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Abstract 

This study examined high-temperature oxidation behavior of different Ni-base alloys. 

In addition, electrochemical characterization of the alloy’s corrosion behavior was 

carried out, including comparison of the properties of native passive films grown at 

room temperature and high temperature oxide scales. 

PWA 1483 (single-crystalline Ni-base superalloy) and model alloys Ni-Cr-X (where X 

is either Co or Al) were oxidized at 800 and 900 °C  in air for different time periods. 

The superalloy showed the best oxidation behavior at both temperatures, which 

might be due to the fact that the oxidation growth function is subparabolic for the 

model alloys and parabolic for the superalloy at 800 °C. At higher temperatures, 

changes in the kinetics are induced, as the oxides grow faster, thus only PWA 1483 

growth follows the parabolic law. Different scales in a typical sandwich form were 

detected, with the inner layer comprised of mostly Cr2O3, the middle layer was 

mixture of different oxides and spinels, depending on the alloying elements, and the 

oxide at the interface oxygen/oxide was found to be NiO. The influence of sample 

preparation could also be shown, as rougher surfaces change the oxidation kinetics 

from parabolic and subparabolic for polished samples to linear.  

The influence of moisture on the oxidation behavior of the 2nd generation single 

crystal Ni-base superalloys (PWA 1484, PWA 1487, CMSX 4, René N5 and  

René N5+) was studied at 1000 °C after 100 h oxidat ion period. It was found that the 

moisture increased the oxidation rate and mostly the transient oxides growth rate. 

The water vapor content in air also influenced the behavior of these alloys, as they 

showed a higher mass gain in air + 30% water vapor than in air + 10% water vapor. 

The alloys PWA 1484 and CMSX 4 showed respectively the worst and best behavior 

in all the studied atmospheres. The addition of reactive elements, such as Yttrium, 

Hafnium and Lanthanum is likely to enhance the oxidation behavior of PWA 1487 

and CMSX 4, but does not show any influence on René N5+.  

Furthermore, the oxidation resistance of the newly developed ASTRA alloys (ASTRA 

00, ASTRA 02, ASTRA 20 and ASTRA 22) was studied at 950 and 1050 °C. The 

addition of Ruthenium in the alloy ASTRA 02 increased the mass change, whereas 

the addition Rhenium in ASTRA 20 showed a better oxidation resistance compared 

to ASTRA 00. The alloy containing both Re and Ru, ASTRA 22, shows poor oxidation 

resistance at 950 °C, whereas at 1050 °C, the scale s formed on all alloys show 

cracks and spalls during oxidation and presented a severe spalling after cooling. 



 

Those alloys therefore present a poor adhesion of the oxides mostly due to the 

absence of active elements such as Yttrium, Hafnium, Lanthanum, etc. in the alloys. 

A thin alumina layer was formed at the metal/oxide interface − a middle of which is 

composed of different spinels – that could be detected and the top layer is NiO with a 

columnar structure.  

Electrochemical studies were performed on PWA 1483 and the model alloys Ni-Cr-X 

and Ni-Cr-X-Y (X = Co or Al and Y is Ta) in different electrolytes. The Ni-base 

superalloy showed good corrosion resistance in borate buffer (pH 8.4) and against 

pitting. The corrosion behavior depends strongly on the alloying elements as, for 

example, the alloy Ni-Cr-Al-Ta shows good corrosion behavior in all the electrolytes. 

The XPS and AES analysis on the formed passive films showed the presence of 

different oxides and hydroxides (chromia, NiO, NiOOH, and Ni(OH)2). The scales 

were formed in a structure comparable to the oxides formed at high temperature. 

High temperature oxides formed at 800 °C after 4 an d 100 hours were also 

investigated by using electrochemical analysis. The scales show very good corrosion 

resistance as they show high impedances (Rp ~ 1 GΩ.cm2) and more anodic OCP 

values. The presence of different oxides and defects such as pores could also be 

proved by using this method. 

 

 

 

 

 

 

 

 

 

 

 



 

Zusammenfassung 

Hoch-Temperatur Oxidationsverhalten verschiedener Ni-Basis Legierungen wurde 

untersucht. Darüber hinaus wurde das Korrosionsverhalten der Legierungen 

elektrochemisch charakterisiert. Einschliesslich wurden auch die Eigenschaften der 

bei Raumtemperatur gewachsenen Passivfilme mit den Hoch-temperatur Oxiden 

verglichen.    

Die einkristalline Ni-Basis Superlegierung PWA 1483 und Ni-Cr-X Modell-

Legierungen (wobei X =Co, Al) wurden bei 800 und 900 °C für unterschidiedliche 

Zeiten an Luft oxidiert. Die Ni-Basis Superlegierung zeigt das beste 

Oxidationsverhalten bei beiden Temperaturen. Die Modellegierungen zeigen ein 

subparabolisches Oxidationswachstumsgesetz und die Superlegierung ein 

parabolisches bei 800 °C. Veränderungen in der Kine tik durch die erhöhte 

Temperatur wurden beobachtet, da die Oxide schneller wachsen, und einzig das 

Oxidationsgesetz von PWA 1483 fast parabolisch ist. Es konnte auch gezeigt 

werden, dass die Probenpräparation bezüglich der Oxidationskinetik eine Rolle spielt, 

da die rauhen (geschliffenen) Oberflächen die Kinetik des Oxidationswachstums 

ändern (von parabolisch oder subparabolisch für die polierten Proben zu linear für 

die geschliffenen). Verschiedene Zunderschichten in der typischen “sandwich” 

Morphologie wurden detektiert. Die innere Schicht ist meistens Cr2O3, die mittlere 

eine aus verschiedenen Oxiden bestehende Schicht und Spinelle, die sehr von den 

Legierungselementen abhängen, und die Schicht an der Phasengrenze 

Sauerstoff/Oxid besteht aus NiO. 

Der Feuchtigkeitseinfluss auf das Oxidationsverhalten von der zweiten Generation 

einkristalliner Ni-Basis Superlegierungen (PWA 1484, PWA 1487, CMSX 4, René N5 

and René N5+) wurde bei 1000 °C für 100 Stunden unt ersucht. Es wurde gezeigt, 

dass die Feuchtigkeit die Oxidationsrate, insbesondere die Wachstumsrate der 

transienten Oxide erhöht. Der Wasserdampfgehalt in der Luft beeinflusst stark das 

Verhalten der analysierten Legierungen, da sie eine höhere Massenzunahme in Luft 

+ 30% Wasserdampf als in Luft + 10% Wasserdampf aufweisen. Die Legierungen 

PWA 1484 und CMSX 4 haben jeweils das schlechteste und beste Verhalten in allen 

Medien. Die Beigabe (Zulegierung) von reaktiven Elementen wie Yttrium, Hafnium 

und Lanthanum verbessert das Oxidationsverhalten von PWA 1487 und CMSX4, 

jedoch aber zeigt keinen Einfluss auf René N5+. 



 

Der Oxidationswiderstand der neu entwickelten ASTRA Legierungen (ASTRA 00, 

ASTRA 02, ASTRA 20, ASTRA 22) wurden bei 950 und 1050 °C untersucht. Die 

Zulegierung von Ruthenium in ASTRA 02 erhöht die Massenänderung, während 

Rhenium Beigabe in ASTRA 20 einen verbesserten Oxidationswiderstand im 

Vergleich zu ASTRA 00 zeigt. Die Superlegierung ASTRA 22 (legiert mit Re und Ru) 

zeigt einen geringen Oxidationswiderstand bei 950 °C. Die bei 1050 °C 

ausgebildeten Schichten platzen während der Oxidation auf, und blättern stark 

während des Abkühlens ab. Diese Legierungen zeigen eine schwache Haftung der 

Oxide, vorwiegend wegen fehlender aktiver Elemente wie z.B. Yttrium, Hafinium, 

Lanthanum, etc… (in den Legierungen). Eine sehr dünne Aluminiumoxid Schicht 

bildet sich an der Phasengrenze Metall/Oxid auf. Die mittelere Schicht besteht aus 

diversen Spinellen und die obere Schicht aus NiO (mit einer kolumnaren 

Mikrostruktur). 

Elektrochemische Untersuchungen wurden auf PWA 1483 und Ni-Cr-X Modell-

Legierungen (X = Co, Al or Al and Ta) in verschiedenen Elektrolyten durchgeführt. 

Die Ni-Basis Superlegierung zeigt einen guten Korrosionswiderstand im Borat Puffer 

(pH 8,4) und gegen Lochkorrosion. Das Korrosionsverhalten hängt stark von den 

Legierungselementen ab, z.B. Ni-Cr-Al-Ta zeigt einen guten Korrosionswiderstand in 

allen studierten Medien. Die XPS und AES Analyse der Passivschichten weisen auf 

verschiedene Oxide und Hydroxide (Chromia, NiO, NiOOH, Ni(OH)2) hin. Die 

Passivschichten bestehen aus einer vergleichbaren Struktur wie die 

Hochtemperaturoxide. Die bei 800 °C für 4 und 100 S tunden oxidierten Proben 

wurden auch elektrochemisch untersucht. Die Schichten zeigen einen guten 

Korrosionswiderstand, da sie sehr hohe Impedanzen (Rp ~ 1 GΩ.cm2) aufweisen und 

sich die Ruhepotentialwerte im anodischen Bereich befinden. Die Anwesenheit von 

verschiedenen Oxiden sowie Defekte wie z.B Poren konnte auch durch diese 

Methode nachgewiesen werden. 
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1 Introduction 

The lifetime of materials exposed to high temperatures is significantly decreased by 

high temperature oxidation, as it affects the mechanical properties of these materials. 

Ni-base superalloys are frequently used at high temperatures, due to their excellent 

mechanical properties and oxidation resistance. Depending on the temperatures 

required, different alloy classes are used. As high temperature oxidation takes place 

in an oxidizing environment, Ni-base superalloy is a suitable choice of material, due 

to its capability to resist this type of corrosion, which stems from the formation of a 

slow-growing, homogeneous, adherent and with low defect concentration oxide film. 

The oxides with such properties are mostly Cr2O3, Al2O3 and SiO2. The use of 

chromia is limited by its evaporation (formation of the gas CrO3) at 1000 °C. At 

temperatures above 1000 °C, α-alumina is the suitable oxide due the very slow 

growth rate, and more importantly, the inherently slower transport of species through 

the oxide layer than found in chromia. Silica, on the other hand, is used at much 

higher temperatures.   

The alloys are normally coated for service, but it is also important to have a substrate 

material with good oxidation resistance. As the Ni-base superalloys are very complex 

materials, comprised of more than eight alloying elements, their high temperature 

oxidation is also complex, with each element influencing the oxidation behavior. The 

oxidation behavior depends on the temperature, alloy composition, the properties of 

oxidizing gas (flow rate and velocity) and the environmental thermal fluctuations, 

which are generally not well defined. Thus, it is of paramount importance to 

understand the oxidation behavior of these alloys, as well as to determine the 

protective factors governing the oxidation resistance of superalloys and to 

understand the role of the alloying elements. 

The atmosphere in which the materials are used is generally not dry, as there is 

always a certain amount of moisture in air, with the highest content of 100 % reached 

in steam generators. The water vapor is known to affect the oxidation behavior of 

metals by increasing their oxidation rate. Therefore, the presence of water vapor may 

influence the oxidation behavior of Ni-base superalloys at high temperature. It has 

been shown that steels oxidize faster in air or combustion gases containing water 

vapor [1], particularly in the case of low Cr-containing steels [2]. The presence of 

water vapor as reported in the literature to cause the cracking and spalling of oxides 



Chapter 1: Introduction 

 

 2 

[3-4], changes in transport processes in oxides [5-6] and modification of selective 

oxidation processes [7]. 

The effect of water vapor on the oxidation behavior of metals and alloys at high 

temperature has been recently summarized in a review by Saunders et al. [8]. 

Although some authors, such as Janakiraman et al. [9] and Maris-Sida [10], studied 

the effect of water vapor on the cyclic and isothermal oxidation behavior of some 

commercial alloys and coatings, the mechanisms are still not well understood. 

Electrochemistry is a tool typically used to investigate the corrosion behavior of 

materials in a rapid manner, as the corrosion is accelerated. The process during 

which the transfer of charge during a chemical reaction can be determined occurs 

mostly in a wet medium (electrolyte). As the Ni-base alloys have proven to be 

resistant at high temperatures, it is also interesting to investigate their corrosion 

properties at low temperatures and compare the corrosion of the oxides obtained at 

room temperature and high temperature oxides by using this method. 

The present study had multiple objectives. The first goal was to study the oxidation 

behavior of the single crystalline Ni-base superalloy PWA 1483 and model alloys Ni-

Cr-X (X = Co, Al) at different temperatures, times and surface preparation in order to 

determine the effect of the alloying elements Co and Al. Furthermore, the influence of 

water vapor on the oxidation behavior of the second generation single crystal Ni-base 

superalloys at high temperatures was studied. The newly developed Ni-based 

superalloys ASTRA (ASTRA 00, ASTRA 02, ASTRA 20 and ASTRA 22, with the 

numbers indicating the amount and presence of either Rhenium or Ruthenium or 

both) were oxidized at different temperatures and the effect of the heavy metals on 

the oxidation behavior of these alloys were studied. It was of our interest to compare 

the nature of the oxides formed anodically at room temperature and the high 

temperature oxides by using electrochemical techniques. 
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2 Fundamentals 

2.1 Principles of metal oxidation 

Chemical reaction between a metal and oxygen is called oxidation, which takes place 

both at low and high temperatures. This reaction is heterogeneous, as it involves two 

different phases − solid (metal) and a gas − that take place depending on different 

factors at different interfaces. The result of heterogeneous reactions is usually the 

formation of a new phase as they occur between two immiscible phases. 

If no natural oxide can be found on the surface, the oxidation starts with the 

adsorption of oxygen O2 on the surface, followed by O2 splitting into O atoms, and − 

as the reaction proceeds − oxygen is dissolved in the metal and the oxide is formed. 

The chemical reaction can be written as: 

baOMO
b

aM →+ 22
                                                                                                            (2-1) 

Equation 2-1 can be determined by the second law of thermodynamics, which can be 

written in terms of Gibb’s free enthalpy G’ (Equation 2-2) at high temperature, as the 

temperature and pressure are constant.  
''' TSHG −=                                                                                                                      (2-2) 

where G’ is the Gibb’s free energy, H’ the enthalpy, S’ the entropy and T the 

temperature of the system [11-12]. The reaction is spontaneous if ∆G’ < 0, or in 

equilibrium if ∆G’ = 0, and thermodynamically impossible if ∆G > 0. It should also be 

noted that the oxide will also be thermodynamically formed only if the ambient 

oxygen pressure is greater than the dissociation pressure of the oxide in equilibrium 

with the metal [13]. If we consider the formation of MO according to Eqn. 2-1 (for 

simplicity it can be assumed that the oxide is simple divalent) and ∆G0(MO) as the 

standard free energy of the reaction at a certain temperature, the oxidation of M is 

only possible if the following inequality holds: 












−≥

RT
)MO(G2

expp
0

O2

∆
                                                                                                      (2-3) 

The different dissociation pressures of the oxide and the corresponding standard free 

energies of formation of some oxides are summarized in the well-known Ellingham- 
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Richardson diagrams (shown in Figure 2-1) [13], which does not take the kinetics into 

account. 

 

 

Figure 2-1: Ellingham/Richardson diagram for some oxides important for high 

temperature corrosion of metals and alloys [13-14] 

 

After the scale becomes continuous, the metal is separated from the gas and the 

further reaction is carried on trough diffusional transport of the reactants through the 

oxide scale. The difference between a thin (or anodically) and a thick grown oxide is 

in the driving force, which is known to be the electric field for the thin film and the 

chemical potential for the second category.  

The resistance of materials at high temperature is defined by the formation of a 

continuous, adherent, slow growing and thermodynamically stable oxide. The 

reaction takes place at both the interface Metal/Oxide and Oxide/Oxygen as shown in 

Fig. 1. There are several reactions occurring at the different interfaces: 

metal-oxide interface:      
−−

−+

+↔+

+→

e2MOOM

e2MM
2

2
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which represents the two possible reactions at this interface − the oxidation of the 

metal and the reaction between the metal and the ionized oxygen respectively. 

oxide-gas interface:                 
−−

−+

→+

↔++

2
2

2
2

Oe2O
2
1

MOe2O
2
1

M
 

At this interface, the two possible mechanisms are respectively the reaction of the 

metal cations with oxygen and the reduction of O2 in oxygen anions. 

 

 

Figure 2-2: Schematic representation of the different reactions occurring at the 

metal-oxide and oxide-gas interfaces 

 

Figure 2-2 shows that the scale can grow either at the metal-oxide or oxide-gas 

interface, implying that the growth can be limited by the diffusion of the species 

through the oxide. In this case the rate of the reaction can be expressed as  

tkxdt p=                                                                                                                                (2-4) 

where x is the scale thickness, kp is the parabolic rate constant and t is the reaction 

time, considering that the process leads to parabolic rates. The oxidation rate can be 

either linear, logarithmic (inversely logarithmic) at low temperatures, or parabolic, 

which is the ideal case at high temperatures, but in reality a combination of different 

laws is observed. The reaction rate can be calculated using Equation 2-4 as 

oxidation is oxygen enrichment. The rates of different oxides are shown in Figure 2-3 

[15-16], where alumina shows the lowest growth rate. 

 

Metal M Oxide MO Gas O 2 

−+ +→ e2MM 2

−− →+ 2
2 Oe2O

2
1

MOe2O
2
1

M 2
2 ↔++ −+

−− +↔+ e2MOOM 2
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Figure 2-3: Rate constants for the growth of selected oxides 

 

 

After integrating Equation 2-4, the following expression of the oxide scale can be 

obtained (Equation 2-5). 

tk2x p
2 =                                                                                                                               (2-5) 

Where x = 0 at t = 0. 

The diffusion rate can be expressed with the first Fick’s law (Equation 2-6), which 

describes the flux of species through the oxide scale. 

x
c

Dj
∂
∂−=                                                                                                                                (2-6) 

where j is the flux defined as the rate at which the moving species pass through unit 

area, D is the diffusion constant, which is material specific, and C is the concentration 

[12]. This equation shows that the diffusion takes place from the higher to the lower 

concentration region.  

Equation 2-5 may also be expressed in terms of mass change per area, ∆m/A 

tk2
A
m

w

2
=







 ∆
                                                                                                                      (2-7) 

Where 

2

O

oxp
w A

V
.

2

k
k 








=

                                                                                                     (2-8) 
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where Vox is equivalent to the volume of the oxide, which can be calculated as the 

molecular weight/density of the oxide, and AO is the atomic weight of oxygen. 

A parabolic growth rate is required mostly for a continuous and adherent scale, which 

can be assumed for metals at high temperature. In this case, the rate controlling 

factor is the migration of ions and/or electric charge (electrons) through the layer. 

The transport of species is supported by defects in the scale (vacancies, interstitial 

atoms) or short-circuits paths, such as grain boundaries. Several mechanisms have 

been proposed to explain the role of defects during diffusion. It has been shown that 

the cation vacancies concentration in metal deficit oxide MO depends on the oxygen 

partial pressure pO2: 

"
M02 Vh2OO

2
1 ++↔ •                                                                                                       (2-9) 

From the above, we can determine the vacancy concentration CVM, which is strongly 

dependent on the oxygen partial pressure and can be calculated as: 

6
1

OpV 2M
PkC =                                                                                                                     (2-10)     

For a more general case (neutral, single or double charged vacancies) we can write: 

n
1

OpV 2M
PkC =                                                                                                                   (2-11) 

Therefore, the parabolic rate constant varies with the oxygen partial pressure across 

the scale, as given below: 

[ ] n
1

2
O

1
Op 22

PPk −α                                                                                                          (2-12) 

where PO2
1 and PO2

2 are the oxygen partial pressures at the oxide/gas and 

metal/oxide interfaces respectively. As the partial pressure of oxygen is strongly 

decreased at the metal/oxide interface, it can be neglected. Thus the equation 2-13 

can be written as: 

( ) n
1

1
Op 2

Pk α                                                                                                                        (2-13) 

Oxides are generally semi-conductors at elevated temperatures [17], therefore they 

are  n- or p-type oxides. For a p-type oxide, the parabolic constant rate depends on 

the oxygen partial pressure in the gas phase. In the case of an n-type oxide with non-

metal deficit or metal excess, the exponent of the oxygen partial pressure is found to 

be negative after calculations [11] and kp is insensitive to the pressure in the gas 

phase 
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( ) ( ) 4
1

O6
1

Op 22
PorPk −−α                                                                                                 (2-14) 

 

2.2 Oxidation of alloys 

High temperature oxidation of alloys is complex as more than one element is 

involved. The oxidation of alloys differs from that of pure metals in the following 

respect [18]:  

i) Depending on the form of the equilibrium diagram, with respect of the affinities of 

the alloying elements for oxygen and the mobility of the cations in the oxide phases 

formed, certain zones of the oxide layer and the metal become enriched with respect 

to overall alloy concentrations. 

ii) In many cases, the oxide consists of several layers containing two or more phases 

each. However, in a limited number of cases, it is possible to give a quantitative 

analysis of the contributions made by the diffusing components for several phases. 

The simplest case is the oxidation of a binary system A-B (where A and B are 

different metals). The oxides formed depend on the composition of the different 

metals in the alloy. Considering A as the more noble metal of the two, in the case of a 

partially or immiscible oxides, the oxidation of such an alloy can be divided into 3 

different classes [19]: 

1) A relatively limited composition range in vicinity of pure A, where the oxide AO is 

almost exclusively formed, at least in the external scale 

2) A relatively wide composition range in vicinity of pure B, where BO is exclusively 

formed. 

3) An average composition where both oxides are formed 

The doping of the oxides in cases 1) and 3) is often possible. Depending on the 

amount of the alloying elements, one may precipitate as internal oxide and the other 

as external oxide. Generally, all the elements, depending on their oxygen’s affinity, 

are oxidized at the beginning of the process, referred to as transient oxidation. 

Subsequently, the selective oxidation of the less noble metal takes place, leading to 

the formation of a continuous BO layer under the other oxide. This is also the case 

for multiple-component alloys, such as superalloys. 

High temperature materials are generally Fe, Ni or Co based. Their oxidation 

resistance results in the formation of a chromia or alumina layer. As the mechanical 
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properties are the first to be taken into consideration, Cr and Al amounts are 

restricted, depending on the type of alloy and the service temperature. Cr2O3 and 

Al2O3 formation decreases the oxidation rate of alloys by several orders of 

magnitude. Oxide maps are therefore important for the alloy development, as they 

enable determination of the Cr or Al concentrations (or both) at which oxides are 

formed. An example is the ternary oxide map of Ni-Cr-Al at 1000 °C of Wallwork and 

Hed [20], which is the basis of Ni-based superalloys. In this diagram, three different 

regions are presented, as originally described by Kosak and Rapp [21]. In region I, 

an external NiO is formed along with internal Cr-oxide or Al-oxide or both; an external 

continuous Cr2O3 is formed in region II with Al oxidizing internally; and a continuous 

Al2O3 layer is formed in region III.  

 

 

Figure 2-4: Oxide map for the ternary alloy Ni-Cr-Al at 1000 °C  by Wallwork and 

Hed [20], Note: ‘In Ox’ means internal oxide 

 

 

This phase diagram does not consider the formation of intermediate states, such as 

spinels, which are well defined in a binary oxide map, e.g. the oxide map of Ni-Cr 

determined by Croll and Wallwork after isothermal oxidation experiments [22] (shown 

in Figure 2-5). 
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Figure 2-5: Oxide map for the binary system Ni-Cr at 1000 °C [2 2] 

 

The self diffusion rate of Fe, Ni or Co in their oxides is generally higher than the rate 

of Cr in chromia or Al in alumina; thus, relatively low rate of diffusion of anions into 

the outer regions of the oxide is permitted. Therefore the oxides formed on pure Fe, 

Ni, Cr or Co are generally formed by outward cation diffusion through vacancies [12-

13, 23-24]. The doping of for instance NiO with Cr3+ even increases the oxidation rate 

of Ni [20]. Depending on the concentration of the alloying element, as explained 

above, FeO, NiO or CoO may form externally, particularly if the alloying element 

concentration is very low. However, if an appropriate concentration is chosen, both 

an external oxide and an internal oxide can be formed, with a well-defined interface 

parallel to the oxide/metal interface. The outer layer is generally coarse grained and 

the inner layer fine grained. The interface metal/oxide represents approximately the 

former initial surface [25].  

It is generally accepted that the transport processes involved in the scale formation 

include lattice and grain boundary diffusion and transport along microcracks in the 

oxides of both chromium and oxygen [26]. Inward penetration of Cr2O3 scales has 

also been demonstrated through 18O-tracer studies [27]. Depending on the oxygen 

activity aO2 and oxygen partial pressure, the oxide can be p- (at all partial pressures, 

mainly high) or n-type (low oxygen partial pressure) at low temperatures, whereas it 

is an intrinsic semiconductor at high temperatures (> 1250 °C) [28].  

Al2O3 grows by outward transport of aluminum, or inward diffusion of anions, or even 

both. In the Al2O3 lattice, diffusion of oxygen is thought to be much slower than that of 

aluminum [29]. After considering the creation and annihilation of defects and the 
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position at which new oxide forms within the scale, it has been suggested that lattice 

diffusion of oxygen is likely to occur by a vacancy mechanism, whereas aluminum 

diffusion may be achieved by movement of charged interstitials [30]. The effects of 

small dopant concentrations arising from dissolution of alloying elements in the scale 

have not been widely investigated and there is little evidence that inward transport of 

molecular species (O2) takes place in Al2O3 [31]. 

The diffusion takes place through grain boundaries or dislocations. Oxygen can also 

be transported through pores, voids, and microcracks (due to stresses during the 

oxide growth), if present. It is known that if the transport of cations occurs mostly 

through short-circuit paths or lattice diffusion, the reaction takes place at the 

oxide/gas interface. If the main transport mechanism is the inward transport of 

oxygen, there are several possibilities: transport by lattice diffusion, through pores 

and microcracks, or through grain boundaries or dislocations. The transport through 

short circuit paths is rapid and, in this case, the reaction takes places at the 

oxide/alloy interface.   

Wagner’s theory [32] is still the simplest way to explain oxidation, as it takes the 

diffusion of charged particles into account. It states that the further growth of oxide 

scales depends on the slow diffusion of the cations and oxygen ions through the 

scale and the reactions of the species either at the substrate/oxide or oxide/gas. 

Depending on which species transport is predominant, the oxide grows outwardly, in 

the case of metal cations diffusion, and inwardly if the oxygen is transported in the 

oxide layer. If the diffusion of both species takes place, a growing double-layer is 

observed [33-34]. However, in practice, the diffusion of aluminum is found to be 

greater than the transport of oxygen at any temperature [35].  

The presence of defects in alumina may increase the outward transport of cations; on 

the other hand, the diffusion of oxygen through short-circuit paths may be also taking 

place simultaneously. However, it has been proven that a fine grain structure 

significantly enhances oxygen diffusion [36]. At present, the prevalent explanation for 

Al oxidation is the inward diffusion of oxygen through grain boundaries [37]. 

