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Abstract  
 

This work forms a part of a large EU project (InnovaTiAl) designed to increase 

the service temperature (up to 1273 K) of TiAl based intermetallics (Ti45Al8Nb) coated 

with high performance surface layers for applications in power generation and also in 

aerospace components. 

In this thesis the high temperature corrosion behaviour of some of these newly 

developed high performance coatings deposited on Ti45Al8Nb alloys using UBM and 

HIPIMS/UBM has been studied. The coatings studied included intermetallic coatings: 

TiAlCr, TiAlCrY, Al 2Au, and ceramic coatings: CrAl2%YN, TiAlYN/CrN+Al 2O3, 

TiAlN +Al2O3, CrAlYN/CrN+CrAlYON coated Ti45Al8Nb etched by Cr, 

CrAlYN/CrN+CrAlYON coated Ti45Al8Nb etched by CrAl, CrAlYN/CrN+CrAlYON 

coated Ti45Al8Nb etched by Y, CrAlYN/CrN coating Y etch, CrAl (thin), CrAlYN/CrN 

coating Cr etch, CrAl (thin), CrAlYN/CrN coating, Y etch, CrAlY (thick) coated 

Ti45Al8Nb.  

High temperature corrosion investigations were carried out by the exposing the 

coated materials in oxidising (static air, pO2 = 21278.25 Pa), sulphidising (pS2 = 10-1 Pa, 

and pO2 = 10-18 Pa) and hot corrosion (20%NaCl/80%Na2SO4) environments at 

temperatures range 1023 �± 1223 K. The long term oxidation studies have been 

performed up to 5000 hours at 1023 K.  

Weight change data have been used to determine the corrosion kinetics. SEM 

studies have provided information on morphology; EDS analyses have given the 

information on concentration profiles and phase contents have been obtained by XRD 

analyses. 
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The excellent high temperature oxidation resistance has been achieved for the 

CrAl2%YN coating at temperature rage 1023 �± 1123 K for 500 hours. Also TiAlCr and 

TiAlCrY have shown moderate degree of corrosion resistance in oxidising environment 

after 500 hours of exposure at temperature range 1023 �± 1223 K. 

The sulphidation experiments for 1000 and 675 hours at 1023 K and 1123 K 

respectively showed that the uncoated material developed a multilayered thick scale with 

poor resistance to sulphidation. The ceramic coatings developed a good protective 

Al 2O3/Cr2O3 on places where the coatings remained intact and did not undergo cracking. 

However due to the cracks in the top coat, the development of non protective TiO2 

occurred at 1023 and 1123 K. Hot corrosion studies performed at 1023 K for 150 hours 

under this thesis showed that all exposed materials (CrAl2%YN, TiAlN+Al 2O3, and 

TiAlYN/CrN+Al 2O3) suffered uneven attacks (crack formation, spallation, and the lack 

of Al2O3 formation). 

Interdiffusion studies of mass transport have been performed by GDM on 

TiAlCrY coated alloy after 500 hours oxidation at 1023 and 1123 K. A reasonable 

degree of agreement between the experimental and the simulated profiles has been 

achieved.  
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Introduction  to PhD Thesis 

 

In recent years there have been significant interests in the use of intermetallics as 

structural materials. 

Intermetallics are the compounds with a strong metallic bonding between two 

atoms. From bonding comes crystal structure, ordering, high strength at low and at high 

temperature and low ductility at low temperature. The major concern to use intermetallic 

compounds are their poor ductility and low toughness (KIc). However in recent years the 

knowledge of mechanical properties of intermetallics has significantly increased adding 

improved understanding of their high lattice stress, complex crystal structure, large 

Burgers vectors, inability to develop cross slip and lack of grain boundary cohesion 

responsible for low fracture strain and KIc. This improved understanding and better 

knowledge of the mechanical properties have allowed development of different types of 

interesting intermetallic compounds however low KIc and low ductility are still the main 

concern.  

Recent research has shown that TiAl intermetallics compounds are potential 

candidates for automotive, aerospace applications. Intermetallic materials with improved 

mechanical properties, which are much better than conventional Ti �± based alloys in the 

intermediate range of temperature 873 �± 1073 K, are now available with higher specific 

stiffness, strength (800 MPa), creep resistance (1% strain after 500 hours), fatigue 

resistance (480 MPa). The main advantage in the use of TiAl intermetallic material is 

weight savings, the density of TiAl intermetallic is equivalent to 50% of Ni-base 

superalloy density (~3, 6 g/cm3, ~7, 8 g/cm3 respectively). 

The maximum service temperature for TiAl intermetallic alloys is around 1073 

K, however further demand on the efficiency of the energy systems, requires higher 

operating temperatures >1073 K. The current project has been designed in order to 

employ the TiAl alloys at higher service temperatures. This also brings benefits in terms 

of reduced emission and conservation of world resources (reduced use of Cr and other 

expensive elements). 
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  At higher service temperature (> 1023 K) TiAl intermetallic compounds suffer 

environmental attack (oxidation, sulphidation, hot corrosion). Clearly to achieve the 

higher efficiency and avoid or inhibit corrosion degradation at high temperature, TiAl 

intermetallic alloys need to be protected by the specially designed coatings to promote 

the development of highly protective Al2O3 outer scale. However the available 

protective coatings for TiAl intermetallic alloys provide only short-term protection. 

Clearly there is a need to develop new generation of coatings capable of resisting high 

temperature corrosion damage over a prolonged period of exposure to corrosion 

environments. 

InnovaTiAl project has been established to design such new types of coatings on 

Ti45Al8Nb alloy (�J-TiAl) to withstand exposure to high temperature (up to 1273 K and 

corrosive gases simultaneously. The new type of coatings designed cover: superlattice 

coatings, intermetallic coatings with top coats. Thus the technical objectives of this 

InnovaTiAl project were to synthesize ultra-performance nanoscale-structured PVD thin 

films, capable of providing environmental protection at high temperatures in the range 

from 923 �± 1273 K; �W�K�L�V���Z�L�O�O���J�U�H�D�W�O�\���L�Q�F�U�H�D�V�H���W�K�H���D�S�S�O�L�F�D�W�L�R�Q�V���R�I����-TiAl to high service 

temperatures and improve lifetime. The InnovaTiAl project employed a novel PVD 

method �± High Power Impulse Magnetron Sputtering (HIPIMS) replacing the old arc 

discharge in ABS (Arc Bond Sputtering). This new process allowed deposition of 

protective nanostructured coatings with the highest adhesion and full density, which 

improved protection against high temperature atmospheres (oxidation/ sulphidation/ hot 

corrosion) and preserved the mechanical properties of the substrate material 

(Ti45Al8Nb). The HIPIMS technology allowed the development of a  new generation of 

Ti free nanoscale multilayer coatings with trace additions (~1%) of group III rare earth 

element Y, to enable self- healing, self- adapting mechanisms, and ultra-performance at 

high temperatures up to 1273 K; new, CrAlYN/CrN+CrAlYON and CrAlYN/CrN 

superlattice systems.  

This work in the thesis is concerned with studies of the corrosion behavior �± 

oxidation, oxidation/sulphidation, hot corrosion �± of these new types of coatings at 

temperature 1023 �± 1223 K. The coatings studied included: TiAlCr (Ti42Al15Cr wt%), 
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TiAlCrY (Ti 55Al14Cr0.3Y), Al2Au, CrAl2%YN, TiAlYN/CrN+Al 2O3, TiAlN+Al 2O3, 

CrAlYN/CrN+CrAlYON coated Ti45Al8Nb etched by Cr, CrAlYN/CrN+CrAlYON 

coated Ti45Al8Nb etched by CrAl, CrAlYN/CrN+CrAlYON coated Ti45Al8Nb etched 

by Y, ) CrAlYN/CrN coating Y etch, CrAl (thin), CrAlYN/CrN coating Cr etch, CrAl 

(thin), CrAlYN/CrN coating, Y etch, CrAlY (thick). 

A significant part of this project involved modelling of interdiffusion processes 

�L�Q�� �W�K�H�� �V�\�V�W�H�P�V�� �S�U�R�P�R�W�H�G�� �E�\�� �R�[�L�G�D�W�L�R�Q�� �W�U�H�D�W�P�H�Q�W�V�� ���R�S�H�Q�� �V�\�V�W�H�P������ �*�H�Q�H�U�D�O�L�V�H�G�� �'�D�U�N�H�Q�¶�V��

Method (GDM) has been used to model interdiffusion in the multicomponent systems 

studied under this project. The thesis has been structured in eight main chapters with 

relevant sections:  

 

Chapter I �± Introduction 

Chapter II, Section 1 �± Critical Literature Review �± Oxidation of �J - TiAl  

Chapter II,  Section 2 �± Critical Literature Review �± Sulphidation/Oxidation of �J 

- TiAl  

Chapter II, Section 3 �± Hot Corrosion/oxidation of TiAl Alloys �± Critical 

review 

Chapter II, Section 4 �± Interdiffusion Modelling �± Short Literature Review 

Chapter III  �± Deposition Techniques and Coatings 

Chapter IV  �± Methodology and Current Work to Date 

Chapter V - Introduction to Current Work Undertaken in This Project 

Chapter VI, Section 1 �± High Temperature Oxidation of �J - TiAl �± Results 

Chapter VI, Section 2 �± High Temperature Sulphidation/Oxidation of �J - TiAl �± 

Results 

Chapter VI, Section 3 �± High Temperature Hot Corrosion of �J - TiAl �± Results 

Chapter VI, Section 4 �± Interdiffusion Modelling �± Results 

Chapter VII  �± Discussion of the Results 

Chapter VIII  �± Conclusions and Future Work 
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Chapter II �� Literature Review  
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Chapter II �� Section 1 - Critical Literature Review �� 

Oxidation of �J - TiAl alloys  
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Ch.II.Sec.1.1 Introduction to literature review  

 

This section of PhD thesis presents a review of the available literature relating to 

the main themes of the oxidation at the high temperature. The corrosion behaviour of Ni 

�± Cr, Fe �± Cr, Ni �± Al, Co �± base alloys and an intermetallic TiAl alloys in oxidising 

environment will be reviewed.  
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Ch.II.Sec.1.2 Background of oxidation and 

thermodynamical data  

 

High temperature oxidation is one of the most common mode of degradation for 

all materials. Much progress has been achieved in understanding the mechanisms of 

oxidation [1]. 

When a clean metal surface is exposed to an oxidation environment, the initial 

step involves adsorption of the gas molecules on the metal surface; some of the oxygen 

ions (O2-) may dissolve in the metal matrix. Then the reaction between a metal and the 

oxygen particles produces a thin film, which starts to separate the material from ambient 

environment. Both the adsorption and film formation is a function of surface orientation, 

crystal defects at the surface, surface preparation and impurities in both, metals and 

environments.  

In the case of formation of a continuous film covering the surface the reaction 

can proceed by solid state diffusion within the scales formed on the metals exposed to 

high temperatures; the scale growth is determined by the chemical gradients across the 

scale. A schematic which illustrates the formation of oxide scale is presented in figure 1.  

  

Metal 

O2- O2- O2- O2- 

O2 

Adsorption 

O2- O2- O2- O2- 

O2 

Oxide nucleation + growth 
Oxygen dissolution 
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Figure 1 Oxidation mechanism at high temperature [1]  

 

It needs to be noted that if the oxide scale exceeds a critical volume, then cracks 

start to initiate in the oxide scale which undermine the protectivity of the scale what 

schematically is described in figure 2. 

 

 

 

 

 

 

 

 

Figure 2 Degradation of oxide scale due to the thick oxide scale [1]  

 The metal oxidizes at the metal-oxide interface and produces metallic ions which 

diffuse towards the external part of the film. At the external surface (oxide-gas interface) 

gaseous oxygen is reduced to form O2- ions, these ions diffuse towards the metal-oxide 

interface. The electrons released at the metal-oxide interface diffuse trough the oxide 

scale. 

 The chemical reaction which takes place can be considered as follows: 
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where Me is a metal,  X2 is a oxygen, and MeX is a oxide (reaction product).  

Due to the oxidation processes the change in thermodynamic potential is 

given by: 

Equation I      

where µ = chemical potential 

The following reaction relates chemical potential and activity: 

Equation II       

where R is a gas constant equal to 8,314 [ ], T is temperature in K scale,  is a 

activity of the reagent in the system, and is chemical potential in standard conditions 

(T = 298 K, p = 101325 Pa) when activity is equal 1 (  = 1). The activities of solid state 

pure reagents are always equal to 1 thus if and . If X in the 

reaction is in gaseous (N2, O2, S2) state then the equation (III)  becomes: 

 

Equation III      

Thus equation II can be defined according to the relation where: 

Equation IV     

The algebraic sum of the standard chemical potentials is equal to change of 

thermodynamic potential of the reaction in standard conditions (). Then the above 

equation (IV) can be re-written as:  

Equation V     

In equilibrium state, when metal does not form an oxide or when oxide (MeX) 

formed does not decompose , then equation V can be expressed as follow: 
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Equation VI      

where denotes the decomposition vapour pressure  of MeX phase. The 

overall equation finally can be described as follows: 

Equation VII     

Where: > , then reaction is spontaneous, when  < , 

then MeX cannot be formed, and starts to decompose for free Me and free X. 

 

Thus the thermodynamic basis allows predict the formation of oxides, or other 

phases during exposure of metals in oxidising environment at high temperature. 

Furthermore it is also possible to predict which metal can react with the atmosphere, or 

�Z�K�L�F�K���Z�R�Q�¶�W���U�H�D�F�W���Z�L�W�K���U�H�D�F�W�L�Y�H���D�W�P�R�V�S�K�H�U�H���D�Q�G���Z�L�O�O���D�F�W���D�V���D���Q�R�E�O�H���P�H�W�D�O�����7�R���N�Q�R�Z���W�K�L�V��

phenomenon it is essential to calculate from temperature for particular metal. It 

needs to be pointed out that the metals with higher oxidant state have a higher 

decomposition vapour pressure. 

Figure 3 shows the Ellingham �± Richards diagram, the diagram shows the 

decomposition vapour pressure at any temperature, and also knows the of 

formation particular oxide phases. 
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Figure 3 Ellingham �± Richards diagram of the oxides formation [2]  
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Ch.II.Sec.1.3 Wagner Theory 
 

 

Wagner theory derived from classical diffusion theory and theory of the defects 

in ionic crystals is based on the following assumptions [3]:  

 

1) The scale formed on the metal substrate is compact and very adherent to the 

substrate. 

2) The diffusion of reagents in the scale can be considered only by mass 

transport provided by movements ions and electrons controlled by the defect structures 

of the scale. 

3) The chemical reactions on each interface are faster than diffusion mass 

transport in the scale. Thus the diffusion processes determine the velocity of the scale 

growth. 

4) The diffusion processes are controlled by the concentration gradients of the 

defects within the scale; the gradients are generated by chemical potentials of the 

oxidants. 

5) At the interfaces (substrate/scale and scale/atmosphere) the lattice defects 

concentration is constant in stationary state, due to the constant concentration of the 

lattice defects the oxidation process occurs by a parabolic rate. 

6) The thermodynamic stability occurs in both interfaces; substrate/scale and 

scale/atmosphere. 

Figure 4 shows the schematic models of the scale which develop according to 

the Wagner theory. 
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Figure 4 Concentration profiles for diffusion processes during the oxide scale growth. 

