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Abstract 

 

MCrAlY coatings are deposited onto superalloys to provide oxidation and corrosion protection at 

high temperature by the formation of a thermally grown oxide scale. In this project, the oxidation 

behaviour of a HVOF CoNiCrAlYSi coating on IN792 was studied for both isothermal oxidation (900, 

1000 and 1100 °C) and thermal cycling (100-1100 °C). The microstructural evolution of the 

CoNiCrAlYSi coatings after oxidation was investigated. It was found that the Al-rich β phase is 

gradually consumed due to two effects: surface oxidation and coating-substrate interdiffusion. Some 

voids and oxides along the coating-substrate interface, or inside the coating, were considered to play a 

role in blocking the diffusion of alloying elements. Based on the microstructural observation, an 

oxidation-diffusion model, considering both surface oxidation and coating-substrate interdiffusion, 

was developed by using Matlab and DICTRA software to predict the useful life of MCrAlY coatings. 

A new concept of diffusion blocking is also introduced into the model to give more accurate 

description on the microstructural evolution. The results from modeling and the experimentally 

established composition profiles showed good agreement.  
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1. Introduction 

 



The combustor and turbine sections of gas turbines offer harsh environments for structural parts 

and the materials for such applications need to withstand considerable oxidation and corrosion [1]. 

Resistance against oxidation and corrosion is achieved by the in-situ formation of a protective oxide 

layer on the surface of the alloy [2]. At high temperatures, alumina is the oxide which provides the 

best protection and high-temperature oxidation resistant alloys are consequently alumina formers [2]. 

Superalloys - developed with mainly mechanical properties (such as creep resistance) in mind - may 

not have the prerequisites to form a protective oxide layer [3,4]. Hence, the need arises for protective 

coatings which ensure the formation of a protective oxide layer and act as an Al reservoir so that 

alumina can be reformed would it crack and spall due to thermal cycling [3,5,6]. 

Overlay coatings have gained usage both as stand-alone protective coatings and as bond coats in 

thermal barrier coating (TBC) systems [1,4,7]. Common processes for overlay coating deposition are: 

vacuum plasma spraying (VPS), atmospheric plasma spraying (APS), high-velocity oxy-fuel (HVOF) 

spraying,  low-pressure plasma spraying (LPPS) and electron beam physical vapor deposition (EB-

PVD) [1,3,8,9]. The former two produce coatings with a characteristic splat-on-splat structure. 

Different oxidation and diffusion behaviours have been reported depending on the deposition process 

[10,11]. Overlay coatings are chosen from the MCrAlY family of alloys where M is either of Ni, Co 

and Fe, or a combination thereof, Y is added to improve the scale adhesion [4,7] while other beneficial 

minor elements are also added such as Si, Ta, Hf and Zr [3,4,7,12]. The microstructure of MCrAlY 

coatings includes, most prominently, the γ-, γ'- and β-phases, the former being solid-solution-Ni and 

the latter two aluminides, Ni3Al and NiAl respectively [5,13,14]. Other phases, present in some 

MCrAlY alloys, are α-Cr and σ-CoCr [13,14]. 

As oxidation resistance is achieved by the formation of alumina, the useful life of the coating is 

often determined by the Al depletion that occurs through oxidation and interdiffusion [3,5,6,15-17]. 

The removal of Al from the coating results in the dissolution of the β-phase, thus giving rise to β-

depleted zones at the coating surface, due to oxidation, and at the coating-substrate interface, due to 

interdiffusion [6,15,16]. When the β-phase is completely depleted, or when the Al concentration 

reaches a critically low value, the coating can no longer work as an Al reservoir and less-protective 

oxides forms [2,6,13,15-17]; the depletion of aluminum thus marks the end of the useful life of the 



coating [3]. The modeling and prediction of Al depletion through mechanisms of oxidation and 

interdiffusion thus becomes important for 1) the durability assessment of existing coatings, 2) 

establishing of appropriate substrate/coating couples, and 3) the development of new coating alloys. 

Earlier work on modeling of Al depletion in coatings includes Nesbitt and Heckel [12] who 

modeled the oxidation of a NiCrAlZr coating on a Ni-base substrate. The model was usable for short 

thermal exposure but failed to predict Al concentration during the later stages of the coating life. A 

more complex oxidation model was devised by Nijdam et al. [18] who predicted concentration profiles 

in a NiCrAl alloy taking into account oxidation of all included metal components with applying 

varying oxidation kinetics. The modeled concentration profiles showed reasonable agreement with 

experimental data. 

