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Abstract 
 
This master’s thesis work is a study of oxidation and degradation of nickel-base alloys at high 
temperatures. The materials studied are designed for use in critical gas turbine components such 
as turbine blades and vanes. Some of the alloys are used today, whereas others have not yet 
entered commercial application. In order to maximize the efficiency of gas turbines, there is an 
ambition to maximize the operating temperatures. There is therefore a demand for materials 
which can withstand the damage mechanisms active at high temperatures. Among these damage 
mechanisms are oxidation and microstructural degradation. 
 
To investigate the oxidation resistance of 7 different monocrystalline and polycrystalline alloys, 
samples have been exposed isothermally in still air at temperatures between 850 and 1000°C, for 
exposure times of up to 20000h. Two of the alloys were also exposed cyclically at 950°C. 
Oxidation during the heat treatment resulted in significant weight changes, which were measured 
after each cycle for cyclically exposed samples and after completed heat treatment for 
isothermally exposed samples. The weight change data was used to evaluate the relative oxidation 
resistance of the alloys. The ranking of the alloys with respect to oxidation resistance was 
generally in agreement with the oxidation resistance predicted by a simple consideration of the Cr 
and Al contents of the alloys. However, the single-crystal alloy PWA1483 displayed better 
oxidation resistance than predicted from its chemical composition. 
 
Metallographic analysis of the samples indicated that the oxide scales formed consisted of several 
different types of oxides. The oxide scales were mainly composed of Cr2O3 and Al2O3. Fragments 
of the oxide scales spalled off, primarily during cooling but also in some cases during the long-
term heat treatments. Spalling of the oxide scale accelerated the oxidation process, since the 
ability of the oxide scale to impede diffusion decreased with its decrease in thickness. Oxidation 
caused depletion of Al and thereby local dissolution of the aluminum-rich γ′ particles, which are 
of vital importance to the mechanical properties of the material. A γ′ depleted zone thereby 
formed underneath the oxide scale. In this zone nitrides and needle-like particles, believed to be 
topologically close packed μ phase, precipitated during heat treatment. Recrystallization in the 
depletion zone was observed in some of the monocrystalline materials. MC carbides (M=metal) 
present in the virgin material decomposed during heat treatment and M23C6 carbides were formed. 
The γ′ particles coarsened during heat treatment, which resulted in decreased hardness. The 
hardness decreased with exposure temperature up to 950°C, as expected due to the increased 
coarsening rate. At 1000°C an unexpected increase in hardness was observed for all sample 
materials except one. A possible explanation for this hardness increase is redistribution of γ′, by 
dissolution of γ′ during heat treatment and reprecipitation during cooling as much finer particles. 
A fine dispersion of γ′ is expected to contribute more to the hardness than a corresponding 
volume of γ′ in the form of larger particles. For some of the sample series, clear correlations 
between hardness and γ′ particle size or exposition time were found. These relationships could 
potentially be used to estimate the exposure temperature of service-exposed material.  
 
A numerical model was implemented in Matlab to describe the process of oxide growth and 
spalling, cycle by cycle. The model was successfully adapted to experimental data from the cyclic 
oxidation measurements. The general applicability of the model to cyclic oxidation data at 
different temperatures and cycle frequencies was not investigated. At long times of cyclic 
exposure, the net weight loss of the samples could be well approximated as a linear function of 
the number of cycles. However, during the last few cycles the amount of oxide spalled in each 
cycle suddenly decreased. This change in spallation behavior was mainly observed for the 
samples cooled in air between every cycle and to a much smaller extent for the samples cooled in 
water. The proposed explanation is that spalling occurred preferentially at a weak 
subscale interface and that the spalling propensity decreased with decreasing area of this 
weak interface. The deviating results of the last few cycles were not included in the modeling of 
the cyclic oxidation process. 



 
 

Sammanfattning 
 
Examensarbetet behandlar oxidation och degradering av nickelbaslegeringar vid höga 
temperaturer. De legeringar som studerats är framtagna för användning i de mest utsatta 
komponenterna i gasturbiner, såsom skovlar och ledskenor. Vissa av materialen används i 
dagsläget, medan andra ännu inte har någon kommersiell tillämpning. I gasturbiner eftersträvas 
en så hög arbetstemperatur som möjligt, för att maximera verkningsgraden. Därför finns det ett 
behov av material som kan motstå de skademekanismer som är verksamma vid hög temperatur, 
däribland oxidation och degradering av mikrostrukturen. 
 
För att undersöka oxidationsmotståndet hos 7 olika enkristallina och polykristallina 
nickelbaslegeringar har prover exponerats isotermt i luft vid temperaturer mellan 850 och 
1000°C, med exponeringstider upp till 20000 h. För 2 av materialen genomfördes också cyklisk 
värmebehandling vid 950°C. Oxidation under värmebehandlingen orsakade betydande 
viktsförändringar, som mättes efter varje cykel för de cykliskt behandlade proverna och efter 
avslutad värmebehandling för de isotermt behandlade proverna. Viktsförändringsdata användes 
för att bedöma oxidationsmotståndet hos de olika materialen. Rangordningen av legeringarnas 
oxidationsmotstånd stämde i regel överens med det oxidationsmotstånd som förväntats, genom en 
enkel uppskattning baserad på aluminium- och kromhalt. Enkristallegeringen PWA1483 
uppvisade dock ett bättre oxidationsmotstånd än vad som förväntats utifrån dess kemiska 
sammansättning. 
 
Metallografisk undersökning av proverna visade att de bildade oxidskikten bestod av flera olika 
oxider. Oxidskikten utgjordes till största del av Cr2O3 och Al2O3. Fragment av oxidskikten 
flagnade av, framförallt vid kylning men även i vissa fall under långtidsvärmebehandlingarna. 
Avflagningen av oxidskiktet påskyndade oxidationsförloppet, eftersom oxidskiktets förmåga att 
hindra diffusion försämrades med den minskade tjockleken. Oxidationen ledde till utarmning av 
Al, och därmed till lokal upplösning av de aluminiumrika γ′-partiklar, som är av avgörande 
betydelse för materialets mekaniska egenskaper. En γ′-utarmad zon bildades under oxidskiktet 
och i denna zon utskildes under värmebehandling nitrider och nål-liknande partiklar som tros 
bestå av topologiskt tätpackad μ-fas. I vissa av de enkristallina provmaterialen rekristalliserade 
materialet i den γ′-utarmade zonen. De MC-karbider (M=metall) som fanns i det opåverkade 
materialet sönderföll under värmebehandlingen och M23C6-karbider bildades. γ′ partiklarna 
förgrovades under värmebehandlingen, vilket ledde till en sänkning av hårdheten. Hårdheten 
minskade med ökande exponeringstemperatur upp till 950°C, som förväntat på grund av den 
ökade förgrovningshastigheten. När exponeringstemperaturen höjdes till 1000°C ökade däremot 
hårdheten för alla provmaterial utom ett. En tänkbar förklaring till denna hårdhetsökning är 
upplösning och återutskiljning av γ′ partiklarna. På så sätt kan en fin dispersion av γ′ ha bildats i 
γ-fasen, som gett ett större härdningsbidrag än motsvarande volym γ′ i form av större partiklar. 
Vissa av provserierna visade på tydliga samband mellan hårdhet och γ′-storlek eller 
exponeringstid. Sådana samband skulle eventuellt kunna användas för att uppskatta 
exponeringstemperaturen för driftsexponerat material.  
 
För att beskriva oxidtillväxt och avflagning cykel för cykel implementerades en numerisk modell 
i Matlab. Modellen kunde anpassas väl till data från den cykliska oxidationsprovningen. 
Modellens generella förmåga att beskriva cyklisk oxidation, vid olika temperaturer och 
cyklingsfrekvenser undersöktes inte. Efter längre tider av cyklisk exponering kunde provernas 
nettoviktsförlust approximeras som en linjär funktion av antalet cykler. Under de sista cyklerna 
observerades dock en markant minskning av mängden avflagnad oxid i varje cykel. Denna 
förändring gällde framförallt prover som svalnat i luft mellan varje cykel och i en mycket mindre 
utsträckning de prover som kylts i vatten. Som förklaring föreslogs att avflagningen till att börja 
med gynnats vid en särskilt svag gränsyta mellan två olika oxider och att benägenheten för 
avflagning sedan minskat när arean av denna typ av gränsyta minskade. De avvikande resultaten 
från de sista cyklerna inkluderades inte i modelleringen av det cykliska oxidationsförloppet. 
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Symbols and Abbreviations 
 
Table 1 – Symbols and abbreviations. Typical units are noted in brackets. 
aγ Lattice parameter of γ [nm] 
aγ′ Lattice parameter of γ′ [nm] 
A Surface area of sample [cm^2]
at% Atom Percent 
Bal. Balance 
BCC Body centered cubic 
BEI Backscattered electron imaging
CC Combined cycle 
COSP Cyclic oxidation spalling model
CVD Chemical vapor deposition 
d Depth of oxidation [μm] 
d Mean diameter of γ′ particles [μm]
DZ γ′ depletion zone 
EDS Energy dispersive X-ray spectroscopy
FCC Face centered cubic 
HIP Hot isostatic pressing 
HV10 Vickers hardness, measured with 10kg load
kp Parabolic rate coefficient (expressed as a function of weight change) [mg2cm-4h-1]  
kp

′ Parabolic rate coefficient (expressed as a function of oxidation depth) [cm2/h] 
LCF Low cycle fatigue 
LOM Light optical microscopy 
LSW Lifshitz-Slyozov-Wagner 
m Mass [mg] 
ML Metal loss [mg/cm^2] 
NMG Net mass gain [mg/cm^2] 
Q Activation energy [J/mol] 
R Ideal gas constant [J/(mol*K)]
R2 Coefficient of determination 
RMSE Root mean squared error 
SEI Secondary electron imaging 
SEM Scanning electron microscopy
SIT Siemens Industrial Turbomachinery AB
t Time [h] 
T Absolute temperature [K] 
TBC Thermal barrier coating 
TCP Topologically close packed 
TGA Thermogravimetric analysis 
TOL Time of life 
Vp Volume fraction of γ′ 
W Surface specific mass [mg/cm^2]
w Weight fraction 
wt% Weight% 
δ γ/ γ′ lattice misfit 
ρ Mass density [g/cm^3] 
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Introduction 

 
In gas turbine development, there is a constant ambition to increase the performance and 
efficiency. Decreased fuel consumption is beneficial not only from a short-term economic 
perspective, but also from an environmental perspective, since it reduces the emissions of 
carbon dioxide and other pollutants. The maximum efficiency of a gas turbine is limited 
by the maximum temperature which can be tolerated. This temperature is dictated by the 
ability of the components used to maintain their function under imposed thermal and 
mechanical loads. Thermal, mechanical and environmental mechanisms interact to 
degrade and deform the material in service. Critical components are the turbine blades 
and vanes. The present work focuses on the oxidation and degradation behavior of the 
nickel-base alloys used for these components. Knowledge of oxidation and degradation 
behavior and its variation with temperature is useful for accurate life-time prediction, 
analysis of damaged components, or when designing new alloys. The thesis work was 
performed at Siemens Industrial Turbomachinery AB (SIT AB), in Finspång, Sweden, 
where stationary gas turbines in the 15-50MW range are developed and manufactured. 
The focus of the work and the point of view from which the subject matter is presented 
largely reflects the interests of this gas turbine manufacturer. However, the material 
issues investigated are to a large extent of common interest to the whole field of gas 
turbine technology. 
 
The aim of the work was to collect and analyze information regarding oxidation and 
degradation and its dependence on time and temperature. The oxide scales formed on 
heat treated samples were characterized in terms of thickness and spallation behavior. 
Particle coarsening and precipitation of new phases was also studied. A comparison of 
seven different materials was made, in order to investigate the influence of chemical 
composition and microstructure on the oxidation properties. A mathematical model was 
presented, describing the oxidation kinetics of the different materials. A literature survey, 
covering relevant books and scientific publications, was conducted as a basis for the 
experimental work. A secondary aim was to investigate if room temperature hardness 
could be related to the heat treatment time and temperature and/or to the γ′ particle size. 
Such relationships would be useful when examining service-exposed components. 
Conventional γ′ diameter measurements may be used to deduce the exposure time and 
temperature, but such measurements are relatively time consuming and room temperature 
hardness measurements would therefore be an attractive alternative, if applicable. 
 
The influence of isothermal heat treatment in still air at temperatures between 850 and 
1000°C was studied experimentally, for seven different materials. Two of the materials 
(IN792 and PWA1483) were also exposed to cyclic oxidation treatment at 950°C. The 
weight change of the samples was recorded as an indication of the oxide scale growth and 
spallation. The effect of cooling conditions on spallation was evaluated by comparing 
two different cooling techniques. A numerical model, describing the oxidation and 
spallation kinetics, was adapted to the obtained data. The heat treated samples were 
examined by Light Optical Microscopy (LOM) and Scanning Electron Microscopy 
(SEM), combined with Energy Dispersive X-ray Spectroscopy (EDS). The extent of the 
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oxidation, as well as other microstructural changes, was studied. The depth of oxidation 
and γ′ depletion was measured and correlated to exposure time. Coarsening of the 
strengthening γ′ particles in the material PWA1483 was evaluated for exposure times of 
up to 10000 hours at temperatures between 850 and 1000°C. The hardness of the samples 
was measured in an attempt to find a mathematical relationship between the room 
temperature hardness and the time and temperature of the heat treatment.  
 
The account of the present experimental work and its results will be preceded by a 
background section, giving an overview of gas turbine technology and nickel-base alloys. 
 

Background 
 
Gas Turbines 
 
Function 
In a gas turbine engine fuel is combusted to produce a continuous stream of hot gases, 
from which mechanical work is extracted by a turbine. The term “gas turbine” is used to 
refer either to the whole gas turbine engine (see e.g. Figure 1), or specifically to the 
turbine unit (4). The basic operating principles are the same for all gas turbine engines, 
although the way that the work is output varies according to application. Below is an 
example that illustrates the basic function of the industrial gas turbine SGT-800 (see 
Figure 1). This turbine is used for electrical power generation or combined heat and 
power generation. 

 
Figure 1 - Siemens gas turbine SGT-8003. 
 

1. Air is filtered and enters through the air intake into the compressor. 
 

2. The pressure and temperature of the air is increased in a number of steps, by an 
axial compressor. 
 

3. The compressed air enters the annular combustion chamber where fuel is injected 
and continuously combusted. The fuel can be either liquid or gaseous 
hydrocarbons. For industrial gas turbines, natural gas is preferred in most cases 
since it offers the cleanest and most controlled combustion. The combustion 
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results in a stream of exhaust gases, at a maximum temperature of more than 
1400°C. When the gas enters the turbine arrangement, the temperature has 
dropped to approximately 1200°C1. 
 

4. The turbine section is composed of rotating turbine blades, which extract 
mechanical work from the gas stream and static vanes which guide the gas stream 
to ensure that it hits the blades in the most favorable way. The three stages of 
turbine blades are attached to three turbine discs which in turn are attached to the 
shaft. The most severe operating conditions are found in the first turbine stage. 
The first stage turbine blade is protected by a ceramic thermal barrier coating and 
cooled by air from the compressor. Since no energy has yet been extracted from 
the gas stream its pressure and temperature is at a maximum. As the gas stream 
passes through the turbine its pressure and temperature decreases. The difference 
in operating conditions between different components of the turbine is reflected in 
the various design strategies and materials used. The rotational speed is 6600 rpm, 
which results in a high centrifugal force on the blades1. The ability of the first 
stage blades and vanes to withstand the thermal and mechanical load is principally 
what limits the operating temperature of the turbine. In turn, the maximum 
operating temperature of the turbine is what limits its maximum efficiency. 
Therefore great efforts have been made to develop materials, coatings and cooling 
systems to allow an increase in the operating temperature. 
 

5. The shaft transfers the mechanical work, extracted by the turbine. Part of this 
work is needed to drive the compressori. The remaining useful work is converted 
to electrical work in a generator. The generator is connected to the shaft at the cold 
end of the gas turbine. 
 

6. The remaining heat of the exhaust gases is in some cases used to produce steam 
for a steam turbine and/or to heat water for district heating. If both these 
opportunities are taken advantage of, by operating the gas turbine in a combined 
cycle (CC) with district heating, the overall efficiency can be increased from 37% 
to over 90%2. The principle of CC operation with district heating is illustrated in 
Figure 2. 

 
Some industrial gas turbines, e.g. the Siemens SGT-500, are used to drive machinery 
such as pumps. In this case the turbine itself works basically in the same way as the SGT-
800 described above, although the turbine arrangement is divided into two parts 
connected to two separate shafts, one for compressor drive and one for useful work 
output.  

                                                 
i During start-up, the compressor can not be driven by the turbine. Therefore, an electrical starting motor is 
used to start the gas turbine by raising the rotational speed to a point where the turbine is self-sustaining, 
i.e. where the turbine extracts enough work to drive the compressor. Then the starting motor is 
disconnected and the rotational speed is further increased. 
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Figure 2 – Schematic illustration of combined cycle operation with district heating3. 
 
The requirements placed on turbine materials are dependent on the application and 
operating conditions of the turbine. The present work focuses on stationary industrial gas 
turbines. Such turbines are often operated for long times at high capacity, compared to 
aeronautical gas turbines which only operate at high capacity during take-off and landing. 
The safety regulations are not as rigorous for stationary gas turbines and the components 
are allowed a longer service life. Therefore, long term properties are particularly 
important for industrial gas turbines. The economical benefits of extended service 
intervals and component lives are apparent in terms of lowered life-cycle costs. 
Resistance to high temperature oxidation and degradation has a substantial influence on 
the life time of turbine blades and vanes, especially in industrial gas turbines. 
     
Turbine Blades 
In a gas turbine the turbine blades are attached to turbine 
discs, which in turn are attached to a shaft. When hit by the 
high energy gas stream the airfoil shape of the blades gives 
rise to a force perpendicular to the direction of the gas 
stream. This perpendicular force exerts a torque on the shaft, 
thus causing it to rotate. Figure 3 shows the first stage turbine 
blade from gas turbine SGT-8003. Gas turbine blades are 
subjected to extreme mechanical and thermal loads. The high 
centrifugal force, in combination with high temperature and 
long operating times, imposes a risk of inelastic time-
dependent deformation known as creep. The gap between 
blade tip and engine housing is very narrow. Therefore, even 
a small radial strain in a turbine blade may prevent the 
turbine from functioning. The creep resistance at high Figure 3 – First stage blade 

of gas turbine SGT-8003. 

 
   

10



 
 

temperatures is therefore a critical parameter for turbine blade materials. While creep 
may result from the static centrifugal forces, there is also a risk of fatigue failure, 
resulting from cyclic loads. Fatigue implies a localized successive damage which causes 
the material to fail at loads much lower than what would be required in static loading. For 
gas turbine blades, there are two principal types of fatigue: low-cycle, thermo-mechanical 
fatigue, associated with starting and stopping the turbine and high-cycle fatigue, arising 
from resonant vibrations of the blades. The microstructure and mechanical properties of 
the material will change considerably during its service life and this must also be 
considered when choosing a turbine blade material or designing a new alloy. The 
materials of choice for turbine blades are nickel-base alloys containing large fractions of 
γ′ particles. For the first stage blades, single-crystal materials are preferred, due to their 
superior creep resistance. The manufacturing process compatible with these materials is 
investment casting. By investment casting complex shapes can be produced, including 
the incorporation of cooling channels directly during casting. The casting process and 
subsequent heat treatment will be described in the “Structure and Properties” section. 
 
Coatings and Cooling Systems 
In efforts to increase efficiency of gas turbines the operating temperatures have been 
continually increasing. This development has been made possible, not only by the 
development of the high temperature substrate materials, but also by the development of 
coatings and cooling systems. Cooling and surface protection is most critical for the first 
stage blades and vanes. The first stage blades are cooled by film cooling. Cooling air, 
supplied by the compressor, is injected through cooling channels in the blade. The air 
cools the blade internally and then emerges as a cooling film through holes at the surface 
of the blade. In combination with a thermal barrier coating (TBC) the temperature of the 
substrate material may be lowered by a few hundred °C4. The relatively “cold” interior of 
the blade makes it less sensitive to creep deformation. A TBC consists of topcoat and a 
bond coat. The topcoat is a ceramic thermally insulating layer and thus works as the 
actual thermal barrier. The most common material is ZrO2, partially stabilized by the 
addition of 7wt% Y2O3. This amount of Y2O3 addition results in the formation of a 
metastable non-transformable tetragonal phase upon quenching. Without sufficient Y2O3 
addition the material would undergo tetragonal↔monoclinic phase transformations 
during thermal cycling. This phase transformation is associated with 4% volume change, 
which would result in stresses causing spallation of the coating5. The bond coat is an 
intermediate layer which promotes adhesion to the substrate material and improves 
oxidation resistance. Other types of coatings and air cooling techniques are used for other 
parts of the turbine where the thermal loads are not as extreme. In the less hot turbine 
stages, internal air cooling is used without any external cooling film. The types of coating 
used as bond coats for TBC:s are frequently used separately as the only surface 
protection, in parts of the turbine where the temperature allows this. Examples of this 
type of coatings are the aluminide and Pt-aluminide diffusion coatings. They are created 
by the application of Al to the substrate surface using chemical vapor deposition (CVD), 
followed by heat treatment. During the heat treatment, adherence between coating and 
substrate is achieved by interdiffusion of alloying elements. The Al rich layer that is 
formed consists mostly of the phase β-NiAl and will promote the formation of protective 
alumina during service and thereby limit the oxidation rate. To further improve the 
oxidation resistance the aluminization process is often preceded by electrodeposition of a 
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thin layer of Pt. Another important group of coatings are the overlay coatings. These 
coatings typically have the general composition MCrAlX, where M stands for Ni, Co or 
Ni+Co and X is an adhesion promoting reactive element such as Y6. These coatings are 
applied by plasma spraying and used either as TBC bond coats, or separately as the only 
surface protection. Although nickel-base alloys are often used in combination with 
coatings, the oxidation resistance of the bare substrate materials is still important. Not all 
surfaces of turbine blades are coated. Oxidation has for example been observed in the 
uncoated cooling channels of turbine blades. There is also a risk that the coating locally 
spalls off, thus exposing the substrate material. The substrate material may also become 
exposed during the propagation of cracks initiated at the surface of the material. 
 
