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INVESTIGATING THE OXIDATION AND HIGH TEMPERATURE WEAR
BEHAVIOUR OF HOT-DIP ALUMINIZED AND DIFFUSION ANNEALED
INCONEL 718 SUPERALLOY

SUMMARY

Superalloys are quite superior materials that are used in wide range of application
fields which have critical importance such as aviation, aerospace, nuclear energy
industries. Nickel based superalloys, as a type of superalloy, has advantages of both
mechanical strength and oxidation resistance at high temperature. Inconel 718 is
nickel-based superalloys that is employable for in hot section of aircraft and steam
turbines parts.

One of the main characteristics of Inconel 718 is precipitation strengthened superalloy
with y"-NisNb phases and utilizable up to 650°C. Additionally, oxidation and
corrosion resistance are provided by Chromium that has capability to form protective
oxide layer for Inconel 718. On the other hand, above 650°C y" phases starts to dissolve
and transform detrimental 6 phases. Another inevitable limitation of Inconel 718 is
protective Cr.O3 layer has tendency to transform volatile CrOz compound above
1000°C. These kinds of limitation increased coating demand to fulfill requirements
such as wear and oxidation resistance. One of the high temperature coating called
diffusion coating is attentively applicable for nickel-based superalloy. Hot-dip
aluminizing process has numerous advantages such as low cost, easy to apply as well
as promoting formation of nickel-aluminides. Nickel-aluminides provides reservoir for
aluminum against oxidation and mechanical strength in form of y'- (NizAl) that is
coherent with matrix.

In the open literature, wear behavior studies of different high temperature coatings for
Inconel series were commonly located. In particular, the majority of studies focuses
on the overlay and thermal barrier coatings, nevertheless, these studies on the wear
behaviors of coated Inconel series have not satisfactorily fill lack of literature.
Therefore high temperature tribological and oxidation behavior of hot-dip aluminized
Inconel 718 were detailly investigated to contribute literature.

In this study, Inconel 718 samples are aluminized at 700°C for 2 minutes by hot-
dipping then, some of aluminized sample were subjected to diffusion annealing at
700°C for 10 hours. Wear tests for bare, hot-dip aluminized, hot-dip aluminized and
diffusion annealed Inconel 718 samples were performed at 25°C,300°C and 600°C in
order to investigate high temperature tribological behavior. Additionally, to determine
oxidation behavior of bare, hot-dip aluminized, hot-dip aluminized and diffusion
annealed Inconel 718 specimens were subjected to isothermal oxidation tests at 800°C
for 100 and 300 hours. Structural analyses were done by using scanning electron
microscope, energy dispersive spectroscopy and X-ray diffractometer.

Results has revealed that the wear rate of the hot-dip aluminized and diffusion
annealed samples were found to be three times less than only hot-dip aluminized
samples for wear test at room temperature. Diffusion annealing became more

XXi



necessary after hot-dip aluminizing process according to wear test at 300°C and 600°C.
When the worn surfaces are examined with scanning electron microscopy, it is clearly
determined that the diffusion annealing prevents the oxidative wear mechanism.
Additionally, microstructure of diffusion annealed samples that are subjected to
isothermal oxidation tests were relatively found to have proper structure with less
defects compared to bare Inconel 718 and only hot-dip aluminized sample.
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SICAK DALDIRMA ALUMINYUM KAPLAMA VE DiFUZYON
TAVLAMASI UYGULANMIS INCONEL 718 SUPERALASIMININ
OKSIDASYON VE YUKSEK SICAKLIK ASINMA DAVRANISININ
INCELENMESI

OZET

Uretim proseslerinin gelismesi ve stratejik agidan birgok saf metal veya alasima
nazaran Ustlin 6zelliklere ve ¢alisma performansina sahip siiperalagimlar, ¢alisma
performansin1 ve mekanik dayanim potansiyelini yiiksek sicaklik uygulamalarinin
cesitli alanlarinda siirdiirebilen, {istlin korozyon ve oksidasyon direngleri ile 6ne ¢ikan
alasim gruplaridir. Tipik olarak matrisleri Ostenitik yiizey merkezli kiibik (YMK)
kristal yapiya sahip elementler olarak nikel (Ni), demir (Fe) ve kobalt (Co) bazli olarak
{ic ana gruba ayrilmaktadir. Iceriginde yiiksek oranlarda krom (Cr), nispeten diisiik
oranlarda aliiminyum (Al), titanyum (Ti), molibden (Mo) ve niyobyum (Nb) gibi
elementlerin faz doniisiimleri ile hem kat1 ¢6zelti hem de c¢okelti sertlestirmesi gibi
mekanizmalariyla dayanimi artirilmis malzemelerdir. Jet ve roket motorlarinin
parcalarinda, niikleer enerji santrallerindeki esanjorlerde kullanim alani bulabilen,
kullanim ortaminda siiriinme, asinma, korozyon veya oksidasyon gibi dis etkenlere
maruz kaldiginda yiiksek sicakliklara ragmen ¢aligma kosullarini optimum diizeyde
kararli olarak siirdiirebilen bu malzemelerin kullanim alan1 havacilik, uzay ve enerji
gibi endiistrilerde yogunlagmaktadir.

Nikel bazli siiperalagimlarin ¢ogunlugunda bulunan NiCrFe matrisli yapilar, kati
cozelti sertlestirme mekanizmasina sahip olmakla birlikte, iceriginde bulundurdugu
topolojik ve geometrik olarak siki paket kristal yapiya sahip fazlara ek olarak
karbiirlerin varligr ile yiiksek dayanim o6zellikleri gostermektedirler. Nikel bazl
stiperalagimlardan biri olan Inconel 718, bulundurdugu geometrik siki paket (GSP)
yapiya sahip koherent y’ fazi, icerdigi Niz (Al, Ti) ¢okeltileri ile malzemeye siineklik
ve sertlik saglamaktadir. Genellikle demir icerikli negatif etkileri bulunan topolojik
sik1 paket (TSP) fazlar1 mekanik &zellikler agisindan tercih edilmemektedir. Ote
yandan, malzemenin igeriginde bulunan y’ fazi ile koherent olan, GSP yapiya ve NisNb
kompozisyonuna sahip y’’ fazlari ile yaslandirilma yetenegine sahip olan Inconel 718
stiperalagimlari yiiksek sicakliklarda yiiksek dayanim  performansi
sergileyebilmektedir. Ancak belirli sicakliklar iizerinde (650°C) malzemenin
icerigindeki vy’ fazlarinin ¢oziinmeleri sonucunda matrisle koherent &zellik
gostermeyen & (NisNb) fazina dontismesi yiiksek sicakliklarda mekanik 6zellikleri
negatif olarak etkilemektedir. Ek olarak Inconel 718 igerisindeki kromun, Cr203
faziyla koruyucu oksit tabaka olusturarak malzemeye oksidasyon ve korozyon direnci
saglamaktayken 1000°C fizeri sicakliklarda CrOs ugucu fazina doniiserek ylizeyden
malzeme kaybina sebep olmasi nedeniyle nispeten yiiksek sicaklik uygulamalari i¢in
kaplamay1 zorunlu hale getirmektedir.

Difiizyon, overlay (yiizeylistii) ve termal bariyer gibi korozyon ve oksidasyon
direncini artirmaya yonelik yiiksek sicaklik kaplama cesitleri, siiperalagimlarin
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mekanik ve fiziksel olarak dis etkenlere maruz kalmasi1 durumunda siiperalagimlar igin
stratejik 6neme sahip olmakla beraber yapiya kazandirdiklar1 kararli yiizeyler ile
uygun niteliktedir. Kaplama ve altlik arasindaki uyuma bagli olarak diflizyon
kaplamalar1 nikel bazli siiperalasimlar icin tercih edilebilmektedir. Ozellikle nikel
bazli siliperalagimlara uygulanan, difiizyon mekanizmasma dayanan aliiminyum
kaplamalar, olusturduklar1 nikel-aliiminat fazlariyla malzemeye yiiksek yiizey
kararligi ve oksidasyon direnci saglamasiyla One ¢ikmaktadir. Nikel bazli
stiperalagimlar iizerine aliiminyum kaplama ile ice dogru diflizyon-yiiksek aktivite ve
disa dogru difiizyon-yliksek aktivite mekanizmalari ile olusturulan nikel-aliiminat
fazlar, yiiksek sicaklik ve oksidatif ortamda kaplamanin yiizey kisminda
aliminyumun olusturdugu koruyucu Al,O3 tabakasi i¢in rezervuar gorevini
iistlenmektedir.

Kutu sementasyon, kimyasal buhar biriktirme ve sicak daldirma kaplama (hot-dip
coating) gibi difiizyon kaplama yontemleri maliyet ve uygulanabilirlik bakimindan
cesitli faydalara ve eksikliklere sahiptir. Ornegin kimyasal buhar biriktirme diisiik
biriktirme hizina, kutu sementasyon yiiksek biriktirme hizina sahip olmasiyla 6ne
cikmaktadir.

Sicak daldirma yonteminde dikkat edilmesi gereken unsurlardan biri olan sicaklik, faz
doniistimlerini etkilemesiyle zaman ve daldirma ortami gibi diger parametrelere
nazaran bir adim daha 6ne ¢ikmaktadir. Diger bir 6nemli parametre olan ergiyik banyo
kompozisyonu faz doniistimleri ve interdifiizyon bolge i¢in 6nem arz etmektedir.
Difiizyon tavlamasi ile kontrollii olarak olusturulmak istenen fazlar firininin sicaklik,
zaman ve atmosferine bagli olarak degisiklik gosterebilmektedir.

Literatlirde farkli yontemlerle kaplanmis Inconel serisi i¢in aginma calismalar1 giincel
olarak yer almaktadir. Ozellikle calismalarin cogunlugu yiizeyiistii (overlay) ve termal
bariyer kaplamalar olarak karsimiza ¢iksa da Inconel serisi i¢in diflizyon mekanizmali
kaplamalarin asinma davraniglari lizerine yapilan bu ¢aligmalar literatiir eksikligini
giderecek birikim saglamamistir. Ek olarak, difiizyon mekanizmasi ile sicak daldirma
yontemi kullanilarak kaplanan Inconel 718 siiperalasiminin yiiksek sicaklik asinma
davranisi daha 6nce ¢alisilmamis bir konu olmasi ile literatiire eklenerek genisletilmesi
ve katki saglamasi 6nem arz etmektedir.

Bu calisma kapsaminda, sicak daldirma yontemi ile Aliiminyum kaplanan Inconel 718
stiperalasiminin, oda sicakliginda ve yliksek sicaklikta asinma davranislarina ek olarak
izotermal oksidasyon testi ile sicak daldirma ydnteminin devami niteliginde olan
difiizyon tavlamasinin etkileri incelenerek arastirilmistir.

Bu c¢alismada, Inconel 718 numuneleri, 700°C’de 2 dakika tutularak sicak daldirma
yontemi ile aliiminyum-silisyum Otektik alasimi kaplanmistir. Aliiminyum ile
kaplanan Inconel 718 numuneleri 700°C’de 10 saat diflizyon tavlanmasina tabii
tutulmustur. Elde edilen numuneler ile Inconel 718 numuneleri 25°C’de, 300°C’de ve
600°C’de olmak iizere asinma testlerine ve 800°C’de 100 ve 300 saat olmak {izere
izotermal oksidasyon testlerine tabii tutulan numunelerin yapisal karakterizasyon
islemleri gerceklestirilmistir.

Calismanin deney kisminda, Inconel 718 numuneleri silindirik 8 mm kalinliginda
kesilerek 120, 240, 320 ve 400 numara disklerle zzimparalanarak sicak daldirma prosesi
icin hazirlanmistir. Aliiminyum-silisyum o&tektik alasimi (%12 ag.) banyosuna
daldirilmak tizere, numuneler 2 mm kalinhiginda paslanmaz celik tel ile egimli
yiizeylerden sarilarak hazirlanmistir. Farkli kaplama cesitleri i¢in de biiylik 6nem arz
eden kaplanacak olan malzemenin yilizey temizligi, seyreltilmis HCl c¢ozeltisi
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icerisinde ultrasonik dalgalarla temizlendikten sonra etanol ile yiizey silindi ve su ile
durulanarak daldirma islemine hazir hale getirilerek saglanmistir. Al-Si 6tektik alasim
ingotlar potaya uygun dl¢iilerde kesilmis olup, firin istenilen sicakliga geldikten sonra
yaklasik 1 cm3 KCI1 ve NaCl karisimi olan flaks eklenerek ergiyik iizerindeki ciliruf
elimine edilmistir. Temizlenen numuneler 700°C’de 2 dakika olacak sekilde grafit
potanin orta kismina dogru daldirildi. Asilarak oda sicakliginda sogumaya birakilan
numuneler i¢in kaplama iglemleri gergeklestirilmistir. Sicak daldirma islemine ek
olarak ornekler 700°C’de 10 saat diflizyon tavlamasina tabii tutulmus ve firinda
sogutma iglemleri gerceklestirilmistir. Sicak daldirma ile kaplanmis numuneler ve
difiizyon tavlamasi uygulanmis numunelerin mikroyapi incelemeleri Philips X130
SFEG marka taramali elektron mikroskobu (SEM) ile nokta, ¢izgi, haritalama EDS
analizleri gergeklestirilmistir. Asinma izlerinin goriintiileri Hitachi TM1000 model
(SEM) ile alinmis olup, sertlik degerleri Wilson Tukon 1102 Microhardness cihazi ile
Olglilmiistiir. Asinma deneyleri CSM-High temperature unidirectional ball-on disc
tribometer ile gergeklestirilmistir. izotermal oksidasyon testi kapali dongii diizenek ile
PRC 110M/GWP model techizat ile uygulanmis olup karakterizasyon analizleri
Philips XL30 SFEG marka taramali elektron mikroskobu (SEM) ile nokta ve
haritalama EDS analizleri gerceklestirilmis olup XRD analizleri GBC MMA 027
model 10°-100° 1°/dk ile gerceklestirilmistir.

