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PRODUCTION AND CHARACTERISATION OF BOND COAT ON NICKEL
BASED SUPERALLOY

SUMMARY

The gas turbine produced energy is directly related the operating temperature
therefore higher operating temperatures is required for energy production. The
requirements need higher temperature capability materials and associated
technologies such as improved oxidation and environmental coatings. Therefore, for
elevated temperature application, Nickel-base superalloys are the best choice and
they have become the standard for industrial gas turbines hot gas path components
such as buckets, nozzles, and shrouds.

Even though the base material provide great features for this kind of application the
component has surface damage caused by oxidation and hot corrosions shortened the
service life. Therefore, the blade protection is essential, and the solutions lead the
protective coating layer of the turbine blades.

For protection of the hot gas path component and better working condition of
turbine, the coating must meet the engine operating condition requirements. It must
withstand hot corrosion, oxidation, and erosion and static and alternate stresses
applied to the blade surface; to this end the coating must have the requisite
combination of strength and ductility. Besides, it must show good stability and not
degrade the blade material mechanical properties.

In the light of previous information, the thesis focus on the production of aluminide
coating on the nickel based superalloys, Inconel 718 (IN718) by cold gas dynamic
spray coating method. The method is promising technique because its working
temperature relatively low when compares with the thermal barrier coatings
methods.

The main action of the study is examining the diffusion behavior of cold sprayed
aluminum, nickel and other constituent elements of superalloy and understanding the
formation of diffusion zones. Accordingly, some part of the specimens is coated only
with unalloyed aluminum and remaining parts are coated with unalloyed aluminum
and nickel separate steps (First Al is coated on substrate than Ni is coted on Al
surface). In both sample groups, Al activity is higher than Ni (Al diffusion rate
higher than Ni-Da>Dy;), because of being in elemental state. Especially, only Al
coated and annealed at higher temperature (700°C, 850°C, 900°C for 24h- 950°C,
and 1000°C, 1050°C for 1 h) samples clearly show three layered coatings and
roughly name of these layers are, from surface to substrate, refractory element
precipitates, NiAl, and Carbide layers. The multilayered coating is also called as
“inward diffusion coatings” because of the high diffusion rate of Al than Ni
(Dai>Dni).

The samples that are coated only Al and annealed at 500°C, 600°C for 24h, represent
the basic formation of AlsNi and Al3Ni, intermetallic that are the production of first
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interaction of Al and Ni below the 640°C (Melting temperature of Al). Moreover,this
is a result of predominant inward diffusion of aluminum from the aluminum layer,
which causes the coating layer to grow into the substrate starting from its surface.

The standard three layered (multilayered) structure is formed at specimens that are
annealed at 700°C, 850°C, 900°C, 950°C, 1000°C,1050°C. The first zone of the
multilayer is outer zone that includes refractory elements precipitates (a-Cr, Fe) in
the AINi matrix and that is formed by dominant diffusion of Al (inward diffusion)
throughout to the substrate. In addition, AINi phase is hyper stoichiometric (NiAl
containing greater than 50 Al %eat.). Second zone (middle zone) is formed by both
inward and outward diffusion of Al and Ni that creates uniform AINi phases (hypo
stoichiometric AINi- Al <50 % at. ). Finally, third zone, created by only outward
diffusion of Ni and the reduction of Ni in this region causes the precipitation of the
various elements originally present in solid solution in the superalloy in the form of
several complex precipitates. These are some carbides (MC, M23C6) and refractor
elements' phases (o-Cr, Fe). Consequently, higher activity of Al leads to the complex
structure of multilayered coating and at each layer, different diffusion.

Aluminum has very high activity and content in the first zone. It causes the lack of
sufficient solubility of certain substrate elements like Cr, Ti, Mo in the zone.

In the scope of the thesis, outwardly diffused microstructre can not be produced due
to the high activity of aluminum. On the other hand, the second and third zone could
be given as an example for that kind of structure.

The different annealing time and temperature (700°C, 850°C, 900°C, 950°C,
1000°C,1050°C) do not make any change in the microstructure except distinct
thickness for the zones

The first and third zones are mechanically weak and brittle due to the formation of
refractory precipitates and carbides; they should be eliminated from the coating by
additional processes or changing the composition of coating powders.

The both aluminum and nickel coated samples are annealed at 850°C, 900°C for 24h,
950°C, 1000°C, and 1050°C for 1h. The similar three-layered structure is observed
between aluminum-substrate, and aluminum-nickel. However, in the middle zone,
porous and cracked type area is produced. The structure is formed due to high
activity of aluminum, because aluminum is completely consumed before creating a
diffusional bond  between  substrate-aluminum  and  aluminum-nickel.
Therefore,nickel coating on the aluminum does not meet the requirement of
diffusional coating.

The diffusion activities of elements and created phases are supported by
characterization test results of X-ray diffraction (XRD), scanning electron
microscope (SEM), and energy dispersive spectroscopy (EDS)

The Al coated samples are subjected to hardness test to measure the hardness of each
zone. According to results, the first and third zone value is highest because of
refractory precipitates and carbides.
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NIKEL ESASLI SUPERALASIM UZERINDE BAG KAPLAMASININ
OLUSTURULMASI VE KARAKTERIZASYONU

OZET

Gaz tiirbinleri, teknolojinin bir¢cok alaninda, enerji iiretiminde kullanilmak {izere
tasarlanmig ve enerji ihtiyaciyla dogru orantili olarak gelisimleri devam etmistir.
Tirbin igerisindeki ¢alisma ortam sicakliginin giinden giline artirilmasi ve asindirici
atmosfer, bu ortamda c¢alisabilecek, dayanikli bigak ve kaplamalara olan
gereksinimini de artirmaktadir. Bu sebeple gaz tiirbinlerinde kaydedilecek yeni
teknolojik gelismeler, bu tiirbinlerin 6nemli pargalari olan bigak, kanatgik (vane) gibi
elemanlarinda yapilacak olan gelismelere birebir baglhdir.

Tiirbin motoru igerisine beslenen gaz, tiirbin disklerinin daha hizli donmesini
dolayisiyla ugak {iizerinde itme giicii (thrust) olusmasini1 saglar. Beslenen gaz
sebebiyle tlirbin parcalarinin yiiksek sicaklik (1090°C’yi asan sicakliklar) ve basinca
maruz kalir ve bu elemanlar {izerinde erozyon, oksidasyon, korozyon ve termal
yorulma catlaklar1 gibi hasarlara yol agip parcalarin servis siirelerinin kisalmasina
neden olur. Bu asindirici etkilerden pargalari korumak i¢in c¢evreye-direngli
kaplamalar (environment-resistant coating) ve termal bariyer kaplamalar kullanilir.

Yiizey kaplamalarinda {izerinde yapilan g¢alismalar sonucu, yiiksek oksidasyon
direnci, nikel esaslh siiper alagimlara uygulandiginda kararli bir yap1 sergilemesi ve
diger mekanik ve fiziksel Ozellikleri sebebiyle difiizyon aliiminat (aluminides)
kaplamalar en c¢ok tercih edilen kaplama tipi olmustur. Aluminat diflizyon
kaplamalari, tlirbinin sicak boliimlerinde kullanilan nikel esasli olan bigaklarin
yiizeylerinde kullanilip yiiksek sicaklikta meydana gelen oksidasyon ve korozyona
kars1 bicaklar1 korurlar. Bu kaplamalar, yiiksek sicakliklarda (900°C’nin iistiinde)
koruyucu ve yavas yavas biiyliyen oksit (Al,O3) filmleri olusturma ozelliklerine
sahiptirler. Bu sebeple Al,Osigin bir bakima rezervuar gérevi tistlenirler.

Stiperalagimlar iizerine uygulanan diflizyon aluminat kaplamalari, ice dogru
(inward) ve disa dogru (outward) difiizyon siiregleri sonucu olusan mikroyapilara
gore smiflandinlmistir.  Ige dogru difiizyon, aliiminyum aktivitesinin nikel
aktivitesinden daha yiiksek oldugu durumlarda meydana gelip aliiminyum
uygulandig1 yiizeyden siiperalasimin i¢ine dogru olan diflizyon hizi, nikelin
stiperalasgimdan kaplamaya dogru olan hizindan daha yiiksektir. Aliiminyumun
yiikksek aktivitesi sonucu, en dis ylizeyde kirilgan yapida ONiAlz olusur.
Aluminuymun yiiksek diflizyonu sirasinda bir kisim nikelde difiizyona ugrayarak
ONiAl; hemen altinda B-NiAl arametalik (intermetallic) fazi olusur. Bu tiir bir
kaplama, hem kirilgan hem de diisiik erime sicakligina sahip olup, kirilgan dNi2Al3
fazin1 daha az kirilgan yapida olan ve aliiminyum miktarinca zengin BNiAl (Al >50
at. %) fazina dontistiirmek icin ek bir 1s1l isleme ihtiyag¢ vardir.
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Disa dogru difiizyon, aliiminyum aktivitesinin nikel aktivitesinden diisiik oldugu
yiiksek sicaklik islemlerinde (980-1090°C) gerceklesir. ice dogru difiizyonla olusan
kaplama ile karsilastirildiginda, altlik biinyesinde bulunan refrakter elementler daha
yavas bir sekilde altliktan kaplamaya dogru difiizyona ugrar ve burada olusan NiAl
faz1 igerisinde aliiminyum miktar1 disiiktiir (hypostoichiometry -Al <50 at. %). Bu
sebeple daha siinek yapida bir kaplama elde edilir. Bu kaplamanin tipik yapisi, dis
kisimda NiAl fazi iceren bir kusak (zone), altta ise refrakter metallerin (W, Mo, Ta
gibi), nikelin oraninin azalmasi nedeniyle olusturdugu, karbiirler ile 6-(Cr,Fe) faz
gibi kirilgan yapilar yer alir.

Difiizyon aliiminat kaplamalar1 genis bir uygulama alan1 yakalamasina ragmen, farkl
tiirdeki tiirbin bicagi calisma kosullarina uyarlanamamalari, her tiirden bicagin
kompozisyonuna uygun olarak hazirlanabilecek yeni tip kaplamanin zorunlulugunu
beraberinde getirmistir. Elektron-1s1n, elektrik-ark plazma metotlarinin gelistirilmesi,
farkli tiirdeki bigaklar iizerine uygulanabilen ve Ortli (overlay) tabakalarin
gelistirilmesini hizlandirmistir. Difilizyon aliiminat kaplamanin aksine ortii kaplama,
kompozisyonunu, kalinligmi ve fiziksel-kimyasal- mekanik ozelliklerini kontrol
edebilen ve motor tiirlerine gore opsiyonlari mevcuttur.

Ortii kaplama, difiizyon kaplamanin modifiye edilmis bir versiyonu olup, kaplama
icerisinde bulunan yiiksek aliiminyum oraninin kirilganligi artirmasi sebebiyle,
kaplama igerisinde ki aliminyum miktarinin disiiriilip daha siinek bir yapida
kaplama olusturulur. Ortii kaplama, 6nceden alasimlandirildig: igin, altliktan
kendisine olacak difiizyona ihtiya¢ duymayip, i¢cindeki alagimlarla, hem mikroyapisi
kontrol edilir hem de altliga dogru olan difiizyonlarla, altliga yapismasini saglanir.

Termal bariyer kaplamanin (TBC) ortii kaplamaya daha iyi yapigmasi saglayip altligi
oksidasyon ve termal etkilere kars1 daha iyi korumak maksadiyla ortii kaplama ve
TBC arasina ince bir flas kaplama (flash coat) uygulamasi da yapilabilir.

Ortii kaplamalar yiizeye termal kaplama yontemleriyle; vakum plasma spray
(VPS),diisiik basingh plazma sprey (LPPS) ya da yiiksek hizli oksy-fuel (HVOF)
yontemleriyle uygulana gelmistir. VPS ve LPPS yontemiyle ylizeyde biriktirilen
kaplamada bazi erimemis tanecikler kalabilmektedir. Ozellikle HVOF ydntemiyle
yapilan kaplamada, onemli miktarda mikro boyutta porozite ve oksitlerin varlig
birbirine bagl yollar olusturmaktadir.

Dolayisiyla, yiiksek sicaklik ve oksidasyon uygulamalarinda yiiksek oksitlenme hizi
ve altligin korozyona ugramasi kaginilmaz hale gelmektedir. Fakat soguk piiskiirtme
yontemiyle (cold spray coating), gozenek ve oksit barindirmayan iistiin oksidasyon
direnci 6zelligine sahip kaplamalar gelistirilmektedir.

Soguk piiskiirtme yontemiyle, ince tanecikli yapidaki tozlar 500-1000m/s, siipersonik
inert gaz jetleriyle kaplama yapilacak yiizeye carparak beslenir. Carpma sirasinda
olusan plastik deformasyon ile atlik ve kapla arasinda yogun ve giiclii bir bag
olusturulur.

Yukaridaki bilgiler 1s181nda ¢aligma konusunun temel amaci, nikel esash stiperalagim
malzemesi iizerinde soguk piiskiirtme yontemiyle aluminat kaplama olusturmaktir.
Hernekadar, giincel kaplamalar i¢inde bag kaplama yonelimi ortii tipi kaplama
olmasina ragmen, ¢alisma esnasinda aluminat difiizyon kaplama incelenmistir.

Calisma temel olarak, piiskiirtiilen toz tipine gore, iki tip kaplamayi esas almustir. Ilk
tip kaplamada sadece aluminyum altlik tizerine piskiirtiilmiis ve hazirlanan
numuneler 500°C, 600°C, 700°C, 850°C ve 900°C’lerde 24 saat, 950°C, 1000°C ve
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1050°C ise 1 saat olmak tizere atmosfer kontrolii olmayan firinda, havada,
tavlanmigtir. Tavlanan numuneler, gerekli metalografik islemlere tabi tutulduktan
sonra X-1sini difraktometresi ile x-151n1 desenleri elde edilmistir.

Ikinci kaplamada ise altlik &ncelikle Aliiminyumla kaplanip ardindan iizerine Nikel
puskiirtiilmiistiir. Bu numuneler ise 850°C ve 900°C’lerde 24 saat, 950°C, 1000°C ve
1050°C ise 1 saat olmak iizere havada tavlanmistir. Tavlana numunelere benzer
sekilde uygun metalografik islemlerden gegcirilip X-151m1 difraktometresi ile x-151m1
desenleri elde edilmistir.

Ilgili numune gruplar1, Taramal1 Elektron Mikroskobu (SEM) ve Enerji dagmimli x-
isinlart  ¢oziimleyicisi (EDS) incelemelerine tabi tutularak elde edilen x-151m
desenleri yorumlanmistir. Buna goére 500°C ve 600°C’de 24 saat tavlanan
numunelere beklendigi {lizere, kaplama ile tabaka arasinda distan ige dogru, AlsNi,
Al3Ni, tabakalar1 olusmustur. 500°C’de tavlanan numunede aliiminyumun tamamen
tilketilmedigi goze carpmistir, 600°C’de ise aliiminyumun biiylik bir kisminin,
olusan fazlar tarafindan tiiketildigi fark edilmistir. Olusan fazlar ve ¢alisilan sicaklik,
aliminyumun altlik i¢ine dogru olan difiizyonuna kanit niteligindedir.