Nickel-base Alloys 
 
Structure and Properties 
In nickel-base alloys, excellent high temperature strength and creep resistance can be 
achieved. These high temperature materials, together with other alloys based on cobalt or 
nickel-iron, are commonly referred to as superalloys. Nickel-base alloys typically contain 
more than 10 different alloying elements. The matrix of the nickel-base alloys is a 
disordered face centered cubic (FCC) phase. An important reason for the choice of nickel 
as the base for these high temperature materials is the stability of FCC-Ni at all 
temperatures up to the melting point. Volume changes associated with phase 
transformations would cause problems in high temperature service. Nickel-base alloys 
are tough and ductile, with no brittle to ductile transition temperature as observed in 
materials with body centered cubic (BCC) crystal structure. Furthermore, the diffusion 
rate is low in the FCC structure, resulting in microstructural stability and low rates of 
thermally activated creep at elevated temperatures. Among the nickel-base alloys, a wide 
variation of properties is found depending on the dominating hardening mechanism. The 
alloys are classified as either solution hardened or precipitation hardened. The solution 
hardened alloys contain elements such as W, Re, Mo, with large atomic radii. The 
introduction of these atoms results in distortions of the crystal lattice, which obstruct 
dislocation movements and thereby prevent plastic deformation. Although the alloys are 
not referred to as precipitation hardened, they do contain various amounts of carbide 
precipitates. The carbides are formed at grain boundaries and significantly improve the 
resistance to creep deformation, by restricting grain boundary sliding30. These alloys can 
be wrought and are used at temperatures of up to 900°C, for components where the 
mechanical load is relatively low.  
 
The focus of the present work is on alloys for turbine 
blades and vanes, which are precipitation hardened with γ′ 
particles in the submicron range. The γ′ phase consists of 
Ni3(Al,Ti) in an ordered FCC crystal structure, where Al 
and/or Ti atoms occupy the unit cell corners and Ni atoms 
occupy the centers of the unit cell faces. The unit cell of 
pure Ni3Al is shown in Figure 4. The ordered crystal 
structure is formed because Ni-Al bonds are more 
energetically favorable than Ni-Ni or Al-Al bonds7. Since 
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γ′ has the same crystal structure as the matrix phase γ, the particles are coherent and the 
interfacial energy is relatively low. In efforts to improve the creep resistance the content 
of γ′ has been increased over the years. The content of γ′ is approximately 75% for the 
latest alloys. The γ′ fraction is controlled by adjusting the amount of γ′ formers, such as 
Al, Ti, Ta, and γ stabilizers, such as Cr8. The morphology of the particles is strongly 
influenced by the misfit of lattice parameters between γ and γ′ (see Equation 1).  
 
Equation 1 – Definition of γ/ γ′ lattice misfit.   
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Where δ is the lattice misfit and aγ and aγ′ denote the lattice parameters of the respective 
phases. The lattice parameters of γ and γ′ are similar and both negative and positive misfit 
values are possible. The γ′ particles tend to be cuboidal at small absolute misfit values 
and spheroidal at higher values9. This reflects the increase of interfacial energy with 
increasing lattice misfit. The tendency towards minimization of specific area of the 
particles increases with increasing interfacial energy. The lattice misfit depends on the 
chemical composition of the phases and on the temperature. 
 
The ordered structure of the γ′ phase is responsible for a substantial hardening effect. A 
dislocation moving through the γ matrix phase can not pass through a γ′ particle, without 
introducing a displacement of the γ′ lattice forcing the formation of high energy Ni-Ni 
and Al-Al bonds (i.e. an anti phase boundary). The crystallographic order can be restored 
by a second dislocation passing through the same particle. In order for dislocations to be 
able to cut through a γ′ particle, they are therefore required to move through the particle 
in pairs of coupled dislocations. The dislocations are considered weakly coupled if the 
distance between them is large compared to the particle diameter and strongly coupled if 
the distance between the dislocations is comparable to the particle diameter. In the case 
of weak coupling, the particle strengthening effect increases with increasing particle 
diameter, whereas in the case of strong coupling it decreases with increasing particle 
diameter. It has been shown theoretically and experimentally that the particle size 
corresponding to the transition from weak to strong coupling yields the maximum 
strengthening effect10. However, the theoretical prediction is based on the assumption 
that the fraction of γ′ particles is small. In practice, γ′ fractions around 70% are often 
chosen to optimize creep resistance. The creep resistance of the γ′ phase is higher than 
that of the γ phase. Creep deformation is therefore generally localized to the γ channels, 
between the γ′ particles. The γ/γ′ interfaces contribute significantly to the creep 
strengthening and therefore the creep resistance only increases with increasing fraction of 
γ′ up to an optimum around 70%11. 
 
Casting  
Alloys strengthened with γ′ particles are cast directly into their final shape, using 
investment casting. For the most demanding applications, such as turbine blades, the 
components are cast in monocrystalline form. Since the material consists of more than 
one phase, it is not monocrystalline in the strictest sense. However, in the context of 
nickel-base alloys, the terms “monocrystalline” or “single-crystal” are routinely used to 
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refer to materials where the matrix phase has a continuous crystal lattice. By eliminating 
the grain boundaries, creep resistance is considerably improved since the creep of 
polycrystalline alloys is associated with grain boundary sliding and cavitations30. A 
significant improvement can also be achieved in the oxidation resistance, since oxidation 
often takes place preferentially along grain boundaries. During casting the material is 
melted in a vacuum furnace and then retracted from the furnace, while the leading surface 
of the cast is being cooled. The thermal gradient formed in the cast causes columnar 
grains to grow parallel to the direction of retraction. The crystal structure formed has one 
of the unit cell cube axes aligned parallel with the direction of retraction, i.e. the direction 
of the long axis of the blade. Monocrystalline solidification can be achieved by using a 
grain selector or a seed crystal. The grain selector is typically a narrow spiral through 
which only one grain can grow. The grain selector thus selects one of the initially formed 
columnar grains to be the grain making up the cast component (see Figure 5). 
 

 
Figure 5 – Function of the grain selector in single-crystal casting of a turbine blade12. 
 
The secondary orientation of the crystal structure is not controlled when a grain selector 
is used. That is to say that the orientation of two of the three unit cell cube axes is 
random. The secondary crystal orientation may be controlled by the use of a seed crystal, 
at which the solidification starts, instead of a grain selector. The crystal alignment of the 
entire cast component is then controlled by the alignment of the seed crystal. By a similar 
casting process, without grain selector or seed crystal, a directionally solidified 
polycrystalline component may be produced. In this case the grains are aligned along the 
direction in which the component is to be loaded. No transverse grain boundaries are 
present, which would decrease the resistance to creep deformation. Directional 
solidification was the predecessor of the single-crystal casting technique. It is still used in 
some turbine blades, but not in any of the turbines manufactured by SIT AB. Both in the 
case of directionally solidified blades and single-crystal blades, the grains are aligned 
with a unit cell cube axis (<001> direction) parallel to the long axis of the blade, i.e. the 
direction of the centrifugal force during service. It is an important advantage that <001> 
directions are the natural dendritic growth directions for nickel-base alloys, since the 
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mechanical properties in these directions are well suited to the application. The <001> 
directions have the lowest elastic modulus of approximately 130 GPa, which is less than 
half of the elastic modulus in the <111> directions13. The low elastic modulus decreases 
the risk of local plastic deformation and thereby the risk of fatigue damage, since fatigue 
crack initiation requires plastic deformation.  
 
The as-cast dendritic microstructure has a heterogeneous chemical composition resulting 
from microsegregation. During solidification, W and Re partition to the dendrites while 
Al, Ti and Ta partition to the liquid and elements such as Cr, Co and Ru do not show any 
strong preference in terms of partitioning14. Segregation during solidification may lead to 
several deleterious effects. Firstly, the castability of single-crystal alloys may be 
adversely affected. The interdendritic liquid is depleted of the heavy elements W and Re, 
which causes a local decrease in liquid density in the interdendritic regions. If this 
difference in density becomes large enough it results in thermosolutal convection 
currents. Associated with these currents is the formation of chains of equiaxed grains. 
These stray grains are known as freckles and are a major concern for the castability of 
single-crystal nickel-base alloys. The propensity for freckling increases with increasing 
amounts of W and Re, whereas addition of Ta has a mitigating effect since Ta is a heavy 
element partitioning preferentially to the liquid, thus increasing the density of the 
interdendritic liquid14. In the solidified material the difference in chemical composition 
between interdendritic areas and dendrite cores is associated with a non-uniform incipient 
melting temperature and γ′ solvus temperature. This may complicate the heat treatment, 
during which the chemical composition is partly but not completely homogenized. Re 
and W have large atomic radii and therefore their segregation to dendrite cores affects the 
γ/γ′ lattice misfit. As earlier mentioned the γ/γ′ misfit affects the γ/γ′ interfacial energy 
and thereby has a key influence on the nucleation, growth and coarsening of γ′. 
Segregation may thereby cause a non-uniform γ′ fraction and particle size distribution. 
Additions of Ta may compensate for this effect by segregating to interdendritic regions 
where it increases the lattice parameter, since it has a large atomic radius, thus 
compensating for the effect of W and Re segregating to the core regions15. Kearsey et al. 
have found that the partitioning of elements such as Cr, Mo and Re can be reduced by 
additions of Ru16. The local variation in chemical composition also affects the 
precipitation of minor phases. The formation of topologically close packed (TCP) 
intermetallic phases is promoted by the increased amounts of W and Re in dendrite core 
regions. Coarsening and minor phase precipitation will be further discussed in the 
”Degradation” section of the present work. 
 
Heat Treatment 
After casting, the material is solution heat treated and aged. The purpose of the solution 
treatment is to dissolve the γ′ precipitates formed during casting. This requires a high 
temperature, close to the incipient melting temperature. For some materials, 
microsegregation results in local γ′ solvus temperatures exceeding the incipient melting 
temperature of the material. This means that the chemical composition must be 
homogenized at a lower temperature, to gradually increase the incipient melting 
temperature, before complete dissolution of γ′ is possible. In CMSX-4 dissolution of γ′ is 
achieved after a step-wise homogenizing heat treatment. In other materials, such as 
CMSX-6, small residual amounts of γ′ are tolerated after solution treatment. Complete 
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homogenization would require very long heat treatment time and is therefore not practical 
in any commercial nickel-base alloy. After the solution treatment the concentration of 
slow diffusing elements, such as Re, W, Mo and Ta varies substantially between dendrite 
cores and interdendritic regions. Ta segregates in the opposite direction compared to Re 
and W and may thereby compensate some of the effects of local compositional 
variations15. The ageing controls the size, shape and distribution of γ′ particles and 
thereby the mechanical properties and thermal stability of the material. Typically, 
solution treatment around 1300°C for 3-10 hours is followed by two ageing steps, e.g. 2 
hours at 1140°C and 20 hours at 870°C. γ′ starts to precipitate during cooling from the 
solutioning temperature and the cooling rate is therefore an important factor, controlling 
the size of the precipitates. The heat treatments applied to the sample materials of the 
present work are specified in Table 3. The two-step ageing results in a bimodal particle 
distribution. The high temperature ageing produces primary, submicron, cuboidal γ′ 
precipitates, whereas the low temperature ageing produces secondary nano-sized, 
spheroidal precipitates17. 
 
Anomalous Yielding Effect 
For many nickel-base alloys the yield stress increases with temperature up to 
approximately 800°C, as opposed to most other materials which show a negative 
influence of increasing temperature on the yield stress. The positive temperature 
dependence of the yield stress of nickel-base alloys will not be discussed in detail here. In 
short, it can be attributed to the formation of “microstructural locks”, through cross-slip 
of segments of dislocations in the γ′ phase18. 
 
Degradation 
Nickel-base alloys have excellent high-temperature stability compared to other metallic 
materials. However, the high temperatures in the hottest parts of a gas turbine will 
inevitably have an effect on the microstructure and properties of even the most stable 
alloys. Degradation may occur with or without contact with the environment. Important 
environmental degradation mechanisms are oxidation and hot corrosion, close to the 
surface of the material. Further from the surface, the microstructure may change by 
precipitation of new phases and coarsening of γ′ particles. These mechanisms are not 
necessarily dependent on the environment. However, particle precipitation and 
coarsening processes occurring close to the surface are affected by changes in chemical 
composition resulting from oxidation.  
 
Particle Coarsening 
The present work focuses on nickel-base alloys hardened with γ′ particles. These particles 
are coherent with the γ matrix phase and their interfacial energy is therefore relatively 
low. There is a driving force to decrease the interfacial energy by decreasing the 
interfacial area. The interfacial area is decreased if the γ′ phase is redistributed into fewer 
and larger particles. This phenomenon is referred to as particle coarsening and has an 
important influence on the mechanical properties of the material. However, since the 
interfacial energy is low, the driving force for particle coarsening is also low. Therefore, 
γ′ hardened alloys show better high temperature stability than alloys precipitation 
hardened with other phases, such as γ′′. Coarsening of the γ′ particles can be inhibited by 
alloying with Re. This refractory element segregates to the γ/ γ′ interface, where it forms 
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clusters, thus slowing down the diffusion of other elements and stabilizing the 
interface19,20. The interfacial energy decreases with decreasing lattice misfit δ, defined by 
Equation 1. Knowledge of the coarsening behavior of nickel-base alloys is valuable in 
analyzing damaged components. If a component has been taken out of service after a 
known operating time, the operating temperature can be approximated by measuring the 
γ′ particle size and relating it to reference data. However, comprehensive reference data is 
presently only available for the most common materials. Coarsening of nickel-base alloys 
often displays the kinetics proposed by Lifshitz-Slyozov-Wagner (LSW). LSW theory 
predicts that the particle radius increases linearly with the cube root of time (see Equation 
2). 
 
Equation 2 – Particle coarsening, according to Lifshitz-Slyozov-Wagner theory. 

Ktrr += 3
0

3
 

Where r is the particle radius at time t, r0 is the initial particle radius and K is a constant. 
In the LSW model it is assumed that the particles are spherical and constitute only a small 
volume fraction of the material, so that elastic and diffusional interactions between 
particles are avoided21. Both these assumptions disagree with the real situation in typical 
nickel-base alloys, which contain a high fraction of γ′, mainly in the form of cuboidal 
particles. However, the predicted cube root law is still frequently obeyed in nickel-base 
alloys22.   
 
Coarsening is highly affected by the loading situation. Most commercial alloys have 
negative lattice misfit (see definition in Equation 1). In such alloys the coarsening is 
promoted in directions perpendicular to the direction of tensile loading, resulting in plate-
like γ′ particles, referred to as rafts. In the case of positive misfit, the rafts are needle-
shaped and aligned parallel to the tensile loading direction. Under compressive stress the 
rafting behavior is reversed, i.e. positive misfit results in plate-like rafts perpendicular to 
the loading direction, whereas negative misfit gives needle-shaped rafts parallel to the 
direction of loading23. It has been shown that rafting continues at a maintained rate even 
if the applied load is removed24. The requirement for rafting to occur is that the 
dislocation density is sufficient for relaxation of the interfacial misfit. Above the required 
dislocation density threshold value, the rafting behavior is unaffected by further increase 
in dislocation density25,24.  
 
Single-crystal nickel-base alloys show a different creep behavior than most other metallic 
materials. The normally observed steady-state creep, with constant creep strain rate, is 
not apparent in these alloys. At temperatures between 850 and 1000°C, the creep strain 
rate increases monotonically with strain. The creep behavior above 1000°C is not as well 
understood, although it is believed that the rafting effect mentioned earlier has an 
influence. The creep deformation of the single-crystal nickel-base alloy CMSX-4 at 
1050°C has been studied by Reed et al. In their work it was found that rafting was 
completed within 10 hours and that rafting was associated with a decrease in strain rate 
with increasing strain. They also found that failure occurred abruptly, once a critical 
strain was reached, by creep cavitation at casting porosities and TCP precipitates. A 
conclusion of the same work was that the rafting effect was responsible for an increase in 
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the creep resistance, especially at low stress26. Whereas rafting tends to have a beneficial 
effect on creep properties, other mechanical properties may be affected detrimentally. 
Rafting of nickel-base alloys, with high fractions of γ′, eventually leads to a 
microstructural inversion where γ′ becomes the continuous phase. An example of this is 
the rafting of single-crystal nickel-base alloy PWA1483, which has been found by 
Nazmy et al. to cause deterioration of tensile yield strength, ductility and low cycle 
fatigue (LCF) resistance. The weakening was found to be associated with promotion of 
crack propagation parallel to the rafts. Fractographic investigations indicated that the 
fracturing was enhanced by atomic hydrogen diffusing into the material and decreasing 
the cohesive strength between the {100} planes27. In the work by Nazmy et al., 
mechanical testing was performed at room temperature, on degraded samples. It is known 
from earlier studies that the promoted crack propagation, associated with rafting, may 
decrease the LCF resistance also at high temperatures28. 
 
Precipitation of Minor Phases 
Apart from coarsening of γ′ particles, prolonged exposure at high temperature may also 
cause the precipitation of new phases such as carbides, nitrides, borides and topologically 
close packed (TCP) intermetallic phases. Important carbide forming elements include Cr, 
Ti, Ta, Nb, W, Mo and Hf. Carbides of the MC type, where M is a metal, often 
precipitate from the liquid at high temperature. During subsequent heat treatment and 
thermal exposure during service, these MC carbides transform into other types of 
carbides, stable at lower temperatures. For example M23C6 carbides often form during 
service exposure by reactions between MC and γ at temperatures around 750°C. The 
M23C6 carbides are typically rich in Cr, while the MC carbide is rich in Ti and Ta29. Since 
Cr stabilizes γ and Ta and Ti stabilize γ′, the formation of M23C6 via decomposition of 
MC results in an increased amount of γ′. This process is described by the following 
reaction formula: 
 

'623 γγ +→+ CMMC  
 
γ′ often precipitates as a film around the carbides. In poly-crystalline alloys, M23C6 as 
well as M6C carbides precipitate preferentially at grain boundaries. A limited amount of 
discrete carbide particles is generally wanted, since they strengthen the grain boundaries 
and thereby hinder creep by grain boundary sliding30. However, if a continuous carbide 
film is formed around the grains, the ductility and impact toughness may be considerably 
deteriorated31.  
 
Precipitation of TCP phases may have a severely detrimental effect on the ductility of the 
material, especially when occurring in plate-like or needle-like morphology20. The TCP 
phases are divided into three families: 
 

1. The σ phases, with hexagonal symmetry (e.g. Ni8(Cr,Mo)4(Cr,Mo,Ni)18). 
2. The Laves phases (AB2, with heavy B-elements) and μ phases (e.g. Co7Mo6). 
3. The P (e.g. Mo42Cr18Ni40), δ (e.g. NiMo) and R (e.g. Mo31Cr18Co50) phases32. 
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TCP phases, such as the μ phase, often display a distinct orientation relationship with the 
matrix phase. The orientation arises because growth of the precipitates is promoted in 
specific directions, which result in semi-coherent, low-energy interfaces with the matrix. 
The propensity for TCP precipitation increases with increasing contents of Cr, Mo, W 
and Re. These are solution hardening elements, which are added for creep strengthening. 
As, mentioned earlier, Re also has a beneficial effect in inhibiting coarsening of the γ′ 
particles. A high content of these elements is beneficial, as long as TCP formation can be 
avoided. It should be noted that the chemical composition after standard heat treatment is 
not uniform with respect to slow diffusing elements such as Re, W and Mo. Upon 
formation of TCP precipitates, the surrounding material is depleted of Cr, Mo, W and Re. 
The loss of solution hardening elements, in combination with the stress concentrations 
introduced by the brittle particles, may initiate fatigue or creep damage. The loss of Re at 
the γ/ γ′ interfaces will also lead to accelerated particle coarsening. The risk of TCP 
precipitation limits the amount of solution hardening possible. However, it has been 
shown that alloying with Ru can prevent TCP formation. This improves the thermal 
stability and allows higher levels of solution hardening elements. The suggested 
mechanism for the inhibition of TCP formation is that Ru reverses the partitioning 
behavior of W. This decreases the local accumulation of W content in the dendrite core 
regions and thereby the driving force for TCP nucleation33. 
 
Oxidation and Hot Corrosion 
Oxidation and hot corrosion occurs in contact with the environment surrounding gas 
turbine components. Environmental degradation of nickel-base alloys in gas turbine 
blades and vanes is an important factor in the performance and life-time of the 
components. The load bearing area decreases as oxidation proceeds and fatigue cracks 
may be initiated. The loss of load bearing area is not limited to the layer which is actually 
oxidized. The underlying metallic layer is depleted of γ′ formers, such as Al and Ti, since 
these are also strong oxide formers. Consequently, the material close to the oxide scale is 
depleted of γ′ particles and thereby loses strength. When considering the loss of load 
bearing area, the depth of degradation should therefore be considered at least as the depth 
of γ′ depletion. It has also been shown that oxidation plays an important role in the 
thermo-mechanical fatigue of the single-crystal superalloy SCA425. In this case, local 
recrystallization proved to be an important step in the crack propagation process. 
Normally γ′ particles act as obstacles to recrystallization. Depletion of γ′ by oxidation 
was found to enhance the recrystallization process and thereby promote crack 
propagation34. This is just one example of how oxidation can alter the chemical 
composition and microstructure locally and thereby have a significant impact on 
mechanical properties.  
 
