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Abstract 

 
With superior oxidation and corrosion resistance, metallic coatings (i.e. diffusion 
coatings and MCrAlX coatings) are widely used to protect hot components made of 
superalloys in turbine engines. Two issues are critically important for the coating at 
high temperatures: thermal property related to oxidation/corrosion behavior and 
microstructure stability, and mechanical properties (e.g. creep and fatigue). The aim 
of this project is to develop better understanding of the thermal and mechanical 
behaviors of metallic coatings on superalloys and to improve the accuracy of 
prediction of their lifetime by thermodynamic modeling. The present work includes 
an investigation on the oxidation behavior of MCrAlX coating with a new lifetime-
prediction model and a study on the influence of diffusion coatings on creep and 
fatigue behaviors of the superalloy IN792.  
 
Experiments on isothermal and thermal cycling oxidation were designed to 
investigate the oxidation behavior of a HVOF CoNiCrAlYSi coating on superalloy 
IN792. It is found that the oxidation behaviors of the coating are related to its 
thermodynamic property. A diffusion model has been established using the 
homogenization models in the DICTRA software and taking into consideration of 
the influence of surface oxidation, coating-substrate interdiffusion and diffusion 
blocking effect caused by internal voids and oxides. The simulation results show an 
improved accuracy of lifetime prediction by introducing the diffusion blocking 
effect.  
 
Microstructural evolution during creep process at high temperatures was studied in 
different diffusion coatings (NiAl and PtAl). It is found that the inward diffusion of 
aluminum controls the thickening rate of the diffusion coatings. The developed 
coatings displayed two types of mechanical behavior - being easily plasticized or 
cracked - dependent on temperature and type of coating, and therefore could be 
considered as non-load carrying material during creep test. The influence of 
cracking of PtAl coating on the high-cycle fatigue (HCF) behavior of the IN792 was 
also investigated. The results show that precracking of the coating prior to the 
fatigue test has little influence on the fatigue limit of specimens with thin coating 
(50 µm) but lowers the fatigue limit of specimens with thick coating (70 µm). The 
through-coating crack has enough mobility to penetrate into the substrate and causes 
fatigue failure only when the driving force for crack propagation is increased above 
a critical value due to a higher applied stress or a larger crack length (thicker 
coating). 
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1 

Introduction 
 
1.1 Background 
 
Modern turbine engines for power generation and aircraft propulsion require 
improved fuel efficiency and reduced CO2 emissions [1], which strongly demands 
the utilization of super-property materials at increased operation temperatures [1,2]. 
 
Turbine engine is an equipment to transfer the energy of heat, produced by burning 
fuels, to a mechanical form of power for use [3]. A land-based gas turbine engine, 
used for power generation in industry, shows its internal structure in Fig. 1(a). 
During operation of the turbine air is taken-in, compressed, mixed with fuel and 
ignited, converting into the hot and expanded gases which impact the blades (Fig. 
1(b)) and vanes. The impacting force will drive the disc and shaft to rotate and 
export the energy. Turbine engine can be also applied for aircraft propulsion, in 
which the thrust arises from the momentum increment by accelerating the incoming 
air and producing a higher velocity of the exhausted gases which are heavily 
expulsed at the end of the heat engine [3]. 
 

 
Figure 1. Turbine engine and blade: (a) schematic structure of a land-based gas turbine engine 
for power generation (SIEMENS SGT-800 47MW [4]) and (b) a turbine blade from Siemens 

(Finspång, Sweden). 
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The material selection for turbine engines is a balance between the cost and 
efficiency. For the intake and compression parts which generally stay at lower 
temperatures, some cheaper Fe-based alloys can be chosen for manufacturing of the 
components. High-strength Al/Ti alloys are often used in the aero-engine 
applications for weight reduction [3]. For the components in combustion and turbine 
sections, however, materials with super thermal and mechanical properties are 
required, as the running process of turbine engine has indicated that the components 
have to sustain the harsh environmental attacks as well as some mechanical loads. 
Superalloys have been developed as the base material of hot components due to their 
excellent mechanical properties against creep and fatigue at high temperatures [3]. 
However, the resistance of superalloys against high-temperature oxidation and 
corrosion is generally limited. Thus various (Ni,Co)-based metallic coatings such as 
MCrAlX (M for Ni and/or Co and X for elements in small quantity) and diffusion 
coatings are needed to protect components of superalloys in the harsh sections of 
turbine engines [5-7]. To decrease the surface temperature of the components, the 
heat-insulated ceramic coatings can be used combining with the efficient air cooling 
in turbine engines [8], for instance the cooling channels designed across the internal 
blade structure (Fig. 1(b)).  
 
 

1.2 Research aim and future work 
 
The modern turbine engines require higher efficiency and longer operating lifetime, 
so more durable high-temperature coatings must be developed to protect the hot 
components against environmental attack. To design new coatings better 
understanding of the thermal and mechanical behavior of coatings in coating-
superalloys system is highly required. Here the “thermal” behaviors refer to 
oxidation and corrosion properties and microstructural stability at high temperatures. 
In the spirit of decreasing the experimental costs reliable models are also needed for 
lifetime prediction of the coatings. 
 
The current research work mainly focuses on some metallic coatings of (Ni,Co)-base, 
i.e. MCrAlX and diffusion coatings, aiming to: 1) predict the microstructural 
stability and the lifetime of coating in an oxidation process and 2) study the effect of 
coating on the creep and fatigue behavior of the superalloy at high temperatures.  
 
In the future the study of thermal and mechanical behavior of coatings will be 
continued through experiments and modeling. Furthermore, some tests on newly 
developed MCrAlX coatings (in patenting process) have been carried out and will be 
analysed. 
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2 

(Ni,Co)-based Alloys for  
High Temperature Applications 

 
2.1 Function of elements in (Ni,Co)-based alloys 
 
Microstructural stability is a critical factor influencing the thermal and mechanical 
behavior of both superalloys and metallic coatings. In the (Ni,Co)-based alloys three 
phases, γ, γ' and β, can exist in a significant volume fraction. γ (disordered FCC) 
generally acts as the matrix phase in both superalloys and coatings. γ' (ordered 
FCC_L12) and β (ordered BCC_B2) are in the form of precipitate.  
 

 
Figure 2. The effect of element X on the extent of γ' and β phase fields in the Ni-Al-X ternary 
phase diagrams, showing the preferred site in the lattices (red for Al-site preference, blue for 
Ni-site preference and green for no preference [9-14]). The information for the phase extent 

part was collected and summarized after the literature survey [15-27] and phase-diagram 
calculation by using Thermo-Calc software [28]. 

 
The effect of alloying elements on the phase stability of γ' and β are illustrated by 
the schematic Ni-Al-X ternary phase diagrams presented in Fig. 2. Such approach 
was first proposed by Ochiai [29] to describe the stability of γ' in the Ni-Al-X 
system. The extent of phase fields shown in Fig. 2 is based on a survey of many 
ternary phase diagrams over certain temperature ranges [15-27] and thermodynamic 
calculations by using Thermo-Calc software [28] with thermodynamic database - 
TCNI5 [30]. The preference to occupy Ni or Al site in the lattices is summarized 
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from many valuable researches [9-14]. As can be seen in Fig. 2(a), in the FCC-γ' 
elements like Ti, Ta and Si prefer to occupy the Al site (face center) and Co and Pt 
the Ni site (cubic corner), while others like Fe and Cr have no special preference. 
The site preference of alloying element in the lattices is mainly dependent upon the 
misfit of its atomic size with the base elements [3] (in this case Ni or Al) but may 
also be affected by other factors, for instance the magnetism property for Fe [31]. 
The same approach is also used to investigate the influence of alloying on the phase 
stability of β (Fig. 2(b)). Besides the substituting effect, some elements like Fe and 
Co broaden the β-phase field.  
 
In the multicomponent alloys the behavior of alloying elements may become 
complex. For (Ni,Co)-based coatings the function of some commonly-used elements 
is summarized as follows (some of these also valid for superalloys): 
 
Ni, Co and Pt 
 
Ni provides a good combination of ductility, stable FCC crystalline structure and 
low creep rate [3] and is therefore widely used as base element for superalloys and 
coatings. Co can (partially) replace Ni for design of superalloys and coatings. In 
general Ni-based superalloys are strengthened by precipitation while Co-based are 
by solid-solution. With a large solubility in FCC-Ni, Co can modify the 
microstructure of Ni-based alloys [32-35], for instance to stabilize the β-phase  in 
(Ni,Co)-based coatings [36]. Pt is applied in diffusion coatings to increase oxidation 
and corrosion resistance as it encourages the formation of pure alumina scale [37] 
and improves the scale adherence [38]. The addition of other platinum-group 
elements, Pd [39], Rh and Au [40], in diffusion coatings were also investigated but 
no large improvement on oxidation resistance could be found [37,38]. One 
interesting research by Shigenari et al. [41] showed that Pt lowered the Al activity 
which promoted a uphill diffusion of Al in a γ-γꞌ Ni-Al-Pt diffusion couple.  
 
Al and Cr 
 
Al promotes the formation of γ' in superalloys and β in coatings. Alumina (Al2O3) is 
the most effective oxide for protection against high-temperature oxidation [42]. 
Therefore, a high temperature metallic coating always contains a sufficient amount 
of Al to ensure the formation of a continuous alumina layer on the surface of the 
coating. The addition of Cr can promote the formation of a continuous Al2O3 scale 
by some probable reasons such as enhancing the activity of Al [5] or reducing 
oxygen solubility in the alloy [6]. Better corrosion resistance can be obtained by 
forming a pure Cr2O3 scale rather than a pure Al2O3 [5]. Bao et al. claimed that Cr 
could retard the inward diffusion of sulfur in the oxide layers [43]. Cr is also a 
former of carbide, boride and TCP phases [3]. 
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Y and reactive elements 
 
The so-called reactive elements (e.g. Y, Ce, Hf, Zr) refer to those having higher 
oxygen affinity than the base elements (i.e. Ni, Co, Cr, Al). Y-oxides have a lower 
mole Gibbs forming energy than Al2O3 [44,45]. Due to its low solubility in (Ni,Co)-
based alloys (< 0.2 at.% at 1100 °C [46]) Y mostly forms metallic precipitate – Ni5Y 
along grain boundaries. If oxygen is introduced during deposition process, for 
instance by APS [35] or HVOF [47,48], Y-oxides can be found in the deposited 
coating. The effects of Y addition on the oxidation behavior of coatings can be 
summarized as follows: 1) to promote the formation of non-transient Al2O3 [48] 
which enhances the oxidation resistance, 2) to increase the oxide scale growth 
[6,49,50] and 3) to enhance scale adhesion (by pegging [51] or impurity cleaning 
[52]). The research by Sloof et al. [6] showed that larger amount of Y-oxides in 
alumina scale increased the scale growth rate and simultaneously improved the 
resistance to thermal cycling, which was attributed to an enhancement of the 
toughness of scale-alloy interface. CeO2 is supposed to be beneficial to the hot 
corrosion resistance by cleaning V [53]. 
 
Other minor elements 
 
Si: The formation of dispersed SiO2 between the Al2O3 scale and the coating beneath 
seems to prevent the spallation of the Al2O3 scale [54,55]. A large concentration of 
Si leads to the formation of brittle phases [5] which may reduce the scale adherence. 
If Si reacts with the corrosive species (e.g. V, S), damaging compounds may form 
and destroy the bonding between the oxide scale and the coating [56]. SiO2 has a 
low solubility in the acidic salts and can, if in a continuous scale-form, provide 
significant resistance against type II hot corrosion [5]. 
 