Kaplanmis ve diflizyon tavlanmis numunelerin asinma davraniglarinin incelenmesi
icin ii¢ farkl sicaklikta tribometre kullanilarak aliimina bilyeye kars1 asinmasi testleri
gerceklestirilmistir. 2N yiik altinda aginma testine tabii tutulan numunlerin tek yonlii
calisan disk tizerinde siirtiinen bilya (ball-on-disc) ile asinma davraniglari
incelenmistir. 2-D temasl ylizey profilometre ile asinma yiizeyinde olusan izler analiz
edilmis olup, asinmanin yiizeyde hangi mekanizmalarla gerceklestigine dair analizler
taramali elektron mikroskobu ile gerceklestirilmistir. Ayriyeten, asinma testleri
esnasinda kullanilan aliimina bilyelerin yiizeyi optik mikroskop ile incelemeye
alinmustir.

Elde edilen asinma testi sonuglarinin verilerine gore, 25°C sicaklikta diflizyon
tavlanmis numunelerin aginma orani sadece sicak daldirma ile kaplanmis numunelere
gore li¢ kat, islem gérmemis Inconel 718 numunelerine gore 4 kat daha az oldugu
saptanmuistir.

300°C’de ve 600°C’de gergeklestirilen testlerde, kaplanmis numuneler i¢in diflizyon
tavlamasinin goreceli olarak gerekliligi 6n plana ¢ikmistir. Asinma yiizeyleri taramali
elektron mikroskobu ile incelendiginde diflizyon tavlamasmin oksidatif asinma
mekanizmasin engeller nitelikte oldugu goriilmektedir. 800°C’de gergeklestirilen
izotermal oksidasyon testleri sonucunda diflizyon tavlamasinin yapisal olarak
gerekliligi aginma testlerinde oldugu gibi 6ne ¢ikmustir.
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1. INTRODUCTION

Definition of superalloys can be expressed as nickel, iron and cobalt based chromium
alloyed materials that has capability to sustain its performance with excellent
mechanical durability, good surface stability, superior resistance against aggressive

environment at high temperature.

Nickel-based superalloys have been mostly used in the aviation and aerospace
industries due to excellent mechanical resistance based on precipitation and solid
solution strengthening mechanism in addition to resistance against oxidation and

corrosion despite high temperature exposure.

Inconel 718 is a type of nickel-based superalloy that has strengthened with the
precipitation of y’> — (NisNb) phases. Content of Cr in Inconel 718 is in charge of
oxidation and corrosion resistivity. Above 650°C, transformation of y’ to & by
dissolving decrases mechanical strength. On the other hand, protective Cr.Os layer has
tendency to transform volatile compound of CrOsz above 1000°C.

Various types of coating methods are applied to superalloys to provide the
requirements of different environmental conditions. Every process has its own
advantages and disadvantages concerning applicability and cost. One of the diffusion
coating methods commonly used for high-temperature parts is hot-dip aluminizing
(HDA). For that purpose, the HDA method is applied to improve surface properties of
Inconel 718 Nickel-Based Superalloys. Inconel 718 samples subjected to HDA with
different time and temperature processes have been investigated by microstructural

and mechanical examination.

In this study, Inconel 718 samples are aluminized at 700°C for 2 minutes by hot-
dipping then, some of aluminized sample were subjected to diffusion annealing at
700°C for 10 hours. Wear tests for bare, hot-dip aluminized, hot-dip aluminized and
diffusion annealed Inconel 718 samples were performed at 25°C,300°C and 600°C in
order to investigate high temperature tribological behavior. In addition to wear test,

samples were subjected to isothermal oxidation test at 800°C for 100 and 300 hours to



comprehend oxidation behavior. Structural analyses were done by using scanning

electron microscope, energy dispersive spectroscopy and X-ray diffractometer.

This study mainly focuses on investigation of high temperature wear and oxidation

behavior of bare, hot-dip aluminized, hot-dip aluminized and diffusion annealed
Inconel 718 superalloy.



2. SUPERALLOYS

In the beginning era of “superalloy” term , metallurgical committees and designers had
needed more corrosion-oxidation resistant materials for application of high
temperature. Concurrently, gas turbines took significant role to invent alloys during
World War 2. Moreover, limited properties of materials that used in aircraft engine
parts were increasing tendency to invent new alloy group [1] . The term of “super” had
become more popular among societies. According to normal of that era, possibly, the
“superalloy” term has been inferenced by popularity of comic book character

superman [2].

Definition of superalloys is expressed as nickel, iron and cobalt based chromium
alloyed materials that has capability to sustain its performance with excellent
mechanical durability, good surface stability, superior resistance against aggressive

environment at high temperature.

Basically, superalloys have three main characteristics that are distinguished from other
types of alloys. The first desirable characteristic property is having ability to withstand
heavy loads despite operating close to its melting point. Second one is capability to
significant resistance to mechanical degradation over extended periods of time. Lastly,
appropriate tolerance stands out even if the parts that are made of superalloys subjected

to operate at harmful environments such as corrosive conditions [1].

2.1 Properties of Superalloys

2.1.1 Atomic and crystal properties

Mainly crystal structure of superalloys is typically face-centered cubic (FCC) which
includes alloys of groups such as Hastelloy, Inconel, Rene etc. In addition, superalloys
were generally produced as single-crystal that provide creep resistance to material
[2][3]. Both solid-solution and precipitation strengthening mechanisms form the
nature of superalloys by alloying with different elements. Carbides and gamma prime
secondary phase precipitates have capabilities to create optimal conditions in behalf of



superalloys. Furthermore, elements in superalloys such as aluminum and chromium

have advantages to increase oxidation or corrosion resistance.

2.1.2 Properties and effects of elements

Base matrix of superalloys has been formed by nickel, cobalt and iron. Chromium
element in superalloys provides corrosion and oxidation resistance by forming an
oxide layer. Aluminum is known as the main y' former that enhance the strength of
material by precipitation hardening. Moreover, the protective oxide layer of aluminum
has the capability to resist at higher temperatures more than chromium oxides.
Titanium is desirable for precipitation strength mechanism due to form y' phases.
Forms of carbon as carbide are the strengthening phases in absence of y' phases. Boron
and zirconium support the strength of grain boundaries. Yet, they are not essential in
single crystal turbine blade applications due to the absence of grain boundaries.
Niobium can form y" strengthening phase which desirable below 700°C temperature.
A small addition of Rhenium, Tungsten, Hafnium, Molybdenum and Tantalum tend to
provide solid solution strengthening and carbide formation as refractory metals in

superalloys.

In the first instance, iron and nickel-based superalloys were investigated. Nickel-based
superalloys have key roles to draw a way for examining structure properties rather than
iron-based. Afterwards, phases in cobalt-based superalloy will be introduced to

complete phases section.

Generally, three types of intermetallic phases are presented in the nickel-base
superalloys. They are known as carbides, geometrically close-packed (GCP) and
topologically close-packed (TCP) phases. Although phases exist as beneficial to
increase strength and creep rupture life as well as fatigue properties, nevertheless some
of them have a negative tendency to affect mechanical properties. The disordered FCC
matrix should chiefly exhibit proper structure to prepare the background for solid

solution and precipitation strengthening mechanisms.

2.1.2.1 Carbides

Carbides in the structure of MC, M23Cs and MeC (M=metal) are in the form of rounded
cubes, spheres or platelets and coherent with FCC structure. They provide stabilization
of grain boundary and dispersion strengthening in nickel-based superalloys.



2.1.2.2 Geometrically close-packed (GCP) phases

Geometrically close-packed (GCP) y' phase is coherent with the matrix in form of
Niz(Al, Ti). v' is the main strengthening phase with the L1, (ordered FCC) structure.

Ni and Al mixed up

Ni atoms

Figure 2.1 : L1, (ordered FCC) structure [4].

Additionally, other type of GCP phase is in form of D02, structure Body-Centered
Tetragonal (BCT). In superalloys, this BCT D02, structure can be referred as y"
(NisNDb) that appear like very small disks. It has coherency with main precipitation
strengthener y' phase but dissolves at high temperature relative to main y' phase. On
the other hand, after y" (NisNb) phase dissolves, it transforms into not close-packed
orthorhombic & (NisNb) phase. & phase appears acicular (needle-like) and can
intentionally be added to refine grains. Depending on quantity and morphologies, it
has been indicated that 6 phase ,situated on grain boundary of IN-718 alloy, increases

tensile strength and fatigue properties [5].

@@ @
Figure 2.2 : Two crystal structures of NizAlosTaos[6].

Another GCP phase can be referred as ) with the D024 ordered Hexagonal close-packed
(HCP) NisTi. Appearance of n is like cellular and it does not have advantage of strong

precipitate as good as y'. Yet, n can be used to optimize grain boundaries.
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Figure 2.3 : Crystal structures of GCP phases [7].
2.1.2.3 Topologically close-packed (TCP) phases

Frank and Kasper have first investigated Topologically Close-Packed (TCP) phases
that are often deleterious due to not completely close-packed and brittle properties.
According to precipitation of TCP phases studies, TCP phases preferentially
precipitates into dendrites. TCP phases direction is not consistent with the matrix
phase. It is difficult to precipitate among inter-dendrite and grain boundary which

cause to segregation [8].

Generally, TCP phases in superalloys are divided into three groups given in table

below [9]. An example illustration of TCP phases is shown in Table 2.1.

Table 2.1 : List of TCP phases in superalloys [10].

Phase Structure Composition Appearance
1% Tetrahedral ~ FeCr, FeCrMo, CrCo Elongated globules
u Hexagonal FexNb, Co.Ti, Fe,Ti Globules or platelets

Laves Rhombohedral (Fe,Co)7(MoW)s  Coarse Widmanstitten platelets




TCP phases are generally considered undesirable phases that has negative effects on
mechanical properties for superalloys. Incoherency between TCPs and matrix reflects

undesirable properties. Sharp plate or need-like morphologies usually triggers cracks.

Figure 2.4 : The atoms in topologically close-packed phases [11].

o phase

FeCr, CrCo and FeCrMo are example of o phases. Effect of o phase has been mostly
unfavorable for tensile and impact strength, corrosion properties. Also, it should be
avoided in duplex stainless steels which is studied by researchers [12]. TEM
micrograph of ¢ phase is shown in Figure 2.5 referenced from study about phase
transformation in a Ni-based superalloy [13].

Figure 2.5 : TEM micrograph of ¢ phase [13].

n phase

u phase can be defined as an intergrowth of tetrahedrally close-packed sheets. Fe2Nb,
Fe>Ti are two examples of p phase. One of the studies has indicated that pu-phase
exhibits a high density of sub-unit cell twins [14]. Also, behavior of p TCP phase in

nickel-based superalloy has been investigated. Excessive precipitation of p phase



negatively effects mechanical properties of the alloy [15]. TEM observations of p
phase nucleating is given in Figure 2.6 from a precious study about p-phase behavior

in a cast Ni-base superalloy [13].

Laves phases

Detrimental Laves phases occurs in inter-dendritic regions of materials when heat
applied for instance welding. Laves phase takes places due to segregation that leads

components failure during service [16].

Arranging optimal distribution becomes more important in point of balance between
GCP and TCP phases.

Phases in cobalt-based superalloy were listed below.
Gamma (y): This phase represents matrix similar to nickel-based superalloys.

Gamma_Prime (y"): It is usually geometrically close-packed (GCP) with a

L1, structure of CosTi or FCC CosTa. For stabilizing at high temperature, elements
like Ta, Nb, and Ti are effective for y’ phase [17]. This stabilization is reasonably
important especially for Co-based superalloys [18]. Similarly, carbides provides
strength with precipitation, like in Ni-based superalloys [19]. Topologically close-
packed phases have been existed in co-based superalloys with the negative effects for

other types of superalloys.

2.2 Classification of Superalloys
Superalloys have been classified under three major categories that depends on
predominant metals, these are:

1. Nickel Based Superalloys

2. Iron Based Superalloys

3. Cobalt Based Superalloys

Chromium have been mostly existed in the composition of superalloys. Also, it stands
out with the great advantages of oxidation and corrosion resistance due to forming

chromia.



2.2.1 Ni-Based superalloys

Historically, developed countries had started to look for more durable gas turbine
engine parts in 1905. Demands for high-temperature material have been increasing,
while austenitic stainless steels had been using in gas turbine parts. Concurrently,
austenitic stainless-steel alloys were being used to respond requirements of high
temperature application between 1910-1915. Nickel-chromium alloys became more
important by adding Al and Ti by 1929. By this way, coincidentally, metallurgists have
developed the main strengthening phase geometrically close-packed Niz(Al, Ti) FCC

precipitates that have coherency with FCC matrix and supply good mechanical

property.
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Figure 2.6 : Panoramic image of useful and deleterious phases in nickel superalloy
microstructure [20].

Moreover, chromium can protect materials from corrosion and oxidation up to 1000°C
in the form of Cr.O3. Afterwards, oxidation resistance of aluminum with the phase of
Al>03 has emerged despite its limitation against corrosion. Compared to other types of
iron and cobalt-based superalloys that are mostly strengthening by carbides and solid-

solution, nickel-based superalloys have surpassed them.

2.2.2 Fe-Based superalloys

In the early years, iron and its alloys were consisting sufficient chromium for

oxidation resistance. Besides iron carbides, concurrently, the small amounts of



aluminum, titanium, and/or columbium have been firstly added to steels in 1929 to
produce coherent creep-resisting phase as precipitate. Unconsciously harmful
incoherent phases have been obtained by these kinds of experiment [20].
Conventionally, iron has wide usage area for many fields due to cumulative literature
and long-term experience, especially for high-temperature application. Stepwise, iron
element in composition has started to disappear, while major content of nickel and

chromium increased in behalf of oxidation and corrosion resistance.

For iron-based superalloys, austenitic iron (FCC) plays important role for coherent
secondary phases that includes Al, Cr, C, B, Co, Mo, Ni, Nb, Si, Ti, W and Y.
Precipitation strengthening mechanism provided by proper balance of addition Al, Ni,
Ti and Nb elements like in the nickel-based superalloys. On the other hand, high
weight fraction of aluminum led to stabilize ferritic BCC matrix which is undesirable

superalloys microstructure [21].

The major types of oxide layer have been applied by forming chromia and alumina
layer on the surface in behalf of enhancing resistivity against oxidation and corrosion
for iron-based superalloys. Alumina has thermodynamically advantage to facilitate
oxidation resistance more than chromia. Yet, when nickel-aluminide precipitates ,that
are responsible to supply reservoir through surface, require stabilization with the
addition of Nb and Cr elements that helps to increase precipitate volume fraction of

nickel-aluminides.