Modeling which also includes interdiffusion has been performed by several researchers. Nesbitt 

and Heckel [19] modeled the β phase depletion due to interdiffusion in γ/γ+β diffusion couples chosen 

from the NiCrAl system. Taylor et al. [5] modeled the oxidation and interdiffusion of Al in NiCrAl 

alloys. The presented model failed to accurately predict the Al concentration profile in the 

interdiffusion zone. Renusch et al. [17] predicted the life of a NiCoCrAlY coating used as bond coat in 

a TBC system by modeling oxidation and interdiffusion; the interdiffusion constant was 

experimentally determined for the substrate/coating couple of interest. Lee et al. [15] devised a model 

for predicting the β phase depletion in a CoCrAlY coating by oxidation and interdiffusion. Their 

results showed the significant influence by the Al diffusivity or oxidation rate on the β-phase 

depletion, indicating that the highly accurate database of elemental diffusivities and oxidation 

mechanisms is required. 

More recently, the Thermo-Calc and DICTRA software have made more advanced models 

possible. Recent attempts to utilize Thermo-Calc and DICTRA for such purposes include Nijdam and 

Sloof [20] who modeled the β-depletion due to isothermal and cyclic oxidation of a freestanding 

MCrAlY. Beck et al. [16] modeled coating-substrate interdiffusion for NiCoCrAlY coatings; the 

model was said to be “semi-quantitative” and usable mainly for microstructures low in γ' and β. Hald 

et al. [21] modeled the interdiffusion for an MCrAlY coating; diffusion was only modeled to occur in 

the γ matrix phase. The lack of diffusion data for γ' and β has previously been troublesome. Hald et al. 



[21] circumvented this by a “labyrinth factor” which took into account the impeded diffusion due to 

phases other than γ.  

The model development of Al, or β-phase, depletion is progressing; the Thermo-Calc [22] and 

DICTRA [23] software show promising results when used for such purposes. Earlier attempts have 

suffered from the limitations of lacking diffusivity data or have not fully implemented a coupled 

interdiffusion-oxidation model. The research presented in this paper therefore aims at developing a 

DICTRA-based Al depletion model for overlay coatings, taking both oxidation and interdiffusion into 

account. The model formulation was based on microstructural studies of HVOF MCrAlY coatings 

oxidized isothermally at 900-1100 °C and cyclically at 1100 °C.  

 

2. Materials and Experiments 

 

The studied specimens had a disk shape with 20 mm diameter and a thickness of 3-5 mm. The 

substrate was made from cast nickel based polycrystalline superalloy Inconel 792 (IN792). The 

substrate surface was machined and grit blasted (by Al2O3 grit) prior to coating deposition. The 

CoNiCrAlYSi coating, ~200 μm thick, was deposited onto one surface of the substrate by high-

velocity oxy-fuel spraying (HVOF). The nominal compositions of the substrate and coating are listed 

in Table 1. After coating deposition, the specimens were all solution heat treated at 1120 °C for 2 h in 

vacuum and then aged at 845 °C for 12 h in air. The heat treatment achieved both γ' precipitation for 

the substrate and strengthened the bonding between the coating and the substrate.  

Four oxidation tests were carried out: 1) 100-1100 °C thermal cycling exposure (TCF-1100 °C), 2) 

1100 °C isothermal exposure (iso-1100 °C), 3) 1000 °C isothermal exposure (iso-1000 °C) and 4) 900 

°C isothermal exposure (iso-900 °C). For the thermal cycling exposure, one cycle includes 1 h at 1100 

°C in air, followed by ~10 min cooling with compressed air which gives a minimum temperature of 

100 °C. Specimens were removed from the furnaces at predetermined times as shown in Table 2. Each 

temperature and time in Table 2 corresponds to one specimen. A specimen that had only gone through 

initial heat treatment was used as reference. 



The microstructure of the specimens was characterized by optical microscopy and by a field-

emission gun scanning electron microscope (SEM) with X-ray energy dispersive spectroscopy (EDS). 

The SEM images can be obtained from secondary electrons (SE) and back-scattered electrons (BSE) 

where the former is more sensitive to the specimen surface and the latter to atomic number. The 

electron source will be given for each SEM image in the following sections. 

 

3. Modeling Procedure 

The procedure of oxidation-diffusion model is described in Fig. 1, aiming to simulate the diffusion 

process and corresponding microstructure evolution due to coating-substrate interdiffusion, surface 

oxidation and diffusion-blocking effect. 

In the model, the diffusion simulation was done with the DICTRA software by using the 

homogenization model [24,25] with the advanced Ni-base thermodynamic and kinetic databases - 

TCNI5 and MONI2 [26] developed by the Thermo-Calc Software company. The homogenization 

model is suitable for multiphase simulations, assuming that local equilibrium takes places at each 

node. Fourteen homogenization models are supplied by the DICTRA software [23], which are based 

on different assumptions about phase distribution and can be chosen for interdiffusion simulation in 

accordance with the microstructure in the sample. In this study, all homogenization models were tried 

and evaluated to find a suitable one for the subsequent oxidation-diffusion modeling. Several phases 

were included in the simulation: γ, γ', α, β and σ. 

