatures increased, the
carbide morphologies changed from the initial continuous and chinese script
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morphology to discontinuous, thin and spherical morphology, the carbide ratio and
therefore the hardness of the material decreased, but there was no significant change
in the chemical composition of the carbide phases. It was determined that the dentritic
structure existing after casting was eliminated especially after homogenization at 1250
°C for 10 hours.

Pack aluminizing coating was carried out at 1040 °C for 4 hours to both as cast and
homogenized samples based on the literature. The same coating structure was formed
in both conditions. Coating thicknesses up to 290 um were observed, but the thickness
distribution was uneven, especially at the corners of the sample, no coating layers were
observed. There was no phase transformation in the substrate material after coating.
After coating, an aluminide coating structure with four layers was obtained. A thin
transition layer with a thickness of about 2 pm was formed just above the base material.
This thin layer has a sawtooth morphology and is strongly adhered to the substrate.
Above this layer, an interdiffusion layer with a thickness of about 21 pm and a middle
layer with a thickness of 20 um were observed. In these three layers, fine (Cr,W)23Cs
carbides are homogeneously distributed. The outer layer was 240 um thick and
accounted for about 85% of the coating thickness. It was observed that (Cr,W)23Cs
carbides were absent in this layer, but NbC carbides present in the base material
persisted throughout the coating. Al2O3 structures and cratered horizontal cracks were
also observed. A columnar structure was observed at the very outside of the coating.
In order to homogenize the coating thickness across the entire cross-section, coating
trials were carried out on the surfaces after polished, 120 grid sanding and rough
cutting. The best results were obtained after polishing, rough cutting, 120 grid sanding
and 400 grid sanding, respectively. XRD measurement showed that the coating
compound formed was Ali3Coa.
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KOBALT ESASLI BiR SUPERALASIMIN KUTU ALUMINYUMLAMA
ISLEMI

OZET

Kobalt esasli siiperalasimlar endiistride 6zellikle yiiksek sicaklik, orta-diisiik yiik
kosullar1 altinda ve korozif ortamlarda kullanilacak pargalarin iiretiminde
kullanilmaktadir. Kobalt esasl siiperalasimlar gosterdikleri yiiksek termal stabilite,
sicak korozyon direnci, siirlinme ve termal yorulma direnci gibi 6zellikleri sayesinde
on plana ¢ikmaktadir. Bu alasimlar nikel esasli sliperalasimlar ile birlikte 6zellikle gaz
tiirbinli motorlarin tiirbin ve yanma boliimlerinde sirasiyla hareketli ve yapisal
pargalarin lretiminde kullanilir. Gaz tiirbinli motorlarda kompresor tarafindan
sikistirilan hava yanma odasinda yakilarak ortam sicakliklart 2000 K’i bulan tiirbin
kismima iletilir, burada statorlar yanmis gazlar1 dogru agiyla rotorlara iletir ve
rotorlarin donmesi saglanir. Stator parcalar1 hareket etmemesine ragmen ¢ok ytiksek
termal yliklere maruz kalir. Kobalt esasli siiperalagimlar stator uygulamalarinda
1940’11 yillardan beri en yaygin kullanilan alagimlardir.

Nikel esasli siiperalagimlar kobalt esasli siiperalagimlara gore daha yliksek mukavemet
gostermektedir. Bunun nedeni nikel alasimlarda kati ¢ozelti sertlesmesi ve karbiir
cokeltilerinin olusumunun yaninda intermetalik c¢okeltilerin de olugmasit ve
mukavemete katki saglamasidir. Bu nedenle hareketli rotor parcalarinda nikel esash
stiperalagimlar kullanilir. Kobalt esasli siiperalagimlarda ise asil mukavemetlendirme
mekanizmasi karbiir ¢okeltileridir ayrica kat1 ¢ozelti sertlesmesi de mukavemete katki
saglamaktadir.

Gilinlimiizde kobalt esasl1 siiperalagimlar genelde dokiim kondisyonunda kullanilirken,
cozeltiye alma ve yaglandirma uygulanan 6rnekler de bulunmaktadir. Kobalt esash
stiperalagimlar biinyelerinde farkli fiziksel ve kimyasal 6zelliklere sahip bir¢ok alasim
elementi barindirir, bu nedenle dokiim kondisyonundaki kobalt alagimlari, dokiimiiniin
ardindan neredeyse kac¢milmaz olarak segregasyon olusumuyla karsilasr.
Segregasyon, mikroyapida elementlerin ve fazlarin homojen dagilmamasi olarak
tanimlanabilir ve sonucunda zararli fazlar olusarak mekanik 6zellikler olumsuz
etkilenir. Segregasyonun giderilmesi i¢in homojenizasyon 151l islemi uygulanabilir.
Homojenizasyon isleminde malzeme, mikroyapisinda yer alan ¢okeltilerin tamamen
cozlinerek asir1 doymus bir matris yapist olusturacagr yiiksek bir sicakliga isitilir.
Burada dikkat edilmesi gereken en dnemli husus alagimin maruz kalacagi sicakligin
solidiis sicakliginin altinda olmasidir. Homojenizasyon islemi sirasinda mikroyapida
lokal ergimelerin gergeklesmesi daha ¢ok segregasyon ve hatta gdzenek olusumuna
neden olabilmektedir. Homojenizasyona tabi tutulacak malzeme bu sicakliga
ulastiktan sonra belli bir siire bu sicaklikta tutulmali ardindan tekrar ¢6kelmeye mahal
vermeyecek bir hizda sogutulmalidir. Sogutma; havada, suda veya yagda
gerceklestirilebilmektedir.

Kobalt esash siiperalagimlarin  kullanildig1 sicakliklarda oksidasyon ve sicak
korozyona kars1 onlem almak amaciyla farkli kaplamalar kullanilmaktadir, kobaltin
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olusturdugu CoO tabakasi koruyucu degildir ve belli sicakliklarin iizerinde yiiksek
hizla malzemenin merkezine dogru ilerler. Bu kaplamalardan uzun siiredir en yaygin
olarak kullanilan1 aliiminat kaplamalardir. Aliiminat kaplamalar giinlimiizde kutu
aliminyumlama ve kimyasal buhar biriktirme yoOntemleriyle uygulanmaktadir.
Aliiminat kaplamalar, malzeme yiizeyinde olusturduklar1 koruyucu Al2O3 katmani
sayesinde oksidasyona ve sicak korozyona kars1 direnci arttirmaktadir.

Bu ¢alismada uzun yillardir gaz tiirbin motorlari endiistrisinde tlirbin stator malzemesi
olarak kullanilan kobalt esasl bir siiperalasima farkli kosullarda homojenizasyon ve
kutu alliminyumlama islemleri uygulanmistir.