700°C, 850°C ve 900°C’de 24 saat tavlana numunelerde AINi fazi kendini, kaplama
icerisindeki yogunlugunu artirarak gostermistir. Bu sicakliklarda olusturulan
kaplamanin en temel Ozelligi aywirt edilir sekilde {i¢ tabakadan olugmasidir.
Kaplamanin dis ylizeyinden i¢ce dogru, ilk kusak Cr, Fe gibi refrakter elementlerinin
¢okeltilerini (a-Cr,Fe precipitates) igermekte olup matris AINi yada AlsNi;
fazlarindan olugmaktadir ve bu kusak aliiminyumun i¢e dogru difiizyonun (inward
diffusion) en 6nemli kanitidir. Orta kusakta ise yekpare AINi fazi géze ¢arpmakta
olup diger refrakter elementler kati ¢ozelti icerisinde ¢Ozlinmiis durumdadir. Bu
kusagin olusumunda hem aliiminyumun i¢e dogru (inward) hem de Nikelin disa
dogru (outward) diflizyonu s6z konusu oldugu icin yekpare AINi fazi elde edilmistir.
En alt kusak ise Nikelin disa dogru dizfuzyonu nedeniyle olustugu icin nikelce
fakirdir bu sebeple Nikel igerisinde daha fazla ¢oziinemeyen refrakter elementler (Ti,
Nb) karbiir (MC, M23C6), diger elementler ise 6-(Cr, Mo) fazin1 yaparak mekanik
olarak zayif bir katman olustururlar.

Bu ii¢ kusak, enerji daginimli x-1s1nlart ¢oziimleyicisine (EDS) gore incelendiginde
sunlar elde edilmistir. Aliminyumun aktivitesinin ¢ok yiiksek olmasi sebebiyle
aliminyumun difuzyon hizi (Daj) Nikelin hizindan (Dy;) daha yiiksektir. Bu sebeple
atlik i¢ine diflize olurken Cr, Fe gibi bazi1 elementlerin alfa fazi olusturarak bu
kisimda ¢okelmesine neden olur. Bunun sebebi ayrica, Buradaki AINi fazinin
aliminyum agisindan doygunluk seviyesinde olmasi ve bu sebeple bu elementleri
iginde ¢ozememesidir. Ara kusagin olusumunda hem aliiminyumun hem de nikelin
difiizyonu bunu saglamaktadir, bu sebeple i¢ kusak (alt kusak) nikelce fakir krom ve
diger elementlerce zengindir. Bu i¢ kusakta da nikelin difiizyonu, kromun daha fazla
nikel i¢cinde ¢ézlinmemesine neden olur ve krom ¢okelir. Ayrica bu kisimda, nikelin
azalmasi sebebiyle biriken Titanyum, Niyobyum, Molibden gibi elementler karbiir
yaparak baska fazlara doniislir. Bu karbiirler ve sigma fazi alt kusagi, c¢okelen
refrakter elementeler ise iist kusagi, mekanik olarak zayif kirilgan yapiya biiriindiirtir.
Bu tiir kusaklar ise kaplama igerisinde tercih edilmemektedirler.

950°C, 1000°C ve 1050°C ise 1 saat tavlanan numunelerde de kaplama kalinliginin
degismesi diginda, 900°C tavlanan numune ile benzer mikro yap1 elde edilmistir. Bu
sicakliklarin denenmesinin sebebi hem AINi’yi daha kisa siire olusturmak hem de
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mikro yapida olmasi muhtemel degisimleri daha kisa sicaklik araliklarinda
gbzlemleyip dogru ¢ikarimlar elde etmektir.

Aliiminyumla kaplanip ardindan {izerine Nikel piiskiirtiillen ver 850°C, 900°C’lerde
24 saat, 950°C, 1000°C ve 1050°C ise 1 saat tavlanan numunelerde, aliminyumla
althik arasinda, yukaridaki numunelerde olusan benzer ii¢ kusakli yap1 elde edilmistir.
Nikel ile aliiminyum arasinda aluminat fazlar olusmasina ragmen bu iki olusum
arasinda (Al-althk ve Al-Ni) bosluklu ve mekanik olarak zayif bir bolge meydana
gelmistir. Bunun sebebi, aktivitesi hayli yiiksek olan aliiminyumun altlik ve nikele
dogru hizla giderek arada gerekli bagi olusturamadan tiikenmesi ve belirgin sekilde
iki ayr1 bolgenin olusmasidir. Bu sebeple aliiminyum iizerine uygulanan nikel,
mekanik 6zellik agisindan uygun bir kaplama tiirii degildir.

Calismanin son uygulamasi olarak, kaplama igerisinde olusan {i¢ kusakli yapinin
sertliklerini belirmek amaciyla sertlik testi uygulanmistir. Buna gore, iist ve alt
kusaklarin sertlikleri, i¢lerinde bulunan refrakter ¢okeltileri ve karbiirler sebebiyle
yiiksek ¢ikmastir.
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1 INTRODUCTION

Gas turbines are internal combustion engine that burn gas gaseous and liquid fuel. It
delivers the energy of this combustion by means of thrust, in aircraft engine.
Moreover, the energy is contributed by rotating shaft that provides electricity via a

generator or mechanical power for driving compressors or ship propulsion. [1]

Higher operating temperature of the gas turbine has a primary effect on the amount
of energy is produced. Higher operating temperatures need higher temperature
capability materials and associated technologies such as improved oxidation and
environmental coatings. Nickel base superalloys are the best choice for elevated
temperature application and they have become the standard for industrial gas turbines

hot gas path components such as buckets, nozzles, and shrouds. [2]

Blade is one of the hot gas path component and has surface damage caused by
oxidation and hot corrosions shortened the service life. Therefore, the blade
protection is essential. The solution of the surface deterioration is sought during the

decades, and solutions lead the protective coating layer of the turbine blades. [3]

Research point out the protective coating and it begins with the diffusion coating has
a remarkable properties such as high oxidation resistance, high stability when
deposited on nickel superalloys, and favorable combination physical and mechanical
features.The coating type is main protective layer for decades. However, new
generation engines with increased inlet gas temperatures resulted also shortening the
surface life of the coatings due to low ductility of the diffusion coatings and high
stress generated in cooled blades. The failure of the diffusion coating make the
requirement of new type of protective layer and after evolution of the layer it result
in ceramic coating for thermal protection. Under the ceramic layer, metallic coating
is applied on the substrate for oxidation and corrosion resistance and they become a

standard for hot gas path parts.

The study is mainly related the first coating layer of the blade (metallic bond coat) to

investigate the diffusional bond coating behaviors of aluminum and nickel powders



applied by cold gas dynamic spray technique (CGDS) on nickel base superalloys
Inconel 718 (IN718). Powder applied samples are heated at different annealing
temperature that are higher and lower than the certain temperature 640°C (melting
temperature of the aluminum). Furthermore, the diffusional behavior of sample
microstructure is examined by X-ray diffractometry (XRD), scanning electron
microscope (SEM), and energy dispersive X-ray spectroscopy (EDS). Finally, the

hardness test is applied to the samples to measure the hardness of each coating layer.

The litreature part of the study firstly examines the basic properties of gas turbine,
blades then go through to superalloys and their important types. After, the most
important coatings types and their application techniques will be discussed. The last
section will be evaluated prior art studies that are similar to the thesis experiment to

make clarify the diffusion mechanism and layers of the coatings.
1.1 Gas Turbine

The gas turbine is a power plant produces a great amount of energy depending on its
size and weight. It is an internal combustion engine that burns gaseous or liquid fuel
and delivers the energy of this combustion either by means of thrust, in an aircraft jet
engine; or by means of a rotating shaft . Turbine provides electricity via a generator,

or mechanical power for driving compressors. [4]

The working condition of turbines is very aggressive because of high operating

temperature and pressure is created by compression and combustion sections.

Basic sketch of gas turbine engine sections are displayed in Figure 1 and are a
compressor section, a combustor section and a turbine section. During operation, air
is pressurized in the compressor section and is mixed with fuel and burned in the

combustor section to generate hot combustion gases.
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Figure 1.1 : Open circuit gas turbine plant [5]

The hot combustion gases are transferred through the turbine section, which extracts
energy from the hot combustion gases to power the compressor section and other gas

turbine engine loads. [6]

Compressed air is mixed with fuel and ignited to create thrust for propulsion in
combustion section. The heated air could lead temperature to 1650°C in the turbine

section, and component temperature could well reach 1090°C. [2]
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Figure 1.2 : Operation temperature with listed materials for each part of AMG jet
engine [7]



Jet engine sections of AMG productions of operating temperature are listed above in
Figure 1.2. As clearly seen, the highest temperature-operating components are

nickel-based superalloys.
According to previous information the sections temperature are summarized below,

e Compressor: The compressor pressure ratio (PR) typically is 15-25 for most land
based gas turbines (higher in the case of some aeroengines); the temperature
increases to typically 750-850°F (400-465°C).

e Combustion: The combustion zone typically is 2500-2600° F (1370 1427° C) for
land based gas turbines. Flame temperatures may exceed 2000° C in some aircraft
engines.

e Turbine: First-stage turbine inlet nozzles (1st stage NGVs) convert high-enthalpy
gas to high-velocity gas. High-velocity gas turns the turbine rotor blades and buckets
e The turbine temperature is about 1650°C and turbine exhaust temperature is

typically 900—1180°F (482—638°C). [8]
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Figure 1.3 : Cross section view of gas turbine power plants of Siemens [9]

The sections temperatures show that the blades and vanes design have to meet the
requirements of the operating temperature, on the other hand, they suffer from high
temperature and pressure, and they became easily damaged. Therefore, the protection

of the component is essential.



1.1.1 Turbine blades and materials

Airfoil parts, such as blades and vanes, are critical components in the gas turbine
engines that are used to power jet aircraft or for the generation of electricity. The
blades used in the high-pressure turbine rotor need to satisfy requirements including
a balance of creep resistance, temperature capability, environmental resistance, and
damage tolerance. Because they are often exposed to corrosion and oxidation-
inducing combustion gas atmosphere containing sulfur, chlorine, vanadium, sodium
and lead. [10]

The airfoil part may be either a rotating component or a non-rotating component of
the gas turbine engine (Figure 1.4). If the part is a rotating component, during
operation of the turbine engine the part is subjected to centrifugal forces that exert
deforming stresses. These deforming stresses cause creep rupture and fatigue
problems that can result in the failure of the part. Non-rotating components, such as
vanes, are not subjected to centrifugal forces that exert deforming stresses. However,
like the rotating parts, these parts are subjected to other deformation such as from hot

gas erosion and/or foreign particle strikes. [11]

vy 7

Reaction type blades

Stage 3 blades

=

Impulse typ‘e blades
:'_..;‘1

Figure 1.4 : Cooling blades in a turbine section of a frame-type gas turbine [10]
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Both the compressor and turbine sections may include alternating series of rotating
blades and stationary vanes that extend into the core flow path of the gas turbine

engine. In the turbine section, turbine blades rotate and extract energy from the hot



combustion gases that are communicated along the core flow path of the gas turbine

engine. [12]
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Figure 1.5 :Perspective view of turbine blade with descriptive numberings [13]

Individual blade structure is presented in Figure 1.5. The film cooling holes
communicate cooling fluid from the cooling passages to areas on the exterior surface
of the turbine blade. They work under high temperature, pressure and rotation
numbers. Therefore suction and pressure surface and edges exposed to very erosive
atmosphere under cycling load. By the way, leading edge region receives extremely

hot mainstream flow when compare it with trailing edge. [13]

In Figure 1.5 the cooling passages also represented on suction and airfoil surface.
The film cooling holes communicate cooling fluid from the cooling passages to areas
on the exterior surface of the turbine blade to help the reduction of blade

temperature. [14]

In modern engines, blade performance and durability is achieved through advanced
superalloy single crystals combined with sophisticated internal cooling schemes
(internal cooling passages are shown in Figure 1.5) and thermal barrier coatings.
Low density alloys with improved strength at elevated temperatures is new direction
for the research to provide further advances in new alloys. [13]
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Figure 1.6 : Progress in turbine blade capability for over 50 years. [15]

According to Figure 1.6, the nozzle (vane) and blades (bucket) materials temperature
resistance improvement is demonstrated. Over the last seven decades, the
withstanding temperature has grown from 700°C to 1100°C. The improvements are
generally achieved by advancement in substrate materials structural properties. Even
though coating materials effect is not demonstrated, after 1990, application of
thermal spray coating has provided further improvement at resistance of temperature.
[15]

Modern industrial gas turbines (IGT) employ with blades and vanes that has

e advanced cooling schemes,
e thermal barrier ceramic coatings,

e directionally solidified and single crystal

The three properties are important to improve blades’ temperature resistance.



Directionally solidified (DS) and single crystal (SX) structures are illustrated in
Figure 1.7. The directionally solidified part is grown along the vertical axe so that
single grains extend from the bottom to the top of the part. Consequently, a part

has no grain boundaries in the direction normal to the main stresses. [16]

Applied stress Applied stress
f Equiaxed f Directional f Single crystal
L 1 ] +30c +20°C
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Figure 1.7 : Industrial gas turbine blades with conventional, directionally solidified
and single crystal grain structure [16]

As mentioned before, advancement in substrate materials bring improvement of
durability of buckets to the working temperature of gas turbine. The advancement is
achieved basically by development of substrate microstructre from conventional
casting to the single crystal. As seen in Figure 1.7. in the single crystal component,
the entire part is one single grain, and grain boundaries are eliminated. The
improvement also eliminates the some structural and mechanical problems that begin

and grow at grain boundaries



2 SUPERALLOYS

Superalloys are classified according to the main alloying elements in the
composition, with the three base metals being nickel, cobalt, and iron and they are

generally used at temperatures above about 540 °C. [17]

The iron-nickel-base superalloys such as the popular alloy IN718 are an extension of
stainless steel technology and generally are wrought. Cobalt-base and nickel-base
superalloys may be wrought or cast, depending on the application/composition
involved. The entire superalloy family shares a common basic microstructure, which
is a face-centered cubic (fcc) matrix with a number of dispersed secondary

strengthening phases. (One of them is represented at Figure 2.1) [18]

Y matrix

Y particle

Y~ precipitate 10 nm

Figure 2.1: The y matrix (purple) can be seen surrounding the cuboidal y precipitates
(green).[19]

Based on the matrix element(s), superalloys can be broadly be classified into three
families:

¢ Nickel-iron base (Ni-Fe-base)



Nickel-base (Ni-base)
Cobalt-base (Co-base)

Ni-base superalloys are the most complex, the most widely used for the gas turbine

engine

parts experiencing the highest temperatures. They have the highest creep

strength among the above families. [20]

Table 2.1 : Chemical composition of industrial gas turbine superalloys [16]

Type Ni Cr Co Mo W Re Al Ta Nb Ti Cc B
Solid solution strengthening Y forming Grain boundaries

strengthening

IN738 LC BAL 16 8.3 175 26 0 34 175 09 34 01 0.001

GTDMM BAL 14 95 1.5 38 0 3 28 0 49 01 0.01

IN 792 BAL 127 9 2 39 0 3.2 39 0 4.2 0.2 0.02

IN 939 BAL 0

GTD 222 BAL 225 19 23 2 0 0.8 0 0 1.2 0.08 01

FSX 414 10 28 BAL 0 7 0 0 0 0 0 0.25 0.01

MarM 247LC  BAL 85 05 95 0 55 3.2 Hf1.3 1 015 0.015

CM 247 LC BAL 8 06 95 O 55 3.2 Hf14 1 0.07 0.01

Rene N4 BAL 9 8 2 6 0 37 N 0.5 4.2

Rene N5 BAL 7 8 2 5 3 6.2 7 0 0

CMSX 4 BAL 6.5 9 06 6 3 5.6 6.5 0 1

MK 4 BAL 6.5 9 06 6 3 5.6 6.5 0 1

PWA 1483 BAL 128 9 1.9 38 0 36 4 0 4

MD 2 BAL 8 5 2 8 0 5 6 0 15

CMSX-8 BAL 54 10 06 8 1.5 5.7 8 Hf0.32 07

According to Table , superalloys typically contain ten or more alloying elements,

grouped according to their function into three categories:

Second

Solid solution elements (Co, Cr, W, Mo, Re): The elements predominantly
present in the austenitic y matrix. W, Mo, Re are effective solid solution
strengtheners due to their large atomic diameter; the main role of Cr is to
provide corrosion and oxidation resistance through the formation of dense
oxide scale; Co, being a minor matrix strengthener, stabilize y ' phase and
increases y ' solvus temperature. These elements also replace Ni atoms in p '
phase lattice with a similar strengthening effect.