Re: By forming a continuous layer of (Re,Cr)-rich phase under Al2O3 scale, better 
oxidation resistance can be achieved [50,57]. But too much Re (> 3%) may 
deteriorate the oxidation resistance by forming too much (Re,Cr)-rich phase which 
embrittles the coating and causes cracking at the coating surface during oxidation 
[32,58]. Re is beneficial for the thermal mechanical property of coating [59,60] and 
resistance against hot corrosion [61]. 
 
Ti: A small amount of Ti is beneficial for the oxidation resistance in some cases [55]. 
Too high a level of Ti reduces the scale adhesion [62]. When present in minor levels, 
Ti generally reduces the rate of corrosion [5].  
 
Refractory elements Ta and Mo reduce the diffusivity of aluminum moving towards 
the alloy surface [5]. W and Mo increase the susceptibility of alloys to hot corrosion 
[5]. 
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2.2 Superalloys and a polycrystalline variant IN792 
 
Since 1940s the manufacturing process of superalloys has been developed mainly to 
improve the creep capacity: wroughting � conventionally casting � directionally 
solidifying � single crystal [3]. Voids and cracks can easily form at grain boundary 
in polycrystalline alloys during creep process [63]. By utilizing the directional 
solidification process single-crystal superalloy can be made with the grain boundary 
completely removed in the material. For the same creep lifetime, the creep 
temperature can be expressively increased by 100 °C in single crystal superalloys in 
comparison with casting ones [3]. In the latest generations the superalloys are 
generally Ni-FCC alloys which have high ability for elemental solution and low 
thermal activity rate (beneficial for creep resistance). The FCC matrix in Ni-based 
superalloys can be strengthened by solid solution (adding alloy elements), 
precipitation (γ', γ'', carbides) and oxide dispersion (Y2O3) [2].  
 

Table 1. The composition (wt.%) of IN792 and the heat-treatment condition. 
Composition 

(wt.%) 
Ni Cr Co W Ta Ti Al Mo C Zr B 

Bal. 12.5 9.0 4.175 4.175 3.975 3.375 1.9 0.08 0.0175 0.015 

Heat-
Treatment 
Condition 

Solution annealing: (1120 ± 10) °C for 2 hrs in vacuum; 
Aging: (845 ± 10) °C for 12 hrs; 

Cooling: air cooling to room temperature. 

 
Generally a number of alloying elements are added in a superalloy to modify the 
microstructure and mechanical properties. The composition of the Ni-based poly-
crystalline superalloy IN792, which is used as the substrate in this project, is shown 
in Table 1. Due to its complex chemical composition, a considerable number of 
phases can be found in the alloy. Fig. 3(a) shows the typical microstructure of this 
casting alloy after the solution and aging heat treatment in Table 1. Inside of grains 
the material is strengthened by large primary and small secondary γꞌ precipitation 
(Fig. 3(a)) as well as elemental solid solution in the γ matrix. Depending on the γ-γꞌ 
lattice misfit the morphology of γꞌ can be cubic, spherical and cuboidal [3]. Carbides 
are also found in the alloy. If located at grain boundary, the carbides can improve the 
creep resistance by hindering grain-boundary sliding [64].  
 

 
Figure 3. Microstructure in casting superalloy IN792 after heat treatment: (a) γꞌ precipitates in γ 

matrix and grain-boundary carbides (SE-image) and (b) the equilibrium microstructure of 
IN792 predicted by Thermo-Calc software with Ni-based thermodynamic database TCNI5. 
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Fig. 3(b) presents the equilibrium microstructure of IN792 (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.%) between 800 and 1200 °C, which is obtained by thermodynamic 
calculations. The first solid phase, γ, is expected to form in the melt around 1340°C 
during cooling. (Ti,Ta)-rich MC carbides form in γ matrix during solidification 
[2,3,65] and subsequent solution annealing treatment at 1120°C. Topologically-
Close Packed (TCP) phases such as (Cr,W)-rich µ-phases may also occur at high 
temperature. Decreasing temperature lowers the solubility of alloying elements in 
the γ phase, promoting the formation of γ' and other phases. In the aging treatment at 
845°C some (Cr,Mo)-rich M23C6 carbides begin to form at grain boundaries [66] and 
(Co,W)-HCP phase is also predicted by the calculation but not detected in SEM 
observation. It should be noted that the diffusivity of the elements becomes lower at 
lower temperature, leading to sluggish microstructure changes. For example the 
(Ti,Ta)-rich MC, which is thermodynamically unstable at 845°C, is well kept after 
aging treatment. Grain-boundary M23C6 can be detected but at a lower amount than 
the prediction due to the existence of MC which lowers the carbon content in the 
alloy. The mismatch of the calculated microstructure with the observed ones may 
also originate from the inevitable imperfection of the database used in calculation. A 
literature survey [2,3,65,67,68] has resulted in Table 2 which summarizes phases 
which may appear in Ni and/or Co superalloys. Typically, the TPC phases, namely σ, 
µ, P and R, have complex chemical formulas containing many atoms in one unit cell.  
The volume fraction of those TCP phases and carbides are generally controlled to a 
small extent in real materials with the consideration of ductility. On decreasing 
temperature, the following transformation among those minor phases, MC � M7C3 

� M23C6/ M6C � σ, is suggested in [2]. 
Table 2. Phases that may form in superalloys [2,3,65,67,68]. 

Phase Formula Crystal 
Structrure 

Thermaldynamic 
Stable Temp. 

β NiAl Bcc (ordered)  
γ - fcc (disorderd) Up to melting 

point 
γ' Ni3(Al,Ti,Ta) fcc (ordered) Up to1375 °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 
M23C6 (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 - 
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2.3 High-temperature metallic coatings 
 
In a view of durable metallic coating design, many factors should be considered in 
coating-superalloy system, which are listed in Table 3. The coating’s properties in 
Table 3 are defined as either “thermal” or mechanical, depending on which one is 
dominant in that case. The high-temperature coatings used in modern gas turbines 
can be generally classified into three types: diffusion coating, overlay coating and 
thermal-barrier coating (TBC) system. Fig. 4 shows schematically the cross-
sectional microstructures of those coatings. The following sections only focus on 
two (Ni,Co)-based metallic coatings, i.e. diffusion and overlay coatings. 

 
Table 3. Desirable coating requirements for coating-superalloy system in gas turbine (mainly 

based on summarizations by [7,69]). 
Coating Property Requirement 

Oxidation/Corrosion 
Resistance 
(thermal) 

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 
(thermal/mechanical) 

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 
(mechanical) 

Ability to withstand all stress (creep, fatigue, and impact 
loading); 
Appropriate coating ductility; 
Mechanical match between coating and substrate; 
Minimum effects on substrate properties. 

 

 
Figure 4. Schematic drawing of three types of coating (based on the microstructure in project 

coatings): (a) diffusion coating, (b) MCrAlX overlay coating and (c) TBC system. 
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2.3.1 Diffusion coatings 
 
Diffusion coatings (Fig. 4(a)) are formed by the enrichment of one or more elements 
at the surface of an superalloy [5]. For instance aluminide diffusion coating (NiAl) is 
produced by 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 coating processing. If the Al content at the substrate surface is low, 
i.e. low Al activity, and the aluminizing temperature is high (> 1000 °C), the 
outward diffusion of Ni prevails, producing an outward diffusion coating. If the Al 
activity is high and a low temperature (< 950 °C) is applied during coating 
processing, the inward diffusion of Al becomes predominant, resulting in an inward 
diffusion coating [5]. Since the substrate material participates in the formation of 
diffusion coatings, the microstructure in a diffusion coating highly relies on the 
substrate material. Pt can be deposited on an superalloy by electroplating or physical 
vapor deposition, followed by traditional aluminization [70], which is used 
particularly to form the outward-diffusion Pt-modified aluminide (PtAl). Diffusion 
coating can be fabricated by pack process or chemical vapor deposition (CVD) 
method [5]. In this project the NiAl and PtAl diffusion coatings were deposited by 
CVD process and typically formed several characteristic zones due to the elemental 
diffusion during the heat treatment given in Table 2. Diffusion coatings are 
generally used at temperature lower than 1000 °C [7].  
 

 
Figure 5. Ni-Al phase diagram and PtAl diffusion coating: (a) Ni-Al phase diagram by 

Thermo-Calc software and (b) morphology of PtAl diffusion coating after creep test at 950°C 
for 10244 hrs, showing small Cr-α in OZ, Cr-α (darker) and W-rich µ/R (brighter) in IDZ and 

Cr-rich σ needles (brighter) in SRZ. 
 
The Ni-Al phase diagram in Fig. 5(a) shows that the BCC-NiAl (β) phase forms 
with a composition around 0.45 mole fraction of Al. Due to interdiffusion between 
the Al-rich coating part (outer-zone, i.e. OZ) and substrate, two diffusion zones form: 
an interdiffusion zone (IDZ) and a second reaction zone (SRZ). Those diffusion 
zones further develop with time when being exposed to high-temperatures, for 
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instance during creep test at elevated temperatures. As can be seen in Fig. 5(b) for a 
PtAl diffusion coating after creep test, some precipitates or particles of  σ, Cr-α and 
µ/R form in IDZ or SR, which is due to the local enrichment of alloying elements 
such as Cr, W, and Mo. In this thesis, the developed coating thickness which extends 
from the surface of the coating to the border between the SRZ and substrate is 
named effective coating thickness (ECT). 
 
 
2.3.2 MCrAlX overlay coatings 
 
Overlay coatings have less dependence on the substrate material than diffusion ones 
since they can be directly deposited onto the substrate material. The commonly-used 
overlay coatings in turbine engines are MCrAlX metallic alloys (M for Ni and/or Co 
and X for elements in small quantity). The concentration of Cr and Al is important 
for the oxidation and corrosion resistance of the coatings and it is typically 15-22 wt.% 
Cr and 8-12wt.% Al [6,7]. The addition of X-elements can significantly modify the 
thermal behavior of the coating. For example Y can promote the formation of the 
protective Al2O3 scale [71] and improve the adhesion of the scale [72]. The addition 
of Si/Hf provides beneficial effect on hot corrosion resistance while some heavier 
elements like Ta in the coating mostly affect diffusion activities by reducing the 
diffusion rate of certain elements [5]. MCrAlX coatings can be deposited onto 
superalloy components by a variety of techniques which include air plasma spraying 
(APS), low-pressure plasma spraying (LPPS), vacuum plasma spraying (VPS), 
electron beam physical vapour deposition (EB-PVD), and high-velocity oxy-fuel 
spraying (HVOF) [6]. The HVOF process used for depositing the MCrAlX coatings 
in this project is schematically shown in Fig. 6. It consists of feeding powder with 
carrier gas, mixing of oxygen and fuel in the combustion chamber and spraying of 
the powder with a high velocity. The HVOF spray stream which contains semi-
molten powder particles will impact the surface of the target material and form a 
coating layer [5]. Porosity and internal oxidation in coatings deposited by HVOF are 
generally similar to LPPS, lower than APS but higher than VPS and EB-PVD. It has 
been reported that better oxidation behavior could be obtained with coatings 
deposited by HVOF than by APS and VPS [47,73]. 
 

  
Figure 6.  Schematic drawing of the HVOF processing. 