Homojenizasyon kosullar1 ThermoCalc yazilimi yardimiyla belirlenmig, 1200 °C’de 1
saat, 1250 °C’de 1 ve 10 saat olmak {izere ii¢ farkli kosulda gerceklestirilmistir.
Homojenizasyon sonrasi numuneler suda sogutulmustur. Homojenizasyon iglemi
sonrasinda gerceklesen mikroyapi degisimleri, optik mikroskop ve taramali elektron
mikroskobu (SEM) ile incelenmistir. Her bir fazin kimyasal bilesim degisiminin
analizi i¢in Enerji Dagilim Spektrometresi (EDS) kullanilmis ve sertlik degisimleri
incelenmistir. DOkiim yapist ve ana mukavemetlendirme mekanizmasi olan
karbiirlerin morfolojik degisimleri incelenmis, Image J programi yardimiyla karbiir
hacim oranindaki degisim belirlenmistir.

Kutu aliiminyumlama kosullar1 belirlenirken literatiirden yardim alinmis ve proses
1040 °C’de 4 saat gerceklestirilmistir. Proseste %70 AlOs, %25 Al ve %5 Al:Cl
kimyasal bilesimine sahip paketler kullanilmig, kaplama numunelerin bu paketlere
gomiilmesinin ardindan gerceklstirilmistir. Proses oOncesi ylizey hazirliklar
parlatilmig, kaba kesme sonrasi ve farkli zimparalama kosullar1 olmak tizere farkli
kosullarda gerceklestirilmis ve kaplama yapisi ile kaplama kalinlik dagilimima olan
etkisi gozlemlenmistir. Kaplama mikroyapisi, kalinligt ve homojenligi optik
mikroskop ve taramali elektron mikroskobu (SEM) ile incelenmis, olusan fazlarin
kimyasal bilesim degisiminin analizi i¢in Enerji Dagilim Spektrometresi (EDS)
kullanilmistir. Ayrica nanoindentasyon yontemiyle her bir kaplama tabakasinin sertligi
Olclilmiistiir.

Homojenizasyon stireleri ve sicakliklar arttik¢a karbiir morfolojilerinin baslangictaki
siirekli ve ¢in yazis1 morfolojisinin; siireksiz, ince ve kiiresel morfolojiye dondiigi,
karbiir oraninin ve dolayisiyla malzemenin sertliginin azaldig1, ancak karbiir fazlariin
kimyasal bilesiminde 6nemli bir degisim olmadig1 gozlemlenmistir. Homojenizasyon
oncesi malzeme sertlgi 36 HRC olarak belirlenmistir. 1200 °C’de 1 saat 1s1l islemin
ardindan karbiir miktarinda ve sertlikte 6nemli bir degisim gézlenmemistir (35 HRC).
1250 °C’de 1 saat 1s1 islem sonrasinda dokiim kondisyonun % 6 olan karbiir
miktarinin % 3’e, sertligin ise 30 HRC’ye diistiigii saptanmistir. 1250 °C’de 10 saat
1s1l islem yapilan numunelerde ise karbiir miktar1 % 2, sertlik ise 27 HRC olarak
belirlenmistir. Bu 1s1l islem sonrasinda (Cr,W)23Cs karbiirleri tamamen ¢6ziiniirken
NbC karbiirleri Cin yazisi morfolojisinden kiiresel, ince ve homojen dagilmis
morfolojiye doniismiistiir. ThermoCalc hesaplamalarindan da beklendigi tizere NbC
karbiirler tamamen ¢oziinmemistir. Dokiim sonrast var olan dentritik yapinin ise
ozellikle 1250 °C’de 10 saat yapilan homojenizasyonun ardindan giderildigi
belirlenmistir. Karbilir miktar1 ve malzeme sertliginin dogru orantili olarak azaldigi
gbzlemlenmistir.

Kutu aliiminyumlama islemi homojenizasyon ve dokiim kosullarindaki numunelere
uygulanmistir, kaplama Oncesi numuneler 400 grit zimpara kagidi ile
zimparalanmistir. Her iki kosulda da aymi kaplama yapist olusmustur. Kaplama
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kalinlig1 literatiirde ayn1 alasim ve proses i¢in goriilen 60 um kalinliginin aksine tersine
290 um kalinlikta elde edilmistir. Ancak kalinligin degisken oldugu, 6zellikle numune
koselerinde kaplama katmanlarinin olusmadigi gézlemlenmistir. Kaplama sonrasi
altlik malzemede herhangi bir faz doniisiimii gergeklesmemistir. Kaplama sonrasinda
dort katmana sahip aliiminat kaplama yapisi elde edilmistir. Altlik malzemenin hemen
iistiinde yaklasik 2 pm kalinliginda ince bir gecis tabakasi1 olusmustur. Bu ince tabaka
testere disi morfolojisine sahiptir ve altlik malzemeye iyi bir sekilde tutunmustur. Bu
tabakanin iizerinde yaklagik 21 pum kalinliginda interdifiizyon tabakasi ve 20 um
kalinliginda orta katman gézlemlenmistir. Bu ii¢ katmanda ince (Cr,W)23Ce karbiirleri
homojen bir sekilde dagilmistir. Dis katman 240 pm kalinhigindadir ve kaplama
kalinliginin yaklasik % 85’ini olusturmaktadir. Bu katmanda (Cr,W)23Cs karbiirlerinin
bulunmadigi ancak altlik malzemede bulunan NbC karbiirlerin devam ettigi
goriilmistiir. Ayrica Al203 yapilaria ve yer yer krater halini almis yatay catlaklara da
rastlanmistir. Kaplamanin en disinda kolonsal yapi gdzlemlenmistir. Kaplama
kalinligini tiim kesit boyunca homojen hale getirmek i¢in parlatilmis, 120 grit zzimpara
ve kaba kesme sonrasi yiizeylere kaplama denemesi yapilmistir. En iyi sonuglar
sirastyla parlatilmig, kaba kesme sonrasi, 120 grit zzmpara ve 400 grit zimpara
sonrasinda alimmigtir.  XRD analizi olusan kaplama bilesiginin Ali3Co4 oldugunu
gostermigstir. Kaplama katmanlarmin sertli§i nanoindentasyon metodu ile o6l¢iilmiis,
altlik malzeme sertligine oranla tiim kaplama katmanlarmin yiiksek sertlik gosterdigi
goriilmiistiir. Interdifiizyon tabakasmin sertligi 11,5 GPa’ken orta, dis ve en dis
kolonsal bolgenin sertligi sirastyla 12,4, 9,5 ve 9,4 GPa olarak Sl¢iilmiistiir.
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1. INTRODUCTION

Cobalt-based superalloys are widely used in the manufacturing of structural parts in
high temperature regions of gas turbine engines because they maintain their
mechanical properties at high temperatures, show high thermal stability and have good
corrosion resistance even at high temperatures. These alloys are usually used to
manufacture high- and low-pressure turbine stator and sealing parts [1]. WI-52 is a
cobalt-based superalloy that demonstrates good creep resistance and oxidation
stability, making it suitable for hot-section components. However, under long
exposure to aggressive environments, these materials such as WI-52 may suffer from
accelerated oxidation and hot corrosion. Therefore, heat treatment and coating
processes used in the production of these alloys are being improved by ongoing R&D

work [2,3].

