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Abstract 

 
MCrAlY coatings (“M” for Ni and/or Co) are widely used for the protection of superalloy 

components operated at high temperatures such as in the hot sections of gas turbines. The 

exposure to high temperature can cause coating degradation due to oxidation or hot corrosion at 

the coating surface. Microstructures in the coating and the coating life are affected also by the 

diffusion of alloying elements through the coating-superalloy interface. This PhD project, by 

applying thermodynamic modelling and experimental tests, investigates the oxidation and hot 

corrosion behavior of new MCrAlX coatings, in which X, referring to minor elements, is used to 

highlight the functions of such elements. 

In order to understand and predict the coating degradation progress during thermal exposure, an 

oxidation-diffusion model has been established for MCrAlX coating-superalloy systems, which 

integrates the oxidation of aluminum at coating surface, diffusion of alloying elements, and the 

diffusion-blocking effect in the materials. The predicted chemical composition profile and 

microstructure agreed well with experimental results in a CoNiCrAlYSiTa-Inconel 792 system. 

The model was further applied in several coating-superalloy systems to study the influence of 

coating composition, superalloy composition and temperature on the evolution of microstructure 

in the coating and the coating life. The results have demonstrated the potential of the model in 

designing new durable MCrAlX coatings. In addition to the applications in coating-superalloy 

systems, the model was also adapted for studying the microstructural development in a superalloy 

in which internal oxidation and nitridation occurred in an oxidation process.  

The oxidation behavior of some HVOF MCrAlX coatings was studied by thermal exposure at 

different temperatures (900, 1000, 1100 °C). Different spinels formed above the alumina scale, 

depending on the oxidation temperature. The minor alloying elements, Ru and Ir, had no direct 

influence on the oxidation behavior but may affect the phase stability in the coating.  

MCrAlX coatings were also tested in 48-hour cycles at 900 °C in different hot corrosion 

environments containing sulphates and/or SO2. The results showed that the coating performance 

was dependent on coating quality, concentration of Al and Cr in the coating, and the hot 

corrosion condition. It was also found that the addition of SO2 in the environment may not 

necessarily be bad for hot corrosion resistance of some MCrAlY coatings. 
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1 

Introduction 
 
1.1 Background 
 

With a requirement to improve fuel efficiency and reduce CO2 emissions in gas turbines for 

industry applications or aircraft engines, development of gas turbines strongly demands not only 

a design of a good gas turbine system (heat transfer, cooling system, etc.), but also a development 

of materials which can be durably used at elevated temperatures (materials like superalloys, high-

temperature coatings, etc.) [1,2].  

 

1.1.1 Gas turbines 
 

Fig. 1 shows two Siemens land-based gas turbines – SGT-750 and SGT-800, which are used for 

power generation or mechanical drive [3]. During the operation of the gas turbines, air is taken 

through the INTAKE section, and is compressed by compressing blades in the COMPRESSION 

part. The compressed air goes further into the COMBUSTION chambers and is mixed with fuels, 

which are then ignited producing the high-temperature and high-pressure gases. The hot gases, 

with really high velocity, impact the blades and vanes in the TURBINE section to drive the 

rotation of the shaft to generate power. After passing the TURBINE section, the gases leave the 

gas turbine through the EXHAUST part, with a decreased temperature and pressure. Gas turbines, 

like ones presented in Fig. 1, can have a high energy efficiency, for instance about 40 % by the 

SGT 750 [3].  

 

Various materials are used in gas turbines in different sections referencing their mechanical 

properties and the temperature limitation. For the land-based gas turbines in Fig. 1, the INTAKE 

and COMPRESSION parts generally stay at lower temperatures (< 600 °C), therefore, Fe-based 

alloys are widely chosen for the manufacture of the components in these sections. In an aero 

engine, high-strength and light Al/Ti alloys are usually used in the cold parts of the engine [4]. 

The compressed air becomes very hot in the end of the COMPRESSION section, and the 

temperature will further and dramatically rise up in the COMBUSTION and TURBINE sections. 

In those sections, Ni- or Co-based superalloys are used as the base material for the blades and 

vanes to sustain high stresses even up to about 800 °C [1,4]. Protective coatings are also required 

to protect the superalloy-made components from high-temperature oxidation and hot corrosion. 

The coatings are usually aluminum and/or chromium rich to form a thin, dense, continuous and 

protective alumina or chromia scale at the coating surface to shield the harsh atmosphere. In 

some parts of the gas turbine where the alloys can not sustain the high gas temperature directly, 
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ceramic coatings, associated by an internal cooling system in the components, are also coated 

onto the components to decrease the temperature of the inner metallic materials [5].  

 

 
 

Figure 1. Two Siemens gas turbines (produced in Finspång, Sweden): (a) SGT-750 (38 MW), (b) SGT-

800 (47 MW). 
 

1.1.2 Importance of MCrAlY coatings 

 

MCrAlY coatings (M for Ni and/or Co) are largely applied for high-temperature oxidation and 

hot corrosion resistance to protect the base materials in some hot components in gas turbines. 

MCrAlY coatings can be used as overlays (e.g. on the blades in the end part of the 

COMBUSTION section, and, on the blades and vanes in the low-temperature part of the 

TURBINE section), or as bond coats in thermal barrier coating (TBC) systems (e.g. on the 

COMBUSTION chamber, and, on the components in high-temperature part of the TURBINE 

section). MCrAlY coatings are widely used in gas turbines because of many reasons [4,6-8]: 
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 MCrAlY coatings can protect substrate materials from high-temperature oxidation and hot 

corrosion by forming a protective oxide scale on the coatings; 

 

 The coating composition can be tailored for various application needs; 

 

 Coating thickness can be easily varied to various demands, such lifetime, aerodynamics, 

and etc.; 

 

 Many deposition or spray techniques are available to manufacture MCrAlY coatings; 

 

 MCrAlY coatings can have a good combination of strength and ductility at high 

temperature; 

 

 If being as a bond coat, the use of MCrAlY coating in a TBC system can enhance the 

bonding strength between the ceramic layer and the metallic materials significantly. 

 

 

1.2 The project - why new MCrAlX?  
 

Traditionally, “MCrAlY” is usually used to name the alloys or coatings containing Cr, Al and Y 

with Ni and/or Co as the base elements. In such coatings, Y performs as a reactive element at 

high temperature and plays an important role in the formation of alumina scale and the scale 

adherence on the coatings. In this project, “MCrAlX” is adapted to strengthen the effects of other 

alloying elements besides Y, namely the “X” elements, like silicon, tantalum, ruthenium, iridium, 

and etc., in the spirit of new MCrAlX coating design. The phrase of “MCrAlX” was also used by 

few other researchers in literature [9,10]. By optimizing the concentrations of X elements, the 

properties of the new MCrAlX coatings, including oxidation resistance, hot corrosion resistance 

and coating strength and ductility, are aimed to be improved. To make this thesis easy to read, 

“MCrAlY” is still adapted in the following chapters. 

 

In this four-year PhD project (2010-2014), both experimental testing and modelling work were 

carried out to support the new MCrAlX-coating design. Experiments mainly contained oxidation 

and hot corrosion testing of the new MCrAlX coatings, while modelling work was done by using 

ThermoCalc and DICTRA software for both equilibrium calculations and diffusion simulations. 

Based on the outcomes produced in this project, more research will be continued in the future: 

 

 Mechanical property testing, e.g. creep and fatigue behavior (e.g. thermal mechanical 

fatigue) of the MCrAlX coatings in superalloy-coating systems; 

 

 New coating composition development based on the model which has been built in the 

project; 

 

 Investigation of the oxidation/corrosion behavior of the new MCrAlX coatings in a TBC 

system. 
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2 

Superalloy-Coating System 

 
2.1 Base materials – superalloys 
 

Since 1940s, the manufacturing process of superalloys has been highly developed mainly aiming 

to improve the creep capacity: wroughting  conventionally casting  directionally solidifying 

 single crystal [4,11]. Voids and cracks can form at grain boundaries in polycrystalline alloys 

which could make the alloy fail earlier during a creep process [12]. By removing the grain 

boundaries from the alloys, the creep resistance can be dramatically improved: for example for 

the same creep lifetime, the creep temperature can be increased by about 100 °C for single-crystal 

superalloys in comparison with casted ones [4]. However, in the real industrial applications, 

polycrystalline superalloys still hold the most markets of superalloys, because of the lower cost to 

make a poly crystal than a single crystal.  