Gamma prime formers (Al, Ti, Ta, Nb, Hf): They form an intermetallic y '
phase, replacing Al and, due to larger atomic diameter, strengthening this
phase.

Grain boundary strengtheners (C, B, and Zr, Hf, Ti, Ta, Nb): They form

stable carbides and borides along grain boundaries. [21]

and third generation superalloys contain 3, 6 wt.% of the refractory (high-

melting point) element rhenium, respectively. The aluminum concentration is
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approximately 6 wt.%, which leads, together with elements such as Ti and Ta, to a
high volume fraction of the hardening, L1 ordered, y ' phase. Higher Al concentration
results in precipitation of the B2 ordered intermetallic phase NiAl, leading to an

embrittlement at lower temperatures. [22]

Table 2.1 : Role of alloying elements in superalloys [21]

Effect(a) Iron-base  Cobalt-base Nickel-base
Solid-solution : Co, Cr, Fe,
Cr, Mo Nb, Cr, Mo, Ni, W, Ta

strengtheners Mo, W, Ta, Re
fcc matrix stabilizers C,W, Ni Ni
Carbide form:

W, Ta, Ti,
MC Ti Ti

Mo, Nb, Hf
M-Cs Cr Cr
M23Cs Cr Cr Cr, Mo, W
MeC Mo Mo, W Mo, W, Nb
Carbonitrides: M(CN) C,N C,N C,N
Promotes precipitation of 5
carbides
Forms y' Niz(Al, Ti) Al, Ni, Ti Al, Ti
Retards form. of

_ Al, Zr

hexagonal 1 (NizTi)
Raises solvus temperature

Co
of y’
Hardening precipitates or : : :
) Al, Ti, Nb  Al, Mo, Ti(b), W, Ta Al, Ti, Nb
intermet.

o ) Al Cr, Y, La,

Oxidation resistance Cr Al, Cr

Ce
Improve hot corrosion

) La, Y La, Y, Th La, Th

resistance
Sulfidation resistance Cr Cr Cr, Co, Si
Improves creep properties B, Ta
Increases rupture strength B, Zr B(c)
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Table 2.2 (continued) : Role of alloying elements in superalloys [21]

Grain-boundary refiners . . B, C, Zr, Hf
Facilitates working . Ni3Ti
Retard y’coarsening c c Re

(@) Not all these effects necessarily occur in a given alloy. (b) Hardening by

precipitation of Ni3Ti also occurs if sufficient Ni is present. (c) If present in large

amounts, borides are formed.

Table 2.1, general list of the role of some alloy elements in superalloys. Some

elements go into solid solution to provide important improvements. According to

table to summarize briefly the effect of element on the superalloys;

strength (molybdenum, tantalum, tungsten, and rhenium);
oxidation resistance (chromium and aluminum);

hot corrosion resistance (titanium);

phase stability (nickel); and

increased volume fractions (Vf) of favorable secondary precipitates (cobalt).

The broad view of the alloying elements’ effects are represented on the periodic table

in Figure. As mentioned above, the related elements negative and positive effects

can be clearly understood from the figure. [18]
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Figure 2.2 : Alloying elements used in nickel-base superalloys. Beneficial minor
elements are marked with cross-hatch, while detrimental tramp
elements are marked with horizontal line hatch. [21]

Figure2.2 and Table 2.1 make a summary of important phases. First important one is
y ' and that is the principal precipitate phase in superalloys and the phase is an
ordered (L1,) intermetallic fcc phase having the basic composition Niz(Al, Ti). The
other phase is n related with y " and n, is an ordered (Dy24) hexagonal phase of
composition NisTi that may exist in a metastable form as a titanium- rich y " before
transforming to . The last critical phases are 6 and y " are other types of
intermetallic phases, such as & orthorhombic Ni3Nb, or y ”  bct-ordered (Dy22)
Ni3NDb strengthening precipitate, have been observed and contribute significantly to

iron-nickel- and nickel-base superalloy strength. [21]

2.1 Iron-Nickel-Base Superalloys

Nickel-Iron (Ni-Fe) based superalloys are precipitation-strengthened alloys that
contain substantial amounts of Ni and Fe (25-60% Ni 15-60% Fe), and they represent
some of the most widely used superalloys and constitute their own class. [19] The
alloys are characterized by their high toughness and ductility and are used mostly in
applications where these properties are required, such as turbine discs or forged
rotors. Consequently, nickel iron alloys are used only in the wrought condition,

because this manufacturing method offers a wide variety of mechanisms for
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controlling grain size and morphology. In addition to their high toughness, another
advantage of nickel-iron-base superalloys is their lower cost due to the substantial

amount of iron added. [2]

There are four general characteristics of the Fe-Ni alloys: Firstly, they are all FCC (y)
austenitic matrix based on both Fe and Ni. Secondly, solid solution strengthening is
through alloy elements that partition to y. Thirdly, the alloys are also precipitation
hardened via intermetallics, borides, or carbides and finally, the alloys are also

precipitation strengthened by modifying grain boundaries. [19]

The most common precipitate of the superalloys is y’-Ni3(Al Ti), an the some

important examples are given below.

e A-286

e V-57,0r

¢ Incoloy 901
¢ Incoloy 800H

Some alloys, typified by which precipitate y "-Ni3NDb,

e Inconel (IN) 718, were formerly classed as iron-nickel-base but now are

considered as nickel-base. [23]

The iron-nickel-base superalloys strengtheners are intermetallic compound
precipitation and they are in an FCC matrix. [18]

2.2 Cobalt-Base Superalloys

Cobalt-based alloys have been in use for several decades in the manufacturing of
various components such as vanes or combustion chambers in gas turbines (both the
industrial type and aeroengines). They can be implemented as wrought or as

precision-cast parts. [24]

Cobalt base superalloys strengthened by a combination of carbides and solid-solution
hardeners. [25] Like all superalloys, the microstructures of cobalt-base superalloys
consist of an FCC y matrix with a number of strengthening phases. However, the
precipitation hardening in cobalt-base superalloys is not as effective as y’ or y”, as

observed in nickel-iron- or nickel-base superalloys. This has made the cobalt-base
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superalloys heavily dependent on strengthening by carbide formation and solid-
solution strengthening. [12]

The superalloys has better hot corrosion resistance in contaminated gas turbine
atmospheres due to their higher Cr contents. In addition, it has better weldabilityand
thermal fatigue resistance than Ni-base alloys. Some important Co-base superalloys
are given at Table 2.4

Table 2.3: Some typical Co-based superalloys ans their elemental composition [26]

——___|Co [Ni Cr Al [Ti Mo | W Ta |B Ir C Other
FSX-414 Bal. | 105 (295 |- |- — 7 - 0.012 |- 025 |2Fe
Stellite 21 [Bal |2 28 - |- 55 |- - - - 03 |-
Stellite 31 [ Bal. | 10 20 - |- - 15 - - - 01 |-
MarM302 | Bal |- 215 |= |- — 0 9 0.005 |0.015)085 |-
MarMS509 [Bal |10 234 |—= 10325 [- 35 |- 035 |06 |-
Haynes-158 | Bal. | 22 22 - |- - 145 |- - - 0.1 |3Fe*

0.90La

The superalloys is very important for cutlery, machine tools, and wearresistant
hardfacing applications and common trade names of Co based superalloys are

o Stellite
e Hastelloy

both developed by the Haynes Corporation.

2.3 Nickel Base Super Alloys

In the 1950s, new casting methods appeared, including vacuum casting, which
significantly reduced the occurrence of adverse events such as porosity in the
castings. This allowed introduction of Ni alloys in the form of forgings, and also in
the form of castings. The years between 1960 and 1970 were a period of particular
development in the field of Ni alloys metallurgy. As a result, the largest increase in
Ni applications in the structure of aircraft engines was noted in this period, and it
continues to this day with great success. Currently, composite materials are being
used, and intermetallic compounds such as Ti —Al are also being used increasingly.
[27]

For nickel-titanium/aluminum alloys, the strengthening precipitate is y . Such alloys

are typified by the wrought alloys

e Waspaloy and
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e Udimet (U) 720,

e or by the castalloys René 80 and
e IN713

e René 95, Astroloy, IN 100 [23]

The other sample Nickel alloys and their chemical composition are displayed at
Table 2.4

Table 2.4 : Chemical composition of selected Ni alloys (wt%) [27]

Ni alloy C Cr Fe Mn Mo S s P Al n N +Ta Cu w Ni Co
Incosel 170 0.3 280 038 o0ls oms 020 065~ 475~ o S00-

718 0.08 max. -0 Balance . -3 . ma max. - 080 115 50 max - S0

Inconct 20- 0s 0% 0018 oms 040 040 31s-

625 0,10 max. 230 SOmax man £0-100 . man ma s max 415 - - SSmin.  1.0max
Hastelloy Q05018 2048 170~ o 10 ons o 020

X = 20 20 ma x0-100 =, mar max, - - - - o Balssce 0S-25
Udinet 150 140

R4l 02 mas. - 200 SDmax. - 90-105 - - - 1% 30-33 - - - Balssce 10120
Nimonk 150 L] 10 001s 02 150~
%« 0.1} max, =20 1Sma ma - =, L - 12-20 20-30 - man - Balasce 20

Signifcant resistance to loading under static, fatigue and creep conditions
requirement have emerged, the nickel-base superalloys as the materials of choice for
high-temperature applications Nickel base superalloys are often used forming parts
of gas turbines, that are exposed to heat of high temperature and erosive atmosphere.
Thus, the alloys are required to have a both high mechanical strength at elevated
temperature and corrosion, oxidation resistant properties against combustion gas.
[28]

These superalloys are used in the most demanding portions of the turbine engine,

where a wide balance of high strength, high toughness, oxidation and corrosion

resistance, temperature capability, and processability are all needed.[21]

Most superalloys are Ni-based alloys, hardened with intermetallic y ' phase on a basis
of NizAl (40-70 vol-%), and carbides and borides along grain boundaries. [16]

The unique properties of the y ' phase is while most materials lose strength with
increase of temperature above 600°C, the strength of y ' phase increases in
temperature range from 600°C to about 800°C. [16] Above this temperature range,
the strength lightly decreases, but up to solutioning temperature, it remains higher
than that of the matrix. The y ' phase has a crystallographic lattice, coherent with that
of the matrix. [29, 30]
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Figure 2.3: (a) The initial condition of cubical and (b) rafted morphology of
continuous y ' phase after creep at 950°C, in highly alloyed
superalloys. [16]

According to Figure2.3, microstructure of y ' phase is illustrated . Alloys with a
very high fraction of y ' phase (usually >60 vol-%) tend to degrade, forming
elongated, so-called ‘rafted’, structures perpendicular to stress axes and even to a
reverse structure of y in y " matrix. A rafted structure is characterised by lower creep

properties, and the inverse structure is prone to cracking. [28]

Precipitation hardened Nickel base Superalloys: A considerable increase in the creep
strength of alloys for high temperature applications can be obtained by precipitation
hardening (PH). In the case of nickel-base alloys, this can be achieved using
elemental additions such as titanium, aluminum, and niobium. These elements have
limited solubility in the alloy matrix, and the solubility is drastically reduced with a
decrease in temperature; therefore, finely distributed precipitates can be generated in
the matrix from a supersaturated solid solution during heat treatment. The
precipitates, which are generally coherent intermetallic compounds such as vy'-

Ni3(Ti,Al) or y"-NisNb phase, can inhibit the movement of dislocations. [10,17]

The most important class of nickel base superalloys is that strengthened by

intermetallic compound precipitation in an austenitic fcc matrix.

e For alloys with titanium and aluminum, the strengthening precipitate is y ".
Such alloys are typified by the wrought alloys Waspaloy, Astroloy, U700,
and U720, or the cast alloys Rene 80, Mar-M-247, and IN713.

e For niobium-strengthened nickel-base superalloys, the strengthening
precipitate is y ". These y "hardened alloys are typified by IN718.
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e Some nickel-base alloys may contain niobium plus titanium and/ or
aluminum and use both y ‘and y " precipitates in strengthening. Alloys of this
type are IN706 and IN909. These three alloys (IN- 718, IN-706, and IN-909)
may sometimes be found listed as iron-nickel-base (or nickel iron- base)

superalloys. [12]

Solid Solution Strengthened Nickel base Superalloys: Solid-solution hardening is the
attainment of an increase in matrix strength by the addition of a different soluble
element. The distortion of the atomic lattice caused by the misfit of atomic radius

inhibits dislocation movement. [10,17]

The class of nickel-base superalloys that is essentially solid-solution strengthened is

typified by such alloys as ,
e Hastelloy X and IN625.