Nevertheless, the complete explanation for transport processes during Al-oxidation is 

not completely understood. 
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2.3 Ni-base superalloys 

Superalloys belong to the category of high temperature materials with excellent 

mechanical properties and oxidation resistance at room and elevated temperatures. 

They also possess a structural stability at high temperature. In 1973, a superalloy 

was defined as “an alloy developed for elevated temperature service, usually based 

on group VIIIA elements, where relatively severe mechanical stressing is 

encountered, and where high surface stability is frequently required” [38]. This 

definition is still applicable. Superalloys are widely used in aerospace, power 

generation, aircraft, marine, petrochemical processing, gas and oil extraction as 

rocket engines, nuclear reactors, and steam power plants, just to name a few of their 

applications.  

The main superalloys are Fe-, Ni-, and Co-based alloys. At temperatures up to 

around 700 °C, ferritic Fe-base superalloys are use d. With the highest strength, Co-

base superalloys can be used at very high temperatures but have a poor corrosion 

resistance at high temperatures.  

Ni-base superalloys can be applied at higher temperatures, whereas single 

crystalline materials can be used at 0.8Tm (slightly below the melting point) and for 

durations of up to 100,000 hours [10, 15] and even for 200,000 hours for special 

alloys [39] at somewhat lower temperatures. These materials are generally used in 

the hottest areas, such as the hottest part of turbines, due to their very high strength. 

Their metallurgy is very complex as they can be fabricated as either wrought alloys, 

cast alloys or directionally solidified alloys. The chemical composition of Ni-base 

superalloys is very complex as up to 12 elements can be alloyed to Ni, owing to its 

high alloying tolerance. Furthermore,  the “tramp” elements − such as sulfur, 

phosphorus, oxygen and nitrogen – can be carefully controlled through appropriate 

melting practice [15]. Trace elements, such as selenium, bismuth, thallium, tellurium 

and lead should be held at very low levels. With the addition of chromium and 

aluminum, these alloys can form continuous and adherent scales− alumina at very 

high temperatures and chromia at somewhat lower temperatures. Cr2O3 is also very 

effective against hot corrosion. The former polycrystalline alloys have a very high Cr 

content (10-20% Cr), which has been decreased with the increasing use of alloys at 

higher temperatures. In contrast, Al content has been maintained at around 6%. The 

quantity of elements, such as molybdenum, tungsten, tantalum, columbium and 
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hafnium, depends on the strength that might be reached. With the advent of single 

crystalline materials, the grain boundary strengtheners − boron, zirconium and 

carbon − have been removed or their content has been reduced, carbon in particular, 

as is the case in, for example, the single crystalline superalloy PWA 1483. Boron and 

zirconium are known to retard the generation of boundary cracking, as they 

segregate at the grain boundaries. Zr is also a “getter” center for trace and tramp 

elements. Hafnium has taken the role of Zr in the new generation of alloys.  

Superalloys have a closed-packed fcc (face-centred cubic) austenite lattice. The 

lattice consists generally of a γ-phase (matrix) and a γ’-phase (strengthening phase 

Ni3Al or Ni3Ti with Al or Ti positioned at the corners and Ni on the faces), which are 

represented in Figure 2-6.  

 

 

Figure 2-6: Lattice structures of the matrix γ and the intermetallic phase γ’ [40] 

 

 

Other phases such as γ’’, carbides, borides, TCP (topologically closed packed 

phases) should also be mentioned. The alloying elements are selectively distributed 

in the crystal. 

The γ-matrix usually contains a high percentage of solid-solution elements, such as 

Co, Cr, Mo, W, Ta, Ti and Al, strengthening the matrix. 

The γ’ phase usually consists of (Ni, Co)3(Al, Ti) with a higher amount of Al or Ti. The 

superlattice of Ni3Al is the Cu3Au (L12)-type structure. This phase precipitates 

coherently with gamma. This intermetallic phase has the particular characteristic of 

increasing its creep with increasing temperature, whereby its ductility prevents 
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cracks. A small misfit between γ/γ’ is of importance, as it lowers the total surface 

energy, therefore stabilizing the microstructure at high temperatures.  

Carbides are more important for polycrystalline materials (low content 0.05-0.2% 

carbon) as they precipitate at grain boundaries and react with refractory elements (Ti, 

Ta, and Hf) to form strong carbides (MC, M is the metal), which strengthen the grain 

boundary, prevent or retard grain boundary sliding, or permit stress relaxation. They 

may also tightly bind some elements that favor phase instability [41]. 

Borides may also have a similar role as carbides. Boron (50 – 500 ppm) is located at 

grain boundaries and provides enhancement of the grain boundary cohesion, thus 

reducing grain boundary tearing under creep rupture loading. 

TCP phases, which are platelike phases, including σ, µ and Laves forms, result from 

excessive alloying of elements, such as Mo, W, Re and Cr [39]. They are undesirable 

in Ni-base superalloys as they detrimentally affect the properties of the alloys. Due to 

their morphology, they are an excellent source for crack initiation and propagation, 

leading to low-temperature brittle failure, especially sigma, which contains a high 

amount of refractory metals sapped from the γ matrix causing the loss of solution 

strengthening.  

The development of new metallurgical processes (directional solidification and single 

crystal formation) has improved the performances of gas turbines. Single crystals, 

which are widely used in the hottest part of turbine (e.g. in aircraft turbines) are based 

on the γ/γ’ constituent. The volume fraction of γ’ is generally in the range 40 - 70%. 

This phase is either distributed in spherical shape − if the lattice mismatch is around 

0 to 0.2% as observed by Hagel and Beattie [42]; cubical – occurring at 0.5 – 1.0% 

lattice mismatch [38] after heat treatment [43]; or plates become perpendicular to the 

load at mismatch about 1.25% [38]. Needles aligned with the load, as well as plates, 

have also been observed by Bressers et al. [44] as a consequence of anisotropic 

coalescence due to extreme temperatures and loading conditions. 

Some elements, such as the grain boundary strengtheners − boron, zirconium, and 

carbon − are removed in single crystalline materials, as these do not have grain 

boundaries. Both Zr and Hf tend to lower the solidus temperature of the alloy, 

preventing the complete dissolution of γ’ during solution heat treatment. Hf is, 

however, added in very low quantities (0.01 - 0.05%), as it reacts with sulfur (the 

presence of which is undesirable) to form stable sulfides, therefore improving the 
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scale adhesion of the oxides. In addition, it prevents cracking during the solidification 

cool-down cycle in cored columnar grained alloys. 

After service, some elements accumulate at the dendritic core or in interdendritic 

regions during cooling. Al, Ti and Ta tend to segregate in the interdendritic parts, 

whereas Re and W, for example, join the dendritic core [45-46], which can be 

reduced by an appropriate solution treatment [47]. The amount of refractory metals in 

superalloys, such as W, Ta and Re, has been steadily increasing in the past few 

years, as they increase the creep resistance as well as strength due to solid solution 

strengthening, strengthening of γ’ and slower diffusion rate. The new generation of 

superalloys also contains rhenium, which increases the mechanical properties of the 

alloy [48], but also leads to the formation of TCP phases, whereas the addition of 

ruthenium tends to reduce the formation of TCP phases [49]. 

Superalloys, just as most of high temperature alloys, owe their good oxidation 

resistance to the formation of a protective scale, which is slow growing, has a low 

defect concentration, and is adherent. This is achieved by the selective oxidation of 

either Cr or Al, depending on the service temperature. Therefore, a minimum amount 

of these elements is required to ensure the growth of this external scale. Due to its 

volatility at around 1000 °C, Cr 2O3 is replaced by α-Al2O3, which is stable from about 

950 °C. On the other hand the presence of Cr decrea ses the amount of Al needed to 

form alumina rapidly [50]. The oxides formed separate the substrate with the 

corrosive medium, therefore preventing the formation of fast growing oxides, such as 

Ni-, Co- or Fe-oxides. A better adherence of the scales is mostly achieved by addition 

of reactive elements, such as Hafnium, Yttrium, and Zirconium, as alumina tends to 

be very brittle. The selective oxidation of Cr and Al lead to their depletion under the 

alloys, causing the degradation of the mechanical properties especially if the 

substrate is very thin. 

 

 

2.4 Characteristics of protective oxides: Chromia a nd Alumina 

Cr2O3 has the corundum crystal structure (Figure 2-7) consisting of a hexagonal 

lattice, close packed with oxygen anions with 2/3 of the octahedral holes occupied by 

Cr. It is the only relevant oxide stable at high temperatures [51] and is protective 

against both corrosion and oxidation at elevated temperatures. The Cr(III)-oxide is an 
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intrinsic semiconductor above 1250 °C, as stated by  Kröger [28] that, depending on 

the temperature, can be p- or n type.  

 

Figure 2-7: Crystal structure of Cr2O3, the bigger atoms (in red) are Cr3+ and the 

smaller (in green) are O2- 

 

Lillerud and Kofstad [51] showed that the oxide has an equal concentration of holes 

and electrons at temperatures above 1000 °C, depend ing on the oxygen partial 

pressure, whereas at lower temperature chromia is p-type or n-type (at low partial 

pressures). Cr2O3 is cation deficient, and it increases at a(O2)
1/8 rate [52]. Cr 

interstitials are the predominant ionic defect at low PO2 [51, 53], whereas Cr 

vacancies are predominant [52]. Certainly, most studies of chromium oxidation 

indicate that the scale grows largely by chromium diffusion outwards, as confirmed by 

oxygen tracer studies in the growing scale [54]. However, oxygen isotope exchange 

measurements [55-56] have inferred that anion transport by mechanisms other than 

lattice diffusion does occur during growth of Cr2O3 scales on alloys at high 

temperature. Rapid-diffusion paths, such as grain boundaries, have a significant 

influence on the oxidation behavior of chromium at high temperature, as they 

enhance the transport of cations and perhaps anions [55, 57]. The scale 

microstructure is also determinant for the chromia oxidation rate, as the fine grain 

structure increases the number of short-diffusion paths, therefore allowing higher 

oxidation rate to be achieved. The addition of reactive elements, such as Yttrium, 

Hafnium, Cerium, Zirconium, etc. improves the oxidation behavior as well as scale 

adhesion of Cr2O3 [58-61] and their oxides, present as fine dispersed particles in the 

alloy prior to oxidation [20, 62-65]. At very high temperatures, chromia reacts with 

oxygen to form the volatile species CrO3, which induces oxide thinning and a metal 
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recession, when the diffusion through the scale is low. This effect becomes 

significant at 1000 °C. Therefore, alumina is a sui table candidate, as there is no 

vapor in the Al-O2 system with significant vapor pressures. 

Aluminum oxide exists in various modifications, depending on the temperature and 

the exposure time. These phases (γ-Al2O3, θ-Al2O3, and δ-Al2O3) are mostly 

metastable and are called transition oxides, as they are all transformed to the stable 

α-alumina after prolonged exposure. α-Al2O3 is also known as corundum, as its 

crystal structure is corundum, like chromia (Figure 2-7). In this case, the Cr ions are 

replaced by Al cations located in octahedrally coordinated interstitial sites in the anion 

sublattice and fill 2/3 of the interstices in order to maintain electrical neutrality.  

The resistance of materials at high temperature is defined by the diffusion of the 

species through the oxide as the kinetics depends on the mobility of the ions. It has 

been shown that alumina grows both from the outward diffusion of Al3+ and inward 

diffusion of oxygen with a similar diffusion rate [28, 52, 66]. The protection given by 

α-Al2O3 scales at high temperatures is due to the low concentrations and mobility of 

ionic and electronic defects. The concentrations of intrinsic point defects are probably 

so low that all reported properties relating to point defects and transport have been 

dominated by impurity dopants. It is believed that ionic defects are the major species, 

with electrons and holes as minorities. The concentrations of all defects depend on 

doping and oxygen pressure, but the nature of the dominant native ionic defects is 

not well established [28]. The diffusion of aluminum occurs through bulk lattice and 

oxide at the grain boundaries, which represents the major short-circuit path [63, 67-

68], whereas the oxygen diffusion in the scale is less prominent [68-69]. The scale 

formed has a dual morphology, whereby the outer region usually consists of small 

and equiaxed grains, whilst the grains are columnar and coarser in the inner region 

[70-71]. The scale morphology changes with temperature: at 900 °C whiskers are 

observed on the grown oxide at the oxide-gas interface extending from the substrate 

surface, which may be due to the formation of the unstable θ-Al2O3, whereas an 

almost flat layer (α-Al2O3) is observed at 1200 °C [50]. The scale growth mec hanisms 

depend strongly on the exposure temperature.  

One of the major concerns for protective oxides at high temperatures is their 

adhesion to the alloy. The adhesion is mostly lost due to stresses induced during 

scale growth. Generally the thermal expansion between metal and oxide is large 

enough to cause compressive stresses [72] at room temperature,  causing an 
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interfacial shear stress and subsequent scale buckling [63, 73]. In the case of 

chromia, the addition of reactive elements (≤ 0.01%) improves the oxidation behavior 

and scale adhesion of alumina [63, 74-76]. The effects of rare earth elements on the 

oxidation resistance at high temperature are various. Reactive elements react with 

sulfur and form stable sulfide [77-80], as sulfur tends to weaken the surface [81]. 

They also promote faster formation of alumina [82-84]. 

 

 

2.5 Effect of water vapor on oxidation 

Water is present in almost all environments where superalloys are used at elevated 

temperatures. Combustion of fossil and bio-fuels produces a high amount of water 

vapor. Steam is injected in stationary gas turbine to lower the flame temperature and 

is also formed during combustion.  

The presence of moisture in an oxidizing medium affects the oxidation behavior of 

metals at high temperatures. The effect of water vapor can be linked to the following 

processes: 

1) An enhancement of the reaction at the oxide-gas interface due to fast 

transport of gases, thereby modifying the scale-gas interface or even 

producing volatile hydrated species. 

2) Transport of oxygen through voids at the metal-oxide interface, affecting the 

scale microstructure and properties. 

3) Changes in the concentration of point defects in the oxide scale, followed by 

changes in the transport properties of the scale, which are due to the possible 

dissolution of hydrogen in the oxide. 

 

The kinetics during oxidation in the presence of water vapor is different than those 

obtained in dry air or oxygen, which is generally true, although the thermodynamic 

activity of oxygen is the same, as the dissociation of the water molecule is very 

stable. 

As parameters, such as grain size, grain boundary and porosity of the oxide layer, 

which may be induced by the presence of water in the atmosphere, affect the 

mechanical properties of oxide scales, the understanding of the effects of steam on 

the oxidation resistance of alloys is important. 
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In the case of high temperature materials the effect of water vapor depends strongly 

on the nature of the formed protective scale, the exposure temperature and water 

vapor pressure. Alumina-forming materials are widely used at elevated temperatures; 

therefore their interaction with water vapor is of technical importance in many fields, 

such as heterogeneous catalysis, corrosion and microelectronics. The scale surface 

morphology and properties may be altered by the presence of moisture. It is therefore 

necessary to understand what effects parameters, such as the amount of water vapor 

and the partial pressure, have on the resistance of oxides particularly alumina scales. 

 

2.5.1 Oxidation kinetics and mechanisms 

The effect of water vapor on the oxidation resistance of alloys at high temperature 

depends on the nature of the formed protective scales. It has been suggested that 

the presence of water vapor affects the oxidation behavior of metals, therefore the 

morphology of the scales is also affected [5]. Depending on the type of metal, the 

oxidation is in some cases enhanced or does not change the oxidation rates of alloys 

compared to the oxidation in dry air. For example, iron oxidizes 1.6 times faster at 

950 °C in H 2/H2O and O2/H2O mixtures than in dry air [5]. The oxidation rate of a 

MCrAlY coating is 25 times greater in H2/H2O than in dry air at 1080 to 1100 °C [85]. 

The growth rates of Chromia formers are proved to be higher in moisture containing 

gases [86-90]. However, water vapor has generally little effect on alumina-forming 

alloys [8]. The oxidation rate of Fe-21.5Cr-5.6Al is even slightly decreased in wet air 

compared to dry air at 1000 °C [91], whereas the gr owth rate of PM 2000, a 

mechanical alloyed material, is slightly increased during isothermal oxidation [92]. 

Moisture has little effect on the oxidation of commercial Ni-base superalloys and 

coatings, as shown by Janakiraman et al. [9], Maris-Sida [10] and Onal et al. [93] but 

is detrimental for the scale adhesion.  

The presence of water vapor affects the selective oxidation of species responsible for 

the formation of a protective scale. Kvernes et al. [94] reported a decrease in the 

duration of the initial oxidation stage with water content in the ambient gas and an 

increase in the subsequent reaction rate under the same conditions for the high 

temperature oxidation of Fe-13Cr-xAl alloys. Though thicker scales formed, they 

were also less protective, including spinel in the inner part of the scale. Buscail et al. 

[91] found that water vapor decreases the isothermal oxidation rate of Fe-Cr-Al at 
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1000 °C. Although the effect was not significant, t he study proposed that the initial 

transient oxidation processes were affected by the wet conditions and that water 

vapor might have significant effects on the cyclic oxidation of certain alloys. 

It is well known that most technical steels oxidize faster in water vapor or in air or 

combustion gases containing water vapor than in dry air but, according to Kofstad 

[13], the mechanisms are not well understood. Therefore it is important to know the 

composition and defect structure of the surface as they play an important role in the 

diffusion processes. 

Anghel et al. [95] found that upon addition of water to CO gas, the dissociation rate of 

CO on Cr decreased, and after subsequent removal of water, the dissociation rate 

increased again. In this case, the surface activity for CO dissociation should be a key 

factor for carbon uptake in certain applications and can be reduced by adsorbed 

water. These results suggest the following adsorption ranking: N2 < H2 < CO < H2O. 

Increased dissociation of oxygen (O2 → 2O) and complete dissociation of molecular 

water (H2O → 2H + O) on surfaces of metal oxides promote an increased transport of 

both O and O2- in the oxide due to increased concentration gradient of O and O2- 

over the oxides [96].  

Cation sites are Lewis acids and may interact with electron donor molecules, such as 

water that has a lone pair of electrons, whilst oxide ions may act as basic sites 

interacting with acceptor ions, such as a proton to produce a hydroxyl group. Where 

selective oxidation occurs, oxygen may be added to the adsorbate, not as O2-, but as 

a neutral oxygen atom. There will be a corresponding reduction of the substrate in 

the form of electrons that might be free carriers, but more often this will lead to a 

localized decrease in the oxidation state of the metal at the surface. Hydrogen is a 

non-polar molecule with low polarisability and has a weak donor or acceptor 

properties. Water has a large dipole moment and lone pair electrons and is therefore 

a good donor. Adsorption occurs by acid/base process through interaction with metal 

ions; non-dissociative molecular adsorption also occurs. Oxygen is a very powerful 

electron acceptor and can be reduced in several steps. Nitrogen and Argon are 

generally inert, as expected [8].  

The presence of water in the oxidizing atmospheres causes the formation of various 

defects, such as pores and whiskers. Whiskers are generally formed on the surface 

at the end of a dislocation by diffusion trough a hollow void  [97]. This process is 

possible due to faster dissociation of water compared to oxygen [8], which leads to 
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surface reaction as rate determinant for their growth and therefore their linear 

kinetics; however, as the oxide thickens, diffusion becomes the rate controlling 

mechanism. Rahmel and Tobolski [98] stated that pores occur at the iron/wustite 

interface during the oxidation of iron at 850 °C. I n the presence of water vapor or 

carbon, a H2/H2O or CO/CO2 mixture is formed, respectively, in these pores, which 

transports oxygen to the iron surface by an oxidation/reduction mechanism. 

Therefore, oxide bridges are built upwards, from the metal to the scale, which 

enables the further oxidation of the metal without substantial inhibition [98]. For this 

mechanism to take place, water vapor should penetrate the scale, this occurs 

through microcracks or by proton transport. The pores are generally formed at the 

scale/oxide interface due to vacancies coalescence, especially for scales growing by 

outward transport of cations. The enhanced plasticity (ability to creep), possibly due 

to the incorporation of hydrogen in the lattice observed by Rahmel [98] and Tuck et 

al. [99], allows the scale to maintain the contact with the substrate. Quadakkers et al. 

[100] showed that the scale spallation of oxides formed on Fe-12 to 19% Cr in steam 

is accompanied by the formation of a rapidly growing magnetite layer and an inner 

scale consisting of Cr2O3-precipitates in an FeO matrix, whereby the two layers are 

separated by a gap due to pores. Additionally, molecular gas transport occurs 

through the outer scale [101]. As the overall scale thickness increases, the Fe-activity 

at the scale/gas interface gradually decreases due to the increasingly difficult 

transport of Fe cations to the oxide surface due to the presence of the large gap that 

develops. The purity of the alloy and exposure temperature play an important role as 

they determine how the vacancies coalesce within the scale and/or at the interface 

scale/metal to form pores [100].  

Porosity is observed at metal/scale interface during oxidation in dry air of chromia 

formed alloys, whilst the pores are distributed through the entire scale [88]. The effect 

of water vapor on transport mechanisms within chromia scales is to increase cation 

vacancies and thus chromium diffusion is enhanced leading to vacancy condensation 

and pore formation. At the same time, however, there is an increase in inward 

diffusion of oxidant due to the effective diffusion of OH-, and Henry et al. suggest [88] 

that the pores become incorporated in the growing scale. If wet gas is exchanged 

with dry gas during the oxidation, the scale remains permeable, indicating that water 

vapour is preferentially adsorbed in the internal surfaces, preventing further reaction 
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and closure by reaction with oxygen, as observed by Ehlers et al. during the oxidation 

of 9% Cr steels [102]. 

2.5.2 Influence of Protons (hydrogen ions) incorporation 

Oxidation of metals in water vapor containing atmospheres at high temperature is 

accompanied by the formation of hydrogen defects, which are mainly dissolved 

protons [103-106]. The reaction can be written as: 

'
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As water reacts with oxygen to form hydroxyl ions, the following equation can be 

written: 
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From this equation, it can be assumed that the concentration of dissolved proton 

depends on the activities of water as well as oxygen. Relatively large hydrogen 

concentrations may be dissolved in oxides doped with lower valence cations and with 

oxygen vacancies as the predominant native point defects. In this case, the 

interaction with water can be written as:  
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2
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One can see from the equation above that oxygen vacancies are gradually filled 

while protons dissolve in the oxide. The literature demonstrates that hydrogen 

dissolves as protons and is bound to the oxide ions to form the substitutional 

)OH( 0
• that can be simply written as interstitial proton •

iH . It has been demonstrated 

that the concentration of interstitial protons is increased with p(H2O) and decreasing 

temperature. Thus, the dissolution of protons in the oxide may be written as: 

'eH)g(H2
1
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Or considering the equilibrium of gases: 
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Therefore, the incorporation of hydrogen protons in the oxide can be written as: 
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)crystal(O)crystal(H2)crystal(V)g(OH x
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If this equation determines the dissolution, then the relationship with the partial 

pressure of water is given by: 
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LLα                                                                                              (2-22) 

At high p(H2O) or p(O2), protons may become the dominant defect, compensated by 

defect electrons, metal vacancies, oxygen interstitials or acceptor dopants. It is 

generally agreed that the Grotthuss mechanism allows transport of ‘‘water” in oxide 

scales by a proton ‘‘hopping” process, in which protons localized at oxide ions move 

by transfer from one oxygen atom to another. Since oxygen is available everywhere, 

the net effect of proton diffusion is diffusion of water, and since proton diffusion rates 

are high compared to metal or oxygen, diffusion of ‘‘water” is easy [8]. 

 

In close packed structures, such as alumina and chromia, the dissolution of 

molecular water is less favored, as in silica for example.  

 

2.5.3 Volatility of metal hydroxide 

Metal oxides generally react with water to form hydroxides and oxyhydroxides, which 

are sometimes volatile. The volatilization of several metals was studied by Opila 

[107]. The reactions of the most important oxides with water vapor for protection of 

metals at high temperature, to form volatile species are: 

)g()OH(CrO)g(O
4
3

)g(OHOCr
2
1

222232 =++                                                     (2-23) 

)g()OH(Al)g(OH
2
3

OAl
2
1

3232 =+                                                                           (2-24) 

)g(O
2
1

)g)(OH(SiO)g(OH
2
1

SiO

)g()OH(Si)g(OHSiO

)g()OH(Si)g(OH2SiO

222

222

422

+=+

=+
=+

                                                             (2-25) 

Volatilization generally induces an accelerated consumption of the scale forming 

metal and therefore its depletion in the substrate.  

The presence of water vapor is known to accelerate the degradation of chromia-

forming alloys [13, 90, 101, 108-109]. Asteman et al. [110-111] showed that fast 

oxidation of the stainless steel 304L in the presence of water vapor was due to lower 
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Cr/Fe ratios in the scales and consequently more rapid diffusion, where the changes 

in the Cr/Fe ratios were essentially attributed to the volatilization of chromium. 

CrO2(OH)2 is the most stable species compared to CrO2(OH) [107, 112-113].  

The influence of water vapor on the oxidation of alumina-formers is not significant 

below 1100 °C; however, the effect is much pronounc ed at 1400 °C, with Al(OH) 3 as 

the most stable of aluminum hydroxides [114].  

Thus, the rates of evaporation increase in the following order Al(OH)3 < Si(OH)4 < 

CrO2(OH)2 [107]. 

 

 

2.5.4 Effect of water vapor on the plasticity of oxide sc ales 

During the growth of oxide scales in the presence of water, the scale plasticity can 

change. The results reported by extant studies are in contradiction; McCarron and 

Schultze [3] found a decrease of oxides plasticity in the presence of water vapor 

which induces spalling, whereas improvement of scale adhesion was observed as a 

result of increased plasticity [115]. Through iron oxidation at 950 °C, Tuck et al. [99] 

found out that the scale thickening was accelerated with the introduction of moisture 

into the atmosphere. Their explanation was that water vapor, especially hydrogen, is 

incorporated to the lattice and prevents the loss of contact between the substrate and 

the scale, which is possible due to the increased plasticity (ability to creep) of the 

oxide in wet conditions, but not to the accelerated vacancy diffusion within the oxide. 

The water vapor (hydrogen) increases the concentration of dislocations, and/or their 

sources and sinks or the mobility of already existing dislocations.  

Rounded and spalled edges were observed on Fe specimens [98] cycled in wet air, 

suggesting a lowering of the oxide plasticity due to moisture. The degradation 

manifested first at the specimen edges, where plastic deformation and 

accommodation of the surface oxide are required during thermal cycling in order to 

avoid spallation. This was observed in comparison to dry air exposure where the 

oxide was sufficiently plastic to deform at the edges and maintain adherence to the 

substrate during cycling. 

Another result from this study [29] was the rapid weight loss of oxide that was 

initiated much earlier in air containing water vapor. 
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2.6 Research objectives: Oxidation 

High temperatures materials are used in gas and marine turbines where they develop 

a protective alumina or chromia scale under oxidizing conditions depending on the 

temperature. These alloys are generally coated, but it is also important to have 

substrates with good oxidation resistance. Several factors influence the oxidation 

behavior of these alloys, as mentioned earlier.  