2.2.3 Co-Based superalloys

Similarly, mechanical properties of cobalt-based superalloys depend on solid-solution
and precipitation strengthening particularly with carbides [18]. Furthermore, cobalt-
based superalloys have gained substitution opportunity in several significant fields

against nickel-based superalloys where higher temperature stability is needed [22].

There are many precious studies about Co-Al-W precipitation hardened Co-based
superalloys by Sato et al. which opened new aspects for cobalt-based superalloys [17].

2.3 Inconel 718 Nickel-Based Superalloy

The Inconel series are mainly member of the Ni-Cr based superalloys group that has

ability to show perfect mechanical properties in the wide range of composition. Ni and
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Cr have capability to improve the resistance of oxidation and corrosion even if they
are subjected to high temperature exposure. Moreover, cryogenic, fatigue and creep
behavior properties are the main characteristics of Inconel series. Generally, adding
elements such as Fe, Al, Ti, Nb, Mo, Co, Cu, W can be desirable to increase

mechanical and chemical properties [23].

Inconel 718 was first produced in 1960s and started to be used in 1965 to fulfill rising

demands for developing high-strength nickel alloys.

Inconel 718 is a precipitation-hardenable nickel alloy with outstanding corrosion
resistance in many usage areas. Significant amount of Cr, Fe, Nb, Mo and minor
contents of Al, Ti are present in composition. Alloy 718 is employed in gas turbines,
rocket engine parts, turbine blades where good corrosion and high mechanical

properties are needed despite high temperature conditions .
2.3.1 Physical properties

Its melting range is 1260—1336°C, and it has a density of 8.22 g/cm?.

Temperature dependent thermo-physical properties of Inconel 718 were shown in the

Figure 2.9.
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Figure 2.7 : Temperature dependent thermo-physical properties of Inconel 718 [24].
2.3.2 Mechanical properties

Inconel 718 superalloy contains y"-NisNb phases that has significant effect on strength
different from other type of superalloys. Also, these phases are coherent with y' GCP
phases like Nis(Al, Ti). But there is an inevitable fact that y"-NisNb phases has

tendency to dissolve above 650°C, then, transforms into & phases that has possibility
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to show weak mechanical properties. In the Figure 2.10, decrease in yield strength
were clearly seen above 650°C. For this case, coating demands to use the Inconel 718

at high temperatures, particularly above 650°C, has been increasing.
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Figure 2.8 : Temperature dependent yield strength and hardness measurements of
Inconel 718.

2.3.3 Chemical properties

Inconel 718 containing Ni and Cr contribute to increase corrosion resistance of this
material. They crystallize as a y phase (face centered cubic). Cr element is the primary
corrosion and oxidation resistance adjacent. Also, it is resistant to sulphur compounds.
Chromium content 17-21 wt.% in Inconel 718 allows the development of protective
surface chromia scale in most atmosphere. On the other hand, chromia-based alloys
like Inconel 718 are limited in their high temperature use due to protective oxide scale
is decomposing into CrOz that shows volatile properties approximately above 950°C.
Also, high shear stress between Cr203 scale and carbides beneath surface leads to scale

cracks and internal corrosion [23][25].
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3. COATINGS OF SUPERALLOYS

Surface engineering has consistently played considerable role to develop coating
technology for high temperature plants that includes generation of energy, chemical
processing or component heat treatment. Therefore, demands for improved mechanical
properties with longer service lives at higher temperature became more important for
desires [26]. Many high temperature components are coated or surface modified to

achieve for their requirements during service [27].

Characteristics of coating layer of substrate has correlatively been used as a key for
classification with respect to chemical, physical and mechanical properties of surface.
Firstly, the high temperature coatings have been investigated that are divided into three
groups as types of coatings that are listed below [26,28].

1. Diffusion Coatings
2. Overlay Coatings
3. Thermal Barrier Coatings (TBC)

Secondly, there are different types of methods about coating especially for Ni-based
superalloys such as chemical vapor deposition (CVD) [29], physical vapor deposition
(PVD) [30], high-velocity oxy-fuel (HVOF) spraying [31], cold spraying [32], thermal
spraying [33] and plasma spraying [34] and Hot-Dip Aluminizing (HDA) [35,36]. All
the coating methods has been supported by types of coatings like diffusion, overlay

etc.

In this section, coatings of superalloys were mainly divided into two groups as types
of coating and methods of coating. Surface properties of coatings types has regularly

been associated with methods of coating.

3.1 High Temperature Coatings

High temperature coating that applied to substrate should have the significant

requirements which are:
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e Oxidation and corrosion resistance in hazardous environments.
e Compatibility with substrate in point of thermal expansion and conductivity.
e Costly-applicable and technologically-feasible.

Thermal barrier coatings stand out as resistivity against high-temperature compared to
other types of coatings. Nevertheless, when all the high temperature coatings have
been taken into accounts, they have variable distinctive properties according to

working condition, efficiency and feasibility in their fields.

Materials, coating types and process methods has been developed in many

applications.
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Figure 3.1 : Increase in operational temperature of turbine components [37].

3.1.1 Diffusion coatings

Diffusion coating mechanism has partly emerged as popular with aluminum diffusion
coatings. Aluminum diffusion coatings on superalloy have been firstly used for gas
turbine aerofoils in the early 1960s, to increase oxidation and corrosion resistance [38].
In 1970s, renewed trend about diffusion coating with combining silicon interest

concurrently became popular in meaning of novel approach [39].

High temperature diffusion coatings have been developed to enrich surface of an alloy
with at least one of the elements that are aluminum, chromium or silicon. Combination
of these elements were used according to requirements for high temperature

applications [26]. Physical and mechanical properties such as thermal conductivity,
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thermal expansion and thermal fatigue were adjustable by changing composition of
coating material and coating method parameters.

Generally, aluminum, chromium and silicon elements of diffusion coatings have been
used for many years to investigate [40]. Mechanism of diffusion have been selected
and inferred by aluminizing in the last few decades. There are two types of mechanisms
for diffusion coating of aluminum on nickel-based superalloy. First one is inward
diffusion of aluminum from surface to substrate. High activity of aluminum in proper
conditions, in the point of temperature and time, has advantages to form nickel-
aluminides. However, in case of inward aluminum diffusion, heat treatments were
usually performed to form desirable NiAl phases that particularly play significant role
with respect to physical and mechanical properties. Second one is outward diffusion
of nickel from substrate to surface to stabilize NiAl phases that adequately allow to
create compatible reservoir for aluminum. On the other hand, parameters and
processes of diffusion coating should be attentively investigated to not led to
Kirkendall effects that causes pores, cracks and these types of defects [41]. Both
mechanisms have strongly depended on elemental activities which is changing with

diffusion parameters such as temperature and time.

Examples of aluminum diffusion coatings on nickel-based superalloys stands out ,as a
guide to comprehend the mechanisms, were gathered from literature. There is a
precious study about hot-dip aluminizing of Inconel 718 as a diffusion, coating. Cross-
sectional and top surface SEM image of coating microstructure with XRD pattern
results were shown in Figure 3.2 [34].
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Figure 3.2 : a) Cross-sectional SEM image of HDA Inconel 718, b) SEM Image of
top surface, ¢) XRD pattern of HDA Inconel 718 [34].
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3.1.2 Overlay coatings

Overlay coatings specifically has been mostly applied in form of MCrAIX [M=Ni
and/or Co, occasionally Fe metals, X=0Oxygen Reactive Elements (Y, Hf, Si, Zr etc.)]

with advanced technological coating methods.

Overlay coatings have cumulatively been developed while number of researches about
high temperature coatings increased. Addition of oxygen reactive elements were
patented in 1937 by Griffiths and Pfeil which has capability to enhance thermal cycling
[42]. Lustman has summarized knowledge about active elements prior to 1950. In
1964, FeCrAlY emerged from General Electric nuclear programs. This composition
was not practically useful for Ni-based substrate due to formation of NiAl. Similarly,
NiCrAlY types showed limitation about hot corrosion resistance. Next series was
CoCrAlY which has hot corrosion and oxidation resistance, yet this series had no
capability to fulfill requirements of ductility. Combination of these composition that
is NiCoCrAlY has relatively showed better properties. Now at least 40 patented

variations existed[43].

In modern overlay coatings the composition of the M-Cr-Al-X system is selected to
improve materials oxidation resistance and corrosion resistance. Oxidation resistance
and hot corrosion resistance are provided by Ni-Cr-Al-Y and Co-Cr-Al-Y coatings,
respectively [26]. Also, incompatibility between substrate and coatings could possibly

be neglectable regarding reactions among both structures [44].

3.1.3 Thermal barrier coatings

In the past, Thermal Barrier Coatings (TBC) were first successfully tested by part of
gas turbine engine section in the 1970s. Concurrently, two process methods were used
to apply coatings by plasma spraying and physical vapor deposition (PVD). There was
fact that the both process methods, especially for PVD coatings, embraced the success

in many high temperature coating fields [45].

Compared to other high temperature coating approaches, TBCs stand out due to many
types of mechanisms. Structure of TBC takes a shield role against tough working
condition like high-temperature environments. Basically, TBCs are thermal shield
system that include ceramic topcoat, thermally grown oxide and bond coat. Coating
structure of TBCs were illustrated in Figure 3.3.
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Figure 3.3 : Illustration of TBC’s layers.

All the layers have tough duties one by one. In ceramic topcoat, yttria stabilized
zirconia is used to provide low thermal conductivity and stabilization at high
temperature as a thermal insulator. The other layer extends beneath ceramic topcoat
called thermally grown oxides (TGO). TGO layer inhibits oxidation of the bond coat
that in charge of forming diffusion barrier against elements that are coming from
substrate. Reversely, TGO has another duty through ceramic topcoat for oxygen
stability. Likewise, a dense bond coat improves protection of substrate against
oxidation and hot-corrosion cracks by adhering strongly to the substrate. TBCs often
require porosity between columns that provides strain tolerance. These porosities have
advantage of reducing thermal conductivity . Considerably, TBC are sensitively
designed and optionally arrangeable system with four layers of through substrate to

topcoat.
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Figure 3.4 : Temperature Distribution of TBC’s layers [46].

Basically, the TBC structure on coated materials is based on four layers through

substrate to topcoat which are:

17



Ceramic Topcoat: The ceramic topcoat typically consists of ZrO, stabilized with

Y203 (YSZ — Yttria Stabilized Zirconia), that has a low thermal conductivity, shows
inert properties, has a compatible thermal expansion coefficient with Ni-base
superalloys. Outer ceramic topcoat zone has been called TBC due to requirements of
build durable barrier against high temperature, but there is fact that ceramic zone could
not be well-to-do independently [44].

Coating thickness in the range of about 1-200 um is effective to reduce the surface
temperature up to 200K. The temperature decrease rate between thermal conductivity
and thickness of TBC is approximately 1 °C/um. Usually, the thickness of TBC is
within a range of 250-500um. There is an inevitable fact that YSZ TBC slowly starts
to degrade above 1300°C. For solution, while a well-engineered TBC system has been
planned to carry out in the meaning of the thickness-related temperature, thermal
properties of the substrate should have been considering for whole surface engineering
[21].

There are many types of TBC coatings with different materials and coating methods.
YSZ is the most widely studied and used for TBC applications due to excellent
performance in usage component such as diesel engines and gas turbines. Limitation
of operating temperature has been expressed by phase transformation [47]. Mullite is
a compound of alumina and silica and exhibits thermal stability at high temperature,
low thermal conductivity, corrosion and oxidation resistance. On the other hand,
limitation of mullite are volume contraction and crystallization above 800°C that leads
to delamination and cracking. High hardness and chemical stability are major

properties of alumina.

Thermally Grown Oxide (TGO): A thermally grown oxide (TGO) layer is formed

at the interface of bond coat/top coat [48]. Beneath the ceramic topcoat, thermally
grown oxide (TGO) extends parallelly to inhibit oxidation of bond coat. Oxidation of
bond-coat leads to form TGO with the effect of high-temperature. Formation of TGO
Is inevitable case for various types of high temperature applications, therefore TBCs
should have been designed by taking account of TGO layer that must grow uniformly
and slowly [48]. Oxygen is mutual element of topcoat and TGO, Zr.03 has tendency
to penetrate its oxygen into TGO with proper condition. This case leads to thicken

TGO, so some kinds of spallation and catastrophic failure occurs for TBCs.
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Bond Coat: The bond coat provides adhesion between thermal barrier coating and
substrate. Additionally, the bond coat stands out with the function of oxidation
protection and diffusion barrier. There are five major types of bond coats, the
aluminides, the platinum-aluminides, MCrAIX (M=Ni and/or Co, X= minor
elements), cobalt-cermets, and nickel-chromium [49]. MCrAlY bond coat is
commonly applied by plasma spraying. The chromia in bond coat are desirable for
oxidation and hot-corrosion resistance. Alumina is effective to control oxidation while

yttrium provides oxide- substrate adhesion [50].

Substrate: Generally, TBC coatings are applied onto the superalloys that has
advantage of proper substrate and perfect resistance of thermo-mechanical load for
high temperature coatings. Figure 3.5 shows that materials used in TBC layers and

their functions.

Materials Coating Function
210, + (6-8%)Y,0, - Thermal insulation
ALO, Oxidation barier g
o e I e
Ni superalioys Thermo-mechanical
(8%Cr-5%A) loading

Figure 3.5 : Scheme of coating construction of barrier layers and a role of individual
sub-layers [51].

There are cross-sectional microstructures images of TBC were shown in Figure 3.6 .

50 um

Figure 3.6 : Cross-sectional micrographs showing a typical TBC system [52].
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Figure 3.7 : Typical light optical photomicrograph of the thermal barrier coated
Superni C263 alloy. A) TBC, B) Bond coat, C) Substrate (Superni C263 alloy) [53].

TBC undulations T

Figure 3.8 : TBC coating image of EB-PVD [53].
3.2 Methods of High Temperature Coatings

Schematic illustration of coating methods was shown in Figure 3.9.