 

In the latest generations, the superalloys are generally Ni-based FCC alloys since Ni has a high 

ability for elemental solution in it and owns a low thermal activity rate which is beneficial for 

creep resistance. The FCC matrix in Ni-based superalloys can be strengthened by dissolving 

other alloying elements (solid-solution strengthening), forming strengthening precipitates like γ', 

γ'' and/or carbides (precipitation strengthening), or dispersing some oxide-particles like Y2O3 

(oxide-dispersion strengthening) [1]. Co superalloys are usually strengthened by solid solution in 

tradition [4,11], but recently Co-W-Al systems are also developed with the γ'-precipitation 

strengthening [13]. 
 

Table 1. The composition (wt.%) of Inconel 792 and its heat-treatment processes. 
Composition 

(wt.%) 

Ni Cr Co W Ta Ti Al Mo C Zr B 

Bal. 12.5 9.0 4.2 4.2 4.0 3.4 1.9 0.08 0.018 0.015 

Heat-treatment 

processes 

Solution annealing: (1120 ± 10) °C for 2 hours in vacuum; 

Ageing: (845 ± 10) °C for 24 hours. 

 

Generally a number of alloying elements are added in a superalloy to modify the microstructure 

and improve the mechanical properties. The composition of Inconel 792, a Ni-based 

polycrystalline superalloy which is always used as the substrate in this PhD project, is shown in 

Table 1. Due to its complex chemical composition, a considerable number of phases can form in 

the alloy. Fig. 2a shows the typical microstructure of this superalloy (casted) after the solution 

annealing and ageing heat treatments given in Table 1. In the grains, γꞌ (ordered FCC) 

precipitates can be found in a γ (disordered FCC) matrix. Depending on the γ-γꞌ lattice misfit the 
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morphology of γꞌ can be cubic, spherical or cuboidal [4]. Carbides also form in the superalloy, in 

a form of MC or M23C7. If being at grain boundaries, the carbides can improve the creep 

resistance by hindering grain-boundary sliding [14].  

 

 
Figure 2. Microstructure in Inconel 792 after the solution annealing and ageing heat treatments: (a) 

showing γꞌ precipitates in γ matrix and grain-boundary carbides, and (b) showing the equilibrium 

microstructure in Inconel 792 calculated by Thermo-Calc software with the Ni-based thermodynamic 

database TCNI5. 

 
Table 2. Some phases that may form in superalloys [1,4,13,15-17]. 

 
Phase Formula Crystal 

Structrure 

Thermaldynamic Stable 

Temp. 

β NiAl BCC (ordered)  

γ - FCC (disorderd) up to melting point 

γ' Ni3(Al,Ti,Ta) in Ni based superalloy 

Co3(Al,W) in Co based superalloy 

FCC (ordered) 

FCC (ordered) 

up to1200 °C 

up to1150 °C 

γ'' Ni3Nb BCT (ordered) up to 885 °C 

δ Ni3Nb orthorhombic 650-980 °C 

η Ni3Ti HCP - 

σ Cr2Ru, Cr61Co39, Re67Mo33 tetragonal 540- 980 °C 

μ Co2W6, (Fe,Co)7(Mo,W)6 rhombohedral - 

P Cr18Mo43Ni40, 43Re-20W-23Ni-5.3Cr-7.2Co-

others (wt.%) 

orthorombic - 

R Fe52Mn16Mo32 rhombohedral - 

laves Co2(Ta,Ti), Fe2Ti hexagonal - 

carbide MC (M=Ti,Ta,Nb,W,Mo,Hf,Cb,Zr) cubic up to melting point 

M23C7 (M=Cr,Fe,Mo,W) FCC 760-980 °C 

M7C3 (M=Cr) hexagonal above 1000 °C 

M6C (M=Mo,W,Cr,Fe,Co,Ta) FCC 815-980 °C 

M3C2 (M=Cr) rhombic - 

boride M3B2 (M=Cr,Mo,Nb,Ti,Ni,Fe,V) tetragonal - 

 

Fig. 2b presents the calculated equilibrium microstructure in Inconel 792 between 800 °C and 

1200 °C (The composition in the calculation used is Ni-12.5Cr-9Co-4.175W-4.175Ta-3.975Ti-

3.375Al-1.9Mo-0.08C by wt.%). According to the calculation, the first solid phase – γ is 

expected to form in the melt at around 1340°C during cooling. (Ti,Ta)-rich MC carbides can also 

form in the γ matrix during the solidification [1,4,15]. When decreasing temperature, the 
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following transformation among minor phases may occur: MC  M7C3  M23C6/ M6C  σ, 

suggested by [1]. Topologically-close packed (TCP) phases such as (Cr,W)-rich μ-phase may 

also form at high temperatures. Decreasing temperature lowers the solubility of alloying elements 

in the γ phase, promoting the formation of γ' and other phases. In the ageing treatment at 845 °C 

some (Cr,Mo)-rich M23C6 carbides could form at grain boundaries [18] and (Co,W)-HCP phase is 

also predicted by the calculation but not detected in SEM observation. The diffusivity of the 

alloying elements becomes slower at lower temperatures, leading to sluggish microstructure 

changes, and then the comparison between the calculation results and the real microstructure in 

the alloy becomes tricky. For example, the (Ti,Ta)-rich MC, which is thermodynamically 

unstable at 845°C according to the calculation (Fig. 2b), is actually well kept after the ageing 

treatment at 845°C (Fig. 2a). The mismatch between the calculated microstructure and the real 

one can be also due to the inevitable imperfection of the database used in the calculation.  

 

Phases in Ni-based and Co-based superalloys which have been reported in literatures are 

summarized in Table 2 [1,4,13,15-17]. Typically, the TCP phases, namely σ, μ, P and R, have 

complex chemical formulas usually containing many atoms in one unit cell. The volume fraction 

of those TCP phases should be controlled to a small extent in alloy design with the consideration 

of the material ductility. 

 

 

2.2 High-temperature coatings 
 
High-temperature coatings used in gas turbines can be generally classified into metallic coatings 

and thermal barrier coating (TBC). Metallic coatings include diffusion coating and MCrAlY 

overlay coating; the metallic coatings can be also utilized as bond coats in TBC systems. Typical 

morphologies of the cross sections of those coatings are shown in Fig. 3. A good coating design 

should consider many factors as listed in Table 3.  

 
Table 3. Desirable coating requirements for coating-superalloy systems in gas turbines (mainly based on 

the summarizations by [8,19]). 

 
Coating Property Requirements 

Oxidation/Corrosion 

Resistance 

 

Rapid formation of an initial oxide scale; 

Protective scale: uniform, adherent, stable and ductile; 

Slow and uniform scale growth; 

Ability to quickly form a new protective scale after oxide scale spallation. 

Material Stability 

 

Low coating-forming stress; 

Good ability to keep the beneficial elements and microstructure in the 

coating for oxidation  resistance; 

Limited interdiffusion across coating-substrate interface; 

Limited the formation of brittle phases across coating-substrate  interface; 

 Clean coating-substrate interface. 

Mechanical Property 

 

Ability to withstand all stress (creep, fatigue, and impact loading); 

Appropriate coating ductility; 

Mechanical match between coating and substrate; 

Minimum effects on substrate properties. 
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Figure 3. High-temperature coatings (cross sections): (a) PtAl diffusion coating deposited by CVD, (b) 

MCrAlY overlay coating sprayed by HVOF, and (c) thermal barrier coating deposited by EB-PVD 

(MCrAlY as a bond coat deposited by EB-PVD). 
 

Diffusion coatings are produced by a process with the enrichment of one or several elements at 

the surface of a substrate material [6]. For instance, aluminide diffusion coating (NiAl) is 

produced by the surface enrichment of Al-rich species followed by an inward diffusion of Al or 

outward diffusion of Ni; diffusion direction is dependent upon the Al activity during the 

aluminizing process. If the Al content at the substrate surface is low and the aluminizing 

temperature is high (> 1000 °C), the outward diffusion of Ni prevails, creating an outward 

diffusion coating. If the Al activity is high and a low temperature (< 800 °C) is applied, the 

inward diffusion of Al is predominant, resulting in an inward diffusion coating [6]. Since the 

substrate participates in the formation of the diffusion coatings, the microstructures in the 

diffusion coatings highly rely on the composition of the substrate material. Pt can be deposited on 

a superalloy by electroplating or physical-vapor deposition (PVD), followed by traditional 

aluminization to form the Pt-modified aluminide (PtAl) [20]. Diffusion coatings can be fabricated 

by pack process or chemical-vapor deposition (CVD) method [6]. The operation temperature of 

diffusion coatings are generally lower than 1000 °C [8].  