As Ni-base superalloys have more than eight alloying elements, studying the effect of 

certain alloying elements is essential. There is a substantial body of literature on the 

influence of certain alloying elements on the oxidation resistance of high temperature 

alloys; nevertheless, the studied concentration range differs from one publication to 

another. The alloy PWA 1483 has not been widely studied, therefore one of the aims 

of this work was to study the oxidation resistance of PWA 1483 and some Ni-Cr-X 

model alloys at different temperatures and durations. The 2nd generation single 

crystal Ni-base superalloys are generally used in aircraft turbines. As shown in the 

literature, they have a good corrosion resistance at high temperature. The humidity 

affects the resistance of such alloys in different ways, as proposed in Section 2.5, 

sometimes causing their spallation and, consequently, a reduced oxidation 

resistance. These mechanisms need to be closely investigated, in addition to the 

comparison between different alloys, as they show a slightly different composition, 

with the aim to determine which alloy to use in different oxidizing conditions. 

Parameters, such as the water vapor content, are known to affect the oxidation 

behavior of alloys at high temperatures, which will also be investigated in this study. 

The higher requirements (excellent mechanical and corrosion properties) in high 

temperature materials prompt the development of new alloys that meet these 

complex criteria. New columnar crystalline alloys (ASTRA alloys) containing Rhenium 

or Ruthenium or both have been developed at the university of Erlangen-Nuremberg, 

Department of Materials Science and Engineering, Institute for Science and 

Technology of Metals. The addition of Ruthenium in the Rhenium containing alloy 

reduces the presence of TCP phases [116] in the materials, which enhances their 

strength at high temperature. It is therefore important to also study their oxidation 

resistance, to allow for a comparison with the commercial superalloys.  
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In addition to high temperature oxidation behavior of Ni-base superalloys, the wet 

corrosion and passivity of PWA 1483 and Ni-Cr-X model alloys was studied. 

Therefore a short introduction to electrochemistry and passivity is provided in the 

next section. 

 

2.7 Passivity and Anodic oxides 

Oxide films formed at low temperatures are generally formed under atmospheric air 

or electrochemically.  

Corrosion is defined as a heterogeneous chemical reaction of a metal with its 

environment (non metal reactant), which can be expressed as follows: 

dDcCbBaA +↔+                                                                                                          (2-26) 

where A is the metal and B the non-metal reactant (or reactants) and C and D are the 

products of the reaction. C may be, for example, an oxidizing form of the metal and D 

a reduced form of the non metal, in this case, C is referred as the corrosion product. 

Therefore, Equation 2-26 can be written as: 

cCbCaA ↔+                                                                                                                   (2-27) 

Corrosion in aqueous solutions is termed “wet corrosion.” The reaction product(s) will 

be an oxidized form of the metal, aquo cations (e.g. Ni2+ (aq.)), aquo anions (e.g. 

HNiO2
-(aq.)), or solid compounds (e.g. Ni(OH)2, NiO2, NiOOH), whilst the other 

reaction product(s) will be the reduced form of the non-metal. Therefore, corrosion 

can be regarded as a heterogeneous redox reaction at a metal/non-metal interface in 

which the metal is oxidized and the non-metal is reduced [117].  

Most corrosion phenomena are of electrochemical nature, whereby the metal itself is 

a reactant and is oxidized to a higher valency state, whilst another reactant is 

reduced to a lower valency state. They involve charge and ion transfer trough an 

interface (metal-solution). For corrosion to take place, an anode (positive), a cathode 

(negative), an electrolyte and an electrical circuit are required. 

Corrosion reactions in aqueous solutions are characterized by the following features 

[117]: 

• The electrified interface between the metal and the electrolyte solution (the 

metal surface may be film-free or partially or completely covered with films or 

corrosion products). 
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• Transfer of positive charge from the metal to the solution with subsequent 

oxidation of the metal to a higher valency state. 

• Transfer of positive charge from the solution to the metal with consequent 

reduction of a species in solution (an electron acceptor) to a lower valency 

state. 

• Transfer of charge through the solution and corroding metal. 

• The stability of corrosion can be influenced by thermodynamics and kinetics 

 

2.7.1 Thermodynamics of aqueous corrosion 

Noble metals are generally stable thermodynamically in all media as their oxidation 

potential is more anodic than the reduction potential of species in the surrounding 

media. However, most of the technical metals do not meet this requirement.  

In the case of Ni in aqueous solutions, for example, the thermodynamics of its 

corrosion can be given by comparing the standard electrode potential with the 

potential of possible reduction reactions [118]. The metal anodic oxidation of Ni and 

Cr can be written in the standard notation as: 

)s(Nie2)aq(Ni 2 →+ −+    E0 = - 0.25 V                                                                           (2-28)    

)s(Cre3)aq(Cr 3 →+ −+    E0 = - 0.41 V                                                                           (2-29) 

where E0 is the standard redox potential of the reaction versus the normal hydrogen 

electrode (NHE). 

The reduction reactions depend strongly on the pH of the solution. If the electrolyte is 

alkaline or neutral, the following reactions are predominant: 

)aq(OH4e4)g(O)l(OH2 22
−− →++  E0 = 0.4 V (at aOH- = 1)                         (2-30) 

                                                                          E0 = 1.23 V (at aH+ = 0.1)                         (2-31) 

In contrast, for an acidic electrolyte, the reaction is given by: 

)g(He2)aq(H2 2→+ −+    E0 = 0 V at aH+ = 1                                                            (2-32) 

where aH+ and aOH- are respectively the activities of H+ and OH- ions.  

As the potentials above are the standard Gibbs potentials (E0), the effective electrode 

potentials can be written as the Nernst equation. The oxidation reaction can thus be 

written as: 

[ ]++= +
20

Ni/Nia Niln
zF
RT

EE 2                                                                                            (2-33) 
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And the reduction reactions are: 

[ ] pH059.0Hln
zF
RT

EE 0
H/Hc −≈+= +

+                                                                           (2-34) 

[ ] pH059.0V23.1Hln
zF
RT

EE 0
OH/Oc

22
−≈+= +                                                           (2-35) 

where z is the number of moles of electrons involved in the reaction or hal-reaction, F 

is the Faraday constant (F = 96 485 .3415 C/ mol), R the gas constant  

(R = 8.3145 J/ mol K) and T the temperature. 

The cathodic parts of the Nernst equation show a dependency on the pH of the 

medium. The total redox reaction potential or e.m.f. (electromotive force E) can be 

expressed as: 

ac EEE −=                                                                                                                               (2-36) 

And Gibbs free energy of the reaction as: 

zFEG −=∆                                                                                                                                 (2-37) 

From the equations above, the dissolution of the metal can be predicted 

thermodynamically under certain conditions, such as pH and concentration of the 

different species involved. The dissolution rate of the metal (rate of oxidized species) 

is of practical importance, as they can be solvated (form complexes such as 

[Ni(H2O)] 6
2+ which dissolves in the solution) or react with the electrolyte oxygen to 

form oxides or passive films (NiO, Ni2O3, Ni3O4) which protect the metals against 

further oxidation.  

The thermodynamics of oxide formation are commonly represented in Pourbaix-

diagrams (pH-potential diagrams) [119]. The Pourbaix diagram of Ni is shown in 

Figure 2-8. 
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Figure 2-8: Pourbaix diagram (E/pH) of Ni at 25 °C  

 

 

The different parts represent the corrosion or oxidation of the metal and the 

passivation region depending on the potential and the pH. Ni is passive at potentials 

more anodic than – 0.4 V to -0.25 V, depending on the concentration of the dissolved 

Ni2+ species. The passive range extends up to 2 V and the pH between 6 and 14 

(depending on the species concentration, e.g. for C = 10-6 mol/l, the pH range is 

between 8 and 12 and the potential between -0.4 to 1.88 V).  

These diagrams predict the corrosion of metals with respect to thermodynamics, but 

not of kinetics, even though it is also important to have information on the corrosion 

rates of materials. 

 

2.7.2 Kinetics of aqueous corrosion 

Several factors can influence the corrosion rate. In most cases, the reaction is 

activation energy controlled [118, 120-121], which is considered as rate determining 

when the ion transfer occurs trough the Helmholtz double layer − layer formed by a 

positively charged layer (cations) on the solution side and a negatively charged layer 

(electrons) on the metal side [122] − involving the migration and the adjustment of the 

hydration sphere to electron acceptance or donation. If the mass transport is rate 

determining, then the reaction is diffusion controlled. 
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The activation energy can be lowered or raised by applying a potential ∆Φ [118]. If 

the reaction rate is written in terms of current flow (j), the resulting anodic and 

cathodic currents after applying an external potential can be expressed as: 

∆Φb
0a ejj =                                                                                                                        (2-38) 

∆Φ'b
0c ejj −=                                                                                                                     (2-39) 

where b, b’ and j0 are constants and J0 is the current measured without external 

potential applied.  

The cathodic and anodic currents are generally consumed from each other, such that 

both are equal. At equilibrium, the potential ∆Φ0 is set so that ja = jc = j0. Under ideal 

conditions, ∆Φ0 is the Nernst potential, therefore ja = jc applies at EH. For a redox 

couple, the equilibrium is reached at a zero net current point, and the potential at this 

point is called corrosion potential ECorr. Thus, the rate of corrosion is given by the 

current of metal ions leaving the metal in the anodic region; hence, the corrosion 

current density jcorr can be identified by the anodic current of the couple systems ja
*. 

The different currents and potentials for Fe are presented in Figure 2-9 [118]. 
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Figure 2-9: (a) Schematic polarization curves for anodic and cathodic reaction of an 

Fe/Fe2+ electrode. At Eredox(Fe) |ja| = |jc|. (b) Schematic polarization curves for a 

mixed electrode (Fe in an aqueous solution in the presence of hydrogen ions). The 

two partial current densities are equal at equilibrium (|ja
*| = |jc

*|), i.e. at Ecorr (jcorr
* = ja

* 

in this case). Experimentally, only the sum of both currents is measured (dotted line 

js
*). (c) Determination of the corrosion current from a Tafel-Plot (log js

* against U). 

Here, jcorr is obtained by extrapolation of linear parts of cathodic and anodic branches 

of js
* to the corrosion potential [118]. 

 

 

The measurement of polarization curves is performed in a three-electrode 

electrochemical cell. A simplified representation of this cell is shown in Figure 2-10.    

a) b) 

c) 
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Figure 2-10: Three-electrode electrochemical cell used to measure polarization 

curves. 

 

A potentiostat helps to control and monitor the potential between the working 

electrode (the analyzed metal) and the standard reference electrode. The current is 

usually measured between the counter electrode, which is inert (usually Pt), and the 

working electrode.  

The corrosion can also be measured by recording the AC current (electrochemical 

impedance spectroscopy EIS). The method consists on applying an electrical 

stimulus (a defined voltage or a current) to the electrodes and observing the 

response (the resulting current or voltage) [123]. The flow rate of charged particles 

(current) depends on the ohmic resistance of the electrodes, the electrolyte and the 

reactions rates at the electrode-electrolyte interfaces. Generally, the impedance is 

measured directly in the frequency domain by applying a single frequency voltage to 

the interface and measuring the phase shift and amplitude, or real and imaginary 

parts or the resulting current at a specific frequency. From Bode plots (Figure 2-11) 

the polarization resistance Rp can be obtained. With appropriate software, the 

measured data can be fitted to a corresponding electrical circuit of the entire system. 

 

I 

U 

counter electrode 

working electrode 

reference electrode 

electrolyte 
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Figure 2-11: Schematic diagram of a Bode plot [124] 

 

 

The conversion of the corrosion current into mass loss is provided by the Faraday 

law, given by:  

tj
zF
M

m corrcorr 






=                                                                                                           (2-40) 

where M is molar mass of the metal, z is the number of metal charge ions, F the 

Faraday constant and t the time. This equation assumes that there are no other 

electrochemical reactions apart from metal oxidation.  

 

If the formation of an activated complex is faster than the diffusion of the anion 

reaction at the surface or the cation dissolved from the surface, the process is termed 

diffusion-controlled. The reaction rate depends on the supply of oxygen gas to the 

surface and can be determined applying the first Fick’s law (Equation 2.6); in this 

case the diffusion path is the Nernst diffusion layer. The obtained polarization curve 

is shown in Figure 2-12 [118] where the solid lines represent the system for an 

activate electrode. The linear slope, according to an exponential law, indicates 

activation control. The currents become independent from the applied voltage at high 

anodic and cathodic potentials. The dotted lines characterize a passivated system. At 

the potential Up, the metal surface is covered by a protective oxide film (passive film) 

and the active-passive transition occurs. The measured passive current ipass is a 

proportion that defines the protectiveness of the passive film. 
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Figure 2-12: Semi-logarithmic polarization curve 

 

 

2.7.3 Passivity 

As indicated by Pourbaix diagrams, the formation of an insoluble oxide layer is 

preferred to the dissolution of the oxidized anion, as the passive film protects the 

metal from further dissolution. Such films provide a high chemical stability to stainless 

steels or Aluminum. The thickness of those films is smaller compared to the high 

temperature oxides but equal to the thickness of native oxides formed at ambient 

temperatures (1 – 3 nm). Thicker films are obtained by anodization, which requires 

application of Up for a certain time. Valve metals, such as Ti, Ta, Zr, Al, W, Hf and 

Nb, can be used at very high potentials before the breakdown is observed. The 

passive film composition and thickness depends on the potential, time, temperature 

and environment. 

On a polarization curve, the passivation is characterized by a decrease in the current 

density by several orders of magnitude. It is generally believed that a hydroxide layer 

is formed on the electrode before Up is reached [125-127]. A passive film is formed 

either under open circuit potential in a passivating solution or oxygen containing 

atmosphere, or under applied potential. At open circuit potentials, the process occurs 

as described in Section  2.1. Figure 2-13 shows a schematic representation of the 

reactions occurring at the different interfaces during passivation under an externally 
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applied potential. In this case, the oxide growth can also take place without electron 

transfer, but rather due to oxygen which is directly reduced at the counter electrode. 

 

                  

Figure 2-13: Schematic representation of the different reactions occurring at the 

interfaces metal-oxide, oxide-electrolyte and counter electrode under external 

potential. 

 

The externally applied voltage is the driving force of the oxide film formation and 

growth. The quantitative properties of film formation kinetics of such films were 

extensively studied by Cabrera and Mott [128] and Vetter [129]. The transport of ions 

through diffusion is negligible compared to the field aided transport at low to 

moderate temperatures in presence of high electrical fields (> 106 V/cm). Mott and 

Cabrera [128] propose the reaction at the metal-oxide interface to be rate 

determining, whereas Fehlner and Mott assume the reaction at the oxide-

environment interface to be the most important factor. Some authors [130-132] have 

proposed other theories, including the build-up of space charges within a non-

stoichiometric oxide, due to migrating ions through the film. 

In contrast to high temperature oxides, the growth of which is governed by a 

parabolic growth law, passive film growth is defined by an inverse logarithmic growth 

law (Equation 2-41) or direct logarithmic low (Equation 2-42), as the oxide formation 

can be described by a process with an activation energy [133]. 

( )tlogBA
x
1 ⋅−=                                                                                                             (2-41) 

metal oxide/passive film 

 

M0 

M2+ O2- OH- 

M0 

M2+ 

O2 

O2- 

e- 

e- 

O2 

OH- 

counter electrode 

electrolyte 

H+ H2O 



Chapter 2: Fundamentals 

 

 36 

( )Mt1logLKx +⋅+=                                                                                                 (2-42) 

where x is the film thickness, t the time, A, B, K, L and M are constants. 

Several mechanisms have been proposed for the direct logarithmic approach: 

• Rate limitation by direct electrons tunnelling from the metal through the oxide 

[134] 

• Lattice rearrangement [135] 

• Place exchange mechanisms [134, 136-138] 

 

2.7.4 Electronic properties of oxide films on metals 

Most oxides (oxides formed on e.g. Fe, Ti, Ni, Cr, Cu, W, Nb, etc.) are of 

semiconductor nature. Some oxides exhibit metallic properties, as is the case of IrO2, 

PbO2 and RuO2. There are also some insulators, such as oxides on Ta, Zr, Hf and Al. 

Finally, many anodically formed oxides are semiconductive [139-149].  

The electronic properties can be studied by using Mott-Schottky measurement. If we 

consider the passive film as an ideal semiconductor, a Schottky barrier is present at 

the semiconductor-electrolyte interface [100]. The band model of a 

metal/semiconductor/electrolyte is presented in Figure 2-14. The barrier can be 

described in terms of a height Us and width W [133] as:  

5.0

S
0

q
kT

U
qN

2
W 








−=

εε
                                                                                                  (2-43) 

where q is the charge of an electron, ε0 the permittivity of vacuum, ε the dielectric 

constant (ε = 1.60217646 x 10-19), k Boltzmann constant (k = 1.38065 424 x 10-23 

J/K) , T the temperature and N the doping concentration of the semiconductor. 
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Figure 2-14: Energy diagram at an n-type semiconductor passive/film electrolyte 

interface with formation of a Schottky barrier (height Us and width W) and the 

energetic distribution of oxidized (Dox) and reduced (Dred) species in the electrolyte. 

The photocurrent generation refers to the electron-hole pair formation due to the 

interaction with light (hν > Eg) [133] 

 

 

In the case of anodic polarization, US = Uappl – Ufb, and without external potential,  

US = Ured/ox - Ufb, where Ufb is the flat-potential, i.e. the potential at which US = 0 

(there is no bending of the bands and the bands are referred to as “flat”). W 

corresponds to the depth of the space charge layer generated by ionized doping 

species. The space charge capacitance CSC can therefore be measured by using, for 

example, an alternating current AC or pulse techniques. By employing a parallel plate 

condenser model, CSC is in relation with W, the following equation holds:  

W
C 0

SC
εε

=                                                                                                                       (2-44) 

And thus from the so-called Mott-Schottky plots (C2- versus Uappl), Ufb and N can be 

obtained assuming that ε0 is known [150-151] 
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2.7.5 Passivity breakdown 

The passive film stability can be disturbed by certain factors, which leads to the 

breakdown of the film. The failure of such a scale can result in different outcomes. 

The oxide may dissolve completely enhancing the further oxidation of the metal, 

hence to corrosion. Pits can also be formed on the surface and cause localized 

corrosion [152-156], which is detrimental for the corrosion resistance of the material. 

An evolution of oxygen or a dielectric breakdown (at high potentials) can also be 

observed. A polarization curve presenting all these events is shown in Figure 2-15.  

Pitting corrosion is generally observed in the presence halide containing solution. Its 

characteristics are the presence of distinct anodic sites on the surface where the 

active metal dissolution occurs; those sites are surrounded by the passive film that 

acts as a cathode where the reduction can take place [157]. Further dissolution of 

metal occurs inside the pit, where complex M(H2O)6
2+ are formed. Thus, in order to 

maintain the charge neutrality, the halide ions migrate inside the pit, and halide 

complexes, e.g. chloro complex in case chloride ions, are involved [133], as given 

below: 

( ) ( ) ( ) ( ) ++−+ +↔+→+ HClOHOHMHClOHMClOHM 42252
2
62                      (2-45) 

As shown in Equation 2-45, there is an increase of hydroxyl ions H+, therefore an 

increase of acidity accelerates the metal dissolution in the pits. The pit formation is 

generally due to the presence of inhomogeneities on the surface (inclusions, 

precipitates, grain boundaries, dislocations, stackin faults, etc.) [158] or the properties 

of the passive film (stress induced during scale growth, composition, structure 

discrepancy, etc.).  
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Figure 2-15: Polarization curve of a passive metal, showing schematically typical 

passivity breakdown possibilities. 1: Localized corrosion in the presence of an 

“aggressive” anion (e.g. Cl-); 1a: Metastable pitting due to current transients; 1b: 

Stable pit growth at Upit; 2: Oxide film dissolution caused by passivity breakdown; 

2a: The case when a second passivation occurs (e.g. in mixed oxides with one 

stable compound); 2b: Absence of second passivation; 3: Oxygen evolution owing 

to current increase; 4: Dielectric breakdown (at comparable high voltage). 

 

 

A cross-section through a growing pit is presented in Figure 2-16. The metal 

dissolution and reduction reaction (hydrogen evolution in acidic solutions or oxygen 

in aerated neutral solutions) take place at the pit base on the passive layer surface. 

In this case pH decrease (acidification) and an increase of the halogen concentration 

are observed [159].  

 

 

Figure 2-16: Schematic cross-section through a growing pit 
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The higher halides concentration induces the formation of a salt layer, which is 

generally very soluble, at the base of the pit. Therefore an effective protection cannot 

be really achieved. Metastable pitting corrosion is a result of the formation of pits that 

repassivate immediately; hence an oxide film is formed inside the pit [140]. 

 

 

2.7.6 Passivity and localized corrosion of Ni-base alloys  

Pure nickel has good chemical properties and good corrosion resistance to various 

environments, as Ni-oxides are thermodynamically stable in neutral and moderately 

alkaline solutions, although not in acidic or strong alkaline solutions (see Pourbaix 

diagram of nickel in Figure 2.8) [160]. The properties of Ni are enhanced by alloying it 

with certain elements, e.g. Chromium [161-162]. The corrosion resistance of these 

alloys is due either to passivity or their noble behavior not to displace hydrogen from 

acidic solutions, therefore they can be successfully used in varied media, acids, salts 

and alkalis (both oxidizing and non-oxidizing in character), sea water, natural waters 

and the atmosphere [117]. The passivity of Ni and Ni alloys is likely to break down in 

the presence of chlorides in the environment, depending on the pH of the solution as 

either pits are formed on the surface or the metal corrodes uniformly in more acidic 

media [163]. Binary Ni-Cr alloys are less prone to the attacks by halides if the Cr-

content is higher than 10% [164]. Ni-Cr-Fe alloys are known to exhibit a higher 

degree of pitting resistance than stainless steels and the addition of a few per cent of 

molybdenum can further improve their resistance [117]. 

As Ni-base superalloys are mostly utilized at high temperatures, their electrochemical 

behavior at room temperature is less studied; therefore, the aim of the present work 

to analyze the aqueous corrosion of the superalloy PWA 1483 and to compare it to 

the Ni-Cr-X and Ni-Cr-X-Y model alloys (with X being Co or Al and Y Ta). A 

characterization of high-temperature oxides through electrochemistry is also 

conducted in the present study, in order to compare the nature of the low- and high-

temperature scales. 
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3 Experimental work 

3.1 Materials 

3.1.1 Nominal composition 

The alloys used during this study are the single crystalline Ni-base superalloys PWA 

1483, PWA 1484, PWA 1487, CMSX 4, Rene’ N5 and Rene’ N5+. The polycrystalline 

ASTRA Ni-base superalloys developed and cast at WW II (University of Erlangen-

Nuremberg, Department of Materials Science and Engineering, Institute for Materials 

and Metal technology) were also analyzed. Some model alloys as Ni-Cr, Ni-Cr-Co, 

Ni-Cr-Al and Ni-Cr-Al-Ta were also used. The nominal composition of the studied 

alloys is presented in the Tables 3-1 to 3-3. 

The model alloys have the same amount of Cr, Co or Al as the Ni-base superalloys 

PWA 1483. 

The 2nd generation superalloys incorporate Re addition. Reactive metals such as Hf 

and Y were also added in different amounts. 

The new developed ASTRA alloys contain either Rhenium, Ruthenium, both or none 

of these elements. Their base composition is that of the alloy CMSX 4. 

 

 Ni Cr Co Al Ta 

Ni-Cr Bal. 12.2 - - - 

Ni-Cr-Co Bal. 12.2 9 - - 

Ni-Cr-Al Bal. 12.2 - 3.6 - 

Ni-Cr-Al-Ta Bal. 12.2 - 3.3 5 

 

Table 3-1: Nominal composition of polycrystalline model alloys in wt.-% 
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 Ni Cr Al Co W Ta Mo Ti Re Hf Y C 

PWA 

1483 

Bal. 12.2 3.6 9 3.8 5 1.9 4.1 - - - 0.07 

PWA 

1484 

Bal. 5 5.6 10 5.9 8.7 1.9 - 3 0.1 -  

PWA 

1487 

Bal. 5 5.6 10 5.9 8.7 1.9 - 3 0.35 0.01  

René N5 Bal. 7 6.2 8 5 7 2 - 3 0.2 -  

RenéN5+ Bal. 7 6.2 8 5 7 2 - 3 0.2 0.01  

CMSX4 Bal. 6.5 5.6 9 5 6.5 0.6 1 3 0.1   

Table 3-2: Nominal composition of the single crystal Ni-base superalloys in wt.-% 

 

 Ni Cr Al Co Ta Mo W Re Ru 

Astra 00  Bal. 6.0 13.5 9 2.2 0.6 2.0   

Astra 20  Bal. 6.0 13.5 9 2.2 0.6 2.0 2  

Astra 02  Bal. 6.0 13.5 9 2.2 0.6 2.0  2 

Astra 22 Bal. 6.0 13.5 9 2.2 0.6 2.0 2 2 

 

Table 3-3: Nominal composition of Astra alloys in at.-% 
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3.1.2 Microstructural characterization 

The Ni-base superalloys were all polished down to 1 µm diamond paste and etched 

in molybdenum acid (100 ml H2O, 100ml HNO3 (65%), 100ml HCl (37%), 3 g MoO3) 

for 6 – 8 seconds. PWA 1483 and the 2nd generation single crystal superalloys are 

single crystalline with the typical γ/γ’ microstructure. The new developed ASTRA 

alloys have the same microstructure as the pre cited alloys but are columnar 

crystalline, some TCP were found in the alloys. The model alloys are all 

polycrystalline with a coarse grained structure. The alloys were etched in different 

solutions. 

 

3.2 Oxidation experiments 

3.2.1 Isothermal oxidation 

The single crystal Ni-base superalloy PWA 1483 and the polycrystalline Ni-Cr, Ni-Cr-

Al and Ni-Cr-Co model alloys were oxidized at 800 °C and 900 °C respectively in air 

for different time periods in a vertical tube furnace. The samples were cut from a 

PWA 1483 single crystal and plates of the model alloys, mechanically ground and 

polished to a 1 µm (check) diamond paste. The specimens used were 2 × 1.7 × 0.2 

or circular discs of 1.2 or 1 diameter and 0.4 or 0.1 thickness (with all dimensions 

given in cm). A hole of 0.3 or 0.2 cm was drilled in order to suspend the sample for 

the TGA measurements. 

Thermogravimetric Analysis (TGA) was used during isothermal oxidation to 

determine the oxidation growth law for the different materials. This method is the 

primary technique to determine oxidation kinetics by measuring the mass change 

during oxidation. The set-up used for this purpose is presented in Figure 3.1. Instead 

of suspending the sample directly from the microbalance as usual, the object under 

investigation is linked to a “suspension” magnet, an electromagnet attached on a 

balance which maintains the freely suspended state of the suspension magnet via an 

electrical control unit. This Rubotherm suspension magnetic coupling permits the 

contact-free transmission of the measuring force from the measuring chamber to a 

Mettler AT 20 microbalance located outside the chamber under ambient conditions. 

This method provides more accurate data measurements, which are performed using 

software written at the Chair for Surface Science and Corrosion. 
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The alloys ASTRA 00, ASTRA 02, ASTRA 20 and ASTRA 22 were oxidized at 950 

and 1050 °C for 100 h in the same experimental arra ngement as PWA 1483 and the 

model alloys. The specimens were circular discs of 1.2 cm diameter and 0.4 to 0.3 

cm thickness, with a 0.1 cm hole to suspend the sample during the TGA 

measurements. 