Process
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Based
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Overlay
Coating

Chemical Physical

Thermal
Spraying

Pack Hot-Dip
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Vapour
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Figure 3.9 : Schematic illustration of coating methods.
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3.2.1 Diffusion coatings process methods

3.2.1.1 Pack cementation

Pack cementation is an efficient coating method that includes advantages of diffusion
mechanism with the help of heating. Substrate is embedded to box with specifically
aluminum basis powder mixture according to desired surface properties. The mixture
of powder contains donor for aluminum sources, halides activators and inert fillers
such as alumina. After that the box or retort is heated up between 600-1100°C from 2
to 24 hours. The halogen reacts with aluminum to form aluminum halides due to
decomposition of halide activator. Those aluminum halides are transported to the
surface of the substrate and react with the substrate. Advantages of this coating
methods are cheap, reproductible and high deposition rates. On the other side, it has

limitation in accordance with coating composition, thickness and pack particles.

Substrate
(Out-of-pack diffusion

Ceramic filter

Pack mixture

Substrate
(Specimen immersed

in pack mixture) Retort

Figure 3.10 : Illustration of pack cementation types [54].

Studies about coating with pack aluminizing has played important role to discover
diffusion mechanism and nickel-aluminides coatings behavior to obtain protective

oxide layer against harmful environments [36,37,38].

Examples of some studies’ microstructural analyses of coated samples that are

subjected to pack cementation were shown below.
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Figure 3.11 : A schematic illustration of the pack cementation process [58].

The cross-sectional microstructure image of scanning electron microscope and
linescan energy-dispersive X-ray spectroscopy analyses were shown in Figure 3.12.
Commercial nickel-base superalloy Mar-M246 were coated via halide activated pack
cementation (HAPC) with using a powder mixture of 25 wt.% pure Al as master alloy
and 75 wt.% Al,Os as inert filler. Sample subjected to 700°C for 9 hours. The pack
was activated using anhydrous NH4CI [59]. In this study, oxidation behavior of pack
cementation, as a diffusion coating depending on coating temperature and nature of
elements in composition, were investigated on account of coating thickness, phase

transformation, defects etc.
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Figure 3.12 : SEM micrographs (left) and corresponding profiles of the alloy
elements across the coating by EDS analysis (right) [59].
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There is another study about low-temperature formation of aluminide coatings on Ni-
based superalloys by pack cementation process. Cross-sectional microstructure image

of pack aluminized Ni-based superalloy named K3 were shown in Figure 3.13 [60].
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Figure 3.13 : The cross-sectional microstructure image of scanning electron
microscope (left) and linescan energy-dispersive X-ray spectroscopy analyses (right)
[60].

3.2.1.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is a process to coat substrate by solid material,
nanowire a with reactive species in the gaseous phase [61]. Typical CVD system is

schematically shown in Figure 3.14.
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Figure 3.14 : Typical CVD reactor [61].

CVD process has good advantages like, good control on coating thickness, no
requirement of additional heat treatments due to ability of post coat heat treatment in
reactor which leads to low activity behavior. On the other side, it has disadvantages
like, requirement of external source, slow deposition rates and high cost [61]. CVD
processes generally differ in how chemical reactions are initiated. Basically, CVD
process can be classified operating conditions, physical characteristics of vapor, type

of substrate heating, plasma methods etc.
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Figure 3.15 : Illustration of the low-activity CVD process [58].
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Figure 3.16 : A schematic illustration of the low-activity CVD process [58].

Examples of some studies microstructural analyses of coated samples that are

subjected to CVD were shown below.

This study is about oxidation behavior of aluminide deposited by CVD nickel-based

superalloys.

Elements content, % at

Ara — T Cr Mo Ni Pt
1 4016 - 250 041 5251 442
2 3232 - 662 071 5022 1013
3 3041 049 896 065 5052 897
4 2555 048 1738 236 4440 983
5 2903 110 927 102 5236 7122
6 4047 - 130 032 5588 203
7 4104 - 140 013 5448 2095
8 3875 - 258 023 5626 2.18

Figure 3.17 : Microstructure CVD aluminizing process on Inconel 713 LC Ni-base
superalloy with point EDS analysis [62].
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Figure 3.18 : SEM image of NiAl coating deposited at 1000°C [58].
3.2.1.3 Hot-Dip coating

Different types of traces have been come out throughout history of hot-dip coating.
First precursor traces have been indicated that hot-dip coating has been developed to
protect steels from harmful environments by immersing the steel to molten zinc until

18™ century.

Hot-dip coating method were basically carried out by immersing substrate to molten
bath. Molten metal bath for hot-dip coating contains different types of metals (i.e.
aluminum, zinc). Aluminum application of molten bath is to be referred as hot-dip
aluminizing. Hot-dip aluminizing (HDA) is a popular type of hot-dip coating method
which has a wide usage area of coating superalloys. Figure illustrates processes of hot-

dip coating.

Figure 3.19 : Steps of hot-dip coating.
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Steps of hot-dip coating were sorted in Figure 3.19 and 3.20. Steps are ingots melting,
preparing bath (with fluxes), sample preparation, dipping, cooling and finishing

process from left side to right side.

2
<
2

—y 94—

Figure 3.20 : Step Names of hot-dip coating.

There is an inevitable fact that aluminum takes advantage of nickel-aluminide phases,
especially for Ni-based superalloys. Also, the applicability of low melting point and
adjustable composition of molten bath has both exhibited distinctive properties.
Moreover, Al has not the only capability to form a protective aluminum-oxide layer
on the surface, but also create proper structure on the surface with the help of diffusion
mechanisms. These kinds of coating tend to improve surface properties corresponding
to diffusion, overlay and thermal barrier coating. Advantages of hot-dip aluminizing
could simply be summarized as low capital and operating cost, large parts applicable,
competitive speed of coating and thick coating for longer resistance. On the other hand,
it has limitations such as the danger of high temperature and shrinkage of aluminum
during solidification. Requirement of heat treatment stands out to improve surface

quality after hot-dipping as long as modification were needed by diffusion mechanism.

There are many precious studies about HDA on nickel [63], chromium [64],
titanium[65][66], iron[67] and their alloys [68][69]. Additionally, HDA of Ni-based
superalloys has been studied in the last few decades [34][35].

Various types of microstructure based on diffusional mechanism coating for

aluminizing by hot-dipping were shown below.

In the Figure 3.21, hot-dip aluminized Inconel 718 cross-section and surface

morphology images were given with XRD patterns.
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Figure 3.21 : SEM image of cross-section, surface morphology and XRD pattern of
hot-dip aluminized alloy IN 718 [36].

Figure 3.22 shows cross-sectional microstructure of hot-dip aluminized Inconel 718

from another study about HDA that is presented below [35].
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Figure 3.22 : The cross-sectional microstructure and compositional profile of the
aluminide layer [35].
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3.2.2 Overlay coatings process methods

Overlay coatings are mainly produced by physical vapor deposition and spraying
methods. There are some methods that are used for applying the overlay coatings such
as electron beam- physical vapor deposition (EB- PVD) and thermal spraying

techniques.

3.2.2.1 Physical vapor deposition

The physical vapor deposition (PVD) is a coating method by evaporating or splashing
material using the cathodic arc source of the solid coating material in a vacuum
chamber. Although PVD coating are widely used to improve hardness, wear resistance
and corrosion resistance, some disadvantages such as high operation cost, low coating
rate and limited coating area can be obstacle for this method. PVD system is

schematically shown in Figure 3.23.
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Figure 3.23 : Schematic illustration of the physical vapor deposition process [44].

Electron beam- physical vapor deposition (EB- PVD) method is used for high-
quality coatings. Figure 3.24 shows that EB-PVD coating structure, columns has

advantage to reduce radiative heat transfer and thermal conductivity [70].

* R s .

Figure 3.24 : EBPVD coated microstructure [70].
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3.2.2.2 Thermal spraying

Thermal spraying is a coating technology for a wide range of materials and
components [71]. This method has capability to enhance resistance to wear, erosion,
corrosion, abrasion or heat. There are significant advantages about thermal spraying
process that are low heat input, versatility, processing speed. On the other hand, thick
coatings are difficult to achieve as well as low degree of adhesion (spray efficiency)

on small substrates and substrates with small curvature.

There are some specific coating process methods for thermal spraying techniques to
obtain MCrAlX structure such as atmospheric plasma spraying (APS), vacuum plasma
spraying (VPS), high- velocity oxy fuel (HVOF) and low-pressure plasma spraying
(LPPS). Different thermal spraying method were studied. Comparison of
microstructure of CoNiCrAlY bond coatings prepared by different thermal spray
processes are given in Figure 3.25. The mass gain by isothermal oxidation test 100
hours in air at 1100°C is indicated that LPPS<HVOF<<APS[72].

/ 4 coating

substrate
=y

: 100um
(a) LPPS coating (b) HVOF coating (c) APS coating

Bond Coat

 Substrate

Figure 3.26 : Comparison of TBC systems which are APS-sprayed zirconia (left)
and EB-PVD zirconia (right). The bond coats were made by spraying for APS and
pack-cementation for EB-PVD [44].
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4, TRIBOLOGY AND HIGH TEMPERATURE OXIDATION

Since official introduction of the word “tribology” in the 1960s, tribologists has
urgently been focused on the urgent industrial problems. Concurrently, wear and
friction mechanisms, surface technologies, lubricants and lubrication methods has
been studied to improve. Largely thanks to tribology, the motor vehicles fuel
consumption has nearly halved with twofold power increase in the last few decades
[73].

Recently, according to researches by various organizations, one third of the energy
produced in the world is destroyed by friction-induced losses, which leads to economic
losses [74]. In order to prevent these losses, the components that make up the
tribological system that is running are well recognized and necessary measures should

be taken.

In various industries of engineering components material loss based on wear is
significantly high. To enhance the service life of several engineering components,

surface modification techniques are applied to improve their wear resistance [71].

Tribology is a branch of science and engineering disciplinary that mainly focuses on
interacting surfaces in relative motion including academic fields such as physics,
chemistry and material science. In the nature of tribology, there are several
characteristic keys to understand tribology systems that are friction, lubrication and

wear.

When two surfaces are in contact move relative to each other, friction between surfaces
leads to transformation of kinetic energy to thermal energy. Although high friction
force is needed for some applications, limitation of friction force must attentively be

determined to design systems.

Lubrication is a common way to reduce friction and keep wear mechanism under
control by adding any fluid material that is characterized by viscosity, even such as air

and water.
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Wear is simply defined as material loss resulting from transferring of material from a
surface to another surface or the formation of wear parts. Material loss through a solid
piece may be in the form of a physically separation of atoms and/or chemical

degradation.

Basically, wear types are mainly examined in four different groups: adhesive wear,

abrasive wear, fatigue wear, corrosive and erosive wear.

4.1 Wear Mechanisms

4.1.1 Adhesive wear

Adhesive wear is a mechanism resulting from the contact of asperities on the surface
Adhesive wear mechanism, showed in Figure 4.2, is usually observed as transition

from soft material to hard material [75].
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Figure 4.1 : Adhesive wear mechanism illustration [10].

Adhesive wear can be decreased with presence of solid lubricants, lower loads, harder

rubbing materials.

4.1.2 Abrasive wear

Abrasive wear occurs when a harder material removes material from a softer material
by rubbing. Abrasive wear not only occur between two rough metal surfaces as two
body wear but also come about with trapped hard particle that ruptured from hard metal
in the form of three body wear [75][76]. Illustration of abrasive wear mechanism were

shown in Figure 4.3.
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Figure 4.2 : Abrasive wear illustration [10].

4.1.3 Fatigue wear

Fatigue wear initiate with the formation of internal cracks in the surfaces of the
materials that exposed to repeated periodic loads in the subsurface and surface area.
The fatigue wear is not generally considered as detrimental as abrasive and adhesive
wear although there is a wear based on stress. Fretting is one form of fatigue wear
resulting from a cycling sliding in a small amplitude. Other form of fatigue wear is
caused by crack propagation through the intermediate layer leading to total removal of
the overlay [76].

Fatigue wear

Fretting fatigue wear

Tangential cycling load
- = -

Fatigue wear of an overlay

Normal cycling load

-
Eﬂ-t:lp \J:Iyz

Figure 4.3 : Fatigue wear mechanisms illustration [71].
4.1.4 Corrosive wear

Oxidation may occur along surface with the effect of heat resulting from wear and
friction. Oxidized hard particles removed from surface can increase the wear rate when
they are between the sliding surfaces, and this is called three body wear. When the

metal beneath the oxide layer is low or the load is relatively high, plastic deformation
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occurs on the metal below the oxide layer [71]. Figure 4.5 shows corrosive wear

mechanism.

Corrosive wear

Surface
corrosion

Figure 4.4 : Corrosive wear mechanism illustration [71].
4.1.5 Erosive wear

Erosive wear is caused by impact of the particles to the surface, and removal of
materials in the form of fragments from the surface [76]. Erosive wear is affected by
many factors including hardness and shape of the particles, impact velocity and angle.
[71]. Erosive wear mechanism is schematically given in Figure 4.6.

Particle Material
Ny
v \ Surface of Material

- B
\

w8 Particle A

e Strikes B

Erosion el , |
Particle A Rebounds
Surface B Eroded

\
Figure 4.5 : Erosive wear mechanism [71].

4.2 High Temperature Oxidation

Oxidation of metals or alloys occurs when they are heated in highly oxidative
atmosphere such as air or oxygen. Basically, oxidation is an interaction between metal
and oxygen that forms an oxide. Material degradations at high temperatures take place
when temperature increases with the chemical interaction of metal with the
environment as well as due to loss in mechanical properties [77]. During high-
temperature oxidation, scale forms at the surface in a gaseous environment, and
corrosion phenomena takes place between the metal and the oxygen in air at high

temperatures [78].

34



Density of oxide scales on the surface can increase oxidation resistance of superalloys.
According to literatures, it is obvious that thermodynamically stable Al,O3,Cr.03 and
SiO2 are required during oxidation process that should generate these oxides [35]. With
the increase of working time and temperature, many oxide scales that are subjected to
oxidation tend to lead spallation. Internal oxidation forms acicular morphology inner
oxides during high temperature oxidation. For this reason, it was widely reported that
internal oxidation causes crack initiations [79,80]. Some oxides that tend to become
larger as the temperature increases could be hazardous due to reducing bonding

strength.