Arrows indicate direction of ionic and electronic diffusion defects and fluxes of diffusion 

ions [3] . 
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As was postulated by Wagner, the scale growth is related to diffusion of both 

reagents (Me, X). The mass transport within the scale is determined only by the number 

of defects in the structure. Thus if the corrosion product is defected only in cationic side, 

then the scale growth is due to the outward diffusion of Me; in Ni1-yO oxide Me 

diffusion occurs through the cation gaps and electron holes. Furthermore in Zn1+yO, the 

diffusion processes are related to interstitial region. Moreover the scale formation in 

materials with MeX1-y is related to the inward diffusion of oxidant.  
Based on Wagner theory the overall expression for parabolic rate of the scale 

growth is given by equation VIII : 

Equation VIII    

Where:  
dN �± velocity of oxide process 

�F - thickness of the scale in time [t] 

µx �± chemical potential 

µx and µx�¶���± chemical potentials of the oxidant in the scale/substrate and 

oxide/atmosphere interfaces 

  l1, l2, l3 - passing numbers, for anions, cations, and electrons 

���V - electric conductivity [�: -1*cm-1] 

z �± oxidation state on oxidant 

A �± constant equal to  where: F- Faraday constant (96485,339 C/mol), N �± 

Avogadro number (6.023x1023 mol), and e �± elementary charge (1.602x10-19 C) 
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Ch.II.Sec.1.4 Kinetic laws 
 

Reaction rates are dependent on many factors �± temperature, time, oxygen partial 

pressure, surface preparation, and pre-treatment of metal. In reality three main reaction 

rates have been recognized when the product/s of the oxidation reaction is/are 

solid/solids:  

 

Ch.II.Sec.1.4.1 Linear Rate 
 

Linear rate of oxidation can be described by equation X: 

Equation IX       

where:  

xMe �± is mass gain of the metal [g] 

t �± time of reaction [s] 

kl �± linear oxidation constant 

 

Ch.II.Sec.1.4.2 Parabolic rate 
 

If the corrosion product is in solid state, then the nature of the scale formed and 

the temperature determines the rate of reaction. When the formed scale is porous and the 

ingress of oxygen is sufficiently high, then the slowest process which can determine the 

scale growth is the chemical reaction at the scale/metal interface. The rate of this 

reaction is constant in time, and linear rate of scale growth can be estimated. However if 

the scale is non porous (compact structure) then the rate of the oxidation becomes slower 

than during the chemical reaction. Moreover during exposure the surface of the substrate 

becomes separate from the ambient atmosphere and the growth rate is controlled by 

diffusion processes within the oxide scale.  
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It was observed that within the large temperature range, the rate of oxidation of 

many metals and alloys is disproportionate to the thickness of the formed scale. This 

phenomenon can be described as a parabolic rate law discovered by Tamman [4]: 

Equation X      

where:  

x �± thickness of the corrosion product in time t  

�N�¶p �±  parabolic rate constant 

Equation X denotes that the slowest process which determines the scale 

development in adherent scale is a diffusion of reagents which takes place under a 

constant gradient. 

 

Ch.II.Sec.1.4.3 Cubic rate 
 

It was observed [5] that at high temperatures the oxidation rate can be described 

by cubic rate constant where: 

Equation XI       

 where: 

�N�¶c �± cubic rate constant 

 

The measurement of the kinetic rate includes the measurement of mass gain per 

unit area of exposed sample. The thickness of the corrosion product is proportional to 

the mass of oxidant which reacts with the area of the sample. The overall equation 

permits to calculate the kinetic rate is presented below: 

Equation XII      

where: 

�' m �± mass of reacted oxidant [g], q �± area of the exposed sample [cm2] 
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Ch.II.Sec.1.5 Oxidation of specific alloys  
 

Ch.II.Sec.1.5.1 Oxidation of Ni �� Cr and Fe �� Cr alloys 
 

Ni �± Cr and Fe �± Cr alloys are the basis of many materials for high temperature 

applications (jet engines, combustion chambers, pistons, etc.). Table 1 and 2 are 

presenting a chemical compositions of Ni and Fe alloys which are in use in the different 

corrosion atmospheres [6]. 

The overall, microstructure of Fe �± base alloys, Ni �± base alloys can be described 

by the austenitic FCC (Face Centered Cubic) matrix and carbides phases: M6C, M23C6, 

and M7C3. 
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Table 1 Chemical composition in wt% of Ni �± alloys which are in use in different 

corrosion atmospheres [7]  
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Table 2 Chemical composition in wt% of Fe �± alloys which are in use in different 

corrosion atmospheres [7]  
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The good corrosion resistance of Ni �± Cr and Fe �± Cr alloys is derived from the 

ability of these alloys to form a protective scale (Cr2O3) with low porosity and good 

adherence, high thermodynamic stability and to grow at a slow rate of protective scale. It 

was observed that 20 wt% is the minimum content of Cr to develop a protective scale 

(Cr2O3) in Fe �± Cr base alloys [8].  

The Fe �± Cr steels which contain less than 20 wt% of Cr, develop in oxidising 

environment a multilayer structure consisting of (from top): Fe2O3 (hematite), Fe3O4 

(magnetite), spinel (FeCr2O4), wustite (FeO), and chromia oxide (Cr2O3). It was 

suggested [9,10] that in low Cr, Fe �± Cr steels, the oxides grow by the outward diffusion 

(from metal matrix) of Fe ions, due to the very small lattice diffusion of O2- anions in 

iron oxides. Another studies [11,12] reported, that the inward oxide growth in 

temperature range 773 �± 873 K is favourable due to the fast diffusion of oxygen anions 

(O2-) along oxides grain boundaries.  

The formation of protective Cr2O3 oxide scale is the key point for corrosion 

resistance of high Cr content Fe �± Cr and Ni �± Cr alloys. A number of investigations 

have been carried out, to understand the mechanism of Cr2O3 growth at the temperature 

up to 1273 K [13,14,15,16].  

Confirming the previous observation [8] Wasilewski, Robb, Giggins, and Pettit 

[17,18] indicated that the minimum content of Cr (wt %) which promotes, the formation 

of Cr2O3 oxide scale is equivalent to 20 �± 25 wt%.  

Another study performed by Birks and Rickret [19] reported that if Cr content is 

around 10 wt% then spinel (Cr,M)3O4 develops, authors suggested that for the formation 

of protective Cr2O3 thin scale 20 wt% of Cr is required or more. 

Sims [20] studies showed that in Fe and Ni base alloys a Cr content of 15 wt% 

offer a reasonable degree of protection against high temperature oxidation. However for 

the formation of a continuous scale the Cr content needs to be between 18 �± 19 wt%.  

Wood [21] proposed a mechanism of oxidation of Ni �± Cr alloys with high 

content of Cr (25 �± 30 wt %). It was suggested that in the beginning of oxidation process 

Ni and Cr oxides are formed due to the outward diffusion of Ni and Cr from the matrix 

(Ni �± Cr alloy) (Fig 5a).  
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Due to the lower ( of Cr2O3 = - 544284 J/mole) of the formation of 

Cr2O3, the chromium oxide will form first, then NiO (  = -125604 J/mole). 

However the NiO growth is faster than the growth rate of Cr2O3, the whole 

surface of the alloy is covered by a thin NiO oxide (Fig 5B). The mechanism proposed is 

shown in figure 5.  

 

 

 

 

A)  Initial stage of oxidation of Ni 25 �± 30 wt% alloy in oxidation atmosphere  [21]  

 

 

 

 

 

 

 

B)   NiO development during oxidation of Ni 25 �± 30 wt% alloy in oxidation atmosphere  

[21]  

 

The further mass transport of Ni ions from the bulk material to outer scale 

produces a solid solution of NiO + Cr2O3, underneath this outer scale of solid solution of 

NiO + Cr2O3, a solid solution of Cr2O3 + NiO formed. The solid solution of Cr2O3 + 

NiO formed due to the outward diffusion of Ni ions to the outer scale (solid solution of 

NiO + Cr2O3). 

Between the substrate (Ni25-30Cr alloy) and innermost layer (a solid solution of 

Cr2O3 + NiO) a Ni-Cr + Cr2O3 band appeared. This band formed due to the inward 

diffusion of O2- ions and formation of an internal oxidation region. The final scale of 

exposed Ni-25-30Cr alloy in oxidation atmosphere is shown in figure C. 
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C) Final scale structure of exposed material [21] 

Figure 5 Oxidation mechanism on rich in Cr, Ni �± Cr alloys [21]  

 

During exposure the thickness of the layers are constant because due to the 

following reaction 2 which takes place within the formed scale: 

Reaction 2    

Such scale may lose the protective properties due to the crack formation but re-

healing of scale formed in Ni �± Cr alloys is faster than on Fe �± Cr alloys. Fe �± Cr �± 

alloys are unable to re �± heal its scales. The re-healing process is Ni-Cr alloys are due to 

the faster diffusion of Cr in Ni-Cr alloys than in Fe-Cr alloys.  

Ignatow and Szamugunowa [22] observed that in the temperature range between 

773 �± 973 K in Ni �± alloys the Cr2O3 formed when Cr content was equivalent to 20 wt%, 

the scale morphology at higher temperature 1073 �± 1273 K consisting of: the outer scale 

NiCr2O4 and the inner scale consisting of Cr2O3 oxide. When temperature is rising (1273 

K) a Cr2O3 phase content in the outer scale decreases and forming very thin layer in the 

scale/alloy interface. 

Giggins and Petit [18] observed that protective oxide scale (Cr2O3) may be 

formed at 1073 �± 1273 K, when Cr content in the Ni �± alloy is equivalent to 10 �± 12 

wt%, moreover at 1473 K more than 15 wt% of Cr is required to develop a protective 
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scale. Due to evaporate process of Cr2O3 oxide at the temperature higher than 1473 K 

the Cr content should be higher than 15 wt% in the exposed Ni �± alloys. 

General statement was postulated by Wasilewski and Rapp [17], the authors 

classified Ni �± base alloys with different addition of Al and Cr into three different 

groups, according to their ability to develop scales of the constituted elements. 

1. Type I �±Ni base alloys with very low Al and Cr content, scale morphology 

consisting of: NiO the outer scale with internal Cr2O3 and Al2O3 oxides. 

2. Type II �± Ni base alloys with low content of Al (1 �± 3 wt %), high Cr content 

(>15 wt %), the scale morphology consisting of: Cr2O3 outer scale with the 

internal Al2O3 oxide 

3. Type III �± Ni base alloys with high Al content (>3 wt %) and high Cr content 

(>15 wt %), scale morphology consisting of: Al2O3 oxide scale. 

 The authors [17] observed that the oxidation kinetic rate is decreases more than 

one order of magnitude when Fe - or Ni base alloys are moved from Type I to Type II 

chemical composition. Similar the kinetic rate was observed to decrease when the 

chemical composition of Fe �± Ni alloys is shifted from Type II to Type III. The 

elimination of NiO formation is essential to improve the corrosion resistance of Fe �± Ni 

�± base alloys. Furthermore the development of internal Cr2O3 oxide reduces the inward 

diffusion of O2- ions and reduces the activity of oxygen. In needs to be noted that 3 wt% 

of Al is a critical concentration of Al in order to develop protective Al2O3 scales.  

Trindade and Krupp [23] investigated three ferritic steels, at high temperatures 

(Table 3, in wt %). The three low alloy steels (A, B, and C) were subjected to oxidation 

at 823 K for 72 hours, while the austenitic Fe �± alloy (TP 347) was exposed to 1023 K 

for 120 hours. 



Northumbria University at Newcastle upon Tyne 
 

58 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

 

 

Table 3 Chemical composition (wt %) of Fe �± based alloys used in oxidation 

experiment at high temperature [23]  

The three low Fe �± alloy steels (alloy A, B, and C) developed during the 

oxidation test at 550oC (823 K) a multilayered scale consisting of Fe2O3 (outer layer) 

followed by Fe3O4 second layer. Below this second layer the inner scale was formed 

with: Fe2O3, Fe3O4, FeCr2O4 spinel, and Cr2O3 in sequence. The scale morphology 

developed during oxidation at 823 K is presented in figure 6: 

 

 

 

 

 

 

 

 

 

 

 

Figu re 6 Scale morphology of steel B - low Fe alloy steel exposed to oxidation 

atmosphere at 823 K for 72 hours test  [23]  

 

The kinetic growth of exposed samples (low alloying Fe steels) is presented 

in figure 7. 

 

 

 

 

Alloy C Cr Si Mn Al  Mo Ti Fe Ni 
A 0.076 0.55 0.36 1.01 0.04 - - Bal. 0.21 
B 0.06 1.43 0.22 0.59 0.04 - - Bal. 0.04 
C 0.09 2.29 0.23 0.59 0.01 1.0 - Bal. 0.44 

TP 347 0.04 17.50 0.29 1.84 - - - Bal. 10.7 
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Figure 7 Kinetic data of low alloy steels in laboratory air at 823 K for 72 hours [23]  

Trindade [23] in his work deposited a gold marker on the low alloy steels (A, 

B, and C) sample surface in order to investigate the growth mechanism in oxidizing 

environment at 823 K. It was observed that after oxidation period of 72 hours the 

marker was found within the developed scale. The position of the marker revealed 

that the mechanism of oxidation involved outward transport of Fe3+ or Fe2+ ions from 

the bulk material, and inward diffusion of O2-. 

The austenitic Fe - alloy steel (TP 347) formed an outer scale consisted of a 

thin but not a continuous protective oxide scale of Cr2O3 and a non protective FeO 

(high amount of cation defects) oxide after 120 hours of exposure at 1023 K in air 

atmosphere. The scale morphology is presented in figure 8. 

 

 

 

 

 

 

Figure 8 TP 347 scale morphology after exposure for 120 hours at 1023 K [23]  
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The author [23] suggested that the formation of Cr2O3 strongly depends on 

the grain size. In sample with small grain size allowed high Cr flux from the bulk 

promoted by grain boundary diffusion leading to the formation of Cr2O3. 

The samples with bigger grains, the scale morphology consisted of: an outer 

layer of Fe2O3 + Cr2O3, and an inner layer consisting of mixed oxides of Fe, Cr, Mn, 

and Ni. 

Figure 9 shows the kinetic data for TP 347 austenitic Fe �± alloy with various 

of grains size after air oxidation at 823 K for 120 hours. 

 

  

 

 

 

 

 

 

 

 

 

Figure 9 Kinetic data for TP 347 austenitic alloy with different grain sizes after 

exposure at 1023 K for 120 hours in air atmosphere [23]  

 

The author [23] concluded a low concentration of Cr (17,5 wt%) is required 

to develop a Cr2O3 oxide scale when Fe �± Cr alloys possess a fine grains in the 

microstructure. 

In the case of samples with coarse grains (65 µm), higher amount of Cr (over 

17,5 wt%) is required to develop a slow growing Cr2O3 scale as the influence of the 

grain boundary, diffusion is minimised in these materials.  

The oxidation of Fe3Cr alloy at 1073 K for 6 hours 40 minutes in dry air was 

investigated by Kahveci and Welsch [24]. 

The Cr was introduced to Fe �± base alloy in order to suppress the formation 

of multilayer scale consisted of: FeO (wustite), Fe3O4 (magnetite) and Fe2O3 

(hematite). The Kahveci [24] shows that after heat treatment in dry air at 1073 K for 
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6 hours and 40 minutes of Fe3Cr alloy, a multilayered scale formed, however the 

scale did not consist FeO (wustite). The scale morphology is presented in figure 10. 

 

 

 

 

  

 

 

 

Figure 10  Scale morphology developed after 6 hours and 40 minutes oxidation in 

dry air at 1073 K on Fe3Cr alloy [24] 

The mechanism of the scale development in Fe3Cr alloy has been proposed 

by Kahveci and Welsch [24]. It was observed that inward diffusion of O2- ions and 

outward diffusion of Fe3+ and Cr3+ ions occurred in order to produce a multilayered 

scale structure. Oxygen ions diffuses through all layers and causes the internal 

oxidation near to the scale/alloy interface where (Fe,Cr)3O4 and (Fe,Cr)2O3 formed. 

Due to the higher diffusion coefficient of Fe, the outer scale consisted Fe2O3 scale. 

The doubled Fe2O3 scale developed with different microstructure; the outer Fe2O3 

possessed small grains whereas the inner Fe2O3 layer had a bigger grains. Moreover 

the authors observed that the enrichment zone of Cr in the spinel layers ((Fe,Cr)2O3 

and (Fe,Cr)3O4 in Fig. 10), led to decrease in oxidation kinetic law. The lower 

kinetics was due to reduction of the diffusion paths (grain boundaries) for Fe3+ ions 

within the spinel layers.  