 
The microstructure of MCrAlX coatings mainly consists of Al-poor FCC-γ and Al-
rich BCC-β. At a given temperature the ratio between them is mainly controlled by 



 

13 

 

the concentration of the base elements. Depending on the temperature and 
composition, other phases may also form. Fig. 7 presents the temperature influence 
on the equilibrium microstructure in a CoNiCrAlSi coating. The mole fraction of Al-
rich β phase increases when the operating temperature decreases. σ phase forms 
below 1000 °C. Diffusion in MCrAlX coatings also results in microstructural 
evolution during thermal exposure. For example, the content of minor elements may 
locally increase, e.g. beneath the oxide scale or near coating-superalloy interface, 
which then changes the microstructure there. In Re-containing coatings (Cr,Re)-α is 
observed to form beneath the protective scale which is beneficial for high-
temperature oxidation resistance [57,74].  
 

 
Figure 7. Equilibrium coating microstructure predicted by simulation using Thermo-Calc 

software with Ni-based thermodynamic database TCNI5. The composition of the coating is 
Co-30Ni-28Cr-7.5Al-0.6Si by wt.%. 

 
Most coatings with γ+β as the main phases contain both Ni and Co. The effect of Co 
on microstructure stability can be derived from the ternary phase diagrams in Fig. 8: 
1) to extend the γ+β phase zone, 2) to shrink the γ' zones and 3) to promote the 
formation of σ. Following the consumption of Al by high temperature oxidation a 
series of phase transformations may occur in coatings containing β: β � γ (arrow in 
(a)) or β � γ' � γ (arrow in (b)). γ+γ' coatings, designed to reduce the misfit of 
mechanical properties with γ+γ' superalloys, are not commonly used but still studied 
in some researches [75,76]. Such coatings don’t contain Co, which can be easily 
explained by the negative effect of Co on the formation of γ'.  
 
In aluminide diffusion coatings (e.g. NiAl), small Cr-α precipitates (Fig. 5(b)) are 
found in the OZ with a matrix phase of β. This can be attributed to Cr-enrichment 
due to the outward diffusion of Cr into the OZ, which results in the phase 
transformation indicted by arrow (c) in Fig. 8. 
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Figure 8. Phase diagrams for NiCoCrAl alloys calculated by Thermo-Calc software. 
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3 

Thermal Degradation of Metallic Coatings 

 
3.1 Coating degradation during oxidation 
 
In combustor and turbine sections of heat engine, the superalloy-made components 
withstand considerable high-temperature oxidation and corrosion [77]. High-
temperature coatings can provide the protection against those environmental attacks 
by forming a protective oxide scale on the surface. Traditionally three basic stages 
are divided in an oxidation process [42]: transient stage (oxides fast forming), steady 
stage (one predominate oxide slowly growing) and breakaway stage (oxides 
spalling-off), schematically shown in Fig. 9(a). The “three-stage” concept provides 
very logical understanding of a typical oxidation process, i.e. forming, growing and 
breaking of oxides.  
 

 
Figure 9. Schematic illustration of coating’s behavior by: (a) traditional description on an 

oxidation process [42] and (b) new approach to describe the thermal degradation of coating. 
 
However, when evaluating the stability of a coating or describing its lifetime in a 
coating-superalloy system, a more effective way is needed to take not only oxidation 
but also other factors into account, for instance interdiffusion between coating and 
substrate. Fig. 9(b) illustrates a coating-degradation process, termed as thermal 
degradation, in high temperature oxidation, which presents three stages as well. The 
thermal degradation of coatings is a chemical degrading process in which both 
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microstructure and alloying composition in the coating deteriorate. To emphasis the 
building-up mechanism of a protective oxide scale, the preliminary stage, identical 
to the transient stage in Fig. 9(a), is named as selection-oxidation stage in Fig. 9(b). 
The following period after selection-oxidation stage is the chemical degrading 
process of coating; the degradation includes microstructure evolution, e.g. the 
depletion of Al-rich β-phase, and composition change, e.g. depletion of Al in the 
coating. The fluctuation in the degrading stage is used to illustrate the unstable 
oxidation aroused by, for instance, scale spallation. When the coating loses the 
ability to heal or reform a continuous protective scale, internal oxidation will occur 
and the effective lifetime of the coating is reached. 
 
In the following content some description on the oxidation process is given in 
section 3.1.1 by using traditional approach in Fig. 9(a). Then the thermal 
degradation behavior of coatings, shown in Fig. 9(b), will be illustrated in section 
3.1.2 by focusing on three important issues: selection of oxidation, spallation of 
oxides and microstructure evolution and lifetime prediction of coatings. 
 
 
3.1.1 Traditional three-stage oxidation process 
 
As shown in Fig. 9(a), the transient stage often is very short, typically less than 1 hr 
for Ni-Cr-Al system above 1000 °C [78,79]. In this stage almost all alloying 
elements can be oxidized at the surface of coating, forming a variety of oxides; they 
are probably unstable aluminas (γ-, δ- and θ-Al 2O3 [80-82]) or other oxides like 
Cr2O3, CoO, NiO and/or complex spinels [6,78,82,83]. The variety of transient 
oxides is mainly dependent upon the chemical composition and microstructures of 
the coating. Other factors like temperature and partial oxygen pressure also affect 
the formation of transient oxides [6]. With prolonged oxidation time the transient 
aluminas will convert into stable α-Al 2O3 while other oxides as Cr2O3, NiO, etc. can 
be remained during steady oxidation stage [83]. 
 
In the steady stage the growth of one particular oxide becomes predominant to form 
a continuous layer. For protection against oxidation Al2O3 which has an excellent 
ability to hinder the inward diffusion of oxygen is desired [5,42,84]. Especially 
above 1000 °C Al2O3 becomes the most effective oxide against environmental 
attacks [42]. On the contrary NiO and CoO are unwanted due to the fact that the 
diffusion of ions is relatively fast in those oxides [84]. Cr2O3 contributes to 
oxidation protection at temperatures lower than 1000 °C, above which it may 
degrade into some volatile oxides [2,85]. The stable growth of Al2O3 in the steady 
stage is usually described by a parabolic law given by Eq. (A1) with n=2 
[78,80,82,86,87]  when the oxidation is thermally activated and controlled by 
diffusion of atoms or ions through the oxide scale [5]. The oxidation rate is 
generally described by the following equation:   
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 ℎ = ℎ� + (���)


� (A1)

  
where h0 is the original oxide content (can be characterized by scale thickness or 
scale weight), h is the oxide content after exposure for time t, Kp and n are constants. 
Besides of parabolic growth (n=2) other oxidation laws (e.g. n>2) are also used to 
describe the oxidation rate by different researchers [88-90].  
 
During the operation of gas turbine, the components in hot sections are subjected to 
stresses of different origins. For the coating and oxide scale the stresses can be 
thermal stresses (by the growth of scale, by temperature cycling, etc.) and/or 
mechanical ones (creep stress, stress by blowing up of high-pressure gases, erosion 
stress by some dirties within the hot gas, etc.). Those stresses may result in the 
spallation of the scale off the surface of the coating [5,6], which in term accelerates 
the depletion of the useful alloying elements, especially the beneficial Al, in the 
coating. They can even induce deadly cracks, resulting in direct failure of the 
coating [91]. A good coating should be able to heal the wounds, i.e. bared part at 
alloy’s surface, caused by scale spallation, by forming new protective oxides. In this 
case it becomes impractical to just use the simple oxidation law as Eq. (A1); more 
complex mathematical approaches should be taken into consideration [92-94]. 
 
 
3.1.2 Thermal degradation of coating in oxidation 
 
Selection of oxidation 
 
When a high-temperature metallic coating is exposed to an oxygen containing 
environment at high temperatures, a protective oxide scale is expected to form on 
the surface of the coating to slow down or even avoid the depletion of alloying 
elements (Ni, Co, Cr, Al, etc.) by hindering the diffusion of metal ions and oxygen 
through the oxide scale. For aluminide diffusion coatings and MCrAlX coatings 
typically with 18-22 wt.% Cr and 8-12 wt.% Al, the Al 2O3 scale is selected to 
provide the efficient protection against high temperature oxidation [6]. Before a 
continuous alumina forms, almost all alloying elements can be oxidized but the 
motivation of oxidation of the elements is dependent upon the free energy of 
formation of their oxides (∆�). For example, Al is oxidized through the following 
reaction: 
 

4/3Al+O2=2/3Al2O3 
 
For oxidation with 1 mol oxygen (O2), ∆� is calculated as: 
 

 ∆� = ����[���
�
�� ∙ ���] (A2) 

 
where the partial pressure of oxygen (���) needed to form the oxide is: 
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 ��� = [exp	(∆"
#

$%
	�/���

�
��  (A3) 

 
In Eq. (A2) and (A3) R is gas constant, T is temperature and ��� is the activity of Al 
in the coating. The composition of the coating and oxidation temperature can affect 
the activity of the alloying elements. Microstructure or micro-constituents can also 
influence the oxidizing behavior of the alloying elements. For instance Al2O3 prefers 
to form on Al-rich β phase [71,95] while Cr2O3, CoO, NiO and/or complex spinels 
preferably appear on the Al-poor γ phase [96,97]. Therefore it is evident that the 
motivation of an element to form its oxide is dependent on both the coating 
(microstructure, composition, etc.) and environmental situation around. Fig. 10(a) 
shows an Ellingham diagram of ∆� for the oxidation of several alloying elements 
(for oxidation with 1 mol O2) as a function of temperature, indicating the oxygen 
affinity of those elements following the order of Y > Al > Cr > (Fe,Co,Ni). The idea 
of oxygen affinity reflected in Fig. 10(a) can be used for explaining the two typical 
oxidation mechanisms of Al2O3-forming coatings for high Al activity (low oxygen 
activity, Fig. 10(b)) and low Al activity (high oxygen activity, Fig. 10(c)) . 
 

 
Figure 10. Ellingham diagram and two types of oxidation mechanisms: (a) free energy of 

formation of different oxides as function of temperature (data of Ni, Co, Fe, Cr, Al come from 
[5], data of Y come from [44] (point) and [45] (line)) and two typical oxidation mechanisms 
for Al2O3-forming MCrAlX coating including (b) high Al activity and (c) low Al activity. 

 
In the case of high Al activity or low oxygen activity (Fig. 10(b)), the oxidation of 
some base elements (e.g. Ni, Co, Cr) are limited due to their too high requirement on 
���, probably only forming some isolated island-oxides outsides. High activity of Al 
and its lower expectation of ��� promote the formation of a pure and continuous 
Al 2O3 scale at surface. The low ���  promoting the Al2O3 forming has been 
demonstrated by the research of Sloof et al. [6]. The addition of RE (e.g. Y) can also 
facilitate the formation of Al2O3 scale [50], in which the easier oxidation of  RE 
probably promotes the nucleation of Al2O3 at the alloy surface. After forming a 
continuous and dense Al2O3 layer, the inward diffusion of oxygen becomes more 
difficult, leading to decreasing oxygen partial pressure (or oxygen activity) along the 
oxide scale.  
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If the activity of oxygen is high (Fig. 10(c)), a considerable amount of oxygen can 
diffuse inward in the coating, forming an oxygen concentration gradient along the 
coating thickness [98]. In this case internal oxidation of Al occurs with other 
elements like Cr and Ni forming external oxides. Fig. 11(a) shows the cross-
sectional morphology of oxide layers formed on a CoNiCrAlYSi overlay coating (Al 
= 7.5 wt.%) during isothermal oxidation at 1100 °C, confirming the oxidation 
mechanism explained above.  
 