4.2.1 Types of oxide layers

Pilling Bedworth ratio (P-B ratio) is a basic ratio to comprehend how elements reacts
when they exposed to oxidation. It is a simple ratio between the volume of oxide to
metal. Depending of their P-B ratio, oxides can be classified as protective and non-
protective oxides. Protective oxide scales are non-porous in structure and can prevent
penetration of oxygen to the metal surface, while non-protective oxide scales can give
easy access for oxygen transportation due to their porous structures. Simply, adherent
and non-porous protective oxide occurs when volume of metal is not more than the
volume of oxide form of metal. However, when the oxide has a volume more than two
times that of metal, compressive stresses can be generated to form cracks in the oxide

structure, which can lead to rapid penetration of oxygen.

4.2.2 Internal oxidation

Oxidation of an element in an alloy is called as internal oxidation. Internal oxidation
occurs when matrix oxygen diffusivity is greater than that of the alloying element,
which has higher oxygen affinity than the matrix metal. Internal oxidation is important
to comprehend oxide scale microstructures of materials such as metals, alloys and
composites. Internal oxidation is critical to understand material life by detecting
oxidation products and their impact. In order to develop materials for high-temperature
engineering applications and optimize the combination of electrical, mechanical and

other functional properties, it is analytical to design materials.
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5. EXPERIMENTAL PROCEDURES

For this study, Inconel 718 superalloy was used as a substrate. Samples are were firstly
coated with hot dipping process in Al-12%Si (wt. %) eutectic alloy bath followed by
cooling to room temperature in air. After coating, samples were diffusion annealed in
an atmospheric furnace to alter the structure of the coating. Finally, coated and
diffusion annealed samples were subjected to sliding wear test and isothermal
oxidation tests. As a part of experimental procedures, quantitative and qualitative

analyses were done for characterization of processed samples.

5.1 Sample Preparation

Inconel 718 rod were cut to the samples that have 15 mm diameter and 8 mm thickness
using a water-cooled abrasive cut-off wheel. Cylindrical samples were abraded to 400
grit SiC papers obtain adequate surface roughness for better adhesion. For dipping, 2
mm diameter stainless steel wire were wrapped around cylindrical samples.
Afterwards, samples ultrasonically cleaned with the mixture of 5 vol% HCI in water 2
minutes, dried with ethanol and washed with water. Chemical composition of the

Inconel 718 was given in Table 5.1.

Table 5.1 : Chemical composition of the Inconel 718 (wt.%) [81].

Ni Cr Fe Nb Mo Ti Co Al Others

52,07 24,14 1573 558 098 047 026 024 0,53

5.2 Hot-Dip Aluminizing Process

5.2.1 Aluminum-Silicon eutectic alloy bath

Bare Inconel 718 samples were subjected to hot-dipping process in Al-12Si (wt. %)
bath at 700°C for 2 minutes. Temperature parameter of bath was selected to obtain

optimal coating thickness [64]. Coating time was adequately chosen to provide smooth
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and homogeneous surface according to last studies about HDA of Ni ,Cr alloys [63].
MF-1000 electrical furnace, used to melt Al-Si alloy ingots, was shown in Figure 5.1.

HDA temperature and holding time parameters were optionally selected according to
recent studies and experiences about nickel-based superalloys [33,34,62]. Aluminum-
silicon alloys, with the form of ingot, were used to provide fluidity and perfect surface
for bath [35]. After that samples were cooled to room temperature in air. Immersion
temperature, holding time and cooling time were arranged according to recent studies

about hot-dip aluminizing [64].

High Purity
Graphite Crucible

Crucible Tong

Figure 5.1 : MF-1000 electrical melting furnace.

STAINLESS STEEL
WIRE

MOLTEN
ALUMINUM
BATH

IN718 SAMPLE

GRAPHITE
CRUCIBLE

Figure 5.2 : Illustration of parts that used for HDA process.

Molten bath was prepared by using commercial aluminum-silicon eutectic alloy. Prior
to melting ingots, 1 cm® mixture 40 vol% KCI and 60 vol% NaCl of fluxes were added

into crucible to remove slags. The molten Al-Si alloy bath temperature were kept at
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700°C. Samples were vertically dipped by hand, then held in center of crucible for 2
minutes. Slags were cleaned before coated samples were taken out.

5.3 Diffusion Annealing

Diffusion annealing process was performed in atmospheric furnace shown in Figure

5.3. Diffusion annealing process were done at 700°C for 10 hours. Afterwards, samples

were furnace cooled to room temperature.

g

Figure 5.3 : Protherm PLF 120/5 annealing furnace.
5.4 Microstructural Examinations

Microstructural images were obtained with Philips XL30 SFEG scanning electron
microscope (SEM) equipped with Energy-dispersive X-ray spectroscopy (EDS)
analyses for mapping, linescan, frame and point for hot-dip aluminized and diffusion
annealed samples. Hitachi TM1000 model SEM were used to analyze wear traces.

SEMs were shown in Figure 5.4.

Figure 5.4 : Philips XL30 SFEG (left), Hitachi TM1000 (right) scanning electron
microscope.
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5.5 XRD Analysis

X-ray diffractometer analyses were performed in GBC MMA 027 model XRD device
using CuKo shown in Figure 5.5.

Figure 5.5 : GBC MMA 027 model XRD device.

5.6 Microhardness Measurements

Microhardness measurements were done with using a force of 25 g as Vicker’s
Hardness Tests (HV 0.025) . The microhardness device is shown in Figure 5.6. For

each region, at least 5 measurements were taken, their average was reported.

Figure 5.6 : Wilson Tukon 1102 Microhardness Test Device.

5.7 Surface Roughness

Surface roughness of HDA and HDA+DA samples were measured by Mitutoyo
Surftest SJ-400 surface roughness tester that shown in Figure 5.7.
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Figure 5.7 : Mitutoyo Surftest SJ-400.
5.8 Wear Test

Ball-on disc tribometer (CSM-High Temperature) were used to carry out wear tests
shown in Figure 5.8. Linear speed was arranged as 5 cm/s. Ball dimension was 6 mm

diameter. Wear test were carried out in air atmosphere with the 25% humidity.

Figure 5.8 : CSM-High Temperature.

Figure 5.9 : Veeco Dektak 6M.

41



2-D stylus type surface profilometer (Veeco Dektak 6M) is used to analyze width, area
and depth of wear and shown in Figure 5.9. Additionally, the worn surface of the
samples was investigated by SEM (Hitachi TM1000). Optical microscope (OM, Leica

DM750M) was used for the investigation of the contact surface of the alumina ball

counterface.
Table 5.2 : Parameters of high temperature tribometer.
Parameters Ball-on-disc
Counterface Alumina ball
(6 mm in diameter)
Total Sliding Distance 100 m
Testing Load 2N
Testing Temperature 25°C, 300°C, 600°C
5.9 Oxidation Test

Prepared samples were subjected to high temperature oxidation test in steam and
carbon dioxide in a specially designed, closed loop test rig PRC 110M/GWP (Czylok,
Jastrzebie Zdroj, Poland). Steam flow were arranged as 50 g/h. Argon -18% CO> flow
rate was arranged as 0.026 I/h. Figure shows that illustration of the steam oxidation rig

used for the oxidation experiments.

1- 1st heating zone A~
2-2nd heatingzone / / N\
3-steamgenerator | / 3 \
4-waterreservoir ~
5 — electronic controller

Figure 5.10 : lllustration of the steam oxidation rig.
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6. RESULTS AND DISCUSSIONS

In this part, quantitative and qualitative analysis results on hot-dip aluminized (HDA),
hot-dip aluminized plus diffusion annealed (HDA+DA) and Inconel 718 samples
(BARE) were presented. Microstructural images of optic microscope and scanning
electron microscope (SEM) with Energy-dispersive X-ray spectroscopy (EDS), X-
Ray Diffraction (XRD) pattern and hardness measurements were obtained.

6.1 Hot-Dip Aluminized Sample

6.1.1 Microstructural examinations

Cross-Section microstructural image of SEM was show in Figure 6.1. Basically,
various type of zones can be seen due to diffusion mechanism such as interdiffusion
layer, middle layer and outer layer. Thickness of outer layer, middle layer and inter-
diffusion zone were approximately measured as 20-25 pm, 20-25 um and 8-10 um
respectively. Average total coating thickness and interdiffusion zone thickness were

measured approximately 50um.

Outer Layer

Middle Layer

Inter-Diffusion
Zone (IDZ)

IN-718

did i

Figure 6.1 : Cross-sectional scanning electron microscope image of hot-dip
alumized sample.
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Microstructural characterization of HDA samples were done by SEM with back
scattered electron mode. According to image, there can be respectively seen three zone
which are IN718 substrate, inter-diffusion zone, middle and outer layer from bottom
to top. Movement of interface between coating and substrate became drastically
significant to understand the diffusion mechanism phenomena of elements with
variable time and temperature. According to similar studies, coating thickness and
inter-diffusion zone were observed compatible [35]. It was observed that higher silicon
content draws attention in gray colored region. Using silicon in aluminum coating for
hot-dip aluminizing is beneficial in the meaning of fabricability and drawability [82].
The Al-Si coating provides better thermal oxidation resistance than that of the pure Al
coating due to the formation of a more compact Al.O3 layer [83]. Additionally, silicon

in aluminum coating tends to promotes formation of Al,O3 [84].

There is a simple technique that allow to observe interface movement. Half part of
sample was vertically dipped into Al-Si eutectic molten bath and held as illustrated in
Figure 6.2. Blue object referred cylindrical sample that will be dipped. Red part
illustrated molten bath for dipping. Outer gray layer referred graphite crucible.

Figure 6.2 : Illustration of half-part dipping.

Figure 6.3 shows that cross-sectional microstructure image of half-part dipped sample.
All the layers and zones were clearly indicated. As a fact, there can be easily seen the
inter-diffusion zone (IDZ) between coating and substrate that follows the coating

interface.

IDZ has drastically exhibited that there is a compatible balance about inward diffusion
of Al and outward diffusion of Ni atoms. Movement of interface ,between coating and
substrate, will be expected to penetrate directly into substrate after diffusion annealing
of HDA samples with appropriate temperature and time. IDZ were appeared beneath

the substrate meaning that inward diffusion of aluminum occurred.
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Figure 6.3 : Half-part dipped samples SEM image
6.1.2 Energy dispersive X-Ray spectrometry analyses
EDS analyses of the hot-dip aluminized sample was shown in Figure 6.4, 6.5 and 6.6.

Point EDS analyses

Chemical Composition (in at. %)

Pont Al Ni Cr Si Fe Nb Mo Ti O

1 952 03 01 24 01 01 01 0,1 16

2 947 03 02 39 01 O 01 02 05

3 76,9 46 35 125 04 15 06 09 12

4 566 81 87 126 68 10 08 07 07

5 12 51 314 15 184 26 13 13 1
Figure 6.4 : Point EDS analyses of hot-dip aluminized (HDA) sample.
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According to analyses, dark regions (Location 1) mainly contain Al with presence of
Si. In the middle layer of coating homogenous distribution of elements (Al, Si and Cr)
was observed even if spot points exhibit low content of Mo, Nb and other elements
coming from substrate. Outward diffusion was proven with the data of point EDS
analysis. Al is the main element to supply oxidation resistance for hot-dip aluminized
sample due to content of Cr have not exhibit proper composition in coating,
particularly on the top of surface. It was observed that, IDZ zone (Point 4) contains

mainly Al, Ni, Cr, Si, Fe elements as expected.

Linescan EDS analyses

Figure 6.5 show linescan EDS analyses. Results showed that content of Al is nominally
decreasing from top of coating surface to substrate. Major contents of Al were
observed in the outer layer, likewise contents of Si were higher close to middle layer.
Linescan analysis were compatible with the study about hot-dip aluminizing of Inconel
718 especially for elemental content of regions [35].

SUBSTRATE IDZ MIDDLE LAYER OUTER LAYER
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Figure 6.5 : Linescan EDS analyses.

According to intensity of elements, minor content of Cr is observed in middle layer.
Nickel contents were not show up in the outer and middle layer, yet minor contents of

nickel close to interdiffusion zone were detected.
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Mapping EDS analyses

Elemental EDS mapping analyses were given in Figure 6.6. According to EDS results
of elemental mapping of the hot dip aluminized sample, Al was mostly found in outer
and middle layer. Intensity of Ni and Fe did not provide certain information because
they are mainly found in substrate, but intensity of Ni and Fe in inter-diffusion zone is
not neglectable. Cr has showed up among coating layers that has possibility to affiliate

to Aluminum. Mapping EDS analyses were relatively found to be compatible with the

point and linescan EDS analyses.

Aluminum Nickel Chromium
Iron Silicon Oxygen

Figure 6.6 : Elemental EDS mapping analyses.
6.1.3 X-Ray diffraction analyses

XRD analyses results of bare Inconel 718 and as-aluminized sample were shown in

Figure 6.7. In the XRD pattern, solid solution peaks belonging to substrate are clearly
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shown. XRD results proved that outward diffusion of Ni to coating surface has
occurred composed of Ni2Alz and NiAlz. As expected, although Al elements were
mainly detected in the peaks, outward diffusion of chromium were showed up with

silicon in form of Cr3Si.
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Figure 6.7 : XRD patterns of bare Inconel 718 and hot-dip aluminized sample.

SEM images and EDS analyses has supported that the main idea of diffusion coating
occurring with the adequate temperature and sufficient time. XRD results has
consistently showed hot-dip aluminizing has rapid diffusion mechanism compared to

other types of coating methods.

6.1.4 Microhardness measurements

Hardness values of each zone were measured at least 5 times which was showed in
Figure 6.8. Outer and middle layer of coating were expected low hardness value
compared to interdiffusion zone (IDZ) and IN718 substrate. While the hardness test
has been carried out, the IDZ has been detected to scarcely measured due to thinner
thickness compared to other layers. Therefore, the load was properly decreased to

measure fittingly.
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Figure 6.8 : Hardness results of hot-dip aluminized sample.

Reasonably, different types of phases formation such as presence of NiAls phases and
Al-Cr intermetallics has caused to increase hardness values as a result of diffusion
mechanism with time and temperature. Solidification and growth direction of
aluminum has minimally effected hardness measurements according to grain size and
distribution [85].