The similar mechanism was postulated by Atkinson [25] for the oxidation of 

nickel. The kinetics data obtained for oxidised Fe3Cr alloy at 800oC (1073 K) for 6 

hours and 40 minutes, show, that the alloy was consumed in the first stage (50 

minutes of the test) of experiment according to the parabolic rate, whereas the next 

stage (from 50 minutes to 6 hours and 40 minutes) alloy was consumed following to 

a less than parabolic law.   

The high temperature behaviour of Fe-Cr alloys in wet oxygen was 

investigated by Jianian [26]. The author oxidised two different alloys in air with 

different amounts of the water vapour (10vol. % of H2O and 25vol. % of H2O) at two 
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temperatures 1173 and 1273 K. The chemical composition (wt %) of the alloys used 

in the test is presented in table 4: 

 

Alloy Cr Mn Si C S P Fe 
Fe15Cr 17.73 <0.01 <0.005 0.007 0.008 <0.005 Balance 
Fe20Cr 19.65 <0.01 <0.005 0.009 0.008 <0.005 Balance 

Table 4 The chemical composition of the alloys used in the experiment with 

different amount of water vapour [26] 

When a Fe20Cr alloy was exposed to 1273 K with 10vol. % of H2O a 

protective Cr2O3 developed in the outer part of the scale in the first hours of 

exposure.  

However iron-rich nodules developed on the edges and corners of oxidised 

sample, the sample Fe20Cr showed the formation of a thin scale in the central part 

(Cr2O3) of the scale and a thick scale at the edges (Fe2O3). In the next period of 

experiment (over 10 hours), a thin scale (Cr2O3) disappeared and the whole sample 

Fe20Cr was covered by a thick scale (Fe2O3). The thick scale revealed that the outer 

part of the multilayered scale consisted of Fe2O3; the innermost part was occupied by 

the spinel FeCr2O4, the middle layer was formed from Cr- rich band. This Cr-rich 

band derived from the Cr2O3 formed in the initial period of the experiment. The 

schematic of the scale degradation is presented in figure 11. First hours of exposure 

of Fe20Cr alloy to 10vol. % H2O at 1273 K. 

 

 

 

 

 

 

Scale development after 10 hours of exposure of Fe20Cr alloy to 10vol. % H2O at 

1273 K [26] 
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Figure 11  Scale development of oxidized sample in 10%vol. % H2O at 1000 hours 

for 20 hours [26] 

The influence of water vapour was concluded [26] to the effect of the 

transformation from protective Cr2O3 scale to non-protective Fe2O3 scale, this 

conclusion is in good agreement with other studies [27, 28]. Moreover the water 

vapour effect is associated with the incubation period; the incubation period is 

related to the amount of water vapour in the ambient atmosphere, temperature, and 

the Cr content in the exposed alloy.  

If temperature of exposure is high or if high amount of water vapour is in the 

oxidised atmosphere and low Cr content in the alloy, the incubation time becomes 

shorter. It was also suggested that the transformation from protective to non-

protective scale was related to the formation of iron-rich nodules. When iron-rich 

nodules were formed, the incubation period was finished and the breakaway 

oxidation starts to ensure.  

Based on observations from experiments (Fe20Cr alloy exposed to water 

vapour (10% vol. of H2O) oxidation atmosphere, Jianian [26] proposed the 

mechanism of the scale degradation is related to the water vapour effect.  

Due to the outward diffusion of Cr from the bulk material voids and micro-

cracks probably formed in the oxide scale in initial period of exposure, the pits, 

voids, micro-cracks start to appear, more often in the corners than in central part of 

the sample (Figure 12a). The micro-crack formations are related to the stresses and 

strains, which are developed particularly in the non-flat areas.  

When the micro-cracks are developed, the oxygen from the ambient 

atmosphere (O2-) starts the inward diffusion through these micro-cracks and then 

reaches the scale/substrate interface (Figure 12b). Moreover at the high temperature 

the H2O become unstable and transform into gaseous state according to the reactions 

which occurred in the top scale of oxidised sample (Fe20Cr):  
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Reaction 3    

The released H+ and O2- react in the depleted region of Cr3+ on the surface of 

the alloy (Cr3+ ions formed a thin oxide layer in the initial period of the experiment) 

with Fe3+ ions which are in the bulk material and forms Fe2O3 according to the 

reaction 4 (Figure 12c): 

Reaction 4   

The released H+ ions reduce the protectiveness of the Cr2O3 by following 

reaction 5:  

Reaction 5     

At this moment, the concentration of H+ and O2- ions (in the atmosphere due 

to the decompose of H2O according to the reaction 3 is very high, then Fe2O3 reacts 

with H+ and O2- ions to produce a thicker scale and also Fe2O3 reacts with Cr to 

produce Fe-Cr spinel (FeCr2O4) according to the following reaction (Figure 12d): 

Reaction  6   

Thus, when the micro-cracks appeared in the Cr2O3 scale in the initial period 

of oxidation in wet atmosphere (with some content of H2O vapour), the breakaway 

oxidation will accelerate the degradation of Fe-Cr alloy. The schematic breakaway 

oxidation of Fe-Cr alloys is presented in figure 12a - 12d. 

 

 

 

 

 

 

 

Figure 12a  Initial period of oxidation in the wet atmosphere at temperature 1173 �± 

1273 K of Fe20Cr alloys [26]  
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Figure 12b  Crack initiation during the oxidation in the wet atmosphere at 

temperature 1173 �± 1273 K of Fe20Cr alloys [26] 

 

 

 

 

 

 

 

Figure 12c  Breakaway stage in wet atmosphere at temperature 1173 �± 1273 K of 

Fe20Cr alloys [26] 

 

 

 

 

  

 

Figure 12d  Final stage of the degradation of Fe20Cr alloys at temperature 1173 �± 

1273 K in wet atmosphere [26]  

Figure 12  Breakaway mechanism of Fe-Cr alloys at temperature range 1173 �± 

1273 K in wet atmosphere (with water vapour content) [26]  

 

The effect of addition of a thin CeO2 deposit on the surface of Fe20Cr alloy 

was also investigated in this work [26]. It was concluded that the addition of a small 

deposit on the surface of F20Cr alloy reduces the risk of breakaway oxidation due to 

the improved adhesion between scale and the substrate. According to the work 

performed by Nicholls and Hancock [29] who suggested, that a small addition of 
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reactive element reduces the number of voids and inhibits the initiation of the scale 

degradation. 

The kinetics data obtained from Jianian [26] experiment show, that at the two 

different temperatures 1173 and 1273 K with different amount of water vapour all 

samples (Fe15Cr and Fe20Cr) except sample with CeO2 deposit (Fe20Cr coated with 

CeO2 deposit) suffered the breakaway oxidation degradation. 

Trinidade and Krupp [23] investigated the oxidation of Ni �± base alloys 

(Inconel 625 Si and Inconel 718) exposed at 1273 K for 100 hours. The chemical 

composition (wt %) of the alloys is given in table 5.  

 C Cr Si Mn Al  Mo Ti Fe Ni 
Alloy          

Inconel 625 Si 0.01 19.00 1.20 0.07 0.24 8.9 0.28 2.80 Bal. 
Inconel 718 0.04 18.20 0.40 0.06 0.50 3.0 1.00 18.70 Bal. 

Table 5 Chemical composition of the alloys used in oxidation experiment at 1273 K 

for 100 hours [23] 

 

Both exposed alloys (Inconel 625 Si and Inconel 718) developed a continuous 

Cr2O3 outer scale. Furthermore, in the case of Inconel 625Si, underneath the Cr2O3 a 

SiO2 layer formed. Also it is important to note that in both alloys internal oxidation 

took place; due to the fast inward diffusion ox O2- ions via grain boundaries, as a 

result Al2O3 oxide formed at the grain boundaries. 

 Figure 13 presents the scale morphology of cross �± sectioned samples (a) 

Inconel 625 Si and b) Inconel 718 after 90 and 100 hours respectively. The 

experiment was carried out at 1273 K for 100 hours. 
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Figure 13  Scale morphology of; a) Inconel 625Si and b) Inconel 718 after 90 and 

100 hours respectively at 1273 K in air atmosphere [23]  

 

The formation of SiO2 underneath the outer Cr2O3 scale, clearly had a 

beneficial effect on kinetic growth; the mass gain of Inconel 625 Si was smaller than 

Inconel 718 after exposure to air atmosphere at 1000oC (1273 K) for 100 hours. 

Figure 14 shows the kinetic data of exposed Inconel samples with parabolic 

rate constant values. 
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 Figure 14  Kinetic data form a) Inconel 625Si and b) Inconel 718 after 90 

and 100 hours respectively at 1273 K in air atmosphere [23]  

Hong, Hwang, Han, and Kang [30] investigated the cyclic oxidation (500 

cycles of 40 min + 20 min of cooling) of Pt/Pd modified aluminide coating on Ni �± 

base super-alloy (Inconel 738LC) at 1423 K, the chemical composition of exposed 

alloy is given in table 6. 

Table 6 Chemical composition (in wt %) in oxidized atmosphere at 1423 K [30]  

The Pt/Pd coating was deposited by electroplating two separate layers of Pt 

and Pd. The Al pack cementation was carried out at 1323 K for 5 hours in pack 

mixture consisting of: Inconel 738LC with pre-deposited Pt, Pd, Pt/Pd coatings, 

15wt% Al powder, 2wt% of NH4Cl and 83 wt% of Al2O3 as a filler. The deposited 

coatings after annealing and aluministation consisted of a Pt modified coating 

�F�R�Q�W�D�L�Q�L�Q�J���W�K�U�H�H���O�D�\�H�U�V���� ��-NiAl, PtAl 2���� �D�Q�G����-NiAl and an interdiffusion zone. Both 

�3�G�� �D�Q�G�� �3�W���3�G�� �P�R�G�L�I�L�H�G�� �D�O�X�P�L�Q�L�G�H�� �F�R�D�W�L�Q�J�V�� �F�R�Q�W�D�L�Q�H�G�� �W�Z�R�� �O�D�\�H�U�V���� ��-NiAl and an 

interdiffusion zone. 

Figures 15 and 16 show the microstructure formed on Inconel 738LC with Pt 

and Pt/Pd modified aluminide coatings after 250 and 500 hours of cyclic oxidation at 

1423 K respectively. 

 

Alloy  C Cr Ni Co Mo W Ti Al  B Zr Ta 
IN 738LC 0.11 16.00 Bal. 8.5 1.75 2.6 3.4 3.4 0.01 0.06 1.75 

Inconel 718, kp = 0.3740 mg2cm4h-1 
Inconel 625 Si, kp = 0.0825 mg2cm4h-1 
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Figure 15  Cross �± sectional images with EDS concentration profiles of Inconel 
738LC after 250 hours of cyclic oxidation in air at 1423 K, a) Pt modified aluminide 

coating, B) Pt/Pd modified aluminide coating [30]  
 

 
Figure 16  Cross �± sectional images with EDS concentration profiles of Inconel 

738LC after 500 hours of cyclic oxidation in air at 1423 K, a) Pt modified aluminide 
coating, B) Pt/Pd modified aluminide coating [30]  
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Figure 17 presents the damaged Pd modified coating deposited on Inconel 

738LC, the deposited coating failed (due to the crakes propagation and scale 

spallation) and was not investigated after 200 hours of cyclic oxidation at 1423 K. 

 

 

 

 

 

 

 

 

Figure 17  Pd modified aluminide coating on Inconel 738LC after 200 hours of cyclic 
oxidation at 1423 K [30] 

�$�I�W�H�U�����������K�R�X�U�V���R�I���F�\�F�O�L�F���R�[�L�G�D�W�L�R�Q�����L�Q���E�R�W�K���F�R�D�W�L�Q�J�V����-NiAl transformed into 

�J�¶���± Ni3Al phase, �J - Ni phase was observed only in Pt/Pd modified coating, but not 

in Pt modified after 500 hours of cyclic oxidation at 1423 K. Furthermore, in Pt/Pd 

modified coating �J - Ni phase contained a large amount of Cr, a region with high Cr 

content in �J - Ni developed beneath the Al2O3 outer scale. The high content of Cr 

increased the adhesion and stability of Al2O3 oxide scale. The kinetic data for Pt, Pd 

and Pt/Pd modified aluminide coating is presented in figure 18.  

 

 

 

 

 

 

 

 

 

Figure 18  Cyclic oxidation data, obtained for Pt, Pd, and Pt/Pd modified aluminide 
coating after 500 hours of heat treatment at 1423 K  [30] 

 

The Pd modified aluminide coating, showed a large mass loss during the 

short period of cyclic oxidation at 1423 K. The highest mass gain was reached by 
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Pt/Pd modified coating after 250 hours cycles of oxidation at 1423 K. The Pt 

modified coating shown the mass gain after 125 hours of cyclic oxidation, then 

weight losses after 230 hours of cyclic oxidation, thus spallation and loss of mass 

occurred in Pt modified coating. The mass losses of Pt and Pd modified coating were 

equivalent to 3,5 mg/cm3 and 2,5 mg/cm3 respectively after 500 hours of cyclic 

oxidation.  

 

Ch.II.Sec.1.5.2 Oxidation of �J - TiAl alloys  
 

The current information on the high temperature oxidation behaviour of TiAl 

and TiAl base materials displays a complex pattern [31] [32] [33] [34]. The 

formation of slow-growing adherent and protective Al2O3 scale is much more 

difficult in TiAl intermetallics than in disordered titanium-aluminium alloys and in 

NiAl  [35] [36].  

The difficulty in the development of Al2O3 scale in TiAl intermetallics is 

associated with the requirement for the higher activity of Al in order materials. The 

thermodynamic imperative predicts the formation of both titanium and aluminium 

oxides [37]. 

Legzdina and Robertson [38] have found in that in the temperature range 

(823-1173 K) in low partial pressure of oxygen the oxidation of TiAl (Ti52.1Al2Ta 

at %) resulted in the formation of a multi-layered surface oxide structure with outer 

layer being Al2O3 followed by a layer of TiO2. It was shown [18] that the dopant 

element as Nb can improve the oxidation resistance of TiAl.  

Despite of many attractive properties (high temperature strength, reasonable 

K1C) however the poor oxidation resistant of these alloys is a major concern. To 

improve its oxidation resistance at high temperature (1173 K), niobium is considered 

an excellent dopant.  

Yoshihara and Miura [39] investigated addition of 2 to 15 at% of Nb to 

Ti50Al alloy in oxidation environment at temperature range 1173 1273 K for 25 

hours. The authors found that small addition of Nb (up to 10 wt % of Nb) is an 

effective in decreasing the oxidation rate. More than 15 at% of Nb causes increasing 

oxidation rate due to the formation of TiNb2O7 phase. The following mechanism of 

the improved oxidation resistance of Ti50Al doped by Nb ions was postulated; rutile 

is known as a non stechiometric phase as Ti1+xO2-y. According to Kofstad [40] the 
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defect structure involves: oxygen vacancies and interstitials Ti3+ and Ti4+ ions. 

Moreover oxygen vacancies dominate at low temperatures and high oxygen partial 

pressures, however interstitial defects (Ti3+ and Ti4+ ions) dominates at high 

temperatures and low partial pressures of oxygen. Therefore the defects structure of 

TiO2 mainly appears at temperature range between 1173 �± 1273 K. Marker 

experiment shows that the rutile (TiO2) growth via inward oxygen diffusion.  

The effect of impurities on the concentration of defects in TiO2 was studied 

[40] the defects in TiO2 are double charged oxygen vacancies and interstitial Ti ions 

(Ti3+ and Ti4+ ions). When addition of metal with higher valence than Ti is 

introduced, then occupy normal Ti �± sites. The substitution of two Nb5+ cations with 

valence 5 reduces one oxygen vacancy and inhibits the kinetics of TiAl alloy. Thus 

addition of Nb reduces oxygen concentration in TiO2 phase.  