Al depletion near the coating surface due to oxidation was introduced by removing oxidized Al 

from the near-surface area using the Matlab software. The oxidation was simply modeled as 

 

  
1

2
ph K t  Eq (1) 

 

where h is the oxide scale thickness and Kp is the parabolic oxidation constant. In this study, only 

growth of an alumina scale was considered during simulations. To obtain the value of Kp at the 

different temperatures, the thickness of the alumina was measured on the oxidized specimens. Since 



the coating surface was quite rough, the oxide thickness was obtained by image analysis as the area of 

the alumina oxide in a SEM image divided by the image width. This approach works well for 

isothermal exposure but fails to capture the actual Al consumption in the thermal cycling process due 

to the heavy scale spallation. 

In this model the diffusion blocking effect was also included, by modifying the simulating 

diffusion times, rather than changing the diffusion coefficients, in the coating and substrate. For 

instance a stronger blocking effect was implemented by a shorter time for diffusion. As shown in Fig. 

1 the coating-substrate couple was represented by a number of nodes, for which the composition was 

stored. The simulation was performed as an iterative process where each iteration involved: 1) 

DICTRA simulation of diffusion in the substrate for time t1, 2) Al removal from the outermost nodes 

(i.e. lowering Al concentration in these nodes by Matlab) corresponding to oxidation for time t1 or t2, 

whichever the longest, 3) DICTRA simulation of diffusion in the coating for time t2, 4) Al removal 

from the outermost nodes corresponding to oxidation for time t3, 5) DICTRA simulation of 

interdiffusion for time t3. The new composition profile from each step was applied into the following 

new steps. The total oxidation time (time increment) for each iteration hence was t3 + max(t1,t2); this 

time increment was adapted to the oxidation rate so that t3 + max(t1,t2) was small during the faster 

initial oxidation and increased towards the end of the simulation where the oxidation rate was low. 

The time increments were chosen from the 1–20 h interval. The input composition for the simulation 

was taken from EDS measurements from the heat-treated specimen. The effect of diffusion blocking 

(by pores and internal oxides) was controlled by the relative length of the three diffusion times: t1, t2 

and t3. In this paper, no diffusion blocking in the substrate is considered, which yields t1 ≥ t2.  

Two blocking factors were defined to describe the diffusion blocking that occurred internally in the 

coating, P1 which was the fraction of blocked diffusion time in the coating (Eq.2) and in the coating-

substrate interface, P2 which was the fraction of blocked diffusion time at the interface (Eq.3).  
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If P1 = 0 and P2 = 0, no diffusion blocking is included. The existence of diffusion blocking structures 

in the studied specimens requires that P1, P2 > 0 in the modeling performed here. Larger values of P1 

and P2 give stronger diffusion blocking. 

A microstructural interpretation of the blocking parameters would be that P1 is related to internal 

oxidation along splat interfaces in the coating while P2 is related to alumina and voids at the coating-

substrate interface. However, the relation between the blocking parameters and microstructural 

constituents may not be trivial since not only physical effects but also chemical interactions needs to 

be considered. For instance, P2 should depend on, but is not necessarily equal to, the area fraction of 

particles and voids at the coating-substrate interface.  

 

4. Results and Discussion 

 

4.1. Microstructural analysis 

 

4.1.1. Initial heat treatment 

 

The typical microstructure in the superalloy (the substrate) is shown in Fig. 2(a); the constituents 

were precipitates of large primary and small secondary γ' (FCC, L12) in a γ (FCC, disordered) matrix, 

and (Ti,Ta)-rich and (Cr,Mo)-rich carbides along grain boundaries. (Ti,Ta)-rich carbides were present 

inside grains as well, were large and had a blocky shape. Larson et al. [25] also observed such 

constituents in IN792.  

Fig. 2(b) shows the calculated phases in the IN792 substrate at various temperatures. The 

calculation was performed with the Thermo-Calc software and the composition used was Ni-12.5Cr-

9Co-4.175W-4.175Ta-3.975Ti-3.375Al-1.9Mo-0.08C (wt.%). The calculation gives an indication of 

what microstructure can be expected in practice. For instance, more γ' precipitates form at lower 



temperatures and (Ti,Ta)-rich MC carbides form during solidification (around 1320 °C) as also 

observed by others [27-29]. Some other phases ((Cr,W)-rich μ, (Co,W)-rich HCP) were also predicted, 

but not detected by SEM analysis. It should be noted that, at lower temperatures, microstructural 

changes may be sluggish; one example is that the thermodynamically unstable MC carbides should 

have dissolved at the aging temperature (i.e. 845 °C) but they were observed after the aging treatment. 