The solid-solution-strengthened nickel base alloys may derive some additional
strengthening from carbide and/or intermetallic compound precipitation. [21]

Oxide Dispersion Strengthened Nickel base Superalloys: Oxide dispersion
strengthening (ODS) is a strengthening mechanism that the agent is added to the
alloy. In ODS, oxide particles act in a similar way to y’ intermetallics by blocking

dislocation motion.[18]

A third class of nickel-base superalloys includes oxide-dispersion-strengthened
(ODS) alloys such as,

e IN-MA-754 and IN-MA- 6000E, which are strengthened by dispersion of
inert particles such as yttria, coupled in some cases with y ' precipitation
(MA- 6000E). [21]

2.3.1 Inconel 718

Inconel 718 was first produced in 1960 in response to a demand from industry for
high-strength nickel alloys. Inconel 718 is a precipitation-hardened nickel alloy with
excellent corrosion resistance in many media. In addition, it is resistant to sulphur
compounds because of a chromium addition. It’s melting point is 1260—1336°C, and
it has a density of 8.22 g/cm3 (Table 2.5). Currently, Inconel 718 is a commonly
used nickel alloy for building the aircraft engines in all leading companies that
design jet engines. [18]
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Inconel 718 (IN718) has less nickel in it than other alloys and does not contain
cobalt. Thus, it was cheaper to make and somewhat more readily available than other
competitive alloys at that time. When a cobalt shortage and attendant high alloy
prices occurred in the latter part of the 1970s, more designers switched to IN718.
Cost and availability, accompanied by strength properties to about 649°C, have made
it for use as gas turbine disks. [21]

The other application area of IN178 at gas turbine engines are

e Turbines

o Blisks (disks)

e (Cases, rings

e Exhaust parts [32]

IN718 is a niobium-modified nickel-base superalloy that is usedin gas turbines,
rocket motors, spacecraft, nuclear reactors, pumps and tooling. The alloy consist of
several phases in the matrix including 3, y’, y” and actually strengthened by order
body centered tetragonal (BCT) precipitates, y”. (Exact composition is given at Table
2.3). [33]

Table 2.5 : Inconel 718 and AMS 5663 limiting chemical composition (wt%) [35]

Element IN718 AMS:5663
Fe 18 16-20
Cr 19 17-21
Al 0.5 0.2-0.8
Ti 1 0.65-1.15
Mo 3 2.8-3.3
Nb 5 4.75-5.5
C 0.042 0.08 max
Ni Balance Balance

Inconel 718 superalloy is a face-centered cubic (FCC) austensite matrix strengthened
precipitation of order intermetallic or carbide precipitates. Both of y’’and y’phases

are found in alloy, but y’’is the predominant strengthening agent.
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IN718 y” forms in the range of 705°C to 900°C and has solvus temperature of about
910°C. The 6 phase, depending on exposure time, precipitates in the approximate

temperature range 870°C to 1010°C and has solvus temperature about 1010°C. [34]

The superalloy is a solid solution strengthened, age hardenable, Ni based alloy. The
matrix phase is a FCC austenitic phase. It can be age-hardened by the precipitation of
v’ (ordered Nisz(Al, Ti)), v’ (ordered BCT NizNb), n (HCP Ni3Ti), o (orthorhombic
NizNb), or any combination of the preceding. In addition, various carbides can form
at the prior austenitic phase boundaries. The melting range is typically 1260-1335°C.
[36]

Inconel 718’s recommended operating temperature is up to 650°C. It’s properties
largely depend on phase y” precipitation strengthening (NizNb) during hardening.
The standard heat treatment involves solutioning at 930-1010°C with rapid cooling,
followed by hardening at 720°C for 8 h, slow cooling at a rate of 508C/h to a
temperature of 620°C, and standing for the next 8 h. The total hardening time is

approximately 18 h. Hardness obtained after curing is at least 36 HRC. [27]

After heat treatment the solution and ageing treatment on Inconel 718 superalloy
casting are needed. Because the Inconel 718 superalloy has a composite structure of
austensite matrix and precipitated y’and y’’phases produced by the heat treatment.
The strengthening phase in the alloy is the metastable body centered tetragonal
Ni3Nb, y”’. The creep phenomenon can’t be ignored in the condition of heat
treatment. The mechanical properties depend on the morphology, size and contents

of 3, y’, and y’’phases in Inconel 718 superalloy. [33]

Table 2.6 : Physical properties of inconel 718 [31]

0.296 Ib/in® (8.192  0.297 Ib/in® (8.22

Densit . .

F g/cm?) g/cm?)
>pecttic 8.19 8.22
Gravity
Meltin

9 2500-2600°F 1370-1430°C
Range

The superalloys high-strength, corrosion-resistant nickel chromium material used at

217° to 704°C. Typical composition limits are shown in Table 2.5. The age-
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hardenable alloy can be readily fabricated, even into complex parts. Its welding
characteristics, especially its resistance to postweld cracking, are outstanding. [37]

Some important mechanical, physical and thermal properties of IN718 are show

following tables.

Table 2.7 : Mechanical Properties of Inconel 718 [31]

Sheet and . . o . _

strip 80,000 psi (550 MPa) 14,000 psi (965 MPa) 30 (min}
105,000 psi (725 . .

Flate : pst 150,000 psi (1,035 MPa) 30 (min)

MPa)

IN718 is generally used in the solid solution and aged condition; the exact condition
of the temperatures, times, and cooling rates depends on the application and
mechanical property need. Many aerospace application requiring high tensile and
fatigue strength as well as good stress rupture properties. Use a solution treatment

below solvus and a two-step aging treatment as follows:

e Solution heat treatment at 925 to 1000°C for 1-2 h (air cooling or faster)
e Age at 720 °C for 8 h followed by furnace cooling to 620°C
e Hold at 620°C for total aging time of 18 h (air cooled). [34]

Inconel 718 superalloy is a niobium-modified nickel-base superalloy that is used
widely in gas turbine and related high temperature of aerospace applications.5,6)
Inconel 718 superalloy is a precipitation hardenable, nickelbased superalloy that has
high strength at room temperature and excellent creep as well as fatigue strengths at
high temperatures. It used in gas turbines, rocket motors, spacecraft, nuclear reactors,
pumps and tooling. The alloy consist of several phases in the matrix including o, v’ ,
y’’and NbC. [33]
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Figure 2.4 : Mechanical properties of solid-solution-hardened and aged IN718. [10]

Precipitation-hardened alloys exhibit mechanical property changes in the vicinity of
the solvus temperature of the strengthening precipitate. As can be seen in Figure2.4,
the mechanical properties for Inconel 718 experience changes at approximately 700
°C, which is the solvus temperature for this alloy. Creep rates and stress rupture are

likewise affected by precipitate dissolution.[10]

Inconel 718 application area in engine is clearly seen in Figure2.5. Its usage ratio is
22% at PW4000 and 34% at CF6 engine and when compare the ratio with the other
alloys it has almost highest level in both engine and its clearly show the importance

of IN178 in jet engines.
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Other nickel

alloys: 17% Steel, 24%

Other, 3%
Inconel 718.22%

Titanium alloys, 26%

Alumini I % PW4000
luminium alloys 8% OiEF filckel

alloys, 13%

Steel, 16%

Other, 4%
Inconel 718,34%

Titanium alloys, 25%
Aluminium alloys 8% CF6

Figure 2.5 : Comparison of proportional parts of individual material groups in
thestructure of a Pratt & Whitney PW4000 aircraft engine, and a CF6
engine produced by GE Aircraft, including Inconel 718 [27]

An additional factor in the selection of an alloy for this disk application becomes the
cost and availability of material. An example is the prevalence of IN718 as the
standard low intermediate-temperature turbine disk in aircraft gas turbine engines
[38]. Until about 1975, IN718 had wide acceptance but not necessarily better
properties overall than some competitive materials. However, the alloy has less
nickel in it than other alloys and does not contain cobalt. Thus, it was cheaper to
make and somewhat more readily available than other competitive alloys at that time.
When a cobalt shortage and attendant high alloy prices occurred in the latter part of
the 1970s, more designers switched to IN718 [39].

The price availability and its other significant mechanical properties of IN718 makes
it desirable by more manufacturers and so IN718 became the premier wrought iron-
nickel-base superalloy, in fact, the premier wrought superalloy in the world. Cost and
availability, accompanied by excellent strength properties to about 649 °C, have

made IN718 the world standard for use as gas turbine disks. [12]
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3 COATINGS FOR HOT GAS PATH PARTS

The gas turbine efficiency, whether for industrial power generation, marine
applications, or aircraft propulsion, has steadily improved for years. These advances
have come about, in large part, because the means have been found to operate the
gas-generator portion of the engine at increasingly higher temperatures. The need for
greater performance from advanced turbine engines will continue, requiring even

higher operating efficiencies, longer operating lifetimes, and reduced emissions. [40]

Nickel and cobalt base superalloy blades and vanes are widely used in the hot section
of gas turbines. To protect the superalloy, they are often coated to prevent
environmental degradation and more recently, to provide thermal barriers, which

allow higher operating temperatures. [41].

Protective coatings have been used to enhance superalloy resistance to hot
erosion/corrosion. The most widely used coatings are those based on the NiAl (on
nickel base superalloys) and CoAl (on cobalt base superalloys) formed by interaction
of superalloy surfaces with aluminum. To improve the resistance to hot
erosion/corrosion, aluminide coatings are modified to contain elements such as

chromium, platinum, rhodium and silicon. [42]

Thermal barrier coating (TBC) systems are widely used to provide thermal and
oxidation protection to nickel base superalloy components used in gas turbine
engines. In these systems, a metallic bond coat is used to provide a strong, oxidation
protection layer for the superalloy substrate. The bond coat’s oxidation resistance is
achieved by the use of sufficient aluminum to result in the formation of alumina

upon high temperature oxygen exposure [44].
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Turbine engine, blade, and Thermal barrier coating are displayed in Figurel.3.

According to image, high pressure turbine blades consist of a three part system:

e The superalloy substrate,
e The bond coat/environmental barrier,

e The thermal barrier coating. [15]

Low- Low-Pressure
Pressure Compressor
Turbine

Combustor _ High-
= Pressure

Compressor

W

—

High-
Pressure
Turbine

.....
o’ .
.

Topcoat

Fan

Figure 3.1 : Cutaway view of engine Alliance GP7200 aircraft engine, photograph
of a turbine blade ( ~ 10 cm long) with thermal-barrier coating (TBC)
from the high-pressure hot section of an engine, and a scanning
electron microscope (SEM) image of a cross-section of an electron
beam physical vapor deposited 7 wt% yttria-stabilized zirconia

TBC, TGO, thermally grown oxide. [43]

While the bond coat protect the substrate from environmental, top coat (TBC) also

provide good isolation between substrate and operating atmosphere. TBCs are

ceramic coatings (e.g., partially stabilized zirconia) that are applied to an oxidation-

resistant bondcoat, typically a MCrAlY or aluminide [45].
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The sample SEM image of thermal barrier coating is shown at Figure 3.1 and the

definitive sketch of the coating is given at Figure3.2.

Oxidation resistant
bond coat (20-30pm)
Turbine
blade v/

Nickel ]
superalloy —_—
substrate —

oxide Insulative
(TGO) thermal
barrier
coating

Thermally /r‘— 150um
ﬁ ﬁ grown

Input cooling
air flow

Figure 3.2 : A schematic illustration of hollow air cooled turbine blade (left) and
bond coat, thermally grown oxide and thermal barrier coating layers [46]

The temperature at the bond coat surface then governs the rate of oxidation. For
internally cooled components, this temperature can be reduced by applying a low
thermal conductivity ceramic layer to the bond coat. The durability of the resulting
TBC system depends on the ability of a candidate bond coat alloy to form an alumina
layer with minimal intermediate phase formation during oxidation, the adherence of
the resulting alumina layer to the bond coat and the high temperature strength/creep
resistance of the bond coat. All these features are significantly affected by the bond

coats composition. [47]
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Figure 3.3. Progress of coating technologies for gas turbine hot parts at high
temperature. [8]

Figure3.3 shows the progress in development of corrosion resistant and oxidation-
resistant coatings (environmental barrier coatings) and thermal barrier coatings for
gas turbine hot parts. The severity of the operating conditions of gas turbines differs
greatly among the combustor, rotor blades, and stator vanes where thermal barrier

coatings have been applied greatly differ accordingly [8].

Superalloy coatings are divided into two main categories: (1) diffusion coatings
are coatings that diffuse into the surface and react with alloying elements

to form the protective coating, and (2) overlay coatings that are deposited on
the surface but only react with the substrate to the extent that an adherent bond
is formed [41].

3.1 Diffusional Coatings

Diffusion coating processes have been applied for more than half a century as a cost-
effective method of improving the environmental resistance of a base alloy by
enriching the surface in Al, Cr, Si, B, Ti, Zn, etc. The coating is also called surface
modification process wherein the coating species is diffused into the substrate
surface to form a protective layer. Diffusion coatings are the most used method for
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providing improved hot-corrosion and oxidation resistance for nickel-or cobalt-base
superalloys. Diffusion coatings have been produced with aluminum, chromium,
silicon, hafnium, zirconium, and yttrium alloys. The aluminum, chromium,
aluminum-chromium duplex, aluminum-silicon duplex, and platinum-modified

aluminide coatings are the most commercially significant. [49]

The choice of surfacing material to be used depends on the base alloy and the final
application of the component once surface-treated. For example, bolt stock are
widely available zinc-coated using the sheradizing process to resist atmospheric and
aqueous corrosion, while for high temperature applications, similar bolt materials
could be chromized, that is, surfaceenriched in chromium to produce a stainless steel

surface layer. [50]

Diffusion of these elements into the material leads to the formation of a surface zone
enriched in the elements, thus providing an alloy reservoir for the formation of
protective oxide scales under subsequent high temperature exposure. Aluminizing is
a widely used method to apply protective coatings on intermetallic titanium

aluminides.[51]

In diffusional coating (Figure 3.4) y’ is important phase and behave like a diffusion
barrier to decreases the diffusion rates of elements like chromium and aluminum
from the protective layer to substrate at the high operating temperatures used in

modern aeroengines [52]

Top coat

B-PtNiAl high
temperature low activity
diffusion coating

Inter-diffusion
zone

Acc.V Spot Magn Det WD ———— 20um
20.0kV 4.0 800X BSE 6.0

Figure 3.4 : Micrograph of a nickel aluminide coating produced by the Cranfield
vapor aluminizing process at a deposition temperature of 1050°C. [50]
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The application of aluminium as an alloying element in diffusion coatings is an
effective way to increase the oxidation corrosion resistance of treated parts. The
coating growth takes place primarily by inward diffusion initially, followed by an
intermediate stage where the growth involves both inward Al and outward Ni
diffusion. In the final stages, the outward diffusion of Ni dominantes the coating
formation. [53]

Two types of processes have been considered. In the first type, the high activity
process, the coatings are formed by inward aluminium diffusion and the major
phases are NiyAl; and NiAl. In this case, further annealing of the specimen is
necessary for the formation of the desired NiAl phase over the entire coating. The
second type of process is the low activity process. In this case, the coating comprises
mainly of the NiAl phase and is formed by simultaneous outward nickel and inward

aluminium diffusion. [53]

Aluminizing the surface of a nickel-based alloy has been proven to be an effective
method to form and maintain a protective Al,O3 scale, where the coating behave as a
reservoir of Al. [54]

3.2 Overlay Coating

Overlay coatings are different from diffusion coatings in that interdiffusion with the
substrate is not required to generate the desired microstructure. Pre-alloyed materials
are applied over the substrate. Thus coating composition and microstructure are pre-
determined.[22]

As depicted in Figure 3.5, unlike diffusion coatings, overlay coatings admit the
control of their composition, thickness, and combination of physical-chemical and

mechanical properties within wide ranges. [3]
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Overlay Coating Diffusion Coating

Substrate

Figure 3.5 : Schematic representation of overlay and diffusion coatings
MCrAlYalloys, mainly consisting of an Al-rich B-NiAl phase and
an Al-poor y Ni solid solution, are widely used as stand-alone
overlay coatings orbond coats in thermal barrier coatings (TBC) to
protect the components in gas turbine engines against oxidation and
corrosion. [56]

The behavior of diffusion coatings is strongly dependent on the composition of the
substrate alloy because the alloy participates in the formation of the coating. These
coatings are based on the BNiAl phase of the Ni—Al alloy system. NiAl has poor
solubility of other elements. As a result, these coatings do not offer wide flexibility

for the incorporation of minor elements. [57]

In order to address this limitation, a new class called ‘‘overlay’’ coatings has been
developed with minimal direct contribution of the substrate alloy. The overlay
coatings have a typical composition represented by MCrAIX, where M stands for Ni,
Co, and occasionally Fe, and X represents oxygen-reactive elements such as Zr, Hf,
Si, and Y. The composition is so selectedthat the microstructure consists of varying

amounts of B/y phase in a matrix. [58]

3.3 Thermal Barrier Coatings

Thermal-barrier coatings (TBCs) are refractory-oxide ceramic coatings applied to the
surfaces of metallic parts in the hottest part of gas-turbine engines, enabling modern
engines to operate at signifi cantly higher gas temperatures than their predecessors
[58].