Jiang, Hirohasi and Imanari [41] also found that the niobium can improve the 

oxidation resistance of TiAl alloys. The tested Ti(0-50 at%)Al alloy with different 

addition of Nb (0-30 at%) was exposed at 1173 K in dry air at a flow of 100 ml/min 

for 24 hours. The kinetic data presented by the authors [41] indicates that when Nb 

concentration increased in the alloy up to 15 �± 20 at% the oxidation rate decrease, 

beyond 15 �± 20 at% of Nb the oxidation rate starts to increased. The relationship 

between Al content and Kp value, shows that increases of Al content leads to 

decreased of Kp value in all samples (Ti(0-50at%)Al.  

The morphologies of exposed samples (Ti10Nb, Ti3Al15Nb, TiAl20Nb, 

TiAl15Nb, Ti3Al20Nb, and TiAl30Nb) shows that when CNb >> 15 at% developed 

scale consisted of TiO2 and TiNb2O7, in Ti3AlNb when CNb << 15 at% the scale 

consisted of TiO2 and Al2O3, when CNb >> 20 at% the scale formed TiO2, Al2O3 and 

AlNbO4 phases. For the TiAl-Nb alloy when CNb << 20 at% scale consisted o TiO2 

and Al2O3, when CNb = 30 at%, then TiO2, Al2O3, and AlNbO4 oxides formed.  

The authors concluded that Nb improved the oxidation rate; however the 

development of TiNb2O7 and AlNbO4 phases may increase the oxidation rate. Zhang 

and Li [42] investigated three Ti48Al alloys with different implanted Nb ions 

(3x1015, 3x1016, and 3x1017 [ions/cm2]) at 1173 K and 1223 K in oxidation 

environmental (static air) for 100 hours. The kinetic results show that oxidation rate 

decrease with increase implanted dose of Nb ions. The investigation performed by 

EDS analysis indicates that non-implanted sample (Ti48Al) at both temperatures 

1173 K and 1223 K developed multilayered structure consisted of TiO2 and Al2O3, 
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however, the top scale consisted Al2O3 oxide scale, however this scale was 

discontinuous with islands of TiO2. In implanted alloy (Ti48Al implanted by 3x1017 

Nb ions/cm2), the outer scale consisted only continuous Al2O3 oxide scale. The 

authors [42] concluded that beneficial effect of Nb ions incorporation is related to the 

reduction of Ti outward diffusion. Moreover their conclusions are based on 

postulated theory stated by Yoshihara and Miura [39]. 

Another study performed with ion implantation of Nb ions was performed by 

Li and Taniguchi et al [43]. The researchers implanted Al and Nb ions to 

Ti48Al1.3Fe1.1V0.3B alloy, which was exposed to 1173 K for 349.2 ks to 

atmospheric air. In this study the researchers found that implantation of Al and Nb 

ions are beneficial, reducing the oxidation rate at 1173 K. The low oxidation rate of 

exposed sample (Ti48Al1.3Fe1.1V0.3B) occurred due to the development of a thin 

and continuous Al2O3 scale. Inhibiting the inward diffusion of O2- ions from ambient 

atmosphere; additionally Nb ions promotes the formation of Al2O3 scale, prohibits 

the outward diffusion of Ti from the bulk material. 

Schmutzler and Zheng [44] also investigated the oxidation behaviour of 

implanted (1017Nb ions/cm2) and non implanted Ti48Al2Cr and Ti482Cr2Nb 

intermetallic alloys under cyclic oxidation (800 - 1h cycles) and isothermal oxidation 

for 800 and 100 hours respectively at 1073 K. It was observed that the implanted 

Ti48Al2Cr alloy by Nb ions enhanced the cyclic oxidation resistance at 1073 K in 

static air for 100 hours. The observed higher mass gain of non implanted alloy 

(Ti48Al2Cr) compared to the implanted alloy (Ti48Al2Cr (after 100 hours of cyclic 

oxidation at 1073 K was related to the formation of TiO2 outer scale. The TiO2 non 

protective outer scale formed on the non implanted alloy (Ti48Al2Cr). The 

implanted Ti48Al2Cr alloy by Nb ions shows the formation a thin Al2O3 and 

protective oxide scale. After 800 hours of 1 hour cycles, the implanted (by Nb ions) 

Ti48Al2Cr alloy was covered with TiO2 oxide scale but no spallation was observed, 

non implanted alloy (Ti48Al2Cr) was covered by TiO2 oxide but spallation occurred. 

The authors observed that Nb does not change drastically the scale growth 

mechanism, but the kinetic growth is reduced significantly.  

 The authors proposed a few mechanisms where Nb ions are beneficial for 

oxidation of �J-TiAl and �D2-Ti3Al intermetallic alloys at high temperatures.   
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1. The Nb implantation reduces oxygen solubility in TiAl alloy, moreover Nb 

stabilize �E phase in which mass transport of Al is much faster than for Ti in 

Ti3Al phase. 

2. The Nb increased of Al activity in the alloy, favouring the formation of alumina 

rich scale 

3. The implantation of Nb, changing the diffusion process, causing reduced 

metal/oxygen transport 

4. The Nb ions decreasing the oxygen vacancies and titanium interstitial defects in 

TiO2 lattice 

5. The formed Nb2O5 phase within the scale act as �³glue� ,́ and allows the formation 

of coherent scales depressing the fast diffusion paths within the scale. 

In other study [45] Schmitz �± Niederau and Schutze investigated the 

thermogravimetric oxidation behaviour of three alloys (compositions given in table 

7) at 1173 K for 1130 hours. 

 

Element [at. %] Al  Ti Nb Fe C O 
Alloy       

Ti50Al 50.7 49.2 0.004 0.007 0.019 0.12 
Ti50Al2Nb 50.2 47.5 1.99 0.016 0.026 0.24 

Ti23Al 23 77 - - - - 

Table 7 Chemical composition of alloys used in oxidation test at 1173 K for 1130 

hours [45]  

The scale morphology of Ti50Al alloy oxidised at 1173 K for 1130 hours in 

static air is shown in figure 19. 
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Figure 19  Scale morphology developed during oxidation at 1173 K for 1130 hours 

on Ti50Al alloy [45] 

  

The multilayered scale developed on Ti50Al alloy after oxidation at 1173 K 

for 1130 hours as shown in figure 19. The outer layer consisted of a thick TiO2 scale. 

Beneath the outer TiO2 layer, a diffusion barrier of Al2O3 formed, the third layer 

consisting of mix TiO2 and Al2O3 developed under the Al2O3 diffusion barrier The 

Al 2O3 rich bands developed over the TiN and Ti2AlN region. The innermost Ti3Al 

layer developed due to the outward diffusion of Al from bulk material (Ti50Al). The 

NCP (New Cubic Phase) often called Z �± phase (Ti50Al 30O20) also was detected. 

The author [45] suggested that multilayer scale (Fig. 19) was formed before 

breakaway of the scale.  

Breakaway of the scale was also observed by Du and Datta et. al [46], the 

authors investigated Ti6Al4V alloy in oxidation atmosphere at 923 �± 1123 K, they 

found that sandwich like scale (TiO2 �± Al 2O3) developed, the number of layers 

increasing with increasing temperature and time. 

The cracks between layers indicate, the poor adhesion between layers, the 

cracks caused the detachment of the oxide scale from the substrate. Thus the crack 

formation reduced the corrosion resistance of the Ti6Al4V alloy in oxidation 

atmosphere.  

Figure 20 shows a scale development on Ti50Al2Nb alloys after oxidation at 

900oC (1173 K) for 1130 hours [45] 
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Figure 20  The cross �± section diagram of scale development on Ti50Al2Nb alloy 

after oxidation at 1173 K for 1130 hours [45] 

 

Similar to the oxidation behaviour of Ti50Al alloy, the Ti50Al2Nb alloy 

developed a multilayer scale with the outer scale consisting of TiO2. The outer layer 

of TiO2 was thinner that in Ti50Al alloy, also the diffusion barrier of Al2O3 which 

developed beneath TiO2 during exposure was much thicker than that in Ti50Al alloy. 

Thus Nb had a beneficial influence for oxidation resistance of TiAl alloys (Nb 

reduces the number of oxygen vacancies in the TiO2 matrix). Furthermore, the thick 

band of TiO2, where Nb is dissolved prohibited the fast outward diffusion of Ti from 

the bulk material and decreased the oxidation rate. Figure 21 presents a scale 

morphology of Ti23Al alloys exposed to the same atmosphere in the same conditions 

1173 K for 1130 hours [45]. 
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Figure 21  Scale development of Ti23Al after oxidation at 1173 K for 1130 hours 

[45]  

Again a multilayer scale developed on Ti23Ti alloy after oxidation at 1173 K 

for 1130 hours (Fig. 21). An outer thick TiO2 scale was formed, the top and beneath 

the outer an on Al2O3 thin layer also formed. The innermost a very thick layer 

consisted mixture of TiO2 and Al2O3 oxides with large TiO2 content formed 

underneath Al2O3 band. The very thin layer of TiN developed under a thick region of 

oxide mixture (TiO2 and Al2O3). Underneath this layer a thin (Ti0.75Al0.25)3O2 

layer also was detected. At the scale/substrate interface a thick Ti3Al layer with 

inclusion of O2- formed.  

The marker experiment [45] showed that the outer layer of TiO2 growth 

occurred via outward diffusion of Ti from the bulk material, whereas, the complex 

structures containing Al2O3 growth via inward diffusion of O2-. 

�7�K�H���N�L�Q�H�W�L�F���G�D�W�D���I�R�U���7�L�����$�O�����.2 - Ti3Al), Ti50Al2Nb, and Ti50Al alloy after 

exposure at 1173 K for 1130 hours and 110 hours for Ti23Al alloy are presented in 

figures 22, 23, and 24 respectively. The numbers in the kinetic figures (22, 23, and 

24) indicate the temporary parabolic rate constants. 
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Figure 22  Thermogravimetric measurement of kinetic data for Ti23Al alloy after 

120 hours of oxidation at 1173 K [45] 

 

 

 

 

 

 

 

 

 

Figure 23  Thermogravimetric measurement of kinetic data for Ti50Al2Nb alloy after 

1130 hours of oxidation at 1173 K [45] 
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Figure 24  Thermogravimetric measurement of kinetic data for Ti50Al alloy after 

110 hours of oxidation at 1173 K [45] 

The kinetic rates in figures 22, 23, and 24 shows that the highest mass gain 

occurred to Ti23Al alloy, the poor oxidation was caused by the lack of required level 

of Al in the alloy.  

The required level of Al according to McKee [47] needs to be around 50 at% 

of Al to developed a protective Al2O3 oxide scale on TiAl ordered intermetallic 

alloys. Approximately 60 �a 70 at% of aluminium is needed for binary TiAl alloys to 

form continuous   Al2O3 layer, 47 �a 49 at% of Al is needed to of Al2O3 in pure 

oxygen. However a larger amount of Al may cause lack of ductility and formation of 

brittle TiAl3. Welsh et al [48] pointed out that between 0 and 25 at% there is 

impossible to developed a protective Al2O3 scale on TiAl ordered intermetallic alloy. 

The kinetic data for Ti50Al and Ti50Al2Nb shows that the higher amount of 

Al decreases the oxidation rate; furthermore also small addition of Nb is also 

beneficial for oxidation resistance of Ti50Al alloys. As mentioned before the positive 

role of Nb addition is associated with decrease in oxygen vacancy and Ti interstitial 

defects in TiO2 and increase Al activity. McKee [47] has showed (by thermodynamic 

calculation) in TiAl base intermetallic the required level of Al is a 50 at% to develop 

Al 2O3 scale. The isothermal and cyclic oxidation investigated by Haanappel, 

Sunderkotter [49] on Ti48Al2Mn2Nb, Ti48Al2Cr2Nb, and Ti48Al2Cr at high 

temperatures; 1073 and 1173 K was performed in synthetic air (80% N2, 20% O2) for 

150 hours and 1500 1 h cycles in the static laboratory air. The chemical composition 

in at % of the alloy subjected to the oxidation experiment is given in table 8. 
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Alloy Ti Al  Cr Mn Nb 
O 

(ppm) 
N 

(ppm) 
C 

(ppm) 
H 

(ppm) 
Ti48Al2Mn2Nb Bal. 47 - 2 2 570 < 5  < 10 
Ti48Al2Cr2Nb Bal. 48 2 - 2 850 60  < 10 

Ti48Al2Cr Bal. 48 2 - - 750 220 55 < 10 

Table 8 Chemical compositions of the alloys subjected to oxidation experiments at 

1073 and 1173 K respectively [49] 

  

 The kinetic data for oxidation experiment in synthetic air (80%N2 and 20% 

O2) at 1073 and 1173 K is presented in figure 25a and 25b. 

 

 

 

 

 

 

 

 

Figure 25  The kinetic data of 

exposed samples in isothermal 

oxidation at 1073 and 1173 K [49]  

 

Figure 26  The cyclic oxidation 

kinetic data obtained at 1073 and 

1173 K after 1000 cycles of 

Ti48Al2Cr, Ti48Al2Mn2Nb, and 

Ti48Al2Cr2Nb alloys [49] 
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Figures 26a and 26b show the kinetic data from cyclic oxidation after 1000 

cycles at 1073 and 1173 K for exposed samples (Ti48Al2Cr, Ti48Al2Mn2Nb, and 

Ti48Al2Cr2Nb). Figure 26a shows the cyclic oxidation behaviour of Ti48Al2Cr, 

Ti48Al2Cr2Nb, and Ti48Al2Mn2Nb alloys at 1073 K. It was observed that 

Ti48Al2Cr2Nb, and Ti48Al2Mn2Nb have a similar kinetic rate, whereas Ti48Al2Cr 

alloy shows a large mass gain up to 200 hours at 1073 K of cycling oxidation, and 

then the scale spalled off from the alloy.  

Cyclic oxidation behaviour at higher temperature 1173 K is given in figure 

26b, the Ti48Al2Cr alloy was not subjected to cyclic oxidation, due to the poor 

oxidation resistance against cyclic oxidation at lower temperature 1073 K.  

However the Ti48Al2Cr2Nb and Ti48Al2Mn2Nb show the similar behaviour 

under cyclic conditions at 1173 K; from both samples the scale spalled off, therefore 

Ti482Cr2Nb showed better oxidation resistance (mass loss was smaller than 

Ti48Al2Mn2Nb alloy). The authors [49] concluded that the spallation which 

occurred at higher temperature (1173 K) during cycling oxidation was due to 

mismatch in the thermal coefficient. The scale morphology developed on both alloys 

(Ti48Al2Mn2Nb, Ti48Al2Cr2Nb) after 150 hours of oxidation at 1073 K is shown in 

figures 27a and 27b. 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 27  Scale morphology of oxidized samples (Ti48Al2Mn2Nb, Ti48Al2Cr2Nb) 

after 150 hours at 1073 K [49]  

1) TiO2 outer scale 

2) Al rich band beneath this TiO2 oxide 

3) Enrichment region of Nb, Cr, and Mn 

with Al and Ti oxides layer 

4) Substrate (Ti48Al2Mn2Nb) 

1) 
2) 
3) 

4) 

1) TiO2 outer scale 

2) Al rich band beneath this TiO2 oxide 

3) Enrichment region of Nb, Cr, and Mn 

with Al and Ti oxides layer 

4) Substrate (Ti48Al2Cr2Nb) 
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The outer layer of the specimens (Ti48Al2Mn2Nb, Ti48Al2Cr2Nb) is 

covered by TiO2, below the outer layer, the rich Al region formed. Between the Al 

rich region and the substrate, a region of mixed Ti, Al oxides with some enrichment 

of Nb, Mn, and Cr also developed. At higher temperature (1173 K) the oxide scale 

was thicker than formed at 1073 K with similar structure and composition (TiO2 

developed as an outer oxide). The investigated Ti48Al2Cr alloy [49] developed at 

1073 K a TiO2 oxide scale (TiO2) with larger crystals and porous structure, below the 

oxide scale (TiO2), an Al depleted region developed at 1073 K after 150 hours of 

isothermal oxidation. The isothermal oxidation at 1173 K for 150 hours reveals that 

Ti48Al2Cr alloy develop very thick TiO2 oxide scale (200 �± 250 µm). Furthermore, 

the scale of Ti48Al2Cr alloy after 1173 K isothermal oxidation was similar as found 

after 1500 cycles at 1073 K.  