 

MCrAlY overlay coatings have less dependence on the substrate composition than the diffusion 

coatings. To make the MCrAlY overlay coatings, the precursors with the designed composition in 

a form of powders or wires can be sprayed onto the substrate materials. The concentration of Cr 

and Al is important for the oxidation and hot corrosion resistance of the coatings which, typically, 

have a composition of 15-22 wt.% Cr and 8-12wt.% Al [7,8]. By optimizing the concentrations of 

some minor elements like Y, Si, Hf and Ta, one can improve the performance of the coatings at 

high temperature. For example Y is added to promote the formation of the protective Al2O3 scale 

[21] and improve the adhesion of the scale [22]. The addition of Si and Hf may provide beneficial 

effect on hot corrosion resistance, while some heavier elements like Ta in the coating may affect 

the diffusion activities of alloying elements by reducing their diffusion rates [6]. MCrAlY 

coatings can be deposited or sprayed by a number of techniques: atmospheric plasma spraying 

(APS), low-pressure plasma spraying (LPPS), vacuum plasma spraying (VPS), electron-beam 

physical vapor deposition (EB-PVD), and high-velocity oxy-fuel spraying (HVOF) [23-26].  

 

Thermal barrier coatings (TBCs) are used to decrease the temperature of the underlying bond 

coat and based alloy from the hot gases in combustion and turbine sections in gas turbines. By 

cooperating with the internal cooling systems in the metallic components, TBCs can provide a 

200 to 300 °C temperature decrease at the component surface; the exact value of the temperature 
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decrease is dependent on the thickness and thermal conductivity of the TBCs [6,11], and the 

design of the components. Yttria (partially) stabilized zirconia is the most common TBC material 

used in the industries now, due to its low thermal conductivity, relatively large thermal expansion, 

and advisable price [6,27,28]. To achieve higher thermal isolating effect, microstructures in the 

TBCs can be modified to reduce the thermal conductivity. To be more strain tolerance, columnar 

TBCs are preferred, which can be produced by EB-PVD [6,27,28], like the one shown in Fig. 3c. 

One critical failure mode of TBCs is the spallation of the top ceramic coat from the bond coat, for 

which the surface roughness of the bond coat and quality of the thermally-growing oxide scale 

become very important [27].  
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3 

Oxidation and Hot Corrosion of Coatings 

 
3.1 Oxidation 
 

In combustion and turbine sections in gas turbines, components face considerable attacks of high-

temperature oxidation [23]. Coatings, used for the protection against the oxidation, are required 

to form a continuous, dense, easy for repair, and protective oxide scale at the coating surface to 

hinder the inward diffusion of oxygen and other species from the atmosphere therefore to slow 

down the material degradation due to the oxidation. Coating degradation in an oxidation process 

can be divided into three stages: transient stage (oxides fast forming), steady stage (one 

predominate oxide growing, spalling, and maintaining) and coating failure (protective scale 

unable to form or to be maintained), as schematically shown in Fig. 4a. 

 

 
Figure 4. (a) schematic illustration of the three stages of the coating degradation due to oxidation (hand 

drawing based on [29]), (b) Ellingham diagram showing the free energy of the formation of the oxides as a 

function of temperature (data for the oxides of Ni, Co, Fe, Cr and Al come from [6], data for the oxide of 

Y come from [30], the point, and [31], the line). 
 

In the transient stage (Fig. 4a), almost all alloying elements can be oxidized at the coating surface, 

forming a variety of oxides which could be an unstable aluminum oxide (γ-, δ- or θ-Al2O3 [32-

34]), Cr2O3, CoO, NiO and/or spinels [7,34-36]. The variety of the transient oxides is mainly 

dependent upon the chemical composition and the microstructures of the coating. Other factors 
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like temperature and partial oxygen pressure can also affect the formation of the oxides [7]. With 

prolonged oxidation time the transient aluminum oxides will be converted into stable α-Al2O3 

while other oxides such as Cr2O3, NiO, etc. can remain during the steady oxidation stage [36]. 

The transient stage is usually very short, for instance, less than 1 hour for Ni-Cr-Al alloys above 

1000 °C [35,37]. 

 

As shown in Fig. 4b, comparing with the oxides of other main elements (Ni, Co, Cr.), the oxide 

of Al, alumina (α-Al2O3) has a lower formation energy, and is always the chosen oxide to form a 

continuous and dense scale against high-temperature oxidation in MCrAlY coatings. The 

formation energy of alumina (   ) in an alloy can be calculated by following equation: 

 

            

 
 ⁄     

  

 

where R is the gas constant, T is temperature in Kelvin,     is the activity of aluminum, and    
 is 

the partial pressure of oxygen. The activity of aluminum is alloying composition dependent. 

Oxides of some reactive elements, like yttia (Y2O3), have even lower formation energy, which 

can affect the oxidation behavior of coatings in the transient stage. For instance, Y can facilitate 

the formation of the alumina scale [38]. 

 

In the steady stage, alumina grows as a continuous, dense, and protective scale, with the support 

of Al from the underlying coating matrix. In this stage, the alumina scale may spall off, due to its 

growth stress (increasing with the scale thickness [39]), or the thermal stress (caused due to 

temperature cycling [40,41]). The addition of small amount of reactive elements like Y and Hf 

can improve the adhesion of the alumina scale [42-44].  After the spallation of the scale, a fresh 

surface of the underlying coating will be exposed to atmosphere and will be oxidized to form new 

oxides. If the coating can quickly heal the alumina scale, the coating’s life can be prolonged.  

 

When the Al content in the coating is lower than a critical level, the coating will be incapable to 

support the growth and the maintenance of the alumina scale, and then other oxides like NiO, 

CoO, and/or spinels will aggressively form which usually can not form a dense and protective 

scale like alumina for oxidation resistance [7,45-49].  In this case, the coating will deteriorate 

rapidly to fail. 

 

 

3.2 Hot corrosion  
 

Hot corrosion on metallic coatings can be classified into Type I and Type II [6]. The temperature 

range and the damage on the coatings are illustrated in Fig. 5.  Type I hot corrosion occurs above 

a certain temperature (800-950 °C [8]) when the detrimental salts (e.g. sulphates like Na2SO4, 

K2SO4) are melted to dissolve the oxide scale. This process usually produces a porous oxide layer 

and the underlying alloy/coating with a sulfidation attack [6]. At lower temperature (600-800 °C 

[8]), pitting attack with minimal sulfidation is commonly found, leading to the type II hot 

corrosion [6]. The damage by the hot corrosions depends on many factors such as coating 

composition, thermomechanical condition, contaminant composition, flux rate, temperature, 

corrosion time, gas composition and velocity, and erosion [50]. For instance, coexistence of 



 

15 
 

NaCl/V2O5 with sulfates can form the eutectics of low-melting temperature, which expands the 

temperature range of the hot-corrosion attack [8,50,51]. Some corrosive salts, oxides and 

eutectics with their melting points are shown in Table 4; note that the eutectics of some salts have 

a lower melting point than the single salts. 

 

 
Figure 5. Schematic illustration of damage due to type I and II hot corrosion superimposed on contribution 

to pure oxidation. The corrosion regime is based on [6,8].  
 

 
Table 4. Melting point of some salts, oxides and eutectics [6,50,52] 

Species Melting Point (℃) 

NaCl 801 

Na2SO4 884 

NaCl-Na2SO4 620 

Co-Co4S3 877 

Ni-Ni3S2 645 

CoSO4 735 

CoSO4-Na2SO4 565 

NiSO4-Na2SO4 671 

V2O5 690 

NaVO3 630 

Na4V2O7 635 

Na3VO4 850 

Al2(SO4)3 770 

Na2O 1132 

NaAlO2 1800 

CaO-Al2O3-SiO2 1170 

CaO-MgO-SiO2 1320 

MgO-Al2O3-SiO2 1355 
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The true mechanism of hot corrosion is not completely understood yet. But a commonly accepted 

mechanism is the “fluxing” of the protective oxides in the molten salt due to the gradients of the 

oxides’ solubility through the salt thickness [6,53]. Such mechanism is particularly accepted for 

the type I hot corrosion.  