Environmental degradation, leading to metal loss, may be caused by oxidation in the 
presence of corrosive agents such as ash and salt deposits. At temperatures above 500°C, 
this is referred to as hot corrosion and is highly dependent on the atmosphere created by 
the combustion process. Liquid fuel produces a much more corrosive environment than 
natural gas. Contaminations are also present in the air and therefore efficient filtering is 
important to avoid corrosion problems. The corrosive agents that may condensate from 
the gas phase onto the material surface consist mainly of Na2SO4. Such deposits damage 
the protective oxide scale on the surface of the alloy and thereby accelerate 
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degradation35. Environmental degradation may also take the form of direct interactio
between the material and the gas phase. This pure oxidation process is slow at moderate 
temperatures, but becomes dominating at high temperatures, where no liquid phase ca
form. High-temperature oxidation of nickel-base alloys is the focus of the present work 
and will be discussed in fur

n 

n 

ther detail. 
 
Oxidation of uncoated nickel-base alloys starts with a transient stage, during which a 
number of different oxides are formed. During the transient stage, fast growing oxides 
such as NiO and Ni(Al,Cr,Co)2O4 spinel are favored. As oxidation continues, one oxide 
that is favored by thermodynamic rather than kinetic factors typically starts to dominate. 
The less thermodynamically stable, transient oxides then become separated from the base 
metal by a more stable oxide, such as Al2O3 or Cr2O3, and their continued growth is 
thereby prevented36. Selective growth of the stable oxide continues in what can be 
considered a steady state, with diffusion through the scale controlling the growth rate. 
However, stress is built up in the scale due to the mismatch of specific volumes and 
thermal expansion coefficients, between the base-metal and the oxide scale. The stress 
results in the removal of fragments of the oxide scale, i.e. spalling, especially during 
cooling of the material when the difference in thermal contraction imposes a high stress. 
Spalling exposes new areas of the material to the atmosphere and thereby increases the 
rate of metal loss substantially. Since spalling mainly occurs during cooling, the 
oxidation is particularly accelerated during thermal cycling. Oxidation causes depletion 
of oxide forming elements, such as Al, Cr and Ti. After prolonged oxidation the amount 
of the oxide forming element may drop below a critical level where a protective oxide 
scale can no longer be formed. This situation leads to the formation of high growth rate 
oxides and inevitable acceleration of the oxidation rate, i.e. breakaway oxidation37. 
 
Oxidation of gas turbine components is in many cases prevented by the use of protective 
coatings. However, the substrate material can not be entirely protected in every situation 
and therefore its inherent oxidation resistance is of great importance. Oxidation resistance 
is achieved by alloying with elements which contribute to the formation of a thin, 
adherent and protective oxide scale. Nickel oxide tends to grow fast, with void formation 
and spallation, leading to rapid metal loss. Therefore, the selective oxidation of other 
oxides should be promoted. Cr and Al both have the ability to form dense, protective 
oxide scales and both alloying elements are used in nickel-base alloys for oxidation 
resistance. Cr2O3 forming alloys show good resistance against oxidation and hot 
corrosion at temperatures of up to 900°C. At higher temperatures, the formation of 
gaseous CrO3 causes a significant increase in the oxidation rate. For oxidation resistance 
at higher temperature the material is commonly alloyed with approximately 6wt% Al, 
which forms protective Al2O3. High content of γ′ is often wanted to maximize creep 
resistance and this is achieved by a low content of Cr and a high content of γ′-stabilizing 
Al. At moderate temperatures, Al2O3 does not provide as good resistance to hot corrosion 
as Cr2O3 and therefore coatings are often needed for low Cr alloys. Titanium is present in 
many nickel-base alloys as a γ′-stabilizer, but it has a negative effect on the oxidation 
resistance. The growth rate of Al2O3 is increased by the presence of Ti. Ti is soluble in 
Al2O3 and the charge difference of the Ti4+ and Al3+ ions results in an increased density of 
vacancies. The increase in the density of vacancies results in increased ionic mobilities in 
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the oxide scale and a correspondingly increased oxidation rate. For some alloys, the 
oxidation resistance has been successfully improved by replacing Ti with Al. An example 
of this is the development of the single-crystal superalloy PWA1480 to PWA148438. The 
oxidation resistance is not only determined by the type of oxide formed. The adherence 
of the scale also depends to a high degree on impurity levels. Sulfur is soluble in the 
oxide scale and tends to segregate to the oxide/metal interface where it weakens the 
oxide/metal bond. This may cause spallation of the protective oxide scale and an 
increased oxidation rate36. S impurities can not be completely avoided in the production 
of the alloy and at the same time S is also present in the working gas. Therefore, small 
amounts of reactive elements such as Hf, La and Y are added to bind to the S, thus 
preventing it from segregating to the oxide/metal interface. Smith et al. have shown that S 
induced spallation of the oxide scale on single-crystal nickel-base alloy René N6 is 
prevented if the intrinsic S content is kept below approximately 0.1 ppm. At such low S 
content, spallation occurred only by fracture within the oxide scale and not by 
delamination at the metal/oxide interface. In the same work, it was found that spallation 
was highly limited in vacuum compared to the spalling behavior in air, suggesting that 
the interface weakening by S segregation involves a reaction with a species in the 
environment, such as H2O39. The influence of S on the spallation behavior varies between 
different nickel-base alloys and different conditions of exposure. The effect of S is 
limited in the cases where multi-layered oxide scales are formed and spalling 
predominantly occurs at interfaces between subscales, rather than at the metal/oxide 
interface47. To maximize oxidation resistance, the residual carbon should also be 
eliminated. This can be achieved by Hf addition, since Hf is a strong carbide former. 
However, a larger amount is needed than in the case of S elimination, since the carbon 
content is much higher than the S content38. 
 
Effect of Cooling on Spallation 
During thermal cycling of nickel-base alloys, spalling of the oxide scale is affected by the 
way in which the material is cooled. Both the cooling rate and the atmosphere that the 
material is subjected to during and after cooling may have an effect. This is important 
when comparing results obtained under different experimental conditions or when 
comparing experimental results with the behavior of service exposed components. Earlier 
experiments indicate that exposure to ambient moisture may induce delayed spallation of 
alumina scales from nickel-base alloys. Spallation has been observed to occur after a 
period of exposure to the ambient atmosphere substantially longer than the time required 
to reach ambient temperature. The influence of moisture was confirmed by Smialek et al. 
by exposing samples to liquid water, which proved to initiate spallation. It was concluded 
that the mechanism responsible for the promoted spallation was hydrogen embrittlement 
of the scale/metal interface, which decreased the interfacial strength40.  
 
If the cooling rate has any effect on spalling it is expected to reduce the tendency for 
spalling rather than increase it. Intuitively, one may assume that an increased cooling rate 
promotes spalling by a thermal shock effect. It has however been shown experimentally 
that high cooling rates decrease the amount of spalling41. Thermal shock effects are 
avoided, since the scale is thin enough to prevent any significant thermal gradient from 
being formed. The effect of an increased cooling rate is instead that the compressive 
stress on the oxide scale, resulting from mismatch of coefficients of thermal expansion, is 
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reduced. The thermal gradient induced in the metal plays an important role. As the outer 
layer of metal cools down, the core is still hot and therefore restricts the thermal 
contraction of the outer layer. The stress contribution of the thermal shock to the surface 
of the material is thereby tensile, i.e. opposed to the stress induced by mismatch of 
thermal coefficients of expansion. Shock-induced tensile stress may cause cracks in the 
oxide scale perpendicular to the surface. Such cracks generally improve the deformability 
of the scale and make it less sensitive to spallation. During the early stage of cooling, 
stresses can be relieved by fast creep mechanisms in the hot metal core. When the metal 
core eventually cools down, the outer “metal skin” is rigid and capable of absorbing the 
thermal contraction stress from the core, thus preventing it from contributing to the 
scale/metal interfacial stress41.  
 
Indentation Hardness Testing 
 
Room temperature indentation hardness testing is in many cases a quick and convenient 
method to evaluate the mechanical properties of a material. For nickel-base superalloys, 
room temperature hardness gives little information as to the performance of the material 
in service, since the deformation mechanisms are completely different in the test situation 
compared to the service situation. A potential application of room temperature hardness 
testing for nickel-base alloys is as a measure of the extent of microstructural degradation. 
Lapin et al. have found a strong correlation between the room temperature hardness and 
the γ′ coarsening in the single-crystal nickel-base alloy CMSX-4. In their work samples 
with various size of cuboidal γ′ precipitates were investigated and the indentation 
hardness was found to increase linearly with the quantity (Vp/a)1/2, where Vp and a denote 
the volume fraction and mean size of γ′ particles respectively42. This means that the 
hardness decreases with increasing particle size, if the γ′ fraction is kept constant. That is 
to say that the hardness decreases as overageing proceeds. This is what would be 
expected, since the initial microstructure was obtained by standard heat treatment, 
designed for optimum particle size. If a strong and reproducible relationship of this type 
could be established, it could be combined with γ′ coarsening data and used to determine 
the exposure temperature of components which have been in service for a known amount 
of time. The conventional method for estimating exposure temperature is to measure the 
primary γ′ particle size using metallographic methods and comparing the results with 
reference data. If room temperature hardness testing was proved to be reliable, it could be 
used as a complement to γ′ particle size measurements, to obtain more accurate 
predictions. In some cases, the role of particle size measurements could be filled by less 
time consuming and more economical hardness measurements. The dependence of 
hardness on heat treatment time and temperature will be investigated for the 7 sample 
materials of the present work. 
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Experimental Procedure 
 
Sample Materials 
 
Samples of 7 different materials were studied. Approximate chemical compositions of the 
materials are given in Table 2. 
 
Table 2 – Chemical composition of the sample materials in wt%43. 

Material Cr Co Mo W Al Ti Ta Nb Re Hf C B Zr Ni 

CMSX-4 6.5 9.6 0.6 6.4 5.6 1.0 6.5 - 3.0 0.1 - - - Bal. 

MD2 8.0 5.1 2.1 8.1 5.0 1.4 6.0 ≤0.1 - 0.11 0.025 0.007 - Bal. 

PWA1483 12.2 9.2 1.9 3.8 3.6 4.2 5.0 - - - 0.07 - - Bal. 

SCA425Hf 16.0 5.0 1.0 4.0 4.0 2.0 5.0 - - 0.4 0.015 ≤0.0025 ≤0.005 Bal. 

IN738LC 16.0 8.5 1.75 2.6 3.4 3.4 1.75 0.9 - - 0.11 0.01 0.04 Bal. 

IN792 12.4 9.2 1.9 3.9 3.5 3.9 4.2 - - - 0.07 0.016 0.018 Bal. 

IN939 22.4 19.0 - 2.0 1.9 3.7 - 1.0 - - 0.15 0.009 0.10 Bal. 

 
The upper four materials in Table 2 are cast in monocrystalline form, whereas the lower 
three materials are poly-crystalline equiaxed. The materials are designated by their trade 
names. The heat treatments applied for the sample materials are specified in_Table 3. 
Typically the heat treatment includes three steps: solutioning, primary ageing and 
secondary ageing. A notable exception is PWA1483, which is only subjected to 1 ageing 
step at 1080°C. The poly-crystalline samples are often subjected to hot isostatic pressing 
(HIP), to remove casting microporosity. The heat treatments are performed in a suitable 
protective atmosphere, such as high purity Ar or vacuum (pressure below 3Pa). The final 
cooling occurs at a rate equivalent to or higher than air cooling. 
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Table 3 – Standard heat treatment of sample materials43. 

Material 
Heat Treatment  

(Protective atmosphere: Ar or vacuum <3Pa. Final cooling rate equivalent to or higher than air 
cooling.) 

CMSX-4 
1. 4-10h at 1277-1321°C 
2. 2h at 1140°C 
3. 20h at 870°C 

MD2 
1. 8h at 1275°C 
2. 3h at 1100°C 
3. 24h at 850°C 

PWA1483 1. >0.5h at 1243 – 1274°C 
2. 6h at 1080°C 

SCA425Hf 
1. 4h at 1220°C 
2. 4h at 1100°C 
3. 24h at 845°C 

IN738LC 
1. 2h at 1120°C  
2. 24h at 845°C 
3. Hot isostatic pressing for 4h at 1185-1200°C and 103-172 MPa. 

IN792 
1. >2h at 1121°C 
2. 24h  at 845°C 
3. Hot isostatic pressing for 2-4h at 1185-1205°C and 100-200 MPa. 

IN939 
1. >4h at 1160°C 
2. >16h at 850°C 
3. Hot isostatic pressing for 4h at 1190°C  and 103 MPa. 

 
Heat Treatment and Weight Measurements 
 
Sample Preparation 
Cylindrical specimens were cut from bars of 7 different materials, produced by standard 
casting and heat treatment (see ”Sample Materials”). The samples were 0.5cm thick and 
2cm in diameter, except for the samples of PWA1483 which had a diameter of 2.5cm. 
For the single-crystal samples (PWA1483, SCA425, MD2 and CMSX-4), the largest 
surfaces of the disc-shaped samples were aligned perpendicular to a <001> crystal 
direction. The samples were ground using 120 grit paper and cleaned in ethanol, followed 
by ultrasonic cleaning in acetone. The sample dimensions were measured and the 
samples were weighed. The samples for static oxidation measurements were prepared 
before the start of the present thesis work, by Siemens personnel, while the samples for 
cyclic oxidation measurements were prepared in the course of the thesis work. 
 
Static Oxidation Measurements 
Samples of 7 different materials were heat treated isothermally in still air at 850, 900, 950 
and 1000°C. At each temperature, the exposition times were: 100, 300, 1000, 3000, 
10000 and 20000 hours. Heat treatment of the samples had been performed earlier by 
Siemens personnel and at the start of the thesis work only the sample to be exposed for 
20000 hours was unfinished. The heat treatment was not ideally isothermal, since the 
same furnace was used for several samples which were not taken out at the same time. 
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Thereby the samples of long exposition time experienced several temperature drops, 
associated with the removal of other samples of shorter exposition time. After the heat 
treatment, the samples were allowed to cool down in ambient air. The samples were then 
weighed to determine the weight change resulting from oxidation. Spalled oxide was not 
included in the weight measurement. The surfaces of the samples were brushed before 
weighing, to remove any loose oxide. The balance used had a resolution of 1mg. 
 
Cyclic Oxidation Measurements 
Samples of the materials IN792 and PWA1483 were heat treated periodically in still air at 
950°C, for 65 hours at a time. Two samples of each material were used which were 
cooled using different cooling techniques. After each 65 hour cycle the samples were 
cooled, weighed and then returned to the furnace for the next identical heat treatment 
cycle. Spalled oxide was not included in the weight measurement. The surfaces of the 
samples were brushed before weighing, to remove any loose oxide. The balance used had 
a resolution of 1mg. One sample of each material was allowed to cool in the crucible, in 
ambient air and one sample of each material was cooled in water for 3 min and then 
placed next to the air-cooled samples. The samples were weighed 4-6 hours after 
withdrawal from the furnace. Water cooling was used to enable a comparison of 
spallation behavior between different cooling rates and different levels of exposure to 
water. Exposure to water is known from earlier experiments to promote spallation, 
whereas the increased cooling rate associated with water cooling was expected to have a 
mitigating effect on spalling if any41. The effect of cooling and low temperature 
atmosphere on spallation was discussed earlier, in the “Degradation” section. Like in 
most cyclic oxidation experiments the humidity of the cooling air was not controlled. It 
was expected that the effect of immersion in water would be clearly discernable, 
regardless of variations in the humidity of the air. 
 
Microscopic Analysis 
 
Sample Preparation 
The disc-shaped samples, that had been heat treated, were cut in half and mounted into 
conductive bakelite. The samples were ground to 1000 grit paper and polished using 6μm 
and 1μm diamond slurry. The polycrystalline samples were etched by electrolytic etching 
in 10vol% oxalic acid at 25V for approximately 3 seconds. The monocrystalline samples 
were etched in MoO3, HCl, HNO3, H2O for approximately 15 seconds. Samples the of 
monocrystalline material PWA1483 were polished and etched a second time using the 
former etching method, since this method gave SEM images better suited for 
measurements of the γ′ particle size. 
 
Light Optical Microscopy 
Microscopy was performed using an Olympus BX60M, equipped with an Olympus U-
TV1X video camera. Magnifications of up to 500X were used. The depth of the oxidation 
and the depth of the γ′ depleted zone were measured in 8 different places for each sample. 
The measurements were made from the surface of the sample. The places of 
measurement were chosen to avoid areas where it was apparent that part of the oxide 
scale had spalled off. However, for some samples, spallation may have affected the entire 
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surface to a varying extent, resulting in inconsistent measurements. For the samples from 
the cyclic oxidation measurements, the oxide scale thickness was measured as the 
average of 32 points randomly distributed along the two long sides of each sample. 
   
SEM and EDS Analysis 
SEM analysis was performed on etched samples in a Jeol JSM-6610LV, using mainly 
backscattered electron imaging (BEI), but also secondary electron imaging (SEI). EDS 
spot and area analysis was performed, to determine the major constituent elements of the 
different oxide layers and precipitate phases. 
 
The size of the primary γ′ particles in PWA1483 was measured for samples exposed 
between 0 and 10000 hours at 850, 900, 950 and 1000°C. The primary particles are 
formed during the first ageing step, whereas secondary particles are formed during the 
second ageing step and continually during service (see the “Structure and Properties” 
section of the present work). Since the particle size resulting from standard ageing has a 
bimodal distribution, it was deemed more meaningful to measure the mean particle size 
of one of the distributions rather than the average of the whole population. The primary 
particles are larger than the secondary particles and therefore their size can be measured 
with greater accuracy from SEM micrographs. Measurements of the mean primary 
particle diameteri were made using Image-Pro Plus software, on images taken in 
backscatter mode at 3000X magnification. To measure the primary particles separately, 
particles of diameter smaller than 0.3 microns were excluded from the measurement. One 
image was used for each sample, located approximately 100 microns from the depletion 
zone (DZ), in an area that was representative of the sample as a whole. The majority of 
these particles were assumed to be secondary particles, judging from the micrographs. 
The area fraction of γ′ was also calculated using Image-Pro Plus software. 
 
Indentation Hardness Testing 
 
All 7 sample materials were subjected to Vickers hardness testing, using a load of 10 kg. 
The testing was performed on the same samples used for static oxidation measurements 
and microscopic characterization. The Vickers hardness value (HV10) for each sample 
was obtained as the mean of three indentations, made in the central part of the sample 
cross-section. 
 

Modeling of Cyclic Oxidation 
 
Nickel-base alloys in service are subjected to thermal cycling, which results in oxide 
growth and oxide spalling. The propensity for spallation depends on the thickness of the 
oxide scale. Consequently, the oxidation process in each cycle is dependent on the 
previous cycle. It is therefore advisable to model the cyclic oxidation using a step-wise, 
iterative model. In the present work, such a model was created in the form of a computer 

                                                 
i The primary particles are cuboidal rather than spherical and strictly speaking they can not be attributed a 
diameter. In this case the software used calculates the “diameter” as the average length of edge-to-edge line 
segments at 2°-intervals, passing through the centroid of the particle cross-section. 
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program. The idealized model used describes the oxidation as a time dependent 
isothermal process and the spalling as an instant event at the end of each cycle, which 
depends only on the thickness of the oxide scale. In reality, it is reasonable to assume that 
the extent of spallation displays a random variation between each cycle. However, if the 
number of cycles is high, this random variation becomes less important. The type of 
thermal cycling considered is in principle heat treatment at a constant temperature, with 
discrete interruptions during which the material is at room temperature. In order for this 
approximation to be reasonable, the cycle duration must in each cycle be much longer 
than the time required for cooling and heating. The model is based on the cyclic oxidation 
spalling model (COSP) developed by NASA44. The software “Wincosp” has been 
developed by NASA to simulate cyclic oxidation of nickel-base alloys. However, this 
software does not include any function that adapts the model parameters to experimental 
data. Adaptation is in this case performed by plotting oxidation curves using different 
parameters and comparing them with experimental data. In the present work, a computer 
program was written in Matlab capable of fitting the model parameters to experimental 
data. The model for calculation of the net weight change in each cycle is described 
below. In short, the net weight change is calculated as the difference between the mass 
gain by oxygen uptake and the mass loss by oxide spallation.  
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software does not include any function that adapts the model parameters to experimental 
data. Adaptation is in this case performed by plotting oxidation curves using different 
parameters and comparing them with experimental data. In the present work, a computer 
program was written in Matlab capable of fitting the model parameters to experimental 
data. The model for calculation of the net weight change in each cycle is described 
below. In short, the net weight change is calculated as the difference between the mass 
gain by oxygen uptake and the mass loss by oxide spallation.  
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A common way to measure the oxidation rate of nickel-base alloys is by measurement of 
the weight changes associated with cyclic heat treatment. In some cases, the weight is 
measured continuously during heat treatment. However, this 
requires rather sophisticated thermogravimetric analysis 
(TGA) equipment. The continuous weight change data gives 
information of the oxide growth and spallation separately, 
which may be an important advantage in understanding the 
oxidation behavior. However, for practical and economic 
reasons, discontinuous weight measurements at room 
temperature are more commonly used. These measurements 
yield net weight change data, comprising the combined 
effects of oxide growth and spallation. Since discontinuous 
weight change measurements have been performed in the 
present work, a model has been set up to describe the net weight change at the end of 
each heat treatment cycle. The contributions of oxide growth and spalling are treated 
individually in the modeling, although the sought results concern the net weight change. 
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Figure 6 – Cyclic oxidation. 