Gas-turbine engines, used to propel aircraft and to generate electricity, are Carnot
engines where their efficiency and core power are directly related to the gas
temperature entering the turbine section. Further increases in the energy efficiency of

gasturbine engines, both to increase the electricity output and, for jet engines, the
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thrust-to-weight ratio and durability, will rely on further improvements in TBCs. At
the same time, as gas temperatures are increased in the pursuit of higher engine

efficiency, there are new challenges to existing TBCs. [43]

Ceramic top coat

Bond coat

Substrate

Figure 3.6. Thermal Barrier Coating consisting of metallic bond coat on the
substrate and ceramic top [59]

Research has been initiated the understaing of thermal barrier systems to aid in the
development of more durable coatings (Figure 3.6-7). Early improvements based on
durability of bond coat (MCrAlY) were based on better oxidation and hot corrosion
resistance, and oxide adherence of these coatings. The large benefical effect effects

of thermal barries lowering blade matel temperature up to 170°C. [60]

‘. ——-.—' z,-'

Figure 3.7 : High pressure turbine blade (left), structure of the blade (center) and a
magnified view of a single crystal alloy (right). [15]
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Modern TBCs consist of four primary layers: (i) the superalloy substrate, (ii) an
aluminum-rich bond coat that is formed or deposited on the surface of the superalloy,

(iii) a thermally grown oxide (TGO) that grows on the top of the bond coat and (iv) a

ceramic top coat. [61]

The outer ceramic layer is typically zirconium oxide (ZrO,) with 6-8% yttrium oxide
added to partially stabilize the zirconia tetragonal phase. A dense interfacial ZrO,
film provides chemical bonding between the columnar zirconia top coat and the inner

oxidation resistant bond coat. [41]

3.4 Degradation Mechanisms of Coatings

The working condition of hot gas path component is very challenging therefore
demand protective coating on surface of the component. The coating must have
capability to number of defect such as high temperature oxidation, corrosion, creep,
fatigue etc. as seen at Figure 3.8. The capability is achieved by alloying element to
make coating as a physical barrier between aggressive environments and the
substrate. Due to the 42 percent of the failures in gas turbines caused by blading

problems, the failures and protection ways are essential. [62]
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Figure 3.8 : Various damage modes observed in thermal barrier coatings during
operation [48]

TBC

Oxidation or corrosion of the alloy in the hot gas path is environmental degradation
of component. Reaction between oxygen and the metal alloy to form various oxides.
These chemical reactions remove material or deplete the material of strength. At high
temperatures, these reactions can occur rapidly and create the potential for failure if

an excessive amount of the alloy is consumed. [63]

32



The alloys chemistry determines the oxidation behavior. At high temperatures, rapid
oxidation attack can occur unless there is a barrier to oxygen diffusion and reaction
on the exposed alloy surfaces. Ni-base superalloys containing a sufficient amount of
Al will form a protective, adherent, and slow growing alumina (Al,O3) scale to
prevent extensive oxidation damage. Alloy chemistries can be furthered modified to
improve oxidation behavior by adding Y or reducing S. [3]

Hot corrosion is a rapid form of attack that is generally associated with alkali metal
contaminants, such as sodium and potassium, which react with sulfur in the fuel to
form molten sulfates. In general, uncoated, cooler areas of a hot gas path component
are susceptible when fuel is contaminated, synthetic fuel is used, or there is a lot of
debris taken into the turbine from the environment. Basicall, molten deposits on the
component break down the protective oxide scale, and rapid, unpredictable

degradation proceeds [2].

Without the introduction of protective coatings, safety of Ni-base superalloy from
oxidation and corrosion is difficult. Many high strength Ni-base superalloys are not
capable of forming a sufficiently protective oxide scale because the chemistry of the
alloy. However it cannot be optimized for oxidation or corrosion resistance because
it must meet other requirements such as high strength, creep resistance, and
microstructural stability[64]. In today’s advanced industrial gas turbines, coatings are

required to provide protection from;

e oxidation,
e corrosion, and

e mechanical property degradation with service.

The function of these coatings is to provide a surface reservoir of elements such as
Al and Cr that will form stable, adherent oxide layers that will protect the substrate

alloy from environmental attack. [65]
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4  MICROSTRUCTURE AND MECHANISM OF COATING

While the formation of the coating, diffusion of the elements and their respond to
anneling time and temperature under required specified conditions are play important
role. The diffusion and temperature could give the coating good condition or have
ability to make it worsen. Therefore examination of the microstructure is important
to understand the effect of environemntal condition (annealing time, temperature,
gas) and elements responds. To make it understandable it begins with the phase
diagram of the Ni-Al. [66]
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Figure 4.1 : The AI-Ni phase diagram [67]

The phase diagram (Figure 4.1) for this system exhibits two solid solutions (0.1 at.
% solubility of Ni in Al, and approximately 7 at. % solubility of Al in Ni at 400 °C),
and five stable compounds, NiAls, Ni, Als, NiAl, NisAls, and NizAl [68].
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The NiAl;z phase forms with only 3:1 stoichiometry. This phase was the initial phase
formed in earlier investigations of Al/Ni bilayers. The equilibrium phase is AINi,
when Ni concentrations between 45 and 59 at. % at temperatures of 400°C. In
addition, there is at least one metastable compound, usually formed by rapid
quenching of aluminum alloys containing 2-12 at. % Ni, which has been identified as
the n phase[69, 64].

NizAl (Figure 4.2-a) is Lio-type ordered crystal structure based on FCC lattice. The
other important phase is near equiatomic,B-phase (Figure 4.2-b), nickel aluminide
alloys have a B2 crystal structure and a high melting point (approximately 1995 K)
and a low density (approximately 5.9 g/cm3) [71].

(a) NizAl (b) NiAl

Figure 4.2 : Lattice structures of the aluminides: NizAl, NiAl, and Al atoms are
represented by black spheres, respectively. [71]

They have been shown to be highly resistant to oxidation and corrosion, while
maintaining structural integrity during thermal cycling. These characteristics have
resulted in the widespread use of NiAl-based bond coats in TBC systems.[47]

The three important aluminides and their crystal structure are given at Figure 4.3

35



Called ~ phase
(@)

Called + ‘phase (NizAl)
(b)

Figure 4.3 : Gamma (y), Gamma prime (y’) and gamma double prime (y”)
phaseslattice structure

The formation of aluminides in the coating is critical in respect to mechanism that
takes place.Thus, the diffusion aluminide coatings on superalloys are classified by
microstructure as being of the “inward diffusion”( high activity process) or “outward
diffusion”(low activity process) type (Figure 4.4). An inward coating is formed when
the aluminum activity is higher than the nickel activity. Aluminium diffuses inward
faster than nickel diffuses outward through the nickel — aluminide intermetallics that
is formed on the surface. A brittle Ni,Al; outer layer with adjacent NiAl intermetallic
phase is formed due to high aluminium activity. As such a coating is brittle and has a
low melting point, the additional heat treatment is required to convert the brittle
Ni,Als phase into less brittle NiAl — Al rich>50%at [72].

Outward diffusion coatings are formed when aluminium activity is lower than the
nickel activity and processing is carried out at a higher temperature (between 980 and
1090°C). Under these conditions, coatings are formed by the selective diffusion of
nickel outward through the monoaluminide layer. [73]

The y phase dissolves up to 4 wt % Al below 400°C. The solubility increases as the
temperature is raised. The melting point of the resulting alloy decreases as Al content
is increased in this phase. The y’ phase, on the other hand, has a narrower phase
field, which means that the composition does not depart significantly from NisAl.
The B fields very broad, indicating that in this phase the concentration of Al can
depart widely from the stoichiometric composition NiAl. Also, the melting point of
the B phase is much higher than that of pure Ni [2]. The high Al concentration of 3
phase helps in providing a large reservoir of Al for oxidation protection through the
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formation and replenishment of Al,O; scale. The change in microstructure of a f3-
phase-containing coating on thermal exposure can also be analyzed by the use of the

phase diagram. [53]

Diffusivities of Ni (Dn;) and Al (Daj) are strong functions of the stoichiometry of
NiAl For example

e Low-activity: Dni/Daj = 3.0 for Ni-rich NiAl with Al content <50 at %, but

e High-activity: Dni/Da; > 3 for Al-rich NiAl at about 51.5 at % Al,
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substrate which cannot be
completely dissolved in NiAl

iffusion layer
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Carbides from
the substrate

Figure 4.4 : Schematic illustration of NiAl coating structure on nickel-base
superalloy produced by high (left) and low activity (right) process
[74]

The aluminum activity, therefore, plays a critical role in determining the predominant

diffusing species. Depending on the content of aluminum in the pack and the

processing temperature, the coating process istermed a ‘‘low-activity’’ or ‘‘high-

activity’” process. When the

e Low-activity: Aluminum activity is low, and the temperature is in the high
end of the temperature window (>1000°C), the predominant diffusing species
is Ni, which diffuses out of the alloy, producing an ‘‘outward diffusion”
coating. [74]

e High-activity: If the aluminum activity is high, as happens in the low end of

the temperature range (<950°C),Al diffuses inward, resulting in an ‘‘inward
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diffusion”” coating. Aluminum is also the predominant diffusing species in
Ni2AI3. [5] [74]

e ¢(Al3Ni) and 6(Al3Niy) phases involves virtually singular aluminum diffusion
while the opposite, virtually singular nickel diffusion occurs during the
formation of the B(AINi) and y'(AINi3 ) phases. [72]

e Al3Ni and Al3Ni; which is very brittle at room temperature. Post-heat
treatment is required to convert from these phases to NiAl having better

strength at high temperature. [2]

4.1 Low Activity, Outward Diffusion

The high-activity pack process, the coating growth takes place primarily by inward
diffusion initially, followed by an intermediate stage where the growth involves both
inward Al and outward Ni diffusion (Fifure 4.5). In the final stages, the outward

diffusion of Ni dominantes the coating formation. [53]
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Before aluminiding After aluminiding

Figure 4.5 : Diffusion aluminide formation on pure Ni. [2]

In the low-activity process Ni is the predominant diffusing species, which diffuses
outward and combines with aluminum to form the external NiAl zone (Ni+Al =
NiAl). Near the interface, the internal zone, which is also called the interdiffusion
zone (IDZ), loses Ni. The loss of Ni from the alloy results in the formation of NiAl.
The NiAl so formed in the inner zone has very low solubility for many of the
alloying constituents of the alloy. These constituents, therefore, precipitate out as
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shown later . The low-activity coating appears to have two zones, both of which are
NiAl phase. The total coating thickness includes both external and interdiffusion

zones. [2]

4.2 High Activity, Inward Diffusion

The high-activity coating process is characterized by Al as the predominant diffusing
species. The consequences of higher inward diffusion of Al relative to outward Ni
diffusion are the absence of Kirkendall porosity, elimination of embedded pack
particles, and the original surface becoming the external surface of the coating.
(Figure 4.6)The microstructural detail and the coating composition depend on the Al
activity. [72]

The process’ major phases are Ni,Als and NiAl. In this case, further annealing of the
specimen is necessary for the formation of the desired NiAl phase over the entire
coating. The second type of process is the low activity process. In this case, the
coating comprises mainly of the NiAl phase and is formed by simultaneous outward

nickel and inward aluminium diffusion. [53]
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Figure4.6 : Microstructure formation in high-activity process. [2]
Qualitatively, three possibilities exist:
(a) Very high Al activity results in the formation of a 6Ni,Al; phase.

(b) High Al activity results in a dNi,Al; outer layer with adjacent NiAl of high Al

content.