 
Figure 11. CoNiCrAlYSi overlay coating after isothermal oxidation at 1100 °C for 50hrs: (a) 

cross-sectional morphology of oxides’ alignment and (b) partial spalled Al2O3 scale at the 
coating surface. 

 
Spallation of oxides 
 
Under some thermal and/or mechanical stresses cracks may form in oxide scale. If 
the cracks are aligned to be perpendicular to the coating’s surface, they may 
penetrate into the alloy, even resulting in the fracture of the whole coating [91]; if 
being parallel with the coating surface, they may cause the spallation of the oxide 
layer. Since the oxide scale provides the oxidation resistance, its adherence on 
coating surface should be improved, usually by adding some reactive elements 
(REs), e.g. Y [51,52]. A small content of Si addition is also beneficial for thermal 
cycling resistance by forming Si-oxides beneath the alumina scale according to 
Tanno’s research [54,55]. 
 
With a low solubility (< 0.2 at.% at 1100 °C [46]) in the matrix phases of  MCrAlY 
coatings Y mostly presents as metallic precipitates (i.e. Ni5Y) at grain boundaries 
[49]. If the coating is deposited by APS or HVOF process, Y may exist in the form 
of oxides along splat interfaces [99]. In the post-deposition annealing [99] or 
thermal oxidation [100] Y, even in oxides, can diffuse outwards to the coating 
surface. Y can improve the adhesion of oxide scale by forming oxide-pegs in oxide 
scale [51] or cleaning off impurity from scale-coating interface [52]). Fig. 11(b) 
shows a view of partially spalled Al2O3 scale on top of a CoNiCrAlYSi overlay 
coating after isothermal oxidation at 1100 °C. Some Y- and Si-rich oxides locate 
above the Al2O3 scale rather than at scale-metal interface. Y in Fig. 11(b) can not 
provide pegging effect but may clean the impurity thus improve the scale adhesion.  
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Microstructure degradation and lifetime prediction of coatings 
 
As oxidation resistance is achieved by the formation of alumina at the surface of the 
coating, the effective life of the coating is often determined by the Al depletion that 
occurs through oxidation at the coating surface and interdiffusion with the substrate 
[101-106], schematically illustrated in Fig. 12(a). When the Al concentration reaches 
a critically low value, the coating can no longer work as an Al reservoir and non-
protective oxides forms [6,84,103-106]. Furthermore, the composition change also 
results in microstructure evolution during oxidation process; particularly the 
removal of Al from the coating causes a typical phase transformation from γ+β to γ, 
giving rise to the formation of an outer-β-depletion zone (OBDZ) at coating surface 
[103-105] and inner-β-depleted zone (IBDZ) at the coating-substrate interface, 
shown in Fig. 12(b). The depletion of Al and Al-rich β-phase can be employed to 
present the degrading behavior and the β-left zone (BLZ) to mark the effective 
lifetime of the coating [101]. 
 

 
Figure 12. Al- and β- depletion in the coating: (a) schematic drawing to show the depletion of 

Al during oxidation and (b) microstructure degradation in a CoNiCrAlYSi overlay coating after 
isothermal oxidation at 1100 °C for 50hrs. 

 
Modeling for Al depletion in the coating took a long journey in history with much 
early effort directed on the exploration of oxidation mechanism at alloy surface and 
investigation of interdiffusion by using diffusion couples. An earlier oxidation 
model of a NiCrAlZr coating on a Ni-base substrate was established by Nesbitt et al. 
[107], showing good agreement of the predicted Al concentration with experimental 
result but only during short stages of the coating life. By taking into account of 
varying oxidation kinetics Nijdam et al. [96] devised a more complex oxidation 
model, showing reasonable agreement with experimental concentration profiles in a 
single-γ NiCrAl alloy. Recently with the developed thermodynamic and kinetic 
databases the microstructural evolution can be easily predicted by choosing suitable 
diffusion models in DICTRA software [108]. One successful example is the attempt 
by Nijdam and Sloof [36] who modeled the β-depletion due to isothermal and cyclic 
oxidation of a freestanding MCrAlY alloy.  
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By using diffusion couples the mobility data for alloying diffusion can be obtained. 
Some representative research can be found in [109-111]. The so-called diffusion 
path [109] is an approach to understand the diffusion behavior of alloying elements 
in the diffusion couple. Fig. 13(a) schematically shows a diffusion path in a ternary 
phase diagram, corresponding to the developed microstructure in the diffusion 
couple (Fig. 13(b)). For high-temperature coating-superalloy system, diffusion in 
Ni-based alloys is more interesting. An early interdiffusion model was established 
by Nesbitt et al. [112] to calculate the β phase depletion in γ/γ+β diffusion couples 
chosen from the NiCrAl system. 
 
 

 
Figure 13. Composition and microstructural evolution study by using diffusion path: (a) a 

diffusion path (dashed line) between A-B diffusion couple, showed in partial NiCrAl phase 
diagram (temperature = T0) containing γ+β and γ fields and (b) fraction profile of β-phase for 
original condition (dashed curve) and after diffusion annealing for a certain time (solid curve) 

at T0 in A-B diffusion couple. The red small points on diffusion path in (a) refer the points with 
the same number in (b). The drawings are based on the research by Engström [109]. 

 
Several models combining oxidation and interdiffusion for MCrAlX coatings have 
been attempted by different researchers [102,104,106]. Actually it is critically 
important for modeling to use the thermodynamic and kinetic database with high 
accuracy and simulating software with suitable models, both of which have been 
boomingly developed in past decades. Nijdam and Sloof [36] used Thermo-Calc and 
DICTRA software to model the β-depletion due to isothermal and cyclic oxidation 
of a freestanding MCrAlY. Interdiffusion between MCrAlX coating and superalloy 
was also simulated by some researchers using DICTRA [105,113]. 
 
Beside of thermodynamic microstructure in material, some specific structures (e.g. 
internal voids and oxides) introduced from coating process (e.g. APS, HVOF) 
should also be taken into consideration for accurate lifetime prediction of coatings. 
Fossati [114] claimed that pre-oxidation of powders (i.e. splats after deposition) 
could retard the diffusion of alloying elements. Evans et al. [115] established a 
model to simulate the chemical failure due to oxidation and diffusion in the plasma-
sprayed coating by taking the splat-splat structures as some isolated diffusion cells. 
 



 

22 

 

3.2 Introduction of corrosion 
 
Hot corrosion in turbine engines occurs when the burned fuel contains inevitable 
impurities (e.g. S, V) and the operation temperature is generally lower than 950 °C 
[5,7]. Hot corrosion can be classified as Type I and Type II with different 
mechanisms [5], shown in Fig. 14. Type I corrosion occurs above a certain 
temperature (800-950 °C [7]) when the detrimental salts (e.g. sulphates like Na2SO4, 
CaSO4) are melted, which dissolves the oxide scale and underlying coating. This 
process usually leaves an outer porous oxide layer and an inner region with 
extensive sulfidation [5]. At lower temperature (600-800 °C [7]) pitting attack with 
minimal sulfidation is commonly found, leading to the type II corrosion [5]. The 
development of hot corrosion depends on many factors such as coating composition, 
thermomechanical condition, contaminant composition, flux rate, temperature, 
temperature cycles, gas composition and velocity, and erosion [116]. For instance 
coexistence of NaCl/V2O5 with sulfates can form the eutectics of low-melting 
temperature, which expands the temperature range for corrosion to a quite low value 
[7,53,116]. Some common corrosive salts, oxides and eutectics with their melting 
points are shown in Table 4. 
 

 
Figure 14. Schematic illustration of damage by types I and II hot corrosions superimposed on 

contribution to oxidation with the changing temperature. Combine information in some 
references [5,7]. 

 
Detailed understanding of the mechanism of hot corrosion in MCrAlX coatings is 
not complete yet. Here some popular theories are presented. At high temperatures 
(type I corrosion) a so-called “fluxing” mechanism claims that the stability of the 
oxide scale is related to their solubility gradient along the salt film attached to the 
scale surface. By this mechanism Cr2O3 at the film-gas interface has a higher 
solubility in the film than Cr2O3 at the film-oxide interface, which promotes more 
solid-state Cr2O3 near the oxide scale. Such a positive solution gradient slows down 
the dissolution of Cr2O3 scale. Inversely, Al2O3 has a negative solution gradient in 
the salt film which makes Al2O3 an oxide with lower corrosion resistance. 
Consequently, a higher Cr content is desired in coatings for protection against hot 
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corrosion attack. At lower temperatures (type II corrosion) corrosion in Co-based 
alloys is related to the formation of liquid CoSO4 and migration of SO3 in the molten 
salt [116] while sulfidation may be responsible for degradation of Ni-based alloys 
[117]. 
 

Table 4. Melting point of some salts, oxides and eutectics [5,116] 
Species Melting Point (℃) 

NaCl 801 

Na2SO4 884 
NaCl-Na2SO4 620 

Co-Co4S3 877 

Ni-Ni 3S2 645 

CoSO4 735 
CoSO4-Na2SO4 565 

NiSO4-Na2SO4 671 
V2O5 690 

NaVO3 630 
Na4V2O7 635 

Na3VO4 850 
Al 2(SO4)3 770 

Na2O 1132 
NaAlO2 1800 
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4 

Mechanical Behavior of Metallic Coatings 

 
4.1 Ductile-brittle transition temperature 
 
The components in hot sections in turbine engines are generally made of Ni or Co 
superalloys with excellent creep and fatigue resistance [2,3]. When a metallic 
coating is deposited onto the surface of a superalloy for oxidation/corrosion 
protection, the influence of the coating on mechanical behavior becomes a new task 
to investigate. The deposited coating may affect the mechanical behavior of 
substrate material by changing the microstructure of the substrate, producing cracks, 
and/or decreasing the load-bearing cross section [118,119]. 
 

 
Figure 15. Ductile-brittle transition temperatures: (a) one way to determine DBTT of material 

[120] and (b) DBTT values of MCrAl and CoCrAl alloy systems [5,69]. 
 

Under a loading condition the stress in a coated superalloy may not be 
homogeneously distributed due to the difference of mechanical properties between 
the coating and superalloy. The survival of coating in terms of thermal mechanical 
considerations depends upon its inherent strain tolerance [69]. For high temperature 
applications, one important mechanical parameter of material is the ductile-brittle 
transition temperature (DBTT), above which dislocations within the material are 
able to overcome obstacles to produce more plastic deformation [121]. DBTT is 
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essentially dependent on the composition and microstructure but is also influenced 
by the coating deposition process, heat treatment history and operating environments 
(oxidizing or corrosive) [5]. The definition of DBTT shown in Fig. 15(a) was 
proposed by Lowrie [120] who suggested DBTT to be the temperature above which 
a minimal plastic strain of 0.6% should be obtained in a tensile test. Of course 
different definition of DBTT gives different values [122]. 
 
DBTT for some NiCrAl and CoCrAl alloys are given in Fig. 15(b). With the same 
content of Cr+Al, Ni-based alloys have lower DBTT, indicating that Ni-based 
coatings are more ductile than Co-based ones. Increasing the content of Al and Cr in 
either NiCrAl or CoCrAl system increases the DBTT due to the enhanced solid-
solution hardening and the promotion of ductile-to-brittle phase transformations, e.g. 
γ � γ' � β. Generally XmAl n–type coatings and diffusion coatings have higher 
DBTTs than MCrAlX alloys. Table 5 gives the experimental DBTT values for some 
XmAl n–type coatings and diffusion coatings compiled from different sources 
[5,69,122]. It is worth to notice that different DBTT definition might have been used 
to get those values in Table 5.  
 