6.2 Aluminized and Diffusion Annealed Sample

Aluminized samples were put into furnace to be heated 700°C for 10 hours then

furnace cooled to room temperature. Furnace heating rate was measured as 12°C/min.
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6.2.1 Microstructural examinations

Cross-Sectional SEM image of hot-dip aluminized and diffusion annealed sample
(HDA+DA) was shown in Figure 6.9. There can be seen different types of layer from
substrate to top of coating. Cumulatively and directionally dispersion of elements that
are coming from the substrate have capability to increase number of layers with respect
to various types of properties via diffusion annealing temperature and time. Thickness

of coating were measured approximately 200 pm.

Outer Layer

Middle Layer

Inter-Diffusion
Zone (IDZ)

IN-718

Figure 6.9 : Cross-sectional scanning electron microscope image of hot-dip
alumized and diffusion annealed (HDA+DA) sample.

Kirkendall porosities are usually observed beneath original interface in case of faster
outward diffusion of Ni than inward diffusion of Al [86]. Yet, after diffusion annealing
process, porosities were not observed in areas close to inter-diffusion zone.

6.2.2 Energy dispersive X-Ray spectrometry analyses

EDS analyses of the hot-dip aluminized sample was shown in Figure 6.10, 6.11 and
6.12.
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Point EDS analyses

Chemical Composition (in at. %)

Point | Al Ni  Cr Si Fe Nb Mo Ti )
1 124 06 386 401 06 02 44 17 14
2 463 29 202 169 56 18 19 33 11
3 57,7 125 12 55 101 O5 05 04 038
4 488 253 64 9 82 08 02 05 08
5 533 226 79 47 7,7 19 1 05 04
6 493 231 93 47 93 23 12 05 03

7 45,7 280 102 18 100 24 12 06 O1

Figure 6.10 : Point EDS analyses of hot-dip aluminized diffusion annealed
(HDA+DA) sample.

According to point EDS analysis, distribution of elements has showed various layer.
In the inter-diffusion zone, Cr content is low compared to outer layer due to high value
of diffusion coefficient. Mullite is a alumina-silica compound and offers high
temperature stability, low thermal conductivity, corrosion and oxidation resistance. On
the other hand, limitation of mullite are volume contraction and crystallization above
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800°C that leads to delamination and cracking [87]. In outer layer Cr, Si, Al contents
is higher compared to other zones. Al has preferentially showed up in middle layer of
coating and where Ni elements present mostly. Major content of Si atoms is observed
in the surface that leads to formation mullite layer to protect layer against oxygen

penetration. IDZ contains mostly Al, Ni, Fe.

Linescan EDS analyses

Linescan EDS analyses of HDA+DA was given in Figure 6.11. Analyses showed that
outward diffusion of Ni, as a reservoir for aluminum, has relatively been proved
according linescan EDS. Similar to nickel, intensity of another element Cr that comes
from substrate were mostly detected in near surface. Additionally, Si were observed in

areas close to surface.
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Figure 6.11 : Linescan EDS analyse results.

Nickel, in charge of providing reservoir, has successfully exhibited proper contents
with homogeneous distribution through coating layer except in outer layer.
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Mapping EDS analyses

According to elemental mapping EDS analyses shown in Figure 6.12, it was observed
that Cr and Si has preferentially existed in outer surface. Homogeneous distribution of
Si is obtained after diffusion annealing. Nb elements were mostly detected beneath
outer oxide layer. In middle layer elemental distribution is seen homogeneous. It was

observed that Al and Cr has not tendency to distributed in similar areas.

&" i“ : l -

Aluminum Nickel Chromium

Iron Silicon Oxygen

Figure 6.12 : Elemental mapping EDS analyse.
6.2.3 X-Ray diffraction analyses

To examine all of the layer, HDA+DA sample were grinded and again X-ray
diffraction pattern were obtained step by step. Sensitive micrometer was used to
measure thickness of sample to determinate layers. In Figure 6.13, distance from

surface and XRD pattern were shown for HDA+DA sample. As expected, XRD peaks
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has consistently proved that outward diffusion of Ni has increased after diffusion
annealing compared to hot-dip aluminized sample. Nickel-aluminides were observed
in form of main precipitation strengthening y' (NizAl) phases that has advantages of

coherency with bare Inconel 718 matrix.
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Figure 6.13 : XRD results of bare Inconel 718, hot-dip aluminized sample and
diffusion annealed sample

Not only NiAlsand Ni2Als peaks were also observed similar to HDA samples, but also
the NiAl phases which has highest melting point within Ni-Al phases were detected.
According the intensity of peaks close to surface, amount of Al decreased compared
to hot-dip aluminized samples due to Cr and Si coming has preferentially tendency to

diffuse surface to generate protective oxide scale.

6.2.4 Hardness measurements

Hardness results is given in Figure 6.14. Basically, outward diffusion of nickel to top
of surface has been detected according to EDS and XRD results supported by hardness
results. Outer layer of surface has shown remarkable rises due to ceramic based phases
Al203, Cr20g, SiO2. Outer layer IDZ has tendency to exhibit different hardness values
due to cumulative distribution of elements. Middle layer exhibit more harder values
compared to HDA samples.
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Figure 6.14 : Hardness results of diffusion annealed sample.
6.3 Wear Tests Results

6.3.1 Results of structural analyses

Arithmetical mean wear tracks’ depth and width graphs of samples tested at the
temperature of 25°C, 300°C and 600°C were given in Figure 6.15. According to
samples tested at room temperature, lowest wear width and depth were observed in
HDA+DA samples compared to bare and HDA samples by wear tracks taken from 2-
D profilometer. In HDA and bare samples, similar depth and width values were

detected.
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Figure 6.15 : Worn surface depth and width graphs of a) 25°C, b) 300°C and c)
600°C wear tests for bare Inconel 718, HDA and HDA+DA samples.

Highest wear area was detected for bare Inconel 718. 2-D profiles taken from wear
tracks of the samples tested at 300°C was shown in Figure revealed that lowest wear
depth is observed in bare substrate. Highest wear depth and width was observed for
HDA samples among all wear tests. According to samples that tested at 600°C
temperature, lower wear width was observed for HDA+DA sample, although bare
substrate showed lower wear depth. Also, it was observed that HDA+DA samples
tested at 300°C has showed higher wear track depth compared to HDA+DA samples
tested at 600°C.

In the Table 6.1, average measurements of wear track width, area and depth were given
with wear rate at 25°C, 300°C and 600°C temperature for bare Inconel 718, hot-dip
aluminized and hot-dip aluminized plus diffusion annealed samples. 2-D stylus type
surface profilometer (Veeco Dektak 6M) is used to analyze.
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Table 6.1 : Wear rates and average measurements of wear track width, area and

depth.
Wear Wear Wear Wear WEAR
Test Samples Tracks Tracks Tracks RATE
Temp. Width (um)  Area (um) Depth (um) 103x(mm?/N.m)
BARE IN-718 661 7340 15,2 0,69
25°C HDA 589 6210 14,8 0,58
HDA+DA 443 1992 6,8 0,18
BARE IN-718 529 2687 7,6 0,25
300°C HDA 1686 34064 25,7 3,21
HDA+DA 565,8 3652 9,88 0,34
coocc  BAREIN-718 601 1538 7,1 0,14
HDA+DA 557 2549 7,3 0,24

At room temperature wear tests, HDA samples wear rate were measured lower than
bare Inconel 718. HDA+DA samples showed best performance approximately three
times higher than HDA samples. Similar studies have revealed that HDA samples wear

rate were lower compared to bare substrate.

At 300°C temperature wear tests, highest wear rate was obtained by HDA samples due
to high content aluminum layer that has deleterious effects at high temperature. Yet,
HDA+DA samples showed better properties compared to HDA samples, even though

wear rate of HDA+DA and bare Inconel 718 is close to each other.

At 600°C temperature wear tests, HDA+DA samples showed diffusion annealing
would be necessary for high temperature application of hot-dip aluminizing. Although
wear rate of HDA+DA sample tested at 300°C has increased according to room
temperature test, nevertheless, sample wear tested at 600°C has showed lower wear

rate compared to 300° wear test. Wear rates of the samples were given in Figure 6.16.
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Figure 6.16 : Wear rates of samples.
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Advanced three-dimensional profilometer analyses of HDA+DA samples tested at
25°C, 300°C and 600°C were relatively given in Figure 6.17.

Figure 6.17 : Advanced three-dimensional profilometer analyses of HDA+DA.
6.3.2 Friction coefficient analyses

The friction coefficient and sliding distance graphs which were obtained by ball-on-
disc wear tests of the samples at the temperature of 25 °C, 300 °C, and 600 °C were

shown in Figure 6.18.
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Figure 6.18 : Friction coefficient and sliding distance graphs of a) 25°C, b) 300°C
and c) 600°C wear tests for bare Inconel 718, HDA and HDA+DA samples.

40 &0
Sliding Distance (m)

For 25°C wear test, in the beginning, sudden rise of CoF (coefficient of friction) can
be associated with the cleaning of roughness for bare Inconel 718. Bare Inconel 718
friction coefficient coming from results has showed fluctuation line due to formation
and removal of oxide scale in the surface during sliding, as a result of kinetic energy
transformation to heat input generated by friction. Incline is occurred when oxide
formed on surface. Reversely, decline means oxide scale removals. It is well-known
that many studies have indicated that oxides formed during wear reduce the CoF and
thus wear rate. Relatively the oxide film formed on surface during sliding play
lubricant role [88]. Cr is the main protective oxide former for bare substrate, so it can
be inferred that Cr has tendency to form oxide layer then remove. HDA+DA samples

has showed increasing friction coefficient through last sliding distances.
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Wear tests at 300°C, fluctuated friction coefficient was not detected for bare Inconel
718 compared to room temperature wear tests due to continuous oxide formed by
higher temperature. In the beginning of wear test, CoF graph showed decline until 40
meters, afterwards exhibited more straight line. HDA samples showed fluctuated line
due to oxide formation and removal. For HDA+DA samples, it was observed that
stability of friction coefficient is sustained although temperature is relatively higher

compared to 25°C.

Wear test at 600°C, bare Inconel 718 has similarly exhibited moderate decline until 20
meters compared to 300°C wear test. This can be attributed to faster oxide formation
by higher heat input. HDA+DA samples has relatively showed lower friction
coefficient compared to 300°C that proves diffusion annealing of HDA samples is
inevitable at high temperature applications. For HDA+DA samples, stabile friction
coefficient was detected with relatively straight line. Also minimum CoF values were

detected despite elevated temperature.
6.3.3 Microstructural analyses of wear tests

6.3.3.1 Wear tests at 25°C

SEM images of top view of wear track obtained from 25°C wear tests were given in
Figure 6.19. Intense oxide scale formations in the form of granular oxide patches were
observed in worn bare Inconel 718. In the rest of oxide area, wear particles could
possibly be exposed to rolling that tend to reduce friction coefficient. Rolling of wear
particles between the surfaces that are ruptured from materials could provide lower the
friction coefficient. Abrasive wear mechanism was detected with the presence of fine
abrasive micro grooves. In the worn surface of HDA sample, delamination and flakes
were seen. In HDA+DA samples, delamination regions were detected in worn surface.
Comparatively, clustered oxide scales in the worn surface of HDA+DA samples were

found much lower.
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Figure 6.19 : SEM images of top view of wear track of samples tested at 25°C for
bare sample , HDA sample and HDA+DA sample.

For wear tests at 25°C, cross-sectional SEM images of bare Inconel 718 wear tracks
were shown in Figure 6.20. Protrusions formed on tribo-chemical layer were observed.
For bare Inconel, fine oxide scale was observed. Less penetration of abrasive ball to
sample can be represented as increase of hardness, thus led to less wear rate [89]. In
first frame, crack initiation as shear lip was observed. It is estimated that this oxide
scale is composed of chromia shown in second frame. It is obvious that delamination
occurred during sliding wear test that showed up in third frame. In fourth frame crack

draws attention. Flakes can be seen in fifth frame.

25°C BARE

X70k  10um X0k 10um X0k 10um

Figure 6.20 : Cross-sectional SEM images of worn surfaces of bare Inconel 718
sample tested at room temperature (25°C).
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Cross-sectional SEM images of bare Inconel 718 wear tracks were shown in Figure
6.21. According to first image, it can be seen that abrasive ball almost reached to
substrate by passing through coating layer. High amount of delaminated region and

chip formation were observed.

25°C HDA

x7.0k  10um

Figure 6.21 : Cross-sectional SEM images of worn surfaces of HDA sample tested
at room temperature (25°C).

Cross-sectional worn surface images of HDA+DA given in Figure 6.22 showed that
wear depth was not as much as bare and hot-dip aluminized samples. In first frame
delaminated region were shown that can be ruptured away. In second frame, discarded

chip can be seen that can possibly be called stuck blocky debris defect.

25°C HDA+DA

x50k 20um

XS0k 20um X80k 10um

Figure 6.22 : Cross-sectional SEM images of worn surfaces of HDA+DA sample
tested at room temperature (25°C).
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Point EDS analyses were done for samples that tested at room temperature given in
Figure 6.23. According to EDS results, oxygen elements were mostly detected in the
dark regions. For bare substrate, it is estimated that oxides were composed of
chromium, iron and nickel. Also, highest intensity of oxides was comparatively
detected for bare substrate. Lowest oxygen intensity was found in HDA+DA sample
for lighter color of wear track SEM images. Additionally, oxide scales were locally
observed for bare substrate, while continuous oxide scales were linearly observed for
HDA+DA sample. Homogenously distributed oxide scales were found in HDA.

Highest content of aluminum was detected in HDA+DA sample.