(c) Moderate Al activity results in BNiAl of high Al content. [73]
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To form acceptable coatings, cases (a) and (b) require additional heat treatment to
convert the brittle dNi>Als phase into less brittle, Al-rich ‘‘hyper-stoichiometric”’
(>50 at %) PNiAl.  Whereas Al is the predominant diffusing species in
hyperstoichiometric ~ BNiAl and O6NipAls, Ni diffusion dominantes in
“‘hypostoichiometric’” (<50 at % Al) composition. Therefore, Al diffuses inward in
the top third of the coating while Ni diffuses outward in the bottom third, the
interdiffusion zone. The NiAl in the middle zone forms because of the combination
of the Ni moving out of the inner zone and the Al moving in from the outer zone.
[53]
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Figure 4.7 : Microstructure of (a) low- and (b) high-activity aluminide coatings (c)
Dependence of Ni and Al diffusivities as a function of NiAl
composition [2]

The growth mechanism and the formation of coating microstructure of the low- and

highactivity aluminides are compared in Figure 4.7

The growth of the coating is diffusion controlled. The thickness, therefore, increases
roughly as the square root of exposure time at the processing temperature. The
coating thickness can be increased to some extent by raising the process temperature.
However, the possibility of interface melting and depletion of the strength of the

pack material become matters of concern.[2]
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5 PROCESSES FOR APPLYING COATINGS

High temperature operating components require coating process and thermal barrier
coating (TBC) find a increasing application in the most demanding high temperature
environment of aircraft. Therefore the most important method is applied during years
is thermal spray coating to resurfacing engineering components. It provides
functional surface to protect or modify the behavior of substrate material by spraying

powder onto surface and bonded them with mechanical and kinetic enegy [75]

Performing under increasing firing temperatures and excessive contamination in the
operating environment, it has become difficult to design superalloys, which have the
necessary creep strength on one side and the required resistance to corrosion /
oxidation on the other side. Bring coating on to surface of the blades is unevitable to
provide the necessary protection to the blades. [49]

The function of the coating is to act as reservoir of elements, which will form very
protective and adherent oxide layers, thus protecting the underlying base material
from oxidation, corrosion attack and degradation. To provide that kind of protection,
many types of coating are applied to blade surface therefore there are many branch

on application technique. [76]

Figure5.1 depict the thermal spray injecting process onto materials surface by high
gas velocities through gun. The spraying creates a protective and adherent layer on to

surface.
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Figure 5.1 : Generic thermal spray process. Molten or semi-molten droplets are
sprayed onto a target surface where they ‘splat’ cool and form a

layeredmicrostructure. [77]

Five basic thermal spray processes are available commercially (Figure 5.2). Flame

spray powder/wire, detonation, and High Velocity Oxygen Fuel (HVOF) are three of

the basic processes associated with combustion. Plasma and wire arc are two other

processes that utilize electric energy to help melt consumable materials. The five

processes, HVOF and detonation spraying are two that result in high bond strength

with extremely dense microstructures. Plasma coatings are also known to have high

bond strength with relatively dense oxide-free microstructures when sprayed in either

Low-Pressure Plasma Spray (LPPS) or Vacuum Plasma Spray (VPS) Systems [75]

Table 5.1: Relative Particle Velocity/Process Temperatures to Thermal Spray

Process [75]

Process ParticleVelocity (m/s)  Process Temperature (°C)
Cold Spray 800-900 500-900
Combustion
Powder 30-200 2,500-3,000
Combustion Wire 30-100 2,500-3,000
HVOF Powder 700-800 2,500-3,000
Plasma APS 200-300 15,000
Plasma LPPS/VPS 200-300 15,000

Arc Wire 50-150 3,000

The other and important kind of coating is cold gas dynamic spray and it is the main

coating application technique of the thesis. The following passages are survey the

basic principle and general technique of before mentioned coatings.
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HVOF processes are suitable not only for applying Tungsten Carbide-Cobalt and
Nickel Chromium-Chromium Carbide, but also for depositing wear and corrosion
alloys such as Inconel (NiCrFe), Triballoy (CoMoCr) and Hastelloy (NiCrMo)
materials. HVYOF MCrAlY (M5Ni,Co or Fe) coatings are also replacing some LPPS
coatings for high temperature oxidation, hot corrosion and thermal barrier bond coat

applications for repair and restoration of existing components. [75]

(a)
Thermal Spray Process

Combustion Electric Energy
I
I l I
Plasma . )
Spray Detonation HVOF Wire Arc Plasma
E«\ps
LPPS/LVPS
CAPS
(b)
Powder
Powders Combustion

Electric Arc Combustion

Figure 5.2 : (a) Types of thermal spray processes. (b) Thermal spray materials and
processes. [75]

Plasma LPPS and VPS coatings typically have high bond strengths with very low
levels of porosity and oxides. High quality coatings are achieved by placing a plasma
gun in a reduced pressure between 50 200 mbar. Major applications for LPPS
spraying are MCrAlY bond coats for thermal barriers, MCrAlY coatings for
blades/vanes and buckets for oxidation and hot corrosion, and repair of superalloy

components. [75]
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5.1 Cold Gas Dynamic Spray (CGDS)

Cold spray was originally developed in the mid-1980s at the Institute of Theoretical
and Applied Mechanics of the Russian Academy of Sciences in Novosibirsk by Dr.
Anatolii Papyrin and his co-workers. They successfully deposited a wide range of
pure metals, metallic alloys, polymers and composites onto a variety of substrate
materials, and they demonstrated that high density coating and deposition rates can

be obtained using the cold spray process.[78]

Various terms—including “kinetic energy metallization,” “kinetic spraying,” “high-
velocity powder deposition,” and “cold gas-dynamic spray method”—have been
applied to the general form of this technique. In most instances, deformable powder
particles are brought to high velocities through introduction into a nozzle, employing
gas-dynamics principles of converging/diverging flows to develop high-velocity gas

streams.[79]

5.1.1 Overview of cold spray

Cold spray (or fully cold gas-dynamic spray) is an evolving technology for the
production of coatings and bulk forms (Figure 5.3). In the cold spray process,
powder particles are accelerated to very high speeds (500-1200 m/s) by high-pressure
compressed gas at a temperature that is always lower than the melting point of the
deposited material, forming coatings from particles in the solid state [1-6]. Due to the
low-temperature deposition process, cold sprayed coatings are essentially free of
thermally induced deleterious defects commonly observed in traditional thermal
spray coatings, such as oxidation, evaporation, gas release, shrinkage porosity and

thermal residual stresses. [80]
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Figure 5.3 : Schematic illustration of cold spray apparatus [81]

The cold spray system accelerates powder particles, making them impact, deform
and bond to create a dense layer of material on the substrate. A critical velocity needs

to be attained before bonding takes place.[82]

Table 5.2. Typical range of gas-jet parameters for cold spray coating [79]

Parameters Range
Stagnation jet pressure, MPa (psi) 1-3 (145-435)
Stagnation jet temperature, °C (°F) 0-700 (32-1290)
Gas flow rate, m*/min (ft’/min) 1-2 (35-70)
Powder feed rate, kg/h (Ib/h) 2-8 (4-18)
Spray distance, mm (in.) 10-50 (0.4-2)
Power consumption, kW (for heating gas) | 5-25

Particle size, pm 1-50

Operating gases: air, nitrogen, helium, and their mixtures.

The metallic particles range in size from 5 to 50 um and are accelerated by injection
into a high velocity stream of gases. (Table 5.2)The high velocity gas stream is
generated through the expansion of a pressurized, preheated gas through a nozzle
(converging-diverging). The pressurized gas is expanded to supersonic velocity, with
an accompanying decrease in pressure and temperature. The powder particles,
initially carried by a separate gas stream, are injected into the nozzle either prior to

the throat or downstream of the throat. [83]

The temperature of the gas stream is always below the melting point of the
particulate material during cold spray, and the resultant coating and/or freestanding
structure is formed in the solid state. Since adhesion of the metal powder to the

substrate, as well as the cohesion of the deposited material, is accomplished in the
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solid state, the characteristics of the cold spray deposit are quite unique. Because
particle oxidation is avoided, cold spray produces coatings that are more durable with
better bonding. [84]

Stage 4: Bulk Deformation
(Cracking, work hardening
of particles, removal of

Stage 1: Substrate cratering and first previously bonded particles.)

Excess kinetic energy required
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for this stage.
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Stage 3: Metallurgical bond

formation and void reduction

[ Voids

<= Particle rotation
& alignmentdirection
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Figure 5.4 : Stages of coating formation in the cold spray process [85]
The process, involving highvelocity impact of solid powder particles. Coating is
formed through plastic deformation upon impact of spray particles, temperatures of
which are much lower than the melting point of spray material. (Figure)Therefore,
oxidation and composition and phase changes during cold spraying can be minimized
or avoided [86]

The particles are accelerated by main nozzle gas flow and are impacted onto a
substrate after exiting the nozzle. Upon impact, the solid particles deform and create
a bond with the substrate. As the process continues, particles continue to impact the
substrate and form bonds with the deposited particles, resulting in a uniform coating
with very less pores and high bond strength. The term “cold spray” has been used to
describe this process due to the relatively low temperatures of the expanded gas

stream that exits the nozzle. [85, 87]

46



A Kkey concept in cold spray operation is that of critical velocity. The critical velocity
for a given powder is the velocity that an individual particle must attain in order to
deposit after impact with the substrate. Small particles achieve higher velocities than
do larger particles, and since powders contain a mixture of particles of various
diameters, some fraction of the powder is deposited while the remainder bounces off.
The quality of the cold sprayed coating is affected by not only particle velocity, but

also the particle size and size distribution. [81]

5.2 Comparing Cold spray with Thermal Spray Coating Technologies

On eof the main difference of cold spray form traditional spraing technique is, the
heating the cold spray process gas (300-800 °C) is not to melt the spray material.
The gas is heated primarily to increase the sonic velocity of the gas in the ‘throat’
(point of smallest diameter) of the converging—diverging nozzle, which creates a
higher spray jet velocity, while also reducing process gas consumption. Because
expansion of the gas in the diverging portion of the nozzle rapidly cools the gas, it
exits the spray gun nozzle at a much lower temperature, in some cases even below

room temperature. Hence, the name ‘cold’ spray. [77]

Pre-chamber Nozzle ‘throat’

— .
Coating powder ]
in carrier gas = o arsre

Converging—diverging nozzle

Heated
primary gas —> |

Flow balancer

Figure 5.5 : Schematic diagram of a cold spray gun. [77]

The most deleterious effects of depositing coatings at high temperatures is the
residual stress that develops, especially at the substrate-coating interface. These
stresses often cause debonding and this is compounded when the substrate material is
different from the coating material. This problem is minimized when cold spray is
used and it overcome important limitations of traditional thermal spray technologies,

such as high levels of porosity and oxide in the sprayed material. Nevertheless, it
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represents an important new process capability that may replace more traditional

spray processes in selected applications. [77]
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6 SIMILAR PRIOR ARTS

Untill the section, the diffusional coatings and their creation ways are examined.
However, some part of the literature fit better the thesis filed. Terefore the studies of
the important prior art documents are enlighten the working way therefore there is a
section about the papers.

The study of Zielinska et al. (2011) examine the aluminide layer behavior that is
deposited by CVD method on Inconel substrate. [73]

The begining of the paper outward and inward diffusion of aluminum is described
according to followings;

e Inward diffusion”(high activity process): Al diffuses faster inward than Ni
diffuses otward through nickel-aluminide intermetallic layer that is formed on
surface. The production phases of the diffusion are dNi2AI3 (brittle- outer
layer) and BNiAl. The coating is brittle and has low melting temperature.
Additional heta treatment is required to conversion of brittle dNi2Al3 to
BNiAl (Al rich>50%at)

e Outward diffusion”(low activity process): Ni diffuses faster than Al about
between 980 and 1090°. Under the condisiton Ni outward through the
monoaluminide layer. Overall aluminum content is hypostoichiometric,

providing somewhat better ductility in the coating.

The paper is interested with five types of inconel however only IN718 result is
shared. The applied process aluminum activity is low and conducted at 1050°C for 8
hours by CVD method.

The SEM image of the sample that is aluminide coating on IN718 obtained in a low
activity CVD process at the temperature 1050°C for 8h, presented at Figure.
According to figure, the interdiffusion zone (point 2-3) and aluminide layer (point 1)

are clearly seen.
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Figure 6.1 : Microstructure of aluminide coating on IN718 obtained in a lowactivity
CVD process at the temperature 1050°C for 8handcorresponding
chemical compositions in the areas marked in the figure, below is
corresponding chemical composition of IN718. [73]

The elemental contents table of the Figure 6.1 is graphed at Figure6.2 clearly
understand the percentage change of the constituent elements. The nickel mass

raction decrease at point 3 due to outward diffusion of nickel.
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Figure 6.2 : Elemental mapping of Zielinska paper

According to Figure6.1 and Figure6.2, the following results obtained,

e Chromium, molybdenum and tungsten segregate to the coating and form
precipitates such as carbides MC and M,3Cs, or sigma phases which make the
nickel diffusion difficult (point 2-3)

e The aluminide phase is formed by transformation of y+ y’ to f-NiAl because
of nickel withdrawal to the outer coating zones, not by aluminium diffusion
into the substrate.

e The internal zone — so-called interdiffusion zone which consist of refractory
metal (tungsten molybdenum, tantalum etc) carbides, and/or complex
intermetallic phases in NiAl and/or NizAl formed by the removal of nickel

from underlying alloy. (point 2-3) [73]

The study Das et al. (1998) provide extensive research about inward and outward
diffusion mechanism and the substrate material is heat-treated CM-247 rods were

aluminized using a high-activity pack.
The pack mixture used a

o Ni-Al alloy powder (5-15 wt %) as the aluminum source,
o NHA4CI (2 wt %) as the activator, and

e Alumina powder (balance 93- 83 wt %) as the inert filler.

According to composition, percentage there is two different coating composition and
their code names are 5-2-93 and 15-2-83
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The aluminizing treatment was carried out at 1034 °C using 50 g of the pack mixture
in a horizontal tube furnace having a constant temperature zone of about 200 mm in
length. Samples were aluminized for varying lengths of time ranging from zero hour
to 10 hours.
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Figure 6.3 : Diffuison mechanism (inward) (a) and microstructure of 15-2-83 pack
(b) and diffusion mechanism (outward) (c) and microstructure of 5-2-
93 pack (d). The coatings are aluminized at 1034 °C for 4 h [88].

The selected specimens annealing duration is 4 h and their diffusion mechanisms are
sketched next to SEM image of the samples. The important point of the paper, it used
structural carbides as a marker to determine the diffusion of nickel, aluminum and

other constituent elements.

Figure 6.3 (a), show the high activity aluminizing process in two step and
temperature in the range 700°C to 850°C a layer of an aluminum-rich phase, which is
usually Ni2Al; or a mixture of Ni2Al; and hyperstoichiometric NiAl, forms on the
substrate. This is a result of predominant inward diffusion of aluminum from the
pack, which causes the coating layer to grow into the substrate starting from its
surface. The carbide in this layer is indicative sign of inward coating growt during
aluminizing.The lack of sufficient solubility of substrate elements Cr, W, Mo, etc. in
Ni>Al; and NiAl phases also frequently causes these elements to precipitate out in the

above layer.
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The high-activity pack process, the coating growth takes place primarily by inward
diffusion initially, followed by an intermediate stage where the growth involves both
inward Al and outward Ni diffusion. In the final stages, the outward diffusion of Ni

dominantes the coating formation.

Figure6.3 (c) is show the mechanism of outward diffusion which is usually carried
out above 1000°C Ni amount become reduce and it causes the precipitation varirous
elements originally present in the solid solution of superalloys. The low activity
coating includes two layers, outer layer is NiAl layer which does not include carbide
and precipitates. The second layer is inner layer, includes carbides, and precipitates
due to Ni reduction.

To conclude the two mechanism; low activity diffusion consist of only nickel
outward while at high activity diffusion outward and ainward diffusions are takes

place together and they creates diffusion layers [88].
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7 DIFFUSION MECHANISM

Transport in materials via random individual atomic migration steps (jumps) is called
‘diffusion’. While in liquids and gases, diffusion rate ranges up to millimeters or
even centimeters per second, transport in solid materials is rather slow. In densely

packed metals near to the melting point,

one can expect about a micrometer per second and this rate drops down to about a
nanometer per second at half the melting temperature. At room temperature atomic

migration is practically frozen,

except for few exceptional cases of small interstitial impurities [89]

7.1 Fick’s First Law

Fick’s first law defines the diffusion coefficient (D1) of the component 1
and flux in an inhomogeneous single-phase binary alloy due to concentration
gradient as:

j=-D (7.2)
The constant of proportionality D is called the diffusion coefficient, which is
expressed in square meters per second. The negative sign in this expression indicates
that the direction of diffusion is down the concentration gradient, from a high to a

low concentration If the concentration of the diffusant can be defined at the entrance
and exit surfaces of the sample separated by distance x in steady-state condition, the

diffusivity can be measured easily by monitoring the flux in the absence of a driving

force. [70]
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7.2 Fick’s Second Law

Most practical diffusion situations are nonsteady-state ones. That is, the diffusion
flux and the concentration gradient at some particular point in a solid vary with time,
with a net accumulation or depletion of the diffusing species resulting. Fick’s second
law describes diffusion in a non-steady-state condition when the concentration
changes with time but particles are neither created nor destroyed. [90]

For variable D, Fick’s second law is written as:

ac 9 ac
Fick’s second law is the basis of most diffusion measurements in solids in general. It
has been widely used in samples in rod, plate, and thin-layer geometry. It has been
used for measurements of diffusion in single-crystal specimens, and along grain

boundaries and dislocations. [50]
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8 EXPERIMENTAL STUDIES

The experimental procedure substrate is the Inconel 718 and chemical composition is
represented at Table 7. The precipitation strengthened AMS-5663 type substrate is
used during the experiment. Samples were gently cut from a bar rod that’s radius
2.55mm then grounded using 120, 240, 400, 800 and 1200 grit SiC paper. Final
polishing was made with 1 um Al,O3 slurry abrasive to achieve a mirror-like surface
finish. After the metallographic step is completed, samples washed in distilled water

and methanol before treatment.