Table 5. DBTT for XmAln alloys and alumindes [5,69,122]. 
Material Estimated DBTT (℃) 

Ni-35Al ~740 

Co-35Al ~970 

PtAl2 870-1070 

Ni3Al 730-900 

NiAl 868-1060 
CoAl 878-1070 

Ni2Al 3 570-710 

Plan aluminide 693 

Pt-aluminide 795 

 
 

4.2 Creep  
 
The mechanical property of a coating changes when the composition and 
microstructure in the coating change during any thermal treatment which causes 
transformation of the coating from a metastable to a stable state or interdiffusion of 
alloying elements with substrate [123]. Consequently, the microstructure 
development such as the changes observed in the diffusion coating during long-term 
creep process (Fig. 5(b)) may have implications on the performance of the coated 
component. Creep is a phenomenon that a solid material deforms slowly and 
permanently under a stress [2]. For metals or alloys creep occurs dramatically at 
high temperature. The effect of coatings on creep rupture becomes more pronounced 
in thin-cross-section component [123], for instance in a thin-walled cooling channels 
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in a blade (Fig.1 (b)). Fig. 16(a) presents a typical creep deformation curve showing 
three different creep stages: primary, steady and tertiary creeps. One theory to 
explain the different behavior of material in those three stages is the creep 
hardening-softening by dislocation. Creep hardening is caused by dislocation 
multiplication while creep softening by dislocation recovery [3]. As can be seen in 
Fig. 16(a), the strain rate decreases first with time in the primary creep stage (due to 
creep hardening), then remains constant in the long-time steady creep stage (balance 
between creep hardening and softening) and finally increases in the tertiary stage 
(voids/cracks forming). Dependent on temperature and stress the shape of creep 
deformation curve changes [2]. 
 

 
Figure 16. Creep behavior: (a) schematically illustration of creep deformation process and (b) 

steady creep rate for different temperatures of IN792 with diffusion coatings. 
 
The steady creep rate () can be obtained from the strain-time curve in Fig. 14(a): 
 

 () = *+
*,

 (B1) 

 
In Eq. (B4) d( is the strain increment during time dt. The creep rate ()	is dependent 
upon stress and temperature (Fig. 14(b)), which is commonly described as [2,3]: 
 

 () = -./exp	(−
1

$%
	 (B2) 

 
where σ is creep stress, n stress exponent, Q activation energy, R gas-constant, and T 
temperature. The time-to-rupture (tr) can be related to the creep rate through the 
Monkman-Grant relationship 
 
 �2 × () = 45�6���� (B3) 
 
By combining Eq. (B2) and (B3) a so-called Larson-Miller parameter (LMP) can be 
obtained, which is both stress and temperature dependent: 
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 78� = �(9 + �5:;��2) (B4) 
 
E in Eq. (B4) is a constant which is usually 20. 

 

  
Figure 17. Larson-Miller parameter of IN792 with different diffusion coatings (Stress is 

calculated considering the coating part as loading-free). 
 

In Fig. 17 the effect of coating on the creep behavior of IN792 is investigated. By 
considering the NiAl and PtAl coatings (above their DBTT) as non-load carrying 
materials and removing their thickness from the stress calculations, similar creep 
performance is presented for samples with and without coatings. Some 
investigations claimed that MCrAlX or diffusion coatings carried no effect creep 
load when the operating temperature was much higher than the coating’s DBTT 
[124,125]. However Kolkman [119] suggested that coating should not be treated as 
completely loading-free before cracks formed in the coating. 
 
It has been reported that superalloys and MCrAlX alloys showed better creep 
resistance when tested in air than in vacuum [126,127]. It was explained that the 
effective stress sustained by the sample decreased due to the beneficial friction stress 
resulted from the surface oxide layer [127]. The oxidation was considered to be 
beneficial to blunt the surface pores [126] and cracks [127] and thus reduced stress 
concentration effect. 
 
 

4.3 Fatigue  
 
The hot components also sustain cyclic mechanical loads, i.e. fatigue loads, during 
the operation of turbine engine. At least three types of fatigue failure have been 
reported to present in a gas turbine: low cycle fatigue (LCF), high cycle fatigue 
(HCF) and thermal mechanical fatigue (TMF). LCF damage originates from, for 
instance, the sudden start-up and stop of engine while HCF may occur during 
running of engine with inevitable fluctuations [3]. The stress amplitude of LCF is 
usually at or beyond the elastic limit of the material, thus giving very short lifetime 
often within 105 cycles. The fatigue lifetime is beyond 105 cycles in HCF in which 



 

29 

 

the stress amplitude is in the elastic range with plastic deformation only occurring 
locally [3].  
 
The application of metallic coating seems to have no negative effect on the LCF of 
superalloys when the experimental temperature is above the DBTT of the coating 
and the coating thickness below a certain value [128,129]. PtAl coatings may reduce 
the HCF fatigue endurance limit of coated samples by switching the crack initiation 
from internal pores towards the coating or coating-substrate interface [130,131]. 
However, the ductility of aluminide diffusion coatings is sensitive to their thickness, 
especially when the thickness is smaller than 100 µm [132]. Cracks may be 
produced in protective coatings due to mechanical bending or thermal shock [133]. 
Fig. 18(a) illustrates that cracking of thin coatings prior to HCF test has little 
influence on the fatigue limit of the sample (Fig. 18(a)). In this case cracks tend to 
initiate from internal particles, e.g. (Ti,Ta)-carbides in IN792, and grow via slipping 
on <111> planes in a grain. This leaves the typical faceted feature shown in Fig. 
18(b). Afterwards the crack growth rate accelerates and the fracture surface shows 
the up-down tearing-off morphology where striated feature can be observed under a 
higher magnification [134]. Increasing the coating thickness or fatigue stress 
amplitude can raise the stress intensity beyond the threshold value of the substrate 
material [123], making inward propagation of coating cracks possible (Fig. 18(c)). 
Such a growth process produces also a faceted morphology but without particular 
crystallographic preference. In the end of lifetime the faceted fracture surface is 
taken over by quick tearing-off morphology. 
 

 
Figure 18. High-cycle fatigue (HCF) behaviors of IN792 with/without PtAl coatings at 500 °C: 
(a) S-N curves of HCF by staircase method and fractographic analysis on the samples in which 
crack initiates from (b) internal carbides and (c) precracked coating. (crack-initiating sites are 

circled in (b) and (c)) 
 
During the heating-cooling processes in the hot sections the turbine components 
may experience changes of both temperature and mechanical load, inducing TMF 
damage. The temperature change caused thermal stresses are mainly from the 
difference of thermal expansion coefficient between two materials, e.g. coating-
substrate, coating-oxide scale. Zhang’s research [135] showed that in TMF diffusion 
coating did not produce cracks but MCrAlX coating, as either overlay or bond coat 
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in TBCs, cracked in the compression stage. In out-phase TMF a reduced lifetime 
due to the application of MCrAlX coating was also reported by Okazaki [129]. 
Zhang [135] explained that the surface rumpling of MCrAlX coating during TMF 
was responsible for crack initiation. This agreed with the results from Tzimas [91] 
who revealed the 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 [91]. The TMF 
behavior of MCrAlX coatings can be improved by composition modification. For 
instance, the addition of Re to MCrAlX can increase the TMF lifetime [59,60]. 
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5 

Summary of Appended Papers 

 
Paper I 
 
Modeling for the microstructural evolution and lifetime prediction of the MCrAlX 
coatings on the Nickel based superalloys in high temperature oxidation 
 
The oxidation behavior of a CoNiCrAlYSi overlay coating, which was deposited by 
high-velocity oxy-fuel spraying process on a Ni-based polycrystalline superalloy 
IN792, was investigated in both isothermal oxidation (respectively at 900, 1000 and 
1100 °C) and thermal cycling (1100-100 °C). Microstructures and compositions 
were observed and detected mainly by SEM and EDS techniques. Thermodynamic 
behavior of the coating was analysed to study the microstructure evolution due to 
oxidation. An oxidation-diffusion model, for microstructural evolution and lifetime 
prediction of MCrAlX coatings, was finally established by utilizing Matlab and 
DICTRA software. 
 
In the high temperature oxidation process Al-rich β in the coating is gradually 
degraded, caused by either the oxidation at coating surface, resulting in an outer-β-
depletion zone (OBDZ), or the interdiffusion of alloying elements between the 
coating and substrate, inducing an inner-β-depletion zone (IBDZ). The β-left zone 
(BLZ) in the middle of the coating can be used to mark the lifetime of the coating. 
Variation of the composition profiles in near-surface coating part, containing the 
OBDZ and part of the BLZ, was thermodynamically analysed in phase diagrams for 
three experimental temperatures. The results indicate that the transition of Al 
through the coating to the surface for the growth of oxide scale is related to the 
thermodynamic behavior of the coating.  
 
The voids and oxides observed in the specimen are assumed to block diffusion of 
alloying elements. Particularly two diffusion-blocking parameters were defined to 
characterize the diffusion-blocking effects by either internal oxides in the coating or 
voids/oxides at the interface between the coating and substrate. By taking into 
account of the diffusion blocking effect with the oxidation and interdiffusion, an 
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oxidation-diffusion model has been developed. Such model preforms a reasonably 
reliable prediction of compositional and microstructural evolution in the coating-
superalloy system. The accuracy of coating-lifetime prediction can be improved by 
choosing the suitable diffusion blocking parameters. 
 
 
Paper II  
 
Analysis on microstructural evolution of PtAl diffusion coating on Ni-based 
superalloy influenced by creep process 
 
In this paper specimens made of IN792 coated by PtAl diffusion coating were creep 
tested until failure under static tensile stress at either 850 or 950 °C. The creep 
lifetime varies largely between 205 and 21000 hrs, depending on the testing 
temperature and applied stress. Using SEM microstructure was examined and 
analysed on a cross section taken in a region far from the fracture surface of the 
specimens; the chemical composition detection was carried out by utilizing EDS 
technique. The aim of this investigation is to get better understanding on the 
microstructure evolution of PtAl diffusion coatings on IN792 under the influence of 
different creep conditions.  
 
Four characteristic zones are observed in the specimens: outer zone (OZ), 
interdiffusion zone (IDZ), second reaction zone (SRZ) and the superalloy substrate. 
The matrix phase in OZ, IDZ and SRZ is either γꞌ or β phase. Some blocky or 
needle-shaped precipitates or particles, which are Cr-?, σ and µ/R phases, form in 
those zones. The chemical composition analysis reveals that local enrichment of Cr, 
W and Mo is responsible for the formation of those species.  
 
The total thickness of OZ, IDZ and SRZ together is named as effective coating 
thickness (ECT) which is taken as an approach to characterize the coating’s 
microstructure evolution during creep process. It is found that the ECT increases 

with time and dependent upon the temperature. In the ECT vs. @DBC × t graph a 
linear relation is present between them, indicating that the ECT development is 
controlled by the inward diffusion of Al.  E�� is the diffusion coefficient of Al in 
substrate calculated by Thermo-Calc software; t is diffusion time which is the 
lifetime of creep specimen. By inheriting the conclusion above the ECT 
development can be easily predicted for different temperatures and times. 
 