The microstructure of the ~200 μm thick CoNiCrAlYSi coating after the initial solution and aging 

heat treatment is shown in Fig. 3(a); the corresponding composition profile is presented in Fig. 3(b) 

where the position of the coating-substrate interface is taken as distance = 0. Obviously, interdiffusion 

between the coating and the substrate had occurred during the heat-treatment. The rough surface of the 

coating had oxidized slightly forming a thin oxide scale as shown in Fig. 3(c). According to the EDS 

results, the surface oxides consisted predominantly of Al2O3, which was probably of the stable type α-

Al2O3; the formation of α-Al2O3 during the HVOF process has been reported by other researches 

[30,31]. Due to the surface oxidation, the Al content in the coating decreased and a β-depleted zone 

was formed, see Fig. 3(c). The thickness increase of the β-depleted zone during isothermal or thermal 

cycling exposure reflects the progress of surface oxidation which will be discussed in detail in the next 

section. Some voids and oxides were found in the material, seen as dark areas in Fig. 3(a). The oxides 

in the substrate-coating interface were Al2O3 which probably came from the grit blasting process prior 

to coating deposition or first layer spraying.  

Recrystallized γ grains with fine γ' precipitates were observed in the substrate beneath the coating-

substrate interface as shown in Fig. 3(d). The stored elastic energy from the machining and/or grit 

blasting processes should be the driving force for such recrystallization. In addition, some small, 

dispersed (Ti,Ta)-rich MC carbides were found in the substrate, which probably formed through the 

dissolution of the original large carbides followed by re-precipitation. 

Y-rich particles, which may be Y-oxides [31,32], were detected along the interfaces between splats 

(Fig. 3(e)). Internal oxidation is common in APS coatings where the trapped oxygen from the coating 

deposition process forms stable oxides by reacting with elements of high oxygen affinity, such as 

yttrium and aluminum [33]. The oxidation of Y, and partially oxidation of Al, during HVOF 

deposition was also reported by Brandl [34] who observed a slower diffusion rate in HVOF coatings 



deposited from pre-oxidized powders. Voids and oxides in the coating, or along the coating-substrate 

interface, can be considered as obstacles for diffusion. The diffusion blocking effect by a void/oxide 

structure was considered by Evans et al.  [35] in an oxidation model for APS coatings.  

 

 

4.1.2. High temperature oxidation 

 

During the isothermal and thermal cycling oxidation tests, the Al content of the coating decreased 

through oxidation and inward diffusion. The surface Al consumption promoted the growth of a single 

phase γ zone below the protective scale. This γ zone is termed the outer β-depleted zone (OBDZ).  The 

inner Al loss due to coating-substrate interdiffusion similarly caused the formation of an inner β-

depleted zone (IBDZ). The zone where the β phase still remained will be referred to as the β-left zone 

(BLZ). These zones are displayed in Fig. 4(a) for a specimen oxidized isothermally for 100 h at 1100 

°C. 

The complete loss of the β-phase will render the coating non-protective; therefore, the lifetime of 

the coating can be predicted by modeling the time to total β depletion [5,15,17]. With increasing 

oxidation time, the size of the OBDZ and IBDZ increased whereas the BLZ decreased, see Fig. 4(b), 

(c) and (d) where the thickness of the three zones are plotted as a function of oxidation time. The 

thickening rates of the OBDZ for the different oxidation conditions followed the order: TCF-1100 °C 

> iso-1100 °C > iso-1000 °C > iso-900 °C; while, for the IBDZ, the order was: TCF-1100 °C ≈ iso-

1100 °C > iso-1000 °C > iso-900 °C. Due to the heavier alumina scale spallation the consuming rate of 

Al in cyclic condition is faster, causing higher thickening rate of OBDZ, than that in isothermal 

condition at 1100 °C. The thickness of the BLZ, which is a measure of the remaining Al reservoir, is 

the most interesting parameter for predicting the life of the coating.  

There was no large difference in the microstructure near the coating-substrate interface for the 

TCF-1100 °C and iso-1100 °C specimens, see Fig. 5(a) and (b). Due to the inward Al diffusion, β 

close to the substrate-coating interface was dissolved in the coating during the high-temperature 

exposure, resulting in the IBDZ. In the substrate, some β particles were observed to form beneath the 



coating-substrate interface; such phenomenon could be observed in the TCF-1100 °C, iso-1100 °C and 

iso-1000 °C specimens, see Fig. 5(a)-(c), but not in the iso-900 °C specimen shown in Fig. 5(d). The β 

phase in the substrate disappeared when the β phase in the coating had been completely consumed.  