 

 

 

 

Figure 3-1: Schematic diagram showing the TGA apparatus for the isothermal 

oxidation with flowing gas 

 

Another set of experiments were carried out on variety of 2nd generation Ni-base 

superalloys. Isothermal oxidation was performed on the single crystalline superalloys 

PWA 1484, PWA 1487, René N5, René N5 + Yttrium (Rene’ N5 +) and CMSX 4 + 

Lanthanum, Yttrium. The nominal composition (in wt- %) of the investigated alloys is 

listed in Table 3-2. The René N5 alloys were obtained from General Electric (GE), 

PWA alloys from Pratt & Whitney Aircraft and the CMSX 4 alloy from the University of 
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Erlangen-Nuremberg, Department of Material Science and Engineering, Institute for 

Science and Technology of Metals. The oxidation experiments were all carried out at 

the University of Pittsburgh, Department of Mechanical Engineering and Materials 

Science (MEMS). The samples were cut from the ingot and ground up to 1200-grade 

SiC paper. Prior to oxidation tests, the samples were washed in soapy water, rinsed 

in deionized water, and subsequently cleaned in an ultrasonic ethanol bad and dried 

with nitrogen. The samples were weighed, placed in a ceramic alumina crucible and 

moved in the front part of the furnace for 2 h before sliding the samples into the 

hottest part of the furnace. The very basic structure is a thick walled horizontal silica 

tube in a furnace. The tests were performed in dry air and air saturated with water 

vapor at 46.1 °C and 68.1 °C, which corresponds to a water vapor partial pressure of 

0.1 and 0.3 atm respectively. The fraction of water was controlled by blowing air in a 

water bath heated to specific temperatures in order to achieve the desired water 

vapor pressure. The water temperature was carefully monitored to ensure a stable 

pressure. For this purpose, two bubbling systems were used in series. The air flow in 

the furnace was 0.1 cm/s. A schematic drawing of the experimental apparatus is 

presented in Figure 3.2. 

 

 

Figure 3-2: Experimental apparatus used for air and air + moisture oxidation tests 
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The test time was 100 h for all the investigated materials. After oxidation and cooling, 

the samples were weighed again and characterized.  

3.2.2 Preparation of cross-sections 

To obtain the cross-sections, the oxidized samples were cut, gold was vapor 

deposited on the samples to improve the electrical conductivity, Ni was also 

deposited electrochemically to protect the samples during metallographic 

preparation. For some samples, cross-sections were obtained by using a Ga3+-

Focused Ion Beam (FIB) Zeiss 1540EsB, which allows the milling of small holes in 

the samples or sputtering at high current beams so that cross-sectional images of the 

structure can be obtained and imaging performed at low currents beam. The 

apparatus is generally a combination of a Scanning Electron Microscope (SEM) for 

imaging and an Ion beam for milling. The FIB-cutting was carried out at WW I  

(University of Erlangen-Nuremberg, Department of Materials Science and 

Engineering, Institute for General Materials Properties, by S. Cenanovic) and at Chair 

of Metals and Alloys of the University of Bayreuth (by M. Bensch). The cross-sections 

images were obtained by Backscattered Electron imaging modus and the surface 

images by Secondary Electron imaging modus. 

 

3.2.3 Characterization methods 

To identify the crystal structure of the oxide films, X-Ray Diffraction (XRD) 

investigations were carried out with X’-Pert Phillips MPD PW 3040, using Cu Kα 

radiation, the incidence angle was very low, in order to detect just the phases in the 

oxides. X-ray diffraction analysis is based on the scattering of an X-ray beam on a 

crystalline sample surface as a function of incident and scattered angle, polarization, 

wave length or energy as each substance in the sample gives a different pattern.  

The morphology was investigated by Hitachi S-4800 Scanning Electron Microscopy 

(SEM) and its Energy Dispersive X-Ray analysis (EDX) tool was used to study the 

chemical composition of the oxide layers, as each element has a specific atomic 

structure allowing X-ray wavelengths characteristic for each element to be identified 

separately. The second electron mode was used for imaging as well as the back-

scattered mode for compositional contrast imaging. EDX is based on the analysis of 

X-ray emission spectra obtained after hitting the sample with an electron beam. 
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Auger Electron Spectroscopy (AES) was used to obtain the chemical composition of 

the oxides. AES is a surface analytic tool using the emission of low energy in the 

Auger process − a de-excitation process leading to the loss of one electron, whereby 

the atom is excited by ionizing the K-shell. For relaxation an electron from one of the 

outer shells will fill the hole. As the energy of the electrons in the higher shells is 

higher than that of those in the K shell, the excess energy is emitted in the form of 

photon emission of a certain wave length, or energy transfer to another electron, 

which then is emitted and called Auger electron [165]. Measuring the energy of such 

an electron allows analyzing the chemical composition of surfaces. The total Auger 

emission raises rapidly as the angle of incidence to surface perpendicular to the 

electron beam is increased, therefore a change in intensity with topography in 

imaging is possible. AES mappings were performed on FIB cross-sections of the 

ASTRA alloys after oxidation at 950 °C in order to establish the chemical composition 

of the formed scales with a Physical Electronics (PHI) 670 device with a 10 keV 

electron beam operating at 10 nA, with a 30° angle to the surface. 

 

3.3 Electrochemical investigations 

3.3.1 Experiments 

Electrochemical investigations were carried out in different electrolytes. The alloys 

polished down to 1 µm diamond paste (Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and 

PWA 1483) were used as working electrodes with a surface of 0.785 cm2 in contact 

with the electrolyte. A 3-electrode electrochemical cell was utilized with a PTFE-

recipient, a Pt counter electrode and an Ag/AgCl reference electrode as shown in 

Figure 3-3. 
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Figure 3-3: Electrochemical cell [166] 

 

 

To study the corrosion behavior of alloys, acidic, neutral and chloride-containing 

solutions are used to simulate different types of exposure conditions. Therefore the 

electrolytes used in this study were Borate buffer (pH 8.4) 0.075 M Na2B4O7, 10 H2O 

+ 0.03 M H3BO3, 0.5 NaCl and 0.1M H2SO4. The electrochemical behavior of high 

temperature oxides was analyzed in borate buffer, as these oxides are expected to 

be stable in this solution (at least not chemically dissoluble). Different experiments 

were carried out in borate buffer; the OCP (Open Circuit Potential) was recorded for 2 

hours and the alloys were polarized at 0.5 V and 0.3 V. After polarization, either the 

electrochemical impedance (EIS) or the potential-current curves were measured, or 

Mott-Schottky measurements were performed. The EIS was measured at 0.5 and 0.3 

V vs Ag/AgCl. In order to study the composition of passive films by using X-ray 

Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy (AES), the 

alloys were cathodically polarized at – 1 V for 5 minutes prior to polarization at 0.3 V 

vs Ag/AgCl for 4 hours with a 5 mV/s scan rate.  
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3.3.2 Characterization methods 

The alloys were also polarized at 0.5 V for 24 h after 5 min cathodic polarization at -1 

V and characterized with a high resolution X-ray photoelectron spectrometer (PHI 

5600 XPS, USA) using an Al Kα radiation (1485.6 eV; 300 W) for excitation. The 

binding energy of the target elements was determined at a pass energy of 23.5 eV, 

with a resolution of <0.4 eV (values measured every 0.1 eV) and a take-off angle of 

45° with respect to the surface normal. The XPS spe ctra were referenced to the peak 

position of C 1s, which is always on the surface as an impurity. This peak has a well-

known binding energy of 284.4 eV and is used to correct any drift in the peak position 

in the collected spectra [167]. The background was subtracted using the Shirley 

method in all spectra. To obtain the molar fractions of each species, the peak areas 

of the measured XPS spectra were corrected with the photo ionization cross sections 

of Scofield [168] σ and the asymmetry parameter β (orbital geometry) [169], which 

are the sensitivity factors included in the acquisition software (MultiPak V6.1A, 99 

June 16, Copyright © Physical Electronics Inc., 1994-1999). 

The elemental composition of the passive films were obtained by using Auger 

Electron Spectroscopy (AES) and the depth profile measurements were performed 

using Physical Electronics (PHI) 670 with a 10 keV electron beam operation at 10 nA, 

with a 30° angle to the surface.   

The same experiments were also performed in other electrolytes. 
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4 Results 

4.1 Microstructure of the studied alloys 

The alloys PWA 1483, PWA 1484, PWA 1487, CMSX 4, René N5 and René N5+ are 

all single crystalline with a fine γ’ particles distribution in the γ matrix. The single 

crystal Ni-base superalloys generally present a dendritic solidification structure, both 

the dendritic and interdendritic areas of which consist of cubic γ’ precipitates (Ni3Al) 

uniformly distributed in the matrix γ. The volume fraction of γ’ in the matrix is different 

for each alloy and depends strongly on the alloy composition and the heat treatment. 

The microstructure of PWA 1483 and CMSX 4 are presented in Figures 4.1 and 4.2. 

The intermetallic phase morphology is not uniform in the alloy PWA, 1483 whereas 

the γ’ cubes are uniform in the Rolls Royce alloy. These two phases are substituted 

with alloying elements. 

 

Figure 4-1: SE image of the microstructure of the single crystal Ni-base superalloys 

PWA 1483 and CMSX 4 
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The ASTRA alloys are polycrystalline and show the typical γ/γ’ microstructure. The 

microstructure of ASTRA 20 (which contains Rhenium) is presented in Figure 4-2. 

The structure is not homogeneous, as some defects could be observed, and some 

particles were not fully dissolved during the heat treatment, which can lead to a 

completely different oxidation behavior. 

 

 

Figure 4-2: SE image of ASTRA 20 microstructure 

 

TCP, which are brittle phases, are formed at the grain boundaries with the addition of 

alloying elements, such as Rhenium. The topologically close-packed Phase formation 

is suppressed with Ruthenium addition, which is shown is Figure 4.3. The white 

precipitates are TCP which have a high content of refractory metals.  
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Figure 4-3: Influence of Ruthenium and Rhenium on the formation of TCP as an 

example, the alloys Astra 20 and Astra 22 

 

The model alloys are all polycrystalline with coarse grains. Figure 4-4 shows their 

typical microstructure. A closer look shows the presence of precipitates at grain 

boundaries, which are generally carbides for strengthening (in this case Cr3C2 or 

Cr23C6). 
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Figure 4-4: Optical microscope micrographs of the microstructure of the model alloy 

Ni-Cr  

 

4.2 Oxidation of the single crystal Ni-base superal loy PWA 1483 

and Ni-Cr-X model alloys at 800 and 900 °C 

4.2.1 Oxidation at 800 °C 

4.2.1.1 Isothermal Oxidation, Thermogravimetric Ana lysis (TGA) 

The oxidation kinetics of the investigated alloys during 24 hours oxidation are 

presented in Figure 4-5 in form of the specific mass gain as a function of the time. 

The curves show an initial fast oxide growth followed by a slower mass gain, similar 

to observations of Wei et al. [170]. The oxidation kinetics can be described by 

examining the growth-time constant n, which is the exponent in Equation (4-1) [170]:  

 

( ) CtkAm n
p +=∆ /                           (4-1) 

 

where (∆m/A) is the oxidation mass gain per unit surface area (mg/cm²), t is the 

oxidation time in seconds and C a constant. Taking a logarithm on the both sides of 

Eq. (4-1) we obtain:  

 

( ) 'log/log CtnAm +=∆                       (4-2) 

Therefore, the value of n is obtained from the slope of a log-log plot, and this value is 

indicative on the mechanisms controlling the oxidation. In the above experiments, the 

n values for the model alloys varied between 0.20 and 0.39 after 24 h and 100 hours 
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oxidation; hence, the growth follows the subparabolic law with the tendency of n to 

increase with time.  

From Figure 4-5 it can be seen that the alloy Ni-Cr-Co oxidizes faster than all the 

other alloys studied, for which the growth law is parabolic. From the model alloys, the 

alloy Ni-Cr-Al has the lowest oxidation rate. Due to the sensitivity threshold of the 

experimental arrangement, the mass change of PWA 1483 was too low to be 

detected.   
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Figure 4-5: Weight gain as a function of the exposure time (24 h) in air at 800 °C for 

Ni-Cr, Ni-Cr-Co, Ni-Cr-Al and PWA 1483 

 

During 100 h exposure time (Figure 4-6), the Ni-base superalloy still has the lowest 

oxidation rate and the Ni-Cr-Co shows the highest mass gain. The data for the PWA 

1483 superalloy is noisy, which may indicate a non-steady oxidation behavior, but 

can also be partially due to the low mass gain at the detection limit of the 

experimental apparatus. 
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Figure 4-6: Weight gain as a function of exposure time (100 h) in air for Ni-12.2Cr, 

Ni-12.2Cr-9Co, Ni-12.2Cr-3.6Al and PWA 1483 

 

In spite of the sub-parabolic growth law of the oxide layers, for an approximate 

comparison of the different alloys, the parabolic rate constant kp was calculated using 

Equation (4-3): 

 

( ) tkAm P=∆ 2/                                  (4-3) 

 

The obtained values of the parabolic oxidation rate constant kp for the different model 

alloys are given in Table 4-1. For the Ni-based superalloy no reliable value can be 

determined, because of the low mass change (and noisy data) at this temperature. 
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Exposure time (hours) 

 

kp (mg 2/cm 4s) 

 

8-24 71015.3 −×  
Ni-Cr 

18-100 71087.2 −×  

8-24 71032.4 −×  
N i-Cr-Co 

18-100 71057.3 −×  

8-24 81007.9 −×  
Ni-Cr-Al 

18-100 81046.6 −×  

 

Table 4-1: Parabolic rate constants, kp 

 

 

The kp values of other type of Ni-Cr-X model alloys have been previously determined 

for temperatures ≥ 900 °C, and these are higher (e.g. 7.44 x 10 -6 mg2/cm4s for a Ni-

15%Cr at 900 °C or 5.8 x 10 -3 mg2/cm4s for a Ni-Cr-Al alloy at 1000 °C) than the 

values calculated for the alloys investigated in the present study [84, 171]. The 

composition of the alloys differs especially for the Cr-content and additions of minor 

elements, so that no direct comparison is possible. 

 

The alloy Ni-Cr-Al and PWA 1483 were also oxidized for longer time periods (1000 h) 

(Figure 4-7). For the Ni-base superalloy an n-value of 0.55 was obtained after 1000 h 

oxidation, corresponding to a parabolic growth. For the Ni-Cr-Al an n-value of 0.64 

was found. 
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Figure 4-7: Weight gain as a function of exposure time (1000 h) in air for 

Ni-12.2Cr-3.6Al and PWA 1483 at 800 °C  

 

Figure 4-8 summarizes the oxidation behavior for all the alloys after 24 and 100 h 

oxidation; the Ni-Cr-Co alloy shows the highest mass gain, followed by Ni-Cr, Ni-Cr-

Al and the PWA 1483 Ni-base superalloy has the lowest mass gain. Clearly, for Ni-

Cr-X alloys, alloying with Co is deleterious for the oxidation resistance, whereas Al 

(as demonstrated by Stott et al. [172] ) is highly beneficial. 
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Figure 4-8: Total mass gain of PWA 1483 and Ni-Cr-X model alloys after 24 h and 

100 h oxidation at 800 °C 
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4.2.1.2 Surface preparation 

The oxidation kinetics of rougher surfaces (where the samples were just ground up to 

600-grade SiC paper) is shown in Figure 4-9. The Ni-base superalloy still shows the 

lowest mass gain and Ni-Cr-Co the highest. The oxidation is linear, which is 

detrimental for the oxidation resistance of these alloys. Ni-Cr-Co follows a parabolic 

law, but the oxide layer seems to spall during oxidation time. A rougher surface leads 

to changes of the kinetics, which implies a negative influence on the oxidation 

behavior of the studied alloys. 
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Figure 4-9: Weight gain as function of exposure time (100 h) in air at 800 °C for the 

model alloys and PWA 1483. The samples were not polished but only ground up to 

600-grade SiC paper  

 

4.2.1.3 XRD characterization of the oxide layers 

To obtain information on the type of oxide layers formed, different characterization 

techniques were applied. XRD was used to study the crystal structure of the oxides. 

However, it should be mentioned that from very thin oxide layers, no information can 

be obtained due to the sampling depth of the technique. Therefore, additionally EDX 

was used to study the composition in the different parts of the layer in cross-sectional 

samples. 
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Figure 4-10 to 4-11 show the XRD spectra for different oxide layers. After 24 hours of 

oxidation, for all model alloys only a strong signal from NiO is observed (Figure 4-10). 

In the case of the Ni-base superalloy, peaks corresponding to NiO, Cr2O3, and some 

spinels NiCr2O4, CoCr 2O4 are detected already after 24 h oxidation (Fig. 2a),  
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Figure 4-10: XRD-patterns of PWA 1483 and the model alloys Ni-Cr, Ni-Cr-Co and 

Ni-Cr-Al after 24 h oxidation at 800 °C  
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Figure 4-11: XRD-patterns of PWA 1483 and the model alloys Ni-Cr, Ni-Cr-Co and 

Ni-Cr-Al after 100 h oxidation 
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The results for the long term oxidation (1000 h at 800 °C) of PWA 1483 and Ni-Cr-Al 

are presented in Figure 4-12. The samples of the superalloy PWA 1483 and the 

model alloy Ni-Cr-Al, oxidized for 1000 hours, were analyzed; for the superalloy, the 

same oxides (NiO, Cr2O3 and NiCr2O4) are detected as after 100 h oxidation (with 

addition of one unknown peak) but the signals are stronger (Figure 4-11). 

Furthermore, the ternary Ni-Cr-Al alloy, with the similar oxidation behavior as the 

PWA 1483 superalloy, shows the presence of NiO, Cr2O3 as well as NiCr2O4 in the 

oxide layer. For all the investigated oxide scales on Ni-Cr-Al and PWA 1483 no signal 

from Al2O3 was detected; this may be due to the low content of Al in the alloy, or to 

the temperature oxidation, as α- Al2O3 becomes more stable at temperatures above 

900 °C [6].   
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Figure 4-12: XRD patterns of the obtained oxides of Ni-Cr-Al and PWA 1483 after 

1000 h at 800 °C 

 

 

4.2.1.4 Morphology 

Figure 4-13 shows the top view of Ni-Cr oxidized for 24 hours at 800 °C. It can be 

seen that the surface is not homogeneous and has many defects, which look like 

“etch” pits. Etch pits have been observed, for instance, after oxidation of Ni (99.9999 

%) at 1350 °C in oxygen for 15 minutes [97]. In the  present study, etch pits were also 

observed on the Ni-Cr-Co alloy after 24 h oxidation. Typically, it was found that the 

longer the oxidation time, the lower the defect density observed.  
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Figure 4-13: SEM image (SE): top view of Ni-Cr after 24 h oxidation in air at 800 °C  

 

Figure 4-14 shows the top view images of the oxide layers formed during 100 h 

oxidation on Ni-Cr (4a), Ni-Cr-Co (4b) and Ni-Cr-Al (4c). Clearly, the surface 

morphology of the oxide layer on Ni-Cr-Al is very different to Ni-Cr and Ni-Cr-Co, 

showing in some areas a rod-like structure. Such oxide morphology was not 

observed during the early stage of oxidation (24 h).  

 

                  

 

Figure 4-14: SEM images (SE): top view of Ni-Cr (a), Ni-Cr-Co (b) and Ni-Cr-Al (c) 

after 100 h oxidation at 800 °C 
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     2µm 

       500 nm 



Chapter 4: Results 

 

 62 

The morphology of the oxide layer on the Ni-base superalloy is different to the binary 

and ternary alloys. A typical example is shown in Figure 4-15, for the sample oxidized 

for 1000 h. With longer oxidation time, the crystallite size decreases. The oxide layer 

is not homogeneous; it contains pores and random large crystallites. An EDX 

analysis indicates that these large crystallites are rich in Ta and Ti. Therefore, they 

are most probably stable Ta and Ti oxides or spinels. Due to the small amount of 

these oxides on the surface, they cannot be detected by XRD.  

 

 

Figure 4-15: SEM top views of PWA 1483 after 1000 h oxidation at 800 °C  

 

The cross-sections of the oxide layers on all the investigated alloys show more or 

less a similar structure of the layer: an inner oxide, which is not homogeneous 

(probably due to stresses occurring during the oxide growth), and a top layer – as an 

example Fig. 4-16a shows a cross-section of the oxide layer formed on the Ni-Cr 

alloy after 100 h oxidation. The composition in the different parts of the oxide layer 

was studied by EDX on the cross-sectioned samples. For the Ni-Cr alloy after 100 h 

oxidation, the innermost layer is rich in Cr and O, suggesting a presence of the 

protective Cr2O3, as expected, and the middle scale is rich in Ni, Cr and O, 

suggesting the presence of a Ni-Cr-spinel. The top layer is Ni and O rich, therefore 

NiO forms on top of the Ni-Cr spinel. The cross-section of Ni-Cr-Co after 100 h 

oxidation (Fig. 4-16b) looks similar to that on the Ni-Cr alloy; however, the chemical 

composition in the different parts of the layer is not identical to that found in the Ni-Cr 

alloy. In this case, the inner layer is Cr and O rich (a protective inner Cr2O3 layer is 

formed), the mid layer shows signals of Ni, Cr, Co and O, and the top layer indicates 

presence of Ni and O, with a very low content of Co. Therefore, in this case, the outer 

NiO contains some Co. For the Ni-Cr-Al and the superalloy PWA 1483 samples, FIB 

    500 nm 20 µm 
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cross-sections were prepared in order to reveal more details on the oxide layer 

morphology. The FIB cut of the oxide layer of on the Ni-Cr-Al after 100 hours 

oxidation shows a thin Cr and O containing layer, the middle layer is rich in Cr, Al and 

Ni and O, whereas the outmost layer is NiO only (Figure 4-16c). The Cr-rich layer is 

not homogeneous throughout the sample surface. Noteworthy are the pores in the 

outer layer in the vicinity of the interface of the middle/outer layer. Figure 4-16d 

shows a cross-section of the Ni-base superalloy after 1000 hours-long exposure. The 

oxide scale is much thinner than in the model alloys, and a clear layered structure 

seen on the model alloys could not be observed. The oxide morphology is different 

than the morphology of the scales formed on the model alloys, whereby internal 

oxidation of Cr is observed, as a very thin non-homogeneous chromia layer under the 

NiO and NiCr2O4. The EDX analysis shows the presence of Cr in a very high amount, 

as well as some Ni and O. However, the XRD results did not show the presence of 

the different spinels and the protective Cr2O3 oxide after 24 hours of oxidation and 

only very weak signals suggesting presence of Chromia after 100 hours-long 

oxidation of the model alloys. This may be due to the fact that the top layer NiO is too 

thick, and is therefore the only phase to be detected. 
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Figure 4-16: SEM (BSE images) cross-sections 

(a) Ni-Cr after 100 h oxidation in air at 800 °C; (b ) Ni-Cr-Co after 100 h oxidation in 

air at 800 °C; (c) FIB image of Ni-Cr-Al after 100 h oxidation in air at 800 °C; (d) FIB 

image of PWA 1483 after 1000 h oxidation in air at 800 °C 

 

4.2.2 Oxidation at 900 °C 

4.2.2.1 Isothermal oxidation, Thermogravimetric ana lysis (TGA) 

 

The results of TGA after 900 °C oxidation of PWA 14 83 and the model alloys are 

presented in the following graphs. The first graph represents the mass gain over time 

after 24 h oxidation. The superalloy and the Al-containing alloy show the lowest mass 

gain. Ni-Cr shows better corrosion resistance than the Co containing model alloy. Ni-

Cr-Al is the best performing model alloy as it shows the lowest mass gain from the 

investigated model alloys. 
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Figure 4-17: Weight gain as function of exposure time (24 h) after oxidation in air of 

Ni-Cr, Ni-Cr-Co, Ni-Cr-Al and PWA 1483 at 900 °C 

 

 

The results obtained after 100 h at 900 °C follow t he same trend as the results 

obtained after 24 h oxidation. The model alloy Ni-Cr-Co shows the highest mass 

gain, whilst the Al-containing model alloy shows the same behavior as the Ni-base 

superalloy. Ni-Cr-Co mass gain is the highest of all the studied alloys. 
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Figure 4-18: Weight gain as function of exposure time (100 h) after oxidation of Ni-

Cr, Ni-Cr-Co, Ni-Cr-Al and PWA 1483 in air at 900 °C 
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Table 4-2 presents the different kp values obtained after 100 h oxidation at 900 °C 

calculated using Equation 3. The kp are correlated with the exposure duration, as a 

change in value corresponds to a change in the kinetics of the oxide growth. The 

superalloy shows the lowest parabolic rate after 10 h, and there is no change in the 

kinetics, as there is only one kp value associated with that exposure period. The kp 

values of Ni-Cr are the highest. 

 

 Exposure time (h) Kp (mg2/cm4h) 

Ni-Cr 10h – 30h 

30h – 100h 

1.28x10-2 

7.19x10-3 

Ni-Cr-Co 18h – 30h 

30h – 100h 

6.82x10-2 

3.13x10-2 

Ni-Cr-Al 30h – 100h 1.26x10-3 

PWA 1483 10h – 100h 9.72x10-4 

 

Table 4-2: Parabolic rate constants kp of the model alloys and PWA 1483 

corresponding to ranges of oxidation periods (up to 100 h) at 900 °C 

 

The n-values are obtained after plotting log (∆m/A) vs log (t) (Table 4-3). None of the 

values are 0.5, which corresponds to a parabolic growth law. The n-value of Ni-Cr-Al 

is even near to 1. 

 

Alloy n value 

Ni-Cr 0.36 

Ni-Cr-Co 0.27 

Ni-Cr-Al 0.94 

PWA 1483 0.65 

 

Table 4-3: n-values of the model alloys Ni-Cr-X and PWA 1483 after 100 h oxidation 

at 900 °C 
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The mass gain – time curve for long time exposure of PWA 1483 is presented in 

Figure 4-19. The curve shows some jumps that are due to the sensitiveness of the 

micro-balance to external disturbances. 
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Figure 4-19: Weight gain as a function of exposure time (1000 h) of PWA 1483 

after oxidation in air at 900 °C 

  

4.2.2.2 XRD characterization 

The compounds detected after 24 h oxidation at 900 °C are the same as after 

oxidation at 800 °C, as the NiO layer is too thick for the other compounds to be 

detected. The following micrograph presents the XRD pattern of the studied alloys 

after 100 h oxidation. Whilst NiO is likely to be found on all the alloys, very low Cr2O3 

signals are detected on the Al containing model alloy. Spinels of NiCr2O4 and 

CoCr2O4 are only detected on the Ni-base superalloy. The protective oxide Chromia 

was detected in a higher amount in this alloy. 
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Figure 4-20: XRD pattern of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al and PWA 1483 after 100 h 

oxidation at 900 °C 

 

 

4.2.2.3 Morphology and EDX analysis 

The top views of the analyzed alloys after oxidation at this temperature are not very 

different from those obtained after oxidation at 800 °C; the density of etch pits 

observed in this case is lower than that observed at the lower temperature. The pit on 

the Co containing model alloy is more like a pore. 