Table 7 : Chemical composition of IN718 (wt%)[91]

Ni Fe Cr Nb Co Mo W Ti Al C

525 185 19 51 - 3 - 091 05 0,08

The coating powders are elemental aluminum (Al) powders (Alfa Aesar™, 99.5%
purity, 7-15 um average particle size) and elemental Nickel (Ni) powders (Alfa

Aesar™, 99.8% purity, 5-15 um average particle size),

The first part of the samples are coated with only aluminum powder and remaining
part is coated with both aluminum and nickel in separate steps; first aluminum is
sprayed onto IN718 substrate then nickel is deposited on the aluminum coated

surface powders or mixture.
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Figure 8.2 : Flow schema of experimental procedure

After coating, each samples is subjected to annealing steps at different temperature

and time that will be explained at flowing sections.

8.1 Equipment

In this section, utilised equipments and their functions are described. As mentioned
above, first step is metallographic process, second step is cold spray coating, and
then all the samples are heated at the related temperatures in air circulated electric

furnace.

To make it sensible, Figure is given as an example of coating and annealing. The
sample is coated with aluminum and (a) annealed at 900°C for 24 hours (b). At b)

annealing effect on the coated specimen is clearly seen.
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Figure 8.3 :. a) Cold spray coated and after coating b) annealed samples

8.1.1 Cold gas dynamic spray deposition on a sample

The metallographic procedure applied samples are coated by RUSONIC Model K-
201 (Rus Sonic Technology, USA) cold spray equipment (Table 8.2) with
converging diverging type tubular nozzle having an expansion ratio of 2.3. Powder
was fed to the flowing gas downstream from a nozzle. Compressed air at a nozzle
inlet pressure of 6 bar (600 kPa) was used as a process gas. The substrate was
manipulated on a sample stage controlled by two servo-motors which enable two-
axis motion of the stage.

Table 8.2 : Colds Gas Dynamic spray parameters

Cold spray parameters

Travel speed 10mm/s
Stand of distance 10 mm
Beam distance 2mm
Powder feed rate 2/8 unit
Gas pressure 6 bar
Gas temperature Air
Substrate IN718
Powder AlI&Ni
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8.1.2 Annealing treatment and codes

Heat treatment procedures of coated specimens were carried out in a laboratory type
air circulated electric furnace (Nabertherm, Germany) for different temperature and

time.

There are a number of heat treatment parameters and different coating powders, thus
an indicative code is given to samples to recognize easily, related annealing
temperature, time and sprayed powder. Two examples of codes are demonstrated at

below.

l— —

71\ /LN

. B Anncaling Temp. Anmealing timse Sprayed powder
Amnealing Temp. Anncaling time Sprayed powder ([T Ih AN
TP I4h Aluminum

” 7C24H-A » 10C1H-AN

Figure 8.3 : Codes and meaning of the letters a) 7C24H-A is aluminum coated
sample and annealed at 700°C for 24h b) 10C24H-AN is aluminum
and nickel coated sample and annealed at 1000°C for 1h

According to Figure, the example codes and meaning of the letters are given. The
logic of the coding is, the annealing time presented by first digit groups, and “C”
stands for the celsius temperature. The numbers coming before “C” infer the
anneling temperature. The second letter groups are designated the annealing hour (H)
and the numbers refer the exact annealing time. The final groups represent the
sprayed powders on IN718 and capital letter of the powders are used as an indicator.

For example Aluminum is displayed by “A” and Nickel is shown by “N.

The annealing temperature of 850°C and 1050°C are shown as 85C24H-A and

105C1H-A to prevent the temperature confusion.

The following tables display the whole samples according to annealing temperature,
hour and sprayed powders. Table represent the only aluminum coated samples and

their annealing condition. Table displays aluminum and nickel coated samples.
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Table 8.4 : The codes, annealing time and temperature of the Al coated samples

No | Codes An. T. (°C)" An. t (h)? Powder

1 | 000-A Aluminum
2 | 5C24H-A 500 24 Aluminum
3 | 6C24H-A 600 24 Aluminum
4 | 7TC24H-A 700 24 Aluminum
5 |85C24H-A ]850 24 Aluminum
6 | 9C24H-A 900 24 Aluminum
7 | 95C1H-A 950 1 Aluminum
8 | 10C1H-A 1000 1 Aluminum
9 | 105C1H-A | 1050 1 Aluminum

The coated but not annealed samples are represented by 3 digits of “000” and
sprayed powders the indicating letters are “A” or “AN”. For instance, aluminum
coated but not annealed samples’ code are “000-A”, nickel and aluminum applied

and not annealed samples code are “000-AN”

Table 8.5 : The codes, annealing time and temperature of the Al+Nickel coated

samples
No Codes An. T. (°C) An. t. (h) Powder
1 000-AN Aluminum+Nickel
2 | 85C24H-AN 850 24 Aluminum+Nickel
3| 9C24H-AN 900 24 Aluminum+Nickel
4| 95C1H-AN 950 1 Aluminum+Nickel
5 1C1H-AN 1000 1 Aluminum+Nickel
6| 105C1H-AN 1050 1 Aluminum+Nickel
8.2 Characterisation

After a series of metallographic treatments, microstructural examinations of the
annealed samples were conducted by X-ray diffraction (XRD, Phillips PW 1700)
with Cu Ka (1.54060 A) radiation in the 26 range of 10-100° with a step size of

! Annealing temperaure-Celsius
2 Annealing time-Hour
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0.02° at a rate of 2°/min. The International Center for Diffraction Data® (ICDD)
powder diffraction files were utilized in the identification of crystalline phases.

X’pert high score plus software is used determining the phases.

The cross-section morphologies of samples were directly observed by SEM (Philips-
XL30 SFEG) in high vacuum mode after coating with gold operated at 15 kV and
equipped with an energy dispersive spectroscopy (EDS) detector.

The results of XRD, SEM and EDS analysis are examined in detail, at the following

section.
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9 RESULTS AND DISCUSSION

The section displays the characterization results and interpretations. In order to
simplify the results, the section is divided to subsections as regards to coating

powders and annealing temperature.

9.1 SEM and XRD Results of IN178, 000A, 5C24H-A, 6C24H-A, 7C24H-A

During the section, XRD and SEM results of IN718 and Al cold sprayed samples;
000-A, 5C24H-A, 6C24H-A, 7C24H-A are examined.

Figure is X-ray diffraction of the related samples. The IN718 diffraction shows the
two main phases of y and y”. The additional aluminum peaks are produced, and they

are represented by peak position of the aluminum in the diffraction peak of 000-A,

5C24H-A and 6C24H-A samples provide the expected phase peaks, Al3Ni and

Al3Ni,. By the way, Al3Ni, peaks are dominant in 6C24H-A due to the annealing
temperature increment.

a3n

o v - N1 solid solution a7
‘ ‘{" -N13Nb :1"-
@1 a -Al a3n
s | A30-Al3NI1 an2
an2-Al3Ni12 |
ao
7000 ao -Al203
o | AN AlN1 . al ao 20
an a3n an an
= S0 ao
3 ‘ a3n an an?
2 ww | | a3n an2 a3n - 7C24H-A
an2 an2 an2 an2 an2 a3n 2
- - T - 6C24H-A
200 - —d { Ao 5C24H-A
- £ i B A
o S Mctesssaaned s\ \ea e, 000-A
Jk A IN718
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Y
i
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Figure 9.1 : XRD Results of IN178, 000A, 5C24H-A, 6C24H-A, 7C24H-A
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The AINi peaks are only detected on the surface of peaks 7C24H-A . It can be seen
that the relative intensities, which express volume fractions, of NiAl; decreases with

decreasing amount of Al in the slurries but volume fraction of Ni,Alz increases.

IN718 SEM image is shown in Figure 9.2. The substrate is age hardened AMS 5663
and the white plate like phases are y” (Ni3-Nb, Ti) and the matrix is Ni solid solution
of the y phase.

x4.0k 20 um

Figure 9.2 : SEM Results of IN718

Figure 9.3 (a) is displayed the SEM image of aluminum cold spray applied sample
(000-A). The sprayed coating is approximately 13 um and it is successfully deposited
on the surface. According to the image, aluminum and substrate are easily

distinguished from each other.
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Figure 9.3 : SEM Results of 000A, 5C24H-A, 6C24H-A, and 7C24H-A

The 5C24H-A SEM image shows the first phase formation of almonds. Between
aluminum and substrate, there are two different phases; darker phase (next to the
substrate) is Al3Ni, and the lighter phase in is Al3Ni. Their formation reactions are

given below

o First of all, AlzNi form by reaction of Ni + 3Al

e Then the Al3Ni phase becomes transform to AlsNi, by second reaction :
Al3Ni +Ni — AlzNi»

The 6C24H-A SEM image also supports the reactions of Al3Ni and AlsNiy In
addition, temperature increase also raises the volume fraction of AlsNi,while
aluminum amount is decreased. Moreover, AlsNi are seen like fragmented in the
aluminum phase and it tries to consume Al and the Al volume fraction become less at
the Figure 9.3 (c)
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The AINi phase become remarkable in the SEM image of 7C24H-A and it shows the
first presence of three-layered structure, high activity coating and the multiple

layers are formed by inward diffusion aluminum throughout to the substrate.

9.2 SEM and XRD Results of 85C24H-A, 9C24H-A, 95C1H-A, 10C1H-A,
105C1H-A

The following XRD results belongs to the samples are 85C24H-A , 9C24H-A,
95C1H-A, 10C1H-A, 105C1H-A. The figure proves that dominant phase at the

related temperature and time is AINi phase.

The XRD results of 85C24H-A and 9C24H-A samples are clearly shown the AINi
peaks because of their longer annealing time (24h). However, the 95C1H-A,
10C1H-A, 105C1H-A AINi peaks become smaller from 950°C to the 1050°C. It also
shows that the volume fraction of the phases becomes decrease by increase of

temperature.In addition the peaks of Al,O3 has also become disappear by the means

of temperature.
10000
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| an-AINi an3
paned JCHy )
ao - Al203
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Figure 9.4 : XRD Results of 85C24H-A, 9C24H-A, 95C1H-A, 10C1H-A, 105C1H-
A
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The following figure is SEM images of 85C24H-A, 9C24H-A, 95C1H-A, 10C1H-A,
105C1H-A and the common feature of the images is all of them depict the same

three-layered structure as seen previously in 7C24H-A.

The three-layered structure is formed by predominant inward diffusion of aluminum
through the substrate which causes the coating layer to grow into the substrate
starting from its surface. The lack of sufficient solubility of substrate elements’ Cr,
Fe, Ti, etc. in Ni2Alz and NiAl phases also frequently cause these elements to

precipitate out in the above layer.

The NiAl phase, in the middle layer, was formed owing to the outward diffusion of
Ni from the matrix and inward diffusion of aluminum, thus providing a reservoir of
Al shows that the thickness of the aluminide coating is uniform. In addition, NiAl
phase is a solid solution with Cr and Fe dissolved. However, the solubility limit of
most elements in superalloys, such as Cr, Mo, Nb and Si in NiAl phase, is very low
therefore; the aluminide layer contains fine precipitates in a matrix of NiAl.

In the final stages, the outward diffusion of Ni dominants the coating formation and
reduction of Ni cause the precipitation of carbides (MC, M23C¢) and sigma phases
(o-Cr,Fe)
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Figure 9.5 : SEM Results of a) 85C24H-A b) 9C24H-A indexed c¢) 9C24H-A d)
95C1H-Ae) 10C1H-A f) 105C1H-A

Formation of ¢ phase in the vicinity of MC carbides is further assisted by the fact
that the carbides and o phase have similar crystal structures and is highly coherent,

but the growth of these 6 plates is restricted by the MC carbide and dependent on the
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availability of o-forming elements in the region surrounding the carbide in the third
(lowest) layer.

The conditions that favor o-phase precipitation (chromium, and iron enrichment) can
also favor the precipitation of My3Cg carbides. Because the carbide has a lower free
energy than ¢ phase, the presence of carbon in the dendritic region can promote the

formation of M3Cs, retarding c-phase formation by depleting chromium, and iron.

The consumption of niobium, and titanium by MC carbide formation has also been
observed to reduce o-phase formation. Consumption of these y '-forming elements
through carbide formation reduce y 'volume fraction, improving microstructural

stability but reducing the strength.

The first and third zones are mechanically weak, brittle due to the formation of

refractory precipitates, and carbides.

9.3 SEM and XRD Results of 000AN, 85C24H-AN, 95C1H-AN, 10C1H-AN,
105C1H-AN

The section, aluminum and nickel coated samples SEM and XRD results are
examined. The codes of the related samples are 000AN, 85C24H-AN, 95C1H-AN,
10C1H-AN, 105C1H-AN and the cold sprayed but not annealed sample is 000A.
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Figure 9.6 : XRD Results of 000-AN, 85C24H-AN, 95C1H-AN, 10C1H-AN,

105C1H-AN

Figure provides the XRD study of 000AN, 85C24H-AN, 95C1H-AN, 10C1H-AN,
105C1H-AN. The 000-AN peaks show the aluminum nickel and other substrate
constituent phase peaks clearly. From 85C24H-AN to 105C1H-AN the Al3;Ni peaks
transform to AlsNi, peaks because the volume fraction of the phase is increased in

respect to temperature rise.

According to Figure (a), Ni and Al phases are easily distinguished from each other.

Light phase is Ni and dark phase is Al.
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Figure 9.7 : SEM results of a) 000AN b) 85C24H-AN c) 9C24H-AN d) 95C24HAN
e) 10C24H-AN f) 105C24H-AN

The 85C24H-AN samples’ microstructure looks like cracked and porous due to the
aluminum consumption. The high activity diffusion is taking place in the coating,
and aluminum is consumed before create a bond between nickel and substrate.
Moreover, the two sides produce their own diffusion zones. The separately placed
NiAls, NiAl; phases (in the nickel side) and the three-layered structure (in the

substrate side) are proof of the independent reaction and phase formation.