  
The oxide growth on a nickel-base alloy is diffusion controlled and can therefore, in the 
ideal case, be described by a parabolic rate model45 (see Equation 3). 
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Equation 3 – Ideal parabolic rate law describing oxide growth. Equation 3 – Ideal parabolic rate law describing oxide growth. 
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Where Δmox/A is the mass change per surface area of the sample, t is time, d is the depth 
of oxidation and kp is the parabolic rate coefficient. It should be noted that the mass 
change in this case is equal to the mass of absorbed oxygen. It is assumed that the oxide 
scale is of uniform thickness and density. It follows that the mass of the oxide scale 
divided by the total area of the sample is proportional to the thickness of the scale. The 
experimental data available from the present work is in the form of surface specific 
weight change values and therefore it is this quantity that will be considered in the 
modeling. It is generally more accurate and less time consuming to measure the surface 
specific weight change than the oxide thickness. Consequently, this type of experimental 
data is predominant also in earlier work. In the following, all surface specific mass values 
will be denoted W (m/A=W). The value of the exponent (0.5) is derived under the 
assumption that there is thermodynamic equilibrium at the scale-metal interface and the 
scale-gas interface45. In the present work, the growth rate will be described in a more 
general form, with an arbitrary exponent n (see Equation 4).  
 
Equation 4 – Power function describing oxide growth. 
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However, if adaptation of the model to experimental data yields a value of n which 
deviates excessively from 0.5, the validity of the model should be questioned. The 
oxidation process is thermally activated and the temperature dependence of the parabolic 
rate can be described by an Arrhenius expression, according to Equation 5. 
    
Equation 5 – Temperature dependence of growth rate coefficient. 
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Where kp0 is a constant, Q is the activation energy, R is the ideal gas constant and T is the 
absolute temperature. In the present work, cyclic heat treatment was performed at one 
temperature only and therefore the temperature dependence was not evaluated. 
 
When incorporating the effect of spallation into the model one must keep in mind that the 
oxidation rate depends on the thickness of the oxide scale, through which diffusing atoms 
are travelling. Equation 4 must be modified in order to take this into account. A 
convenient way of doing this is to introduce the concept of “effective time” teff,i, defined 
by Equation 6. 
 
Equation 6 – Definition of “effective time” in cyclic oxidation modeling. 
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Where wo,oxide is the mass fraction of oxygen in the oxide, ti is the real start time of cycle i 
and Wscale,i-1 is the total specific mass of the oxide scale at the end of cycle i-1. Wscale,i is 
given by Equation 8. The effective time, teff,i, is the time which would be required to 
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obtain an oxide scale of mass Wscale,i-1 by an ideal oxidation process without spallation. 
The oxidation rate obtained by using the effective time instead of the actual time elapsed 
is consistent with the thickness of the oxide scale. It should be noted that the amount of 
oxide scale in Equation 4 is taken as the mass of absorbed oxygen and therefore the mass 
of oxygen in the scale is used in Equation 6, rather than the total mass of the oxide scale. 
The weight change in cycle number i is calculated as the weight change from t=teff,i to 
t=teff,i+1 (see Equation 7). 
 
Equation 7 – Specific weight change in cycle i, due to oxide growth. 
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The model describes the growth of one single type of oxide. If several oxides are formed, 
the model is less accurate. The growth kinetics and also the weight fraction of oxygen 
vary considerably between different types of oxides. Simultaneous formation of different 
oxides is often observed during a short initial stage of oxidation, referred to as the 
transient stage. The assumption of a homogenous oxide layer is often in conflict with the 
experimental situation and should be noted as a major source of error, especially if 
attempts are made to calculate the metal loss. If cyclic oxidation is allowed to proceed 
until the amount of the oxide forming element drops below a critical level, the oxidation 
mechanism will change and the oxidation rate will increase drastically. This situation, 
known as breakaway-oxidation, is not considered in the present work since the oxidation 
was not allowed to proceed long enough for this to happen. 
 
This model describes spallation as occurring uniformly across the surface of the material 
and depending only on the thickness of the oxide scale. The thickness of the oxide scale 
is proportional to the mass of absorbed oxygen per unit area, as a consequence of earlier 
assumptions. The spallation is modeled as taking place momentarily at the end of each 
cycle. This description can be motivated by the fact that stresses in the oxide scale are at 
a maximum when the sample is at the minimum temperature, whereas the ductility of the 
scale is expected to be at a minimum. The stresses which cause spallation arise from the 
mismatch of the oxide scale and substrate in terms of specific volume and thermal 
contraction. Imposed mechanical stress may also contribute significantly to spallation 
under normal operating conditions. The experimental method does not involve any 
imposed mechanical load and therefore this effect is not considered in the numerical 
model. As the oxide scale grows, stress is built up during the isothermal heat treatment, 
resulting from the mismatch of specific volume. During cooling, at the termination of the 
thermal cycle, the stress imposed by mismatch of specific volume is combined with the 
stress resulting from the mismatch of thermal contraction. The stress therefore reaches a 
maximum during cooling of the sample. The sharp peak in stress and the increased 
brittleness associated with the low temperature makes it reasonable to assume that 
spallation occurs only upon cooling, at the end of each cycle. Raffaitin et al. have 
measured the weight change continuously during cyclic heat treatment in flowing 
synthetic air of the single-crystal nickel-base alloy MC2. The dwell time at the maximum 
temperature of 1150°C was 15 minutes. The total cycle duration was 87 minutes. Their 
results show that spalling occurs mainly below 100°C and during cooling, but also to a 
lesser extent during the initial stage of heating47. These results support the assumption 
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made in the present model, that spalling occurs instantly at the transition between cycles, 
without any simultaneous oxide growth. In the presently described model, spalling at the 
end of one cycle is equivalent to spalling at the beginning of the next cycle. The mass of 
the oxide scale immediately before spalling in cycle i is denoted Wscale,i and given by 
Equation 8. 
 
Equation 8 – Specific weight of oxide scale in cycle i. 
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 The amount of spalled oxide in cycle i is described by Equation 9. 
 
Equation 9 – Specific weight of oxide spalled in cycle i. 
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Where ΔWs,i is the specific mass of oxide spalled in cycle i and s1 and s2 are spalling 
parameters. It should be noted that s1 is negative, resulting in a negative mass change. 
Note also that the amount of spalled oxide can not be greater than the amount of oxide 
available. Therefore two different equations are needed to describe the spalling behavior 
for all allowed values of s1, s2 and Wscale,i. Spallation is modeled as depending only on the 
amount of oxide at the start of the cycle. The model does not take into account the local 
change in substrate composition below the scale, nor does it take into account the change 
in the surface area of the sample, resulting from oxidation. The total specific weight 
change in cycle i, ΔWi, is given by Equation 10. 
 
Equation 10 – Total specific weight change in cycle i. 
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Where ΔWox,i is the specific mass of absorbed oxygen in cycle i and ΔWs,i is the mass of 
oxide spalled in cycle i. The cumulative specific weight change ΔWcumulative,j  after j 
cycles is given by Equation 11. 
 
Equation 11 – Cumulative specific weight change after j cycles. 
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The quantity ΔWcumulative,j is commonly referred to as the Net Mass Gain (NMG). The 
typical output from a cyclic oxidation measurement is an NMG-curve, where NMG is 
plotted as a function of the number of cycles or exposition time. Such curves are 
presented in the “Results and Discussion” section of the present work. Figure 7 illustrates 
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the sequence of calculations making up the model and Figure 8 shows how a typical 
NMG curve is generated as the result of oxide growth and spalling. 

 
Figure 7 – Step-wise calculation of the Net Mass Gain (NMG), resulting from cyclic heat treatment. 
The O2 uptake depends on the growth parameters kp and n, whereas the scale spalling depends on 
the spalling parameters s1 and s2.  The arrows are numbered according to the equation used for each 
calculation. 
 

 
Figure 8 – Illustration of how the net weight change during cyclic oxidation is modeled. 
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Given the assumption that the oxide consists of only one metallic element, the mass of 
metal lost per surface area in each cycle ΔWm,i may be calculated from Equation 12. 
 
Equation 12 – Metal loss per surface area in cycle i. 
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It should be noted that the calculation of metal loss is sensitive to the composition of the 
oxide scale. If the composition of the oxide scale is only known approximately, it may 
still be possible to obtain satisfactory predictions of the NMG, whereas the prediction of 
metal loss may be much more inaccurate. Similarly, calculation of the thickness of the 
oxide layer requires knowledge of the density ρox. Assuming that the oxide scale is of 
uniform thickness, the thickness after j cycles, dj, is given by Equation 13. 
 
Equation 13 – Oxide scale thickness after j cycles. 
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Adaptation to Experimental Data 
 
In the present work, a computer program was written in Matlab and used to perform 
simulations of cyclic oxidation as described in the previous section (see Figure 7). A 
program was also written to adapt the model parameters to experimental data. The 
adaptation was made by minimizing the sum of squared errors, with respect to the model 
parameters kp, n, s1 and s2. A function was defined in Matlab, which calculated the 
squared difference in each cycle between the experimental weight change value and the 
weight change value predicted by the model, for a given set of model parameters. Start 
guesses were provided for the model parameters and the function was minimized using 
the Matlab function “fminsearch”. This built-in function uses the Nelder-Mead simplex 
method for non-linear unconstrained minimization of scalar valued, multivariable 
functions. The Nelder-Mead simplex method is suited to the minimization of the 
described function, since it is a direct search method, i.e. it requires no derivative 
information, but only function values46.  
 
The adaptation may yield model parameters which are physically questionable or invalid, 
especially if the number of experimental points is low. In order to find the physically 
meaningful values of the model parameters, the conditions of the minimization may in 
some cases have to be adjusted between different sets of experimental data. According to 
the theoretical basis of the model, the value of the growth rate exponent, n, should be 
close to 0.5. This can be taken as an indication of the validity of the model. As for the 
value of the spalling exponent s2, one would expect it to be greater than 1. If s2<1 this 
would mean that the fraction of oxide spalled in each cycle decreases with increasing 
specific weight of the oxide scale. The normal experimentally observed behavior is that 
the amount of spalled oxide increases with increasing scale thickness. It seems reasonable 
that the amount of spalled oxide increases with scale thickness, both due to an increased 
spalling probability and due to an increased fragment size. Experimental observations 
which contradict this view of the spalling kinetics have however been reported. Raffaitin 
et al. have studied the oxidation and spallation of the single-crystal nickel-base alloy 
MC2. They found that, with increasing scale thickness, the number of spalled fragments 
(i.e. spalling probability) did indeed increase, whereas the average size of the fragments 
unexpectedly decreased. The total amount of spalled oxide in each cycle was found to 
increase with increasing scale thickness as expected47. No explanation for the decrease in 
fragment size was suggested. The fact that the fragment size in some cases decreases with 
increasing scale thickness, indicates that the fraction of the oxide scale which is spalled 
may in some cases decrease with increasing scale thickness (i.e. values of s2<1 are 
possible).  
 
One should keep in mind that the obtained model parameters are characteristic not only 
of the material, but also to a large extent of the experimental conditions adopted. The 
sample geometry influences the cooling rate and stress distribution, which affects the 
spalling behavior. The surface roughness will also have an effect on oxide growth and 
spallation. Using the described numerical model, the NMG-curves can be extrapolated to 
an increased number of cycles, and predictions can be made as to the oxidation behavior 
at different cycle durations than the one used in the experiments.  
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The model implies no variation in model parameters with changes in cycle duration or 
total exposition time. However, as discussed earlier, the model is only valid within a 
limited range of cycle durations and total exposition times. The cycle duration should be 
long compared to the time required for heating and cooling of the samples, but it should 
be short enough to avoid significant spalling during the isothermal part of each cycle. 
According to the model, the rate of weight loss increases with increasing cycle frequency, 
at constant total exposition time. However, in earlier work it has been observed 
experimentally that the rate of weight loss may in some cases decreases with cycle 
frequency41. The proposed explanation for this was that small cracks in the scale and 
spalled segments made the scale more deformable, thus limiting the stress build-up in the 
scale and making it less prone to spallation than a large intact oxide plate. In light of 
these observations, care must be taken when predicting the cyclic oxidation behavior for 
cycle lengths far from the experimentally tested ones. The total exposition time should be 
long compared to the duration of the transient oxidation stage, but short enough to avoid 
changes in the oxidation mechanism resulting from the depletion of oxide forming 
elements. If the experimental results indicate that the oxidation mechanism does change, 
it may be advisable to divide the oxidation process into different intervals to which 
different model parameters are adapted. 
 
As mentioned earlier, it is assumed in the described model that only one type of oxide is 
formed during oxidation. However, the model may still be adapted to experimental data 
where more than one oxide is known to form. The values of the adapted parameters will 
then be a result of the combined properties of the different oxides, such as growth 
kinetics and spalling properties. The oxygen fraction of the oxide is assumed to be 
constant and its value may be approximated. If the weight fraction of oxygen input when 
adapting the model parameters is inaccurate, this deviation will be compensated by the 
values of adapted parameters and a satisfactory fit to experimental data may still be 
obtained. When calculating the metal loss resulting from oxidation, the error resulting 
from the simplification of the oxide composition is much larger. The metal loss is 
proportional to (1- wo,oxide)/ wo,oxide. The variation of this quantity between different 
oxides may be on the order of 100%. For example, the values for pure stoichiometric 
Al2O3 and Cr2O3 are 1.12 and 2.17 respectively. Therefore, detailed knowledge of the 
oxide composition is required in order to obtain reliable predictions of metal loss. 
Similarly, the prediction of scale thickness requires knowledge of the scale density, since 
the scale thickness is inversely proportional to the density. The variation in density is 
smaller than the variation in oxide fraction. The densities of pure, fully dense Al2O3 and 
Cr2O3 are 4.0 and 5.2 g/cm^3 respectively47. The morphology and porosity of the scale is 
often more important than its ideal density when relating the scale mass to the oxidation 
depth. In the described model, it is assumed that the scale is of uniform thickness. If the 
model is adapted to experimental results where the scale is not of uniform thickness, this 
will have an effect on the adapted value of the growth rate coefficient and other model 
parameters. The NMG prediction may be satisfactory for non-uniform oxide scales, 
whereas the prediction of scale thickness may be less relevant. 
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Results and Discussion 
 
Weight Change Measurements 
 
Static Oxidation 
For the samples heat treated statically, weight change measurements had been performed 
before the start of the present work. The results for samples exposed at 950°C are shown 
in Figure 9 and Figure 10. 
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Figure 9 – Static oxidation measurements at 950°C. 
 
The mass loss after 20000h at 950°C shows a strong correlation with Al content, 
confirming the expected importance of a protective alumina scale. The IN939 sample 
reaches a weight change of -89 mg/cm2 at 20000h exposure. In terms of mass retention, 
the oxidation resistance of the materials increases with increasing Al content, with only 
one exception. The exception is PWA1483, which displays the third best oxidation 
resistance, in spite of its low Al content compared to the fourth best material SCA425Hf. 
PWA1483 also has a lower Cr content than SCA425Hf, which also suggests a weaker 
ability of protective oxide formation. Furthermore, the two materials contain 
approximately the same amount of S43, 48 (<10ppmi). S is expected to increase the 
propensity for spallation. At the same time Hf has been added as a reactive element to 
SCA425Hf, which is expected to improve scale adherence. Judging from the chemical 
composition, SCA425Hf is expected to display better oxidation resistance than 

                                                 
i A chemical analysis report was only available for SCA425Hf, stating that the sample contained <10ppm 
S. According to the material specification for PWA1483 a maximum of 10ppm S is allowed in this alloy. 
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PWA1483. Metallographic examination of the samples did not reveal any conclusive 
reason for the unexpectedly high oxidation resistance of PWA1483, although a possible 
explanation was suggested (see “Microstructure - Statically Exposed Samples”.). 
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Figure 10 – Static oxidation measurements at 950°C. At 20000h exposure the IN939 sample reaches a 
specific weight change of -89 mg/cm2. 
 
All samples exposed at 850°C show a positive weight change even after 20000h 
exposure. This indicates that spalling was limited for these samples, which was also 
apparent by visual inspection. The shape of the curves resembles parabolic growth 
behavior, as can be seen in Figure 11. 
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Figure 11 – Static oxidation measurements at 850°C. 
 
In general, the curves of different exposure temperatures can not be considered to display 
the oxidation/spallation behavior predicted by theoretical models. The results can be 
explained by the influence of spalling, possibly occurring not only during cooling of the 
samples, as assumed in the model described in the present work, but also during the 
isothermal part of the cycles. Only the curve for IN738LC displays the type of 
oxidation/spallation behavior predicted theoretically, at 950°C. When comparing the 
results for different exposition temperatures, samples of the same material are not 
generally found to display curves of similar shape. Other factors than exposition time and 
temperature seem to have affected the results substantially, thus yielding results 
displaying a seemingly high degree of randomness. The results for samples exposed at 
900 and 1000°C are given in the figures below. 
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Figure 12 – Static oxidation measurements at 900°C. 
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Figure 13 – Static oxidation measurements at 1000°C. At 20000h the samples of IN939 and IN738LC 
reach weight change values of -431 and -65 mg/cm2 respectively. 
 
Therefore, the results did not lend themselves well to modeling of the time and 
temperature dependence. For the modeling of oxidation and spallation, the cyclic 
oxidation experiments with more frequent weight measurements provided more useful 
information.  
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A comparison between the different materials can be made by considering the maximum 
absolute value of the specific weight change during 20000h exposure (see Table 4). 
 
Table 4 – Comparison of oxidation resistance, with respect to the maximum absolute value of the 
specific weight change ΔW during 20000h exposure.   
Poor: |ΔW|>15mg/cm2, Intermediate: 5mg/cm2 <|ΔW|≤15mg/cm2, Good:  |ΔW|≤5mg/cm2. 
 850°C 900°C 950°C 1000°C 

CMSX-4 Good Good Good Good 

MD2 Good Good Good Good 

PWA1483 Good Good Good Intermediate 

SCA425Hf Good Good Good Poor 

IN792 Intermediate Intermediate Intermediate Poor 

IN738LC Intermediate Intermediate Poor Poor 

IN939 Intermediate Intermediate Poor Poor 

 
 
 
Cyclic Oxidation 
 
Experimental Results and Model Adaptation 
The experimental results of the cyclic oxidation weight change measurements are 
presented in Figure 14. 
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Figure 14 – Specific weight change of PWA1483 and IN792 during cyclic heat treatment at 950°C. 
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The graphs below show the experimental results, together with the NMG curves of the 
adapted model. Error bars indicate the estimated experimental error associated with the 
weight measurements (see “Experimental Error”). The model parameters are displayed in 
the plots. The oxide growth rate coefficient kp is here referred to as k. 
 

 
Figure 15 – Experimental results and adapted NMG-curve for PWA1483 at 950°C, cooled in ambient 
air. 
 
The adapted curves are in fairly good agreement with the experimental data points. The 
deviation between calculated and experimental values, in terms of the root mean squared 
error (RMSE), is of the same order as the estimated experimental error. No sudden 
increase in oxidation rate can be observed at the longest exposition times. This indicates 
that the depletion of oxide forming elements has not gone as far as to induce breakaway 
oxidation. The values of the adapted model parameters seem reasonable. The growth 
exponent n is above 0.5 for all samples. A high value of n=0.70 is obtained for the 
sample of IN792 cooled in water. Although the n-values deviate from the theoretically 
predicted value of 0.5, the deviation is small enough for the model to be considered 
relevant. The reason for the deviation may be the non-uniformity of the oxide scale, both 
in terms of its thickness and its chemical composition. The diffusivity in the oxide scale 
varies with varying chemical composition and the distance which atoms must diffuse for 
continued oxide growth varies with the morphology of the scale. In the metallographic 
examination of the samples it was found that the oxide sometimes occurs as internal 
precipitates rather than as a uniform layer. This is expected to result in a higher growth 
exponent, since the required diffusion distance does not increase as strongly with the 
growth of the oxide.  
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Figure 16 - Experimental results and adapted NMG-curve for PWA1483 at 950°C, cooled in water. 
 
The different cooling techniques used were expected to result in different spalling 
behavior. No clear correlation between spalling behavior and cooling technique can 
however be observed. The magnitude of spallation is related to the downward slope of 
the NMG curve (see Figure 14). As discussed earlier, water cooling was expected to 
promote spalling by reducing the scale adhesion. However, the increased cooling rate 
associated with water cooling is expected to alleviate spallation (see “Degradation”). The 
results of the present work indicate that these two opposing effects of water cooling were 
of approximately the same magnitude, thus having little net impact on the measured 
weight change. There are differences in oxidation behavior between the samples cooled 
using different cooling techniques. These differences can not be clearly attributed to 
differences in the spallation behavior. For the samples of PWA1483, there is a difference 
in weight change even after the first cycle. In the first cycle, spallation is very limited and 
can not be responsible for this deviation (see Figure 19). Furthermore, the oxide growth 
rate coefficients differ substantially between samples of the same material. This suggests 
that the deviation is not related to the cooling but rather to the sample preparation. Since 
only two samples per material were used, it was not possible to determine the source of 
the differences in oxidation behavior. The samples cooled in water experienced a cooling 
rate much higher than that which components are subjected to in service. Even in the case 
of ambient air cooling, the cooling rate is higher than the cooling rate of a turbine blade 
resulting when a turbine is shut down. The results for the samples cooled in air are 
considered most relevant and are therefore used for the further calculations and 
extrapolations presented later in the present work. 
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Figure 17 - Experimental results and adapted NMG-curve for IN792 at 950°C, cooled in ambient air. 
 
 

 
Figure 18 - Experimental results and adapted NMG-curve for IN792 at 950°C, cooled in water. 
 
According to the model used, the contribution of spalling to the total weight change is 
substantial. Figure 19 and Figure 20 show the weight change expected due to oxygen 
absorption if no spallation were to occur, compared with the net mass gain. The 

 
   

42



 
 

difference between the two curves corresponds to the mass decrease resulting from 
spallation.  
 

 
 
Figure 19 - Influence of spalling on the NMG curve, for PWA1483. 
 

 
Figure 20 – Influence of spalling on the NMG curve, for IN792. 
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At long exposition times, the amount of oxide spalled in each cycle is similar to the 
amount of retained oxide, according to the model (compare with Figure 27 and Figure 
28).  
 
The obtained kp-values are displayed in Table 5 and compared with a kp-value for the 
nickel-base alloy MC2, obtained by Raffaitin et al.47. The kp-values are taken as the 
average of the two samples of each material, cooled in different ways. The variation 
between these samples is expected to be independent of the cooling technique, since no 
significant amount of oxide is formed during cooling. 
 