 

The most common salt causing the hot corrosion in gas turbines is sodium sulphate - Na2SO4 

[50,54-56]. Dependent on the basicity (or acidity) of the molten salts, an oxide scale like alumina 

can be dissolved, basically, in two ways [53,57-59], as shown in the underlying equations. The 

basicity (or acidity) of the molten salts is controlled by the thermodynamic activity of Na2O or 

SO3 [53,59]. 

(Basic fluxing) 2Na2O + 2Al2O3 = 4NaAlO2 

(Acidic fluxing) Al2O3 + 3SO3 = Al2(SO4)3 

Fig. 6 shows an example of the cross-sectional microstructure of the oxide layer after a basic-

fluxing process in a sulphate environment at 900 °C. The layer is not pure alumina scale any 

more but a mixture of different oxides; in the case in Fig. 6, the mixed oxides are Al oxides, Cr 

oxides, spinels and some S-rich species. Chromia (Cr2O3) is believed to be a oxide to be resistant 

against the fluxing attack, because chromia at the salt-gas interface has a higher solubility in the 

molten salt than at the salt-oxide interface, which can hinder the dissolution of the oxide into the 

molten salt [6,53]. Alumina and many other oxides (e.g. NiO) have the opposite solubility at the 

salt-gas and salt-oxide interfaces, therefore are less resistant against the hot corrosion [6,53]. 

Many researches have studied the hot corrosion behavior of MCrAlY coatings in molten-sulphate 

environments [60-65]. The corrosion behavior of those coatings is dependent on, for example, the 

salt chemistry [60] and the SO2 partial pressure [66,67]. 

 

 
Figure 6. The morphology of the oxide layer on a MCrAlY coating after a type-I hot corrosion process at 

900 °C. 
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4 

Interaction between Coating and Substrate 

 
4.1 Mechanical interactions 
 

The mechanical interactions means the influence of the coating on the creep or fatigue behavior 

of the substrate material (superalloy). In this chapter, only the influence of metallic coatings is 

discussed. 

 

4.1.1 Creep 
 

Creep is a phenomenon that a solid material deforms slowly and permanently under a stress [1]. 

Creep of metals or alloys usually occurs when increasing temperature. In a coating-substrate 

system, the effect of the coating on the rupture of the substrate material becomes more 

pronounced when the substrate is thin [68].  

 

 
Figure 7. Ductile-brittle transition temperatures: (a) measurement of DBTT of material [69] and (b) DBTT 

values of MCrAl and CoCrAl alloy systems [6,19]. 

 

Metals or alloys can become superior ductile when the temperature is above a critical value 

which is called ductile-to-brittle transition temperature (DBTT). The measurement of the DBTT 

is as shown in Fig. 7a proposed by Lowrie [69] who suggested DBTT is the temperature above 

which a minimal plastic strain of 0.6% should be obtained in a tensile test. There are also other 
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definitions of DBTT [70]. DBTT for some NiCrAl and CoCrAl alloys [6,19] are shown in Fig. 7b, 

in which different DBTT definitions may be adapted for those alloys. DBTT of some other alloys 

are given in Table 5.  
 

Table 5. DBTT for some XmAln alloys and alumindes [6,19,70]. 
Material Estimated DBTT (℃) 

Ni-35Al ~740 

Co-35Al ~970 

PtAl2 870-1070 

Ni3Al 730-900 

NiAl 868-1060 

CoAl 878-1070 

Ni2Al3 570-710 

Plan aluminide 693 

Pt-aluminide 795 

 

Fig. 8a presents the typical creep deformation stages: primary stage, steady stage and fracture. 

One theory to explain the different behavior of materials in those three stages is the creep 

hardening-softening by dislocation. Creep hardening is caused by dislocation multiplication while 

creep softening by dislocation recovery [4]. As can be seen in Fig. 8a, the strain rate decreases 

with time in the primary stage (due to creep hardening), then remains constant in the long steady 

stage (balance between creep hardening and softening) and finally increases in the final stage to 

failure (voids/cracks forming and growing). Dependent on the temperature and stress in the creep 

process, the shape of creep curve changes [1]. 

 

 
Figure 8. Creep deformation: (a) schematically illustration of a creep deformation process containing three 

stages, (b) Larson-Miller parameter to describe the alloy performance in creep (alloy B is more creep 

resistant than alloy A). The graphs are drawn based on [4]. 
 

The creep rate  ̇ in the steady stage can be obtained from the strain-time curve in Fig. 8a: 

 

 ̇  
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where d  is the strain increment during the time period dt. The creep rate  ̇ is dependent upon the 

creep stress and temperature, and can be described by the following equation [1,4]: 

 

 ̇           
 

  
 

 

where σ is the creep stress, n the stress exponent, Q the activation energy, R the gas constant, and 

T the temperature. The time to rupture (tr) can be related to the creep rate through the Monkman-

Grant relationship [1,4]: 

 

    ̇           
 

By combining the above two equations, a so-called Larson-Miller parameter can be calculated 

[1,4]: 

 

                 

 

where E is a constant which is usually set as 20. A higher Larson-Miller parameter means a 

longer creep life or a higher temperature can be applied. In Fig. 8b, alloy B has a higher creep 

resistance than alloy A. 

 

In a coating-superalloy system, the coating almost carries no stresses when the creep temperature 

is much higher than the coating’s DBTT [71,72]. However, coating should not be treated as 

completely loading-free part before cracks form in the coating even the temperature is above the 

DBTT, according to [73]. It was also reported that superalloys and MCrAlY alloys showed better 

creep resistance when tested in air than in vacuum [74,75], which was explained by that the 

effective stress sustained by the sample decreased due to the beneficial friction stress due to the 

surface oxide layer [75]. The oxidation was also considered to be beneficial to blunt the surface 

pores [74] and cracks [75] and thus reduced stress concentration in those defects. 

 

4.1.2 Fatigue 
 

The hot components also sustain cyclic mechanical loads, i.e. fatigue, during the operation of 

turbine engines. At least three types of fatigue are widely investigated: low cycle fatigue (LCF), 

high cycle fatigue (HCF) and thermal mechanical fatigue (TMF).  

 

LCF originates from, for instance, the sudden start-up and stop of an engine, while HCF occurs 

during the running of the engine with inevitable fluctuations [4]. The stress amplitude of LCF is 

usually at or beyond the elastic limit of materials, thus giving very short lifetime, often under 10
5
 

cycles. The fatigue lifetime is usually beyond 10
5
 cycles in HCF in which the stress amplitude is 

in the elastic range with plastic deformation only occurring locally [4]. The fatigue curve or S-N 

curve usually has an “L” shape as shown in Fig. 9, where a fatigue limit is generally the stress 

value under which the fatigue life is above 10
7
 cycles [76]. 
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Figure 9. Schematic drawing of fatigue curve (S-N curve), based on [76].[76] 
 

 

The application of metallic coatings seems to have no negative effect on the LCF of superalloys 

when the experimental temperature is above the DBTT of the coating and when the coating 

thickness is below a certain value [77,78]. PtAl coatings may reduce the HCF endurance limit of 

the coated samples by switching the crack initiation from internal pores towards in the coating or 

at the coating-substrate interface [79,80]. However, the ductility of aluminide diffusion coatings 

is sensitive to their thickness, especially when the thickness is smaller than 100 μm [81]. Cracks 

may be produced in protective coatings due to mechanical bending or thermal shock [82]. 

Increasing the coating thickness or fatigue stress amplitude can raise the stress intensity beyond 

the threshold value of the substrate material [68,83], making the coating cracks propagate 

inwards to the substrate.  