 

         

Figure 4-21: Top view of Ni-Cr and Ni-Cr-Co after 24 h oxidation at 900 °C  

 

The FIB pictures of the scale cross-sections and the EDX-mappings obtained after 

100 h oxidation are presented in the following micrographs. The pictures were done 

     500 nm 

Ni-Cr-Co 

500 nm 

Ni-Cr 
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by M. Bensch, Department of Metals and Alloys, University of Bayreuth. The scale 

formed on Ni-Cr is shown in Figure 4-22.  

 

 

 

Figure 4-22: BSE FIB image of Ni-Cr after 100 h oxidation at 900 °C in air [173]  

 

A non uniform 3-layer structure of the oxide scale can be clearly observed. The EDX-

mapping images of Ni-Cr are presented in Figure 4-23 and the results of this analysis 

identify: an internal oxide, which was found to be Cr2O3; the middle layer, which is 

also an internal scale; the mixture of spinel NiCr2O4 and NiO; and the top layer (oxide 

at the interface oxide – substrate) NiO, which is very thick. The oxide layer is also 

very porous, particularly in the spinel and at the interface between the internal oxide 

and Chromia.  
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Figure 4-23: EDX-mapping images of Ni-Cr after 100 h oxidation at 900 °C [173] 

 

The morphology of the oxide formed on Ni-Cr-Co is given in Figure 4-24, which 

shows a two layer structure, with the internal oxide being thicker than the outer scale. 

There are some pores observed at the interface between the top layer and internal 

oxide. It is very difficult to have a view on the microstructure of the metal beneath the 

oxide as the polishing with the Ga-beam turned to be difficult. 

 

  

Figure 4-24: BSE FIB image of Ni-Cr-Co after 100h oxidation at 900 °C [173]  

2 µm 
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The EDX mapping revealed Chromia as the internal oxide, whilst the top layer 

contains Ni, O and Co, which leads to a conclusion that a mixture NiO and spinel 

NiCo2O4 is formed (Figure 4-25). 

 

    

    

 

Figure 4-25: EDX mapping images of Ni-Cr-Co after 100 h oxidation at 900 °C [173]  

 

The FIB image of the oxide scale formed on the Al-containing model alloy is shown in 

Figure 4-26. A very thin inhomogeneous inner scale is observed, whereas the upper 

scale is more uniform.  
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Figure 4-26: BSE FIB image of Ni-Cr-Al after 100 h oxidation at 900 °C in air [173]  

 

The EDX analysis shows that the thinner layer is Chromia (Figure 4-27). The area 1 

seems to be rich in Cr and Al, which may be a mixture of Cr2O3, Al2O3, and AlCr2O4. 

The area 2 is rich in Al, which may be alumina. The top layer is mostly NiO, and there 

is minimum amount of Cr and Al detected. 
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Figure 4-27: EDX mapping images of Ni-Cr-Al after 100 h oxidation at 900 °C [173]  

 

The morphology of the oxide obtained for the Ni-base superalloy is different from that 

of the model alloys. Only a single layer can be observed, which seems to detach from 

the substrate as a result of accumulation of pores at the Oxide – Substrate interface, 

as well as large and small inclusions all over the metal. The small inclusions may be 

the γ’-phase.  

 

1 

2 
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Figure 4-28: SE FIB image of PWA 1483 after 100 h oxidation at 900 °C [173]  

 

The top layer was found to be Cr-rich and some Ni could be also detected, which 

points out an outer scale with Cr2O3, NiO or NiCr2O4; the larger inclusions are rich in 

Al, whereas the smaller inclusions seem to be Ti-rich.  

 

   

   

Figure 4-29a: EDX mapping images of PWA 1483 after 100 h oxidation at 900 °C 

[173] 

  1 µm 



Chapter 4: Results 

 

 75 

    

 

Figure 4-29b: EDX mapping images of PWA 1483 after 100 h oxidation at 900 °C 

[173] 

 

4.2.3 Summary: Oxidation of PWA 1483 and model alloys at 800 and 900 

°C 

The total mass gain after 24 h oxidation for the two studied temperatures is shown in 

Figure 4-30. For Ni-Cr, the total mass gain after oxidation at 900 °C is more than 

double and is almost double for the Co-containing alloy in comparison with the results 

obtained at 800 °C. In contrast, the increase of te mperature affects the mass gain of 

Ni-Cr-Al only slightly. PWA 1483 is the best performing alloy at both temperatures 

after this oxidation time. The Al-containing model alloy has the lowest mass change 

after 24 h oxidation at both temperatures (Figure 4-31a). After 100 h the increase in 

total mass gain of all the alloys is much more apparent at 900 °C compared to 800 °C 

(Figure 4-31b). The Co-containing alloy has the highest mass gain and the Ni-base 

superalloy the lowest. Ni-Cr-Al and PWA 1483 seem to have a very similar oxidation 

behavior although they have a different microstructure, which is polycrystalline for the 

model alloy and single crystalline for the superalloys. Therefore, the chemical 
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composition may be more important for the oxidation resistance than the 

microstructure, as both metals have the same amount of chromium and aluminum, 

which are responsible for corrosion protection at high temperatures. 
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Figure 4-30: Total mass gain of the Ni-Cr-X model alloys and PWA 1483 after a) 24 

h oxidation and b) 100 h oxidation in air at 800 and 900 °C 

 

 

The oxides formed are the same at both temperatures. The difference resides in the 

thickness of the scales as the kinetic processes are accelerated at higher 

temperatures. Therefore, the thickness of the protective chromia layer is different at 

900 °C, the morphology of which seems to be more co ntinuous at the higher 

temperature. The transient oxide scales are thicker at 900 °C due to faster oxidation 

of Ni at this temperature and the longer transient time, where the formation of the 

less protective oxides is favored.  

 

4.3 Oxidation of 2 nd generation Ni-base superalloys at 1000 °C 

4.3.1 Oxidation in air 

4.3.1.1 Total mass change 

Figure 4-31 shows the comparison amongst the total mass changes of all the alloys 

after oxidation in dry air. Higher mass gain can be observed for PWA 1487 and the 

lowest for René N5. The two Rolls Royce alloys (the alloy CMSX 4_1 containing La + 
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Y and CMSX 4 − the common commercial alloy) show more or less the same mass 

change. The addition of reactive elements, which is beneficial for the oxide adhesion, 

does not influence the mass gain of these alloys at 1000 °C. René N5+ (which 

contains yttrium) even shows a higher mass gain as René N5, whereas PWA 1487, 

which contains more hafnium and yttrium, shows a smaller mass change than PWA 

1484. Comparing all the alloys, it is evident that they all show more or less the same 

oxidation behavior in dry air. The mass gains are in the range of 0.15 to 0.3 mg and 

for PWA 1484 1.5 mg, which is still low for this operational temperature. 
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Figure 4-31: Total mass change of the 2nd generation single crystal Ni-base alloys 

after 100 h oxidation in air at 1000 °C  

 

 

4.3.1.2 XRD characterization of the oxides 

The XRD analysis shown in Fig. 4-32 presents the detected oxides after oxidation in 

dry air. Alumina, which is the protective oxide at this temperature, is detected. NiO, 

Cr2O3, CrTaO4 and NiCr2O4 were also detected mostly on PWA 1484. The other 

oxides are mostly transient oxides; the spinels are the products of the reactions 

between the different oxides and are more protective than, for example, NiO. 
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Figure 4-32: XRD patterns of the oxides obtained after 100 h oxidation at 1000 °C 

of the 2nd generation single crystal Ni-base superalloys 

 

 

4.3.1.3 Scale morphology and elemental composition of the oxides (EDX 

analysis) 

The cross-sections of the studied alloys after 100 h oxidation at 1000 °C in dry air are 

presented in Figure 4-33. The SEM micrographs reveal a layered structure of the 

scales, whereby CMSX 4, PWA 1487, René N5 and René N5+ present a very similar 

structure. The oxide scale shows two distinct layers; EDS analysis of these alloys 

shows that the layer at the substrate-oxide interface is continuous and rich in Al and 

O, suggesting the presence of Al2O3, the top layer is a mixture of spinels and 

transient oxides, as revealed after XRD investigations. A non-uniform scale was 

observed on PWA 1484, where the inner layer was found to be alumina with HfO2 

precipitates and the top layer was identified as a mixture of spinels and NiO. The 

Hafnia precipitates are very detrimental for the oxidation resistance as they enable 

rapid oxygen diffusion.  
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Figure 4-33: BSE micrographs of cross-sections of the 2nd generation SX Ni-base 

superalloys 

 

The depleted zone thickness depends on the alloy, and is greater for Rene’ N5 than 

for CMSX 4 (Figure 4-34), which suggests that more aluminum is needed from the 

substrate to form an alumina scale. 

 

 

Figure 4-34: Depleted zone of René N5 and CMSX 4 after 100 h oxidation in dry air 

at 1000 °C 

5 µm 
René N5 

5 µm 
CMSX 4 
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4.3.2 Oxidation in air and moisture 

4.3.2.1 Oxidation in air + 10% steam 

4.3.2.1.1 Mass change 

The addition of moisture affects the mass gain of the studied alloys, particularly PWA 

1484, which in this case is very much higher than in dry air. The mass gain of the 

other alloys is slightly higher under humid conditions. As presented in Figure 4-35, 

the Pratt & Whitney alloy PWA 1484 shows the highest mass gain and CMSX 4 the 

lowest. The two GE alloys show more or less the same behavior; their mass gain is 

higher than the one of CMSX 4 and PWA 1487, which shows a good performance in 

presence of moisture. 
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Figure 4-35: Total mass change of the 2nd generation SX Ni-base superalloys after 

100 h oxidation in air + 10% steam 

 

4.3.2.1.2 XRD Characterization 

The compounds formed after addition of moisture into the air are mostly the same as 

in dry conditions. Alumina signals are very low for PWA 1484, NiO and NiCr2O4, and 

AlTaO4 could also be detected. The presence of the spinel AlTaO4 suggests the 

presence of Ta2O5 at the early stage of oxidation, which might have reacted with 

Al2O3 to form this spinel. The Alumina peaks are much stronger for the other alloys, 
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especially CMSX 4, on which no NiO could be detected. The other compounds could 

also be detected in the other alloys. The XRD results are presented in Figure 4-36.  
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Figure 4-36: XRD patterns of the oxides obtained after 100 h oxidation at 1000 °C of 

the 2nd generation single crystal Ni-base superalloys in air + 10% steam 

 

4.3.2.1.3 Scale morphology and elemental composition of the obtained oxides 

Figure 4-37 show the cross sections of the alloys after oxidation in air + 10% steam 

at a lower magnification. The oxide layer formed on PWA 1484 is thicker than for the 

other superalloys, as expected from the mass change results. The oxide scale on 

PWA 1484 is non-uniform and porous, and different layers are observed: the alumina 

layer is very thin and non-uniform; the middle layer was found to be a mixture of 

spinels, such as NiCr2O4, NiAl2O4 and Al2O3 (EDS as well as XRD analysis confirm 

the presence of these compounds in this layer). The scale morphology of PWA 1487 

is presented in Figure 4-38 in higher magnification. Two distinct layers are visible; the 

top layer was found to be mostly NiO and a mixture of different detected spinels, and 

is formed at the early stages of oxidation, whereas the layer at the substrate-oxide 

interface is α-Al2O3. The depleted zone is about 4 µm thick, based on the information 

obtained at lower magnification.  
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Figure 4-37: BSE cross-sections micrographs of PWA 1484, PWA 1487, CMSX 4, 

Rene’ N5 and Rene’ N5+ after 100 h oxidation at 1000 °C in air + 10% steam  

 

 

 

Figure 4-38: BSE cross-section micrograph of PWA 1487 at higher magnification 

after oxidation in air + 10% steam 

 

The oxide layer on the Rolls Royce alloy CMSX 4 is thinner. Its transient oxide layer 

is thin and on the other hand the alumina layer is thicker (Figure 4-39). The depleted 

Resin 

transient oxides + spinels 

Alumina 
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zone is about 2 µm, which is in the area underneath the oxide where the alloy is 

aluminum depleted. 

 

 

Figure 4-39: BSE cross-section micrograph of CMSX 4 at higher magnification after 

oxidation in air + 10% steam 

 

The difference between the two GE alloys is not significant. In contrast to the other 

superalloys, where two distinct layers could be observed, only one was present in 

these samples. The scales are a mixture of all the detected compounds.  

 

4.3.2.2 Oxidation in air + 30% steam 

4.3.2.2.1 Mass change 

 

The alloy PWA 1484 still shows the highest mass gain and CMSX 4 the lowest, but 

the higher moisture content affects the oxidation behavior of these alloys, with the 

exception of CMSX 4 (Figure 4-40). The alloys are not stable in this atmosphere, as 

the results could not be reproduced under repeated identical experimental conditions. 

The René N5 alloys have the same behavior. 
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Figure 4-40: Total mass change of the 2nd generation Ni-base superalloys after 

oxidation in air + 30% steam 

 

4.3.2.2.2 XRD characterization 

The different detected compounds are shown in Figure 4-41. Alumina was detected 

on all alloys, but the signal was very low for PWA 1484. Several other oxides, such 

as NiO and Cr2O3, could be detected, as well as spinels − NiCr2O4, NiAl2O4, AlTaO4 

and CrTaO4. The other alloys produced a high to a very high alumina signal.  
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Figure 4-41: XRD patterns of the obtained compounds after 100 h oxidation of 2nd 

generation Ni-base superalloy in air + 30% steam at 1000 °C 
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4.3.2.2.3 Scale morphology and elemental composition  

The oxide morphology of the studied alloys is presented in Figure 4-42. The scale is 

uniform for the alloys PWA 1487, CMSX 4, René N5 and René N5+. 

As observed for the morphology of the scales after oxidation in air + 30% steam, a 

higher amount of water vapor affects the scale morphology more significantly than in 

the previous cases. A uniform alumina layer cannot be formed on PWA 1484 (internal 

oxidation of aluminum is observed instead). The transient oxides formed on the other 

alloys, presence of which was also confirmed by EDX, seem to have a greater 

thickness than after oxidation in dry air and oxidation in air + 10% steam. The 

brighter particles in PWA 1487, René N5, René N5+ and PWA 1484 were found to 

be rich in Hf by EDX. The oxides are porous, which leads to the diffusion of oxygen 

into the oxide. 

 

 

 

Figure 4-42: BSE cross-sections of PWA 1484, PWA 1487, CMSX 4, René N5 and 

René N5+ after 100 h oxidation in air + 30% steam at 1000 °C 
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Figure 4-43 summarizes the different morphologies of the scales after two oxidation 

attempts for PWA 1484. As the mass change already showed, the scale 

morphologies are also different. There is no uniform alumina, but the top layer for the 

second attempt is a mixture of NiO and some spinels, detected through XRD and 

EDX. 

 

 

Figure 4-43: BSE micrographs of PWA 1484 after two cycles of 100 h oxidation in air 

+ 30% steam 

 

The scales of the best performing alloy, CMSX 4, after three different oxidation 

experiments are similar. The Figure 4-44 shows pores on the interface between the 

transient oxide layer and the alumina layer, which may be detrimental for the 

oxidation resistance of this alloy after longer exposure periods. 
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Figure 4-44: BSE micrographs of CMSX 4 after two cycles of 100 h oxidation in air + 

30% steam  

 

The following micrographs (Figure 4-45) present the scale morphology of René N5 

for three different experiments. The oxides after the 2nd and 3rd attempts show 

presence of more pores than after the 1st time. There are also numerous hafnia 

precipitates in the scales. The transient oxide scale seems thicker for the two last 

experiments. The γ’ cubes are elongated under the Al-depleted zone which affects 

the mechanical properties of the alloy.   
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Figure 4-45: BSE micrographs of René N5 after two cycles 100 h oxidation in air + 

30% steam  

 

4.3.3 Summary: Influence of moisture on the oxidation beh avior of 2 nd 

generation single crystal Ni-base superalloys 

4.3.3.1 Mass change 

The total mass change of the 2nd generation Ni-base superalloys in the three studied 

atmospheres is shown in Figure 4-45. PWA 1484 shows the highest mass gain in all 

atmospheres; it is the lowest for CMSX 4 in moisture, and for René N5 in dry air.  
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Figure 4-46: Mass change of the investigated alloys after 100 h oxidation in dry air, 

air +10% steam, air +30% steam at 1000 °C  

 

 

The addition of water vapor to the oxidizing medium increases the mass gain of the 

alloys, which is less apparent for the addition of 10% steam than for 30% steam. 

Moisture does not seem to affect the oxidation behavior of the Rolls Royce alloy 

CMSX 4.  

 

4.3.3.2 XRD characterization 

The detected compounds are more or less the same in the three atmospheres. 

Depending on the alloy and the atmosphere, a lower alumina signal intensity could 

be detected. The higher water vapor content induces the formation of more spinels.   

 

4.3.3.3 Scale morphology and elemental composition 

The following figures present a comparison of the cross-section BSE images after 

oxidation in the different atmospheres for two alloys with the strongest (PWA 1484) 

and weakest (CMSX 4) effect of moisture. Figure 4-47 presents the morphology of 

the obtained scales after oxidation for the Pratt & Whitney Aircraft alloy PWA 1484. 

The oxide scale obtained under oxidation in dry air is thinner than the other oxides, 

but is not uniform and presents some hafnia precipitates. The addition of moisture to 
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air during oxidation thickens the oxide layers; however, the alumina layer is still not 

uniform. The scale formed in 10% steam presents a middle layer, which is mostly a 

combination of alumina and some spinels, and the top layer is comprised of mostly 

NiO. In contrast, the scale formed in 30% steam is more porous and tends to spall off 

during the sample preparation.  

 

 

 

Figure 4-47: BSE micrographs of PWA 1484 after 100 h oxidation at 1000 °C in dry 

air, air + 10% steam and air + 30% steam  

 

. 

The addition of moisture does not seem to affect the morphology of CMSX4, as 

shown in Figure 4-48.  
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10 µm 
30% steam 

10% steam  



Chapter 4: Results 

 

 91 

 

 

Figure 4-48: BSE micrographs of CMSX 4 after 100 h oxidation in dry air, air + 10% 

steam and air + 30% steam 

 

For the alloy PWA 1487, the addition of moisture only thickens the transient oxide 

layer. We observe some hafnia and yttria precipitates after oxidation in dry air and 

30% steam. The most visible difference for René N5 is the thickness of the Al-

depleted zone, which increases substantially after oxidation in air + 30% steam. The 

substrate material shows defects after oxidation in air + 30%, which however may be 

due to the sample preparation. The scale of René N5+ after oxidation in air + 30% 

steam presents multiple defects, the hafnia and yttria precipitates are more visible in 

this oxide and the depleted zone is also thicker than after oxidation in the other 

atmospheres. 
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4.4 Oxidation of polycrystalline Ni-base superalloy s ASTRA 

4.4.1 Oxidation at 950 °C 

4.4.1.1 Thermogravimetric Analysis (TGA) 

The mass change of these alloys is generally low. The alloys ASTRA 00, 02 and 20 

show more or less the same oxidation behavior. The oxide growth is not steady, as 

decrease of mass gain could be observed in some measurements, which is known to 

be caused by scale cracking. ASTRA 22 shows the highest mass gain. The total 

mass gain of the studied alloys (Figure 4-49b) is the lowest for ASTRA 02, whereas 

ASTRA 00 has a higher mass gain than ASTRA 20. 
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Figure 4-49: Weight change as a function of exposure time (100 h (a))and total 

mass gain (b) of ASTRA alloys after oxidation in air at 950 °C 

 

. 

4.4.1.2 XRD analysis 

As shown in Figure 4-50, many different compounds can be detected by using X-ray 

Diffraction, where the signal intensities depend on the type of alloy.  
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Figure 4-50: XRD patterns of the ASTRA alloys after 100 h oxidation in air at  

950 °C  

 

The oxides formed are summarized in Table 4-4. The alloys ASTRA 00, ASTRA 02 

and ASTRA 22 show the formation of the same compounds, whereas NiCo2O4 and 

NiCrO4, albeit in very low signal intensities, could be detected on ASTRA 20, which is 

not the case for the other alloys. The oxides NiO, Ta2O5 and the spinel NiAl2O3 are 

detected on all the studied materials. The protective alumina could not be detected 

on ASTRA 20. Comparing the XRD data with the mass gain data, it is clear that no 

direct conclusion on the protective quality of the oxide scale can be reached based 

on the presence/absence of certain compounds detected by XRD. 

 

 ASTRA 00 ASTRA 02 ASTRA 20 ASTRA 22 

Al 2O3 x x - x 

NiO x x x x 

Co3O4 x x - x 

Ta2O5 x x x x 

Cr2O3 x x - x 

NiAl 2O4 x x x x 

NiCo2O4 - - x - 

NiCrO4 - - x - 

 

Table 4-4: Oxides formed on ASTRA alloys after 100 h oxidation in air at 950 °C  
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4.4.1.3 Scale morphology and elemental composition 

The following micrographs show the focused ion beam cross-sections of ASTRA 22 

and ASTRA 02. Three distinct layers can be observed for the Ruthenium-containing 

alloy ASTRA 02. The top layer is NiO with a columnar grain shape; pores are 

observed at its interface with the middle layer. The mid scale is a mixture of different 

oxides and spinels, and alumina is detected at the oxide/substrate as well as the 

middle layer/NiO interface. As usual for oxidized superalloy with a γ/γ’ microstructure, 

there is a depleted zone in aluminum. Some AlN inclusions are observed in this zone. 

The normal alloy microstructure is observed under the depleted zone. 

 

        

 

Figure 4-51: FIB cut of ASTRA 02 after 100 h oxidation at 950 °C  in air 

 

The oxide layer of ASTRA 22 is thicker than the scale formed of ASTRA 02. The 

middle layer also appears to be thicker and the NiO grains bigger. Pores and alumina 

precipitates are also observed in the depleted zone. 

 

     

Figure 4-52: FIB cut of Astra 22 after 100 h oxidation at 950 °C  in air 

2 µm 10 µm 

10 µm 2 µm 
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The AES investigations are presented in Figures 4-53 and 4-54 for ASTRA 02 and 

ASTRA 22 respectively. Mappings were performed on the FIB cross-sections. The 

spectra of all elements were also performed on different areas. However, due to 

overlapping of several spectrum peaks, e.g. Ru and W or W and Al, a proper 

quantitative analysis could not be performed. 

 

    

Figure 4-53: AES mapping of ASTRA 02 after 100 h oxidation at 950 °C in air 

  

The mapping pictures on the Ruthenium containing alloy show that the top layer is 

mostly NiO, NiAl2O4, the layer at the oxide-scale interface is not pure alumina, as 

some Cr could also be detected in the area. The layer with the bright precipitates was 
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expected to be rich in Ta, which could not be confirmed by AES mapping. For 

ASTRA 22 (Figure 4-54), however, there is a small exclusive NiO layer on top of the 

Alumina rich layer, which is at the interface metal-scale. In between the alumina 

scales there seems to be a Cr rich oxide, the topmost layer being a mixture of Ni, Cr 

and Al (spinels). 

 

Figure 4-54: AES mapping pictures of ASTRA 22 after 100 h oxidation in air at 950 

°C 

 

4.4.2 Oxidation at 1050 °C 

4.4.2.1 Thermogravimetric Analysis (TGA) 

The weight change of the Astra alloys as a function of the oxidation time at 1050 °C 

is presented in Figure 4-55. The oxidation rate is not uniform for ASTRA 00 and 

ASTRA 02. For ASTRA 20, two different linear growth patterns can be observed, 

whereby a small plateau is reached after 54 h, followed by a weight loss. Cracks are 

also observed during oxidation. The growth law of ASTRA 22 can be considered 

parabolic for the first 72 hours; after this oxidation time the weight decreases. The 
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alloy ASTRA 20 has the highest mass gain after the full exposure period, whilst Astra 

02 has the lowest, which is due to the mass loss of the alloy.   
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Figure 4-55: Weight change as a function of exposure time (100 h) of ASTRA alloys 

after oxidation in air at 1050 °C 

 

The optical microscope pictures after oxidation show splitting of the oxide for some of 

the alloys. The spallation off is severe for ASTRA 22 as there is more or less no 

oxide left on the material. Furthermore, some different-colored grains of the alloy can 

be observed. On ASTRA 00, the oxide splitters remain on the surface, although some 

areas are without oxide. The scale in the micrographs represents 50 µm. 

 

    

Figure 4-56: Optical microscope pictures of ASTRA 00 (left) and ASTRA 22 (right) 

surfaces after 100 h oxidation at 1050 °C 
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For ASTRA 02, the spalling is also severe, with very few splitters left. On the 

Rhenium-containing superalloy, some oxide particles remain on the substrate, though 

they are not really adhesive. Different grain coloring is also evident. 

 

   

Figure 4-57: Optical microscope pictures of ASTRA 02 (left) and ASTRA 20 (right) 

surfaces after 100 h oxidation at 1050 °C 

 

4.4.3 Summary: Oxidation of ASTRA alloys 

The oxidation of the investigated polycrystalline superalloys shows a better behavior 

at 950 °C than at 1050 °C where spalling of the sca les is observed during and after 

oxidation, as the mass gain decreases during TGA measurements. ASTRA 22 shows 

the highest mass change at 950 °C, whereas the high est mass gain is measured for 

Astra 20 at 1050 °C before spallation occurs. The a ddition of Rhenium or Ruthenium 

seems to lower the total mass gain at 950 °C. Howev er, the presence of both Ru and 

Re in the alloy ASTRA 22 affects the oxidation behavior negatively. Several 

compounds (NiO, Al2O3, Ta2O5, NiCr2O4, Co3O4, etc.) are detected on the alloys after 

oxidation at 950 °C. The protective alumina is dete cted in all the superalloys except 

on the Rhenium-containing alloy.  
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4.5 Electrochemical investigations on Ni-base alloy s 

4.5.1 Passivity of Ni-base alloys and electronic properti es of films 

formed in borate buffer (pH 8.4) 

4.5.1.1 Electrochemical characterization 

The open-circuit potential (OCP) of the investigated alloys after 2 h recording is 

presented in Figure 4-58. The open-circuit potential of these alloys seems to 

decrease in the first minute after the immersion and then starts increasing, which is 

due to the formation of a passive layer on the surface. The model alloy Ni-Cr-Al-Ta 

has the highest OCP, implying that the alloy is the best performing in this medium. 