Cobalt-based superalloys are generally used in as-cast condition, but segregation after
casting may cause the formation of undesirable phases and thus mechanical properties
may be adversely affected. In metallic materials homogenization heat treatment can be

applied to prevent segregation [4].

Homogenized cobalt-based superalloys have relatively high strength at higher
temperatures yet their oxidation and corrosion resistance get lower [5]. In order to
prevent oxidation and hot corrosion several coatings are applied to cobalt based
superalloys, such as overlay (MCrAlY), thermal barrier coatings, conventional and
modified CVD and pack aluminide coatings [6-8]. One surface modification technic
is pack aluminizing which is highly used for their easy application. In this method, the
substrate i1s embedded in a powder mixture containing an aluminum aluminum powder,
an activator and an inert filler. At temperatures that coating is applied, aluminum is
transported in the vapor phase and diffuses into the substrate surface, and forms a
protective layer. Aluminide coatings increase the resistance against oxidation and hot

corrosion by the protective Al2O3 layer formed on the material surface [9,10].



The pack aluminizing process typically results in the formation of Co-Al products
which forms with the order of AlsCoz, Al13Cos, Al3Co, AlsCo2, AlCo [11,12]. This
Co-Al products form the outer coating layer, between the substrate and this coating
layer is an interdiffusion layer which M23Cs (M:Cr, W) carbides are precipitated. After
heat treatment or operation the outer surface generally forms a dense and adherent

alumina (Al2Os) scale that provides the primary oxidation barrier [13,14].

In previous studies, coatings with a thickness of approximately 50-60 um were
obtained using packs of different chemical compositions and different process
conditions. After these coating high temperature cycling oxidation resistance was
improved [9,15]. In this study, 70% Al20O3, 25% Al and 5% Al3Cl pack compositions
and different surface preparations (120 grit grinding, 400 grit grinding, post-cut

surface and polished surface) were used for pack aluminizing.

In this thesis, homogenization and pack aluminizing aluminide coating processes were
applied to a cobalt-based superalloy under different conditions. The microstructure
resulting from these processes was examined by optical microscopy and scanning
electron microscopy (SEM), Energy Dispersive Spectrometry (EDS) was used to
analyse the chemical composition change of the formed phases. Carbide volume
fraction and hardness changes were observed after homogenization. After pack
aluminizing, XRD analysis was conducted and hardness of each coating layer was

measured with nanoindentation method.



2. SUPERALLOYS

The properties of many materials at room temperature are adversely affected at high
temperatures dramatically. High temperature applications are encountered in many
industries such as the petrochemical industry, power generation and gas turbine
engines used in aviation platforms. The feature that makes superalloys of high strategic
importance for countries in the last century and makes them one step ahead of other
alloys is their relatively high mechanical properties and oxidation/corrosion resistance

at temperatures close to melting temperatures [16,17].

In fact, the most critical issue in the development and more efficient operation of
aircraft engines is developments in the area of high temperature alloys which are

mainly superalloys, used in the turbine section.

The first appearance of superalloys dates back to the industrial revolution. In the early
20th century, the need for heat-resistant materials led to the development of 'high-
temperature materials' obtained by adding elements such as Ni, Co and Cr to steel
alloys. In the same period, the invention of vacuum melting technology paved the way
for superalloys. With the increase in production rates after the industrial revolution,
the need for more resistant materials for machining end materials at high temperatures
arose, and Elwood Haynes found a solution to this problem with developing Co-Cr
alloys. In the same period, A.L. Marsh, who was working on electrical resistance,
developed Ni-Cr alloys. Aircraft engines, which are the main area of use of
superalloys, have risen with the development of the aviation industry and different

superalloys have been developed in many parts of the world [16,18].

Superalloys can be defined as alloys that are composed of base elements such as cobalt,
nickel, iron and many other alloying elements. These alloys can maintain their
mechanical and oxidation/corrosion properties under high temperature and aggressive
environmental conditions. The main alloying elements they contain are light metals
such as Al, Ti and refractory metals such as Cr, Ta, Ru, W, Mo, Nb, Re. While light
alloying elements form strengthening precipitate phases; refractory alloying elements

provide solid solution strengthening by dispersing into the matrix, high thermal



stability due to their low diffusion rates and additional strengthening thanks to the
carbide precipitates they form. Cr and Al increase corrosion resistance by forming a
protective oxide layer on the surface of the alloy [19]. Effect of mostly used alloying

elements on superalloys is summarized in Table 2.1.

Table 2.1 : Effect of some alloying elements on superalloys [2].

Alloy Sol{d . Carbide Grain Oxide
Addition Solution former Formers Boundary Scale
Strengtheners Strengtheners  Formers
Cr X X X
Al X X
Ti X X
Mo X X
W X X
B X
Zr X
C X
Nb X X
Hf X X
Ta X X X

Nickel, cobalt and iron based superalloys are widely used in structural and rotor hot
zone (turbine, combustion chamber, afterburner) parts of gas turbine engines. These
alloys can be manufactured by casting, forging, rolling, powder metallurgy and in
recent years by additive manufacturing methods. Their development is enabled by
conducting research and development activities on chemical composition and heat
treatment applications. Nickel and cobalt based superalloys can operate under 1300 °C
temperatures in the hot zone of gas turbine engines. These temperatures can reach up

to 1750 °C with the help of advanced cooling and coating technologies [20].

Iron-based superalloys are widely used in low-pressure turbine and high-pressure
compressor parts with relatively low temperatures. In addition to its high iron content,
ithese alloys contain about 15-25% nickel. Besides solid solution strengthening, they
also gain strength with y" (Ni3Al) and y"" (Ni3Nb) precipitates. The feature that makes
this alloy group superior to other superalloys is its lower thermal expansion coefficient.
The use of narrow clearance tolerances, especially in aviation engines, has led to the
need for low thermal expansion in the materials used. The widespread use of iron-

based superalloys is largely due to their low cost [3], [21].