Table 5 - Oxide growth rate coefficients of nickel-base alloys PWA1483, IN792 and MC2. 

Material Heat Treatment kp[mg2cm-4h-1] Source 

PWA1483 16x65h at 950°C  0.010 This work 

IN792 16x65h at 950°C 0.016 This work 

MC2 100h at 1150°C 0.003 Raffaitin et al.47 

 
MC2 is monocrystalline and contains higher levels of Al than PWA1483 and IN792. At 
1150°C MC2 is a pure alumina former and a low oxide growth rate coefficient is 
therefore to be expected47. In the present work it was found that PWA1483 and IN792 
form both alumina and chromia during cyclic oxidation at 950°C, which explains the 
higher oxide growth rate of these materials. The difference in kp-values between 
PWA1483 and IN792 may seem high, considering the small difference in composition 
between the materials. The monocrystalline structure of PWA1483 is expected to result 
in a reduced oxidation rate. Oxidation in poly-crystalline alloys, such as IN792 is often 
promoted at grain boundaries. However, microscopic analysis indicates that the grain 
boundary oxidation was limited in this case and could probably not be the only cause of 
the difference in oxidation rate. The difference may not be entirely dependent on the 
material. Since the results are derived from only two samples of each material, the 
difference may partly be caused by a random variation in oxidation rate. As discussed 
earlier, there is a significant difference in oxidation growth rate coefficient between 
cyclically exposed samples of the same material. The difference in kp-value is 0.0039 and 
0.0072 mg2cm-4h-1 for PWA1483 and IN792 respectively. However, static oxidation 
measurements also indicate a clearly higher oxide growth rate for IN792 compared to 
PWA1483 (see Figure 9).   
 
Experimental Error 
The experimental error of the specific weight change data results from errors in 
measuring the weight of the samples and the dimensions of the samples. For the weight 
measurements, the error was taken as +/- 1 display resolution, i.e. +/- 1mg. The error of 
the diameter and thickness measurements was taken as +/- 5 microns. The total 
experimental error was estimated as half the maximum difference in specific weight 
change that could be obtained for the same measurement by varying the measured values 
within the error ranges specified. Due to the differences in sample size between 
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PWA1483 and IN792, different experimental errors were obtained. For PWA1483 and 
IN792, the experimental error was estimated as +/- 0.15 mg/cm^2 and +/- 0.22mg/cm^2 
respectively. The variation in exposition time was considered small enough to be 
neglected in the error analysis. The exposition time was 65 hours +/- 15 minutes, which 
corresponds to a relative error of less than 0.4%. 
 
Input Parameters for Model Adaptation 
Start guesses for the model parameters kp, s1 and s2 were found by examining the 
experimental data and using trial and error. The start guess for n was taken as the 
theoretically predicted ideal value n=0.5, corresponding to parabolic growth.  The 
adaptation was quick and not very sensitive to the start guesses, so the same values could 
be used for all samples studied. The weight fraction of oxygen in the oxide scale was 
estimated by assuming that the oxide scales consisted only of Al2O3 and Cr2O3, in 
amounts proportional to the weight fraction of the respective oxide former. This 
estimation indicated an Al2O3 weight fraction of approximately 0.22 in the oxide scale, 
which seemed to agree fairly well with the micrographs. The resulting weight fraction of 
oxygen in the oxide scale was calculated as 0.35. Practically the same weight fraction of 
oxygen was obtained for PWA1483 and IN792, since their chemical compositions are 
very similar. 
 
Change in Spalling Behavior 
The cyclic oxidation measurements were continued for a few additional cycles after the 
modeling was done. During these last cycles, some of the samples showed much less 
spalling than earlier (see Figure 21). 
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Figure 21 – Specific weight change of PWA1483 and IN792 during cyclic heat treatment at 950°C.  
Values to the right of the dashed line were not included in the modeling.  
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Especially the air-cooled samples showed a change in spalling behavior. Their NMG 
curves leveled out and their weight remained nearly constant until the cyclic oxidation 
tests had to be terminated, due to lack of time. The appearance of the surfaces of the air-
cooled samples was much smoother and more homogeneous in color, compared to the 
water-cooled samples. It appeared that a more protective scale had been formed on the 
air-cooled samples. Metallographic analysis indicates that the oxide scales on air-cooled 
samples were thinner than on water-cooled samples (see “Microstructure - Cyclically 
Exposed Samples”). It is possible that the spalling behavior of samples cooled in air was 
related to the change in humidity of the air in the room where the samples were allowed 
to cool down. The humidity was not monitored, although it is expected to depend 
strongly on the outdoor humidity. The outdoor temperature and humidity is known to 
have decreased throughout the experiment, since the cyclic oxidation measurements were 
conducted in the fall, and therefore the humidity experienced by the samples is also 
assumed to have decreased significantly during the course of the experiment. The fact 
that the decrease in the rate of mass loss was mainly observed for air-cooled samples 
supports the idea that the change in spalling behavior was related to the humidity of the 
air. Humidity has a well known effect on the spallation of alumina scales from nickel-
base alloys by delamination of the oxide/metal interface (see 
“Background→Degradation”). However, humidity is not known to have any significant 
effect on spallation occurring by delamination within the oxide scale. In the present case 
the oxide/metal interface appears to have remained intact throughout the cyclic oxidation 
measurements and therefore the humidity is not expected to have had an important 
influence. Spalling appears to have occurred by fracturing within the scale, preferentially 
at the interface with an oxide phase rich in Ta and Ti (white oxide phase in Figure 22). 
 

 
Figure 22 - BEI image of PWA1483, exposed cyclically  
for 22x65h at 950°C. Air-cooled sample. The white oxide 
phase is rich in Ta and Ti. The inner dark oxide phase is 
alumina.  
 

 
Figure 23 - BEI image of PWA1483, exposed cyclically 
for 22x65h at 950°C. Air-cooled sample. No white oxide 
phase can be observed. The inner dark oxide phase is 
alumina.  Precipitates in the depletion zone are nitrides. 
 
 

The type of oxide scale shown in Figure 22 was only observed in small localized areas of 
the sample. The oxide scale in Figure 23 is more representative of the entire sample. 
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Here, spalling appears to have occurred at the inner interface of the white intermediate 
oxide, thus removing this phase from the sample. The oxide scale that is left after spalling 
consists to a large part of alumina. An important question is if an adherent alumina scale 
has been present from the beginning of the cyclic heat treatment or if spalling during the 
earlier part of the heat treatment has occurred by bare metal spalling, i.e. delamination of 
the alumina/metal interface. If spalling initially occurred at the alumina/metal interface, 
this could explain the greater extent of spalling. The improved adherence of the alumina 
during the later stage of the cyclic heat treatment could then be explained by the 
decreased humidity or by a decreased S content, due to loss of S by segregation to the 
alumina/metal interface and removal from the sample via spalled fragments. The 
metallographic examination of the cyclically exposed samples only gives information 
regarding the situation after the heat treatment.  To determine if the alumina scale is 
likely to have remained intact throughout the cyclic heat treatment, the samples statically 
exposed at 950°C were consulted. The PWA1483 sample exposed for 100h was studied 
and it was found that spalling also in this case appears to have occurred at the interface 
with the white oxide phase, without delamination of the alumina/metal interface (see 
Figure 24).  
 

 
Figure 24 – BEI image of PWA1483 exposed for 100h at 950°C. Spalling appears to have occurred at 
the inner interface of the white oxide phase, which is rich in Ti and Ta. 
 
Therefore, it is assumed that an adherent alumina scale has been present in the cyclically 
exposed samples throughout the entire cyclic heat treatment. If bare metal spalling would 
have occurred this would probably have resulted in reflective patches, apparent by visual 
inspection during weighing after each cycle. No increased reflectivity was observed after 
any of the cycles and this supports the assumption that the alumina scale has never 
spalled off. Without alumina/metal spalling the ambient humidity is not expected to have 
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an important influence. A more likely explanation for the decrease in spalling is that the 
propensity for spalling was decreased as the white oxide phase was removed, since the 
area of this weak subscale interface was thereby decreased.   
 
To obtain a conservative description of the cyclic oxidation resistance, the alleviated 
spalling behavior observed for the last few cycles was not included in the modeling. The 
higher humidity during the earlier part of the experiment was probably closer to typical 
service conditions and also closer to common experimental conditions. An advantage of 
water-cooling is that the procedure is easily repeatable. If air cooling is used it is 
advisable to monitor the humidity and control it if necessary. 
 
Metal Loss Calculations 
The total amount of metal lost from the samples per unit area was calculated, based on 
the model parameters obtained from the adaptation to experimental data. The metal atoms 
are considered as “lost” directly upon oxidation, as they are then no longer present in 
metallic form. The “lost metal” includes both metal atoms in the adherent oxide scale and 
metal atoms which have been removed completely by oxidation and subsequent spalling. 
As mentioned earlier, it was assumed that the oxide formed consisted of approximately 
22 wt% Al2O3 and 78 wt% Cr2O3. Consequently, the metal lost is 22 wt% Al and 78 wt% 
Cr, according to the calculations (see Figure 25 and Figure 26). Due to the approximate 
description of the oxide scale composition, the prediction of metal loss should be 
considered as a rough approximation.  
 

 
Figure 25 – Estimated metal loss for PWA1483 during cyclic oxidation at 950°C. 
  
One would expect the metal loss to be closely related to the decrease in load bearing area 
of a component. The depletion of Al is of particular importance, since it is strongly 
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associated with depletion of the strengthening γ′ particles. In order to estimate the depth 
affected by Al depletion, detailed knowledge would be required both of the oxide scale 
composition and of the diffusivity of Al through the base material and the multilayered 
surface region. At long exposure times, it appears that the metal loss could be well 
approximated by a linear time dependence (see Figure 25). The linear functions 
representing the metal loss (ML) in PWA1483 and IN792 are presented in Equation 14 as 
a function of exposition time t. Since the weight fraction of alumina in the oxide scale is 
estimated to be 0.22, the loss of Al is obtained by multiplying the total metal loss (MLtot) 
with 0.22. 
 
Equation 14 – Linear approximation of metal loss. 
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As earlier mentioned, the weight change of MC2 during cyclic oxidation has been studied 
by Raffaitin et al. They also found a linear time dependence of the metal consumption at 
sufficiently long exposition times. In this case the samples were exposed at 1150°C for 
15 minutes at a time. It should be noted that the total cycle duration was 87 minutes, 
suggesting that oxidation during heating and cooling may have been significant. The 
metal consumption rate was calculated, per hour of 1150°C exposure, as 0.091mgcm-2h-1. 
This is more than an order of magnitude higher than the metal consumption of the 
samples of the present work. This does not reflect the oxidation resistance of the different 
materials, but rather the heat treatment parameters. The sample exposed in 15-minute 
intervals at 1150°C is expected to display more extensive spallation and consequently a 
substantially higher rate of metal loss, than the samples of the present work (exposed in 
65h cycles at 950°C). Moreover, Raffaitin et al. have calculated the metal consumption 
rate with respect to the time spent at 1150°C, while the sample was in fact oxidized also 
during the lower temperature stages of the heat treatment. This results in an 
overestimation of the metal consumption rate, when comparing with the results of the 
present work. 
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Figure 26 - Estimated metal loss for IN792 during cyclic oxidation at 950°C. 
 
The metal loss per surface area is a useful measure of the oxidation resistance of a 
material. It is apparent, when comparing Figure 25 and Figure 26, that the single-crystal 
superalloy PWA1483 has better cyclic oxidation resistance than the poly-crystalline 
superalloy IN792, which has a very similar chemical composition (see Table 2). 
 
Adherent Oxide Calculations 
The mass of adherent oxide after each cycle was calculated, based on the model 
parameters obtained from the adaptation to experimental data. The values plotted in 
Figure 27 and Figure 28 represent the amount of adherent oxide remaining after each 
cycle of oxide growth and spallation. 
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Figure 27 – Estimated specific weight of adherent oxide for PWA1483 at 950°C.  
 
Like in the case of metal loss calculations, the prediction of the mass of adherent oxide is 
sensitive to the composition of the oxide scale. Since the composition of the scale is only 
known approximately, the values of scale mass should be considered as rough 
approximations. 
 

 
Figure 28 - Estimated specific weight of adherent oxide for IN792 at 950°C. 
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The specific weight of adherent oxide approaches a constant value at long times. As the 
specific weight of the scale tends towards a constant value, the total metal loss and 
weight change of the samples tend towards linearity with time. This behavior is expected, 
since the oxide growth rate is controlled by the oxide scale acting as a diffusion barrier. 
 
Extrapolation 
Using the obtained model parameters the computer program can be used to predict the 
cyclic oxidation behavior for any heat treatment schedule. It should however be noted 
that the assumptions made in the modeling in some cases are reliant on the cycle duration 
or total exposition time (see the “Modeling of Cyclic Oxidation” section). Figure 29 
shows simulations of the cyclic oxidation of PWA1483 for different heat treatment 
schedules. When using this model to extrapolate weight change data it is important to 
keep in mind that the oxidation mechanism may change with time and that the model 
may thus become irrelevant at long exposition times. As discussed earlier, the oxidation 
mechanism may change due to depletion of oxide forming alloying elements, such as Al 
and Cr. For a physically correct treatment, the critical parameter for break-away 
oxidation should be taken as the activity (effective concentration) of the oxide former just 
below the oxide scale. This parameter depends mainly on the consumption of Al and Cr 
by oxidation and the supply of Al and Cr from the bulk. The activity of Al and Cr may 
also be affected by the concentration of other elements. The determination of Al and Cr 
activity below the oxide scale is beyond the scope of the present work. 
 

 
 
Figure 29 – Simulation of cyclic oxidation for PWA1483 at 950°C. Comparison between different 
exposition schedules. 
 
The risk for break-away oxidation may be roughly evaluated by considering the depletion 
of Al relative to the initial Al content. In the present work, the largest relative Al loss was 
obtained for IN792 sample cooled in air. It had an initial Al content per surface area of 
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44.9 mg/cm2. After 16x65h of cyclic exposure at 950°C, the sample had lost 2.4 mg/cm2 
of Al according to the model. This corresponds to 5.3% of the initial amount. Judging 
from the shape of the oxidation curve obtained, no break-away oxidation has occurred in 
this sample. This is consistent with earlier work, which suggests that much higher relative 
Al losses can be tolerated without break-away oxidation. Pint et al. have studied the 
break-away oxidation of the nickel-base alloy Haynes 214, with 8.73wt% Al and found 
that break-away oxidation is initiated after 400x1h cyclic exposure at 1100°C37. Due to 
the high diffusion rate of Al at 1100°C and the shape of the sample (60μm foil), the Al 
concentration was found to be maintained uniform throughout the sample during heat 
treatment. Once break-away oxidation had been observed, the heat treatment was 
interrupted and it was found that no measurable amounts of Al were left in the sample. 
This indicates that break-away oxidation will not occur until the Al concentration 
approaches zero below the scale37. It should be noted that for thicker samples at lower 
temperature (lower diffusion rate) an Al diffusion gradient may form and the Al content 
may approach zero locally, long before the total Al content of the sample approaches 
zero. Pint et al. have also studied a Haynes 214 sample in the form of a 4mm plate. This 
sample was exposed to 100x100h cyclic exposure at 1100°C, in which break-away 
oxidation did not occur. Unlike the foil sample, the plate sample displayed an Al 
concentration gradient. The difference in Al content between center and surface was less 
than 1 at%37. The samples of the present work were 5mm thick and were exposed at a 
lower temperature of 950°C, corresponding to a lower diffusion rate. Therefore, a higher 
concentration gradient is expected at a given Al loss. Still, the samples of the present 
work are far from break-away depletion levels. When extrapolating the oxidation 
behavior of the PWA1483 sample for 100x15h cyclic exposure (see Figure 29), the 
relative Al loss reaches a maximum of 5.0%. The time to complete depletion of Al and Cr 
is estimated in the next section for PWA1483 and IN792. 
 
Lifetime Estimation 
A simplified lifetime estimation will be made for the studied samples, with the purpose of 
illustrating how the obtained data can be interpreted, rather than reaching a quantitatively 
accurate result. The end of life is here defined as the exposition time at which the sample 
is completely depleted of Cr and Al. This is equivalent to the metal loss ML being equal 
to the initial amount of Cr+Al. This approach most likely yields an overestimation of the 
time to reach break-away oxidation. Break-away oxidation will in reality be initiated 
before zero Cr+Al content is reached and at the same time the Cr+Al content may drop 
locally due to limitations of Cr+Al supply from the bulk. Only at high temperatures 
and/or thin specimens, the Al diffusion rate is high enough to assume that the Al 
concentration remains uniform throughout the heat treatment. On the other hand, the 
approximation that Cr and Al are the only oxide formers serves to make the lifetime 
estimation more conservative. In reality the oxide scale also contains Ti, Ta and Ni, 
which means that the reservoir of protective oxide formers is in fact larger than what is 
calculated with. One should keep in mind that the lifetime may be limited by other factors 
than the avoidance of break-away oxidation. For example, the Al depletion may cause an 
unacceptable depletion of γ′ long before breakaway oxidation sets in. The time of life 
(TOL) for PWA1483 and IN792 during cyclic exposure in 65h cycles at 950°C is given 
by Equation 15. 
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Equation 15 – Simplified lifetime estimation, based on metal loss. 
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Where wCr+Al is the initial weight fraction of Cr+Al in the material and Wtot is the initial 
surface specific mass of the specimen (total mass/surface area). By inserting the values of 
wCr+Al and Wtot from the present work, the TOL is obtained. The difference between the 
samples is not entirely due to the sample material properties. The IN792 sample has a 
higher specific surface area (smaller specific Cr+Al reservoir), which results in a shorter 
lifetime. From this estimation of the time to break-away oxidation, it was concluded that 
break-away oxidation could not be achieved during the cyclic oxidation measurements of 
the present thesis work. When comparing these results with other experiments or 
components in service, it is important to consider the difference in exposure conditions. 
For a given material, the lifetime is influenced not only by the mentioned parameters, 
such as temperature, cycle duration and geometry of the specimen, but also by the 
working atmosphere, surface protection, surface finish, and applied mechanical loads. 
  
Microstructure - Statically Exposed Samples 
 
Oxidation 
The oxide scales are found to consist of several different types of oxides. EDS analysis 
indicates that the two major oxides are chromia (light grey) and alumina (dark grey), for 
all materials and temperatures. Table 6 and Figure 30 show a compositional analysis of 
the oxide scale formed on the single-crystal nickel-base alloy MD2 after 10000h at 
950°C. 
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Figure 30 – BEI image of MD2. Exposed 10000h at 950°C. EDS 
analysis points are marked. 
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Table 6 – Composition of MD2 oxide in wt%. Exposed 10000h at 
950°C. 

Point Cr Al Ti Ta N 

1 52.87 2.72 1.96 0.15 - 

2 0.15 47.23 0.09 1.18 - 

3 10.82 1.17 13.50 40.57 - 

4 0.47 52.32 2.23 2.73 33.26 

 
Cr-rich and Al-rich oxides are found in points 1 and 2 respectively. An oxide rich in Ta 
and Ti has formed between the chromia and alumina (point 3). A crack appears to have 
formed through this phase, indicating that this oxide may have a significant influence on 
the spallation behavior of the material. The precipitate at point 4 is a nitride, rich in Al. 
The smaller, light grey precipitates were found by EDS analysis to be Ti-rich nitrides. 
The oxides are ordered, with respect to the oxide/gas interface, as would be expected by 
considering the thermodynamic stability of Cr, Ta and Al oxides. The partial pressure of 
oxygen decreases with the distance from the oxide/gas interface and therefore the oxides 
are ordered from the interface and inward in order of increasing stability. The equilibrium 
partial pressures of oxygen for the different oxides are approximately: 10-23, 10-26, and 10-

37 bar for Cr2O3, Ta2O5 and Al2O3 respectively49. Ni-containing oxides (Ni(Cr,Al)2O4 
spinel and NiO) are expected to have formed during the initial transient stage of the 
oxidation of all sample materials. Small amounts of Ni-containing oxide were observed at 
the surface of some samples, but in most cases no such transient oxide was found. This 
suggests that the most superficial layer of the oxide has spalled off. For IN792 samples 
exposed at 850 and 900°C, a minor oxide phase can be observed at the surface (see 
Figure 31 and Figure 32). EDS analysis indicates that the composition of the oxide is 
close to TiO2 and NiO for the samples exposed at 850 and 900°C respectively. 
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At 850°C alumina has not formed as a continuous layer, but in the form of internal 
precipitates aligned perpendicularly to the sample surface (see Figure 31). This 
morphology provides fast diffusion paths along the alumina/metal interfaces50. Compared 
with a dense alumina scale, the inward oxygen flux is substantially increased. This is 
expected to result in an increased oxidation rate, deviating from parabolic behavior. 

 
Figure 31 - BEI image of IN792, exposed for 10000h at 850°C. 

 
 

 
Figure 32 - BEI image of IN792, exposed for 10000h at 900°C. 

 

 
10 000h at 950°C 
The oxide scales formed on the different sample materials are shown in the following 
micrographs.  
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Figure 38 – BEI image of MD2. Exposed 10000h at 
950°C. 

Figure 37 – BEI image of SCA425Hf. Exposed 10000h 
at 950°C. 

 

 

Figure 36 – BEI image of CMSX-4. Exposed 10000h at 
950°C. 

Figure 35 – BEI image of PWA1483. Exposed 10000h 
at 950°C. 

 Figure 34 – BEI image of IN939. Exposed 10000h at 
950°C. 

Figure 33 – BEI image of IN792. Exposed 10000h at 
950°C. 