The cyclic oxidation performed on Ti48Al2Mn2Nb alloy at 1073 K in 

produced an adherent TiO2 oxide top scale, below which a region rich in Al formed. 

The Al rich region formed due to the outward diffusion of Ti from bulk material, the 

concentration of Ti decreased and Al content increase. 

 Between this Al rich region and the substrate, a zone of mixed TiO2 and 

Al 2O3 oxides developed. At the scale/substrate interface Nb rich zone was detected. 

After oxidation at 800oC (1073 K) the concentration of Mn decreased to 0 in 

the outer part of the oxide scale and Mn did not form any phases. At higher 

temperature (1173 K), the scale was similar structure and composition with thicker 

(35 µm) outer oxides scale (TiO2), however a significant spallation occurred from the 

outer part of the scale formed by TiO2 oxide. Moreover the rich Mn and Nb regions 

were detected underneath the top oxide scale (TiO2). The subjected Ti48Al2Cr alloy 

after exposure to cyclic oxidation at 1073 K the scale structure developed in 

Ti48Al2Cr alloy contained multiple layers as shown in figure 28. 
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Layer 1 �± a thick outer scale of TiO2 oxide with rich in Al particles 

Layer 2 �± Al rich layer 

Layer 3 �± consisted region of Al (dark areas) and Ti (bright areas), moreover it was 

found that Cr content in Al rich region was higher than in Ti rich region 

Layer 4 �± it was observed from EDX analysis that ratio Al:Ti was similar to bulk 

material 

Layer 5 �± Al depleted zone 

Layer 6 �± bulk material (Ti48Al2Cr)     

 

The total thickness of the scale formed during cyclic oxidation at 1073 K was 

equivalent to 300 µm. 

 

 

 

 

 

 

 

 

 

 

Figure 28  The scale development of Ti48Al2Cr2Nb after 1h 1500 cycles at 1073 K 

in the static atmospheric air  [49]  

 

The Ti48Al2Cr2Nb after exposure to the cyclic oxidation in 1h 1500 cycles 

at 1173 K showed no spallation. Figure 29a and 29b shows the adherent, scale in 

Ti48Al2Cr2Nb and, spallation of the scale in Ti48Al2Mn2Nb alloy after 1500 cycles 

at 1173 K. The spallation in Ti48Al2Mn2Nb alloy according to Herbelin and Mantel 

[50] who discovered that Mn in TiAl alloys mainly occupied the outer part of the 

oxide scale due to the fast outward diffusion of Mn from the bulk material. Also it 

was suggested that spallation is due to the formation of Mn �± oxides in the outer part 

of the scale, the formed Mn �± oxides cause a cracks and spallation of the oxide layer, 

however the mechanism is not known yet.  
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Figure 29  The cross �± sectional SEM images of a) Ti48Al2Mn2Nb and b) 

Ti48Al2Cr2Nb alloys after 1500 cycles at 1173 K in static air [49] 

 

The cyclic and isothermal oxidation behaviour of TiAl based intermetallic 

alloy with 10 at% addition of Cr was investigated at temperature range 1073 �± 1373 

K by Wang and Tang [51]. The cyclic and isothermal oxidation was performed on 

three alloys: Ti50Al, Ti45Al10Cr, and Ti50Al10Cr. The isothermal oxidation tests 

were carried out at 1073 �± 1373 K for 100 hours, while cyclic oxidation tests (100 1h 

test with 10 minutes cooling down period) were conducted at 1173 �± 1373K. 

The kinetic results present that in isothermal oxidation regime the best 

resistance was achieved by Ti50Al10Cr alloy at 1373 K. Table 9 presents results 

achieved by researches [51]: 
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T [oC] 
Cyclic oxidation Isothermal oxidation 

Alloy 
Mass gain 
[mg/cm2] Alloy Mass gain [mg/cm2] 

800 Ti50Al Not performed Ti50Al 1 
800 Ti45Al10Cr Not performed Ti45Al10Cr 1 
800 Ti50Al10Cr Not performed Ti50Al10Cr 0.2 
900 Ti50Al Large spallation Ti50Al 4 
900 Ti45Al10Cr 3.0 Ti45Al10Cr 7.5 
900 Ti50Al10Cr 1.5 Ti50Al10Cr 0.45 
1000 Ti50Al Large spallation Ti50Al >20 
1000 Ti45Al10Cr -2.5 Ti45Al10Cr 16 
1000 Ti50Al10Cr 0.5 Ti50Al10Cr 0.4 
1100 Ti50Al Large spallation Ti50Al >>20 
1100 Ti45Al10Cr 0.2 Ti45Al10Cr 1.2 
1100 Ti50Al10Cr 0.5 Ti50Al10Cr 0.8 

Table 9 Kinetic results from cyclic and isothermal oxidation of Ti50Al, Ti45Al10Cr, 

and Ti50Al10Cr alloys [51]  

The scale morphology of Ti45Al10Cr oxidised for 100 hours of at 1173 K 

shows the similar scale development as in Ti50Al alloy. The outer layer consisted of 

TiO2 crystals, in the middle layer Al2O3 formed, and the third layer consisted of 

mixture TiO2 with Al2O3. Moreover in the outer scale some of Cr particles were 

detected. However the mass gain of Ti45Al10Cr alloy was higher than Ti50Al alloy. 

The higher mass gain after 100 hours at 1173 K of Ti45AlCr10 alloy was related to 

the increase in defected structure of TiO2 and also to formation of highly unstable 

CrO3 oxide, it needs to be pointed out that the 45 at% of Al was insufficient amount 

to develop thin protective layer of Al2O3, however the addition of Cr was appreciable 

(10 at%) to support the development of Al2O3 thin oxide scale. 

When temperature was raised to 1373 K Ti45Al10Cr was covered by thin 

Al 2O3 layer in the outer part of the oxide scale, and mass gain was smaller than at 

1173 K after 100 hours of isothermal oxidation. The alloy with higher Al 

concentration (Ti50Al10Cr) developed after 100 hours oxidation at temperature 

range 1073 �± 1373 K a continuous Al2O3 scale, however there is no data about TiO2 

formation in the scale. 

Wang and Tang [51] did not present the scale morphology of exposed sample 

to the cyclic oxidation at temperature range 1173 �± 1373 K. The authors suggested 
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only that Ti50Al alloy suffered the major scale spallation in whole range of 

temperature 1173 K �± 1373 K during cycling oxidation. 

Other alloys (Ti4510Cr and Ti50Al10Cr) developed an Al2O3 scale with 

good adherence, which suppressed the scale degradation during 100 hours cyclic 

oxidation. Moreover, it was suggested that addition of 10%Cr improved the 

adherence of the scale and promoted the development of Al2O3 phase. The improved 

adherence is related to the low thermal coefficient for Ti50Al10Cr alloy. 

Sunderkotter [52] investigated the influence of Cr addition on Ti48Al2Cr, 

Ti482Cr2Nb, and Ti47Al2Cr0.2Si behaviour in cyclic and isothermal oxidation at 

high temperature at 700 and 800oC (973 and 1073 K). The alloys were subjected to 

isothermal oxidation in synthetic air (80% N2 and 20% O2) for 150 hours and cyclic 

oxidation for 3000 1 hour cycles. 

The kinetic data of Ti48Al2Cr, Ti482Cr2Nb, and Ti47Al2Cr0.2Si obtained 

after isothermal oxidation for 150 hours at 1073 K indicated that the Ti48Al2Cr alloy 

had a higher mass gain, where Ti48Al2Cr2Nb shows the lowest mass gain. The 

results of the oxidation at 973 K were not provided. The kinetics of cyclic oxidation 

at 973 K revealed, the Ti48Al2Cr alloy shows the highest mass gain, but without 

spallation, Ti47Al2Cr0.2Si and Ti48Al2Cr2Nb alloys also shows lack of spallation, 

however the lowest mass gin was attributed to Ti48Al2Cr2Nb alloy. At higher 

temperature (1073 K) of the cyclic oxidation, the best corrosion resistant shows 

Ti48Al2Cr2Nb alloy, moreover Ti48Al2Cr alloy shows the highest mass gain but 

without spallation, whereas the scale from Ti47Al2Cr0.2Si alloy spalled off due to 

the low amount of Si in bulk material.  

The author [52] concluded that the isothermal and cyclic oxidation corrosion 

resistance for Ti48Al2Cr, Ti482Cr2Nb, and Ti47Al2Cr0.2Si was excellent. 

The corrosion products on Ti48Al2Cr2Nb alloy after 1 hour of isothermal 

oxidation at 1073 K measured by GAXRD (Glanced Angle X-Ray Diffraction 

Analyser) revealed, that TiO2, TiN and Ti2AlN phases were observed in the outer 

part of the formed scale. However after longer exposure (26 hours) at the same 

temperature (1073 K) the peaks of TiN and Ti2AlN were not detected, only peaks of 

TiO2 and Al2O3 were detected. Moreover the similar behaviour was observed in 

Ti47Al2Cr0.2Si, where mainly TiO2 and Al2O3 peaks were discovered. Upon longer 

exposure (150 hours of isothermal oxidation) the whole surface was covered by TiO2 

oxide scale.  
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In general, the scale morphology developed during 150 hours of isothermal 

oxidation at 1073 K on Ti47Al2Cr0.2Si was similar to Ti48Al2Cr2Nb alloy and 

consisting of multilayered structure; TiO2 was an outer layer, beneath the outer layer 

the, Al2O3 rich layer develop, mixed TiO2 �± Al 2O3 layer was observed upon 

subsurface metal layer. As mentioned previously, the scale morphology developed 

on Ti48Al2Cr2Nb was similar to those obtained on Ti47Al2Cr0.2Si but much 

thinner.  

During the cyclic oxidation of Ti48Al2Cr2Nb alloy (3000 1 hour cycle) at 

1073 K a multilayered scale developed; TiO2 was detected as an outer part of the 

scale, underneath the mixed Ti and Al rich oxide layer existed, the rich Nb layer on 

the scale/metal interface was detected. The scale shows good adherence against 

cyclic oxidation. The Ti48Al2Cr alloy consisted mainly mixed oxide scale consisted 

TiO2 and Al2O3 with small amounts of Cr. 

Sunderkotter [52] concluded that addition of silicon improved the isothermal 

oxidation, and improved the scale adherence in cyclic oxidation, the beneficial effect 

of Si is attributed to the formation of non �± continuous SiO2 layer in the scale/metal 

interface [53]. Author suggested that it was impossible to detected the Si oxide, 

however the lack of SiO2 in the scale, is associated with the low concentration of Si 

in the bulk material (0.2 at %).  

Du and Datta [54] investigated Ti6Al4V alloy in oxidation environment at 

temperature range 923 �± 1123 K for 100 hours. The morphology of exposed samples 

consisted mainly Al2O3 and TiO2 layer, the number of layers and the thickness of the 

scales depended on the exposure time and temperature; if temperature was increased 

the number of the layer also increased. Figure 30 shows scale development of 

Ti6Al4V alloy after 100 hours of the oxidation at 1123 K. 
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Figure 30  Scale development on Ti6Al4V alloy after 100 hours oxidation at 1023 K 

[54]  

The mechanism of the scale development proposed by Du and Datta [54] 

based on the thermodynamical calculations which are presented in table 10. The 

proposed mechanism of the scale development is presented in figures 31a, b, c, and 

d. The activation energy values in table 10 indicate that once Ti6Al4V alloy is 

exposed to oxidation atmosphere, TiO2 starts to develop.  

Activity  T = 923 K T = 973 K T = 1023 K T = 1073 K T = 1023 K 
aAl 2.8x10-39 7.6x10-37 1.2x10-35 1.2x10-32 7.7x10-31 
aTi 1.6x10-42 7.3x10-40 3.8x10-37 2.6x10-35 2.4x10-33 

Table 10  Activation energy of Ti and Al for different temperatures  [54]  

When the Ti6Al4V alloy was exposed to oxidation atmosphere (static air) a 

thin oxide layer of TiO2 layer is developed (Fig. 31a). 

 

  

 

 

 

 

Figure 31a Formation of TiO2 layer [54]  
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When TiO2 thin scale is formed, than the partial pressure of O2 decreased at 

the scale/metal interface, the decreased pressure of O2 approaching to dissociation 

partial pressure of TiO2. In this moment with such low pO2, the minimum activity of 

Al required for the formation of Al2O3 is reached (Fig. 31b). It needs to be pointed 

out that not only TiO2 developed on the outer scale, but also other types of the 

titanium oxides (TiO and Ti2O3), where Al2O3 may be dissolved and activity of Al is 

reduced at the interface (oxide/substrate interface.  

 

 

 

 

 

 

 

 

Figure 31b  Nucleation of Al2O3 oxide and thickening of TiO2 [54]  

 

It was suggested that Al and Ti may diffuse outward from the substrate; also 

O2- diffuses inward, and react with titanium in the formed oxide scale (TiO2) and 

form a TiO2 and increase the thickness of TiO2 layer. As result titanium is trapped 

between outer Al2O3 scale and the inner oxide scale/substrate where due to the 

outward diffusion of Ti and inward diffusion oxygen, the TiO2 layer is developed. 

The trapped titanium allowed to outward diffusion of Al and formation of Al2O3 

scale.  

During exposure, the thickness of inner layer and also outer increased, the 

plasticity of the scale is lower when experiment is longer and thickness of the scale is 

higher. Thus when oxide scale exceeded, the crack formation may initiated, also the 

different thermal coefficient between substrate and the oxide scale, form the cracks 

(Fig. 31c). The formation of crack/s cause a detachment between oxide scale and the 

substrate (Ti6Al4V), thus the mass transport from the substrate is more difficult and 

is likely to decrease.  
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Figure 31c  Al2O3 and the crack formation [54]  

 

The crack formation allows the formation of new TiO2 layer on the substrate 

surface, due to the high partial pressure of oxygen in the crack. The formed TiO2 

layer again separates the substrate form the high partial pressure of oxygen. 

Moreover aluminium from the substrate (Ti6Al4V) diffuse outward through TiO2 

layer and forms second layer of Al2O3 on upon second layer of TiO2 after some time 

a new crack propagation is appeared (Fig. 31d). 

 

 

 

 

 

 

  

 

 

 

 

Figure 31d  Subsequent Al2O3 and TiO2 layers on Ti6Al4V alloy after oxidation in the 

temperature range 923 �± 1123 K [54] 

 

Figure 31  Formation of the scale on exposed material [54]  
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The mechanism of the scale development is again reproduced and the next 

layer of Al2O3 �± TiO2 is formed. The reactions 7 and 8 present the formation of the 

scale during exposure of Ti6Al4Al at temperature range 923 �± 1123 K. 

Reaction 7      

Reaction  8     

For reactions 7 and 8, the , [J/mole] can be calculated from following 

equations: 

Equation XIII      

Equation XIV      

The calculated values are in table 11. 

[J/mole] T = 923 K T = 973 K T = 1023 K T = 1073 K T = 1123 K 

TiO2 -750321 -741671 -733021 -724371 -715721 
Al 2O3 -1380640 -1364640 -1348640 -1332640 -1316640 

Table 11  Calculated  values for TiO2 and Al2O3 formation [54]  

Also:  

Equation  XV   

Equation XVI   

Equations XV and XVI  are the equilibrium constants for reaction of the 

formation TiO2 and Al2O3 oxides. Equations XV and XVI  can be transformed into 

another form: 

Equation  XVII    

Equation XVIII    

 

The kinetic data obtained from the oxidation experiment at 923 and 973 K 

followed by logarithmic law in initial period, after 2 hours the kinetics followed by 
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parabolic rate law. With increase a temperature (1023, 1073, 1123 K) the Ti6Al4V 

alloy followed by linear �± parabolic rate low.  