The small (Ti,Ta)-rich MC carbides remained throughout the 1100 °C exposure since they were 

thermodynamically stable at this temperature. According to the results of the phase equilibrium 

calculation, see Fig. 2(b), transformation of the carbides can occur through MC  M23C6 at or below 

1000 °C. EDS mapping, shown in Fig. 6, demonstrates the presence of (Cr,Mo)-rich M23C6 in the iso-

1000 °C sample. M23C6 carbides were mainly found in the substrate beneath the coating-substrate 

interface at grain boundaries; they had a small, blocky shape. The occurrence of smaller (Ti,Ta)-rich 

MC carbides was sparse at 900 °C as shown in Fig. 5(d), which can be ascribed to its lower stability at 

lower temperatures. In addition, an Al-poor area was detected in the substrate, see the Al mapping in 

Fig. 6, resulting in the formation of γ'-free zone, see Fig. 5(c), beneath the original coating-substrate 

interface; the original coating-substrate interface can be identified by the voids. 

The morphology of the oxide scales for several different oxidation conditions is shown in Fig. 7. 

During thermal cycling the scale formed and grew during the hot part of the cycle. Temperature 

transients caused some of the oxide scale to spall from the coating surface due to the thermal stresses 

introduced by the mismatch in thermal expansion coefficients between the oxide scale and the coating. 

The addition of Y can improve the adhesion of the oxide scale through several mechanisms, such as 

removing sulfur from the scale-coating interface [36] and through the formation of Y-rich pegs at the 

scale-coating interface [37]. In this study, however, Y- and Si-rich oxides were commonly detected at 

the surface of the scale, see Fig. 7(a), rather than at the scale-coating interface. They may have formed 

and grew during the initial, transient oxidation stage, or due to the outward diffusion of Y and Si 

through the oxide scale. The detachment of the scale from the coating, and through-scale cracking, 

found for TCF-1100 °C, see Fig. 7(a), may be due to thermal stresses but could also have arisen during 

the sample preparation process after the oxidation testing. For isothermal oxidation, the scale thickness 

gradually increased without any significant spallation. Oxidation might occur along the splat interfaces 

in near-surface areas as shown in Fig. 7(b) and (c). At 1100 °C, the high mobility of oxygen enabled 

the oxygen to penetrate a certain depth under the coating surface, forming firstly some internal 



alumina island and eventually a continuous alumina layer, see Fig. 7(b). Continuous alumina scales 

formed through such a mechanism was also reported by Giggins et al. [38]. Such internal oxidation 

was only observed in samples of iso-1100 °C for 50 h and 100 h according to SEM observation. If the 

activity and diffusivity of Al in the coating are high enough, the alumina scale grows directly at the 

coating surface [39]. At 900 °C, see Fig. 7(d), Cr-rich particles, which were probably σ phase in 

accordance with the phase diagram in Fig. 9, appeared in the BLZ and also in the OBDZ beneath the 

oxide scale. The formation of σ phase in the OBDZ was not detected in specimens oxidized at 1100 °C 

and 1000 °C.  

Fig. 8 shows three Ni-Cr-Al ternary phase diagrams for different temperatures established by using 

the Thermo-Calc software. In the phase diagrams, 0.6 wt.% of Si was added; the Co concentration was 

set as 3-4.5 wt.% higher than the Cr concentration in accordance with the EDS composition profiles, 

also shown in Fig. 8. A small amount of Y should have insignificant influence on such thermodynamic 

calculations and was not considered due also to the lack of data for Y in the used thermodynamic 

database. The composition profiles for different temperatures, shown in Fig. 8, were averaged over 3-5 

different areas near the coating surface and include the OBDZ and part of the BLZ. In the profiles, 

distance = 0 was set at the OBDZ-BLZ interface with distance > 0 for the OBDZ and distance < 0 for 

the BLZ. As can be seen in Fig. 8, the composition changes rapidly at the transition between OBDZ 

and BLZ. So-called diffusion paths [40-42] are also shown in the phase diagrams in Fig. 8, which 

consist of several points fetched from the concentration profiles. The orange triangle (for Al-rich BLZ) 

and the large blue square (for Al-poor BLZ) represent the compositions far away from the BLZ-OBDZ 

interface, while the smaller squares in red are from the interface region between the BLZ and the 

OBDZ.  

The diffusion paths for 1000 °C, Fig. 8(b), and 900 °C, in Fig. 8(c), show that the composition of 

the BLZ is in the β-containing field in the phase diagram while the composition of the OBDZ is 

located very close to a boundary between the β-containing field and a β-free field; this indicates that 

the γ phase in the OBDZ was saturated in Al. It further indicates that the mobility of oxygen was 

relatively low at those two temperatures as the transport of Al from the BLZ to the surface was 

sufficient to cause Al saturation in the γ phase. This was, however, not the case for oxidation at 1100 



°C. The higher oxygen mobility promoted internal oxidation of Al below the coating surface (see Fig. 