When comparing, the 9C24H-AN and 95C24H-AN, the cracked type structure
becomes vanished, and at 10C24H-AN nickel and substrate side try to create bond
between each others. The 105C24H-AN does not offer so many difference, and it just
produces more homogeneous middle layer phase (AINi) when compare with earlier

samples.

Among the aluminum and nickel coated specimen, the most successful sample is
95C1H-AN, because of the gap between nickel and substrate is disappearing by time
and the three-layered diffusion zone is clearly seen. However, it still does not a best
candidate for high temperature coating because of the cracked type structure is still

present and temperature increment does not eliminate the detrimental formation.

The temperature increment boosts the volume fraction of the AINi phase between the
coating. However there is still nickel or nickel aluminide which does not transform to
the NiAl phase. Because, aluminum cannot wet nickel surface due to the formation
of nickel aluminide layer which separates the liquid aluminum and the nickel matrix.

Nickel aluminide layer prevents liquid aluminum from spreading, therefore cannot
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cover the entire surface of nickel. That is also explanation of nickel presence

although the annealing temperature rises.

9.4 EDS Analysis Elemental Mapping of 9C24H-A

The following Figure 9.8, shows the elemental analysis point on the 9C24H-A.
According to the point analysis in Figure 9.8, Energy Dispersive X-ray spectroscopy
(EDS) results and chemical distribution of elements are generated.

x5.0k 20 um

Figure 9.8 : EDS analysis point of 9C24H-A

Point 1 is placed at the carbide phase, and dominant element is nickel. The area is
close to inner diffusion zone. Therefore the Cr and Fe contents are high. Point 2 is
indented on the o-(Cr,Fe) phase because Cr, and Fe content are at highest fraction.
Point 3 located in the middle diffusion zone; therefore, nickel and aluminum content
are very high and their amount close to each other. Further, the other constituent
elements distribution is very low at the point because the nickel withdrawal from the
substrate (outward diffusion) is lower the amount of elements (etc. Fe, Cr, Nb) in the

layer.

Nickel and aluminum content are still dominant and close to each other at the point 4
and 5. Moreover, Fe, Cr and other refractor element contents are high when compare
the values with point 3. It indicates that inward diffusion of aluminum let the
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refractory elements precipitate. Figure, elemental distribution of the elements also

supports the previous assumptions.

6
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Figure 9.9 : The elemental mapping of 9C24H-A according to related points
The white particles that are seen from SEM image of 9C24H-A, dispersed in the
aluminide layer (NiAl) were confirmed to be My3Cgs by EDS studies. Due to the
elements from the substrate alloy having a low solubility in the aluminide coating,
the formation of ¢ phase also tended to segregate at the coating/substrate interface
An EDS analysis of the cross-section of the coating is shown in Figure. This shows
that o phase precipitated in the interdiffusion zone is composed mainly of chromium,
and iron. The nickel diffusion causes the formation of ¢ phase, because nickel cannot

solve the element anymore due to reduction in content.
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Table 9.1 : 9C24H-A EDS analysis
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Table 9.1(continued) : 9C24H-A EDS analysis
|

e Element Wt % At %
CK 00.00 23.91
1 AIK 00.00 26.24
- L .| e 00.00 04.66
TiK 00.00 00.67
CrK 00.00 08.62
! . FeK 00.00 10.48
R e e e e e NiK 00.00 23.96
R Element Wt % ‘ At %
CK 00.00 24,14
L AIK 00.00 27.15
. o | e 00.00 04.96
TiK 00.00 00.60
CrK 00.00 07.71
e FeK 00.00 11.77
2000y e 0 1000 1800 000 22 NiK 00.00 21.63

The point 1 (lower layer) elemental value is close to IN178 composition while the
point 2, nickel has lowest atomic fraction, by the way chromium, carbon and iron
contents are highest. The composition indicates the outward diffusion of nickel

through to coating. The nickel reduction creates carbides and ¢ phase in the layer.

EDS line analysis of point 5 shows a large amount of aluminum at the top surface,
which becomes less at increasing depth from the surface. Until point 3, aluminum
and nickel contents dramatically increase. NiAl phase formation on point 3, lower
the other elements’ amounts because of the inward and outward diffusion of Al and
Ni.

Distribution and concentration gradient of nickel and aluminum suggests that nickel
atoms diffuse through solid NiAl layer and then dissolve into liquid aluminum at the

aluminizing temperature.

It is found that at point4 and 5; Fe, Cr, Nb, Mo amount increases in the volume
fraction of the composition. The presence of the elements indicates that, they have

been already there before aluminum diffusion, and they do not change their location.
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Therefore, point 5 is the surface of the substrate and it becomes visible by inward
diffusion of aluminum. In addition the precipitated islands of first layer (point 5-4)

are identified as refractory precipitates (etc., a-Cr, Fe)

10pm JC K

Figure 9.10 : Sample 9C24H-A SEM image and elemental mappings a) SEM image,
b) Al distribution c) Ni distribution d) Nb distribution e)Ti distribution
f) Cr distribution g) Fe distribution h) O distribution i) C distribution
j) Al-Ni distribution k)O-Al distribution m) Fe-Cr distribution on the
diffusion zone
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Figure 9.10 shows the elemental mapping of the 9C24H-A sample that is annealed at
900°C for 24h. According to SEM image (a) the structure basically include the
inward diffusion type of coating. The Coating includes three main zone and
according to mapping the zone phases are examined. Image (b) is elemental mapping
of aluminum through the coating area and Al elements are accumulated on the
surface of the coating. If inner zones are inspected closely, Al distribution can be
seen easily, and the distribution shows that the NiAl phase formation when combined
with image (c) nickel elemental mapping. Both Ni and Al distribution prove that the
NiAl phase is formed in the middle of the zone. The assumption also would be

corrected by point analysis of point 3 (Table).

The nickel distribution is low on the inner zone of the coating. This also provides
that, Ni diffuse outward of the substrate in order to form NiAl phase. Niobium (d),
titanium (e), chrome (f), and iron (g) indicates that, the elements are accumulated in
the inner zone. The accumulation proves the formation of o-(Cr,Fe,Nb,Ti) and MC,
M23C6 carbides in the related zone. The formations also confirmed by point 2

analysis.

When look at the upper zone of the coating, Cr (f), Fe (g), Niobium (d), aggregation
is observed easily and they create a-(Cr,Fe) phase on the upper layer.

9.5 EDS Analysis Elemental Mapping of 9C24H-AN

The following Figure show the elemental analysis point on the 9C24H-AN.
According to the point analysis of Figure, Energy Dispersive X-ray spectroscopy

(EDS) and chemical distribution of elements are generated.
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Figure 9.11: EDS analysis point of 9C24H-AN

Point 1 is placed at the IN718 substrate the elemental distribution show the IN718
composition. Point 2 is indented at middle layer of the three-layered structure,

therefore Ni, Al contents are close to each other, and they create NiAl phase

The point 3 is located at the detrimental layer which has highest Al level as expected.
The point reveal that, aluminum does not consumed completely yet by the nickel and
IN718 and the presence is create detrimental, problematic structure as seen from
SEM image of 9C24H-AN.

77



6
9C24H-AN
5
X /— cK
4 —— AK
[7,]
c NbL
e 3
(7]
8 e CrK
2 Fek
>{\/ o
1 - = MoK
O T T T T T T T 1
0 10 20 30 40 50 60 70 80
Atomic %

Figure 9.12 : The elemental mapping of 9C24H-AN according to related points

The point 2 is important, in terms of the creation of three-layered structure. In careful
looking, the first layer is a refractory precipitation phase; middle layer is AINi phase;
and lower layer is carbide phases. The atomic fraction of the Ni and Al are almost

same, and they create AINi phase.

The three-layered structure proves that i some part of the aluminum is consumed by
the coating. The remaining Al is consumed by nickel in order to produce aluminide
phases (etc. NizAl). However, Al cannot consume all nickel because of the created

aluminide retards the Al diffusion in the Nickel.

The separate consumption of aluminum is led the formation of two different layers,

NizAl and three-layered structure, on the substrate surface.
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Table 9.2 : EDX analysis of 9C24H-AN
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Table 9.2 (continued) : EDX analysis of 9C24H-AN
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According to the elemental analysis (Table 9.2), the previous suggestion of nickel
presence is supported that can not be fully consumed even though the specimen is
annealed at 900°C for 24h. The aluminum presence is explicit on the IN718 and
nickel surfaces (Figure, (b)-(c)), and the detrimental structure (void-cracked layer) is

almost free of any of elements which is a gap between substrate and Ni.

The three-layered structure shows the similar elemental distribution with 9C24H-A
EDS results. The layer contains a high amount of Al and Ni and Cr, Fe, Nb and Ti
distributions are support the formation of the coating type. Because there is an

accumulation of refractory elements in lower layer of the structure.

The upper structure, created by only Ni and Al, proves the production of aluminide
phases. In addition, the Ni distribution is very significant and the absence of other
elements at the aluminide layer (next to nickel) expresses diffusion performance of
elements they are unable to diffuse throughout the substrate to Nickel layer. Because

the aluminide layer and gap, prevent the dispersion of the elements.
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Figure 9.13 : Sample 9C24H-AN SEM image and elemental mappings a) SEM
image, b) Al distribution ¢) Ni distribution d) Nb distribution e)Ti
distribution f) Cr distribution g) Fe distribution h) O distribution i) C
distribution j) Al-Ni distribution k) O-Al distribution m) Al-Cr
distribution on the diffusion zone.

According to Figure9.13, oxygen (h) penetration is obvious throughout the aluminide

zone and diffusion zone while carbon (i) generally localized at the upper side of the
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nickel and there is sub localization of carbon at the lower the layer of three-layered

structure to create carbides.

The most important result of the SEM and EDS analysis is an eagerness of IN718
and nickel to elemental aluminum produce a gap between the structures, because
aluminum shows high activity and inward diffusion throughout the substrate and
nickel. The gap also proves that there is no outward diffusion either substrate or Ni.

Therefore, the void type structure is produced by consumption of aluminum.

9.6 Hardness Test

The 9C24H-A (aluminum coated and annealed at 800C for 24h ) sample is subjected
to hardness test. The test measurements were conducted on the cross-section of the
samples with a Vickers pyramid indenter by utilizing a depth-sensing CSM micro-
hardness testers. Test load was 10 g for the hardness measurements and for each

layer at least 3 successive measurements were made.

Table 9.3 : The hardness value of 9C24H-A and applied load is 10 g (Vickers)

Layer name No Avarage-Hv 1.Hv | 2.Hv | 3.Hv
A-Cr 1 817 850 |803 |799
B- NiAl 2 554 570 |531 |562
Carbides, ¢ 3 860 824 | 872 |886
IN718 4 394 352 | 408 | 423

To make a better hardness assumption of the layers (Figure9.14) at least three
indentations are run. The generated values (Table.) averages are calculated in terms
of the arithmetic average. The related sample is 9C24H-A, aluminum coated, and
annealed at 900°C for 24 hour.
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Figure 9.14 : The hardness image of 9C24H-A. The red squares show each coating
layers and they are indicated by numbers.

The hardness value of the refractory precipitated layer (upper layer) is 817 Hv as
expected, and it is indicated by a “red box 1”. The aluminide layer (middle layer-
NiAl) has 554 Hv (red box 2) and the lowest. Carbide layer (red box 3) has 860 Hv.
The substrate (red box 4) has 397 Hv as espected.
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Figure 9.15 : The Vickers hardness of 9C24H-A according to indentation levels in

red square
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The hardness results reveal the hardest and brittle layers are precipitated layer (upper
layer), and carbide layer (red box 3). The aluminide layer (middle layer-NiAl)

hardness is lower and than the layers. However it indicates the ductile structure.
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10 CONCULUSION

The study is related with the aluminum and the aluminum+nickel coating of the

IN718 and the diffusion mechanism of aluminum and nickel. In terms of the

completed study, the following results are revealed.

The samples, annealed below the aluminum melting temperature (640°C) at
500°C 600°C for 24 hours, show the formation of AlsNi and AlsNi, phases on
the substrate surface. Although, aluminum does not totally consumed at
500°C, the Al volume fraction become reduced by the fragmented
distribution of Al3Ni phases in the 6C24H-A, while Al3Ni, phase is spread
along the substrate as monolithic formation.

The samples annealed at 700°C -850°C -900°C-950°C -1000°C and 1050°C
at different time, let the formation of a coating, which includes three distinct
zones (three-layered structure). The first, upper zone of the coating,
aluminum has a extremely high activity and the zone matrix of the AINi
aluminum content is very high, therefore, p phase cannot solve the refractory
elements, and they become precipitate. The middle zone is formed by both
aluminum and nickel diffusion because of, there is a uniform AINi area.
Nickel diffusion (outward diffusion) at the lowest zone is resulted in the
formation of carbides and c-phases because there is no enough nickel in order
to solve Cr or other elements, and they become transformed to the carbide
and o-phases.

There are no cracks or voids in the coating, and the bonding between the
coating and substrates is strong at the aluminum-coated samples.

€(Al3Ni), and 8(AlsNiy) phases involve almost singular aluminum diffusion
while the opposite, virtually singular nickel diffusion occurs during the
formation of the B(AINi), and y'(AlINi3 ) phases.
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NiAl phase is a solid solution with Cr and Fe dissolved. However, the
solubility limit of most elements in superalloys, such as Cr, Mo, Nb in NiAl
phase, is very low therefore; the aluminide layer contains fine precipitates in
a matrix of NiAl.

The formation of ¢ phase also tended to segregate at the coating/substrate
interface, due to the elements from the substrate alloy having a low solubility
in the aluminide coating,

In the high-activity process, the coating growth takes place primarily by
inward diffusion initially at the upper layer, followed by an intermediate
stage where the growth involves both inward Al and outward Ni diffusion
(middle layer-aluminide). In the final stages, the outward diffusion of Ni
dominates the coating formation (lowest layer-Carbides).

The aluminum and nickel coated samples are annealed at 850°C -900°C-
950°C -1000°C and 1050°C for different annealing time. According to the
SEM image, XRD and EDS results, a gap is produced between substrate and
nickel, by the absence of aluminum, which shows high activity. By the way,
inward diffusion takes place at substrate and nickel. The gap also proves that
there is no outward diffusion from either substrate or Ni and the gap is
produced by consumption of aluminum.

A produced nickel aluminide layer prevents liquid aluminum from spreading,
therefore, cannot cover the entire surface of nickel. That is an explanation of
nickel presence on the top of the coating, although the annealing temperature
rises.

The Al and Ni coated samples have cracked type void structure. Therefore,
bonding between substrate and coating is very weak.

The refractory precipitates (upper layer) and carbide zone (lowest layer) have
a high hardness value and brittle feature due to refractory precipitates, and
carbides. Due to the detrimental effect of the layers, they must be eliminated
to prevent the spallation of coating from the layers.

The diffusion of aluminum in IN718 shows the non steady state diffusion,
however, aluminum flux is not abundant (not infinite) on the substrate

surface.
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