 
 

 

 
Figure 39 – BEI image of IN738LC. Exposed 10000h at 950°C. 
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The uneven scale thickness, evident in e.g. Figure 35, indicates that a large part of the 
oxide scale has spalled off. Judging from Figure 35, the amount of oxide spalled during 
cooling may be higher than the amount of oxide retained after cooling. This observa
is consistent with the modeling made in the present work, based on weight change 
measurements of PWA1483 and IN792. When inspecting the samples in the SEM, the
is no indication of spalling having occurred at alumina/metal interfaces, in any of the 
sample materials. Delamination seems to have taken place preferentially at interfaces 
between subscales and to a lesser extent within the subscales. Practically continuous
alumina scales are observed for all sample materials after 10000h at 950°C, ex
IN939. In IN939, the alumina (inner dark phase) has formed as internal oxide 
precipitates. This is the expected oxidation behavior of IN939, which is a typic
former with 22.4wt% Cr and only 1.9wt% Al. Therefore IN939 is not used at 
temperatures as high as 950°C. Generally, the extent of spallation appears to have 
increased with increasing exposure temperature, judging from the metallographic 
examination. This behavior was expected, since the stress resulting from the mismatc
thermal expansion coefficients increases with increasing temperature drop after hea
treatment. Needle like precipitates can be seen in the depletion zone of IN792 and 
PWA1483 samples. The needle-like appearance of these precipitates and their well 
defined 
p
 
Weight change measurements indicate that PWA1483 has a better resistance to st
oxidation than SCA425Hf. This is unexpected, considering the apparently more 
beneficial chemical composition of SCA425Hf. An explanation for this was sought in the 
microstructure of the oxide scales. It was found that the alumina scale on SCA425Hf had
a less favorable morphology, with a relatively large fraction of the alumina occurring as 
internal oxide precipitates rather than a continuous layer (see Figure 41). It appeared t
the morphology of the scale was the result of preferential growth of alumina at grain 
boundaries. Both PWA1483 and SCA425Hf are monocrystalline, although an equiaxed
grain structure has formed in some parts of the depletion zone by recrystallization
Figure 40). Recrystallization is made possible when the material is depleted of γ′ 
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particles, which otherwise act as obstacles to recrystallization. It appears that sufficien
deformation energy has been stored in the surface layer of the material to provide the 
driving force required for recrystallization. This deformation ener

t 

gy has probably been 
troduced upon cutting and grinding during sample preparation. 

 
in

Figure 40 – LOM image of SCA425Hf, exposed for 
300h at 950°C. Grain boundaries in the DZ indicate 

crystallization. 
 
re

 
Figure 41 - LOM image of SCA425Hf, exposed for 30
at 950°C. Alumina appears to have grown 
preferentially at gr

0h 

ain boundaries, resulting in a less 
rotective scale. 

ugh 

. 

es, since 
 growth with a 

aintained favorable orientation relationship with the γ phase.    

igure 42, showing how the oxide has grown preferentially at grain 
oundaries in IN792. 

 

p
 

The alumina formation in PWA1483 has also been affected by recrystallization, altho
in PWA1483 recrystallization appears to be limited to a smaller part of the depletion 
zone. This is a possible reason for the better oxidation resistance displayed by PWA1483
Recrystallization of PWA1483 can be seen in Figure 53. The different crystallographic 
directions of the recrystallized grains is reflected in the growth behavior of needle-like 
TCP precipitates. The growth of the precipitates is stopped by the grain boundari
the change in crystallographic direction does not allow continued
m
 
In the poly-crystalline samples oxidation is in many cases favored at grain boundaries. 
This is illustrated by F
b
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Figure 42 - SEI image of IN792, exposed for 1000h at 950°C.  
Arrows indicate preferential oxidation at grain boundaries. 
 
PWA1483 and IN792 
The micrographs below show the development of an oxide layer on PWA1483 and IN792 
at 950°C for exposition times up to 20000h. 
 

 
Figure 43 - BEI image of PWA1483, exposed at 950°C 
for 100h. 
 

 
Figure 44 – BEI image of IN792, exposed at 950° for 
100h. 
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Figure 45 - BEI image of PWA1483, exposed at 950°C 

for 100h. 
 

 
Figure 46 – BEI image of IN792, exposed at 950° for 

100h. 
 

 
 

 

 
Figure 48 - BEI image of IN792, exposed at 950°C for 

1000h. 
 

Figure 47 – BEI image of PWA1483, exposed at 950°C 
for 1000h. 
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gure 49 – BEI image of PWA1483, exposed at 950°C 
0h. 

 
 
 
 
 

 
Figure 50 - BEI image of IN792, exposed at 950°C for 
3000h. 

 

 

 
Figure 52 - BEI image of IN792, exposed at 950°C for 
10000h. 
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gure 51 – BEI image of PWA1483, exposed at 950°C 
00h. 
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Figure 53 - BEI image of PWA1483, exposed at 950°C 
for 20000h. 

 
 

 
Figure 54 - BEI image of IN792, exposed at 950°C for 
20000h. 

 
 

 
Like in the case of MD2, the oxide layer appears to consist mainly of chromia and 
smaller amounts of alumina (inner dark phase). A white oxide phase is also present. This 
is a Ta and Ti rich oxide, according to EDS analysis. Grey precipitates can be seen in the 
depletion zone of for example Figure 47 and Figure 48. EDS analysis indicates that these 
are nitrides. The white needle-like precipitates at the inner boundary of the depletion 
zone, in Figure 51 and Figure 52, are presumed to be TCP phase. Grain boundaries can 
be seen in the depletion zone of PWA1483 exposed for 20000h at 950°C (Figure 53). 
This indicates that the initially monocrystalline material has recrystallized locally. 
Recrystallization may have been induced by dislocation energy built up during the 
deformation associated with cutting and grinding the sample. 
 
Oxidation Depth 
The depth of oxidation and the depth of 
γ′ depletion were measured from the 
surface of each sample (see ). 
The exact position of the original 
gas/solid interface is unknown, so the 
depth of oxidation and γ′ depletion from 
the original surface could not be 
determined. Measuring the entire 
thickness of the sample and comparing it 
with the original thickness was not 
practical, since the depth of oxidation 
was very small compared to the sample 
thickness. As mentioned earlier, the 
depth was measured as the average of 8 
points for each sample in parts where 
spalling did not seem to have occurred. 
The results of the oxidation depth and 

Figure 55

Figure 55 – Illustration of Degradation depth measurements. 500X 
LOM image of IN738LC, exposed for 3000h at 850°C.   
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depletion depth measurements are given in the graphs below. 
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Figure 56 – Oxidation depth as a function of exposition time at 850°C. 
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Figure 57 - γ′ depletion depth as a function of exposition time at 850°C. 
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Figure 58 – Oxidation depth as a function of exposition time at 900°C. 
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Figure 59 - γ′ depletion depth as a function of exposition time at 900°C. 
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Figure 60  – Oxidation depth as a function of exposition time at 950°C. 
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Figure 61 - γ′ depletion depth as a function of exposition time at 950°C. 
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Figure 62  – Oxidation depth as a function of exposition time at 1000°C. 
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Figure 63 - γ′ depletion depth as a function of exposition time at 1000°C. 
 
These results display a high degree of randomness and do not lead to any general 
conclusions regarding the time and/or temperature dependence of the oxidation of the 
sample materials. The oxide growth is known from earlier work to follow approximately 
a parabolic rate law. This behavior is found only in some of the present thickness 
measurements (e.g. for IN738LC). Increasing the number of measurement points per 
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sample did not change the result significantly. This indicates that spalling has affected the 
measurements to a varying extent. At the concerned exposition times, spalling is 
substantial, compared to the amount of oxide formed in each cycle. This was confirmed 
during the cyclic oxidation experiments and modeling reported in the present work. 
Apparently, the effect of spalling could not be eliminated by a selective location of the 
measurement points. It is reasonable to assume that there is an element of randomness 
involved in the spallation process. When in the present case, considering only a small 
number of measurement points, the random nature of the spallation process seems to have 
had a substantial effect. The metallographic determination of oxide thickness also 
involves other potential sources of error. For example, the oxide layer may have been 
damaged during sample preparation. However, weight change measurements performed 
on the same samples are also difficult to interpret, displaying little general conformity to 
theoretical predictions (see Figure 10).  
 
The oxidation depth after 100 hour exposure, as a function of exposition temperature, is 
plotted in Figure 64 for different materials. 
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Figure 64 – Oxidation depth after 100h exposure, plotted against exposition temperature. 
 
Generally, the oxidation depth increases with temperature. In the ideal case of diffusion 
controlled growth of a single uniform oxide without spalling, the oxidation depth at a 
given time is proportional to the square root of the parabolic rate coefficient, kp. The 
parabolic rate coefficient is expected to show an Arrhenius-type temperature dependence 
(see Equation 16). This type of temperature dependence is clearly recognizable only in 
the curve for IN738LC. For this material, an Arrhenius curve was adapted, by linearizing 
Equation 16 and using least squares minimization. Since kp is conventionally defined as 
the growth in terms of mass per surface area, the growth in terms of volume per surface 
area is here denoted kp

′ (unit: [(cm3/cm2)2/h]=[cm2/h]). 
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Equation 16 – Temperature dependence of the growth rate coefficient kp
′, defined in terms of oxide 

thickness. 

td
RT

Qkk tpp /)exp( 2'
0

' =
−

=  

Where kp0
′
 is a constant, Q is the activation energy, R is the ideal gas constant, T is the 

absolute temperature and dt is the oxidation depth at a given exposition time (in this case 
100h). The parameters obtained were kp0

′=167.4 cm2/h and Q=3217 J/mol. The growth 
rate coefficient kp0 has been discussed earlier in terms of the mass change rather than the 
oxidation depth. For a scale of uniform thickness and density ρox, the growth coefficient 
is related to the oxidation depth according to Equation 17.   
 
Equation 17 – Relationship between growth rate coefficient and oxide density. 

td
RT

Qkk toxpp /)exp( 22
0

ρ=−
=  

By approximating the oxide density as ρox=4g/cm3, a kp0 value of 2.7*109 mg2cm-4h-1 is 
obtained. However, this approximation will lead to a substantial overestimation of kp0, 
since the thickness of the scale is not uniform. The complex geometry of the scale is 
difficult to take into account when converting kp′ to kp and therefore it is more 
meaningful to consider either kp′ or kp depending on the form of the data available. kp0 is 
defined by Equation 17 as the value which the growth rate coefficient approaches as 
temperature approaches infinity. This physical interpretation is of little practical 
importance, since Equation 17 is only valid within a limited temperature range.  
 
The deviation of the other samples from ideal behavior is not surprising, since the 
metallographic analysis shows that the oxide layers formed are not uniform, but consist 
of various types of oxides. The relative amounts of different oxides vary with 
temperature. For example, chromia is often the predominant oxide at moderate 
temperatures, whereas alumina formation is favored at higher temperatures. The total 
oxidation depth is the result of different oxidation mechanisms with different oxidation 
kinetics. Consequently, the oxidation rate can not be accurately characterized by a single 
kp-value. The data obtained from the thickness measurements was not reliable enough to 
use as a basis for a mathematical description of the oxidation process. As described 
earlier, modeling of the oxidation behavior was based on the weight change 
measurements of samples exposed periodically in 65-hour cycles. 
  
Minor Phase Precipitation 
A number of minor phases were observed in the samples. The phases were characterized 
with respect to morphology and chemical composition. The accuracy of the chemical 
composition analysis (EDS) was limited and therefore it was in many cases not possible 
to identify the phases conclusively. Needle-like precipitates were observed in PWA1483 
and IN792 samples exposed at temperatures of 900-1000°C. These are believed to be 
TCP phase precipitates, most likely consisting of μ phase. Phase stability calculations 
have been presented elsewhere for IN79251. The results are applicable to both IN792 and 
PWA1483, since their chemical compositions are very similar. The calculations show 
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that σ phase is stable up to approximately 850°C. Since the precipitates in the present 
case were observed in materials exposed at higher temperatures, it can be concluded that 
they do not consist of σ phase. The temperature dependence of the phase precipitation is 
illustrated by Figure 65 and Figure 66. The needle-like precipitates are only found close 
to the depletion zone and not in the inner parts of the samples. Apparently, the phase 
precipitation has been affected by the oxidation process, taking place at the sample 
surface. The promotion of this precipitation may be the result of an increased driving 
force, due to the change in chemical composition associated with depletion of oxide 
forming elements. The distinct orientation relationship between the needle-like 
precipitates and the γ phase indicates that semi-coherent interfaces may have formed. In 
this case, a lower interfacial energy may be obtained if the precipitates are surrounded by 
pure γ phase, rather than a γ+γ′ structure. In PWA1483 exposed at 850°C, a substantial 
amount of fine Ti-rich nitrides are precipitated in the depletion zone. When the same 
material is exposed at 1000°C, coarse needle-like precipitates are observed. These are 
most likely μ phase TCP precipitates, which are known to precipitate in needle-like or 
plate-like morphology with a well defined orientation relationship with the matrix phase. 
This type of morphology is also known to be displayed by carbides, although EDS 
analysis does not indicate an increased carbon content within the precipitates. 
  

Ti nitrideTi nitride

20 µm20 µm20 µm20 µm20 µm
Figure 65 - BEI image of PWA1483, exposed for 10000h at 
850°C. 

 

002002

20 µm20 µm20 µm20 µm20 µm
Figure 66 - BEI image of PWA1483, exposed for 10000h at 
1000°C. 

 
The impact on mechanical properties, such as ductility, toughness and LFC resistance is 
expected to be more detrimental in the case of needle-like precipitates. However, it is 
uncertain whether any of the minor precipitates in the present case have any significant 
influence on the mechanical properties. The μ phase is known to have a much smaller 
impact on mechanical properties than e.g. the σ  phase52. The length of the needle-like 
precipitates increases strongly with the exposure temperature, from approximately 10μm 
at 950°C (see Figure 51) to approximately 40μm at 1000°C. 
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Precipitates were found in the grain boundaries of IN792. The microstructure of the grain 
boundary in Figure 67 is representative of the grain boundaries in the material as a whole. 
EDS analysis indicates that these are MC carbides rich in Ti and Ta and M23C6 carbides 
rich in Cr. Slightly higher fractions of M23C6 were observed at triple points, as expected 
due the favorable kinetics of formation. M23C6 carbides and γ′ have presumably formed 
by the breakdown of MC carbides, according to the following reaction.  
 

'623 γγ +→+ CMMC  
 
Additional γ′ has probably formed in the grain boundaries during cooling, as the 
solubility of γ′ in γ decreases with decreasing temperature. 
 

 
Figure 67 - SEI image of IN792, exposed for 20000h at 950°C.  
γ′ occurs as round particles and as a film along the grain boundary 
covering the carbides. The matrix phase is γ. 
 
Figure 68 shows IN738LC, exposed at 950°C for 3000h. γ′ appears to have formed a 
continuous film around the grain boundaries. Closer examination of the grain boundaries 
reveals a microstructure similar to that of IN792, with both MC and M23C6 carbides 
within the γ′ film. 
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Figure 68 – 50X LOM image of IN738LC, exposed for 3000h at 
900°C. 

The microstructural changes related to minor phases may have had an effect on the 
mechanical properties of the material. The magnitude of such effects, compared with the 
deterioration in mechanical properties resulting from γ′ coarsening and depletion, is not 
evaluated in the present work. The only mechanical testing performed in the present work 
is hardness measurements in the center of the samples. The obtained hardness values will 
be discussed in relation to the decomposition of MC carbides (see “Results and 
Discussion→Hardness”). 
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Coarsening of γ′ 
The time and temperature dependence of the coarsening of primary γ′ particles was 
evaluated for the material PWA1483. At least 390 particles were included in each 
measurement and the standard deviation was below 0.51 microns for all samples. A 
comparison is made with similar measurements on the material IN792, made before the 
start of the thesis work, by Siemens personnel. For these measurements, at least 431 
particles per measurement were used and the standard deviation was below 0.56 
microns53. PWA1483 and IN792 are very similar in terms of chemical composition, but 
PWA1483 is cast in monocrystalline form, whereas IN792 is poly-crystalline. Another 
important difference between the materials is the standard ageing treatment. PWA1483 is 
aged for 6 hours at 1080°C, whereas IN792 is aged for 24 hours at 845°C. This has an 
effect on the fraction of γ′ at the start of the experimental heat treatment. The area 
fraction of γ′ was calculated to determine if the change in particle size was purely the 
result of redistribution or if the total content of γ′ had changed. The area fraction 
measurements should not be considered quantitatively accurate, but rather as an 
indication of whether γ′ is being formed or dissolved at a given time.  
 
The γ′ particles agglomerated with time and their 
morphology changed from cuboidal to a more 
rounded shape (see Figure 70). Coarsening 
appears to have been promoted in the vertical 
direction, which is parallel to a <001> crystal 
direction. However, close to the depletion zone 
rafting seems to have occurred perpendicularly 
to the <001> direction (se 69). Raftin
close to the surface of the material is observed 
for all exposition temperatures except the highest 
one (1000°C). Rafting suggests that the material 
has undergone plastic strain. The samples have 
not been subjected to any mechanical load other 
than that imposed by cutting and grinding. 
Plastic deformation before thermal exposur
associated with the sample preparation, seems to 
have been enough to cause rafting. Rafting does 
not require an applied stress during the 
coarsening process, but only that the dislocation 
density is sufficient for misfit relaxation (see 
“

e Figure g 

e, e.g. 

Degradation”). Figure 69 – BEI images of PWA1483, 
exposed for 3000h at 950°C.  The dark 
phase is γ and the light rounded particles 
are γ′. The upper image is taken at the 
inner boundary of the DZ and the lower 
image is taken 100μm further into the 
material. Coarsening has been favored in 
different directions. The needle-shaped 
precipitates in the DZ are probably TCP 
phase. <001> is parallel to the vertical 
direction. 

 
   

73



 
 

 

Figure 70 - BEI images of PWA1483. Exposition temperature, from top to bottom row: 850, 900, 950 and 1000°C. Exposition 
time from left to right: 0, 3000 and 10000 h. 

The results of primary γ′ particle size measurements for PWA1483 and IN792 are 
presented in the graphs below. It is difficult to estimate the error, since the measurements 
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require subjective decisions to be made, such as setting a threshold value for which 
particles are to be considered as secondary particles and thus be excluded from the 
measurement. Furthermore, differences I etching may affect the result of the 
measurements. The measurements on IN792 samples were made using four images per 
sample. The maximum relative standard deviation between different measurements on 
the same sample was 7.9% for the particle size and 9.6% for the area fraction of γ′. 
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Figure 71 - γ′ particle size in PWA1483, as a function of time. Comparison between different 
exposure temperatures. 
 
In some intervals of exposition time, the primary particle size appears to decrease with 
time, for the samples exposed at temperatures between 850 and 900°C. This could 
indicate that the particle size is not completely controlled by minimization of γ/γ′ 
interfacial energy. However, the apparent drop in particle size at 300h exposure could 
simply be a result of the inaccuracy of the measurement. Generally, there is a trend 
towards increasing particle size with increasing temperature, but coarsening can not be 
considered generally to follow a cube root law, as proposed by Lifshitz-Slyozov-Wagner 
(LSW) theory. Only the curve representing the sample exposed at 1000°C can be 
considered approximately to follow the theoretically predicted behavior. The deviations 
from ideal behavior of the other curves can probably be explained by γ′ formation during 
cooling of the samples. The heat treatment of the samples was performed before the start 
of the present work and the experimental details are not precisely known. It is possible 
that the cooling rate differed between different samples. All samples were cooled in 
ambient air, although it is unknown whether the samples were placed on a surface at 
room temperature or if they were left in the crucible. 
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γ’ area fraction in PWA1483
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Figure 72 - γ′ area fraction in PWA1483, as a function of time. Comparison between different 
exposure temperatures. The data was provided by Farnebäck53. 
 

γ' particle size in IN792
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Figure 73 - γ′ particle size in IN792, as a function of time. Comparison between different exposure 
temperatures. The data was provided by Farnebäck53. 
The measured particle size of IN792 increases with time and the sample exposed at 
1000°C follows approximately a cube root law (see Equation 2). 
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γ’ area fraction in IN792
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Figure 74 - γ′ area fraction in IN792, as a function of time. Comparison between different exposure 
temperatures. 
 
The area fraction of γ′ increases initially and then stabilizes around a value presumed to 
be the equilibrium value at the exposure temperature. 
 
Microstructure - Cyclically Exposed Samples 
 
Microscopic characterization was performed on the cyclically exposed samples after 22 
65h cycles at 950°C. As mentioned earlier, the weight change measurements indicated 
that the oxidation/spallation behavior of the samples had changed during the last few 
cycles, especially in the case of the air-cooled samples. There were no obvious 
differences in microstructure between air-cooled and water-cooled samples, which could 
account for the difference in oxidation/spallation behavior. However, the oxide scale was 
slightly thicker on the water-cooled samples (see Table 7). 
 
Table 7 – Measured oxide scale thickness of samples exposed cyclically: 22x65h at 950°C. 
 PWA1483 

Air-cooled 
PWA1483 

Water-cooled 
IN792 

Air-cooled 
IN792 

Water-cooled 

Measured Oxide Scale 
Thickness [μm] 6.1 8.9 6.1 9.1 

 
The oxide scale thickness was uneven, as can be seen in the figures below. The thickness 
was measured as the average of 32 randomly distributed measurements for each sample. 
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The observed scale thicknesses can be compared with the predicted specific weight of the 
scales, which were presented in Figure 27 and Figure 28. The predicted values are given 
under the assumption that the scale is of uniform thickness, which is not the case for the 
observed oxide scales. To compare the predicted specific weight and observed thickness, 
an estimation of the scale volume is required. Once again it is assumed that the thickness 
of the scale is uniform and the volume is taken as the product of surface area and 
thickness. 
   

 
Figure 75 - LOM image of Air-cooled PWA1483  

sample, exposed at 950°C for 22x65h. 
 

 
Figure 76 - LOM image of Air-cooled IN792 sample, 

exposed at 950°C for 22x65h. 
 
 

 
Figure 77 - LOM image of Water-cooled PWA1483 

sample, exposed at 950°C for 22x65h. 
 