The Co-containing alloy has the lowest potential, PWA 1483 and Ni-Cr-Al have more 

or less the same behavior and Ni-Cr is slightly better than these two alloys.  
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Figure 4-58: Open-circuit potential OCP of the Ni-Cr-X model alloys and PWA 1483 

after 2 h recording in borate buffer (pH 8.4) 

 

 

The current-time curves obtained during polarizing at 0.5 V vs Ag/AgCl (a potential 

typically corresponding to the passive range of Ni-Cr alloys) for 2 h are presented in 

Figure 4-60. For the alloys Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 1483, the current-time 

curves show a typical current decay, indicating the growth of the passive film 

corresponding to the potential. For Ni-Cr and Ni-Cr-Co, however, after 30 minutes of 

passivation, the current density increases slightly. This may indicate that additional 



Chapter 4: Results 

 

 100 

anodic reactions are occurring, rather than simple passivation. For all alloys, the 

steady-state passive current densities are very low (the values obtained are lower 

than 5 µA/cm2). 
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Figure 4-59: Potentiostatic current-time curves of the model alloys and PWA 1483 

after 2 h polarization at 0.5 V 

 

Potentiostatic experiments at a lower passive potential (0.3 V vs Ag/AgCl) show an 

almost identical behavior for all alloys studied (Fig. 4-60). In this case, the steady-

state passive current densities are below 0.1 µA/cm2.  
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Figure 4-60: Potentiostatic current-time curves of the Ni-Cr-X model alloys PWA 

1483 after 2 h polarization at 0.3 V 
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The EIS investigations of the passive films obtained both after polarization at 0.5 and 

0.3 V vs Ag/AgCl are presented in the following graphs. The Bode and Nyquist plots 

(Figure 4-62) show the highest polarization resistance (Rp) for the Ni-base superalloy, 

even though the values for all the studied alloys are high (> 1MΩ/cm2). The alloying 

elements lead to a broadening of the phase angle (i.e. increase of the capacitive 

frequency region), indicating higher protectiveness of the passive films. The Nyquist 

plots obtained after polarization at 0.3 V vs Ag/AgCl of the investigated alloys show 

an open half-circle for all the alloys with high impedances. Thus, in order to obtain a 

closed half-circle, measurements at lower frequencies would be required. 
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Figure 4-61: Bode and Nyquist Plots of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and 

PWA 1483 at 0.3 V vs Ag/AgCl after 2 h polarization in borate buffer (pH 8.4) 

 

After polarization at a higher potential (0.5 V vs Ag/AgCl), the Rp of these alloys are 

still high (Figure 4-62). The model alloy Ni-Cr-Al shows the highest impedance (Rp). 

PWA 1483 has not reached Rp as the impedance is still increasing and the phase 

angle is shifted in direction of low frequencies. The lowest impedance is shown by 
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the base alloy Ni-Cr. In agreement with the current-time (i-t) behavior, large 

differences between the alloys can be observed at this potential. The Nyquist plots 

obtained after polarization at 0.5 V vs Ag/AgCl show closed half-circles for Ni-Cr and 

Ni-Cr-Co with lower impedances. The two alloys containing Al and Ta show the 

highest impedances, whereas the half-circles are not closed. PWA 1483 is less 

corrosion resistant than the Al and Al-Ta containing alloys, but is superior to the base 

model alloy and Ni-Cr-Co. 
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Figure 4-62: Bode and Nyquist Plots of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and 

PWA 1483 at 0.5 V after 2 h polarization at 0.5 V in borate buffer (pH 8.4) 

 

 

Polarization curves of passivated alloys are presented below. Figure 4-63 shows the 

results after polarization at 0.3 V vs Ag/AgCl; the currents are low (under 1 mA/cm2), 
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which shows the good corrosion resistance of these materials. Two passive regions 

are observed: (1) the range -0.64 to +0.4 V vs Ag/AgCl, where the starting values are 

slightly shifted to more anodic potentials for PWA 1483, Ni-Cr-Al and Ni-Cr-Al-Ta, 

and the passive currents (ipass) are in the µA range; (2) 0.7 to 1 V vs Ag/AgCl range, 

which is smaller than the 1st region. Here the 2nd dissolution peak for the superalloy is 

higher than for the model alloys and the currents are still below 1mA/cm2. The 

dissolution is not as rapid as observed in other alloys. Furthermore, presence of a 

yellow liquid could be observed near the sample after polarization, which may be a 

sign of the presence of Cr6+ in the electrolyte resulting from the oxidation of Cr3+ to 

Cr6+ in the second passivation range. 
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Figure 4-63: Potentiodynamic curves of the passive films obtained on Ni-Cr, Ni-Cr-

Co, Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 1483 after 2 h polarization at 0.3 V vs Ag/AgCl 

 

 

Even after polarization at a higher potential, the current densities obtained after 

steady state polarization are below 1 x 10-3 A/cm2 (Figure 4-65). The results are very 

similar to those obtained for the lower potential (0.3 V vs Ag/AgCl); however the 

passive currents are slightly higher than those measured at 0.3 V vs Ag/AgCl. The 

2nd passive region is also very similar to the previous results, whereby PWA 1483 

shows the highest peak current density in the Cr-oxidation region. 
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Figure 4-64: Potentiodynamic curves of the passive films obtained on Ni-Cr, Ni-Cr-

Co, Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 1483 after 2 h polarization at 0.5 V vs Ag/AgCl in 

borate buffer (pH 8.4) 

 

The characteristic values obtained from polarization curves such as ipass (passive 

current), icorr (corrosion current density) for samples previously polarized 0.3 and 0.5 

V vs Ag/AgCl are presented in Table 4-5 and 4-6. 

 

 ipass1  (µA/cm 2) 

(0.3 V) 

ipass1  (µA/cm 2) 

(0.5 V) 

ipass2  (µA/cm 2) 

(0.3 V) 

ipass2  (µA/cm 2) 

(0.5 V) 

Ni-Cr 3.59 4.13 0.496 0.696 

Ni-Cr-Co 3.42 3.45 0.268 0.348 

Ni-Cr-Al 5 3.86 0.433 0.585 

Ni-Cr-Al-Ta 3.71 3.53 0.492 0.576 

PWA 1483 3.18 2.87 0.455 0.532 

 

Table 4-5: Values of ipass of the model alloys and PWA 1483 obtained from the 

steady state polarization curves in borate buffer (pH 8.4) after 2 h polarization at 0.3 

and 0.5 V vs Ag/AgCl 
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 icorr  (µA/cm 2) 

(0.3V) 

icorr  (µA/cm 2) 

(0.5V) 

Ni-Cr 7.49 5.50 

Ni-Cr-Co 5.51 4.68 

Ni-Cr-Al 6.85 2.98 

Ni-Cr-Al-Ta 4.86 2.66 

PWA 1483 2.32 1.82 

 

Table 4-6: Values of icorr of the model alloys and PWA 1483 obtained from the steady 

state polarization curves in borate buffer (pH 8.4) after 2 h polarization at 0.3 and 0.5 

V vs Ag/AgCl 

 

 

4.5.1.2 Electronic properties of passive films in b orate buffer pH (8.4) 

 

The Mott-Schottky measurements show that the passive films formed during 

polarization have different semiconductive behavior depending on the potential 

between -0.5 V vs Ag/AgCl and +0.5V V vs Ag/AgCl, whereby at lower potentials n-

type semiconductor can be observed, and after 0 V, the film becomes p-type. This 

behavior results from the presence of the different oxides (hydroxides) in the passive 

films. For example, Cr2O3, Ni(OH)2 and NiO passive films are p-type,  but can change 

their semi conductivity depending on the alloying elements (doping in the passive 

film) or the experimental conditions [174]. 
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Figure 4-65: Mott-Schottky Plots for Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 

1483 after 2 h polarization at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 

 

 

The calculated acceptor concentrations (NA) and flatband potentials (Efb) are 

presented in the figures below. Ni-Cr and Ni-Cr-Co have the same flatband 

potentials. The addition of Al in the base model alloy seems to raise the Efb, but 5% 

Ta does not affect the value of this potential when added to Ni-Cr-Al. The Ni-base 

superalloy shows an average value of the flatband potential compared to the model 

alloys values. The doping concentration increases from 2.9×1020 cm-3 for Ni-Cr to 

3.39×1020 cm-3 when Co is added to the alloy. The addition of Al and Al + Ta to the 

base alloy leads to higher NA. PWA 1483 shows the lowest doping concentration. 

The obtained doping concentrations are comparable to the values obtained for the 

Ni-base alloy Alloy 600 in the same electrolyte [175].  
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Figure 4-66: Flatband potential and Doping concentration (NA) of passive film 

obtained on Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 1483 after 2 h 

polarization at 0.5 V vs Ag/AgCl  in borate buffer (pH 8.4) 

 

 

4.5.1.3 Surface analysis 

 

The XPS analysis of the passive films obtained on the single crystal PWA 1483 and 

the model alloys show the presence of Ni, O, Cr, Ta, Co, Ti, W, C and Al in the layers 

depending on the alloy. Their atomic concentrations are shown in Table 4-7.  

 

 Ni(2p) Cr(2p) O(1s) C(1s) Co(2p) Al(2p) Ta(4f) W(4f ) Ti(2p) 

Ni-Cr 17.07 9.73 45.08 28.12      
Ni-Cr-

Co 
11.79 12.39 43.44 29.08 3.3     

Ni-Cr-

Al 
13.54 5.97 41.48 31.5  4.27    

Ni-Cr-

Al-Ta 
17.23 5.6 43.74 27.58  2.54 1.05   

PWA 

1483 
13.74 5.53 49.4 19.04 1.43 3.07 1.89 1.08 2.78 

 

Table 4-7: Atomic concentration of all the elements detected with XPS after 24 h 

polarization at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 
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Ni and Cr are also present in a different ratio depending on the type of alloy. The Cr 

content is higher in the passive film on the Co-containing model alloy, whereas the 

highest detected Ni amount is in the quaternary alloy. The Co concentration is higher 

in the passive film on the ternary alloy compared to the superalloy. Similarly, the Al 

concentration is higher in the passive film on the ternary base alloy than in Ni-Cr-Al-

Ta and PWA 1483.  

The ratio of the most important elements, such as Ni, Cr and O, are presented in 

Table 4-8. The Co-containing alloy shows the highest Cr/Ni ratio, which is higher than 

the Ni/O and Cr/O ratios. The Ni/O is approximately the same for all materials. The 

superalloy shows the lowest Cr/O ratio. Therefore the passive layer is essentially a 

mixture of NiO, NiOOH, Cr2O3 and Cr(OH)3 with some doping elements, depending 

on the alloy. 

 

 

 

Cr/Ni ratio Ni/O ratio Cr/O ratio 

Ni-Cr 0.57 0.38 0.22 

Ni-Cr-Co 1.04 0.27 0.28 

Ni-Cr-Al 0.44 0.33 0.14 

Ni-Cr-Al-Ta 0.32 0.39 0.13 

PWA 1483 0.41 0.28 0.12 

 

Table 4-8: Cr/Ni, Ni/O and Cr/O ratio of the model alloys and PWA 1483 after 24 h 

polarization at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 

 

The following figure (Figure 4-67) shows the Ni(2p) XPS peak for all the alloys. The 

characteristic Ni metallic peak is observed at 853.6 eV [176-177] for Ni-Cr-Al-Ta, and 

Ni-Cr-Co. The peak is at 853.3 eV for Ni-Cr, 853.0 eV for the Al containing alloy and 

852.6 eV for PWA 1383. The Ni(OH)2 peak is at 856.6 eV for all the alloys, except for 

the quaternary alloy, for which it is located at 856.1 eV, but still in the range as 

reported by [176-177]. The satellite peak is at 862 eV for Ni-Cr, PWA 1483 and Ni-Cr-

Al, which is located at 862.2 eV for the other materials. 
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Figure 4-67: XPS Ni(2p) peak of model alloys and PWA 1483 after 24 h polarization 

at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 

 

 

The Gauss fits of the Ni (2p) peak is shown in Figure 4-68, the different peaks 

metallic, OH- and the satellite peak are well fitted. There seems to be more Ni(OH)2 

in the Co containing model alloy while comparing the ratio of the Ni(OH)2 and Ni 

metallic peaks Niox/Nimet of the studied alloys (Table 4-8).  

 

 Niox/Nimet ratio 

Ni-Cr 0.81 

Ni-Cr-Co 3.22 

Ni-Cr-Al 2.82 

Ni-Cr-Al-Ta 2.65 

PWA 1483 2.14 

 

Table 4-9: Niox/Nimet ratio of the model alloys and PWA 1483 after 24 h polarization at 

0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 
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Figure 4-68: XPS Ni(2p) peak of model alloys and PWA 1483 after 24 h polarization 

at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 

 

Cr(2p) shows its three characteristic peaks for most of the studied alloys (Figure 4-

69) except the Cr6+ peak, which is not pronounced for Ni-Cr-Al and Ni-Cr-Al-Ta at 

578.30 eV, potentially indicating the presence of CrO3 [177] or Cr(OH)3 [177]. The 

Cr3+ peak is situated at 577.10 eV for the Co-containing and the base alloy, whereas 

the peak is at 576.80 eV for Ni-Cr-Al and Ni-Cr-Al-Ta and at 577.5 eV for the 

superalloy. The 2p1/2 peak is at 586.8 eV for all the alloys except for PWA 1483, for 
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which the peak is at 587.1 eV. The spectrum looks much like that obtained by Zhang 

et al. for chromate coatings dried at different temperatures [178]. The detection of 

small amounts of Cr6+ ions in the passive films formed at 0.5 V indicates that the 

Cr3+
→ Cr6+ reaction is onset already at this potential. Therefore, the different 

electrochemical behavior of the different alloys (see e.g. Fig. 4-63) can indicate that 

the Cr3+ → Cr6+ oxidation reaction is alloy-dependent. At 0.3 V vs Ag/AgCl, an almost 

identical electrochemical behavior of the different alloys was observed, as this 

potential is certainly below the Cr3+ → Cr6+ oxidation range.  

 

 

Figure 4-69: XPS Cr(2p) peak of model alloys and PWA 1483 after 24 h polarization 

at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 

 

The Gaussian fits of the Cr (2p) peak for all the studied alloys are presented in Figure 

4-70. The fits for the different peaks are presented in different colors, green for the 

Cr3+, blue for Cr6+, magenta for Cr 2p1/2, yellow for Cr 2p3/2 and red is the sum of all 

the fitting. They validate the presence of Cr3+ and Cr6+ in the passive film of the 

studied alloys except Ni-Cr-Al-Ta alloy were the Cr6+ could not be fitted. The fits are 

well in accordance with the different binding energies of the peak fitting as proposed 

by Ünveren et al. [179]. 
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Figure 4-70: XPS Cr(2p) peak of model alloys and PWA 1483 after 24 h polarization 

at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 

 

 

The O1s spectra for the studied alloys are shown in Figure 4-71. As for the alloys Ni-

Cr, Ni-Cr-Co and PWA 1483, the Gauss fitted data show the presence of hydroxide 

ion OH- and oxide [180]. The Al and quaternary alloys show just one fit, which 

represents the OH- peak in combination with either Cr or Ni [177]. The ratio of 

hydroxide and oxygen is different for the alloys Ni-Cr, Ni-Cr-Co and Ni-Cr-Al. The Co-
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containing alloy shows the highest ratio of OH-/O2- indicating a larger fraction of 

hydroxides in the passive film compared to oxides, which are considered to be the 

main contributors to passivity. Even though Ni-Cr-Co shows the highest Cr/Ni ratio, 

its low corrosion resistance may hence be due to the presence of hydroxides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-71: XPS O(1s) peak of model alloys and PWA 1483 after 24 h polarization 

at 0.5 V vs Ag/AgCl in borate buffer (pH 8.4) 
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The depth profiles obtained through Auger spectroscopy on passive layers after 4 h 

anodization at 0.3 V vs Ag/AgCl in borate buffer pH 8.4 are shown in the subsequent 

graphs. The atomic concentration of Nickel for the model alloys is presented in Figure 

4-73. The amount of Ni is higher in the quaternary alloy, compared to the other alloys 

at sputter start. The Co-containing alloy has the lowest concentration of Ni. The Ni 

concentration is constant after 5 nm for Ni-Cr, Ni-Cr-Co and Ni-Cr-Al, but increases 

afterwards, whereas it rises from the beginning for the Al and Ta-containing alloy and 

becomes constant after 2.5 nm. The atomic concentrations in the bulk material 

following this analysis are not accurate as, for example, the nickel and cobalt peaks 

overlap, therefore the obtained atomic concentrations are far away from the actual 

values. 
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Figure 4-72: Nickel atomic concentration obtained from AES depth profile of the 

model alloys after 4 h polarization at 0.3 V vs Ag/AgCl 

 

 

The Oxygen amount decreases for all materials, with the highest concentration being 

observed in the profile of the Co-containing alloy. The passive layer on the Ni-Cr-Al-

Ta alloy is about 5 nm, whereas the other alloys show a larger thickness. 
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Figure 4-73: Oxygen atomic concentration obtained from AES depth profile of the 

model alloys after 4 h polarization at 0.3 V vs Ag/AgCl 

 

 

An enrichment of Cr is observed for all the studied alloys besides the Ni-Cr-Co alloy 

(Figure 4-74). The measured Cr atomic concentration decreases (15.07 at-% for Ni-

Cr, 14.05 at.-% for Ni-Cr-Al and 18.3 at.-% for Ni-Cr-Co) for all alloys except for the 

Co-containing alloy, for which the amount increases until about 15 nm, before 

decreasing to reach the Cr amount value in the alloy. The untypical behavior of the 

Cr content in the Ni-Cr-Co alloy is mainly due to the overlap of both Ni and Co peaks 

during AES analysis. 
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Figure 4-74: Chromium atomic concentration obtained from AES depth profile of the 

model alloys after 4 h polarization at 0.3 V vs Ag/AgCl 
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4.5.2 Passivity of Ni-base alloys and electronic properti es of films 

formed in sulfuric acid 

4.5.2.1 Electrochemical characterization 

The OCP values obtained in 0.1 M H2SO4 are presented in Figure 4-75. Ni-Cr shows 

a more anodic OCP until 3500 s, and afterwards the value decreases a little. The 

lowest OCP value is achieved by Ni-base superalloy. The alloys passivate very fast, 

as there is a plateau reached after few seconds, which is not the case for the Al-

containing alloy, for which the OCP value increases slowly. 
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Figure 4-75: OCP values of the Ni-Cr-X model alloys PWA 1483 after 2 h in 0.1M 

H2SO4 

 

The current densities obtained after polarization at 0.5 V vs Ag/AgCl are below 2.7 

µA/cm2. Ni-Cr shows the lowest current (see Figure 4-76). 
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Figure 4-76: Potentiostatic current-time curves of the Ni-Cr-X model alloys and 

PWA 1483 after 2 h polarization in 0.1M H2SO4 at 0.5 V vs Ag/AgCl. 
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The EIS measurements are displayed in the form of Bode and Nyquist plots (Figure 

4-77). The Bode plots show the highest polarization resistance (Rp) for model alloys, 

even though the values are high for all alloys (> 1MΩ.cm2). PWA 1483 shows the 

lowest value under 1 MΩ.cm². The alloying elements increase the phase shift and the 

frequency region due to favorable corrosion properties of the passive, as also 

observed in neutral electrolyte (borate buffer pH 8.4). The Nyquist plots show 

unclosed half circles for all the studied alloys. The Ni-base superalloy is significantly 

less resistant than the model alloys in this electrolyte. 
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Figure 4-77: Bode and Nyquist Plots of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and 

PWA 1483 at 0.5 V after 2 h polarization at 0.5 V vs Ag/AgCl in 0.1M H2SO4. 

 

 

The polarization curves of the studied materials are presented in Figure 4-78. The 

obtained current densities are low. Only one passive range between ~ 0V and 1V vs 

Ag/AgCl can be observed. The passive currents ipass are in the same range for all the 
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alloys (~ 10-5 A/cm2, which is below the value 10-3 A/cm2, considered as the limit for a 

passive material, see Table 4-7), but the lowest is reached by the Co-containing 

alloy. Oxygen evolution at ~ 1 V vs Ag/AgCl is also observed.  
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Figure 4-78: Potentiodynamic polarization curves of the passive films obtained on 

Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 1483 after 2 h polarization at 0.5 V 

in 0.1M H2SO4 

 

Alloy I pass  (µA/cm 2) 

Ni-Cr 24.22 

Ni-Cr-Co 12.65 

Ni-Cr-Al 19.75 

Ni-Cr-Al-Ta 14.76 

PWA 1483 15.13 

 

Table 4-10: Values of ipass of the model alloys and PWA 1483 obtained from the 

polarization curves in 0.1M H2SO4 

 

PWA 1483 shows the lowest icorr, as presented in Figure 4-80. The value of icorr 

decreases from the base model alloy Ni-Cr towards the other alloys. There is a small 

increase in the value for the Al- and Ta-containing alloys. The corrosion potential is, 

however, in the same range. 
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Figure 4-79: Corrosion current densities of the model alloys and PWA 1483 in 0.1M 

H2 SO4  obtained from the Tafel plots of polarization curves 

 

4.5.2.2 Electronic properties of passive films in 0 .1M sulfuric acid  

The Mott-Schottky analysis shows different transitions (see Figure 4-81). The first n 

to p transition is observed at around -0.41 V vs Ag/AgCl. The reverse transition (p to 

n) occurs at – 0.164 V vs Ag/AgCl for Ni-Cr and is shifted to more anodic potentials. 

The next transition p-n takes place at ~ 0.34 V vs Ag/AgCl for the model alloys, but 

occurs at much more positive potentials (~ 0.6 V vs Ag/AgCl) for the superalloy.  
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Figure 4-80: Mott-Schottky plots for Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 

1483 after 2 h polarization at 0.5 V vs Ag/AgCl in 0.1M H2SO4 
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The calculated flatband potentials (Efb1, Efb2 and Efb3) and the acceptor and donor 

concentrations are presented in the next graphs (Tables 4-8 and 4-9). The values of 

the first flatband potential vary from one alloy to the other; however, the values of Ni-

Cr and Ni-Cr-Al-Ta, as well as those for Ni-Cr-Co and PWA 1483 are more or less 

the same. For Efb2, the highest values are obtained by the Ta-containing model alloy 

and the superalloy as the p-n change is shifted. The values of the third flatband 

potential are in the same range. The doping concentrations obtained during this 

study are in the range of values obtained for the Alloy 690 at pH 1.3 by Guang et 

al.[181]. The acceptor doping concentration NA obtained in sulfuric acid is lower as 

the values obtained in borate buffer (pH 8.4) for all the studied alloys, besides there 

is only one transformation from n to p in borate buffer within the same measurement 

range. 

 

 Efb1  

(V vs Ag/AgCl) 

Efb2 

(V vs Ag/AgCl) 

Efb3 

(V vs Ag/AgCl) 

Ni-Cr 0.24 -0.3 1.06 

Ni-Cr-Co 0.44 -0.48 1.02 

Ni-Cr-Al 0.54 -0.48 1.02 

Ni-Cr-Al-Ta 0.28 -0.68 1.04 

PWA 1483 0.4 -0.66 1.1 

 

Table 4-11: Flatband potential values of the model alloys and PWA 1483 after 2 h 

polarization at 0.5 V in 0.1M H2SO4 

 

 NA1 (cm -3) ND (cm -3) NA2 (cm -3) 

Ni-Cr 8.778x1019 1.497x1020 1.726x1020 

Ni-Cr-Co 6.06x1019 1.73x1020 1.507x1020 

Ni-Cr-Al 1.41x1020 1.42x1020 1.956x1020 

Ni-Cr-Al-Ta 1.06x1020 8.78x1019 1.580x1020 

PWA 1483 2.83x1020 3.52x1019 9.302x1019 

 

Table 4-12: Calculated acceptor and donors concentration by Mott-Schotty analysis 

after 2 h polarization at 0.5 V in 0.1M H2SO4 
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4.5.3 Effect of chloride ions on the corrosion behavior o f Ni-base alloys 

The Bode and Nyquist plots obtained by EIS measurements after 2 h OCP recording 

in 0.5M NaCl are presented in Figure 4-82. The highest Rp values are obtained for 

Ni-Cr followed by Ni-Cr-Co, the lowest correspond to PWA 1483 and the two other 

model alloys, although the values do not reach the curve at low frequencies; i.e. if 

measured at lower frequencies, the impedance may be higher. The Nyquist plots 

show unclosed half-circles for Ni-Cr-Co, Ni-Cr-Al-Ta and PWA 1483, whereas the 

form of the two other alloys is not well defined; however, they may be just larger 

circles.  
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Figure 4-81: Bode and Nyquist Plots of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al, Ni-Cr-Al-Ta and 

PWA 1483 at OCP in 0.5 M NaCl 
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The Rp values are summarized in Figure 4-82. Only Ni-Cr and Ni-Cr-Co show high 

Rp-values, indicating stable passivity; for all Al-containing alloys (Ni-Cr-Al, Ni-Cr-Al-

Ta and PWA 1483) the values are significantly lower. The capacitances are also 

shifted to lower frequencies for the Al-containing alloys, which may be due to a 

different type of surface coverage than a simple passive film. The lower corrosion 

resistance of Ni-Cr-Al, Ni-Cr-Al-Ta and PWA 1483 may be due to the presence of Al 

in these alloys as Al is strongly susceptible to pitting corrosion in presence of 

Chloride ions.  
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Figure 4-82: Rp values of the model alloys and PWA 1483 at OCP in 0.5M NaCl 

 

 

The polarization curves obtained after 2 h in solution are presented in Figure 4-88. 

The Ni-base superalloy shows the most cathodic corrosion potential Ecorr and Ni-Cr-

Al the most anodic. The other alloys have more or less the same Ecorr. Although the 

current increases for most of the studied alloys until the breakdown point, their values 

are still low and indicate passive behavior. A plateau is observed for PWA 1483, Ni-

Cr-Co, and Ni-Cr-Al-Ta before the current starts increasing again. Transients are also 

observed, indicating occurrence of metastable pitting corrosion. After experiments, 

some pits are observed on the surface. 
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Figure 4-83: Current-Potential curves of the model alloys and PWA 1483 after 2 h in 

0.5M NaCl 

 

 

The SEM micrographs (Figures 4-84 to 4-87) show the structure of the pits. Figure 4-

85 shows the inner part of a pit on Ni-Cr. Some inclusions are observed in the pits, 

such a form has already been observed on stainless steel and was identified as MnS 

inclusions [182]. However, in this case, it is not clear which kind of precipitate it is. 

 

 

 

Figure 4-84: SEM micrographs of a pit obtained on Ni-Cr in 0.5M NaCl  
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The pits observed on the Co-containing alloy have different appearance than those 

observed on the base metal Ni-Cr, as they have rougher structure, which may be due 

crystallographic pitting.  

 

 

 

Figure 4-85: SEM micrographs of a pit obtained on Ni-Cr-Co in 0.5M NaCl 

 

The pits observed on the Ni-Cr-Al model alloy show more or less the same shape as 

the base material, although the inner part is rougher (Figure 4-87). No inclusions 

were observed. 

 

 

 

Figure 4-86: REM micrographs of a pit obtained on Ni-Cr-Al in 0.5M NaCl 

 

No pits were observed on the Ni-base superalloy (Figure 4-87). The single crystal Ni-

base superalloy PWA 1483 samples show cracks on the surface under the same 

experimental conditions as the other alloys. A closer examination of the cracks 

reveals a porous structure.  
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Figure 4-87: SEM micrographs of a pit obtained on PWA 1483 in 0.5M NaCl 

 

These different types of attack morphologies may be due to the different chemical 

composition of the alloys, but the absence of pits on the superalloy in particular could 

be explained by its microstructure (single crystal). 

 

4.5.4 Electrochemical behavior of high temperature oxides  

The electrochemical behavior of the high temperature oxide layers was studied in 

borate buffer, as high chemical stability of these oxides can be expected in this 

electrolyte. The OCP record of the high temperature oxides (obtained at 800 °C for 

100 h) in borate buffer, as the oxides are stable in this electrolyte, is shown in Figure 

4-89. The potential is anodic, and it decreases for most of the alloys, except for the 

Co-containing alloy, for which OCP raises after the first minutes of the experiment. 