The mechanism of phase development in Ti6Al4V alloy presented in this 

study [54] is in contradiction with the results presented by the same authors in other 

study [55]. Du and Datta exposed to atmospheric air Ti46.7Al1.9W0.5Si alloy at 

temperature range between 1023 �± 1223 K. Researchers suggested that formation of 

TiO2 is more favourable than Al2O3 due to the following calculations: 

Equation  XIX    

Equation  XX    

Du and Datta observed that in high partial pressure of oxygen (pO2 = 

21278.25 atm in atmospheric air) in oxidation environment the scale has a multilayer 

structure as shown in figure 32: 

 

 

 

 

 

 

 

 

 

 

 

Figure 32  The scale development after oxidation at temperature range 1023 �± 

1223 K for Ti46.7Al1.9W0.5Si alloy in static air [55]  

 

In this study Du and Datta et al. [55] investigated the oxidation process of 
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Al 2O3, TiO2 beneath Al2O3 layer, underneath TiO2 a TiN ceramic layer was detected. 
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= 21278.25 Pa, pN2 = 79033.5) diffuses inwards through the TiO2 outer scale and 

Al 2O3 inner region to Ti enrich region where following reaction appears: 

Reaction 9    

Thus TiN creates beneath the Al2O3 layer, meantime O2 diffuses inward to 

the interface between Al2O3 and TiN layer. In this moment the partial pressure of 

oxygen reaches the certain level, where TiN becomes unstable and released N2 from 

TiN phase according to the following reaction: 

Reaction 10     

The released N2 from reaction 10 migrates inward, the partial pressure of N2 

increased, in the same moment the outward diffuses Ti4+ ions from the substrate 

(Ti46.7Al1.9W0.5Si alloy) produce a TiN phase again according to the reaction 10: 

Reaction 11     

In the result of TiN formation (reaction 11) the concentration of Ti in the 

material, near to the scale/substrate interface, is depleted. The depleted region of Ti 

is used for the formation of the new phase TiAl2 as shown in figure 32.  

Thus Du and Datta [55] suggested in atmospheric air the formation of TiN 

and TiAl2 whereas in the paper [54] researcher forgot to mention about the formation 

of these two phases (TiN and TiAl2). Furthermore the total concentration of Ti in 

Ti6Al4V alloy is higher than in Ti46.7Al1.9W0.5Si alloy, and authors should expect 

the formation TiN phase. Moreover the temperature range was almost the same in 

both studies [54, 55]. It needs to be added that similar result with TiN formation was 

also suggested by another authors [56,57,58], where researchers found, that beneath 

mixed TiO2+Al2O3 oxide scale, a thin TiN layer formed.  

It is important to note that the Ti46.7Al1.9W0.5Si alloy is an ordered and 

Ti6Al4V alloy is a disordered intermetallic material. However in the in both alloys 

(Ti46.7Al1.9W0.5Si, Ti6Al4V) are sufficient amount of Ti to develop a thin TiN 

layer in the inner part of the oxide scale.  
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Chapter II �� Section 2 - Critical Literature Review �� 

Sulphidation/Oxidation of �J - TiAl alloys  
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Ch.II.Sec.2.1 Introduction to literature review  
 

This chapter of PhD thesis will review some of the results obtained in the 

field of the sulphidation/oxidation of the different alloys at high temperature (above 

873 K).  



Northumbria University at Newcastle upon Tyne 
 

96 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

Ch.II.Sec.2.2 Background of sulphidation and 

thermodynamical data  

 

The degradation of the metallic alloys in highly sulphidized environments 

(pure S2 or experiments at high partial pressure of S2 and low partial pressure of O2) 

is a major concern of many industries �± power generation, aerospace, processing. 

At temperature above 973 K the S2 is an important reactive species; at lower 

temperatures the species are S6, S7, and S8.  

Sulphur environment is more aggressive for metals than oxygen [59]. Silver 

in atmosphere of oxygen is a noble metal, but at temperature above 423 K Ag reacts 

very violently in sulphur environment, also copper react very rapidly with sulphur 

according to the following reaction: 

Reaction 12       

Common structured metals; Iron, Nickel, Cobalt and their alloys with the 

addition of aluminium or chromium react also with sulphur faster, and reaction rates 

are several orders of magnitude higher than in oxygen atmosphere. Table 12 

compares the oxidation and sulphidation rates. 

Reacting gases 
Parabolic rate constant kp [g2/(cm4s)] 

Ni Co Fe Cr 
O2 9.1x10-11 1.610-9 5.510x10-8 4.5x10-12 

Temperature 1273 K 1223 K 1073 K 1273 K 
S2 8.5x10-4 6.7x10-6 8.1x10-6 8.1x10-7 

Temperature 923 K 993 K 1073 K 1273 K 

Table 12  Parabolic rate constants kp for oxidation and sulphidation of some metals 

in O2 and S2 respectively at 101325 Pa [60]  

The higher sulphidation rate is related to the higher deviation of the 

stoichiometry in sulphides (product of reactions) and higher concentration of lattice 

defects. Table 13 shows the defect concentration in Cu2-yS and Cu2-yO: 

Compound Defect concentration Atmosphere Temperature [K] 
Cu2-yS 17% 101325 Pa S2 973 - 1223 
Cu2-yO 2x10-3 10132.5 Pa O2 1298 

 

Table 13  Defects concentration in copper oxide and copper sulphide [61]  
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It is be noted that in the sulphides the defects are in cationic site of atomic 

lattice (sulphides of silver, copper, cobalt, iron, chromium) and consequently the 

scales on these metals develop via outward diffusion of metal cations For example: 

Cu2-yS , Co2-yS, Fe2-yS, Cr2-yS3, Ag2-yS, Ni3-yS3, Ni1-yS. 

In these sulphides, self diffusion is much larger than in oxides Al2O3, SiO2, 

Cr2O3, NiO, and FeO. On other hand in manganese sulphide (MnS), the deviation of 

stoichiometry is lower by one order of magnitude than in MnO [62]. Sulphides of 

refractory elements also possess smaller number of defects in the structure; WS2 and 

MoS2 [59].  

The large amount of lattice defects in growing sulphide scales (MxSy) show 

that the scale grows due to the lattice diffusion. This fact probably explains that the 

curves frequently show parabolic behaviour. Thus grain boundary diffusion is less 

important for sulphides kinetics.  

Also lower melting points of sulphides in contrast to those of oxides promote 

faster rate of reaction during the exposure of metals to high temperature above 

(600oC (873 K)) at the liquid phase/scale interface. 

 This behaviour is related to the commonly used alloy: Ni, Co and Fe; Ni and 

Ni3S2 create Ni-S liquid solution at 908 K, Co and Co4S3 form Co �± S liquid solution 

at 1073 K, and in case of Fe, iron with Fe �± S generates liquid solution at  1258 K.  

The formation of sulphides are harder than the formation of oxides; from 

thermodynamic point of view �± the free energies of formation for sulphides are 

higher than those for oxides [62]. Table 14 presents values of oxides 

and sulphides: 

Sulphides Oxides 
Compound  Compound  

Al 2S3 - 219 Al 2O3 - 429 
Cr2S3 - 135 Cr2O3 - 261 
FeS - 86 FeO - 176 
CoS - 80 CoO - 136 
NiS - 88 NiO - 127 
MnS - 190 MnO - 294 

Table 14  Standard free energies of formation calculated for sulphides and oxides at 

1273 K [62]  

In order to estimate phase formation in sulphidized and oxidised 

environments Du and Datta at el. [60]  assumed that in the environment containing 
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oxygen or sulphur the following reactions need to be considered for a divalent metal, 

M: 

Equation XXI      

Equation XXII       

The equilibrium oxygen and sulphur partial pressure are defined by the 

following relations: 

Equation XXIII      

Equation XXIV      

Equations XXIV  and XXV allow the establishment of conditions necessary 

for oxidation and sulphidation; however a further reaction must be considered:  

Equation XXV     

With the equilibrium condition:  

Equation XXVI      

 If unit activities are assumed for the phases MO and MS, Eq.XXVI  can be 

reduced to:  

Equation XXVII      

From equations presented above (equations: XXII �± XXVII ) it is possible to 

predict the formation of possible products during oxidation and sulphidation 

experiments. Furthermore an examination of equations; XXIII, XXIV, and XXVII  

allows to predict the formation of various corrosion product as follows: 

 

 

 



Northumbria University at Newcastle upon Tyne 
 

99 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

1. If (pO2)gas > (pO2)eq and (pS2)gas < (pS2)eq, then MO is the only stable surface 

phase 

2. If (pO2)gas < (pO2)eq and (pS2)gas > (pS2)eq, then MS is the only stable surface 

phase 

3. If (pO2)gas > (pO2)eq and (pS2)gas > (pS2)eq, then both MO and MS are stable 

surface 

 

Equation XXVII  indicates that the formation of only one phase depending 

on which of the following conditions prevail: 

- such conditions are favoured for sulphide (MS) 

formation (equation XXV) and sulphide will be the stable phase, where the metal is 

in contact with gas. 

- such conditions are favoured for oxide formation and 

MO phase will be the stable phase, and equation XXV  will move to the right. 

Moreover it is very important to mention, that the formation of sulphides 

can be presented in form of graph; Ellingham �± Richardson diagram.  Ellingham �± 

Richardson diagram showing a standard free energy of formation of sulphides [] 

as a function of temperature [K] is presented in figure 33: 
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Figure 33  Ellingham �± Richards diagram for sulphides formation as a function of 

standard free energy, temperature and sulphur partial pressure  [60]  

If equilibrium partial pressure is known, it is possible to form a 

thermodynamic stability diagram, as presented on figure 34. This type of diagram 

gives the stability of all relevant phases; metal, oxide, and sulphide at a given 

temperature. 

 

 

 

 

 

 

 

 

Figure 34  Phase stability diagram for sulphides and oxides as a function of log of 

pS2 and pO2 [60]  
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Two dimensional diagram for metal (M) exposed to oxidizing �± sulphidising 

atmosphere can be determined by reactions presented below: 

Reaction 13      

Reaction 14      

Reaction 15      

The equilibrium from reactions 13 and 14 define a critical pressure of pO2 

and pS2 (dissociation pressure) for M/MO and M/MS equilibrium; reaction 15 

denotes the critical pO2/ pS2 ratios for MS/MO [63]. Figure 34 shows the stability 

diagram, which present the stability range for oxides and sulphides products. 

Diagram shows that: 

A) Metal is only stable phase 

B) Oxide is only stable phase 

C) Sulphide is only stable phase 

It should be noted that the gas equilibrium can be determined for many 

mixtures of gases at different temperatures and pressures. However as the surface of 

the substrate exposed to corrosive environments (oxidation, sulphidation, hot 

corrosion) is covered with corrosion products (oxides, sulphides, carbides), 

thermodynamics cannot be employed in order to predict the progress in corrosion 

development. In such condition, kinetics, and diffusion processes play the most 

important role in the degradation of the metallic materials.  

 

Ch.II.Sec.2.3 Sulphidation of specific alloys  

 

Ch.II.Sec.2.3.1 Ni �� Cr and Fe �� Cr binary alloys  

 

Ni �± Cr and Fe �± Cr alloys exhibit similar behaviour in sulphidising 

environments. The sulphidation resistance depends on the chromium content in the 

bulk material.  
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Mrowec and Webber [59] investigated a series of alloys Ni �± Cr with 

chromium content (up to 20 at %) in highly sulphidized environments (pS2 = 101325 

Pa) in the temperature range 773 �± 1223 K. They distinguished three different 

periods of corrosion which depending on chromium content. When the content of 

chromium was 0.1wt %, the scale morphology consisted of one phase; solid solution 

of chromium sulphide (Cr2S3) in nickel sulphide (NiS). The scale development was 

due to the outward diffusion of metal. The corrosion resistant of this type of Ni 

alloys (with 2 wt% of Cr) in sulphidising atmosphere was lower than for pure Ni. 

The faster corrosion was due to the presents of Cr3+ ions introduced into the crystal 

lattice of NiS. Furthermore the NiS compound is a p type semiconductor with 

insufficient cations in the NiS lattice. When Cr3+ is introduced to the NiS lattice, then 

concentration of cation vacancies will increase.  

When the Cr content was between 0.1 and 20 wt% the scale had a two phase 

structure; the outer layer consisting of NiS and the inner layer consisting of Cr2S3.  

The scale morphology for these conditions was similar to that of the first 

condition and consisted of solid solution of NiS in Cr2S3. The improvement in 

corrosion resistance was due to the introduction of Ni2+ ions to the Cr2S3 lattice. It 

was observed by Mrowec and Weber [59] that the Cr2S3 is also a semiconductor of 

type p with an insufficient amount of cations in Cr2S3 lattice. Thus when Ni2+ ions 

are introduced the defects concentration in Cr2S3 lattice is decreased.  

The mechanism of the development Fe �± Cr scale morphology was similar to 

that of Ni �± Cr alloys. Weber and Mrowec [59] observed that high content Fe-Cr 

alloys formed Cr2S3 scale with some of inclusions of Fe2+ ions.   

In another study by Romeo [64] a low corrosion resistance of low Cr content 

in Ni and Fe base alloys was observed at high temperature (above 873 K). 

The low corrosion resistance occurred, due to the formation of a liquid Ni - 

Ni3S2 solution at 908 K with inclusions of Cr. The low content of Cr was insufficient 

to develop a protective Cr2O3 oxide scale, the higher concentration of Ni2+ in the Ni 

�± Cr alloy matrix and high sulphur pressure (pS2 = 1 Pa) was sufficient to developed 

a liquid phase of Ni �± Ni3S2. 

The study carried out by Vineberg and Douglass [65], Ni10Cr5Al, Ni10Cr-

5Al, and Ni50Cr5Al with and without addition of 1wt% of Y were investigated in the 

sulphidation atmosphere (10132.5 Pa of S2) at 973 K.  
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Table 15 shows the chemical composition of alloys, partial pressure of 

sulphur, experiment temperature, and duration of the test. 

 

Alloy [wt%]  Sulphur pressure [Pa] Temperature [K] Time [hours] 
Ni10Cr5Al 10132.5 973 15 
Ni20Cr5Al 10132.5 973 12 
Ni50Cr5Al 10132.5 973 24 

Ni10Cr5Al-1Y 10132.5 973 24 
Ni20Cr5Al-1Y 10132.5 973 24 
Ni50Cr5Al-1Y 10132.5 973 24 

Table 15  Experimental details of exposed Ni-Cr-Al alloys to sulphidation 

environments at 973 K [65]  

This study [65] showed the development of two types of morphology on three 

different Ni �± Cr alloys (Ni10Cr5Al, Ni20Cr5Al, and Ni50Cr5Al).  

 In details the alloys with the lowest content of chromium (Ni10Cr5Al, 

Ni10Cr5Al) produced a lamellar scale with two forms of structure; the bright layer in 

the scale of Ni10Cr5Al, was occupied by NiS1.03, the dark areas of the scale 

developed on Ni10Cr5Al consisted of mixed sulphides (Cr2S3 and Al2S3).  

The sample with higher amount of chromium (Ni20Cr5Al) after 12 hours of 

sulphidation at 973 K developed similar structure of the scale as in (Ni10Cr5Al), 

scale consisted an outer layer NiS1.03, and inner lamellar layer built from lamellae of 

Cr2S3 and Al2S3 in NiS1.03 matrix.  

The scale developed on the alloy with the highest contents of Cr (Ni50Cr5Al) 

was thin and brittle; this scale spalled off from the substrate (Ni50Cr5Al) during the 

cooling down period. Scale mainly consisted chromium sulphide (Cr2S3). 

Alloys Ni10Cr5Al with/without small addition of Y (1 wt %) exposed to the 

same environment (10132.5 Pa sulphur pressure at 973 K) developed a similar scale 

morphologies. Furthermore the addition of 1 wt% yttrium did not change scale 

morphology in Ni10Cr5Al-1Y alloy. The developed scale on Ni10Cr5Al-1Y alloy 

consisted of an outer layer of NiS1.03 and inner layer of Cr2S3 and Al2O3 lamellae in a 

NiS1.03 matrix. Yttrium in Ni10Cr5Al-1Y alloy was detected on the grain boundaries 

at the scale/alloy interface. 