Nickel-based superalloys have an FCC crystal structure and in addition to their solid
solution strength thanks to the high amount of alloying elements they contain, can
operate under both high load and high temperature, such as turbine blades, by forming
a stable and strong structure at high temperatures with the contribution of y' (Ni3Al)
phase that can be formed by aging heat treatment. Nickel-based superalloys are the
largest and most widely used group of superalloys [22,23]. The stress-rupture behavior

of iron, nickel and cobalt-based superalloys are shown in Figure 2.1.

Cobalt-based superalloys show relatively better corrosion resistance and thermal
stability than nickel-based superalloys, but these alloys are used in static parts under

relatively medium to low loads due to their low strength [24].
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Figure 2.1 : Stress- rupture behavior of different superalloy groups [2].
2.1 Cobalt Based Superalloys

Cobalt-based superalloys are the second most popular alloy group used in the
production of hot zone parts after nickel-based superalloys. Thanks to their higher
melting temperature and better thermal stability than nickel, cobalt alloys have been a
monopoly for many years, especially in the production of structural parts such as the
stator, which immediately follows the combustion chamber in gas turbine engines
[25,26]. The combustion chamber is a system where the compressed air coming from

the compressor is burned with engine fuel and the expanding gas temperature reaches



2900 K [27]. The task of the stator is to direct these expanding hot gases to the turbine
rotor at the right angle. Therefore, the stator material is expected to have sufficient
thermal stability, creep resistance, strength and thermal fatigue resistance at high
temperatures as well as high corrosion resistance [28]. Cobalt-based superalloys can
meet these requirements. For this reason, stators in gas turbine engines have been

manufactured from cobalt-based superalloys for many years [29].

Cobalt based alloys can be divided into 3 groups; high wear resistant alloys with high
carbon content, low carbon containing alloys suitable for working under high
temperature conditions and high corrosion and wear resistant alloys with low carbon
content. The later group constitutes the majority of cobalt-based superalloys and is
divided into two groups: wrought and cast alloys. Cast cobalt alloys contain
approximately 50-60% cobalt with additions of 20-30% chromium, 5-10% tungsten
and 0.1-1% carbon. In addition to the high carbon content, the addition of silicon is
intended to increase the fluidity of the molten metal and ease casting. In wrought cobalt
alloys, approximately 20% nickel is added separately from casting alloys and carbon
addition is limited to 0.15%, thus increasing the ductility of the structure and
improving its formability [26], [30]. The main strengthening mechanisms of cobalt-
based superalloys are solid solution hardening and the interaction of carbide
precipitates with dislocations. An example of carbide-dislocation interaction is shown

in Figure 2.2.

Figure 2.2 : Carbide and dislocation interaction of Haynes 188 alloy after creep test
(927 °C/ 41.4 MPa) [31].

While zirconium, titanium, manganese, carbon alloying elements cause expansion in

the matrix; chromium, molybdenum, tungsten and silicon elements cause contraction

effect in the matrix. As indicated in Table 2.2; Chromium, molybdenum, tungsten,

tantalum, niobium, titanium alloying elements are also carbide forming elements.



Chromium and aluminium increase oxidation and hot corrosion resistance by forming

a protective oxide layer (Cr203 and Al2O3 respectively) on the material surface [31].

Table 2.2 : Effects of alloying elements on cobalt alloys' properties [31].

Flement Effect
) Oxidation and sulfidation resistance
Chromium 1
Carbide former
Molibdenum, Solid solution hardening
Tungsten, .
Tanalum Carbide former
Niobium Intermetallic phase (CosM)
Aluminium Oxidation resistance
Intermetallic phase (CoAl)
Titanium Carbide former
u Intermetallic phase (CosTi, NisTi)
) FCC stabilizer
e Intermetallic phase (Ni3Ti)
Carbon Carbide former

Cobalt-based superalloys increase their strength by dispersing the carbide precipitates
they contain in the matrix and on grain boundaries, cobalt-based superalloys contain
about 13% carbides. The formation and transformation of these carbides occur during
solidification after casting and heat treatment. In cobalt-based superalloys, MC, MeC,
M23Cs, M7C3, M2C3 carbides (M: Metal or metals, C: Carbon) can be found in coarse,
block, chinese script, fine and spherical morphology, the carbides and their
morphologies are affected by chemical composition and cooling rates. The most stable
of these carbides are MC and MeC carbides. So that, MC carbides can maintain their
stability even at temperatures where the incipient melting is observed in the
microstructure. Especially alloying elements such as tantalum, hafnium and
zirkonium, which have high melting temperature and low solubility in cobalt, improve
high temperature stability by forming MC carbides. M6C is formed when the amount
of tungsten and molybdenum in the alloy exceeds 5% [4,32,33]. The elements each

carbide includes are listed in Table 2.3.

Table 2.3 : Carbide types and the elements they contain [34].

Carbide Type Contained Elements

MC Ti, Zr, W, Ta
M-Cs Cr
M23Cs Cr
MeC Mo, W




Cast cobalt alloys contain primary, coarse carbides such as; MC, M7C3 and M23Cs. In
the as cast microstructure, M7C3 and M23Cs carbides are eutectic and have a web
morphology while the MC carbides are in block and chinese script morphology
[32,35]. Oxidation mechanism of cobalt based superalloys is shown in Figure 2.3,

typical oxidation mechanism takes place in the order of:

Firstly, grain boundary carbides and matrix react with oxygen to form Co4Nb209 and
then the matrix is oxidised to CoO and Cr203. At the same time, Cr203 is formed on
CreC at the grain boundaries. Product of CoO and Cr203, CoCr204 nodules appear,
which grow until they cover the entire CoaNb209 formed on Cr203 and (W,Nb)C. The
oxide layer consists of a single phase (CoCr204 spinel structure) and oxidation
progresses on the substrate through grain boundary carbides. Oxidation of the grain
boundary carbides releases CO gas, which creates a continuous path for oxygen

penetration [14].
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Figure 2.3 : Schematic figure of oxidation of WI-52 cobalt-based superalloy [14].

In the gas turbine engine applications, sulphur in engine fuel reacts with NaCl in the
atmosphere to form Na2SO4. Hot corrosion is defined as the accumulation of Na2SO4
salt on the metal surface and the resulting sulphidation and can be divided into two
types, Type I and Type II. Type I hot corrosion occurs at high temperatures and Type
IT hot corrosion occurs at relatively low temperatures. The alloying element that makes
the greatest contribution to corrosion resistance in cobalt-based superalloys is
chromium. In cobalt-based superalloys containing 30-40% Cr by weight, the formation
of Cr20s or CoCr204 structures on the material surface prevents or retards the
formation of eutectic Na2SO4-COSO4 structure which has a low melting temperature

[26], [31], [36].