 

 
Figure 78 - LOM image of Water-cooled IN792 sample, 

exposed at 950°C for 22x65h. 
 
 

For a scale of uniform thickness, the ratio between specific weight and thickness of the 
scale is equal to the average mass density of the oxide. With the units used in Table 7 and 
Figure 27, the density obtained has the unit of decagrams/cm3. Ideally, the ratios should 
be close to 0.4 decagrams/cm3 (which corresponds to an oxide density of 4 g/cm3). 
However, the ratios are in reality found to be in the range 0.85-1.3 decagrams/cm3 for the 
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present samples. These values are significantly higher than the density even of fully 
dense Cr2O3. The source of the deviations could be either approximations made during 
modeling of the specific weight of the scale (see “Adaptation to Experimental Data”) or 
an inaccurate description of the observed scale volume (assumption of uniform thickness 
and/or measurement error). 
 
The oxide scales were also studied in SEM. Large parts of the sample surfaces had only a 
very thin oxide scale, consisting to a large part of alumina. Like in the case of the 
statically exposed samples, it appears that the alumina has remained adherent and that the 
more superficial oxide layer has spalled off. At some points, the entire chromium-rich 

oxide layer has spalled off, leaving a 
bare alumina surface (see Figure 79). 
Pieces of thick chromium-rich oxide 
remained adherent only in some 
places.  shows an area in a 
PWA1483 sample with a small piece 
of thick oxide on an otherwise thin 
oxide scale. The thin scale to the left 
consists mostly of alumina (dark 
phase). This type of oxide scale was 
found to cover large areas of the 
sample. This is in contrast with the 
statically exposed samples, in which 
the chromium rich oxide scale was 
substantially thicker than the alumina 
scale. Given the relatively high 
chromium content of both IN792 and 

PWA1483, chromia is expected to be the predominant oxide at 950°C. The low chromia 
content of the scales on cyclically exposed samples does not indicate a lower amount of 
chromia having been formed, but rather that much of the chromia has spalled off. The 
thick oxide in Figure 81 has an outer layer of chromium rich oxide. The white 
intermediate oxide phase is rich in Ta and Ti. The needle-like precipitates are believed to 
be TCP phase. Whereas continuous alumina scales are formed on the PWA1483 samples, 
there are areas of the IN792 samples where the alumina has taken the form of internal 
oxide precipitates, which do not serve to protect the alloy from further oxidation (

). The less advantageous morphology of the alumina scale in IN792 is probably a 
major reason why it displays a faster oxidation rate than PWA1483. The 0.1wt% higher 
Al content and, perhaps more importantly, the absence of grain boundaries in PWA1483 
enables it to form a more protective oxide scale than IN792. In poly-crystalline materials, 
oxidation is favored at grain boundaries.   

Figure 79 - BEI image of water-cooled PWA1483 
sample, exposed at 950°C for 22x65h. The entire 
chromium-rich oxide has locally spalled off, but the 
alumina scale remains adherent. 

Figure 81

Figure 
80
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Figure 80 - BEI image of water-cooled IN792 sample, 
exposed at 950°C for 22x65h. Alumina has formed as 
internal precipitates rather than a continuous layer. 

Figure 81 - BEI image of air-cooled PWA1483 
sample, exposed at 950°C for 22x65h. 
 

The figures below show the oxide scales formed on PWA1483 and IN792 in samples 
where different cooling methods have been employed. No systematic differences in scale 
morphology or composition were found between air-cooled and water-cooled samples. 
For all four samples the majority of the scale was thin and contained a high fraction of 
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Figure 82 - BEI image of air-cooled PWA1483 

sample, exposed at 950°C for 22x65h. 
 

 
Figure 83 - BEI image of air-cooled IN792 

sample, exposed at 950°C for 22x65h 
 

 
Figure 84 - BEI image of water-cooled PWA1483 

sample, exposed at 950°C for 22x65h 
 

 
Figure 85 - BEI image of water-cooled IN792 

sample, exposed at 950°C for 22x65h 
 



 
 

alumina. In some locations along the 
surface a thicker, mixed oxide was 
found on top of the alumina scale.  

Figure 86 - SEI image of water-cooled IN792 sample,  
Exposed at 950°C for 22x65h. 

 
In IN792, grain boundary precipitates 
have formed (see Figure 86). These 
are believed to be M23C6 carbides, 
formed by the decomposition of MC 
carbides. γ' has then formed as a film 
around the carbides. The carbides have 
formed throughout the material and 
the grain boundary carbide 
precipitation does not seem to have 
been affected by the oxidation at the 
sample surface. 
 

Hardness 
 
The results of Vickers hardness measurements for the statically heat treated samples of 7 
different materials are presented in the figures below. The hardness tends to decrease 
with increasing heat treatment time, as expected. Since the samples were already aged by 
standard methods, the heat treatment results in over-ageing. Each data point is obtained 
as the mean of 3 indentations in the same sample. The standard deviation of each series 
of three measurements was high, compared to the variation with heat treatment time. For 
the poly-crystalline samples, a maximum relative standard deviation of 4.9% was 
obtained for the IN939 sample exposed at 950°C for 10000h (absolute standard 
deviation: 13.9 HV10). For the monocrystalline samples a maximum relative standard 
deviation of 3.4% was obtained for the CMSX-4 sample exposed at 850°C for 3000h 
(absolute standard deviation: 12.8 HV10). The average relative standard deviation of all 
samples was 1.6%. In general, the time dependence was weak compared to the standard 
deviation of the samples. The wider spread of hardness values obtained for poly-
crystalline materials compared to monocrystalline materials may be explained by the 
dependence of hardness on the crystallographic orientation. The grain size of some of the 
poly-crystalline samples was considerably larger than the indentation size. For the 
monocrystalline samples a <001> direction was in the plane of the examined surface. 
Generally, the hardness decreased with increasing exposition temperature up to 950°C. 
Between 950 and 1000°C, the hardness on the other hand increased for all samples except 
CMSX-4, which displayed practically the same hardness at 950 and 1000°C. Decreased 
hardness with exposition temperature is expected, since the faster diffusion results in 
faster coarsening. The high hardness at 1000°C, was however unexpected. The increase 
in hardness occurring between 950 and 1000°C could potentially be used as an indication 
of overheating of gas turbine components such as blades and vanes. Detailed 
investigations would then be required to determine the mechanism responsible for the 
hardness increase and its temperature dependence.  One possible explanation for the 
increased room temperature hardness could be the decomposition of MC carbides and 
formation of M23C6 carbides, according to the following reaction: 
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'623 γγ +→+ CMMC  
 
This would result in an increased fraction of γ', which is expected to increase the 
hardness. Furthermore, an improved solution hardening could probably be achieved, 
since the decomposition of MC carbides releases Ta to the surrounding material. Harada 
et al. have found that substitution of Cr for Ta or W promotes solution hardening in the γ' 
phase54. The reaction above is expected to occur at a much higher rate at 1000°C then at 
950°C .Yang et al. have studied the relative stability of different carbides in the 
superalloy K465 and found that M23C6 forms in the temperature range 950-1000°C, by 
the decomposition of MC carbides, at a rate which increases with increasing exposure 
temperature55. However, metallographic investigation did not show any obvious decrease 
in the amount of MC carbide at 1000°C. Another possible explanation of the hardness 
increase observed for samples exposed at 1000°C is dissolution and reprecipitation of γ'. 
The amount of γ' dissolved during heat treatment increases with temperature and thereby 
the amount of fine γ' particles which precipitate in the γ channels during cooling also 
increases with exposition temperature. This redistribution of γ' into finer particles may 
contribute significantly to the hardness.   
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Figure 87 – Results of indentation hardness measurement for MD2. 
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Hardness of SCA425Hf, after heat treatment
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Figure 88 – Results of indentation hardness measurement for SCA425Hf. 
 

Hardness of CMSX-4, after heat treatment
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Figure 89 – Results of indentation hardness measurement for CMSX-4. 
 

 
   

83



 
 

Hardness of PWA1483, after heat treatment
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Figure 90 – Results of indentation hardness measurement for PWA1483. 
 

Hardness of IN939, after heat treatment
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Figure 91 – Results of indentation hardness measurement for IN939. 
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Hardness of IN792, after heat treatment
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Figure 92 – Results of indentation hardness measurement for IN792. 
 

Hardness of IN738LC, after heat treatment
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Figure 93 – Results of indentation hardness measurement for IN738LC. 
 
The purpose of the hardness measurements was to investigate the dependence of hardness 
on the heat treatment time and temperature or on the coarsening of the γ′ particles. 
Measurements of γ′ particle size were available for two materials: IN792 and PWA1483. 
For the other materials, relationships between hardness and heat treatment time were 
sought. Although no general description of the dependence of hardness on 
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microstructural degradation was found, there are cases where the hardness data is more 
interpretable. For some materials, at some exposure temperatures, the hardness did in fact 
show a clear correlation with the γ′ particle size or with the exposition time. The CMSX-
4 sample exposed at 950°C was compared with the results obtained by Lapin et al.42, for 
the same material and temperature. The γ′ particle size and volume fraction of the present 
sample was unknown, so the samples were compared with respect to time dependence. 
The approach used was to combine LSW coarsening theory and the experimental results 
obtained by Lapin et al.42. The work by Lapin et al. 42 was discussed in the present work, 
under “Background→Nickel-base Alloys→Degradation”. Their results suggest that the 
hardness increases linearly with (Vp/a)1/2, where Vp and a denote the volume fraction and 
mean size of γ′ particles respectively. In the present case, the fraction of γ′ was unknown, 
but assumed constant. The particle size was also unknown but assumed, according to 
LSW theory, to increase linearly with the cube-root of time. Following these 
assumptions, the hardness was approximated as a linear function of t-1/6, where t is the 
exposition time. The approximation of the time dependence is described by Equation 18.  
 
Equation 18 – Approximation of the dependence of hardness (HV10) on exposition time. c1 and c2 are 
constants.   
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It should be noted that the function becomes invalid at short exposition times, since the 
hardness approaches infinity as time approaches 0. The function should not be considered 
relevant at exposition times shorter than that of the first experimental point. In the context 
of analyzing the degradation of a service-exposed material, the behavior at short 
exposition times is usually of little interest. The adaptation to experimental data for 
CMSX-4 yielded the result displayed in Figure 94. 
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Figure 94 - Hardness of CMSX-4 as a function of heat treatment time at 950°C. Errorbars 
correspond to +/- 5.6 HV10, which was the maximum standard deviation of the hardness 
measurements on CMSX-4 samples exposed at 950°C. 
 
The errorbars correspond to +/- 5.6 HV10, which was the maximum standard deviation of 
the hardness measurements on CMSX-4 samples exposed at 950°C. The experimental 
data shows a clear correlation with t-1/6. The fit of the adapted function to experimental 
data is good, compared to the standard deviation of the hardness measurements. The 
present results corroborate the findings of Lapin et al.42 concerning the dependence of 
hardness on microstructural degradation in CMSX-4. The time dependence observed at 
950°C was not closely followed for CMSX-4 samples exposed at other temperatures 
(850, 900 and 1000°C). This could be attributed to the formation of minor phases, or to 
variations in the fraction of γ′ with time.  
 
For IN939, it appears that the hardness can be described as increasing linearly with t-1/6, 
for samples exposed at 850, 900 and 950°C (see Figure 95). 
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Figure 95 – Hardness of IN939 as a function of heat treatment time.  
 
The adapted curves fit the experimental data fairly well. The coefficients of 
determination for the different temperatures were: R2

850>0.89, R2
900>0.93, R2

950>0.95. At 
1000°C, the hardness of the IN939 samples showed a smaller and less regular variation 
with time and adaptation of the above-mentioned type of function did not seem 
meaningful (R2

1000=0.71). 
 
For IN792 samples exposed at 950°C, a well defined dependence of hardness on the 
primary γ′ size was observed. The hardness was found to increase linearly with the 
inverse mean primary γ′ particle diameter, 1/d. The experimental results and the adapted 
function are plotted in Figure 96. 
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Figure 96 – Room temperature hardness of IN792, heat treated at 950°C, as a function of inverse γ′ 
particle size. 
 
In this case the fit to experimental data is very good, with a coefficient of determination 
R2>0.99. However, for other materials and heat treatment temperatures the correlations 
found are not nearly as strong. Attempts were also made to describe the hardness as 
linearly increasing with (Vp/d)1/2, where Vp denotes the volume fraction of γ′. However, 
this approach yielded a much weaker correlation. The room temperature hardness, as a 
function of inverse γ′ particle size, for IN792 at 850, 900 and 1000°C is given in the 
figures below. The coefficients of determination (R2) are noted in the figures. 
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Figure 97 - Room temperature hardness of IN792, heat treated at 850°C, as a function of inverse γ′ 
particle size. 
 

 
Figure 98 - Room temperature hardness of IN792, heat treated at 900°C, as a function of inverse γ′ 
particle size. 
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Figure 99 - Room temperature hardness of IN792, heat treated at 1000°C, as a function of inverse γ′ 
particle size. 
 
Unfortunately, it was not possible to find a mathematical description of the time 
dependence that was widely applicable either to different materials or to different heat 
treatment temperatures. It appears that aspects of the microstructural degradation, other 
than primary γ′ coarsening, in many cases have a significant influence on the hardness. 
Such aspects could be e.g. coarsening of secondary γ′ or precipitation of minor phases, 
such as TCP phases or carbides. Doubts remain regarding the potential for evaluation of 
γ′ particle size based on hardness measurements. The difficulties in finding a general 
mathematical relationship between hardness and γ′ particle size, suggest that other 
degradation processes need to be accounted for, in order to obtain an accurate description 
of the hardness/microstructure relationship. For some materials, e.g. IN939, the 
hardness/time dependence suggested in the present work may yield adequate results at 
least at temperatures up to 950°C. The inability to describe the time dependence at higher 
temperature is not necessarily a problem since the material is not exposed to such high 
temperatures in service.  
 

Summary 
 
The effect of isothermal heat treatment in still air at temperatures between 850 and 
1000°C was evaluated for 7 different nickel-base superalloys. For 2 of the alloys 
(PWA1483 and IN792) the effect of cyclic heat treatment in 65h cycles at 950°C was 
also evaluated. The samples were characterized with respect to weight change, 
microstructure and hardness. The results of the present work are summarized below. 
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Static Oxidation Weight Change Measurements 
 

• At the lowest exposition temperature (850°C) spallation was limited and the 
NMG curves indicated approximately parabolic oxide growth. 

• At temperatures above 850°C the oxidation behavior could not be described by 
any general model and therefore the temperature dependence of the oxidation 
could not be determined. 

• The oxidation resistance increased strongly with Al content, especially at 950 and 
1000°C. 

• PWA1483 displayed unexpectedly good oxidation resistance, considering its 
chemical composition. 

 
Cyclic Oxidation Weight Change Measurements 
 

• PWA1483 displayed better cyclic oxidation resistance than IN792. 

• The net weight change resulting from oxide growth and spallation could be fairly 
well described by an iterative numerical model. Model parameters were fit to 
experimental data by minimization of the sum of squared errors, implemented in 
Matlab. 

• The model was used to predict the oxidation behavior at different heat treatment 
schedules and to estimate the metal loss and mass of adherent oxide as a function 
of exposition time. A simplified lifetime prediction was made, based on the metal 
loss. 

• Small differences in the net weight change were observed between samples 
cooled in water and air. Since only one sample was used for each combination of 
material and cooling technique, no definite conclusions could be made regarding 
the effect of cooling technique on spallation. 

• The extent of spallation in cyclically heat treated, air-cooled samples decreased 
abruptly in the last few cycles. The cause of the change in spalling behavior could 
not be conclusively determined. Since spalling did not occur by delamination of 
the alumina/metal interface, the influence of the humidity of the atmosphere is not 
believed to have had a major effect. The suggested explanation is that spalling 
occurred preferentially at a weak subscale interface and that the spalling 
propensity decreased with decreasing area of this weak interface. The deviating 
results of the last cycles were not included in the modeling of cyclic oxidation.    

 
Oxide Scale 
 

• The oxide scales observed on the samples after heat treatment consisted mostly of 
alumina and chromia. Smaller amounts of other oxides, containing Ni or Ti and 
Ta, were also observed. 

 
   

92



 
 

• Spallation of the oxide scale had a significant influence on the oxidation rate of all 
materials. 

• Spallation occurred by delamination within the oxide scales, either at the 
interfaces between subscales or within subscales. In PWA1483 and IN792, 
delamination appeared to occur preferentially at the interfaces of an intermediate 
oxide phase, rich in Ta and Ti. No delamination was observed at the oxide/metal 
interfaces of the samples. 

• The extent of spalling increased with increasing exposition temperature. 

• The thickness of the oxide scales was generally non-uniform, as a result of non-
uniform spallation and preferential oxide growth at grain boundaries. 

• Measurements of oxide scale thickness were difficult to interpret, since the 
amount of oxide spalled from each sample was unknown. 

 
Depletion Zone 
 

• The area below the oxide scales was depleted of Al and thereby depleted of γ′. 

• The depth of γ′ depletion could not be precisely determined since the position of 
the original sample surface was unknown. 

• Recrystallization has occurred in the depletion zone of monocrystalline samples, 
where no γ′ particles restricted recrystallization. The deformation energy required 
for recrystallization was most likely introduced during sample preparation. 

• Ti and Al nitride particles of sizes up to a few μm were observed in the depletion 
zones. 

• Needle-like precipitates were observed at the interface between the depletion zone 
and the γ+ γ′ structure. These precipitates are believed to consist of TCP μ phase. 

• The precipitates were observed at temperatures between 900 and 1000°C in 
IN792 and PWA1483. The amount and length of the precipitates increased with 
exposition time and temperature to a maximum of approximately 50 μm in 
PWA1483 at 1000°C. 

 
Sample Center 
 

• The γ′ particles coarsened during heat treatment. The γ′ particle size was 
measured for PWA1483 and compared with earlier results for IN792. The 
coarsening could not generally be said to display a cube-root time dependence, as 
predicted by Lifshitz-Slyozov-Wagner theory. 

• MC carbides present in the virgin material decomposed and M23C6 carbides were 
formed during heat treatment. 

• In the polycrystalline materials, a film of γ′ was formed around carbides and 
throughout the grain boundaries. 
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• The hardness generally decreased with thermal exposition time, due to coarsening 
of the γ′ particles (overageing). 

• The hardness decreased with exposition temperature up to 950°C. Between 950 
and 1000°C the hardness increased for all materials except CMSX-4. 

• For some of the sample series, clear correlations between hardness and γ′ particle 
size or exposition time were found. For IN939 samples, exposed at temperatures 
between 850 and 950°C, it was found that the hardness could be locally 
approximated as increasing linearly with t-1/6, where t is the thermal exposure 
time.  
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Conclusions 
 

• The oxidation of all 7 sample materials was clearly accelerated by oxide scale 
spalling.  

• The monocrystalline samples displayed better oxidation resistance than the 
polycrystalline ones. The relative oxidation resistance of the sample materials was 
generally in accordance with the expected oxidation resistance, judging from the 
Al and Cr content of the alloys. However, PWA1483 performed better than 
expected from its chemical composition. 

• A step-wise numerical model describing the process of oxide growth and 
spallation was successfully adapted to cyclic oxidation data obtained for 
PWA1483 and IN792. The model was used to make simplified lifetime 
predictions. 

• At long exposition times the weight of the samples could be approximated as 
decreasing linearly with time and the adherent oxide mass approached a constant 
value, according to the model. 

• The extent of spallation in cyclically heat treated, air-cooled samples decreased 
abruptly in the last few cycles. The suggested explanation is that spalling occurred 
preferentially at a weak subscale interface and that the spalling propensity 
decreased with decreasing area of this weak interface. The deviating results of the 
last cycles were not included in the modeling of cyclic oxidation.    

• A zone below the oxide scales was depleted of γ′. In this zone, minor phases such 
as nitrides and TCP phases were found to have precipitated. 

• Recrystallization could in some cases be observed in the depletion zones of 
monocrystalline samples. 

• Oxidation appeared to have been promoted at grain boundaries. 

• MC carbides present in the virgin sample materials decomposed and M23C6 
carbides were formed during heat treatment. 

• The γ′ particles coarsened during heat treatment and an associated decrease in 
hardness was observed. 

• The hardness decreased with increasing exposition temperature up to 950°C, as 
expected due to the increased γ′ coarsening rate. At 1000°C an unexpected 
increase in hardness was observed. Redistribution of γ′ by dissolution and 
reprecipitation, as much finer particles, was suggested as a potential reason for the 
hardness increase. 

• For IN939 samples, exposed at temperatures between 850 and 950°C, it was 
found that the hardness could be locally approximated as increasing linearly with 
t-1/6, where t is the thermal exposure time. This relationship could potentially be 
used to estimate the exposure temperature of service-exposed material. 
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Future Work 
 
The cyclic oxidation measurements of the present work were limited to two alloys, one 
exposure temperature and one cycle frequency. It would be interesting to investigate the 
cyclic oxidation resistance at different exposure temperatures and cycle frequencies to 
see if the model used in the present work is applicable under different experimental 
conditions. If that would be the case, the temperature dependence of the model 
parameters could be evaluated. Analogous investigations of the cyclic oxidation behavior 
of other alloys would also be of interest. 
 
In the present work, oxidation measurements were made only in still air. Similar 
experiments, in an environment resembling service conditions, would give valuable 
information regarding hot corrosion resistance. The presence of corrosive species, such as 
sulfates could accelerate oxidation substantially, especially at lower temperatures. 
Furthermore, the gas velocity is expected to affect the release of gaseous CrO3 from 
Cr2O3 scales.  
 
In order to predict the onset of break-away oxidation a cyclic oxidation model, such as 
the one presented in the present work, should be combined with a diffusion model to 
predict the concentrations of Al and Cr below the oxide scale as a function of exposition 
time. 
 