The alloy (Ni20Cr5Al-1Y) investigated for 24 hours at 973 K developed also 

NiS1.03 as an outer layer and an inner layer of lamellae of mixed Cr2S3 and Al2S3 in a 

NiS1.03 matrix. The outer NiS1.03 was relatively massive, accounting for the half of the 
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overall scale thickness developed during 24 hours of sulphidation at 973 K). This 

scale was adherent and uniformly covered the whole Ni20Cr5Al-1Y exposed alloy. 

For the same alloy without 1 wt % of yttrium (Ni20Cr5Al), the scale also consisted 

of an outer NiS1.03 layer but the scale was thinner and less uniform.  

Sample with highest amount of chromium (Ni50Cr5Al-1Y) and with addition 

of 1 wt % of yttrium, showed the development of very thin Cr2S3 scale. The Cr2S3 

scale was non adherent, and easily spalled off from the surface of the alloy 

(Ni50Cr5Al-1Y) during cooling from the sulphidation temperature 973 K. 

Vineberg and Douglass [65] also observed that mass gain for samples with 

low content of Cr (Ni10Cr5Al, Ni20Cr5Al, Ni10Cr5Al-1Y, and Ni20Cr5Al-1Y) 

followed a linear rate law, whereas the alloys with the highest amount of Cr 

(Ni50Cr5Al, Ni50Cr5Al-1Y) followed by parabolic rate law when exposed to 

10132.5 Pa sulphidation environment at 973 K. The role of yttrium to improve the 

sulphidation resistance of Ni �± Cr �± Al alloys at 973 K acted to reduce the rate of 

reactions at high temperature 973 K. Yttrium dissolves in Cr2+yS3 sulphide as a 

donor. The dissolved Y5+ ions decrease the concentration of interstitial Cr3+ and 

reduce the rate law. Authors [65] suggested also that different mechanism may occur; 

yttrium has a large ionic size, thus adsorption is possible in the grain boundaries in 

order to minimize the strains energy. Moreover the yttrium ions fit better in the grain 

boundaries than in the lattice structure due to their size.  

Morphologies of exposed samples are almost the same, but thickness of the 

scale is different.  

Similar results were obtained by Zurek [66], who exposed Ni22Cr10Al-1Y 

alloy to H2/H2S gas mixture with 10-3 Pa and 1 Pa at 1173, 1273 K. 

The same alloy (Ni22Cr10Al-1Y) also was exposed to SO2 atmosphere at the 

same temperatures (1173 and 1273 K). The alloy Ni22Cr10Al-1Y during 

sulphidation at 1 Pa of S2 in H2/H2S gas mixture showed a linear rate law. The fast 

rate of the corrosion of the exposed sample (Ni22Cr10Al-1Y) at 1 Pa sulphur 

pressure at 1173 K an 1273 K was due to the formation of liquid eutectic (Ni �± 

Ni3S2) which forms at 908 K [67]. At lower pressure (pS2 = 10-3 Pa) NiS was 

unstable and the sulphidation rate was lower, following to a parabolic rate law.  

 In case of SO2 exposure at high temperatures (1173 and 1273 K 

respectively), the corrosion rate were lower than that in a H2/H2S gas mixture. The 

corrosion rate at 1173 and 1273 K respectively, in SO2 atmosphere was lower due to 



Northumbria University at Newcastle upon Tyne 
 

105 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

the formation of Al2O3, NiO, and Cr2O3 oxide. The formation of Al2O3, NiO, and 

Cr2O3 reduced the ingress of S2 from atmosphere to the bulk material and blocked the 

formation of liquid eutectics (Ni �± Ni3S2) which forms at 908 K. 

The scale formed during sulphidation in H2/H2S gas mixture consisted of 

NiCr2S3, Ni3S2, and CrxSy at 1173 K. The chromium rich �± sulphide phases (CrxSy) 

were developed when partial pressure of S2 was decreased (from 1 Pa to 10-3 Pa) and 

the temperature was increased from 1173 K to 1123 K. When Ni22Cr10Al-1Y alloy 

was exposed to SO2 atmosphere in the temperature range; 1173 K to 1123 K then 

various oxides were developed (Al2O3, NiO, Cr2O3). 

Douglass and Wu [68] investigated the sulphidation behaviour of Ni-Cr-Mo 

alloys with various Cr and Mo contents (Table 16) at 973 K for 11 hours. The effect 

of molybdenum additions (5, 10, 15, and 20 wt %) to Ni �± Cr alloy was investigated 

in pure sulphur vapour at 973 K, along with the effect of chromium addition (5, 10, 

15, and 20 wt %). The results obtained by Douglas and Wu [68] are similar to those 

observed by Vineberg [65] and Zurek [66]. Douglas and Wu [68] observed that NiCr 

alloys with the addition of Mo (5, 10, 15, and 20 wt% of Mo) in pure sulphur vapour 

at 973 K showed a linear or near linear rate law. 

The sulphidation kinetics of Ni20Mo alloy was slightly lower than that of 

Ni20Cr. Alloys with the smallest addition of ternary element (Ni20Cr-5Mo and 

Ni20Mo-5Cr) showed the highest reaction rate. It is interesting to note that the 

highest alloying addition of Mo (20 wt %) in Ni20Cr alloy had no significant benefit 

for the sulphidation rate. All exposed alloys (Table 16) developed multilayered 

scales. The outer layer of the scale of exposed alloys in sulphidation at pure sulphur 

vapour at 973 K for 11 hours always consisted of NiS1.03 scale, underneath NiS1.03 

scale, Cr3S4 with inclusion of dissolved Mo appeared.  

The Cr2S3 phase developed between of the Cr3S4 layer and the outer NiS1.03 

layer was generally observed in the Cr containing alloys, expect Ni20Mo5Cr alloy. 

The innermost MoS2 phase developed on the all alloys which content more than 10 

wt% of Mo at pure sulphur vapour at 973 K. Table 16 presents the scale structures 

on exposed samples:  

 

 

 

 



Northumbria University at Newcastle upon Tyne 
 

106 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

 

Alloy Scale structure 
P

ure S
ulphur V

apour 

Ni20Cr Cr3S4 Cr2S3 Ni3S2/NiS1.03 
Ni20Cr-5Mo (Cr/Mo)3S4 Cr2S3 NiS1.03 
Ni20Cr-10Mo MoS2 (Cr/Mo)3S4 Cr2S3 NiS1.03 
Ni20Cr-15Mo MoS2 (Cr/Mo)3S4 Cr2S3 NiS1.03 
Ni20Cr-20Mo MoS2 (Cr/Mo)3S4 Cr2S3 NiS1.03 

Ni20Mo MoS2/Mo2S3 Ni3S2/NiS1.03 
Ni20Mo-5Cr (Mo, Cr)S2 MoS2 Cr3S4 NiS1.03 
Ni20Mo-10Cr MoS2 (Cr/Mo)3S4 Cr2S3 NiS1.03 
Ni20Mo-15Cr MoS2 MoS2 /(Cr/Mo)3S4 Cr2S3 NiS1.03 

Table 16  Scale structures developed during sulphidation in pure sulphur vapour at 

973 K for 11 hours [68]  

Douglass and Wu [68] concluded, that the formation of phases with high 

number of defects: (Cr3S4 and NiS1.03) in all exposed samples (Table 16) at 973 K is 

a one of the main concerns.  

Furthermore the addition of various content of Mo (5, 10, 15, and 20 wt% of 

Mo) to exposed alloy (Ni20Cr) did not prohibit the formation of these scales (Cr3S4 

and NiS1.03), the authors suggested that the lack of formation Mo2S3 in the outer layer 

of corrosion product is due to the lack of required Mo content or due to the lack of 

elements which can stabilize the Mo2S3 phase. 

 The results presented by Douglass and Wu [68], reported no benefits have 

due to the addition of Mo; these results are in contradiction with work reported by 

Young [71].  

�<�R�X�Q�J�¶�V���>69] results showed that the sulphidation of Ni20Mo alloy at 973 K 

in H2/H2S mixture at low partial pressure of sulphur (pS2 = 5x10-6 Pa) led to the 

formation of Mo2S3 phase; also this phase was very protective (due to the low defects 

amount in the atomic lattice). The same author [69] observed that in the pressure 

range (pS2 = 2x10-3 Pa �± pS2 = 103 Pa) a duplex structure developed on Ni20Mo 

alloy consisting of; an outer layer of solid nickel sulphide, underneath the outer solid 

nickel layer a liquid Ni-Mo sulphide phase existed and an inner layer with a two 

phase structure: MoS2 and nickel sulphide. Schematic diagram in figure 35 shows 

the phase structure on sulphidized Ni20Mo alloy at 973 K in pS2 = 2x10-3 Pa �± pS2 = 

103 Pa. 
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Figure 35  Schematic diagram presents a phase formation on Ni20Mo alloy after 

sulphidation at 973 K at (pS2 = 2x10 -3 Pa �± pS2 = 10 3 Pa) [69] 

 

The same author [70] investigated the behaviour of ternary alloys of NiCrMo; 

Ni20Cr5Mo exposed to H2/H2S gas mixture, where pS2 = 6.07x10-1 Pa at 700oC (973 

K).  

The lower kinetic growth of ternary alloy (Ni20Cr5Mo) compared to the 

binary Ni20Cr alloy was associated to the destabilization pressure of Cr3S4 upon the 

addition of Mo, and raising the dissociation pressure of Cr3S4. 

Southwell and Young [71] investigated the sulphidation behaviour of the 

binary alloys: Fe25Cr, FeMn and ternary alloys:  Fe10Mn10Cr, Fe20Mn25Cr and 

Fe25Mn10Cr at temperature range 973 �± 1073 K in H2/H2S mixture corresponding to 

equilibrium sulphur partial pressures of 10-3 Pa and 8 Pa.  

The authors concluded that even the binary alloy FeMn develops a duplex 

scale consisting of: Fe(Mn)1-x�6�� �O�D�\�H�U�� �D�E�R�Y�H�� �D�� �.-Mn(Fe)S layer under pS2 = 10-3 Pa 

and 8 Pa at 973 and 1073 K. Fe25Cr binary alloy developed two different scales. At 

higher temperature 1073 K at pS2 = 10-3 Pa and 8 Pa Fe25Cr alloy developed a scale 

consisting an outer layer Cr (Fe)1-xS and inner Cr(Fe)Sx. Furthermore at 973 K with 

pS2 = 8 Pa, Fe25Cr alloy developed a third intermediate layer of (Cr,Fe)3S4.  

Similar to Fe25Cr binary alloy, the ternary Fe25Cr10Mn and Fe10Mn10Cr 

alloys developed Cr3S4 layers at 973 K and pS2 = 8 Pa, this scale (Cr3S4) was not 

observed when pS2 = 10-3 Pa at 973 K and also at 1073 K in both atmospheres where 

pS2 (10-3 and 8 Pa). The phase formation observed on the binary Fe25Cr alloy is in 

Solid nickel sulphide (NiS1,03) 

Liquid (Ni, Mo) S sulphide phase 

MoS2 

 

Nickel sulphide 

Ni20Mo alloy 
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good agreement with results obtained by Narita and Smeltzer [72] where Fe5Cr to 

Fe60Cr alloys were investigated. 

The high content of Cr (25 wt %) in ternary alloy Fe10Mn25Cr formed Cr3S4 

layer in both sulphur pressures (10-3 and 8 Pa) at 973 K, in other hand at 1073 K high 

content Cr alloy (Fe10Mn25Cr) was not formed Cr3S4 layer in both partial pressures 

(10-3 and 8 Pa).  

The lack of formation of Cr3S4 when pS2 = 10-3 Pa at 973 K and at 1073 K in 

both atmospheres where pS2 = 10-3 and 8 Pa was suggested to be associated with the 

low activity of Cr at 973 K in 10-3 Pa sulphur partial pressure. Furthermore a low 

concentration (10 wt %) of Cr in ternary alloys (Fe25Mn10Cr and Fe10Mn10Cr) was 

insufficient amount to develops the Cr3S4 scale at 1073 K in both atmospheres where 

pS2 (10-3 and 8 Pa). 

It was observed by the authors [71] that Mn improves the sulphidation 

resistance because Mn �± S system is much more refractory with eutectic temperature 

equivalent to 1515 K. Furthermore the sulphidation of Mn leads to the formation of 

�D-MnS phase. �D-MnS phase has unusually small diffusion coefficient, due to the 

small deviation from stoichiometry [61]. In order to estimate which phase should 

form before other, authors [71] present a table (Table 17) with free energy of 

formation of different sulphide at 973 and 1073 K. 

Compound T = 973 K T = 1073 K 
FeS -198 -188 

FeCr2S4 -226 -214 
Cr3S4 -271 -258 
CrS -296 -285 
MnS -410 -398 

Table 17  Standard free energy in of formation [kJ] for selected sulphides at  973 

and 1073 K [71] 

 

Diagrams below (Figs. 36 - 39) show the scale morphology of exposed alloys 

ternary Fe10Mn10Cr, Fe20Mn25Cr and Fe25Mn10Cr alloys at temperature range 

973 �± 1073 K in H2/H2S mixture corresponding to equilibrium sulphur partial 

pressures of 10-3 Pa and 8 Pa.  
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Figure 36  Diagram of scale morphology of Fe25Mn10Cr at 1073 K in pS2 = 8 Pa 

[71]  

 

 

 

 

 

Figure 37  Diagram of scale morphology of Fe10Mn10Cr at 973 K in pS2 = 8 Pa [71]  

 

  

 

 

 

 

 

Figure 38  Diagram of scale morphology of Fe10Mn10Cr at 973 K in pS2 = 8 Pa [71]  

 

 

 

 

 

 

 

Figure 39  Diagram of scale morphology of Fe25Mn10Cr at 973 K in pS2 = 8 Pa 

  

 The high Cr alloy Fe10Mn25Cr formed a four layers of morphology in both 

values of pS2 (10-3 and 8 Pa) at 973 K. The developed scale was similar to those 
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formed on low chromium alloys (Fe10Mn10Cr, Fe25Mn10Cr). At higher 

temperature (1073 K) and in pS2 = 8 Pa an additional layer (FeCr2S4 + Cr3S4 + Fe) is 

formed at the scale base. 

Figure 40 presents a diagram of the scale morphology of exposed to (1073 

K) and pS2 = 8 Pa Fe10Mn25Cr alloy. 

 

 

 

 

 

 

Figure 40  Diagram of scale morphology of Fe10Mn25Cr at 973 K in pS2 = 8 Pa 

 

Fe10Mn25Cr alloy in pS2 = 10-3 Pa at 1073 K consisted of three layers; the 

type of layers was the same as in the low content chromium alloys (Fe10Mn10Cr, 

Fe25Mn10Cr); a thin outer layer of Fe1-xS and a thick innermost Fe1-xS + FeCr2S4. 

All exposed alloys (Fe10Mn10Cr, Fe20Mn25Cr, and Fe25Mn10Cr) reacted 

according to the parabolic rate law. The Fe25Mn alloy showed the highest 

sulphidation rate at 973 K in sulphur pressure pS2 = 8 Pa. The best performance was 

observed for Fe10Mn25Cr alloy at 973 K but not at 1073 K. The addition 10% of Cr 

to Fe10Mn alloy decreased the sulphidation resistance under the most reaction 

conditions due to the substitutional dissolution of Cr3+ in MnS lattice postulated by 

Papaiacovou [73]. Substitutional dissolution increases the cation vacancy 

concentration in MnS matrix, and then MnS become more defected. 