 

Paper III 
 
Creep fracture mechanism of polycrystalline Ni-based superalloy with diffusion 
coatings 
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The aim of this paper is to investigate the effect of diffusion coatings, NiAl and PtAl, 
on the creep fracture mechanism of thin sectioned specimens with a substrate of 
IN792. Four types of sheet specimens with thickness of 1mm were designed: being 
coated with only NiAl or PtAl, being coated with NiAl on one side but PtAl on the 
other and an uncoated reference. Creep test was carried out in air at 850 or 950 °C 
under different static tensile loads. Microstructural examinations were carried out on 
polished lengthwise cross-sections cutting through the mid-width of the creep 
fractured specimens. 
 
Analysis on microstructure evolution in the NiAl and PtAl coatings is a continuing 
work based on the research in Paper II. The effective coating thickness (ECT), 
defined to take into account of diffusion induced microstructural changes in the 
substrate, is found to be controlled only by the inward diffusion of Al, independent 
of the coating type.  
 
Microstructural studies show that grain-boundary detachment, which is strengthened 
by carbides, is the basic cracking mode of the substrate in all samples whether the 
crack initiated from the coating or the substrate. Due to the formation of γꞌ along 
grain boundary in outer zone (OZ) at 850 °C the NiAl coating introduces through-
coating cracks at 850°C; however, it is easily plasticized at 950 °C. The PtAl coating 
performs ductile deformation at both 850 °C and 950 °C but tends to introduce 
voids/cracks in or beneath the coating at both creep temperatures. Since the diffusion 
coatings become easily-deformed or cracked, the creep stress is recalculated to 
exclude the final ECT from the total sample thickness; afterwards the result shows 
the similar performance of the coated and uncoated samples in the Larson-Miller 
diagram, indicating that the diffusion coating has little influence on the creep 
performance of the superalloy, but just consuming the effective cross section of the 
superalloy to carry the creep load. 
 
 

Paper IV  
 
Influence of Precracked Diffusion Coating of Pt-Modified Aluminide on HCF 
Fracture Mechanism of IN 792 Nickel-Based Superalloy.  
 
High-cycle fatigue (HCF) test, with a mean stress value of 600 MPa and amplitude 
stresses being varied, was carried out on cylindrical specimens made from IN792 
superalloy coated by PtAl diffusion coatings. Before the fatigue test, the specimens 
were subjected to tensile loading to introduce through-coating cracks. Thus the 
coating is regarded as non-load carrying part when calculating the HCF stress in 
coated samples. Four different specimen conditions were investigated in the HCF 
test: uncoated in as-received condition, thin coated (50 µm), thick coated (70 µm) 
and stripped (coating removed by electro-chemical means). Specimens failed 
between 5×104 and 107 cycles were further analysed including microstructural 
examination and fractography by SEM and microscopic composition by EDS. 
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The stress-lifetime (S-N curve) graphs show that thin coated and stripped specimens 
share the same fatigue limit with the uncoated ones; thick coated specimens have a 
somewhat lower fatigue limit. Fractographic observation reveals that crack initiates 
only from internal locations, e.g. (Ti,Ta)-carbides or grain boundaries, in uncoated 
and stripped specimens under all stress conditions included. Internal crack initiation 
also dominates the failure of thin coated specimens loaded near the fatigue limit, 
which results in the same value of fatigue limit as uncoated and stripped specimens. 
However, under higher applied stresses, the through-coating cracks become active to 
penetrate into the substrate and cause the failure. For the specimen with thick 
coating, failure is mainly induced by the penetration of the through-coating cracks 
which leads to a lower fatigue limit.  
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6 

Conclusions 

 
The present research includes investigations of the oxidation behavior of MCrAlX 
(M for Ni and/or Co and X for elements in small quantity) coatings and the 
influence of diffusion coatings on fatigue and creep behavior of the superalloy 
IN792. The following conclusions achieved can provide better understanding of the 
coating’s thermal and mechanical behaviors, and simultaneously help engineers to 
design more reliable high-temperature coatings for different applications. 
 
High-temperature oxidation in MCrAlX coating-superalloy system causes the Al 
depletion in the coating part by both oxidation at coating surface and interdiffusion 
with the substrate. An oxidation-diffusion model established by taking into 
consideration of the oxidation, coating-substrate interface and diffusion blocking 
gives reasonable prediction of microstructure evolution and lifetime of the coating.  
 
In creep process the inward diffusion of Al dominates the coating thickening rate in 
both NiAl and PtAl diffusion coatings. During the creep process the diffusion 
coatings are either easily plasticized or cracked, leading to the coating to lose its 
load carrying capacity. The performance of the coated and uncoated samples 
presented in the Larson-Miller diagram indicates that the diffusion coating has little 
influence on the creep performance of the superalloy, but just reduces the effective 
cross section of the superalloy to carry the creep load.  
 
The result of HCF shows that precracking of the coating prior to the fatigue test has 
little influence on the fatigue limit of specimens with thin coating (50 µm) but 
lowers the fatigue limit of specimens with thick coating (70 µm). The through-
coating cracks only become active and cause the fatigue failure when the driving 
force for crack propagation is increased above a critical value due to a higher 
applied stress or a larger crack length (thicker coating). 



 

36 

 

  



 

37 

 

 
Bibliography 

 
[1] J.R. Nicholls, Advances in Coating Design for High Performance Gas Turbines, 
MRS Bull. 28 (2003) 659-670.  
[2] J.R. Davis, Heat-Resistant Materials, ASM International, Member/Customer 
Service Center, Materials Park, OH 44073-0002, USA, 1997.  
[3] R.C. Reed, The Superalloys Fundamentals and Applications, Cambridge, New 
York, 2006.  
[4] SIEMENS AG, Answers for Energy - Industrial Gas Turbines - The 
comprehensive product range from 5 to 50 megawatts, (2012) 1.  
[5] S. Bose, High Temperature Coatings, Butterworth-Heinemann, Oxford, 2007.  
[6] W.G. Sloof, T.J. Nijdam, On the high-temperature oxidation of MCrAlY 
coatings, Int. J. Mater. Rsych. 100 (2009) 1318-1330.  
[7] J.R. Nicholls, Designing oxidation-resistant coatings, JOM-J. Min. Met. Mat. S. 
52 (2000) 28-35.  
[8] C.G. Levi, Emerging materials and processes for thermal barrier systems, 
Current Opinion in Solid State and Materials Science. 8 (2004) 77-91.  
[9] Q. Wu, S. Li, Alloying element additions to Ni3Al: Site preferences and effects 
on elastic properties from first-principles calculations, Computational Materials 
Science. 53 (2012) 436-443.  
[10] Y.L. Hao, R. Yang, Y. Song, Y.Y. Cui, D. Li, M. Niinomi, Concentration of 
point defects and site occupancy behavior in ternary NiAl alloys, Materials Science 
and Engineering A. 365 (2004) 85-89.  
[11] G. Frommeyer, R. Fischer, J. Deges, R. Rablbauer, A. Schneider, APFIM 
investigations on site occupancies of the ternary alloying elements Cr, Fe, and Re in 
NiAl, Ultramicroscopy. 101 (2004) 139-148.  
[12] A. Almazouzi, H. Numakura, M. Koiwa, K. Hono, T. Sakurai, Site occupation 
preference of Fe in Ni3Al: an atom-probe study, Intermetallics. 5 (1997) 37-43.  
[13] I.M. Anderson, A.J. Duncan, J. Bentley, Site-distributions of Fe alloying 
additions to B2-ordered NiAl, Intermetallics. 7 (1999) 1017-1024.  
[14] G. Bozzolo, R.D. Noebe, F. Honecy, Modeling of ternary element site 
substitution in NiAl, Intermetallics. 8 (2000) 7-18.  
[15] V. Raghavan, Al-Cr-Ni (Aluminum-Chromium-Nickel), Journal of Phase 
Equilibria and Diffusion. 30 (2009) 61-63.  
[16] V. Raghavan, Al-Fe-Ni (Aluminum-Iron-Nickel), Journal of Phase Equilibria 
and Diffusion. 27 (2006) 489-490.  



 

38 

 

[17] I. Chumak, K.W. Richter, H. Ipser, The Fe-Ni-Al phase diagram in the Al-rich 
( > 50at.% Al) corner, Intermetallics. 15 (2007) 1416-1424.  
[18] V. Raghavan, Al-Hf-Ni (Aluminum-Hafnium-Nickel), Journal of Phase 
Equilibria and Diffusion. 30 (2009) 64-66.  
[19] V. Raghavan, Al-Mn-Ni (Aluminum-Manganese-Nickel), Journal of Phase 
Equilibria and Diffusion. 27 (2006) 493-496.  
[20] V. Raghavan, Al-Ni-Pt (Aluminum-Nickel-Platinum), Journal of Phase 
Equilibria and Diffusion. 27 (2006) 497-498.  
[21] V. Raghavan, Al-Ni-Ru (Aluminum-Nickel-Ruthenium), Journal of Phase 
Equilibria and Diffusion. 29 (2008) 280-281.  
[22] B. Tryon, T.M. Pollock, Experimental assessment of the Ru-Al-Ni ternary 
phase diagram at 1000 and 1100 deg C, Materials Science and Engineering A. 430 
(2006) 266-276.  
[23] V. Raghavan, Al-Ni-Si (Aluminum-Nickel-Silicon), Journal of Phase Equilibria 
and Diffusion. 27 (2006) 505-506.  
[24] V. Raghavan, Al-Ni-Ta (aluminum-nickel-tantalum), Journal of Phase 
Equilibria and Diffusion. 27 (2006) 405-407.  
[25] V. Raghavan, Al-Ni-Re (Aluminum-Nickel-Rhenium), Journal of Phase 
Equilibria and Diffusion. 27 (2006) 499-500.  
[26] V. Raghavan, Al-Ni-Ti (Aluminum-Nickel-Titanium), Journal of Phase 
Equilibria and Diffusion. 30 (2009) 77-78.  
[27] V. Raghavan, Al-Co-Ni (Aluminum-Cobalt-Nickel), Journal of Phase 
Equilibria and Diffusion. 27 (2006) 372-380.  
[28] B. Sundman, B. Jansson, J. Andersson, The Thermo-Calc Databank System, 
Calphad. 9 (1985) 153-190.  
[29] S. Ochiai, Y. Oya, T. Suzuki, Alloying Behavior of Ni sub 3 Al, Ni sub 3 Ga, 
Ni sub 3 Si and Ni sub 3 Ge, Acta Metall. 32 (1984) 289-298.  
[30] Thermo-Calc Software AB, Thermodynamic and Mobility Databases Overview, 
(2011).  
[31] C.L. Fu, J. Zou, Site preference of ternary alloying additions in FeAl and NiAl 
by first-principles calculations, Acta Materialia. 44 (1996) 1471-1478.  
[32] T. TORIGOE, H. OGUMA, I. OKADA, T. YUNOMURA, S. KASUMI, 
ALLOY MATERIAL HAVING HIGH-TEMPERATURE CORROSION 
RESISTANCE, THERMAL BARRIER COATING, TURBINE MEMBER, AND 
GAS TURBINE, US20090741503 20090313 (2010).  
[33] M. SOMMER, H.P. BOSSMANN, High temperature protective coating, 
US19990343426 19990630 (2001).  
[34] D.R.G. Achar, R. Munoz-Arroyo, L. Singheiser, W.J. Quadakkers, Modelling 
of phase equilibria in MCrAlY coating systems, Surf. Coat. Technol. 187 (2004) 
272-283.  
[35] J. Pablo, T. Alvarez, Influence of composition and processing on the oxidation 
behavior of MCrAlY coatings for TBC applications, (2008).  
[36] T.J. Nijdam, W.G. Sloof, Modelling of composition and phase changes in 
multiphase alloys due to growth of an oxide layer, Acta Materialia. 56 (2008) 4972-
4983.  