Wear Test at 25°C Intensity of elements (in at. %)
BARE INCONEL 718
Point Ni Cr Fe Nb Mo Ti (6]
1 46,13 18,46 16,05 2,14 1,23 1,24 14,74
2 22,35 9,02 7,89 1,04 0,52 0,58 58,61
3 21,89 8,94 7,74 1,11 0,62 0,55 59,15
4 19,43 7,87 6,85 0,94 0,49 0,45 63,97
HDA

Point Ni Al Cr Si Fe Nb Mo Ti (6]

1 2,44 57,68 6,36 12,38 3,71 1,26 0,61 0,63 14,93
2 1,14 52,33 6,29 17,58 2,78 1,15 0,53 0,66 17,53
3 1,78 45,76 3,09 9,99 0,37 0,89 0,35 0,5 37,27
4 1,78 9,12 0,25 0,84 1,51 0,33 0,45 2,74 41,24
HDA+DA
Point Ni Al Cr Si Fe Nb Mo Ti (0]

1 21,25 71,18 1,62 2,26 2,03 0,1 0,14 0,12 131

2 8,74 39,38 2,76 4 2,33 0,13 0,16 0,15 42,34

3 20,55 71,86 0,33 1 0,92 0,57 0,07 0,4 4,31

4 11,63 45,04 1,16 1,61 1,34 0,07 0,06 008 39,01

5 9,84 40,06 1,61 2,94 1,76 0,18 0,12 0,14 43,34

Figure 6.23 : Wear track point energy dispersive x-ray spectroscopy analyses of
Inconel 718 (BARE), hot-dip aluminized Inconel 718 (HDA) and hot-dip
aluminized+diffusion annealed Inconel 718 (HDA+DA) tested at 25°C.

Optical microscope images of counter-face ball and stereo microscope image of worn
surfaces were given in Figure 6.24. Darker regions are generally related to adhesion of
materials that comes from worn surfaces. Darker regions were observed in bare
Inconel 718 images which can possibly be associated that adhesive wear mechanism.
Dark regions were lowest detected at HDA+DA samples. HDA samples had moderate

dark regions.

62



25°C BARE HDA HDA + DA

Figure 6.24 : Optical microscope images of counter-face ball and stereo microscope
image of worn surfaces for 25°C wear tests.

6.3.3.2 Wear tests at 300°C

SEM images of wear tests at 300°C were given in Figure 6.25. According to top view
images of wear tracks, tribo-chemical layer was obviously seen for bare Inconel 718.
It was observed that areas of protrusive tribo-chemical layers were obviously increased
for bare and HDA sample with the presence of intense oxide layer. It is important to
noting that fish scale trace was detected that implies typical plastically tearing
characteristic wear [90]. Oxide layer formation has influenced surface properties with
deleterious intense plastic deformation. Large scale of delamination was detected for
HDA samples with the presence of metal oxides on the top of surface. Plastically
tearing vestiges and grooves were existed on the worn surface. HDA+DA samples
wear images showed that worn surface has comparatively lower oxide scale and any

other defects.

300 °C BARE HDA HDA + DA

X100

X1000

Figure 6.25 : SEM images of top view of wear track of samples tested at 300°C for
bare sample , HDA sample and HDA+DA sample.
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For wear tests at 300°C, cross-sectional SEM images of wear tracks were shown in
Figure 6.26. In bare substrate images, it was observed that there is part chip in rupture
stage in first frame. It was also observed that color contrast can be represented as
mechanically mixed layer (MML) [91]. In second frame, ruptured parts can clearly be
seen and be also seen zoomed image in sixth frame. Cracks and delaminated regions
were detected where intense of tribo-chemical layer were increased. In fourth frame,

it is obvious that delaminated flake has darker color due to form oxides.

300 °C BARE

S — [ —
25 Wum Gk D 0k 20um

—_— _—
70k  10um X0k 10um 10K 10um

Figure 6.26 : Cross-sectional SEM images of worn surfaces of bare Inconel 718
sample tested at 300°C.

For HDA samples images tested at 300°C given in Figure 6.27, it was seen by low
magnificated images and first frame that abrasive ball has sink more than half of
coating thickness by smearing the material. High amount of peeling and plastically
deformed region were detected in the worn surface. Also, thick and deleterious cracks
can be distinguished. In second frame, ruptured region was observed while crack

initiation was detected at third frame.

Wear track cross-sectional images of HDA+DA samples tested at 300°C were given
in Figure 6.28, deep crack was observed in first frame. Intense delaminated regions

were also detected.
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Figure 6.27 : Cross-sectional SEM images of worn surfaces of HDA sample tested
at 300°C.

300 °C HDA+DA

x400 200 um

X7.0k  10um

X7.0k 10um

Figure 6.28 : Cross-sectional SEM images of worn surfaces of HDA sample tested
at 300°C.

Point EDS analyses were done for samples that tested at 300°C temperature given in
Figure 6.29. According to distribution of darker regions that indicates presence of
oxides, local distribution was detected for bare substrate similar to tests at room
temperature. For HDA sample, linear and continuous oxide scales were observed. For
HDA+DA sample wear tracks EDS results, oxide scales were observed as tiny
clustered compared to room temperature wear tests. Also, highest oxygen intensity
was taken from results for HDA+DA sample. Additionally, it was resulted that effect

of diffusion and higher temperature tests has increased amount of nickel on the surface.
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Wear Test at 300°C

Intensity of elements (in at. %)

BARE INCONEL 718
Ni Cr Fe Nb Mo Ti (6]
28,6 11,6 10,05 1,45 0,74 0,77 46,79
34,08 13,81 12 1,56 0,83 1,02 36,68
28,92 11,75 10,14 1,5 0,8 0,82 46,07
50,43 20,08 17,41 2,57 1,4 1,31 6,8
HDA
Ni Al Cr Si Fe Nb Mo Ti (o}
1,08 40,46 3,65 11,2 0,29 0,93 0,41 0,43 41,55
4,1 59,56 6,97 17,07 2,1 1,58 0,68 0,69 7,25
1,56 55,34 7,18 13,38 2,29 1,19 0,59 0,65 17,82
1,35 44,56 4,14 11,64 0,35 1,02 0,48 0,58 35,88
HDA+DA
Ni Al Cr Si Fe Nb Mo Ti (¢}
4,69 35,99 3,12 4,16 2,52 0,42 0,2 0,24 48,67
10,41 47,04 8,59 7,99 5,36 8,27 1,52 1,64 9,17
12,11 67,35 3,34 8,22 4,83 0,7 0,32 0,31 2,83
6,77 63,18 5,42 7,22 4,48 1 0,43 0,46 11,04

Figure 6.29 : Wear track point energy dispersive x-ray spectroscopy analyses of bare
Inconel 718 (BARE), hot-dip aluminized Inconel 718 (HDA) and hot-dip
aluminized+diffusion annealed Inconel 718 (HDA+DA) tested at 300°C.

Optical microscope images of counter-face ball and stereo microscope image of worn

surfaces were given in Figure 6.30. According to images, ball surface of tested for bare

Inconel 718 were seen as darker as coated and annealed samples.

300 °C BARE

HDA + DA

Figure 6.30 : Optical microscope images of counter-face ball and stereo microscope
image of worn surfaces for 300°C wear tests.
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6.3.3.3 Wear tests at 600°C

Bare Inconel 718 and HDA+DA SEM images of wear tests at 600°C were given in
Figure 6.31. For the top view of wear tracks, rough and large oxide scale of bare
substrate is observed that leads to delamination with plastic deformation. Dominant
wear mechanism was detected as oxidative for bare Inconel 718. There can be seen
particles that peeled off in HDA+DA with the low intense of grooves. The mechanism
of abrasive wear draws attention with presence of micro-grooves. Nevertheless it can

be inferred that diffusion annealing becomes a necessary process after coating.

600 °C BARE HDA + DA
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Figure 6.31 : SEM images of top view of wear track of samples tested at 600°C for
bare sample and HDA+DA sample.

For wear tests at 600°C, cross-sectional SEM images of wear tracks of bare Inconel
718 were shown in Figure 6.32. In bare Inconel wear tests images, although second
and third frame show crack initiation of materials from substrate, peeled of chip can
be observed in first frame. Compared to low temperature wear tests, relatively
continuous and smooth oxide layer were detected that supported by top image of worn

surface. This tribo-chemical layer can be seen in fourth frame.
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Figure 6.32 : Cross-sectional SEM images of worn surfaces of bare Inconel 718
sample tested at 600°C.

For wear tests at 600°C, cross-sectional SEM images of wear tracks of HDA+DA were
shown in Figure 6.33. Peeled off particles can be seen in first and second frames. In
first image, it was observed that wear depth was low. Delaminated region was detected
which can possibly be affected by steps of crack formation such as initiation and

propagation in third frame.

600 °C HDA+DA

— ——————
X300 300 um x15k  50um X30k  30um

7

———————— —_—
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Figure 6.33 : Cross-sectional SEM images of worn surfaces of HDA+DA samples
tested at 600°C.
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Point EDS analyses were done for samples that tested at 600°C temperature given in
Figure 6.34. For bare substrate, oxides were found linear. Compared to room
temperature and 300°C wear tests, as expected, wide distribution of oxide scales was
observed due to increasing of oxygen affinity of chromium. For HDA+DA sample,
higher intensity of oxygen was detected in the darker regions. Also, in the third point
of HDA+DA sample, higher silicon intensity was taken in from eds results due to high

temperature wear test has been increasing diffusion of silicon on the surface.

Wear Test at 6OOOC Intensity of elements (in at. %)
- l e BARE INCONEL 718
Point Ni Cr Fe Nb Mo Ti 0
1 46,97 19,02 16,6 2,18 1,31 1,2 12,72
2 24,16 9,72 8,91 13 0,7 0,61 54,59
3 31,53 13 10,54 1,66 0,92 1,12 41,24
4 46,97 18,93 16,35 2,35 1,32 1,23 12,85
HDA+DA

Ni Al Cr Si Fe Nb Mo Ti 0]

7,14 37,45 5,83 7,45 2,2 0,51 0,35 043 38,63

13,75 61,22 4,46 8,62 31 0,61 0,36 0,3 7,58

421 29,51 15,46 2995 037 2,38 1,26 14 15,46

3,52 27,42 7,15 11,33 091 1,14 0,52 0,79 47,2

Figure 6.34 : Wear track point energy dispersive x-ray spectroscopy analyses of bare
Inconel 718 (BARE), hot-dip aluminized Inconel 718 (HDA) and hot-dip
aluminized+diffusion annealed Inconel 718 (HDA+DA) tested at 600°C.

Optical microscope images of counter-face ball and stereo microscope image of worn
surfaces were given in Figure 6.35. According to optical microscope images taken
from alumina ball that is used for wear tests analyzing, adhesive wear mechanism was
qualitatively observed for HDA+DA samples due to darker regions appearance. When
samples exposed to higher temperature during wear tests, adhesive wear mechanism
can easily be seen from images of alumina ball for HDA+DA sample. But for bare
sample, majority of lighter regions was observed which means adhesive wear

mechanism was not dominant for this sample.
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600 °C HDA + DA

Figure 6.35 : Optical microscope images of counter-face ball and stereo microscope
image of worn surfaces for 25°C wear tests.

6.4 Oxidation Tests Results

Isothermal oxidation tests were carried out at 800°C for 100 and 300 hours in steam

and carbon dioxide atmosphere for each sample.

6.4.1 Oxidation of bare inconel 718

Cross-sectional scanning electron microscope images of 100 and 300 hours oxidized
bare Inconel 718 were given in Figure 6.36. It was observed that oxide layer was
composed of NiCr204 and Cr.Ozthat is compatible with the previous studies [35]. The

oxides at the surface were porous, contains some cracks and were not continuous.

800°C BARE

100h

300h

Figure 6.36 : Cross-sectional SEM images of 100 and 300 hours oxidized for bare
Inconel 718.

X-Ray diffraction patterns of bare, 100 hours and 300 hours oxidized Inconel 718 were
given in Figure 6.37. Results revealed that Ni, Cr, Fe and Nb elements in composition
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of Inconel 718 has tendency to form oxides. Oxide scales consist of NiCr20a4, Cr203

and Cry1.3Feo 70s. It is possible to associate that decrease of intensity of characteristic

peaks that were existed in 100h oxidized sample is due to increase of surface

roughness.
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Figure 6.37 : X-Ray diffraction pattern of 100 and 300 hours oxidized bare Inconel

718.

Surface roughness were measured for oxidized bare Inconel 718 as given in Figure

6.38. It is seen that surface roughness (Ra) increases with increasing oxidation time.

Quantitatively, it was detected that mean surface roughness of 300 hours oxidation test

for bare Inconel 718 is at least two times higher than that of 100 hours oxidation test.
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Figure 6.38 : Surface rougness values of 100 and 300 hours oxidized bare Inconel

718.

According to oxidized bare Inconel 718 Rockwell adhesion test SEM images given in

Figure 6.39, both 100 and 300 hour oxidized sample can be categorized as HF-2 which

is acceptable failure due to low number of micro-cracks.
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800°C

Figure 6.39 : 100 and 300 hours oxidized bare Inconel 718 samples Rockwell
adhesion test SEM images.

6.4.2 Oxidation of hot-dip aluminized samples

Scanning electron microscope images were given in Figure 6.40 for bare Inconel 718
that oxidized at 800°C for 100 and 300 hours. According to images, it was expected
that thickness of coating will be increased by heat input of oxidation test. It was
detected that total thickness of coating increased approximately three times more than
only-coated sample thickness. The oxide scale formed on the surface has a porous
structure. Also, discontinuous and fluctuated scale formation were observed. After 300
hours oxidation tests, although total thickness coating layer is 135-145 um, thickness
of coating was measured as 165-175 um for 100 hours test. It was observed oxygen
diffusion led to formation of porous microstructure approximately 30um toward
surface. Simply, decrease of thickness coating could possibly be associated that as the

oxidation time increases material loss from surface increases as breakaway of layers.

800°C HDA

100h

300h

Figure 6.40 : Cross-sectional SEM images of 100 and 300 hours oxidized at 800°C
for HDA sample.
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According to fluctuated oxide layers, it can possibly be inferred that spallation
occurred in some area. Cavities in outer layer could be affected by Ni and Al diffusion
characteristics. Nevertheless, there are no cavities formed by Kirkendall effect in the
middle layer of coating. Al rich regions in outer layer tend to cause scale debonding
[34]. As the oxidation time increases, intensity of cavities and porosities increased. It
Is significant to indicate that selective oxidation was seen for 100 hours oxidation of
HDA samples although homogeneous distribution of oxidated region was detected for

300 hours oxidation.

EDS analyses of HDA samples that were oxidized at 800°C for 100 hours were given
in Figure 6.41. Low content of aluminum zones tends to increase chromium solubility
that causes cavities. Local delamination in oxide scales takes places when chromium
form cavities, but, it should be necessarily noted that chromia nuclei leads to
nucleation of corundum alumina [92]. In second area, cavities could be related to low
content of aluminum and high content of chromium. In first area, low content of nickel

has possibility to supports breakaway of oxide scale.