 

During the heating-cooling process in hot sections in gas turbines, components may experience 

both temperature and mechanical-loading changes inducing TMF. The temperature change causes 

thermal fatigue stresses produced due to the difference of thermal expansion coefficients between 

two materials. Zhang’s research [84] showed that in TMF process, diffusion coating did not 

produce cracks, but MCrAlY coating, as either overlay or bond coat in TBCs, could be cracked in 

the compression stage. In out-phase TMF a reduced lifetime due to the application of MCrAlY 

coating was also reported by Okazaki [78]. Zhang [84] explained that the surface rumpling of 

MCrAlY coating during TMF was responsible for the crack initiation. This was agreed by Tzimas 

[85] who found crack initiation at valley position at rumpling coating surface. Finite-element 

simulation showed that a large tensile stress in the oxide scale, developed during TMF, was 

responsible for surface crack initiation [85]. The TMF behavior of MCrAlY coatings can be 

improved by composition modification. For instance, the addition of Re to MCrAlY can increase 

the TMF lifetime [25,86]. 
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4.2 Chemical interactions 

The chemical interactions mean the interdiffusion of alloying elements through the coating-

substrate interface (CSI), and the corresponding microstructural evolutions due to the 

interdiffusion. Such microstructural changes at the CSI may affect the mechanical behavior of the 

coating-substrate system. 

 

For most MCrAlY coatings to form alumina scale against high-temperature oxidation, their Al 

content is important for an effective coating life. Al is largely consumed due to the oxidation at 

the coating surface at high temperature, besides which Al can be also highly consumed due to an 

inward diffusion of Al from the coating to the substrate. The interdiffusion of alloying elements 

through the CSI can cause local microstructural changes. Such microstructural evolution near CSI 

is dependent on coating composition, substrate composition and temperature. 

 

The interdiffusion behavior of alloying elements in a diffusion couple can be investigated with 

the help of phase diagrams. Some representative research work can be found in [87-89]. 

“Diffusion path” [89] is an approach to understand the diffusion behavior of alloying elements in 

a diffusion couple (two different alloy contact each other). Fig. 10a schematically shows a 

diffusion path (“A” to “B”) in a ternary phase diagram, corresponding to the developed 

microstructure in the diffusion couple (Fig. 10b). For multicomponent alloys, like a MCrAlY 

coating-superalloy system, the “diffusion path” approach becomes difficult to use. To investigate 

the interdiffusion behavior in such systems, a number of experiments and diffusion models have 

been developed in recent decades [90-95]. 

 

 

 
Figure 10. Composition and microstructural evolution study by using “diffusion path” approach. (a) A 

diffusion path (dashed line) between an A-B diffusion couple in a NiCrAl phase diagram containing γ+β 

and γ fields. (b) Fraction profile of the β phase in the A-B diffusion couple (dash line for time = zero, and 

solid curve for after the interdiffusion). The red squares in figure (a) are corresponding to the squares with 

the same number in figure (b). The drawings are based on the research by Engström [89]. 
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5 

Modelling 

 
5.1 Thermodynamic calculations 
 

The thermodynamic calculations are done by using ThermoCalc software in this project. Fig. 11a 

shows a calculation result of the microstructure in the coating Ni-28Co-15Cr-11Al-0.4Si-0.5Ta 

under equilibrium at high temperatures. According to the results, the stable phases in the range 

from 800 °C up to melting point are γ and β in such coating. The cross section in the MCrAlY 

coating with the similar composition is presented in Fig. 7b, showing a γ+β microstructure (after 

the heat treatment given in Table 1). The microstructure of MCrAlY coatings varies depending 

on temperature and coating composition [96,97]. For Ni-Co-Cr-Al system, the phase diagrams in 

Fig 12 may help to predict the microstructure in a MCrAlY coating.  
  

 
Figure 11. (a) ThermoCalc calculation of the phase volume fraction at different temperatures under 

equilibrium. The composition used is Ni-28Co-15Cr-11Al-0.4Si-0.5Ta, by wt.% (database used is TCNI6). 

(b) Microstructures in a MCrAlY coating after the solution and ageing heat treatment (Table 1): the grey 

phase is β, the light phase is γ, and the dark phase is oxides or pores).  
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Figure 12. Phase diagrams for NiCoCrAl alloys calculated by Thermo-Calc software. 
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5.2 Oxidation-diffusion modelling 
 

5.2.1 Background of modelling 

 
In a oxidation process, the effective coating life is determined by the degree of Al depletion due 

to Al-oxidation at the coating surface and Al-diffusion towards the substrate [24,46-49,91]. The 

Al depletion in a coating is schematically illustrated in Fig. 13a, and the diffusion-induced 

microstructural evolution in the coating is shown in Fig. 13b. The oxidation of Al promotes the 

formation of an outer-β-depletion zone (OBDZ) while the diffusion of Al from the coating to the 

substrate causes an inner-β-depletion zone (IBDZ). The middle part of the coating where the β 

phase still exists is named the β-left zone (BLZ). 

 

 
Figure 13. (a) Schematical drawing of the depletion of Al in the coating. (b) Microstructure degradation of 

a CoNiCrAlYSi overlay coating after isothermal oxidation at 1100 °C for 50 hours. The outer-β-depletion 

zone (OBDZ), inner-β-depleted zone (IBDZ), and β-left zone (BLZ) are formed in the coating. 

 

Modelling on Al depletion in the coating took a long journey in history. An earlier oxidation 

model in a NiCrAlZr coating on a Ni-base substrate was established by Nesbitt et al. [98] whose 

results showed a good agreement of the predicted Al concentration with their experimental result 

but only during short stages of the coating life. By taking into account of varying oxidation 

kinetics, Nijdam et al. [99] devised a more complex oxidation model which showed a reasonable 

agreement with experimental concentration profiles in a single-γ NiCrAl alloy. With further-

developed thermodynamic and kinetic databases, the microstructural evolution can be predicted 

by choosing suitable diffusion models in DICTRA software [100]. One successful example was 

the attempt by Nijdam and Sloof [101] who modeled the β-depletion due to isothermal and cyclic 

oxidation in a freestanding MCrAlY alloy. 

 

In this project, we created an oxidation-diffusion model by combining DICTRA software and 

Matlab, to simulate the diffusion of alloying elements and the microstructural evolutions in 

coating-superalloy systems in high-temperature oxidation process [94,95,102,103]. 
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5.2.2 Setting-up of the model  

 
The oxidation-diffusion model built in this project has been applied in several research work 

[94,95,102,103]; the model procedures for four different conditions are outlined in Fig. 14. The 

procedure in (a) considers the surface oxidation and the interdiffusion of alloying elements 

through the coating-substrate interface. The procedure in (b) further includes the oxidation inside 

of the coating. In (c), diffusion blocking effect is also integrated into the oxidation-diffusion 

model. The procedure in (d) takes internal oxidation and nitridation into account in a superalloy.  

 

The reason to take the diffusion blocking effect into account in the procedure in (c) is that 

diffusion blocking effect was indeed observed in some thermally sprayed coatings (APS, HVOF 

etc.). Brandl W. et al. [104] claimed that the presence of the finely distributed alumina might 

hinder the diffusion of the alloying elements along grain boundaries in a HVOF coating during 

oxidation. The idea of diffusion blocking by the dispersed oxides was also put forward by Peng H. 

[105] whose results showed a decreased oxidation rate by doping fine alumina into a MCrAlY 

coating. Fossati [106] performed a pre-oxidation on MCrAlY powders and found that MCrAlY 

coatings by using such powders showed a lower oxidation rate. By taking the splat-to-splat 

structures as some isolated diffusion cells, Evans et al. [107] established a model to simulate the 

chemical failure due to oxidation and diffusion in the plasma-sprayed coating. For the procedure 

in Fig. 14c, the diffusion blocking effect is simply simulated by setting different diffusion times 

in the coating and the substrate. 

 

In those models, the coating-substrate couple or the single superalloy (or single coating) is 

represented in 2D by a set of nodes in which the local composition is stored. The diffusion of 

alloying elements in the coating-substrate system is simulated by DICTRA software, while the 

oxidation (and nitridation) rate is controlled by using Matlab. The procedures in the model are 

performed by iterating several steps:  

 

 Removal of oxidized amount of the element(s) from the particular nodes in the coating 

(done by Matlab). For instance if only surface oxidation (of Al) is considered, Al is 

removed from the outmost nodes of the coating. The oxidation rate is described by a 

power equation: 

 

             

 

where h is the oxide scale thickness, h0 the scale thickness before the oxidation, k the 

oxidation constant, t the time, and n the oxidation exponent. 