To obtain accurate lifetime predictions of gas turbine components, a combination of 
damage mechanisms should preferably be considered. More knowledge is for example 
needed of the interaction between TMF crack propagation and oxidation. The oxidation 
data obtained for a flat, unstressed surface is not necessarily applicable in the situation of 
oxidation at a crack tip.  
 
The unexpectedly high hardness observed for samples exposed at 1000°C is also an issue 
which calls for further investigation. If the reason for the hardness increase could be 
conclusively determined, this would be helpful when relating hardness to the exposure 
temperature of service-exposed components. For IN939, the exposure temperature of 
service-exposed components could probably be estimated by the type of 
hardness/exposition time relationships presented in the present work. Measurements at an 
increased number of temperatures, in the range of interest, would make such estimations 
more accurate.  
 

 
   

96



 
 

List of Tables, Figures and Equations 
 

Tables 
Table 1 – Symbols and abbreviations. Typical units are noted in brackets. 5 
Table 2 – Chemical composition of the sample materials in wt%. 23 
Table 3 – Standard heat treatment of sample materials43. 24 
Table 4 – Comparison of oxidation resistance, with respect to the maximum absolute value of the 

specific weight change ΔW during 20000h exposure. 39 
Table 5 - Oxide growth rate coefficients of nickel-base alloys PWA1483, IN792 and MC2. 44 
Table 6 – Composition of MD2 oxide in wt%. Exposed 10000h at 950°C. 55 
Table 7 – Measured oxide scale thickness of samples exposed cyclically: 22x65h at 950°C. 77 
 

Figures 
Figure 1 - Siemens gas turbine SGT-8003. 8 
Figure 2 – Schematic illustration of combined cycle operation with district heating3. 10 
Figure 5 – Function of the grain selector in single-crystal casting of a turbine blade. 14 
Figure 7 – Step-wise calculation of the Net Mass Gain (NMG), resulting from cyclic heat 

treatment. The O2 uptake depends on the growth parameters kp and n, whereas the scale 
spalling depends on the spalling parameters s1 and s2.  The arrows are numbered according 
to the equation used for each calculation. 31 

Figure 8 – Illustration of how the net weight change during cyclic oxidation is modeled. 31 
Figure 9 – Static oxidation measurements at 950°C. 35 
Figure 10 – Static oxidation measurements at 950°C. At 20000h exposure the IN939 sample 

reaches a specific weight change of -89 mg/cm2. 36 
Figure 11 – Static oxidation measurements at 850°C. 37 
Figure 12 – Static oxidation measurements at 900°C. 38 
Figure 13 – Static oxidation measurements at 1000°C. At 20000h the samples of IN939 and 

IN738LC reach weight change values of -431 and -65 mg/cm2 respectively. 38 
Figure 14 – Specific weight change of PWA1483 and IN792 during cyclic heat treatment at 950°C. 39 
Figure 15 – Experimental results and adapted NMG-curve for PWA1483 at 950°C, cooled in 

ambient air. 40 
Figure 16 - Experimental results and adapted NMG-curve for PWA1483 at 950°C, cooled in 

water. 41 
Figure 17 - Experimental results and adapted NMG-curve for IN792 at 950°C, cooled in ambient 

air. 42 
Figure 18 - Experimental results and adapted NMG-curve for IN792 at 950°C, cooled in water. 42 
Figure 19 - Influence of spalling on the NMG curve, for PWA1483. 43 
Figure 20 – Influence of spalling on the NMG curve, for IN792. 43 
Figure 21 – Specific weight change of PWA1483 and IN792 during cyclic heat treatment at 950°C.  

Values to the right of the dashed line were not included in the modeling. 45 

 
   

97



 
 

Figure 22 - BEI image of PWA1483, exposed cyclically 46 
Figure 23 - BEI image of PWA1483, exposed cyclically for 22x65h at 950°C. Air-cooled sample. 

No white oxide phase can be observed. The inner dark oxide phase is alumina.  Precipitates 
in the depletion zone are nitrides. 46 

Figure 24 – BEI image of PWA1483 exposed for 100h at 950°C. Spalling appears to have occurred 
at the inner interface of the white oxide phase, which is rich in Ti and Ta. 47 

Figure 25 – Estimated metal loss for PWA1483 during cyclic oxidation at 950°C. 48 
Figure 26 - Estimated metal loss for IN792 during cyclic oxidation at 950°C. 50 
Figure 27 – Estimated specific weight of adherent oxide for PWA1483 at 950°C. 51 
Figure 28 - Estimated specific weight of adherent oxide for IN792 at 950°C. 51 
Figure 29 – Simulation of cyclic oxidation for PWA1483 at 950°C. Comparison between different 

exposition schedules. 52 
Figure 30 – BEI image of MD2. Exposed 10000h at 950°C. EDS analysis points are marked. 55 
Figure 31 - BEI image of IN792, exposed for 10000h at 850°C. 56 
Figure 32 - BEI image of IN792, exposed for 10000h at 900°C. 56 
Figure 39 – BEI image of IN738LC. Exposed 10000h at 950°C. 58 
Figure 40 – LOM image of SCA425Hf, exposed for 300h at 950°C. Grain boundaries in the DZ 

indicate recrystallization. 59 
Figure 41 - LOM image of SCA425Hf, exposed for 300h at 950°C. Alumina appears to have 

grown preferentially at grain boundaries, resulting in a less protective scale. 59 
Figure 42 - SEI image of IN792, exposed for 1000h at 950°C. 60 
Figure 43 - BEI image of PWA1483, exposed at 950°C for 100h. 60 
Figure 44 – BEI image of IN792, exposed at 950° for 100h. 60 
Figure 45 - BEI image of PWA1483, exposed at 950°C for 100h. 61 
Figure 46 – BEI image of IN792, exposed at 950° for 100h. 61 
Figure 48 - BEI image of IN792, exposed at 950°C for 1000h. 61 
Figure 50 - BEI image of IN792, exposed at 950°C for 3000h. 62 
Figure 52 - BEI image of IN792, exposed at 950°C for 10000h. 62 
Figure 53 - BEI image of PWA1483, exposed at 950°C for 20000h. 63 
Figure 54 - BEI image of IN792, exposed at 950°C for 20000h. 63 
Figure 56 – Oxidation depth as a function of exposition time at 850°C. 64 
Figure 57 - γ′ depletion depth as a function of exposition time at 850°C. 64 
Figure 58 – Oxidation depth as a function of exposition time at 900°C. 65 
Figure 59 - γ′ depletion depth as a function of exposition time at 900°C. 65 
Figure 60  – Oxidation depth as a function of exposition time at 950°C. 66 
Figure 61 - γ′ depletion depth as a function of exposition time at 950°C. 66 
Figure 62  – Oxidation depth as a function of exposition time at 1000°C. 67 
Figure 63 - γ′ depletion depth as a function of exposition time at 1000°C. 67 
Figure 64 68 

 
   

98



 
 

Figure 65 - BEI image of PWA1483, exposed for 10000h at 850°C. 70 
Figure 66 - BEI image of PWA1483, exposed for 10000h at 1000°C. 70 
Figure 67 - SEI image of IN792, exposed for 20000h at 950°C. 71 
Figure 71 - γ′ particle size in PWA1483, as a function of time. Comparison between different 

exposure temperatures. 75 
Figure 72 - γ′ area fraction in PWA1483, as a function of time. Comparison between different 

exposure temperatures. The data was provided by Farnebäck. 76 
Figure 73 - γ′ particle size in IN792, as a function of time. Comparison between different exposure 

temperatures. The data was provided by Farnebäck53. 76 
Figure 74 - γ′ area fraction in IN792, as a function of time. Comparison between different 

exposure temperatures. 77 
Figure 75 - LOM image of Air-cooled PWA1483 78 
Figure 76 - LOM image of Air-cooled IN792 sample, exposed at 950°C for 22x65h. 78 
Figure 77 - LOM image of Water-cooled PWA1483 sample, exposed at 950°C for 22x65h. 78 
Figure 78 - LOM image of Water-cooled IN792 sample, exposed at 950°C for 22x65h. 78 
Figure 82 - BEI image of air-cooled PWA1483 80 
Figure 83 - BEI image of air-cooled IN792 80 
Figure 84 - BEI image of water-cooled PWA1483 80 
Figure 85 - BEI image of water-cooled IN792 80 
Figure 87 – Results of indentation hardness measurement for MD2. 82 
Figure 88 – Results of indentation hardness measurement for SCA425Hf. 83 
Figure 89 – Results of indentation hardness measurement for CMSX-4. 83 
Figure 90 – Results of indentation hardness measurement for PWA1483. 84 
Figure 91 – Results of indentation hardness measurement for IN939. 84 
Figure 92 – Results of indentation hardness measurement for IN792. 85 
Figure 93 – Results of indentation hardness measurement for IN738LC. 85 
Figure 94 - Hardness of CMSX-4 as a function of heat treatment time at 950°C. Errorbars 

correspond to +/- 5.6 HV10, which was the maximum standard deviation of the hardness 
measurements on CMSX-4 samples exposed at 950°C. 87 

Figure 95 – Hardness of IN939 as a function of heat treatment time. 88 
Figure 96 – Room temperature hardness of IN792, heat treated at 950°C, as a function of inverse 

γ′ particle size. 89 
Figure 97 - Room temperature hardness of IN792, heat treated at 850°C, as a function of inverse 

γ′ particle size. 90 
Figure 98 - Room temperature hardness of IN792, heat treated at 900°C, as a function of inverse 

γ′ particle size. 90 
Figure 99 - Room temperature hardness of IN792, heat treated at 1000°C, as a function of inverse 

γ′ particle size. 91 
 

 

 
   

99



 
 

Equations 
Equation 1 – Definition of γ/ γ′ lattice misfit. 13 
Equation 2 – Particle coarsening, according to Lifshitz-Slyozov-Wagner theory. 17 
Equation 3 – Ideal parabolic rate law describing oxide growth. 27 
Equation 4 – Power function describing oxide growth. 28 
Equation 5 – Temperature dependence of growth rate coefficient. 28 
Equation 6 – Definition of “effective time” in cyclic oxidation modeling. 28 
Equation 7 – Specific weight change in cycle i, due to oxide growth. 29 
Equation 8 – Specific weight of oxide scale in cycle i. 30 
Equation 9 – Specific weight of oxide spalled in cycle i. 30 
Equation 10 – Total specific weight change in cycle i. 30 
Equation 11 – Cumulative specific weight change after j cycles. 30 
Equation 12 – Metal loss per surface area in cycle i. 32 
Equation 13 – Oxide scale thickness after j cycles. 32 
Equation 14 – Linear approximation of metal loss. 49 
Equation 15 – Simplified lifetime estimation, based on metal loss. 54 
Equation 16 – Temperature dependence of the growth rate coefficient kp

′, defined in terms of 
oxide thickness. 69 

Equation 17 – Relationship between growth rate coefficient and oxide density. 69 
Equation 18 – Approximation of the dependence of hardness (HV10) on exposition time. c1 and c2 

are constants. 86 
 

 

 
   

100



 
 

 
   

101

                                                
References 

 
1 T. Hagerstål, J. Wikner, “DEVELOPMENT & OPERATING EXPERIENCE WITH SGT-800, A 
SIEMENS 45 MW INDUSTRIAL GAS TURBINE FOR VARIOUS APPLICATIONS“, Siemens 
Industrial Turbomachinery AB, 2006 
2 “Rya Combined Heat & Power Plant - a presentation”, 
http://www.goteborgenergi.se/Files/dok/Projekt/Rya/Rya_teknisk_eng.pdf, 2009-09-21 
3 Siemens Industrial Turbomachinery AB. 
4 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 284 
5 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 299 
6 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 305 
7 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 40 
8 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 353 
9 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 154-155 
10 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 81 
11 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 152 
12 Davis, J.R., “Heat Resistant Materials. Materials Park: ASM International”, 1997 
13 E.S. Fisher, “On the Elastic Moduli of Nickel Rich Ni-Al Alloy Single Crystals”, Scripta Metallurgica,   
vol 20, 1986, pp. 279-284 
14 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, pp. 140-143 
15 M. Durand-Charre, “The Microstructure of Superalloys”, 1997, pp. 60-69 
16 R.M. Kearsey, J.C. Beddoes, P. Jones, P. Au, “Compositional design considerations for microsegregation 
in single crystal superalloy systems”, Intermetallics 12 (2004) 903–910 
17 Ramón Niño, “Rejuvenation Heat Treatment of Single Crystal Superalloys”, Master of Science Thesis at 
Alstom Industrial Turbines AB, Finspång, 2003, p. 3 
18 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, pp. 81-90 
19 Yun-Jiang Wang, Chong-Yu Wang, “The alloying mechanisms of Re, Ru in the quaternary Ni-based 
superalloys γ/γ′ interface: A first principles calculation”, Materials Science and Engineering A 490 (2008) 
242–249 
20 M. Durand-Charre, “The Microstructure of Superalloys”, 1997, p. 83 
21 H.A. Calderon, P.W. Voorhees, J.L. Murray and G. Kostorz, “Ostwald ripening in concentrated alloys”, 
Acta Metallurgica et Materialia Volume 42, Issue 3, March 1994, Pages 991-1000  
22 M. Durand-Charre, “The Microstructure of Superalloys”, 1997, p. 87 
23 F. R. N. Nabarro, C. M. Cress and P. Kotschy, “The thermodynamic driving force for rafting in 
superalloys”, Acta Materialia Volume 44, Issue 8, August 1996, Pages 3189-3198 
24 N. MATAN, D. C. COX, C. M. F. RAE and R. C. REED, “ON THE KINETICS OF RAFTING IN 
CMSX-4 SUPERALLOY SINGLE CRYSTALS”, Acta mater. Vol. 47, No. 7, pp. 2031±2045, 1999 
25 M. Véron, Y. Bréchet and F. Louchet, “Strain induced directional coarsening in Ni based superalloys”, 
Scripta Materialia Volume 34, Issue 12, 15 June 1996, Pages 1883-1886  

javascript:void%20window.open('/Files/dok/Projekt/Rya/Rya_teknisk_eng.pdf','','width=600,height=400,scrollbars=1,resizable=1')
http://www.goteborgenergi.se/Files/dok/Projekt/Rya/Rya_teknisk_eng.pdf
http://www.sciencedirect.com.focus.lib.kth.se/science/journal/09567151
http://www.sciencedirect.com.focus.lib.kth.se/science?_ob=PublicationURL&_tockey=%23TOC%2312949%231994%23999579996%23420693%23FLP%23&_cdi=12949&_pubType=J&view=c&_auth=y&_acct=C000034958&_version=1&_urlVersion=0&_userid=4478132&md5=36684dc122d3f5e20e05203f6f54d9ea


 
 

 
   

102

                                                                                                                                                 
26 R. C. REED, N. MATAN, D. C. COX, M. A. RIST, C. M. F. RAE, “CREEP OF CMSX-4 
SUPERALLOY SINGLE CRYSTALS: EFFECTS OF RAFTING AT HIGH TEMPERATURE”, Acta 
mater. Vol. 47, No. 12, pp. 3367±3381, 1999 
27 M. Nazmy, J. Denk, R. Baumann, A. Künzler, “Environmental effects on tensile and low cycle fatigue 
behavior of single crystal nickel base superalloys”, Scripta Materialia 48 (2003) 519–524 
28 Tetzlaff U, Muhgrabi H. In: Pollock TM, Kissinger RD, Bowman R, Green K, McLean M, Olson S, et 
al., Superalloys. Warrendale, PA: TMS; 2000. p. 273. 
29 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, p. 53 
30 F.T. Furillo, J.M. Davidson, J.K. Tien and L.A. Jackman, “The effects of grain boundary carbides on the 
creep and back stress of a nickel-base superalloy”, Materials Science and Engineering 
Volume 39, Issue 2, August 1979, Pages 267-273 
31 Joseph R. Davis, “ASM specialty handbook: nickel, cobalt, and their alloys”, 2000, p. 83 
32 M. Durand-Charre, “The Microstructure of Superalloys”, 1997, p. 50 
33 An-Chou Yeh, A. Sato, T. Kobayashi, H. Harada, “On the creep and phase stability of advanced Ni-base 
single crystal superalloys”, Materials Science and Engineering A 490 (2008) 445–451 
34 J.J. Moverare, S. Johansson, “Damage mechanisms of a high-Cr single crystal superalloy during 
thermomechanical fatigue”, Materials Science & Engineering A (2008), doi:10.1016/j.msea.2009.08.023 
35 N. Eliaz, G. Shemesh and R. M. Latanision, “Hot corrosion in gas turbine components”, Engineering 
Failure Analysis 9 (2002) 31-43  
36 J. A. Nychka, D.R. Clarke, G. H. Meier, “Spallation and transient oxide growth on PWA 1484 
superalloy”, Materials Science and Engineering A 490 (2008) 359–368 
37 B. A. Pint, L. R. Walker, I. G. Wright, “Characterization of the Breakaway Al Content in Alumina-
Forming Alloys”, Materials at High Temperatures, vol 21, nr 3, 2004 , pp. 175-185(11) 
38 R.C. Reed, “The Superalloys: Fundamentals and applications”, 2006, pp. 163-164 
39 M. A. Smith, W. E. Frazier and B. A. Pregger, “Effect of sulfur on the cyclic oxidation behavior of a 
single crystalline, nickel-base superalloy”, Materials Science and Engineering: A, 
Volume 203, Issues 1-2, 15 November 1995, Pages 388-398  
40 J. L. Smialek, D Zhu, M. D. Cuy, “Moisture-induced delamination video of an oxidized thermal barrier 
coating”, Scripta Materialia 59 (2008) 67–70 

41  J.L. Smialek, J.A. Nesbitt, C.A. Barrett, and C.E. Lowell, “Cyclic Oxidation Testing and Modelling: A 
NASA Lewis Perspective”, NASA/TM—2000-209769 
42 Juraj Lapin, Marek Gebura, Tatiana Pelachová, Oto Bajana, “MICROSTRUCTURE DEGRADATION 
OF NICKEL BASE SINGLE CRYSTAL SUPERALLOY CMSX-4”, Metal 2009 18th international 
conference on metallurgy and materials, Hradec nad Moravicí, Czech Republic 
43 SIT Material specifications: IN939-MAT637750_8, IN792-MAT638054_10, IN738LC-MAT638403_15, 
PWA1483-MAT639251_A, CMSX4-MAT639451_6, MD2-MAT639551_4, “Draft Specification for Cast 
Single crystal material – SCA425Hf”. 
44 James L. Smialek, “Universal characteristics of an interfacial spalling cyclic oxidation model”, Acta 
Materialia 52 (2004) 2111–2121  
45 N. Birks, G. H Meier, F. S. Pettit, “Introduction to the High-Temperature Oxidation of Metals“, second 
edition, 2006, pp. 49-50. 
46 Lagarias, J.C., J. A. Reeds, M. H. Wright, and P. E. Wright, "Convergence Properties of the Nelder-
Mead Simplex Method in Low Dimensions," SIAM Journal of Optimization, Vol. 9 Number 1, pp. 112-
147, 1998 



 
 

 
   

103

                                                                                                                                                 
47 A. Raffaitin, D. Monceau, E. Andrieu, F. Crabos, “Cyclic oxidation of coated and uncoated single-crystal 
nickel-based superalloy MC2 analyzed by continuous thermogravimetry analysis”, Acta Materialia 54 
(2006) 4473–4487 
48 Chemical analysis report for SCA425Hf test bar, Howmet Castings, 15.12.2006, Report no: GPA 1A 
49 The interactive Ellingham Diagram, University of Cambridge, DoITPoMS, 2009-11-03 
http://www.doitpoms.ac.uk/tlplib/ellingham_diagrams/interactive.php 
50 F. H. Stott, “Developments in Understanding the Mechanisms of Growth of Protective Scales on High-
Temperature Alloys”, MATERIALS CHARACTERIZATION 28:311-325 (1992) 
51 Fredrik Karlsson, “Material properties in turbine blades of nickel-base alloy IN792 after long operating 
time”, Värmeforsk, 2004, ISSN: 0282-3772 
52 Joseph R. Davis, “ASM specialty handbook: nickel, cobalt, and their alloys”, 2000, p. 304 
53 Personal correspondence, Ulrika Farnebäck, Siemens Industrial Turbomachinery, GRDM Finspång. 
54 H.Harada, M.Yamazaki, Y.Koizumi, N.Sakuma, N.Furuya and H.Kamiya, “ALLOY DESIGN FOR 
NICKEL-BASE SUPERALLOYS”, Published in Proceedings of a Conference, "High Temperature Alloys 
for Gas Turbines 1982", held in Liege, Belgium, 4-6 Oct. 1982 D.Reidel Publishing Co. 
55 Jinxia Yang, Qi Zheng, Xiaofeng Sun, Hengrong Guan, Zhuangqi Hu, “Relative stability of carbides and 
their effects on the properties of K465 superalloy”, Materials Science and Engineering A 429 (2006) 341–
347 

 


	Introduction
	Background
	Gas Turbines
	Function
	Turbine Blades

	Nickel-base Alloys
	Structure and Properties
	Degradation

	Indentation Hardness Testing

	Experimental Procedure
	Sample Materials
	Heat Treatment and Weight Measurements
	Sample Preparation
	Static Oxidation Measurements
	Cyclic Oxidation Measurements

	Microscopic Analysis
	Sample Preparation
	Light Optical Microscopy
	SEM and EDS Analysis

	Indentation Hardness Testing

	Modeling of Cyclic Oxidation
	The Idealized Model
	Adaptation to Experimental Data

	Results and Discussion
	Weight Change Measurements
	Static Oxidation
	Cyclic Oxidation

	Microstructure - Statically Exposed Samples
	Oxidation
	Minor Phase Precipitation
	Coarsening of γ′

	Microstructure - Cyclically Exposed Samples
	Hardness

	Summary
	Static Oxidation Weight Change Measurements
	Cyclic Oxidation Weight Change Measurements
	Oxide Scale
	Depletion Zone
	Sample Center

	Conclusions
	Future Work
	List of Tables, Figures and Equations
	References