Chemical Composition (in at. %)

Al Ni Cr Si Fe Nb Mo Ti O

1 5511 2568 153 232 384 0,14 0,16 0,08 11,14

2 3513 9,12 767 742 4,01 088 039 048 34091

3 5092 27,18 503 559 818 063 031 037 1,78

4 45,01 23,8 10,04 797 789 129 064 069 2,67

5 47,25 22,51 11,45 514 7,5 1,23 064 047 3,81

6 5334 241 69 049 854 309 066 06 228

7 1,4 49,83 20,14 0,22 1768 2,68 135 1,31 5,39

Figure 6.41 : Point EDS results of 100 hours oxidized HDA samples.
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EDS analyses of HDA samples that were oxidized at 800°C for 300 hours were given
in Figure 6.42. In first and second area, oxygen contents were high due to oxide scale
formation of chromia, alumina and silica. In middle layer, high amount of nickel in
third, fourth and fifth area represents proper outward diffusion of nickel carried out
without leading to Kirkendall porosities. Silicon elements tend to diffuse outer layer
due to oxygen affinity. Additionally, higher content of silicon and chromium in
location 1 could have capability to stabilize oxygen penetration and homogeneous

homogenous distribution.

Chemical Composition (in at. %)

Al Ni Cr Si Fe Nb Mo Ti (6]

1 2649 381 509 832 312 1,74 064 067 5013

2 33,75 4,19 549 624 294 0,72 043 035 459

3 46,13 29,73 6,15 5,52 9,68 048 0,29 047 1,55

4 3864 2567 12,13 76 941 165 0,78 1 3,12

5 47,15 28,44 6,23 235 1092 135 0,73 0,38 246

6 42,03 3949 805 0,11 534 135 059 0,58 248

7 1,43 5088 20,27 0,17 17,43 2,71 1,47 146 4,19

Figure 6.42 : Point EDS results of 100 hours oxidized HDA sample.

Between second and third area there are high nickel content change draws attention.
Highest aluminum content was show up in second area and highest nickel content were

detected in third area in coating.

XRD patterns of HDA samples that oxidized at 800°C for 100 and 300 hours were
given in Figure 6.43. According to oxide peaks, longer oxidation duration has
increased oxide formation of aluminum, chromium and silicon that can be associated
with EDS results. Presence of Ni-Al phases were mostly appeared in form of NizAls.
As the oxidation time increases, it was also detected that intensity of Ni-Al phases

increased.
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Figure 6.43 : X-Ray diffraction pattern of 100 and 300 hours oxidized HDA Inconel
718.

Surface roughness were measured for oxidized hot-dip aluminized samples as given
in Figure 6.44. As the oxidation time increases surface roughness parameters (Ra and
Ry) increase. Maximum roughness were obtained for oxidized HDA samples with

respect to the other oxidized samples.
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Figure 6.44 : Surface rougness values of 100 and 300 hours oxidized HDA Inconel
718.

According to oxidized bare Inconel 718 Rockwell adhesion test SEM images given in
Figure 6.45, 100 hour oxidized sample can be categorized as HF-3 which is acceptable
failure due to low content of micro-cracks and moderate content of delaminated sites.
300 hours oxidized sample can be categorized as HF-4 due to high content of micro-

cracks and high content of delamination.

75



800°C 100h HDA

Figure 6.45 : 100 and 300 hours oxidized HDA Inconel 718 samples Rockwell
adhesion test SEM images.

6.4.3 Oxidation of hot-dip aluminized and diffusion annealed samples

SEM micrographs of HDA+DA samples that were oxidized at 800°C for 100 and 300
hours were given in Figure 6.46 with different magnification. Coating thickness of 100
and 300 oxidized samples were approximately measured as 310 um and 270 pum
relatively. There can be seen oxidized area beneath outer layer due to diffusion of
oxygen atoms toward surface. In 100 hours oxidation images, it was detected that
cavities were existed in upper parts of coating at least 100 um. Besides, it was also
observed that cavities were existed along 60 um in upper parts of coating for 300 hours
oxidated samples. Nevertheless, unbroken durable region can be seen among cavities.

800°C HDA+DA
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Figure 6.46 : Cross-sectional SEM images of 100 and 300 hours oxidized for bare
Inconel 718.
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EDS analyses of HDA+DA samples that were oxidized at 800°C for 100 hours were
given in Figure 6.47. It was clear that outer layer mostly consists of Al, Cr and Si for
hot-dip aluminized and diffusion annealed sample. According to outer layer point EDS
analysis, intensities of these elements were seen similar. High amount of Nb content
in first area draws attention that can be attributed to preference to form oxides for Nb.
High oxygen content was found in second area that contains porosities and cavities

and lower Cr content were detected compared to first area.

Chemical Composition (in at. %)

Al Ni Cr Si Fe Nb Mo Ti O

1 19,62 0,44 22,46 40,76 0,51 3,57 2,55 1,71 8,37

2 40,51 566 4,34 605 462 059 013 0,28 37,82

3 5855 3081 1,75 3,75 3,01 0,23 004 0,18 1,68

4 5682 2481 357 671 51 049 02 0,27 2,03

5 53,07 2069 653 906 675 083 043 0,38 2,26

6 46,83 23,05 7,94 10,64 6,82 1 0,84 0,57 231

7 52,37 28,23 4,31 5 7,18 0,46 0,27 041 1,77

Figure 6.47 : Point EDS results of 100 hours oxidized HDA+DA samples.

Nevertheless, there can be seen no-degraded regions among cavities that stands out
with specifical durable structure. When the areas were checked with EDS analysis of
these regions, it was observed that high content of Ni has played important role to

prevent crack initiation or cavities with the presence of aluminum.

EDS mapping images of view was shown in Figure 6.48. Aluminum elements were
homogenously distributed in the middle area of coating. Additionally, Al elements
were detected in upper outer layer. Nickel distribution were also seen among all middle
layers. Accordance between nickel and aluminum elements led to prevent crack or
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formation of cavities due to increase of aluminum solubility in nickel tend to decrease
chromium content in these regions. Chromium contents in surface draws attention to
former of oxide scale as well as silicon. Although silicon has preferentially diffused
into outer layer of coating surface, chromium has showed up in whole coating structure
in addition to presence in outer layer. Diffusion of iron elements were limited during
oxidation. Niobium and molybdenum elements were seen in outer layer with the
capability to form oxides CrNbOsand MoCrOs. Oxygen elements were observed near

to delaminated regions that are beneath outer layer.

_ Aluminum ~ Nickel ~ Chromium

Titanium .. _Molybdenum

Figure 6.48 : Mapping EDS results of 100 hours oxidized HDA+DA samples.

Colored elemental distribution of mapping EDS results of 100 hours oxidized
HDA+DA sample were given in Figure 6.49. Outer layer mostly consists of Si, Cr, Al
and Mo with yellow color. It is clearly seen that upper middle layer is composed of
green and red. Red colored region contains Al, Cr, Si, Fe and O elements. In addition
to red colored region, green color extra contains Ni. It was detected that bottom of
middle layer consists of blue that contains Al, Ni, Cr and Fe elements.
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Figure 6.49 : Colored elemental distribution of mapping EDS results of 100 hours
oxidized HDA+DA sample.

Distribution of elements mapping EDS results of 100 hours oxidized HDA+DA
sample were given in Figure 6.50. It was observed that chromium tends to arrive
surface owing to diffusion. Aluminum was not only found in the outer layer to form
protective oxide layer, but also it was existed in the middle layer. Major content of
silicon was seen in the outer layer colored dark blue region. It can be seen that niobium

was preferentially diffused to beneath outer layer.
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Figure 6.50 : Distribution of elements mapping EDS results of 100 hours oxidized
HDA+DA.

EDS analyses of HDA+DA samples that were oxidized at 800°C for 300 hours were
given in Figure 6.51. Aluminum content were between 25-40% in the areas. For first
area, oxide intensity was found to be high with the form of alumina, chromia and silica.
Gradually decreasing content of nickel from substrate to outer layer triggered decrease
of aluminum solubility of aluminum. There is inevitable fact that aluminum poor areas
occurs when chromium content is increased in the outer layer that forms cavities.
Silicon preferentially tends to diffuse outer layer as the oxidation time increases. In

location 4, high content of niobium stands out with the form of cluster.
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Chemical Composition (in at. %)

Al Ni Cr Si Fe Nb Mo Ti O

1 2682 352 798 1194 164 121 061 05 4579

2 42,8 23,32 7,81 13,19 8 0,79 0,58 0,36 3,17

3 42,03 23,09 88 13553 7,6 1,21 064 054 255

4 3987 22,79 764 959 723 6,72 056 1,51 4,08

5 49,44 22,86 10,28 4,12 7,57 1,23 064 048 3,37

6 5435 23,33 883 027 806 125 064 047 2,79

7 52,29 2883 662 051 818 0,81 048 0,27 2,02

8 1,26 50,42 20,34 0,26 17,75 25 1,36 125 4,85

Figure 6.51 : Point EDS results of 300 hours oxidized HDA+DA sample.

XRD patterns of HDA sample and HDA samples that oxidized at 800°C for 100 and
300 hours were given in Figure 6.52. It is detected that alumina peaks started to
disappear as the oxidation time increases. It is also detected that intensity of the SiO>
and Al>O3 peaks decreased as the oxidation duration increases. For 300 hours

oxidation, increase of Ni>Als peaks was minimally observed compared to 100 hours.
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Figure 6.52 : X-Ray diffraction pattern of 100 and 300 hours oxidized HDA+DA
Inconel 718.
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Surface roughness was measured for oxidized hot-dip aluminized and samples as given
in Figure 6.53. As the oxidation time increases, surface roughness (Ra and Ry)

increases. Increase in surface roughness were not as much as oxidized HDA sample.
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Figure 6.53 : Surface rougness values of 100 and 300 hours oxidized HDA+DA
Inconel 718 sample.

SEM images of HDA+DA samples that are subjected to Rockwell adhesion test were
given in Figure 6.54. According to Rockwell adhesion test 100 hours oxidized
HDA+DA samples images taken from SEM could be categorized in HF-5 due to deep
cracks and delamination showed up inside of hole. For 300 hours oxidized HDA+DA
sample images, it can be also referred as HF-4 type similar with 100 hours oxidized
HDA+DA sample.

800°C

500 200 um

Figure 6.54 : 100 and 300 hours oxidized HDA Inconel 718 samples Rockwell
adhesion test SEM images.
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7. CONCLUSION

Inconel 718 superalloy was aluminized by the hot-dip process at 700°C for 2 minutes
and air cooled to room temperature. Following aluminizing, samples were diffusion
annealed at 700°C for 10 hours. Ball on disc wear test were done at 25°C, 300°C and
600°C and isothermal oxidation tests were carried out at 800°C for 100 and 300 hours
in steam and carbon dioxide atmosphere for bare Inconel 718 samples (BARE), hot-
dip aluminized samples (HDA) and hot-dip aluminized plus diffusion annealed
samples (HDA+DA). Results coming from quantitative and qualitative analyses has

revealed that:

Hot-dip aluminizing process were successfully applied to Inconel 718 superalloy.
Non-porous middle layer, smooth outer layer and inter-diffusion zone were obtained.
Elemental distribution showed that inward diffusion of Al and outward diffusion of Ni
taken place with the presence of NiAlz and Ni2Alz. XRD results were detected to be
compatible with EDS analyses. Diffusion annealing process were applied as a part of
HDA. Eventually, not only higher hardness values for wear resistance were obtained,

but also presence of Ni-Al phases for oxidation resistance were structurally detected.

Wear tests at room temperature showed that the wear rate of the HDA+DA was
approximately found to be three times less than the HDA and four times less than bare
Inconel 718 as well as HDA samples wear rate were measured lower than bare Inconel
718. It is revealed that as the wear test temperature increases, wear rate of bare Inconel
718 decreases up to five-fold. Although wear rate of HDA+DA samples were found to
be increased for 300°C, lower wear rate was obtained by wear tests at 600°C. It was
detected that applying diffusion annealing to HDA samples prominently led to reduce

wear rate.

For room temperature wear tests, fluctuations in graph of friction coefficient were seen
for bare Inconel 718 due to formation and deterioration of oxide. It can be associated
with granular oxide patches formation. Lowest CoF value was detected for HDA
sample. HDA+DA samples has showed moderate CoF compared to HDA and bare

Inconel 718. Tests at 300°C showed that fluctuations were disappeared in bare Inconel
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718 due to continuous and sustainable oxide formation by heat input. Wear tests at
600°C showed that decline of graph in the beginning can be related with oxide
formation that led to lower friction coefficient for bare substrate. In general, as the
wear temperature increases, it was detected that CoF of bare and HDA+DA Inconel

718 samples decreases except for HDA samples.

When the worn surfaces are examined with scanning electron microscopy, oxidative
wear mechanisms were mostly found dominant in HDA and bare Inconel 718 samples.
It was revealed that applying diffusion annealing process has capability to prevent the
oxidative wear mechanism, for this reason abrasive wear mechanisms were generally

seen in HDA+DA samples.

In the surface of oxidized bare Inconel 718, porous and partially cracked structure were
seen that are composed of NiCr204, Cr203 and Cri3Feo 703 according to SEM and
XRD analyses. High increase in surface roughness were detected between 100 and 300
hours testing for bare Inconel 718 compared to HDA and HDA+DA samples due to
acicular morphology. It was also detected that optimal adhesion were obtained in

oxidized bare Inconel 718 for both oxidation time by Rockwell-C test adhesion test.

When oxidized HDA sample coating surface were structurally examined it was
observed that oxygen atoms have preferentially diffused beneath outer layer, then led
to selective oxidation for 100 hours oxidation that caused to corrugated oxide structure.
It was also observed that as the oxidation time increased, selective oxidation
transformed to homogeneous oxidation with the increase of Ni-Al phases peaks

coming from XRD results.

Although cavities were detected in the upper part of coating layer, HDA+DA sample
outer layer showed durable structure against for 100 hours oxidation without
breakaway. Decrease in total thickness was observed with the formation of oxidative
breakaway after 100 hours oxidation. Nevertheless, HDA+DA samples showed
relatively better oxidation performance by preventing penetration or diffusion of

oxygen to substrate thanks to surface coating compared to bare and HDA Inconel 718.
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