 

 Diffusion simulation by using the DICTRA software. There are several diffusion models 

available in DICTRA software, like “the homogenization model (about 10 varieties)”, 

“the disperse model”, and “the grain-boundary model”, which are possible to be used for 

calculating the diffusion of alloying elements in the oxidation-diffusion model. However, 

from the author’s experience, the homogenization model is the most friendly model and 

was adapted in our publications [94,95,102,103]. In (a), (b) and (d), the diffusion is done 

through the whole material. However, for the procedure in (c) which considers diffusion 
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blocking effect (inside of the coating and at the coating-substrate interface), the diffusion 

blocking effect is simulated by separately running the diffusion in substrate and coating. 

 

 The composition profile produced after each step in the procedures is used as the input 

data for the next step.  

 

 

 

 
Figure 14. The different procedures for the oxidation-diffusion model: (a) considering surface oxidation, 

(b) considering surface and inside oxidation, (c) considering surface oxidation and diffusion blocking 

effect in the coating and at the coating-substrate interface, (d) considering internal oxidation and 

nitridation in superalloy. 
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5.2.3 Challenges of the modelling work  

 
Some challenges that the oxidation-diffusion model faces are: 

 

 Oxidation law. So far, the oxidation of alloying elements (e.g. Al) is only done by using a 

simple power equation to fit the experimental measurement of the oxide thickness. It will 

be more interesting and useful if formation of the oxides can be automatically integrated 

in DICTRA. To do that, the diffusion of oxygen in alloys should be integrated, as well as 

the thermodynamic data of the oxides and the diffusivity of the elements in the oxides. 

 

 Limitation of the database. The Ni-based database used in the current work is developed 

mainly for Ni-based alloys. There are indeed more mismatches between the simulation 

and experiments when modelling a Co-based alloy system. 

 

 Temperature. So far, the simulations by DICTRA are only for isothermal cases. However, 

in reality, for instance in a TBC + cooling system, a temperature gradient exists through 

the whole material system, then the temperature gradient should be considered. 
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6 

Methods 

 
6.1 Spray of MCrAlX coatings 
 

In this project, the MCrAlX coatings were manufactured by high-velocity oxy-fuel spraying 

(HVOF). The HVOF process is schematically shown in Fig. 15, which consists of feeding 

powders with a carrier gas, mixing the powders with oxygen and fuel in the combustion chamber, 

and spraying the powders in a high velocity. The HVOF spraying stream which contains semi-

molten powder particles will impact the surface of the target material to form a coating layer. The 

nominal compositions of the coatings which were spayed by HVOF in this project are shown in 

Table 6. The HVOF coatings have a typical splat-to-splat structure as shown in Fig. 16. The black 

features in the coating are pores or cracks which can be largely reduced by performing the 

solution and ageing heat treatment (Table 1).  

 

 

  
Figure 15.  Schematic drawing of HVOF spraying process. 

 

 

 
Table 6. Nominal compositions of some MCrAlX coatings designed in the project. 

 

 Ni Co Cr Al X 

Ni-based Bal. 28 15 11 
Y, Si, Ta, Ir, Ru, Hf, Mo, et al. 

Co-based 30 Bal. 20 10 
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Figure 16. Cross section of an as-received MCrAlY coating by HVOF spraying (a) overview, (b) a 

magnified image showing the splats, cracks and voids. 

 

 

6.2 Oxidation and hot corrosion testing 
 

In this project, oxidation tests were carried out in in air either at a constant temperature (namely 

isothermal oxidation, at 900, 1000, and 1100 °C) or at a cyclic temperature (namely thermal 

cycling fatigue, heating at 1100 °C for 1 h and a 10 min compressed-air cooling to about 100 °C). 

The furnaces used for these tests are shown in Fig. 17. In particular, compressed-air cooling 

system was applied to cool the hot samples in the thermal cyclic furnace (Fig. 17b). All the 

oxidation testing on the MCrAlX coatings presented in this thesis was done in Siemens Industrial 

Turbomachinery AB, in Finspång (Sweden). 

 

 

 
Figure 17. The furnaces used for high-temperature oxidation testing: (a) for isothermal oxidation, and (b) 

for thermal cyclic fatigue. Both tests were done at Siemens Industrial Turbomachinery AB (Finspång). 
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Figure 18. The furnaces used for the cyclic corrosion testing. (a) box rig used in Linköping University 

(Sweden) for the SD condition, (b) tube rig used in KIMAB (Sweden) for the SA and SS conditions. 

Cyclic corrosion testing was done in three different environments: salt deposition (SD), SO2 in air 

(SA), and salt with SO2 (SA). The testing temperature was held at 900 °C for 48 hour per cycle; 

before each cycle, water solution containing (0.8Na,0.2K)2SO4 was sprayed onto the sample 

surfaces to assure an about 25 μg/(cm
2
•h) coverage of the salt (for the SD and SS conditions). 

The SD corrosion was done in a box rig, as shown in Fig. 18a. In the SA and SS conditions, 500 

ppm SO2 with air flew through in the tube rig (Fig. 18b) during the corrosion at 900 °C. 

 

 

6.3 Thermodynamic and kinetic simulations 
 

Thermodynamic calculation is done by using ThermoCalc software. The software is used mainly 

for thermal equilibrium calculations based on the Calphad spirit. The calculations are dependent 

on the accuracy of the database applied. To achieve a simulation in Ni or Co based alloys like 

superalloys and high-temperature metallic coatings, Ni-based database was used (the lasted 

version, by the summer 2014, is TCNI6). 

 

DICTRA was used to simulate diffusions in materials. For the diffusion in a MCrAlY-superalloy 

system, the basic DICTRA programs can be described as follows. Firstly, the software reads in 

the suitable databases. Chemical elements, temperature, and pressure should be clarified for the 

system. Then, a 2D “region” can be set up with a distribution of nodes for numerical calculations. 

In each node, there stores the local composition and corresponding thermodynamic and kinetic 

parameters. Then a global or boundary condition should be claimed for the “region”. Finally, run 

the program. 
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Figure 19. Imaging analysis to obtain the amount of alumina at coating surface. 

 

In this research, to simulate the diffusion of alloying elements in the multiphase material system, 

a homogenization model was used. There are several bounds available under different hypotheses 

on how different phases react for the diffusion of elements between the phases. The one which 

was used often in this project is “upper Wiener bounds” or called “Rule of mixtures”, by taking 

the diffusion of Al as an example, which is described by    
   

 ∑     
 , where    

   
 is the 

effective transport parameter of Al,    is the fraction of phase i,    
  is the transport parameter of 

Al in the phase i. The so-called transport parameter    
  [   

    
 ], where    

  is the mobility of 

Al in phase i,    
  is the concentration of Al in the phase i. 

 

Due to lack of database for oxides, the DICTRA software can not be used for a direct oxidation 

simulation yet (by the summer 2014). To integrate an oxidation process, the oxidation law has to 

be forced into the model in Fig. 14, as explained in the chapter “5.2.2”. The oxidation rate of an 

element (usually Al) needs a measurement of the oxide thickness by an imaging analysis as 

shown in Fig 19. 

 

6.4 Microscopy 
 

A field-emission gun scanning-electron microscope (FEG-SEM) was used for the analyses of 

microstructure, crystalline structure of phases, and chemical composition in materials. There are 

two modes for imaging the microstructures in this SEM: secondary electron (SE) mode and 

backscattered electron (BSE) mode. SE mode is good at imaging the morphology of sample 

surface; BSE mode has a lower depth resolution but is sensitive to plastic deformation or 

chemical variation (i.e. elemental contrast). By tilting the sample surface to around 70 °, the 

crystalline information in materials can be studied by using electron backscattered diffraction 

(EBSD) technique. Microanalysis of chemical compositions can be also performed in the SEM. 

With the interaction between the electron beam and samples, X-rays are emitted, and can be 

captured and analyzed by energy or wavelength dispersive spectroscopes (EDS or WDS). Fig. 20 

shows an example to identify β, γ, γ’ phases by combining EBSD and EDS. 
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Figure 20. Phase identification by combining EBSD and EDS. (a) SEM image, (b) EBSD image (green for 

BCC phases, blue for FCC phases), (c) EDS mapping of Al, (d) EDS mapping of Cr. β phase is BCC,  Al 

rich and Cr poor, γ phase is FCC, Al poor and Cr rich, γ’ phase is FCC, Al medium and Cr poor. 