7(b)). Furthermore, because of the relatively fast Al consumption through oxidation, the composition 

in the OBDZ near the coating surface became Al poorer, lying far from the boundary between the γ+β 

and the γ fields in the phase diagram, see Fig. 8(a). In other words, the rapid consumption of Al at 

coating surface resulted in a composition gradient through the whole OBDZ, see profile in Fig. 8(a). In 

addition, at 900 °C, the diffusion path is quite near the phase fields containing σ phase; σ phase is 

predicted to form in the BLZ, and in the OBDZ, which was indeed observed experimentally, (i.e. the 

Cr-rich particles in Fig. 7(d)).  

The results above indicate that compositional evolution in the coating during oxidation is 

dependent on the thermodynamic behaviour of the coating. This makes it possible to use 

thermodynamic databases in design of alloy compositions of coatings for oxidation protection. 

  

 

4.2. Modeling results 

 

Before the actual oxidation-diffusion modeling, all available homogenization models in the 

DICTRA software were tested by considering coating-substrate interdiffusion only (i.e. no diffusion 

blocking or oxidation). In the MOBNI2 database used for the DICTRA simulation, the mobility data 

of alloying elements in γ, γ' and β have been greatly improved [26]. Fig. 9 shows the calculated 

concentration profiles for Ni, Cr, Co and Al corresponding to 50 h at 1100 °C; experimental data 

(points) are included for comparison. In the "Hashin-Strikman bounds” [43] the geometry of the 

phases are interpreted as concentric spherical shells. The “lower Hashin-Strikman bound” puts the 

phase with most sluggish kinetics onto outermost shell and vice versa for the “upper Hashin-Strikman 

bound”. The model testing results in Fig. 9 show the too slow or too fast prediction by using “lower 

Hashin-Strikman bound” (Fig. (a)) or “upper Hashin-Strikman bound” (Fig. (b)). The “rule of 

mixture” model, which geometrically interprets the phases as continuous layers paralleled with the 

diffusion direction, gives good prediction on composition profiles according to the results in Fig. 9(c). 

By taking the majority phase as the matrix phase also including σ as a none-diffusing phase, the 



composition profiles were calculated as shown in Fig. 9(d) showing a good agreement with the 

measured results but were easier to produce some unexpected noise on the curve. By an overall 

consideration the “rule of mixture” was the best choice and was applied for the following oxidation-

diffusion modeling.  

The oxidation-diffusion modeling combines surface oxidation, coating-substrate interdiffusion and 

microstructure-induced diffusion blocking. The measured oxide scale thicknesses for the different 

temperatures are shown in Fig. 10(a); curves were fitted by assuming parabolic oxidation kinetics. Fig. 

10(b) gives the "interface blocking fractions" of the specimens, which are the occupied fraction of 

voids and/or oxides along the coating-substrate interface. The voids grew with thermal exposure; more 

so at higher temperature. The growth of the voids should be due to the Kirkendall effect. The increase 

in interface blocking fraction with time indicates that a time dependent diffusion blocking factor P2 

should perhaps have been used during the simulation; however, only constant values of P1 and P2 were 

used during the oxidation-diffusion modeling.  

During modeling, thermodynamic results can easily be output from DICTRA. Fig. 11(a) shows the 

phase profiles for iso-1100 °C for 50 h with no diffusion blocking (i.e. P1 = 0, P2 = 0). The formation 

of an OBDZ and an IBDZ, predicted by the simulation, agreed with experimental observations, see 

Fig. 6(a). The calculated γ' peak in the substrate, and the γ'-free zone beneath the coating-substrate 

interface, were also in accordance with the observed microstructure, see Fig. 5 and 6. It is worth noting 

that several factors influence the simulation results: 1) imperfect oxidation law for Al, 2) neglecting 

oxidation of elements other than Al, 3) not considering the local volume change of the material due to, 

for instance, local phase transformations, 4) imperfection of the thermodynamic database and 5) 

varying deposition factors related to spraying conditions. 

For lifetime predictions of coatings, the consumption rate of the β phase in the coating is critical. 

Fig. 11(b) shows the experimentally measured BLZ thickness for iso-1100 °C and results from 

modeling using different diffusion blocking parameters P1 and P2. Without diffusion blocking (P1 = 0, 

P2 = 0), the calculated β phase consumption occurred too fast compared to the experimental results 

(especially for 100 h). Increasing P1 and P2 increased the diffusion blocking effect. As seen in Fig. 

11(b) for iso-1100 °C condition, P1 = 0.5 and P2 = 0.55 gives the best agreement with experimental 



data. Composition profiles calculated for P1 = 0.5 and P2 = 0.55 are shown in Fig. 12. Compared to the 

results obtained without considering oxidation and diffusion blocking (i.e. Fig. 9(c)), a somewhat 

mismatching between the calculated and the measured compositions was found near the interface (Fig. 