The lowest value is associated with Ni-Cr-Al. 
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Figure 4-88: OCP of the high temperature oxides (100 h at 800 °C ) of Ni-Cr, Ni-Cr-

Co, Ni-Cr-Al and PWA 1483 after 2 h in borate buffer pH 8.4 

 

The obtained impedances are very high (> 108 Ω.cm2), but not steady, as was 

observed on the passive films; the maximum impedance is not yet reached at this 

frequency (10-2 Hz). The Co-containing model alloy shows the highest impedance 

and the Ni-base superalloy the lowest. Several time constants (different phase 

angles) are observed, as shown in Figure 4-89. 
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Figure 4-89: Bode plots of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al and PWA 1483 after 100 h 

oxidation at 800 °C in air in borate buffer pH 8.4 
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The polarization curves indicate very small currents. Nevertheless, the limit of the 

experimental arrangement is reached (1 pA). The current steadily increases, even 

though small passive ranges are observed for PWA 1483. All alloys show steps of 

current increase, which are referred to different oxidation states or the dissolution of 

the different compounds composing the high temperature oxide layer.  
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Figure 4-90: Polarization curves of Ni-Cr, Ni-Cr-Co, Ni-Cr-Al and PWA 1483 after 

100 h oxidation at 800 °C in air in borate buffer p H 8.4 

 

Moreover electrochemical measurements were carried out for samples after a short 

time oxidation. The results obtained for films formed after only 4 h are shown in the 

following graphs. The OCP values are all in the anodic region, with Ni-Cr-Co showing 

the highest value and PWA 1483 the lowest. The values obtained after shorter 

oxidation time (4 h) are higher than the corresponding values recorded after longer 

oxidation time (100h) for Ni-Cr-Co and Ni-Cr-Al. The values are quite similar for the 

base alloy NI-Cr and are lower after 4 h than after 100 h for the superalloy PWA 

1483. 
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Figure 4-91: OCP values of the model alloys and PWA 1483 after 4 h oxidation in 

air at 800 °C in borate buffer pH 8.4 

 

The EIS measurements show irregularities, as the curves are not smooth. At very 

high frequencies, the phase angle cannot be measured properly. The polarization 

resistances are very high (> 108 Ω.cm2).  

The Nyquist plots show unsteady semi-circles for the ternary model alloys with very 

high impedances. Ni-Cr and PWA 1483 show a Warburg impedance as the plot is a 

line. The quaternary model alloy shows a semi circle and a line after 2*109 Ω.cm2 (Re 

Z) indicating a participation of diffusion processes in the reaction. 
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Figure 4-92: Bode and Nyquist plots of the model alloys and PWA 1483 after 4 h 

oxidation in air at 800 °C in borate buffer pH 8.4 
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The polarization curves again show very low currents. Dissolution of different 

component is observed, as indicated by the different slopes in the anodic part of the 

curves for the model alloys Ni-Cr, Ni-Cr-Al and the superalloy, which also have higher 

currents than the two other investigated materials. The Co-containing alloy and Ni-Cr-

Al-Ta have the same behavior and show a passive range over the entire anodic part 

of the curve. PWA 1483 has the highest currents.  

 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

|C
ur

re
nt

 d
en

si
ty

| (
A

/c
m

2 )

Potential (V vs Ag/AgCl)

 Ni-Cr
 Ni-Cr-Co
 Ni-Cr-Al
 Ni-Cr-Al-Ta
 PWA 1483

 

 

Figure 4-93: Current-Potential curves of the model alloys and PWA 1483 after 4 h 

oxidation in air at 800 °C in borate buffer pH 8.4 

 

 

Summary: 

The Ni-base alloys are highly corrosion resistant in the different electrolytes used 

during this study. Passive films are formed under the different conditions. The Ni-

base superalloy PWA 1483 shows the best performance in borate buffer, whereas it 

is less resistant in more acidic media. The model alloys, in contrast, show similar 

behavior in borate buffer and in sulfuric acid. No oxidation of Cr3+ to Cr6+ is evident in 

more acidic environments. The passive films obtained are structured in layers, with 

the innermost part being Cr-rich and the outer part a mixture of Ni-oxide and 

hydroxide with doping elements of the third alloying element, as seen in the AES 

depth profiles. The alloys also show a good resistance against chloride ions, 

especially the superalloy, which does not present any pits after exposure to 0.5M 

NaCl. The high temperature oxides are very resistant, as they show very high 
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impedance and low currents, but are also very complex in terms of the impedance 

results. After 100 h oxidation, very similar electrochemical behavior amongst the 

alloys is observed, whereas after 4 h oxidation, there are large differences between 

the alloys, indicating different oxidation kinetics. 
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5 Discussion 

5.1 Oxidation of PWA 1483 and Ni-Cr-X model alloys 

5.1.1 Effect of alloying elements 

The alloy composition is of very high importance for the oxidation resistance. For the 

three polycrystalline model alloys studied, the different oxidation behavior can be 

directly ascribed to different chemical composition of the alloy. The oxidation 

behavior of the Ni-Cr alloys with a varying Cr content has been widely studied. 

Typically, the oxidation rate increases progressively with Cr alloying until a certain 

composition is reached, beyond which further additions decrease the rate [183]. This 

can be explained by the fact that small additions of the second metal increase the 

oxidation rate by increasing the number of cation vacancies in the metal oxide (i.e. 

NiO) scale depending on the cation vacancies, whereas larger concentrations 

decrease it, because layers of more protective phases, such as Cr2O3 and NiCr2O4 

are able to form. The rate determining step for alloys containing 2-10% Cr is the 

diffusion of cations through the outer NiO, which contains small amounts of Cr; 

however, for alloys containing 10-20% Cr, depending on the scale microstructure and 

temperature, short-circuit diffusion of Ni through NiO and Cr through Cr2O3 may have 

a dominant influence, if diffusion in the scale is rate determining [184].This might be 

the case for the studied alloys, as they have 12.2 wt-% Cr. It is known that different 

oxides are formed on Ni-Cr alloys depending on the Cr concentration, e.g. the scale 

formed on alloys with 10-20% Cr is a mixture of NiO, Cr2O3 and NiCr2O4, with Cr2O3 

particles that start to coalesce to form a continuous layer, with the presence of grain 

boundaries enhancing the coalescence [34].The oxide structure described above is 

the same for the model alloys. Since Cr2O3 is more stable than NiO, the initially 

formed NiO is expected to be reduced by Cr due to the displacement reaction 

between NiO and Cr [185]. The NiCr2O4 spinel is generally formed during the early 

stages of oxidation [186-187] or by the reaction between NiO and Cr2O3 [187].  

 

The addition of Co in the binary alloy Ni-Cr impairs the oxidation behavior of the alloy. 

EDX analysis shows the presence of Co in the mid layer, hence suggesting the 

formation of either the spinels NiCo2O4, CoCr2O4 or both (these phases were not 
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detected by XRD, which can be due to the thickness of the outer NiO layer hindering 

the detection of underlying phases). In the literature, the influence of Co addition in 

the oxidation behavior of Ni-20Cr alloys has been studied at higher temperatures (> 

1000 °C) [188]. Due to the higher Cr-content and th e higher temperature than in the 

present study, the results cannot be directly compared. However, it is interesting to 

note that in the cited work, smaller additions of Co (up to 30%) impaired the oxidation 

resistance, whereas higher additions (40%) led to strongly increased oxidation 

resistance. These effects were attributed to the formation of different type of 

protective oxide layers in dependence of the Co content in the alloy. For lower Co 

concentrations (Ni, Co)O.Cr2O3 spinels were the dominant species, and according to 

the authors these species have lower protectiveness than, for example, Cr2O3.  

 

The results of the present study also indicate the highly beneficial effect of Al alloying 

in Ni-Cr alloy. The effect of Al in Ni-Cr alloys has been widely studied, but typically at 

higher temperatures and with a higher Al content [187, 189-192]. Under such 

conditions, Al alloying is beneficial due to the formation of a protective α-Al2O3 scale 

on the surface, as Cr2O3 is not stable at these temperatures (T > 1000 °C).  In the 

current experimental conditions, the beneficial effect of Al is not due to the formation 

of a compact and highly protective α-Al2O3 layer on the surface, as the Al content of 

the alloys and the temperature of oxidation are low. Instead the primary protection 

during oxidation at 800 °C for all alloys studied i n this work is given by an inner Cr2O3 

layer. Aluminum was found to be incorporated in the Ni-Cr spinel. The protective 

nature of this layer seems to increase with Al-incorporation. For ternary alloys A-B-C, 

where B is the most noble and C the more reactive element, the influence of the third 

element addition mechanism is based on a synergism between the internal 

precipitation of the oxides of B and C, which allows achievement of the critical overall 

volume fraction of internal oxides required for the transition to the external oxidation 

of C under C contents smaller than in binary A–C alloys [193-194]. The classical 

hypothesis is that the third element acts as a secondary getter for oxygen, thereby 

decreasing the inward flux of oxygen into the alloy when the primary getter, 

aluminum, is removed from the surface regions as its oxide [195]. This enables 

aluminum to diffuse to the surface from the bulk without precipitating out as internal 

oxide deep in the substrate, resulting in development of a healing Al2O3 layer at 

relatively low alloy aluminum concentrations, which is generally observed at higher 
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temperatures. This could be observed at 900 °C, whe re a thin alumina film could be 

detected under the chromia layer in the oxide scale formed on the Ni-Cr-Al alloy. It is 

possible, but less likely [196], that the requirement for development of a protective 

surface layer is merely that the alloy should contain sufficient aluminum plus the third 

element, so that the critical volume of internal oxide, i.e., Al2O3 plus the third-element 

oxide, for the transition to an external scale, as defined by Wagner [18], is exceeded. 

A third proposal stresses the importance of ternary solution thermodynamics and 

diffusion theory in establishing the criterion for the transition from internal to external 

oxidation [197]. Here, the function of the third element is to ensure that the diffusion 

path only contacts or, in the limit, makes a tangent with the oxygen solubility surface 

at an area where Al2O3 exists in equilibrium with the metal. It has been suggested 

[198] that multi component metal diffusion interactions of a repulsive nature in the 

metal increase the diffusion of aluminum to the scale-metal interface on alloys 

containing the third element. Al certainly improves the oxidation behavior of the base 

alloy, as it shows the same behavior as the superalloy at higher temperature. This 

indicates that the most important elements for oxidation protection are chromium and 

aluminum, although other alloying elements have an influence. 

The scale formation is similar for all the polycrystalline alloys studied − an inner 

Cr2O3 layer, middle spinel layer and an outer NiO layer. However, the thicknesses of 

these layers differ for the different alloys, indicating different protective properties. 

This seems to be related to the modification of the spinel layer composition, in that 

Co or Al incorporation leads to different effects. For all alloys studied, the oxide layers 

are porous, but the Co containing alloy seems to have more pores incorporated in the 

oxide scale than the other alloys. The pores may result from the cation outward 

migration through the scale and the deformation and cracking of scales due to the 

development of growth stresses occurring during oxidation. These pores lead to 

higher oxygen diffusivity in the scale as well as to spallation, as the pores are mostly 

found on the substrate-scale interface. The rod-like structure of the oxide formed on 

Ni-Cr-Al can have different explanations. In the literature, this type of morphology has 

been reported to be related to NiAl2O4-spinel [199]. Kofstad [13] has also reported 

internal oxide particles being formed on dilute Ni-Cr alloys which are often spherical, 

whilst for dilute Ni-Al alloys the internal oxide growth (Al2O3 + NiAl2O4) is rod-like and 

cellular. The internal oxide observed on the model alloys, which is not homogeneous, 

is probably due to the reaction between Cr-cations and O2- during the dissolution and 
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diffusion into the alloy phase. In the present study, nitrides, sulfides and carbides 

could not be observed; these are also often internal precipitates and detrimental for 

the oxidation resistance. The spherical shape of the observed internal oxides is 

typical for the Ni-Cr-base system [187]. 

No other oxides or spinels, such as TiO2 or CrTaO4, were detected by XRD analysis 

on the Ni-base superalloy, even though this has been reported in the literature for 

oxide layers grown on other type of Ni-base superalloys [200]. Some Ti and Ta 

signals could, however, be detected with EDX on the superalloy; but as the oxide 

layer is very thin, it cannot be excluded that these signals stem from the alloy 

substrate.  

 

5.1.2 Effect of microstructure and surface preparation 

The single crystalline PWA 1483 alloy shows the best oxidation resistance for all 

materials studied at 800 °C in air. Moreover, for t he superalloy, a parabolic growth 

law is observed, whereas for the polycrystalline model alloys, the oxide growth law is 

sub-parabolic. The sub-parabolic growth law can be explained by the fact that grain-

boundary diffusion provides an initially high oxidation rate [13]. Diffusion is faster 

along grain boundaries, dislocations, pores and cracks than through the lattice and 

tends to dominate the oxidation process at low and intermediate temperatures. Cr 

rich oxides are generally formed on alloy grain boundaries, as observed by Giggins 

and Pettit [201] for binary Ni-Cr alloys. The large grains in the model alloys provide a 

slower diffusion of Cr to form Cr-oxide; Hossain et al. [202-203] showed that a 

reduced grain size on Fe-Cr alloy enhances the diffusion of Cr into the oxide as the 

small grain size increases the number of sites for diffusion. The slower formation of 

Cr2O3 induces further oxidation of the other alloying elements, which leads to the 

formation of less protective scale, therefore a poor oxidation resistance. Cold-worked 

materials have fine grains and therefore oxidize faster [57]. If grain boundaries are 

the dominant short-circuit paths, the grain structure of the scale, its initial grain size 

and subsequent grain growth are important as they effectively control the oxidation 

rate [204]. These phenomena were, however, outside the scope of the present study. 

The substrate microstructure determines the oxide microstructure, therefore the 

coarser the grain size of the substrate, the coarser the grains of the oxide formed 

during the transient oxidation time [205]. The oxide scale layered structure observed 
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on the model alloys is common for wrought alloys [206], the non planar oxides are 

also generally observed on polycrystalline materials [13]. The pits observed on the 

model alloys are due to the presence of screw dislocations on the surface, which 

provide ledges for the extension of the surface lattice, whereas the specific 

geometries are decided by factors such as surface diffusion along the dislocation 

core, the rate of the molecular dissociation step, and the balance of surface energy 

and dislocation line tension, as stated by Raynaud and Rapp [97, 207]. 

For the Ni-base superalloy short-circuit diffusion of the alloying elements by grain 

boundaries in the substrate cannot be operative, and hence other diffusion 

mechanisms (with slower kinetics) become rate-determining. Generally, different 

grain orientations vary in their reactivity and, hence, different oxidation behavior can 

be expected for single crystalline and polycrystalline materials. Therefore the single 

crystalline nature of the PWA 1483 superalloy certainly plays an important role in the 

oxidation behavior. A TEM study of Molins et al. [208] showed that the oxidation of 

superalloys is not uniform, as the matrix and γ’ phase oxidize at a different rate. NiO 

is preferably formed on the intermetallic phase after early oxidation stages, but the 

oxide itself is polycrystalline. In contrast, no NiO is detected on the channels between 

the two phases, whilst Cr, Ti, Ta and Al are detected with EDX on the channels but 

not on the γ and γ’ phases.  

The surface preparation also plays an important role on the oxidation behavior of the 

studied alloys. The alloys mechanically ground with 600 grit SiC paper have the 

same oxidation behavior as the polished samples, but their kinetics is very different. 

Neither a parabolic nor a subparabolic growth law is achieved by any of the alloys. 

The growth law is rather linear for all the alloys except Ni-Cr-Co, on which the 

cracking of the oxide is observed, which indicates that the rougher surfaces oxidize 

faster than the polished ones and may induce more stresses into the oxide. This is 

mostly due to the presence of many more dislocations on the rougher surface due to 

the mechanical abrasion with large SiC grains, as dislocations induce faster diffusion 

[204]. The selective oxidation of elements can also be affected by the surface 

preparation conditions of the substrate [209-211]. 
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5.1.3 Effect of temperature 

An increase of the temperature by 100 °C (from 800 to 900 °C) leads to a higher 

mass gain for some of the alloys (Ni-Cr, Ni-Cr-Co and to a certain degree for PWA 

1483), which is due to the faster diffusion of species during oxidation. The oxidation 

kinetics is therefore also changed. Several processes are generally involved during 

the oxidation of metals. The oxidation can occur through lattice diffusion, grain 

boundary diffusion and grain growth. Grain growth is slow at the lower temperatures 

and the oxidation should be essentially parabolic, although governed by transport 

along grain-boundaries, which was not observed in this study as none of the values 

obtained from the slope of log (∆m/A) vs log (t) are equal to 0.5. If the rate controlling 

grain size increases more rapidly with temperature than the overall transport across 

the scale, the dependence of the oxidation rate on the temperature will decrease. At 

higher temperatures, lattice diffusion predominates. Another possibility is that the 

influence from inward short-circuit transport of oxygen decreases faster than the 

diffusional processes contributing to the overall oxidation [212]. As the diffusion 

occurred faster, a more uniform chromia scale could be formed on the model alloys. 

An outer Cr2O3 could even be formed on the Ni-base superalloy at 900 °C, whereas 

the outer layer was essentially NiO at 800 °C. 

The scales become more uniform, because the alloy microstructure influence on 

oxide formation tends to diminish at higher temperatures, as observed by Liu et al. 

[213], which is also evidence of the lattice diffusion at this temperature. 

 

5.2 Oxidation of the 2 nd generation single crystal Ni-base 

superalloys 

5.2.1 Effect of moisture 

The water vapor addition to air affects the isothermal oxidation of the different alloys 

in different ways. For the Pratt & Whitney alloys in particular, a higher mass gain 

during oxidation is observed in moist air. The growth rate of α-alumina is increased in 

water vapor conditions, which also affects the nucleation of alumina, as reported by 

Maris-Sida [214]. The greater mass gain in moisture containing atmospheres may be 

due to the transformation of γ-AlO(OH) to formation of metastable δ-Al2O3, which is 
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transformed gradually to α-Al2O3 at higher temperatures as shown by the following 

sequence [214]: 

( ) 32323232 OAlOAlOAlOAlOHAlO −→−→−→−→− αθδγγ                       (5-1) 

The increased mass gain during oxidation in moisture can be due to faster 

dissociation of water compared to oxygen [8], which lead to surface reaction as rate 

determining for their growth and therefore to linear kinetics; however, as the oxide 

thickens, diffusion becomes the rate controlling mechanism. The kinetics should have 

been changed, as proposed by Maris-Sida [214]. 

There are also more defects in the oxides formed in wet air – especially pores. In the 

present study, no whiskers could be observed on the analyzed materials. This may 

be due to several reasons. The first to note is the reaction of water with the oxide to 

form hydrogen defects (protons), which modifies the defect structure and therefore 

the formal nature of the defect [215]. The other explanation may be that the oxide 

microstructure change leads to different diffusion processes in the scale. The pores 

are observed in the scale and not at the former substrate surface that, if present, 

should induce scale spalling. The fast diffusion of species induces thicker scales. As 

the water vapor amount increases, the effects are more severe, especially for PWA 

1484, on which a continuous alumina layer could not be formed.  

Partial spalling of the scales was observed during this study only on the Pratt & 

Withney Aviation superalloy 1484 in air containing 30% water vapor, certainly due to 

the enhanced plasticity (ability to creep) or sample preparation, which is possibly due 

to the incorporation of hydrogen in the lattice, as observed by Rahmel [98] and Tuck 

et al. [99], which allows the scale to maintain the contact with the substrate. 

Spallation of the oxides, particularly during cycling oxidation, as reported by several 

authors, could not be observed in this study.  

However, the formation of transient oxides can also be influenced by water vapor 

addition, as the transient oxide scale thickens with higher humidity in the present 

study. For instance NiO growth could be faster than in dry air, as NiO is known to 

react with Al2O3 to form the spinel NiAl2O4 [216], and as a result the time dependence 

of different oxide formation may be affected. If hydrogen is incorporated as interstitial 

in NiO, which is a p-type semiconductor with cation vacancies [11], the following 

defect reaction occurs: 

( ) "
Ni

x
0i2 VOH2gOH ++↔ •                                                                                           (5-2) 
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This equation shows that the vacancy concentration is increased, which could lead to 

an increase of NiO growth rate. Hulquist et al. [217] suggest that an enhancement of 

metal cations transport in alumina forming materials, such as the alloy FeCrAlY, 

during high temperature oxidation can be achieved by adding hydrogen to the 

substrate, either by electrolysis of water, or from the gas phase. Maris-Sida [214] 

showed that for longer times of cyclic exposure (up to 500 hours) in wet air (air + 0.1 

atm water vapor) compared to dry air, the scale formed on CMSX 4 at 1100 °C is 

thicker and exhibits a multilayered structure containing an appreciable, dense and 

continuous layer of α-Al2O3 formed at the alloy surface at some early stage. This 

layer is maintained while subsequent layers of NiAl2O4, Ni(Al, Cr)2O4 and NiO grow 

sequentially on top of the alumina. These results show that nickel may be diffusing 

through the alumina scale, although the possibility that these oxides formed initially 

as transient oxides cannot be ruled out. This increased NiO rate induces greater 

internal oxidation depths, which would increase the critical amount of aluminium 

required to form a continuous scale on the metal [218]. Thus, the thicker transient 

oxide scale observed on the studied commercial superalloys must be caused by the 

increased NiO and possibly chromium oxide growth rate. The accelerated oxygen 

transport in the presence of water vapor may be of significance too, as hydrogen can 

be incorporated easily into NiO and Cr2O3; hence the faster diffusion of Ni and Cr 

ions through the scale, resulting in rise outward growth of their oxides. The observed 

increased internal oxidation of Al in PWA 1484 could be, therefore, associated with 

the accelerated growth of transient Ni and Cr oxides that would increase the critical 

Al content required for continuous alumina scale formation [218]. 

The formation of spinels is also influenced by water vapor presence and content. The 

spinel formation and stability depends strongly on the activities of the alloying 

elements in the alloy as shown in Figure 5-1 for the Ni-Al-O system. If we consider 

the formation of a spinel on α-Al2O3, which is on a Ni-Al alloy, the formation reaction 

can be written as follows: 

42232 ONiAlO
2
1

OAlNi ↔++                                                                                           (5-3) 

This reaction could occur either at the α-Al2O3/gas or the α-Al2O3/metal interface. As 

the oxygen pressure is very low at the oxide/metal interface, the Ni activity must be 

very high; in contrast, the Ni activities should extremely low at the oxide/gas interface 

for the spinel to be formed. Sahin et al. [219] suggested that Ni diffused through α-
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Al2O3; hence, in this study, it is also proposed that the spinels are formed at the 

interface oxide/gas. 

 

 

Figure 5-1: Schematic of Ni-Al-O stability diagram at 1000 °C w ith the activities of 

nickel indicated for various equilibria [214] 

 

Ni must diffuse through defects to reach the oxide/gas interface. It is established that 

the growth of α-Al2O3 is controlled by the inward diffusion of oxygen through oxide 

grain boundaries [220]. The proposed defects in α-alumina are Schottky defects [221] 

involving aluminum vacancies '''
AlV  and oxygen vacancies ••

OV . It is thus possible that 

Ni diffuses through these defects and  reacts at the spinel/gas or at the NiAl2O4/Al2O3 

interface. Ni2+ cation is slightly larger than Al3+ (rNi2+ = 0.07 nm and rAl3+ = 0.05 nm) 

and the largest interstice in α-alumina is 0.06 nm; it is, therefore, also possible that Ni 

can still diffuse through grain boundaries. Al is known to generally diffuse through 

grain boundaries in α-Al2O3 [222]. For example, at 1000 °C, the activity of Ni O in α-

Al2O3 at the α-Al2O3 – γ – γ’ equilibrium is 4.3x10-10, whereas the activity of NiO is 

0.16 at the α-Al2O3 – γ – NiAl2O4 equilibrium. This suggests that the solubility of NiO 

in α-Al2O3, as well as transport of nickel through α-Al2O3, becomes more favorable as 

the metallic substrate becomes depleted of aluminum or, in other words, as the 

oxygen reaches levels sufficient to ionize nickel. The diffusion of the species can also 

occur through microcracks. The formation of the other spinels can also be explained 

by the same mechanism as proposed for the formation of NiAl2O4. Akhtar et al. [223] 

propose that a phase transformation occurs in nickel-base single-crystal superalloys 

(CMSX 4 and CMSX 10) as a result of the oxidation that creates the external NiO 
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scale. This transformation, which is the precursor to internal oxidation, creates the β 

phase (NiAl) first followed by the δ phase (Ni2Al3) prior to the formation of the spinel 

Ni(Cr, Al)2O4 and Al2O3 in succession 

5.2.2 Effect of alloying elements 

5.2.2.1 Reactive elements 

The analyzed alloys are known to be α-alumina formers. The presence of reactive 

elements in alloys is reported to increase the oxidation resistance at high 

temperatures and particularly the adhesion of the formed scales [79, 83, 224-

230].The addition of yttrium in PWA 1487 improves the oxidation resistance of this 

alloy in comparison to its counterpart without yttrium (PWA 1484). This effect is not 

observed on René N5+, which seems to have the same oxidation behavior as René 

N5. The higher oxidation rate of PWA 1484 could also be explained by the fact that 

the microstructure is different than that of PWA 1487. Furthermore, the Cr and Al 

concentrations (Inductively Coupled Plasma Optical Emission Spectrometry ICP-OES 

analysis; Cr: 7.5 wt-% and Al: 4.4% as presented in Table 5-1 for the alloys) were 

different than the nominal composition, as was the concentration of yttrium in René 

N5+, which shows a lower Y concentration than given. 

 

 PWA 1484 PWA 1487 René N5 René N5+ CMSX 4 

Cr  

(nom., wt.-%) 

5 5 7 7 6.5 

Cr  

(meas., wt-%) 

7.5 4.9 6.8 6.8 6.2 

Al 

(nom., wt-%) 

5.6 5.6 6.2 6.2 5.6 

Al 

(meas., wt-%) 

4.4 5.4 5.9 5.9 5.5 

Y 

(nom., wt-%) 

 0.1  0.1  

Y 

(meas., wt.%) 

 0.009  0.005  

Table 5-1: Nominal (nom.) and ICP-OES measured (meas.) content of Cr, Al and Y 

in the different alloys 



Chapter 5: Discussion 

 

 141 

The improvement of the oxidation resistance by addition of reactive elements is due 

to the enhancement of selective oxidation of aluminum during the early stages of 

oxidation [231-235] and the suppression of void formation at the alloy-Al2O3 interface, 

which favors the scale adherence [229]. Formation of hafnia precipitates observed in 

the oxides grown on the investigated Ni-based superalloys could be detrimental for 

the oxidation resistance, as these precipitates may promote a faster diffusion of 

oxygen in the scale. The CMSX 4 alloy, containing lanthanum and yttrium in small 

amounts, shows the best oxidation behavior, confirming the beneficial effect of 

reactive element additions in the alloys. The good adherence of the scales was also 

observed, which is mainly due to the presence of reactive elements in the alloys. It 

has been suggested that the reactive element concentrates at the scale-alloy 

interface [236-238]. One theory proposes that tramp elements, especially sulfur at 

levels below 100 ppm, but possibly chlorine or phosphorus, segregate to the 

interface and weaken the bond between the alloy and the scale [81, 239]. Yttrium is a 

strong sulfide former, and its presence may prevent this affect by binding up the free 

sulfur as a stable refractory sulfide [240]. Later studies suggest that segregation of 

sulfur is perhaps not of primary importance in determining scale adherence. 