 

  

Figure 21. Stripping EDS measurement to obtain the composition profiles through the material. The 

composition in each strip is an average value in the stripped square. The CSI is set as distance = 0. 
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When quantitatively measuring the chemical compositions in material, EDS is used. Firstly, a 

pure Co standard is used to correct the SEM machine parameters. Then, the composition of the 

interested point or area in the sample will be measured. Fig. 21a gives an example on how a 

composition profile cross a coating-substrate interface is measured. The composition at a 

particular distance is an average of the composition in the stripped square. The compositions in 

such strip-by-strip measurement form a profile as presented in Fig. 21b. 

 

6.5 Other tests 
 

Some mechanical measurements were also performed on the HVOF coatings, namely adhesion 

test and micro-hardness measurement. Those tests could provide some information for 

understanding the creep or fatigue properties of those coatings in next research step of this project. 

The adhesion test was done on a tensile machine, on which the one-side coated button sample 

was glued to two bars which would be loaded until fracture. All the tested samples were fractured 

at coating-glue interface or through the glue (FM-1000), meaning that the adhesion strength of 

the coating-substrate interface was stronger than the glue strength, which was believed to be 

beyond the industrial requirement for operation.  

Micro hardness was another value representing the coating quality and coating strength. In this 

project, the micro hardness of the coatings, after the solution and ageing heat treatment (Table I), 

should be similar as the substrate to have a good mechanical match with the substrate. Fig. 22 

provides the results showing the comparison of Vickers hardness of some developed MCrAlY 

coatings against the substrate (Inconel 792). The variation of the hardness values among the 

coatings was mainly due to the coating composition and microstructures. For instance, the Co-

based MCrAlX coatings were Cr rich and formed some σ-phases and α-Cr phases after the heat 

treatment, which caused a higher hardness of those coatings.  

 

Figure 22. The Vickers micro hardness of HVOF coatings after the heat treatment in Table 1. The dot-

dash line is for the substrate Inconel 792.  
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7 

Summary of Appended Papers 

 
Paper I: Modeling of microstructural evolution and lifetime prediction of 

MCrAlY coatings on nickel based superalloys during high temperature 

oxidation 
 

At high temperature, oxidation occurs at MCrAlY coating surface. Simultaneously, diffusion of 

alloying elements in the coating-superalloy system also takes place, which drives the 

microstructural evolution during the oxidation process. The aim of this paper is to develop an 

oxidation-diffusion model for MCrAlY coating-superalloy system, to simulate the 

microstructural changes in the material and to provide a microstructure-based lifetime-prediction 

approach.  

 

A cobalt based MCrAlY coating was sprayed onto a nickel based superalloy Inconel 792 by using 

high-velocity oxy-fuel (HVOF) technique. The HVOF coatings had about 200 μm thickness, with 

a typical splat-on-splat microstructure. The coatings were subjected to a solution and ageing heat 

treatment before oxidation testing. The oxidation testing was performed at three temperatures – 

900, 1000 and 1100 °C. Samples, from different oxidation times, were cross-sectioned for 

microstructure and chemical-composition analyses. 

 

The oxidation-diffusion model was built by integrating DICTRA and Matlab software. In the 

model, the coating-superalloy couple was represented in 2D by a set of nodes in which the local 

composition is stored. DICTRA was used to simulate the diffusion of alloying elements as well 

as the microstructural changes. The effective diffusivities of the alloying elements were 

calculated by using a “rule-of-mixture” for the multi-phase material system. Matlab was used to 

remove the Al content from the 2D nodes near the coating surface according to an 

experimentally-measured oxidation law. To increase the accuracy of the modelling for the HVOF 

coating, diffusion-blocking effects were also integrated by manipulating the diffusion times in the 

coating part and the substrate part. The diffusion blockers were the small oxides along the splats’ 

interfaces in the coating, and the pores and alumina grits at the coating-substrate interface. 

 

The MCrAlY coating had a typical γ+β microstructure while the substrate had a γ+γ’ structure. 

At a low temperature (900 °C), σ phase also formed in the coating. Due to the oxidation at the 

coating surface, mainly an oxidation of Al, an outer-β-depletion zone (OBDZ) was formed. Due 

to the inward diffusion of Al from the coating to the substrate, an inner-β-depletion zone (IBDZ) 
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also formed. The oxidation-diffusion model can well predict the β depletion rate at those 

temperatures. The coating life, when the β phase in the coating was totally depleted, predicted by 

the model was about 300 hours at 1100 °C, which agreed very well with the experiment. The 

lifetimes of the coating at 1000 °C and 900 °C were predicted as about 3000 hours and > 10,000 

hours, respectively. The development of the composition profiles of the alloying elements in the 

material system was also well captured by the model. The results inspirited a further application 

of the model onto microstructure modelling and life prediction of MCrAlY coatings. 

 

 

 

Paper II: MCrAlY coating design based on oxidation-diffusion 

modelling. Part I: Microstructural evolution 

 
This paper applied the oxidation-diffusion model in different combinations of superalloys and 

MCrAlY coatings (1 mm thick substrate, 150 μm thick coating). The aim of this work was to 

study the influence of coating composition, substrate composition and temperature on the 

microstructural evolution in MCrAlY coating-superalloy systems in high-temperature oxidation.  

 

Two substrates with simplified composition (wt.%) were used in the model: Ni-15Cr-5Co-0.5Al 

(s1), to represent typical wrought superalloys, and Ni-15Cr-15Co-5Al-4Ti (s2) to represent 

typical cast superalloys. The compositions of MCrAlY coatings were the combinations of Ni 

(balanced), Co (20 or 40%), Cr (15 or 25%), and Al (6 or 13%). Oxidation laws were obtained by 

collecting data from the literature in the temperature range between 800 and 1200 °C. 

 

The modelling results showed that increasing the content of Al, Co and/or Cr stabilized the β 

phase in coatings. The coating life, when the β phase in the coating was totally depleted, can be 

prolonged more than five times when increasing the Al content in the coating from 6 to 13 wt.%. 

The coating life can be increased by around one order of magnitude if the temperature was 

reduced by 100 °C. Decreasing temperature can also promote a βγ’ transition when the β phase 

was depleted in the coating while at a higher temperature the βγ transformation was preferred.  

 

In the γ+γ’ superalloy (s2), γ’ can be depleted from the coating-superalloy interface due to the 

inward diffusion of Co and Cr from the coating; higher Co and Cr contents in the coating 

produced larger depletion depths of γ’ in the superalloy. With the γ’ depletion in the superalloy, γ 

or γ+β zone formed; the β phase formed in the superalloy was called secondary β phase. The 

formation of the secondary β phase and the depletion of γ’ in the superalloy can be suppressed if 

the contents of Co, Cr and Al in the coating were low, or a low-Al substrate (s1) was used.  

 

 

 

Paper III: MCrAlY coating design based on oxidation-diffusion 

modelling. Part II: Lifing aspects 

 
This paper is the second part of Paper II, focusing on the coating-life prediction by three criteria – 

β depletion (C1), Al depletion (C2), and critical TGO thickness (C3).  
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C1 is a microstructure based criterion, which describes the coating life when the Al-rich β phase 

is totally depleted in the coating. C2 is the criterion that based on the Al concentration near the 

coating surface and the coating life is defined as the time when the Al concentration lowers down 

to a critical level, e.g. 2.5 or 3 wt.%. The third criterion, C3, simply uses the power laws, which 

was applied to describe the TGO growth rate in the oxidation-diffusion model, to calculate the 

time when a critical TGO thickness is reached (8 and 10 μm was used). The content of Cr and Co 

in the MCrAlY coatings was represented by a so-called equivalent Cr content – Cre (Cre = Cr + 

0.5Co). 

 

The modelling results showed that at a low temperature (850 °C), the interdiffusion of alloying 

elements between the coating and the substrate was low, and the depletion of Al from the coating 

to the substrate was not the key factor influencing the coating’s life; instead, the oxidation was 

the main factor to mark the coating life. The results also showed that a lower temperature 

promoted β stability, resulting in that the coating life by C2 or C3 would be reached first, 

particularly for coatings with high Cre that promoted the β stability. At high temperatures (950-

1050 °C), a coating would lose considerable Al through the interdiffusion with the low Al 

substrate (s1) while a coating on the high Al substrate (s2) tended to reach a steady-state Al 

content at the coating surface as the substrate acts as an Al reservoir.  