12). Such mismatch developed inevitably due to the separated programing of the substrate and coating 

parts in the oxidation-diffusion model. Besides that, a satisfactory agreement between the predicted 

results and experimental data was obtained.  

The consumption of Al due to surface oxidation promoted the formation of an OBDZ with an Al 

concentration of ~3.8 wt.% near the surface, see the Al profile in Fig. 12. Both the calculated and 

measured Al profiles in the coating showed that the Al concentration in the BLZ decreased with time. 

Al diffusing into the substrate produced an Al peak near the interface, which increased the fraction of 

γ', causing a γ' peak as shown in Fig. 11(a); a γ'-free zone in the substrate was also predicted by the 

model, see Fig. 11(a), as well as observed experimentally, see Fig. 5. The direction of diffusion 

depends on the activity gradient; Ni tended to diffuse from the substrate to the coating while Co and 

Cr diffused in the opposite direction. The predicted diffusion behaviour of Ti and Si also looks 

promising, see Fig. 12, while the calculated diffusion behaviour of heavy elements, i.e. Ta, Mo and W, 

seems to be too sluggish.  

The simulated composition profiles for iso-900 °C for 5000 h, achieved by oxidation-diffusion 

modeling, are shown in Fig. 13. The composition profiles predicted by the model show a certain of 

mismatch with that from experimental values, especially in the regions near the coating-substrate 

interface. Such imperfect results are probably caused by either limitation of the database used in 

simulation or the imperfection of the model. Even though, the profiles of the main elements (i.e. Ni, 

Co, Cr and Al) are well predicted in the BLZ, indicating that a BLZ-based life prediction can still be 

used at lower temperatures. In Fig. 13 one interesting result predicted by the model is an increase of Cr 

concentration and, simultaneously a decrease of Ni and Al concentration, near the coating surface, 

indicating that some Cr-rich phases form there. Actually, some Cr-rich σ phases were indeed observed 

in the microstructure, see Fig. 7(d). 

By using the BLZ as an indicator for chemical degradation of the coating, the life of the coating at 

different temperatures can be predicted. This is shown in Fig. 14. The predicted lives of the coating, 



by simulation with P1 = 0.5 and P2 = 0.55, for iso-1100 °C, iso-1000 °C and iso-900 °C are 300 h, 

3000h and > 10000 h, respectively. At 1100 °C the simulation shows good agreement with 

experimental measurement. However at lower temperatures (900 °C and 1000 °C) the β depletion rate 

is overestimated compared with the long-time experimental data, indicating that larger diffusion 

blocking parameters should be used for these two temperatures; as suggested by the results in 

Fig.10(b), the blocking parameters may also have to be time-dependent. To improve the accuracy of 

the simulation, more experiments, especially testing for longer times at low temperatures (i.e. 1000 °C, 

900 °C), are needed. In the future, such oxidation-diffusion model with diffusion blocking effect will 

be used to predict the life of other HVOF-deposited Ni-/Co-based MCrAlY coatings and APS coatings 

where there are more diffusion blocking structures caused by large oxide stringers.  

 

 

Conclusions 

 

In this study, the oxidation behaviour of an HVOF CoNiCrAlYSi coating on an IN792 substrate 

was studied for both isothermal oxidation and thermal cycling. The results from microstructural 

studies of the MCrAlY coating show that the Al-rich β phase was gradually consumed due to surface 

oxidation and coating-substrate interdiffusion. The diffusion paths in the phase diagrams indicate that 

the composition in the outer β-depleted zone and oxide-forming behaviour at surface was influenced 

by the thermodynamic behaviour of the coating. 

 An oxidation-diffusion based life prediction model was developed. The influence of several 

phenomena was included: surface oxidation, coating-substrate interdiffusion and diffusion blocking. 

The composition profiles obtained from modeling show good agreement with experimental data. The 

depletion of Al-rich β phase in the coating was taken to reflect the degradation of coating in high 

temperature oxidation, which was also well predicted by the model. The model shows promising 

results and is thought to be usable also for longer oxidation times and for APS coatings if further 

developed.  
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Table 1. Nominal compositions in wt.% of the substrate IN792 and the CoNiCrAlYSi coating. 

Alloys Ni Cr Co W Ta Ti Al Mo Y Si C Zr B 

IN792 Bal. 12.5 9.0 4.175 4.175 3.975 3.375 1.9 - - 0.08 0.0175 0.015 

CoNiCrAlYSi 30 28 Bal. - - - 7.5 - 0.6 0.6 - - - 

 

  



 

 

Table 2. Performed oxidation testing. 