2.2 Coatings For Superalloys and High Temperature Applications

For components used in the hot zones of gas turbine engines, corrosion is as critical
damage mechanism as creep and low cycle fatigue damage. In order to avoid
corrosion, chemical compositions of alloys are improved, but this alone is not
sufficient so coatings such as thermal barrier coating, diffusion aluminide and overlay
coatings (MCrAlY) are developed. These coatings provide oxidation and corrosion
resistance to the material, while thermal barrier coatings also provide insulation up to
170 K, contributing to the increase of turbine inlet temperatures and thus engine

efficiency [10,37].

Coatings used in high temperature applications can be divided into 3 main classes:
1. Thermal barrier coatings (TBC)
2. Overlay (MCrAlY) coatings
3. Diffusion coatings

The temperature enhancement and relative coating life of these methods can be seen

in Figure 2.4.
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Figure 2.4 : High temperature coatings and their relative coating life and
temperature enhancement [3].

Thermal barrier coatings basically consist of two layers. These are one ceramic
exterior layer (top coat) and a bond layer which can be either an overlay (MCrAlY) or
aluminide coating. Generally, the chemical composition of the most widely used

ceramic layer is zirconium oxide (ZrOz) with 6-8% yttrium oxide addition [38,39].



Unlike diffusion coatings, for overlay coatings, diffusion of the coating material into
the substrate is not necessary. While some diffusion is essential for enhancing the
adherence of the coating, overlay coatings don’t depend entirely on diffusion for their
development. The protection mechanism of overlay coatings (MCrAlY) is the
protective oxide layer formation of the elements (Al, Cr, Y) in the coating composition.

M stands for Ni or Co in some cases both [40].

Aluminum enables primary oxidation resistance by forming Al2O3, but chromium is
proficient at mitigating hot corrosion and enhances the chemical reactivity of
aluminum. A minimal quantity of yttrium enhances the adhesion of the oxidation
product as it will prevent the formation of sulfur included harmful phases in the

interphase of substrat and the coating [41].

2.2.1 Diffusion aluminide coatings

The application of diffusion aluminide coatings comprise of bringing an aluminium
source into contact with the material at high temperature and diffusion-based reactions
take place. The material surface reacts with aluminium to form the MAIl (M: Metal)
layer. For example, NiAl layer is formed in nickel-based superalloys and CoAl layer
is formed in cobalt-based superalloys. At the same time, an interdiffusion layer
between the MAI layer and the substrate material, is also formed. At high temperature
MAI layer formed on the material reacts with oxigen and forms Al2O3 protective layer,
which is stable even at temperatures above 900 °C and shows brittle behaviour below

750 °C [42,43].

Aluminide coating has been used for many years on hot zone parts in gas turbine
engines. Aluminizing is applied by many processes that are used commercially, most
common ones are; chemical vapor deposition (CVD), Pack aluminizing, above pack

and slurry process as shown in Figure 2.5 [41].

Additives such as Pt and Cr can be added to aluminide coatings to increase the coating
performance especially regarding hot corrosion. Aluminide coatings can be divided

into 2 groups depending on the diffusion mechanism:
e High temperature low-activity aluminizing (outward diffusion)

e Low temperature high-activity aluminizing (inward diffusion)
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In low-activity aluminizing, the rate of inward aluminum diffusion is slow compared
to outward diffusion of nickel or cobalt, whichever is the main substrate metal. In low
activity aluminizing, the coating forms mainly by Ni or Co diffusion resulting with the
formation of NiAl or CoAl layer. In this type of aluminide coating, a diffusion heat
treatent is applied after the coating prosess. In high-activity aluminizing, the main
forming mechanism is aluminum diffusion into the substrate which is faster than nickel

or cobalt diffusion. Rections of each method is shown in Figure 2.6 [44,45].

Diffusion coating process

|
| | |

Pack process . .
Above the prk process inclu diﬁg slufry Chemical vapor {Iieposmon (CVD)
I
I
Low activity High activity  Platinum aluminide Platinum aluminide

(Outward growing) (Inward growing) by pack by CVD

Figure 2.5 : Different diffusion coating methods [46].
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Figure 2.6 : Schematic image of chemistry in the pack aluminizing process [47].
2.2.1.1 Pack aluminizing process

Pack aluminizing is a process where the aluminum source, a halide activator (generally
NaCl), and a stable powder (mainly alumina) are mixed together. This mixture is in
powder form and the part to be coated is buried in this powder mixture in a container
as shown in Figure 2.7. The container is then heated in a furnace in order to promote
diffusion. The process generally takes place in a argon or hydrogen environment in
order to prevent any oxidation at process temperatures. Alumina provides the porous
structure that will allow gas transfer during the process, while at the same time, it
preserves pack powder mixture from sintering caused by exposing to high
temperatures for a long time. Pack composition examples can be seen in Table 2.4

[48,49].
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Figure 2.7 : Schematic image of the pack process [41].

At high temperatures, halide activator decomposes, and the halogen (Cl in the case of
NaCl) reacts with aluminum source to produce aluminum halides (generally AlCIs).
The surface of the part is then reacts with AICI3 and as the diffusion proceeds, the
coating forms [41]. The primary advantages of the pack technique are excellent coating
repeatability and reduced cost. The drawbacks include restrictions on the
compositional flexibility of the coating and limitations on its thickness. Additionally,
in the MALI layer (for example CoAl or NiAl) some powder particles from coating
mixture might be trapped. These particles cause discontinuous coating structure and
lowers the coating life as well as it’s protectiveness. The restricted range of coating
thickness attained in this method results from two issues. Coating thickness that can
be formed by pack aluminizing is effected by time as this process is run by diffusion
and composition of pack [41]. Using slurry as a coating media is another way to
perform pack aluminizing. In this method powder mixture includes a binder also. The
mixture can be applied to the surface of the part by spraying, brushing, or dipping
methods. After the mixture is applied to the part, a heat treatment is conducted to start
diffusion . This is rather a simple method and it isn’t efficient for complex geometries

[50].

Table 2.4 : Examples of aluminide pack compositions [47].

Pack Constituent LTHA pack HTLA pack
Process temperature 700-900 °C 950-1000 °C
Aluminum flake 1.7-2.7 wt% 1.2-1.5 wt%
Activator
NaF 0.8-1.2 wt% 0.8-1.2 wt%
KHF 0.05-0.15 wt% 0.05-0.15 wt%
NH4Cl 0.1-0.2 wt% 0.1-0.2 wt%
AlF3 Trace Trace
Alumina Balance Balance
Uncombined water <0.3 wt% <0.3 wt%
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2.2.1.2 Above pack process

During this procedure the pack in powder form is kept in a tray-like structure and parts
that designated for coating are situated on the pack (Figure 2.8). The parts and the pack
system are placed inside a furnace. The carrier gases fed into the furnace carry the
halides produced in the pack at high temperature and enable the part to be coated. This
process generally produces a low activity coating and offers a more uniform coating
thickness than the pack aluminizing process. Diffusion coatings exhibit brittleness
below a transition temperature, coating produced by the above pack method have
lower temperature of transition than the coatings produced by pack aluminizing
method, which may be associated with lower aluminum content [51,52]. The above-
the-pack method also yields a pristine covering devoid of pack particle entrapment
[47].
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Figure 2.8 : Schematic image of above-pack process [41].
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2.2.1.3 Chemical vapor deposition method

In the Chemical Vapour Deposition method, the Al source does not directly contact
the part, halogen gases such as Cl> and HCl pass over the Al source (pellet, powder or
chip) at approximately 300 °C, to form gases such as AICIs and the parts are coated by
contacting with this gas. H> and Ar are generally used as carrying gases [41]. A

schematic image of the process is shown in Figure 2.9.