 

39 

 

[37] H.M. Tawancy, N. Sridhar, N.M. Abbas, D. Rickerby, Comparative thermal 
stability characteristics and isothermal oxidation behavior of an aluminized and a 
platinum-aluminized nickel-base superalloy, Scripta Metallurgica et Materialia 
(USA). 33 (1995) 1431-1438.  
[38] E.J. Felten, F.S. Pettit, Development, Growth and Adhesion of Al2O3 on Pt-Al 
Alloys, Oxidation Metals. 10 (1976) 189-223.  
[39] P. Lamesle, M. Vilasi, J.M. Claude, P. Steinmetz, Effect of palladium and 
chromium additions on the oxidation behavior of beta -NiAl alloys, Materials 
Science Forum (Switzerland). 251-254 (1996) 171-178.  
[40] E.J. Felten, Use of Pt and Rh to Improve Oxide Adherence on Ni-8per cent Cr-
6per cent Al Alloys, Oxidation Metals. 10 (1976) 23-28.  
[41] H. Shigenari, W. Wen, J. Daniel, Sordelet, G. Brian, Interdiffusion behavior of 
Pt-modified γ-Ni + γ′-Ni3Al alloys coupled to Ni-Al-based alloys, Metallurgical and 
Materials Transactions A. 36 (2005) 1769-1775.  
[42] H. Hindam, D.P. Whittle, Microstructure, adhesion and growth kinetics of 
protective scales on metals and alloys, Oxid. Met. 18 (1982) 245-284.  
[43] Z.B. Bao, Q.M. Wang, W.Z. Li, J. Gong, T.Y. Xiong, C. Sun, Corrosion 
behavior of AIP NiCoCrAlYSiB coating in salt spray tests, Corros. Sci. 50 (2008) 
847-855.  
[44] T.J. Nijdam, L.P.H. Jeurgens, J.H. Chen, W.G. Sloof, On the microstructure of 
the initial oxide grown by controlled annealing and oxidation on a NiCoCrAlY bond 
coating, Oxidation Metals. 64 (2005) 355-377.  
[45] V. Swamy, H.J. Seifert, F. Aldinger, Thermodynamic properties of Y2O3 
phases and the yttrium–oxygen phase diagram, J. Alloys Compounds. 269 (1998) 
201-207.  
[46] P. Poza, P.S. Grant, Microstructure evolution of vacuum plasma sprayed 
CoNiCrAlY coatings after heat treatment and isothermal oxidation, Surf. Coat. 
Technol. 201 (2006) 2887-2896.  
[47] D. Toma, W. Brandl, U. Köster, Studies on the transient stage of oxidation of 
VPS and HVOF sprayed MCrAlY coatings, Surf. Coat. Technol. 120-121 (1999) 8-
15.  
[48] W. Brandl, D. Toma, H.J. Grabke, The characteristics of alumina scales formed 
on HVOF-sprayed MCrAlY coatings, Surf. Coat. Technol. 108-109 (1998) 10-15.  
[49] T.J. Nijdam, W.G. Sloof, Effect of Y distribution on the oxidation kinetics of 
NiCoCrAlY bond coat alloys, Oxid. Met. 69 (2008) 1-12.  
[50] D.P. Moon, Role of reactive elements in alloy protection, Mater. Sci. Tech. 5 
(1989) 754-764.  
[51] J.K. Tien, F.S. Pettit, Mechanism of oxide adherence on Fe-25Cr-4Al (Y or Sc) 
alloys, Metall. Mater. Tran. B. 3 (1972) 1587-1599.  
[52] J.G. Smeggil, A.W. Funkenbusch, N.S. Bornstein, A relationship between 
indigenous impurity elements and protective oxide scale adherence characteristics, 
Metall. Trans. A. 17A (1986) 923-932.  
[53] S. Kamal, R. Jayaganthan, S. Prakash, Hot Corrosion Studies of Detonation-
Gun-Sprayed NiCrAlY + 0.4 wt.% CeO2 Coated Superalloys in Molten Salt 
Environment, J. Mater. Eng. Perform. (2010).  



 

40 

 

[54] M. Tanno, K. Ogawa, T. ShoJi, Effect of Cerium and Silicon Additions to 
MCrAIY on the High-Temperature Oxidation Behavior and Bond Strength of 
Thermal Barrier Coatings, Key. Eng. Mat. 261 - 263 (2004) 1061-1066.  
[55] H. Nickel, W.J. Quadakkers, L. Singheiser, Analysis of corrosion layers on 
protective coatings and high temperature materials in simulated service 
environments of modern power plants using SNMS, SIMS, SEM, TEM, RBS and X-
ray diffraction studies, Anal. Biochem. Chem. 374 (2002) 581-587.  
[56] I. Gurrappa, Identification of hot corrosion resistant MCrAlY based bond 
coatings for gas turbine engine applications, Surf. Coat. Tech. 139 (2001) 272-283.  
[57] N. Czech, F. Schmitz, W. Stamm, Improvement of MCrAlY coatings by 
addition of rhenium, Surface and Coatings Technology. 68-69 (1994) 17-21.  
[58] J.J. Liang, H. Wei, Y.L. Zhu, X.F. Sun, Z.Q. Hu, M.S. Dargusch, X.D. Yao, 
Influence of Re on the Properties of a NiCoCrAlY Coating Alloy, J. Mater. Sci. 
Technol. 27 (2011) 408-414.  
[59] E. Vacchieri, A. Costa, E. Poggio, S. Corcoruto, Effect of NiCoCrAlY+Re 
coatings on TMF behavior of first and second generation single crystal Ni based 
superalloys, Energy Materials: Materials Science & Engineering for Energy Systems. 
4 (2012) 189-197.  
[60] N. Czech, F. Schmitz, W. Stamm, Thermal mechanical fatigue behavior of 
advanced overlay coatings, Mater.Manuf.Process.(USA). 10 (1995) 1021-1035.  
[61] N.D. CZECH, F. SCHMITZ, Rhenium-containing protective coating with high 
corrosion and oxidation resistance, EP19900114610 19900730 (1991).  
[62] J.R. Nicholls, N.J. Simms, W.Y. Chan, H.E. Evans, Smart overlay coatings — 
concept and practice, Surf. Coat. Technol. 149 (2002) 236-244.  
[63] A. Lasalmonie, J.L. Strudel, Influence of Grain Size on the Mechanical 
Behavior of Some High Strength Materials, J. Mater. Sci. 21 (1986) 1837-1852.  
[64] F.T. Furillo, J.M. Davidson, J.K. Tien, L.A. Jackman, The Effects of Grain 
Boundary Carbides on the Creep and Back Stress of a Nickel--Base Superalloy, 
Mater.Sci.Eng. 39 (1979) 267-273.  
[65] C.T. Sims, N.S. Stoloff, W.C. Hagel, Superalloys II--High Temperature 
Materials for Aerospace and Industrial Power, xx + 615, 16 x 23 cm, Illustrated, 
pounds sterling 63.75. (1987).  
[66] J.M. Larson, Carbide Morphology in P/M IN-792, Metall.Trans.A. 7A (1976) 
1497-1502.  
[67] T.J. Garosshen, G.P. McCarthy, Low Temperature Carbide Precipitation in a 
Nickel Base Superalloy, Metall.Trans.A. 16A (1985) 1213-1223.  
[68] S. Tin, T.M. Pollock, Phase instabilities and carbon additions in single-crystal 
nickel-base superalloys, Materials Science and Engineering: A. 348 (2003) 111-121.  
[69] T.N. RHYS-JONES, Coatings for blade and vane applications in gas turbines, 
Corros. Sci. 29 (1989) 623-646.  
[70] M.J. Pomeroy, Coatings for gas turbine materials and long term stability issues, 
Mater. Des. 26 (2005) 223-231.  
[71] H.J. Grabke, Oxidation of NiAl and FeAl, Intermetallics. 7 (1999) 1153-1158.  
[72] J.G. Smeggil, Some comments on the role of yttrium in protective oxide scale 
adherence, Mater. Sci. Eng. 87 (1987) 261-265.  



 

41 

 

[73] M. Di Ferdinando, A. Fossati, A. Lavacchi, U. Bardi, F. Borgioli, C. Borri, C. 
Giolli, A. Scrivani, Isothermal oxidation resistance comparison between air plasma 
sprayed, vacuum plasma sprayed and high velocity oxygen fuel sprayed CoNiCrAlY 
bond coats, Surf. Coat. Technol. 204 (2010) 2499-2503.  
[74] N. Czech, F. Schmitz, W. Stamm, Microstructural analysis of the role of 
rhenium in advanced MCrAlY coatings, Surf. Coat. Technol. 76-77 (1995) 28-33.  
[75] T. Izumi, N. Mu, L. Zhang, B. Gleeson, Effects of targeted γ-Ni + γ′-Ni3Al-
based coating compositions on oxidation behavior, Surface and Coatings 
Technology. 202 (2007) 628-631.  
[76] V. Deodeshmukh, N. Mu, B. Li, B. Gleeson, Hot corrosion and oxidation 
behavior of a novel Pt + Hf-modified γ′-Ni3Al + γ-Ni-based coating, Surf. Coat. 
Technol. 201 (2006) 3836-3840.  
[77] J.T. DeMasi-Marcin, D.K. Gupta, Protective Coatings in the Gas Turbine 
Engine, Surf.Coat.Technol.(Switzerland). 68/69 (1994) 1-9.  
[78] C.S. GIGGINS, F.S. PETTIT, OXIDATION OF NI-CR-AL ALLOYS 
BETWEEN 1000 AND 1200 C, J. Electrochem. Soc. 118 (1971) 1782-1790.  
[79] J. Allen Haynes, E. Douglas Rigney, M.K. Ferber, W.D. Porter, Oxidation and 
degradation of a plasma-sprayed thermal barrier coating system, Surface and 
Coatings Technology. 86–87, Part 1 (1996) 102-108.  
[80] H. El Kadiri, R. Molins, Y. Bienvenu, M.F. Horstemeyer, Abnormal high 
growth rates of metastable aluminas on FeCrAl alloys, Oxid. Met. 64 (2005) 63-97.  
[81] P. Puetz, X. Huang, R.S. Lima, Q. Yang, L. Zhao, Characterization of transient 
oxide formation on CoNiCrAlY after heat treatment in vacuum and air, Surf. Coat. 
Tech. 205 (2010) 647-657.  
[82] W. Brandl, H.J. Grabke, D. Toma, J. Krüger, The oxidation behavior of sprayed 
MCrAlY coatings, Surf. Coat. Technol. 86-87 (1996) 41-47.  
[83] W.R. Chen, X. Wu, B.R. Marple, P.C. Patnaik, Oxidation and crack 
nucleation/growth in an air-plasma-sprayed thermal barrier coating with NiCrAlY 
bond coat, Surface and Coatings Technology. 197 (2005) 109-115.  
[84] G.R. Wallwork, A.Z. Hed, Some limiting factors in the use of alloys at high 
temperatures, Oxid. Met. 3 (1971) 171-184.  
[85] R. Mévrel, State of the art on high-temperature corrosion-resistant coatings, 
Materials Science and Engineering: A. 120–121, Part 1 (1989) 13-24.  
[86] G.W. GOWARD, CURRENT RESEARCH ON THE SURFACE 
PROTECTION OF SUPERALLOYS FOR GAS-TURBINE ENGINES, J METALS. 
22 (1970) 31-39.  
[87] S.R.J. Saunders, J.R. Nicholls, Coatings and surface treatments for high 
temperature oxidation resistance, Mater. Sci. Tech. 5 (1989) 780-798.  
[88] W.J. Quadakkers, D. Naumenko, E. Wessel, V. Kochubey, L. Singheiser, 
Growth Rates of Alumina Scales on Fe-Cr-Al Alloys, Oxidation Metals. 61 (2004) 
17-37.  
[89] D. Naumenko, B. Gleeson, E. Wessel, L. Singheiser, W.J. Quadakkers, 
Correlation between the Microstructure, Growth Mechanism, and Growth Kinetics 
of Alumina Scales on a FeCrAlY Alloy, Metallurgical and Materials Transactions A. 
38 (2007) 2974-2983.  