 

Condition TCF-1100 °C, cycles iso-1100 °C, h iso-1000 °C, h iso-900 °C, h 

Time 50 

100 

300 

500 

50 

100 

300 

500 

100 

500 

1000 

1500 

500 

1500 

2783 

5000 

 

 

  



 

 

 

 
Figure 1. The oxidation-diffusion simulation schematically outlined. The thicknesses of the 

substrate and the coating in the simulation were 800 μm and 200 μm, respectively. 

 

 

  



 

 

 

 

 
 

 
 

Figure 2. Microstructure in cast superalloy IN792 after heat treatment: (a) SE image showing γ-γ' and 

carbides and (b) equilibrium calculation of the microstructure in IN792 by the Thermo-Calc software.  

 

 

  



 

 

 
 

Figure 3. Specimen after solution and aging heat treatments: (a) overview of the coating 

microstructure (BSE image), (b) composition profile (averaged from several positions on the 

specimen), (c) microstructure near coating surface (SE image), (d) microstructure near coating-

substrate interface (BSE image) and (e) microstructure (SE image) and EDS map of yttrium at splat 

interface in the coating. 

 

 

 

  



 

 

 

 

 
 

Figure 4. Results from the iso-1100 °C specimen after 100 h: (a) microstructure of the coating 

(BSE image), (b) evolution of the outer-β-depletion zone (OBDZ), (c) evolution of inner-β-depletion 

zone (IBDZ) and (d) evolution of β-left zone (BLZ). The error bars (standard deviations) show the 

scatter from measurements at 10 random regions in the specimen. 

 

 

  



 

 

 

 

  

   
 

Figure 5. Microstructure near the coating-substrate interface for the following specimens: (a) TCF-

1100 °C for 50 cycles (SE image), (b) iso-1100 °C for 50 h (BSE image), (c) iso-1000 °C for 1500 h 

(BSE image) and (d) iso-900 °C for 5000 h (SE image). 

 

 

 

  



 

 

 

 

 
 

Figure 6. EDS mapping around coating/substrate interface of the specimen exposed to iso-1000 °C for 

1500 h. 

 

 

 

  



 

 

 

 
 

Figure 7. Oxide scale morphology for some different oxidation conditions: (a) TCF-1100 °C for 

300 cycles (BSE image), (b) iso-1100 °C for 50 h (BSE image), (c) iso-1000 °C for 500 h (BSE 

image) and (d) iso-900 °C for 5000 h, BSE image and EDS map of Cr. 

 

 

 

  



 

 

 

 
 

Figure 8. Diffusion paths in Ni-Cr-Al ternary phase diagrams obtained for the conditions shown 

beside the diagrams, for: (a) 1100 °C, (b) 1000 °C and (c) 900 °C. The composition points in the phase 

diagrams come from the compositions at the positions marked with colored vertical lines in the 

corresponding composition profiles. 

 



 

 

 

 

 

 
 

Figure 9. Composition profiles as predicted by different homogenization models: (a) lower Hashin-

Strikman bound, (b) upper Hashin-Strikman bound, (c) rule of mixture and (d) Hashin-Shtrikman 

bound with the majority phase as matrix phase. Curves show simulation results and points are 

experimental data. 

 

 

 

  



 

 

 

 
 

Figure 10. Oxide thickness and interface blocking as function of time at high temperature: (a) oxide 

scale thickness in isothermally oxidized specimens and (b) fraction of voids and oxides at the 

substrate-coating interface. 

 

 

 

  



 

 

 

 
 

Figure 11. Results from simulations: (a) predicted phase profile for iso-1100 °C for 50 h without 

diffusion blocking (i.e. P1 = 0, P2 = 0) and (b) the blocking parameter influence on the calculated BLZ 

thickness (for iso-1100 °C), blocking is given in the form “p-P1-P2”. 

 

 

  



 

 

 

 

 
 

Figure 12. Composition profiles after 50 h at 1100 °C with the diffusion blocking P1 = 0.5, P2 = 0.55. 

Solid curves are simulation results and points are experimental results. Dashed curves are simulation 

input data from heat-treated specimens. Vertical dash lines mark the position of the interface between 

substrate (distance < 0) and coating (distance > 0). 

 

 

  



 

 

 

 
 

Figure 13. Composition profiles after 5000 h at 900 °C with the diffusion blocking P1 = 0.5, P2 = 0.55. 

Solid curves are simulation results and points are experimental results. Dashed curves are simulation 

input data from heat-treated specimens. Vertical dash lines mark the position of the interface between 

substrate (distance < 0) and coating (distance > 0). 

 

 

  



 

 

 

 

 
 

Figure 14. Predicted and measured BLZ thickness as function of time. The solid curves are simulated 

results using P1 = 0.5, P2 = 0.55 and the points are experimental results. 
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