Process temperatures are generally between 1000-1100 °C. This method is the most
widely used method in the industry today. This is because it is easier to control the
process, is repeatable and has better adhesion compared to Pack aluminizing and slurry

methods. In addition, it is much easier to carry out modified aluminide coating
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experiments with the addition of different elements (Y, Hf, Zr, etc.) in the CVD

method because these element sources can be easily integrated into the device [53].
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Figure 2.9 : Schematic diagram of a) above-pack process and b) CVD process where
the aluminide halides generated externally [41].

If the CVD process is low activity then the Al source and halogen gases react in a
diffrerent environment than the coating process chamber, if the process is high activity,

this reactions takes place at the coating process chamber [41] .
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3. EXPERIMENTAL DETAILS

In this study, homogenization and pack aluminizing coating processes were applied
to a cobalt alloy in as-cast condition and the effects of these processes on
microstructure changes and room temperature tensile and stress-rupture behaviour

were investigated.

3.1 Material

A cobalt-based cast superalloy, whose chemical composition is shown in Table 3.1
was used in the study. The chenical analysis was conducted with Hitachi OES750 The
alloy has high oxidation and corrosion resistance due to its high Cr content. In addition,
the W, Nb, Mo elements it contains combine with C to form carbides, which is the

main strengthening mechanism.

Table 3.1 : Chemical composition of the cobalt-based superalloy (wt.%).

Element Cr W Nb Mo Fe Ni C Si Mn Ta Co

Composition

224 101 1.5 02 1.8 1.6 04 04 0.1 0.04 Balance
(wt. %)

3.2 Heat Treatment Procedures

Homogenization process was applied to the cast condition samples at different
temperatures and times. ThermoCalc software was used to determine the
homogenization temperature. The homogenization process conditions applied are

shown in the Table 3.2.

Table 3.2 : Homogenization conditions applied.

Designation Temperature (°C) Time (h)
HT1200-1 1200 1
HT1250-1 1250 1

HT1250-10 1250 10
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All heat treatments were carried out in a Protherm PLF 130/30 muffle furnace. The
hardness and carbide volume fractions of the as-cast and heat treated samples were
measured (the details was given in the next section), and the chemical compositions of

the phases in the microstructure were analysed and compared.

3.3 Pack Aluminizing Procedure

Pack aluminizing process was applied to the as cast and homogenised HT1250-10

samples at 1040 °C for 4 hours and then cooling in the furnace.

As a solution to the inhomogeneous coating, pack aluminizing was applied to samples
with different surface conditions (cut surface, polished surface and 400 grit blasted
surface) under the same conditions. Pack aluminizing conditions were determined in
the light of the data obtained from the literature [15]. The powder mixture used was
consist of 70% AlOs, 25% Al and 5% AICls.

3.4 Microstructural Characterization

Microstructural analysis was performed by using samples with dimensions of 10 x10
x5 mm?®. The samples were cut with a QATM precision cutting device. Bakelite
samples were sanded from 320 mesh to 2500 mesh and then polished with 3 um and
1 um polycrystalline diamond suspension. The microstructure emerged after these
processes, no extra chemical etching was applied. This is due to the high hardness
difference between the carbide structures and the matrix. The microstructure of the
prepared samples was observed with Nikon optical microscope and Hitachi SU5000
scanning electron microscope (SEM), Oxford Ultim 40 mm? EDS detector was used
to observe chemical composition of the each phase in the coating and substrate
microstructure. Carbide volume fraction calculations were performed using Imagel
image processing software on the SEM images taken from 10 different regions of each
sample. XRD analysis is made after coating process, in order to determine the
aluminide layer structure. The analysis was performed with GBC MMA 027 model
device using CoKa radiation. The scanning of the samples was performed with 0.02°

steps in the range of 10°- 90°.
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3.5 Mechanical Characterization

3.5.1 Hardness test

Hardness tests was carried out by using a Rockwell C hardness tester (QATM Qness
250 EVO) at a test load of 150 kgf on 5 areas of each sample to obtain the average
hardness value. To determine the hardness of each coating layer after pack
aluminizing, nanoindentation hardness measurement is applied. The nanoindentation
method (CSM nanoindentation tester, Berkowich indenter) was used to measure the

hardness of each layer formed after aluminide coating.
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4. RESULTS AND DISCUSSIONS

Under this heading, the results of microstructure examinations, hardness, tensile test
and stress-rupture test results of the cast cobalt superalloy after casting condition,
homogenization process and pack cementetion aluminide coating conditions are

described and comparisons are made.

4.1 Process Design of Homogenization

Homogenization temperature was determined by using ThermoCalc software. Figure
4.1 shows temperature dependent change of volume fraction of phases.
Homogenization temperature should be above the dissolution temperatures of all
phases, as seen from the volume fraction curves, some of the phases (MC) exist in the
microstructure even above the incipient melting temperatures. According to

ThermoCalc calculation incipient melting temperature is 1269 °C.
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Figure 4.1 : Temperature dependent change of volume fraction of phases for the
alloy used in this study.
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4.2 Microstructural Characterization

4.2.1 Microstructure of received material

As seen from Figure 4.2, the microstructure of the casting contained matrix, two types
of carbide and SiO:2 inclusions with net-like and Chinese script morphologies.
Carbides were homogeneously distributed throughout the microstructure and the
presence of SiO: indicates that the casting took place under air atmosphere. The
carbide volume fraction in the microstructure was 6% and the as-cast dentritic structure
was evident. EDS analysis (Figure 4.3) showed that the net-like carbide was rich in Cr
and W, while the carbide with Chinese script morphology was rich in Nb. As it is
indicated in several literature the Nb rich carbide is MC type and Cr-W rich carbide is
M23Cs type [32], [35].