 

From the perspective of MCrAlY coating design, the modelling results suggest that a low Cre 

coating will give slower Al depletion through interdiffusion since Al activity is lower in such a 

coating. Different life criteria may have to be chosen according to the alloy composition. 

 

 

 

Paper IV: Simulation of oxidation-nitridation-induced microstructural 

degradation in a cracked Ni-based superalloy at high temperature 

 
The oxidation-diffusion model presented in Paper I-III was further modified by integrating the 

internal growth of oxides and nitrides. Substrate material Inconel 792 was used for a creep testing 

at 900 °C in air. The applied creep load induced cracks normal to the loading direction and the 

oxidation behavior of the superalloy along the cracks was investigated. The creep testing was 

done until the sample fractured at 680 hours. 

 

The cross-sectional microstructure showed that at the superalloy surface, a porous chromia layer 

was formed at the outmost surface, followed by a γ’ depletion zone in the alloy where some small 

internal alumina and TiN were formed. While along the creep cracks, AlN was also formed 

besides alumina and TiN. The penetration depth of the internal oxides and nitrides, in increasing 

order, was alumina, AlN, and TiN. The penetration depths of those oxides and nitrides in the 

superalloy qualitatively agreed with predictions by the Wagner’s equation.  

 

In the oxidation-diffusion model, the oxidation and nitridation laws were described by simple 

parabolic equations. The content of the oxides and nitrides formed in the material was measured 

by image analysis along the crack. The internal oxidation and nitridation of Al or Ti was 

simulated by removing the oxidized or nitridized content of Al or Ti from the nodes where the 

new oxides/nitrides of Al or Ti were formed during the process. The modelling results show that 
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the predicted composition profiles of the alloying elements in the superalloy agreed well with the 

experimental measurement. The results also indicate that both the oxidation/nitridation of Al and 

the nitridation of Ti were responsible for the depletion of γ’ in the superalloy.  

 

 

 

Paper V: Some aspects of elemental behaviour in HVOF MCrAlY 

coatings in high-temperature oxidation 

 
The aim of this study was to investigate the behavior of alloying elements (main elements like Ni, 

Co, Cr and Al, minor elements like Y, Hf, Ru and Ir) in HVOF MCrAlY coatings in high-

temperature oxidation. Three oxidation temperatures were applied: 900, 1000 and 1100 °C. The 

study mainly focused on the behavior of the alloying elements in the interdiffusion between the 

coating and the substrate (Inconel 792, a γ+γ’ superalloy) and in the oxidation at the coating 

surface. 

 

The interdiffusion of alloying elements at the coating-substrate interface was mainly controlled 

by the main elements. Due to a higher activity of Co and Al in the coating than in the substrate, 

inward diffusion of Co and Al drove the microstructural evolution at the coating-substrate 

interface. The function of those main elements on the microstructural evolution at the coating-

substrate interface basically agreed with the results as described in Paper II. At the coating 

surface, spinels were formed above an alumina scale. It was found that the crystalline structure of 

the spinels were temperature dependent: having CoCr2O4 structure at the low temperature 

(900 °C), and owning CoAl2O4 structure at the high temperature (1100 °C). 

 

The minor elements like Y and Hf mainly affected the oxidation behavior at the coating surface. 

For instance, the addition of Hf (0.3 wt.%) caused a significantly accelerated inward growth of 

the alumina scales, by segregating at the grain boundaries of the alumina. Y, being oxidized, was 

mainly at the air-contacting side of the alumina scale, indicating that yttria may not contribute 

mechanically to the scale-coating interface strength but may play a role in the nucleation and the 

early growth of the alumina scale. Ru and Ir were mainly found to partition in the β phase in the 

coating and can hardly diffuse into the γ+γ’ area in substrate. Ru and Ir may have no direct effect 

on the oxidation behavior of the coatings, because no oxides rich of these two elements were 

detected at the coating surface. 
 

 

 

Paper VI: Hot corrosion behavior of MCrAlY coatings containing Ru 

and Ir 

 
Hot corrosion behavior of CoNiCrAlYSi(Ta) coatings with Ru (0.5 wt.%) or Ir (0.5 wt.%) was 

studied in 48-hour cycles at 900 °C in an environment with deposit of (0.8Na,0.2K)2SO4.  

 

The results showed that the oxide layer formed at the coating surface mainly consisted of alumina 

(α-Al2O3) and spinels (CoCr2O4 and NiCr2O4). In such hot corrosion condition, the Al-rich oxide 
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scale became an oxide mixture as the result of fluxing of the oxides. The fluxed Al-oxide scale 

had smaller grain size than a pure alumina formed in a lab-air oxidation. Up to the 6th cycle (288 

hours), all coatings showed slow growth rate of the Al-oxide scale and spinels. Accelerated hot 

corrosion occurred during the 6th to 10th cycles. Since the surface Al-oxide scale was not 

effectively resistant against the hot corrosion, internal oxidation/nitridation of Al and oxidation 

along splats’ interfaces took place in the coatings. The coating parts which were Al-depleted near 

the surface were further oxidized to form spinels. 

 

The coatings containing Ru or Ir got thicker Al-oxide scales and larger amount of spinels than the 

coating without Ru and Ir. Such observed difference in the hot corrosion resistance, however, 

seemed to be related to the coating quality (porosity, intersplat oxidation, surface roughness, etc.) 

rather than due to the addition of this small amount of Ru or Ir. Based on the microstructure and 

chemical composition analyses, Ru and Ir neither were active in the hot corrosion process nor 

formed any detrimental oxides or phases inside the coating or at the coating surface. Those two 

elements were mainly observed to stay in the coating matrix, especially in the β phase, or, if in 

some isolated coating fragments near the coating surface, would be slightly solve in spinels. 

 

 

Paper VII: Hot corrosion of MCrAlY coatings in sulphate and SO2 

environment at 900 °C: is SO2 necessarily bad? 

 
Three types of hot corrosion testing were carried out on MCrAlY coatings at 900 °C: with salt 

deposition (SD), with salt deposition and 500 ppm SO2 in air (SS), and with 500 ppm SO2 in air 

(SA). Two MCrAlY coatings was studied: one with a high Al content (10 wt.% Al, 15 wt.% Cr), 

namely coating A, and the other with a low Al content (7.5 wt.% Al, 28 wt.% Cr), namely 

coating B. The temperature and time regime of the hot corrosions was the same as shown in 

Paper VI. The salt environment was about 20 to 30 μg/(cm
2
h) (0.8Na,0.2K)2SO4. XRD was used 

to identify the corrosion products formed at the coating surface. Furthermore, some specific 

peaks in the XRD spectra were used to quantitatively measure the amount of the corrosion 

products, e.g. alumina and spinels.  

 

The results showed that the corrosion performance of the coatings was coating-composition and 

corrosion-condition dependent.  

 

In the SD condition, coatings were attacked mainly due to the basic fluxing of alumina scale. 

Coating A performed a better resistance than Coating B, due to its higher ability to support the 

growth and healing of the alumina scale. The difference became even larger in the SS condition, 

with very little attack observed on coating A but heavy corrosion on Coating B on which a non-

dense oxide layer of plate-like chromia formed above a fluxed Al-oxide scale. The chromia plates 

were formed probably through the oxidation of Cr-sulfides formed in the coating near the surface. 

On both Coating A and Coating B, the SA condition gave little hot-corrosion attack. 

 

The basic fluxing of the alumina scale was a reaction between alumina and Na2O. By increasing 

the SO2 partial pressure in the atmosphere, the activity of Na2O decreased, resulting in a decrease 

of the fluxing degree of the alumina scale. That could be the reason for the limited attack 

observed on the high-Al content coating (i.e. Coating A) in the SS condition. The increase of the 
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SO2 partial pressure in the molten sulphate, however, would also increase the risk of sulphidation. 

The sulphidation attack occurred in the low-Al content coating (i.e. Coating B). Cr-sulfides 

massively formed in this coating which had a low Al content and therefore failed to quickly form 

and maintain a protective alumina scale to hinder the inward diffusion of sulfur in the SS 

condition. 
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