However, it is noted that yttrium does segregate to the interface and does improve 

scale adhesion by improving the bond between the oxide and the alloy, which is 

essentially weak [241-243]. The sulfur content in these commercial alloys is generally 

very low due to advanced casting techniques. Another mechanism observed in 

certain systems, particularly those containing yttrium or hafnium, is the mechanical 

keying or pegging effect. This occurs when Al2O3 grows around the boundaries of 

particles of internal oxide, forming elongated intrusions into the alloy [72, 75, 244-

245]. Such means of improving adhesion cannot, however, fully explain the effects of 

active elements on transport properties in alumina scales. 

It has also been proposed that active elements may affect the transport properties of 

Al2O3 by becoming incorporated in its lattice. Very small concentrations of 

substitutional impurities in solid solutions are sufficient to cause substantial changes 

in ionic defect concentrations [50]. Measurements on single crystals have shown that 

the solubility of Yttrium in a-Al2O3 is very low; most of the dopants have been found 

to segregate to the crystal surfaces during growth, implying that its solubility is less 

than 10 ppm even at temperatures approaching the melting point of α-Al2O3 [246], 

which was observed especially for the alloy PWA 1484 during oxidation in all the 
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atmospheres and for the other alloys in the presence of moisture. The presence of 

reactive elements may also affect the microstructure of the scales. Yttrium, for 

example, is reported to promote a fine-grained oxide scale [228, 247] and a transition 

from equi-axed to columnar morphologies [248-249]. Such morphologies may permit 

the scales to deform more easily by diffusional plastic flow or grain boundary sliding, 

enabling growth stresses to be accommodated [250-252]. This factor may be linked 

to the theory that additions of yttrium may reduce compressive growth stresses in 

alumina scales, giving rise to morphologies with fewer convolutions [253] and 

smoother alloy oxide interfaces, along which contact is more readily maintained [249, 

254-255]. A defined scale microstructure was not observed during this study but 

needs to be investigated as the addition of reactive elements improves the oxidation 

resistance of the studied alloys, particularly PWA 1487. 

The influence of lanthanum on the growth of alumina is reported to be similar to that 

of yttrium, although no improvement in scale adhesion has been noted on β-NiAl 

[256]. The effects of hafnium on alumina formers are also reported to be similar to 

those of yttrium [224] and may be linked to the good performance of the Rolls Royce 

alloy CMSX 4, as the alloy contains La + Y (both for 0.01 wt.-%). 

5.2.2.2 Titanium and Rhenium 

The 2nd generation commercial single crystal Ni-base superalloys contain 3 wt-% Re 

~ 1 at-%, which considerably increases the creep of these alloys at high 

temperatures [257]. Moniruzzaman et al. [258] investigated the effect of rhenium 

additions in the alloys Ni-7.7Cr-1.8Ti-5Al and Ni-7.7Cr-1.8Ti-7.7Al. Isothermal 

oxidation at 1100 °C showed a decrease of oxidation  resistance with increasing 

rhenium content in 5Al alloys but not in 7.7Al series. The authors concluded that the 

most important factor for oxidation resistance of these alloys may be the Re/Al ratio, 

as the alloys with a Re/Al ratio around 0.1 in at.-% were found to have a small mass 

change. In the present study, the alloys with the highest Al content are the two René 

N5 alloys, whereas all the other alloys have the same Al content, thus their Re/Al 

ratio should be the same. Liu et al. [259] have analyzed the effect of rhenium addition 

to the single crystal Ni-base superalloy DD 32 on the oxidation behavior of the 

aluminide coating. They suggest that Re can lead to certain improvement in long-

term oxidation performance of the aluminide coatings, whereas it can have little effect 

on the very early stage of oxidation. Re addition decreased the oxidation rate of the 
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aluminide coating due to the formation of a purer oxide Al2O3 without NiAl2O4 and 

obviously improved the oxidation resistance of the aluminide coating. Finally, Re 

addition accelerated the θ–α phase transformation. Wu Ying et al. did not detect any 

Re on the single crystal superalloy TMS 82+ that contains 0.82 mole fractions during 

isothermal oxidation at 900 and 1000 °C. Huang et a l. also studied the isothermal 

oxidation of DD 32 at 900, 1000 and 1100 °C with an d without rhenium. They 

propose that rhenium does not have an influence on the growth rate of the scale but 

induces the formation of a non uniform oxide layer. In the present study, Re could not 

be detected in any of the formed scales on the commercial 2nd-generation single 

crystal Ni-base superalloys. Therefore, it can be concluded that the Re/Al ratio must 

be relevant for the oxidation resistance of the 2nd generation single crystal Ni-base 

superalloys. A higher rhenium content decreases the oxidation resistance of single 

crystal Ni-base superalloys, as shown by Akhtar et al. [223] for the alloy CMSX-10, 

for which the Re content is 6 wt-%. Pint et al. [260] showed that minor additions of Re 

and Cr in a Hf-doped β-NiAl cast model alloy form second phase in the alloy, leading 

to scale spallation, whilst a small content of Ti and Ta was internally oxidized and 

incorporated in the scale as grain-boundary segregant.  

On the other hand, rhenium is known to improve the oxidation resistance of MCrAlY 

coatings as proposed in [261].  

The nominal composition of the analyzed commercial alloys is more or less the 

same, though CMSX 4 showing the best oxidation behavior in all the atmospheres 

contains titanium, which is not present in the other alloys. Therefore it is important to 

discuss the effect of Ti in the oxidation resistance. The addition of 2% Ti in an Ni3Al-

0.1B alloy, as proposed by Taniguchi et al. [262], tends to support the formation of an 

adherent scale, although the oxidation kinetics are linear and the formation of deeply 

penetrating Al2O3 along the grain boundaries could be observed. Ti, in this case with 

combination of Zr and Hf, decreases the density of voids formed at the metal-oxide 

interface, at which Hf is more efficient. Generally a maximum of 2 wt% of Ti is found 

to be incorporated in the Ni3Al phase (Ni3Al → Ni3(Al, Ti)), thus, according to Sims et 

al. [15], distorting the Ni3Al lattice; this is not the case in the investigated CMSX 4 

alloy as its Ti content is 1%. The model alloy Ni-Cr-Al-Ti-Si shows good oxidation 

behavior at 1000 °C, although internal oxidation is  observed to a small extent due to 

the high mobility of the anion in rutile, enabling oxygen ions to penetrate the oxide 

and diffuse to the scale-metal interface and react with the less noble metal, thus 
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negatively affecting the alloy oxidation resistance [263]. Göbel et al. [264] show the 

absence of Ti in the transient oxide scale after 30 h oxidation of CMSX 4 (with Y) at 

1000 °C in air, but Ti could be detected in the tra nsient oxide after 1000 h oxidation 

on the same alloy. This would suggest that, if the samples in the present study were 

oxidized for longer times, formation of rutile or some Ti containing spinels, which 

tends to worsen the oxidation resistance of the alloys, could be observed. Barrett et 

al. [265] also studied the effect of Cr, Al, Ti, Ta, Mo, W and Cb on the cyclic oxidation 

of cast Ni-base superalloy at 1100 and 1150 °C. The y showed that the most 

important factor for improved corrosion resistance at these temperatures was the Al-

content, whereas the best oxidation resistance was achieved by a high Al (13 at.%), 

low Cr (10 at.%), Ti (2 at.%), low Cb (1% at.%) and high Mo, W, Ta (3 at.-% each) 

content. Therefore the very low Ti content in CMSX 4 could be one of the reasons 

why this alloy exhibits the best oxidation performance of all the investigated alloys, in 

line with the reports by Krupp et al. and Yang [266-267]. 

 

5.3 Oxidation of ASTRA alloys 

5.3.1 Influence of temperature 

The oxidation resistance of the ASTRA alloys at 950 °C is comparable with that of 

CMSX 4 at 1000 °C in dry air. The temperature incre ase of 100 °C during oxidation 

induces scale spalling during oxidation. The scale cracking and spallation are 

generally caused by stresses in the scales. It is known that stresses are introduced to 

alumina formers at early oxidation stages by the coexistence of different alumina 

phases and other oxides [268]. The stresses may cause the formation of voids at the 

metal-scale interface. The voids grow and coalesce together, as inward and outward 

growth of ridges at the scale boundaries eventually seal off [269]. Local cracking 

occurs either at early oxidation stages or at relatively late stages and is induced by 

stress development during the exposure and/or temperature changes. The formation 

of cracks in the oxide was found to be induced by inward diffusion of oxygen at later 

oxidation stages on a β-NiAl [268]. The scale can either spall completely from the 

substrate or cause just the upper part of the oxide to detach from the rest. The two 

regions are reported to be respectively “bare metal” and “oxide imprints” [269-270]. 

The “bare metal” at the scale-substrate interface would indicate that the interfacial 



Chapter 5: Discussion 

 

 145 

adhesion is weaker than the cohesion within the oxide, as for the latter the adhesion 

at the metal-oxide interface must be stronger than the cohesion [271]. Growth of 

oxide into the cracks may also add compressive stresses to the scale, the relaxation 

of which may change the scale morphology, as observed by Jedlinski and Saunders 

et al. who propose that planar stress on an alumina-forming ferritic steel is overall 

compressive [271-272] during oxidation of Kanthal APM alloy under severe 

conditions at 1623 K (1350 °C). Spalling may also b e due to a change of 

microstructure in the sub-surface area. The remaining oxide observed on the 

analyzed superalloys is brittle; thus, the presence of “oxide imprints” cannot be 

concluded with certainty, as more studies should be carried out to determine if the 

cooling temperature is sufficient for the formation of a new oxide. The specimen 

geometry also plays an important role on the cracking and spallation of oxides, as 

demonstrated by Orosz et al. [273], who showed that wedge-shaped samples were 

more susceptible to cracking and spalling than rectangular-shaped specimen during 

thermal-cycling oxidation of CMSX-4 at 1100 °C. Thi s effect of wedge-shape is 

common in alumina-former materials [274-275]. In particular, thin-walled components 

with tapered edges suffer from an accelerated depletion of scale-forming elements, 

such as Al and Cr, due to concentrations below their critical content for protective 

scale formation, and consequently lead to premature breakaway oxidation [276]. The 

samples used during this study are round-shaped with no sharp edges; therefore, the 

scale adherence failure may not be due to the specimen shape. As already 

mentioned in Section 5.2.2.1, the presence of reactive elements in the substrate may 

enhance the adhesion of alumina scales and also promote a fast selective oxidation 

of aluminum, reducing the formation of transient oxides. 

 

5.3.2 Effect of microstructure 

The columnar crystalline microstructure of the ASTRA alloys may play a role in their 

oxidation behavior at high temperatures. Most polycrystalline materials have a 

tendency to favor oxidation attack along grain boundaries, which is due to the much 

faster intergranular transport of the reacting species in combination with easy 

nucleation of precipitates. Trindade et al. [277] showed that special grain boundaries 

with a high fraction of coincident lattice sites (low σ values) seemed to exhibit a 

higher resistance to intergranular attack, compared to random high-angle grain 
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boundaries. The attack on single crystalline is therefore not intergranular, as no grain 

boundaries are available. Wei et al. [278] reported a slight difference in the 

composition of scales on metal carbides than on γ/γ’ phases. Thus, the presence of 

TCP in the rhenium-containing alloy may decrease the oxidation resistance of the 

alloy and should be more investigated. 

 

5.3.3 Effect of Rhenium and Ruthenium 

Rhenium and ruthenium are known to decrease the oxidation resistance of Ni-base 

superalloys by the evaporation of their oxides [279-280]. In contrast, Edmonds et al. 

[281] could not find any negative influence of ruthenium on the oxidation behavior of 

Ru-containing alloys in the temperature range 800 – 900 °C and they also showed 

that the alloys containing 3%-Ru exhibited the same oxidation resistance as CMSX 4 

at temperatures above 750 °C. In the present study,  the ASTRA alloy containing 

ruthenium also shows a very good oxidation resistance at 950 °C, which may be 

comparable to the oxidation of CMSX 4 at the same temperature, as the mass gain of 

CMSX 4 at 1000 °C is double that of Astra 02 at 950  °C. Therefore, it can be 

concluded that ruthenium does not worsen the oxidation behavior of ASTRA alloys, 

but Rhenium does, as the Rhenium and Ruthenium containing alloy ASTRA 22 

shows the highest mass change and ASTRA 20 a higher mass change than ASTRA 

02. The ability of Re to increase the spallation of scales on β-NiAl + 0.05 Hf was 

discussed by Pint et al. [260], and crack formation during the oxidation of ASTRA 20 

observed during this study, is in correlation with their findings.  

 

5.4 Electrochemical behavior of Ni-base alloys and PWA 1483 at 

room and high temperatures 

5.4.1 Passivity and localized corrosion 

The electrochemical behavior of the model alloys and the superalloy depends 

strongly on the experimental medium, although they are corrosion resistant in 

chloride free electrolytes. Their corrosion resistance is due to the fast formation of a 

protective passive layer, the composition of which depends on the alloy; therefore, 

the nominal composition may play an important role on the behavior of these alloys 
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and the conditions of formation of these films. It is often proposed that the passive 

film formed on Cr-containing alloys is a two layer oxide film, where the inner layer is a 

Cr-rich oxide film and the outer scale is a hydroxide (e.g. Fe-hydroxides for Fe-Cr 

alloys and for Ni-Cr alloys, Ni-hydroxides) [282-283]. The amount of chromium plays 

a role as the duplex structure is generally observed for alloys containing less than  

15 % Cr [161, 284]. The presence of a Cr-rich layer at the metal/oxide interface is a 

key factor for the passivity resistance of Cr-containing materials. In the experiments 

of the present study, a Cr rich layer was found by AES measurements on the passive 

films formed in borate buffer and the XPS measurements show the presence of 

Cr2O3, NiO, Cr(OH)3 and NiOOH. It can thus be assumed that this is also the case in 

sulfuric acid, as the pH effect is not pronounced below 12 % Cr [285], and the Cr 

content in the investigated alloys is 12.2%. The passive current values, as one of the 

gauges to measure the corrosion resistance of metals, are in the same range for the 

studied alloys, but vary in function from that for the other alloying elements, yielding 

the conclusion that the alloying elements must affect the corrosion. The presence of 

the different oxides can also be proved by the change in electronic properties, i.e. p-

type semiconductor to n-type semiconductor or vice-versa, as observed in the Mott-

Schottky measurements on the different electrolytes, has been shown on a Fe-

18%Cr alloy in borate buffer and sulfuric acid [286]. By studying the pitting corrosion 

of Inconel and Hastelloy, Lorang et al. [287] showed that Cr2O3 is first formed and 

then covered by Fe-oxide and NiO respectively. The Ni-base superalloy is less 

corrosion resistant in acidic media than the model alloys, which may be due to the 

other alloying elements, as PWA 1483 contains eight alloying elements. It is 

interesting to note that similarities exist in the chemical composition and the structure 

between the thin (nm-range thickness) passive films formed in aqueous electrolytes 

at room temperature and much thicker (µm-range) oxide layers formed in air at high 

temperatures. 

As each of the analyzed alloys show a different passivity breakdown, the alloy 

composition must be playing a role in the pitting corrosion of these alloys. It has been 

shown that wrought Ni-Cr-Mo alloys are more resistant against pitting corrosion than 

stainless steels [288-289]. The materials investigated in this study also show good 

resistance to pitting, particularly the superalloy. High Cr contents in alloys generally 

improve the alloy resistance to pitting [284, 290-291]. The alloys content in this study 

is 12.2%Cr, which is sufficient for a good resistance against aggressive ions, such as 



Chapter 5: Discussion 

 

 148 

chloride ions, as it was demonstrated that less breakdown of passivity could be 

observed for a Cr amount higher than 10% [164, 292]. The beneficial effect of 

titanium and tantalum on corrosion resistance of Ni-Cr base materials against halides 

has also been shown [293-295]. It may be the case as PWA 1483 exhibits good 

resistance to pitting compared to the other alloys, but could not be confirmed for the 

quaternary model alloy (Ni-Cr-Al-Ta). Co has a controversial effect on pitting 

corrosion. Jung and Alfantazi [296] showed that the number of pits increased on a 

pure electrodeposited cobalt in a sulfate solution with chloride ions, whereas Peissl et 

al. [297] showed a decrease of corrosion resistance by adding Co in a high carbon 

steel. Furthermore, Co improves the repassivation rate of steels [298] as well as their 

corrosion resistance in Cl- containing environment [162], as Co generally changes the 

microstructure of steels from austenitic to ferritic. According to our findings, Co 

impairs the pitting corrosion resistance of the model alloy Ni-Cr-Co. Al-containing 

model alloy shows the same behavior as the base alloy. Osório et al. [299] showed 

the decrease in corrosion resistance on an as-cast Al-Fe alloy with a higher Al 

content, with the coarse grains having a positive influence. Castadena et al. [300] 

showed the same negative influence of higher Al content on an Al-Ni-Fe alloy. Thus, 

the role of aluminum in the Ni-Cr-Al resistance against halides is unclear. 

The microstructure also plays a role on the corrosion resistance of metals as it 

influences the initial growth of passive films and their composition, and consequently 

the passivity breakdown of passive scales [301]. Pits generally form at grain 

boundaries and imperfections at the surface, such as scratches on nickel [302] or 

inclusions such as MnS. Pitting initiation and propagation in stainless steels is 

generally attributed to the reversible adsorption of aggressive ions in competition with 

oxygen on the alloy surface [164, 303-304]. Sometimes pits have been found to start 

at Cr-depleted precipitates on a duplex stainless steel [305]. Different phases may 

also be differently attacked by chlorides as they have a different composition. Peren 

et al. [306] proved that the stainless steel corrosion resistance was decreased by the 

formation of σ-phase and CrN precipitates, which mainly affects the passivation. It is, 

therefore, possible for the pits to start growing in the grain if a σ-phase is present, or 

at the grain boundaries if CrN is formed. The microstructure of the model alloys 

shows the presence of carbides at the grain boundaries, suggesting that the grains 

are Cr-depleted; therefore, the pits may start in the grain at defects on the surface. 

The γ-matrix may be more resistant to pitting than the γ’ intermetallic phase in Ni-
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base superalloy as the matrix has a higher Cr content than the γ’ precipitates, 

although Chang et al. [307] demonstrated that intermetallic Ni3Al coatings show a 

good pitting corrosion resistance. The layer on PWA 1483 shows cracks, which may 

lead to pits after a longer exposure. The different electrochemical responses in NaCl 

solutions for the different alloys, especially the observed different morphologies of the 

localized attack, are highly interesting findings. However, an elucidation of detailed 

mechanisms of passivity breakdown for these alloys is out of the scope of the present 

study. The aim of this work was to compare the corrosion resistance of these alloys 

in solutions relevant to practical expressions; and clearly differences between the 

alloys could be observed.  

 

 

 

5.4.2 Characterization of high temperature oxides with el ectrochemistry 

Electrochemical methods, such as Electrical Impedance Spectroscopy (EIS), 

capacitance measurements (Mott-Schottky measurement) and potentiodynamic 

current-potential curves, have been previously used to characterize thermally grown 

oxides on stainless steels [308-313] and Ni-base superalloys [314]. High temperature 

oxides are generally more electrochemically stable than their passive counterparts as 

they show very low currents and high impedances, as observed during this study. 

The order of magnitude of the impedances obtained during this study is higher than 

those obtained on thermally grown oxides on the M38 cast alloy [314] and different 

stainless steels [308]. The presence of different time constants or relaxation time 

constants may be due to the inhomogeneity of the oxide scales, which consist of a 

more compact inner layer and porous or less compact outer layer, as reported by 

some research groups [315-318]. In the present study, three distinct layers were 

observed; they are not homogeneous, the two upper layers being porous.  

Hakiki et al. [313, 319] propose that diffusion processes inside the inner layer of 

thermally grown oxide and passive film on stainless steels are different, but same in 

the outer oxide layer. As the film composition is different, the authors suggest that the 

ionic transport occurs over tetrahedral and octahedral sites in the p-type inner layer 

on the thermally grown oxide, whilst in the passive film, it occurs through grain 

boundaries. The diffusion takes place over oxygen vacancies in the outer n-layer. 
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They concluded that the electronic structure of thermally grown oxides is similar to 

the passive film electronic structure. This may be also the case in this study and 

needs to be more investigated. 

The shorter oxidized scales show better electrochemical oxidation resistance than 

the longer oxidized scales, which may be due to the fact that the oxides obtained 

after short exposure times are very thin and more compact (less pores) than those 

obtained after longer exposures. 

The scope of the electrochemical characterization of the high temperature oxide 

layers was to explore the usefulness of this approach as an analytical tool for 

studying scales obtained at high temperatures. The results indicate that interesting 

information on the ionic and electronic properties of the oxides could be obtained. 

However, the oxide scales formed at high temperatures are very complex and the 

interpretation of the results on their electrochemical behavior is not straightforward. 

This characterization method shows some limits and challenges as, for example, the 

oxides can electrochemically react during polarization. It should be pointed out that 

ipass is not just an information on the protectiveness of the oxide layers, but also on 

the current from the oxidation reactions of the scale constituents. The Mott-Schottky 

plots are only valid in the potential range where reduction or oxidation of constituents 

does not take place. 

 

 

 

 

 

 

 



Chapter 6: Conclusions 

 

 151 

6 Conclusions 

The high temperature oxidation resistance and electrochemical behavior of several 

Ni-base alloys was studied for different exposure times, temperatures and 

atmospheres. The single-crystal Ni-base superalloy PWA 1483 shows excellent 

oxidation behavior at both 800 and 900 °C, as compa red to Ni-Cr-X model alloys; 

although a continuous chromia layer was not observed at both temperatures. 

Homogeneous scales were observed at higher temperature. The temperature 

increase, alloy composition and microstructure all affect the oxidation resistance of 

these alloys. Co has a negative effect on the oxidation resistance of Ni-Cr model 

alloy due to the formation of less protective Co containing oxides, whilst Al improves 

the oxidation behavior of Ni-Cr base alloy as it acts as a getter centre for oxygen.  

The 2nd generation single crystal Ni-base superalloy CMSX 4 shows the best 

performance in dry air and air containing moisture compared to the other alloys of 

this generation, namely PWA 1484, PWA 1487, René N5 and René N5+. The 

moisture affects mostly the transient oxidation of the analyzed alloys as the transient 

oxide layer becomes thicker with higher amount of water vapor. The increased 

thickness of transient oxides is due to the rapid increase in NiO growth rate during 

transient oxidation; furthermore, oxygen diffuses faster into the alloy in presence of 

water vapor, which affects the selective oxidation of alumina. Reactive elements such 

as hafnium, yttrium and lanthanum are found to increase the oxidation resistance of 

these alloys as they allow a better scale adhesion. Higher moisture content in the 

atmosphere induces a poorer oxidation behavior.  

The newly developed ASTRA alloys show good corrosion resistance at 950 °C, but 

not at 1050 °C, as the scales spall both during oxi dation and cooling. The formation 

of a thin alumina scale ensures the good oxidation resistance of these alloys at 950 

°C. The addition of heavy metals affects the oxidat ion behavior of the ASTRA alloys, 

particularly addition of Ruthenium, which seems to enhance the oxidation resistance, 

whereas rhenium impairs the resistance of the alloys against high-temperature 

corrosion by increasing the formation of cracks and therefore spallation of the scales. 

The microstructure of these alloys may also affect their behavior, as the 

polycrystallinity of the materials may add more diffusion paths, in this case grain 

boundaries and TCP. These alloys need to be improved by adding reactive elements 

to enhance their scale adhesion and lower the oxide growth rate.  
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The model alloys Ni-Cr-X and the superalloy PWA 1483 also show a good corrosion 

resistance in aqueous solutions at room temperature. They form a passive layer, 

which is very protective, as the inner layer is Cr-rich (Cr2O3) and the outer layer is a 

NiO, Ni(OH) mixed layer which is less protective but superior to Fe-oxides. The scale 

structure is similar to the scale obtained at high temperatures even though only for 

thicknesses of a few nm. The alloying elements affect the corrosion behavior, as 

some elements such as tantalum improve, whereas others (e.g. cobalt) impair the 

corrosion resistance. The alloys are also very resistant against pitting corrosion, 

especially the superalloy, which shows no pits after exposure in a chloride containing 

solution, also in addition to a larger passive range. The base alloy Ni-Cr and the Al-

containing model alloy show the best resistance against pitting. The corrosion 

resistance is also influenced by the microstructure of the metals as pits are formed on 

CrN precipitates, Cr-depleted zone and surface impurities.  

Electrochemistry was used to characterize the thermally grown oxides on the Ni-Cr-X 

model alloys and the single crystal Ni-base superalloy PWA 1483. The results show 

the complexity of the scale structures. It was possible to show the high resistance of 

these oxides against corrosion, as they have very high impedances due to the oxide 

structure and thickness. 
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7 Outlook (future work) 

The results obtained after investigating the oxidation behavior of the Ni-base alloys 

used in this study need a better understanding; therefore more experimental work 

targeting the exploration of specific mechanistic issues should be carried out. 

Short oxidation experiments should be carried out both for the model alloys and PWA 

1483 to determine which protective oxide is formed first and how the transient 

oxidation affects the alloy resistance against high temperature oxidation. The effect of 

other alloying elements should also be investigated; therefore more model alloys 

should be cast. The microstructure effect should be analyzed in more detail by either 

trying to produce all alloys in a single crystal form with the γ/γ’ microstructure, or cast 

a polycrystalline PWA 1483 and perform a solid solution treatment on the model 

alloys to obtain the Ni3Al intermetallic phase in the Ni-Cr-Al metal.  

As shown in this work, the presence of moisture in air decreases the oxidation 

behavior of the 2nd generation single crystal Ni-base superalloys as the scales 

become thicker. It could be interesting to investigate the transient oxidation period of 

these alloys in all three atmospheres. It would also be useful to study the kinetics of 

oxidation of the alloys by using TGA, as the kinetics may be a reason why these 

alloys with more or less the same microstructure and composition behave differently. 

A detailed study of the oxide microstructures should also be very interesting as they 

influence the kinetics of oxidation and also the resistance to spallation. 

The new ASTRA alloys show a good potential. Their oxidation behavior should be, 

therefore, further investigated for a better understanding. New alloys containing 

reactive elements such as yttrium, hafnium or lanthanum should be developed to 

improve the scale adhesion. The effect of microstructure, particularly the TCP 

phases, should be further analyzed by examining the oxidation of these phases. 

The electrochemical methods should be optimized in order to gain more information 

on the electronic properties of the high temperature oxides. Their resistance against 

chloride ions should also be further studied. To compare the passive films and the 

high temperature scales, more experiments should be carried out; in particular XPS 

and AES should be used to have a better view on the passive film structures. 
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