20



- \} L
3 « . Interdendritic, .
f 2 region
’ QO g
2 X S, A <
5 i PR sl o
J) ¥ x> = -

':)3
| R
~ > 'Q B
(Cr,W)3Cs-
\ o
o “
{
~paul |
T SiO2
\ ,L‘ .
. ETLE 5

SU5000 20.0kV 5,.8mm S-X200 BSEAALL ¢ & _~ '« . ' 200um

Figure 4.2 : Optical micrographs in different magnifications (a,b) and SEM (c)
micrograph of the as received sample (as-polished).
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4.2.2 Post homogenization microstructure

As a result of the homogenization attempt at 1200 °C for 1 hour, it was observed that
there were not any significant changes in carbide morphology and volume fraction.

Dendrite structure was not affected by the homogenization treatment.

After holding the as recieved sample at 1250 °C for 1 hour, it was observed that
approximately half of the carbides were dissolved. Although, the dendrite structure
was not changed significantly, morphologies of the carbides were changed from
continuous to discontinuous. It was decided to increase time instead of temperature

due to the risk of melting.

After 10 hours at 1250 °C, it was observed that the amount of carbides decreased
slightly more, but the rate of change slowed down. The (Cr,W)23Cs carbides were
dissolved to matrix and the morphology of the NbC carbides were changed from
chinese script to spherical, thin and discontinuous morphology that spreaded more
homogeneous around the matrix. Dendrite structure was also disrupted. As can be seen
from the ThermoCalc calculations, the presence of some carbide after homogenization
heat treatment is acceptable because some of the phases are present even after
beginning of the melting. Since further increase in temperature may cause melting, the
rate of carbide and hardness decrease gradually decreases and the equipment is not
suitable for increasing the time, 1250 °C for 10 hours was accepted as the optimized

homogenization condition.
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Figure 4.4 : Optical micrograph of as received sample (a), optical micrographs and
SEM images of HT-1200-1 (b,e,h), HT-1250-1 (c,f,i) and HT-1250-10 (d,g,j)
samples.

4.2.3 Carbide volume fraction and hardness calculations

After 1 hour at 1200 °C, the carbide volume fraction did not decrease significantly.
ThermoCalc calculations showed that many phases existed at this temperature, so this
was an expected result. The result of ThermoCalc calculation shows that after
homogenization at 1250 °C, only the MC phase will be seen in the microstructure. The
heat treatment results also confirmed this calculation as the main decrease in the

carbide volume fraction was observed after homogenization at 1250 °C. This graph
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shows the relationship between hardness and carbide volume fraction. These two

values are directly proportional.
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Figure 4.5 : (a) Carbide volume fraction and hardness change of different
conditions, (b) Hardness and carbide volume fraction dependency.

4.2.4 Post pack aluminizing microstructure

The coating microstructure consists of 4 different layers with a total thickness of 280
um. In previous studies, coatings with a thickness of approximately 50-60 microns
were obtained using packs of different chemical compositions. The difference between
the coating thicknesses is thought to be due to the pack composition. In this study, 70%
ALlOs3, 25% Al and 5% AI3Cl pack compositions and different surface preparations
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(120 grit grinding, 400 grit grinding, post-cut surface and polished surface) were used

for pack aluminizing.

These layers are named as outer and mid coating layer, inner (interdiffusion) layer and
thin layer from the outside to the center, respectively. The top layer of the coating has
horizontal, continuous cracks. These cracks indicate the fragility of the top layer. In
the outer coating layer, the matrix consists of light and dark gray spots with coarse
carbide and black, coarse Al2Os structures with elongated morphology, this layer is
240 um thick and constitutes about 85% of the coating thickness. This outer layer
consists of two distinguished layers, the outer one has a coating strusture of columnar

morphology.

Below this layer, unlike the unprecipitated outer coating layer, there is a mid
precipitated coating layer where fine carbide structures are precipitated and Al2O3
structures are not observed. It was observed that the fine carbide structures end in the
precipitated mid coating layer from the substrate to the outer surface, but the coarse
carbides continue. The thickness of this layer is approximately 21 pm and has the same
thickness as the interdiffusion layer below it. Coarse and fine carbides are also present
in the interdiffusion layer. As shown in Table 4.2, the coarse carbides are MC, rich in

Nb and W, while the fine carbides are M23Cs rich in W and Cr.
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Figure 4.6 : Coating microstructure of as-cast sample
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Point EDS analyzes were taken from the matrix of each coating layer. As a result of
these analyzes, it was observed that the Al and Co ratios in the outermost layer were
close to the Cos4Ali3 chemical composition. As expected, the amount of cobalt
decreased and the amount of aluminum increased from the substrate to the coating
surface. It is seen that the amount of W decreases outwards. This decrease indicates
that the diffusion of W, which is a heavy and refractory metal, is not fully achieved at
the coating temperature and time. Cr content did not show a linear increase or decrease.
Particularly high Cr and relatively high W content was observed in the thin layer
formed between the substrate and inner layer, formation of a thin Cr-W rich layer has
been observed before [13]. It is likely that this formation is because Cr and W also
diffuse into the Co-Al layer formed during the coating process, but slower than Co.

EDS results and the atomic % correspondence are given in Table 4.1 and Figure 4.7.

Table 4.1 : At. % Co and Al composition of each layer and substrate.

Co Al W Cr

Outer layer dark matrix 23.43 7337 023 297
Outer layer light matrix 14.23 76.34 1.47 7.93
Mid layer 20.84 73.79 032  5.07
Interdiffusion 45.53 5329  0.28 0.88
Thin layer 47.65 3.14 4.65 44.56
Substrate 72 - 3.65 2435
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Figure 4.7 : Matrix composition of substrate (b) and each coating layer, thin layer
(¢), interdiffusion layer (d), mid layer (e), outer layer dark gray (f) and outer layer

light gray (g).

Between the substrate and the interdiffusion layer there is a thin, well adherent and
distinguishable layer with a saw-toothed morphology. The thickness of this layer is
about 2 um thick. This thin layer is shown in Figure 4.8.
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Figure 4.8 : Coating micrographs of as-cast sample in different magnifications.

Point EDS analysis was performed to find the phases of the precipitates observed in
the coating layer. As a result of the analysis, it was seen that the fine carbides in the
inner and mid layer were (W,Cr)23Cs and the coarse blocky carbides were NbC. The
gray phase is thought to be Cr-Al intermetallic. EDS results and their atomic%

correspondence are given in Table 4.2 and Figure 4.9.

Table 4.2 : Chemical composition (at.%) of structures indicated in Figure 4.9.

C W Nb Cr Co Al

1 (Gray precipitate) 13.53 4.48 - 23.37 2.69 55.93
2 (Cr, W23Cs) 50.63 27.16 - 22.22 - -
3 (NbC) 65.56 1.49 32.95 - - -
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Figure 4.9 : EDS analysis of precipitates found in coating microstrusture.