 

42 

 

[90] R.D. Jackson, M.P. Taylor, H.E. Evans, X. Li, Oxidation Study of an EB-PVD 
MCrAlY Thermal Barrier Coating System, Oxidation Metals. 76 (2011) 259-271.  
[91] E. Tzimas, H. Müllejans, S.D. Peteves, J. Bressers, W. Stamm, Failure of 
thermal barrier coating systems under cyclic thermomechanical loading, Acta 
Materialia. 48 (2000) 4699-4707.  
[92] C.E. Lowell, C.A. Barrett, R.W. Palmer, J.V. Auping, H.B. Probst, COSP: a 
Computer Model of Cyclic Oxidation, Oxidation Metals. 36 (1991) 81-112.  
[93] D. Poquillon, D. Monceau, Application of a simple statistical spalling model for 
the analysis of high-temperature, cyclic-oxidation kinetics data, Oxidation Metals. 
59 (2003) 409-431.  
[94] J.L. Smialek, A deterministic interfacial cyclic oxidation spalling model, Acta 
Materialia. 51 (2003) 469-483.  
[95] J. Doychak, M. Ruhle, TEM studies of oxidized NiAl and Ni3Al cross sections, 
Oxid. Met. 31 (1989) 431-452.  
[96] T.J. Nijdam, L.P.H. Jeurgens, W.G. Sloof, Modelling the thermal oxidation of 
ternary alloys-compositional changes in the alloy and the development of oxide 
phases, Acta Materialia. 51 (2003) 5295-5307.  
[97] T.J. Nijdam, N.M. van der Pers, W.G. Sloof, Oxide phase development upon 
high temperature oxidation of ?-NiCrAl alloys, Materials and Corrosion. 57 (2006) 
269-275.  
[98] B.A. Pint, A.J. Garratt-Reed, L.W. Hobbs, Possible Role of the Oxygen 
Potential Gradient in Enhancing Diffusion of Foreign Ions on α-Al 2O3 Grain 
Boundaries, J. Am. Ceram. Soc. 81 (1998) 305-314.  
[99] W. Braue, K. Fritscher, U. Schulz, C. Leyens, R. Wirth, Nucleation and Growth 
of Oxide Constituents on NiCoCrAlY Bond Coats During the Different Stages of 
EB-PVD TBC Deposition and Upon Thermal Loading, Mater. Sci. Forum. High 
Temperature Corrosion and Protection of Materials 6 (2004) 899-906.  
[100] S.C. Vergel, C. Kwakernaak, T.J. Nijdam, W.G. Sloof, Yttrium and oxygen 
distributions in MCrAlY coatings after deposition, annealing and oxidation, Mater. 
High Temp. 26 (2009) 153-159.  
[101] H.E. Evans, M.P. Taylor, Oxidation of high-temperature coatings, Proceedings 
of the Institution of Mechanical Engineers G, Journal of Aerospace Engineering. 
220 (2006) 1-10.  
[102] M.P. Taylor, W.M. Pragnell, H.E. Evans, Evidence for the formation of Al-
rich reservoir phases resulting from interdiffusion between MCrAlY coating and Ni-
based substrate, Mater. Sci. Forum. 461-464 (2004) 239.  
[103] R. Anton, J. Birkner, N. Czech, W. Stamm, Degradation of advanced MCrAlY 
coatings by oxidation and interdiffusion, Trans Tech Publications Ltd., Materials 
Science Forum (Switzerland). 369-372 (2000) 719-726.  
[104] E.Y. Lee, D.M. Chartier, R.R. Biederman, R.D.J. Sisson, Modelling the 
Microstructural Evolution and Degradation of M--Cr--Al--Y Coatings During High 
Temperature Oxidation, Surf. Coat. Technol. 32 (1987) 19-39.  
[105] T. Beck, M. Biaas, P. Bednarz, L. Singheiser, K. Bobzin, N. Bagcivan, D. 
Parkot, T. Kashko, J. Petkovic, B. Hallstedt, S. Nemna, S.M. Jochen, Modeling of 
coating process, phase changes, and damage of plasma sprayed thermal barrier 
coatings on ni-base superalloys, Adv. Eng. Mater. 12 (2010) 110-126.  



 

43 

 

[106] D. Renusch, M. Schorr, M. Schutze, The role that bond coat depletion of 
aluminum has on the lifetime of APS-TBC under oxidizing conditions, Materials 
and Corrosion. 59 (2008) 547-555.  
[107] J.A. Nesbitt, R.W. Heckel, Modeling Degradation and Failure of Ni--Cr--Al 
Overlay Coatings, Thin Solid Films. 119 (1984) 281-290.  
[108] J. Agren, Numerical Treatment of Diffusional Reactions in Multicomponent 
Alloys, Journal of Physics and Chemistry of Solids. 43 (1982) 385-391.  
[109] A. Engstrom, J.E. Morral, J. Agren, Computer simulations of Ni-Cr-Al 
multiphase diffusion couples, Acta Materialia (USA). 45 (1997) 1189-1199.  
[110] J.E. Morral, C. Jin, A. Engstr, J. Ågren, Three types of planar boundaries in 
multiphase diffusion couples, Scr. Mater. 34 (1996) 1661-1666.  
[111] T. Gomez-Acebo, B. Navarcorena, F. Castro, Interdiffusion in multiphase, Al-
Co-Cr-Ni-Ti diffusion couples, Journal of Phase Equilibria and Diffusion. 25 (2004) 
237-251.  
[112] J.A. Nesbitt, R.W. Heckel, Predicting Diffusion Paths and Interface Motion in 
gamma / gamma + beta , Ni--Cr--Al Diffusion Couples, Metall.Trans.A. 18A (1987) 
2087-2094.  
[113] J. Hald, L. Korcakova, H.K. Danielsen, K.V. Dahl, Thermodynamic and 
kinetic modelling: creep resistant materials, Materials Science and Technology. 24 
(2008) 149-158.  
[114] A. Fossati, M. Di Ferdinando, A. Lavacchi, U. Bardi, C. Giolli, A. Scrivani, 
Improvement of the isothermal oxidation resistance of CoNiCrAlY coating sprayed 
by High Velocity Oxygen Fuel, Surface and Coatings Technology. 204 (2010) 3723-
3728.  
[115] H.E. Evans, M.P. Taylor, Diffusion cells and chemical failure of MCrAlY 
bond coats in thermal-barrier coating systems, Oxidation of Metals (USA). 55 (2001) 
17-34.  
[116] N. Eliaz, G. Shemesh, R.M. Latanision, Hot corrosion in gas turbine 
components, Eng. Failure Anal. 9 (2002) 31-43.  
[117] S. Shih, Y. Zhang, X. Li, Sub-melting point hot corrosion of alloy and 
coatings, Mater. Sci. Eng. A. A120-121 (1989) 277-282.  
[118] S. Osgerby, B.F. Dyson, Modelling creep properties of coated superalloys in 
air and aggressive environments, Materials Science and Engineering: A. 120–121, 
Part 2 (1989) 645-650.  
[119] H.J. Kolkman, Creep, Fatigue and Their Interaction in Coated and Uncoated 
Rene 80, Mater.Sci.Eng. 89 (1987) 81-91.  
[120] R. Lowrie, D.H. Boone, Composite coatings of CoCrAlY plus platinum, Thin 
Solid Films. 45 (1977) 491-498.  
[121] D.R. Holmes, A. Rahmel, Materials and Coatings to Resist High Temperature 
Corrosion, Dusseldorf, West Germany, May 1977; Dusseldorf; West Germany; May 
1977. (1977) 406.  
[122] M. Alam, D. Chatterjee, S. Kamat, V. Jayaram, D. Das, Evaluation of ductile-
brittle transition temperature (DBTT) of aluminide bond coats by micro-tensile test 
method, Materials Science and Engineering A: Structural Materials: Properties, 
Microstructures and Processing. 527 (2010) 7147-7150.  



 

44 

 

[123] K. Schneider, H.W. Grünling, Mechanical aspects of high temperature 
coatings, Thin Solid Films. 107 (1983) 395-416.  
[124] T.K. Chaki, A.K. Singh, K. Sadananda, Effects of CoCrAlY coating on 
microstructural stability and creep behavior of a nickel-base superalloy, Thin Solid 
Films. 168 (1989) 207-220.  
[125] A. Sato, Y. Aoki, M. Arai, H. Harada, Effect of Aluminide Coating on Creep 
Properties of Ni-Base Single Crystal Superalloys, Journal of the Japan Institute of 
Metals. 71 (2007) 320-325.  
[126] M.G. Hebsur, R.V. Miner, Stress Rupture and Creep Behavior of a Low 
Pressure Plasma-Sprayed NiCoCrAlY Coating Alloy in Air and Vacuum, Thin Solid 
Films. 147 (1987) 143-152.  
[127] K. Aning, J.K. Tien, Creep and stress rupture behavior of a wrought nickel-
base superalloy in air and vacuum, Materials Science and Engineering. 43 (1980) 
23-33.  
[128] A. Strang, E. Lang, High Temperature Alloys for Gas Turbines 1982, Liege, 
Belgium, 4-6 Oct.1982; Liege; Belgium; 4-6 Oct.1982. (1982) 469.  
[129] M. Okazaki, High-temperature strength of Ni-base superalloy coatings, 
Science and Technology of Advanced Materials. 2 (2001) 357-366.  
[130] K. Schneider, H. von Arnim, H.W. Grünling, Influence of coatings and hot 
corrosion on the fatigue behavior of nickel-based superalloys, Thin Solid Films. 84 
(1981) 29-36.  
[131] K. SCHNEIDER, G. GNIRSS, B. TRUECK, G.V. ARNIM, Mechanisms of 
High Cycle Fatigue of Cast Nickel Base Alloys, High Temperature Alloys for Gas 
Turbines 1982; Liege; Belgium; 4-6 Oct. 1982. (1982).  
[132] W. Betz, Assessment of Protective Coatings to Combat Hot Gas Corrosion on 
Gas-Turbine Blades, Z.Werkstofftech., May 1976, 7, (5), 161-166. (1976).  
[133] G. Nover, C.H.J. Raub, H. Speckhardt, Fatigue Resistance of Hard-Chromed 
and Nickel-Plated Rotary Bending Specimens with Reference to Internal Stresses in 
the Coating, Metalloberflache. 34 (1980) 169-173.  
[134] J.E. King, Effects of grain size and microstructure on threshold values and 
near threshold crack growth in powder-formed Ni-base superalloy, Met. Sci. 16 
(1982) 345-355.  
[135] Y.H. Zhang, P.J. Withers, M.D. Fox, D.M. Knowles, Damage mechanisms of 
coated systems under thermomechanical fatigue, Materials Science and Technology 
(UK). 15 (1999) 1031-1036.  
 
 