EDS mapping clearly shows that the amount of Al decreases from the outer to the inner
layers of the coating and is absent in the substrate. The amount of Co decreases from
the center outwards but is present even in the top layer. This is also shown in Figure
4.11 as EDS line analysis of 100 um line from the outer layer of the coating to the
substrate. The Co content is higher in the closed gray areas in the matrix of the
unprecipitated coating layer than in the light gray areas. In the thin layer, interdiffusion
layer and a part of the top layer, W and Cr rich M23Cs carbides are observed. The Nb-
rich coarse MC carbides in the substrate remained present throughout all layers of the

coating.
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Figure 4.10 : EDS mapping of coating microstructure.

Line EDS shows that aluminum decreases towards the substrate and drops sharply to
zero from the end of the interdiffusion layer. Considering that there is no aluminum in
the substrate, this analysis indicates that the diffusion of aluminum into the substrate
is dominant in used coating conditions. On the other hand, the amount of cobalt

showed a more balanced decrease from the substrate outwards. The sudden drop at 75
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microns and the subsequent increase is thought to be due to the possible presence of a

precipitate.
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Figure 4.11 : EDS line analysis of coating microstructure.

XRD analysis was performed to determine the coating phase formed. The analysis
results show that the outer layer is Ali3Cos. The XRD result shows parallelism with

the point EDS analysis taken from the outer layer matrix.
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Figure 4.12 : XRD analysis of coated specimen.
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As shown in Figure 4.13, the coarse carbide structure on the substrate continues
throughout the coating. This is an indication of the inward diffusion of aluminum, in
other words high activity aluminizing. Also it was observed that (Cr, W)23Cs carbides
with a network morphology in the base material dissolved during coating process and
re-precipitated as fine and homogeneously dispersed (Cr, W)23Cs carbides in the

coating layer.
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4.2.5 As cast and homogenized sample’s microstructure after aluminizing

Samples in both as-cast and homogenization conditions showed the same coating
microstructure and similar layer thicknesses. In both conditions, the coating thickness
was up to 280 wm but wasn't consistent. The coating distribution including each layer
was not homogeneous and there were many porosity and horizontal cracks, some of
which were crater-like. (Cr,W)23Cs carbides were found in the inner and mid layers of
the samples in both conditions. The fact that these carbides were removed in the
structure after homogenization indicates that these precipitates were formed during

coating.

The microstructures of both conditions are given in Figure 4.14.
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Figure 4.14 : (a-c-e-g) Microstructures of as-cast+ aluminide coated and (b-d-f-h)
Microstructures of homogenized+ aluminide coated samples.

4.2.6 Microstructures of aluminizing after different surface preparations

Initial coating experiments showed that the coating thickness distribution was not
homogeneous. To make the coaing thickness more uniform, different surfaces were

prepared and coating experiments continued. Coating was applied to the surface after
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precision cutting, after 400 grit grinding, after polishing and after 120 grit grinding. It
was observed that the worst coating distribution was seen after 400 grit grinding. The
polished surface, precision cutting surface and 120 grit grinding surface showed the

most favorable results, respectively.

S me— o T
120 grit grinding surface

400 grit grinding surface

i e

4 Poliéhed surface

Post-cut surface

Figure 4.15 : Coating thickness distributon after different surface preparation
conditions.

4.3 Coating Hardness Test

After the coating process, the hardness, elastic modulus, stiffness and elastic recovery
values of each coating layer were measured using nanoindentation method. The results
are given in Table 4.3. The substrate exhibits the lowest hardness, as expected for a
relatively ductile cobalt-based superalloy matrix in its uncoated state. A substantial
increase in hardness is observed in the inner (interdiffusion) layer. This suggests

efficient inward diffusion of aluminum during the coating process and a dense,
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homogeneous microstructure. The mid layer shows the highest hardness among all
regions, likely due to the presence of highly ordered intermetallic compounds and
possible residual stresses. While still significantly harder than the substrate, the outer
layer exhibits a slight reduction in hardness compared to the mid and inner layers. This
may be attributed to microstructural coarsening. The columnar region also displays
elevated hardness, similar to the outer layer and slightly reduced hardness compared

to the inner core of the coating.

The inner layer exhibits the highest elastic modulus. In contrast, the outer columnar
layer shows the lowest modulus, potentially due to columnar grain morphology or

porosity near the surface.

Stiffness follows a decreasing trend from the substrate to the outer layers, reflecting

reduced substrate support and increased surface compliance in the coated regions.

Elastic recovery, which indicates the material's ability to return to its original shape
after deformation, is significantly improved in all coated layers compared to the
substrate. The mid layer shows the highest recovery, followed closely by the outer
regions, suggesting that these layers possess a favorable balance of elasticity and

hardness, enhancing damage tolerance under cyclic loading.

Table 4.3 : Hardness and elastic behavior of each coating layer.

Region H?é(:)l:)ess E (GPa) (Sntlilflf/l;e;ls) Elastic((l;,t;covery
Substrate 45+02 223+ 14 1.8+0.1 88+0.5
Inner layer 11.5+£0.5 288+ 13 1.5+0.2 16+1.7
Mid layer 124+0.6 243 +£20 1.1 20.5+04
Outer layer 9.5+04 198 + 10 1.1+0.1 19+£1.2
Outer columnar layer 9.4+0.2 185+4 1 19.7+0.6
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5. CONCLUSIONS AND RECOMMENDATIONS

The following conclusisons can be drawn from the present thesis study.

It was observed that as the homogenization times and temperatures increased,
the carbide morphologies changed from the initial continuous and Chinese

script morphology to discontinuous, thin and spherical morphology.

The carbide volume fraction and the hardness of the material decreased as the

homogenization times and temperatures increased.

There was no significant change in the chemical composition of the carbide

phases.

It was determined that the dentritic structure existing after casting was

eliminated especially after homogenization at 1250 °C for 10 hours.

After alumizing is applied to the as cast and homogenized samples, coating
thicknesses of up to 280 um were achieved, but a homogeneous coating

thickness could not be obtained.

According to the EDS and XRD analysis the outer layer of the coating is
Al13Co4.

After the aluminizing coating, a thin layer was formed on the substrate
followed by an interdiffusion layer and then precipitated and unprecipitated
coating layers respectively. Thin and homogeneously dispersed Cr, W23C6
inclusions showed continuity from the thin layer to the unprecipitated layer
boundary. Coarse NbC carbides showed continuity in the substrate throughout

all coating layers.

Of the coating layers, the mid and inner layers were found have the highest
hardness and elastic modulus. Stiffness values decreased from the substrate to

the surface.

In order to obtain homogeneous coating thickness, different surface treatments

were tried before coating and the surface after polishing gave the best results.
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