 

Ch.II.Sec.2.3.2 M-CrAlYX alloys 
 

The sulphidation/oxidation behaviour of M-CrAlYX alloys was studied in 

details by Du and Datta [74,75] (where M is Co or Fe and X is V, Nb, Mo or W 

added in combination and in different amounts) at temperature 1023 K at pS2 = 10-1 

and pO2 = 10-18 Pa for 240 hours. For each exposed alloy a parabolic rate law was 

achieved at prolongated time of exposure (240 hours). It is important to note that the 

inclusion of Mo in the alloy which contains V and Nb and of combined mixture of 

Mo and W led to improved sulphidation/oxidation resistance at 1023 K. 
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The authors [74, 75] also observed superior degradation resistance when Co 

element was partly replaced by Fe. The scale formed on exposed samples in 

(CoCrAlYX) in (sulphidation/oxidation environment at pS2 = 10-1 and pO2 = 10-18 Pa 

at 1023 K at pS2 = 10-1 and pO2 = 10-18 Pa for 240 hours) showed the development of 

a multilayer structures as presented in figure 41. 

The outer layer was occupied by Co9S8 and Co3S4 phases, inner layer 

consisted of Cr3S4, and an innermost layer contained of chromium and refractory 

metal sulphide.   A schematic diagram presented on figure 41 shows that at the 

initial period of exposure the high affinity of Co to S2 in CoCrAlYX favours the 

formation of Co9S8 or Co3S4; these phases start to form in the beginning on the 

surface of exposed material (CoCrAlYX alloy)  to 1023 K in pS2 = 10-1 and pO2 = 

10-18 Pa atmosphere. At the same time a thin layer of �D - Al 2O3 starts to develop 

underneath sulphide outer layer (Fig. 41a).  
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Figure 41  Scale development of exposed CoCrAlYX alloy at 1023 K at pS2 = 10 -1 

and pO2 = 10 -18 Pa for 240 hours [74, 75] 

After initial period the pS2 decreases below the level of dissociation pressure 

of cobalt sulphide. At this moment when dissociation pressure of cobalt sulphide 

drops down, cobalt sulphide starts to decompose to Co3+ cations and sulphur anions 

S2- (Fig 41a), according to the reaction 16: 

Reaction 16      

This type of mechanism when cations of metal (cobalt) are released is called 

�³dissociation mechanism�  ́and was described in details by Mrowec [76].  

Released cobalt cations from decomposed cobalt sulphides, diffuse outward 

and starts to react with sulphur on the top of the scale, where partial pressure of 

sulphur is enough high enough to develop Co9S8 and Co3S4 (Fig. 41b).  
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Reaction 17      

Furthermore sulphur anions diffuse inward, where chromium cations with 

high activity start to form a chromium sulphide (Cr3S4) as reaction below presents: 

Reaction  18      

Sulphur anions (S2-) also react with refractory metal (Mo) to develop 

refractory sulphides: 

Reaction  19      

Reaction 20       

The development of an inner layer decreases the partial pressure of sulphur 

and decreases the inward diffusion of sulphur (Fig. 41c). It needs to be stated that the 

dissociation of cobalt sulphides (Co3S4 and Co9S8) does not increase the thickness of 

the scale, but only shift the outer/mid layer interface in the outward direction. The 

formation of duplex scale also was observed in FeCrAlYX alloy after sulphidation at 

temperature 1023 K in pS2 = 10-1 and pO2 = 10-18 Pa for 240 hours. The outer layer 

was occupied by Fe3S4, Co9S8, and Cr3S4, the inner layer with sulphides of chromium 

and refractory metals (W, Mo, and Nb). Furthermore both types of alloys 

(FeCrAlYX and CoCrAlYX) developed a thin alumina oxide layer, between the 

substrate and the inner scale, the formation of Al2O3 thin layer was suggested to 

decrease an outward diffusion of the base elements. In the case of Fe, Co alloys, a 

thin layer of Cr3S4, Fe3S4 and Co9S8 develops in the beginning of the sulphidation 

process at 1023 K in pS2 = 10-1 and pO2 = 10-18 Pa. The depletion of Co, Fe, and Cr 

decreases the activity of these elements in the alloys (Co, Fe alloys). Thus the 

activity values of refractory elements beneath the outer layer formed by Cr3S4, Fe3S4, 

and Co9S8, start to increase and the formation of refractory sulphides of Nb and V is 

initiated. During the formation of duplex (Cr3S4, Fe3S4, and Co9S8) scale Fe, Co, Cr 

ions diffuse outwards and form an outer layer, at the same time sulphur ions diffuse 

inward and develop an inner layer congaing vanadium sulphide and niobium 

sulphide. It was suggested that the adherent inner scale of V and Nb as well as Cr 

sulphide as an outer layer improves the sulphidation/oxidation behaviour of these 

types of alloys (Co, Fe alloys). Schematic diagram is illustrated on figure 42.  
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Figure 42  Schematic of diffusion direction during exposure to sulphidation 

environment pS2 = 10 -1 and pO2 = 10 -18 Pa at 1023 K [74 75] 

 
Ch.II.Sec.2.4 Sulphidation/Oxidation of TiAl alloys �� 

Critical review  

 

Until recently the high temperature sulphidation behaviour of TiAl and TiAl 

based intermetallics has not been studied extensively. 

Extensive work was carried out by Du and Datta with co partners [77], which 

investigated the sulphidation/oxidation behaviour of AlTiN coated 

Ti46.7Al1.9W0.5Si intermetallic alloy with and without the addition of NbN and 

CrN diffusion barriers at 1123 K in H2/H2S/H2O in pO2 = 10-18 Pa, pS2 = 10-1 Pa) for 

240 hours.  
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Figure 43  Oxidation/Sulphidation kinetic data for AlTiN, AlTiN+CrN, AlTiN+NbN 

coated and uncoated Ti46.7Al1.5W0.9Si alloy at 1123 K in H2/H2S/H2O atmosphere 

[77]  

Figure 43 shows the kinetic data obtained from sulphidation/oxidation test at 

1123 K for 240 hours in H2/H2S/H2O atmosphere. The sulphidation/oxidation test 

showed that mass gain of subjected materials showed the parabolic rate of the scale 

growth. The parabolic rate constant for the uncoated material (Ti46.7Al1.9W0.5Si) 

was equivalent to kp = 6x10-11 [g2/cm4/s]. Figure 43 shows kinetic data from 

sulphidized materials. 

The mass gain of coated samples reveals that the diffusional barrier coatings; 

NbN and CrN showed good protection against high sulphidized environment (pS2 = 

10-1 Pa). The mass gain of coated samples had a tendency to increase after 240 hours 

of exposure. AlTiN, AlTiN+CrN, AlTiN+NbN coated Ti46.7Al1.9W0.5Si base 

material showed enhanced the corrosion resistance with reduced mass gain. TiAlN 

coating employed on substrate material (Ti46.7Al1.9W0.5Si) did not improve the 

sulphidation/ oxidation corrosion resistance; the mass gain of coated sample (TiAlN  

coated Ti46.7Al1.9W0.5Si) was similar to that of uncoated material 

Ti46.7Al1.9W0.5Si and has the same tendency (appreciable increases in the mass 

gain after 75 hours of exposure) what is presented on Fig 43. The multi �± layered 

scale formed on uncoated material Ti46.7Al1.9W0.5Si consisted of: TiO2 (outer 

layer) Al2O3 beneath this layer and TiS layer (with scattered W particles) developed 
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as an inner layer.  The authors found that the fast outward diffusion of Ti from the 

substrate led to the formation of TiAl2 and TiAl3 layer between scale and substrate 

(due to reduce of Ti concentration in the substrate). Schematic diagram of scale 

development observed is presented in figure 44: 

 

 

 

 

 

 

 

Figure 44  Uncoated Ti46.7Al1.9W0.5Si after oxidation/sulphidation exposure at 

1123 K for 240 hours in H2/H2S/H2O atmosphere [77]  

The TiAlN coated Ti46.7Al1.9W0.5Si alloy developed a multilayered 

structure which consisted of: (TiO2/Al 2O3/TiS with W 

scattered/TiAl3/TiAl 2/substrate). This structure was similar to those formed on 

uncoated alloy Ti46.7Al1.9W0.5Si after sulphidation/oxidation at 1123 K in 

H2/H2S/H2O in pO2 = 10-18 Pa, pS2 = 10-1 Pa) for 240 hours. Figure 45 presents an 

EDS X-Ray mapping performed on TiAlN coated Ti46.7Al1.5W0.9Si alloy. The 

outer scale consist the TiO2 oxide, whereas Al2O3 developed under the outer oxide 

(TiO2), moreover S2 developed with Ti ions, TiS compound within the outer scale 

TiO2. The TiAl 3 and TiAl2 developed underneath the TiS layer due to the outward 

diffusion of titanium from bulk material to outer part of the scale, to form non 

protective TiO2. Depletion of Ti caused increase of Al activity and concentration in 

the alloy (Ti46.7Al1.5W0.9Si). On other hand the TiAl3 is very brittle phase, and 

such phase may causes spallation or cracks in the material during cooling periods.   

TiO2 layer 

Al 2O3 layer 

TiS+ W 

TiAl 3 

TiAl 2 
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Figure 45  Digimaps performed on sulphidized TiAlN coated Ti46.7Al1.5W0.9Si alloy 

at 1123 K in H2/H2S/H2O atmosphere [77]  

In case of TiAlN coated Ti46.7Al1.9W0.5Si with diffusion barrier of NbN 

and CrN, the enhanced corrosion resistance was due to the decreased outward 

diffusion of titanium from the substrate (Ti46.7Al1.9W0.5Si) through the ceramic 

coatings NbN and CrN. 

It was observed [77] that during exposure at 1123 K in H2/H2S/H2O in pO2 = 

10-18 Pa, pS2 = 10-1 Pa) for 240 hours the transformation occurred from NbN to Nb2N 

and CrN to Cr2N. The transformation occurred due to the outward diffusion of 

nitrogen from CrN and NbN ceramic phases during exposure at 1123 K in 

sulphidation/oxidation atmosphere.  
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The high temperature (1123 K) exposure to sulphidation/oxidation 

environment shows that the non protective TiO2 developed regardless of the presence 

of NbN and CrN diffusion barrier coatings on the top of the oxide scale. 

Du and Datta [78] prepared a model, to explain phase formation during 240 

hours of sulphidation test at 1123 K. The model predicts phase formation on the basis 

of thermodynamic calculations:  

Reaction  21      

Reaction 22      

 For these reactions standard free energies (J/mole) with temperature (T 

in Kelvin) has been estimated from equations XXVIII and XXIX  [79]: 

Equation XXVIII      

Equation XXIX      

The equations XXVIII and XXIX  show that preferentially titanium oxide 

will form first, because   has a smaller value compare to that of Al2O3. 

Thus, when Ti46.7Al1.9W0.5Si material is exposed to the sulphidation 

environment at high temperature (above 923 K) it is more favourable for TiO2 to 

form as Ti diffused faster than aluminium. 

During the investigation on oxidation/sulphidation environment at high 

temperature, the high affinity titanium and aluminium for oxygen leads to formation 

of an outer layer of TiO2 beneath which Al2O3 layer forms [80]. The development of 

TiO2 layer leads to the depletion of Ti increasing aluminium activity beneath the 

TiO2 layer which promotes the formation of Al2O3 layer by the ingress of oxygen 

species through the TiO2. The sulphur and oxygen ions diffuse through both oxides 

(TiO2 and Al2O3) and reach the interface between the scale and the substrate. 

 The oxygen partial pressure in the scale is lower than that in the external 

environment. In this case sulphur ingresses inward to reach the scale/substrate 

interface, high activity of Ti and high affinity Ti to S forms TiS compound. It is very 

important to note that the thermodynamic conditions do not allow developing 

tungsten sulphide, silicide, or oxide. When W reacts with oxygen and sulphur, some 

reactions take place: 
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Reaction 23       

Reaction  24      

The value of standard free energies ( , J/mole) with temperature in K, can 

be calculated from equations below [79]:  

Equation XXX     (Oxide)   

Reaction XXXI     (Sulphide)   

Equation XXXII      

Reaction XXXIII     

 

Assuming unity activities of WS2 and WO2, the minimum activities to form 

WS2 and WO2 at 1123 K are 10-2 and 7.3 respectively. The formation of WO2 can be 

excluded from phase formation because minimum W activity to formation WO2 is 

greater than unity. In case of WS2, the partial pressure of S2 in the scale formed 

during exposure is even lower that 6.8x10-1 Pa, so the minimum activity of W 

required developing WS2 will be higher than 10-2. Furthermore, W content was only 

equivalent to 1,9 at%, development of WSi can only decrease the activity of W 

further in the material, so WS2 cannot be formed due to the and low concentration, 

low activity and of this element in this condition of exposure.  

Another studies carried out by Du and Datta [78], was performed on 

Ti46Al8Nb1B, Ti-44Al8Nb1B, and Ti48Al2Cr2Nb1B (at %) in H2/H2S/H2O (pS2 �| 

6.8x10-1 Pa and pO2 �| 10-15 Pa) environment at 1123 K. Figure 46 shows a kinetic 

data for exposed samples. 
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Figure 46  Mass gain of exposed samples to H2/H2S/H2O environments at 1123 K in 

sulphidation/oxidation test  [78]  

 

All exposed samples show quasi �± parabolic or parabolic character. The mass 

gain of the exposed samples (Ti46Al8Nb1B, Ti-44Al8Nb1B, and Ti48Al2Cr2Nb1B) 

shows that increasing the Nb content enhanced corrosion resistance of the materials 

(Ti46Al8Nb1B, Ti-44Al8Nb1B). When the concentration of Nb decreased 

(Ti48Al2Cr2Nb1b) the highest mass gain of the exposed material occurred.  

All exposed materials (Ti46Al8Nb1B, Ti-44Al8Nb1B, and 

Ti48Al2Cr2Nb1B) developed a multi-layered scale.  

The TiO2 developed as an outer layer and beneath this TiO2, Al2O3 formed, 

and then TiO2 formed again. TiS and NbAl3 was observed below TiO2 layer where 

Al �± rich zone appeared. Al �± rich zone developed due to the formation of TiS and 

depletion of Ti from bulk material (outward diffusion of Ti). Decreases in Ti 

concentration in the materials (Ti46Al8Nb1B, Ti-44Al8Nb1B, and 

Ti48Al2Cr2Nb1B) leads to lower activity of Ti. 

Figure 47 shows a cross �± sectional SEM image of Ti48Al2Cr2Nb1B where 

multilayered scale developed. Figure 48 presents the EDS concentration profiles 

from the same sample. 
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Figure 47  Cross �± sectioned SEM of Ti48Al2Cr2Nb1B after 240 hours of 

sulphidation/oxidation test at 1123 K  [78] 

 

Figure 48  EDS concentration profiles of Ti48Al2Cr2Nb1B after 240 hours of 

sulphidation/oxidation test at 1123 K [78] 

 

Figure 48 shows the EDS concentration profiles of Ti48Al2Cr2Nb1b alloy 

after sulphidation at H2/H2S/H2O (pS2 �| 6.8x10-1 Pa and pO2 �| 10-15 Pa) environment 

at 1123 K for 240 hours. The alloy developed a thick (15 �Pm) outer layer consisting 

of TiO2. Underneath this TiO2 layer, Al2O3 formed (5 �Pm); this Al2O3 was partly 
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mixed with TiO2 phase which is demonstrated in the EDS concentration profiles 

(Fig. 48). 

On the scale/substrate interface the high concentration of sulphur developed 

TiS, underneath this TiS phase an NbAl 3 phase also formed. The multilayer scale 

contained: TiO2/Al 2O3/TiO2/TiS/NbAl3 respectively.  

Furthermore it is important to note that instead of TiAl2 and TiAl3 NbAl3 

phase formed due to outward diffusion of Ti from bulk material. Ti diffused outward 

and developed an outer layer which consisted of TiO2. The depletion of Ti due to the 

outward diffusion from bulk material caused higher concentration of Al in the 

substrate near to the substrate/scale interface where development of NbAl3 occurred.  

This situation means that affinity of titanium to oxygen is much greater than 

affinity of titanium to aluminium, or activity of titanium decreases below the 

required level which allows the formation of TiAl2 or TiAl3.  

Chromium was not detected in the outer scale due to the low diffusion 

coefficient compare to Ti (DCr = 8.21E-13 cm2/s, DTi = 3.37E-10 cm2/s), chromium 

only developed rich Cr zone underneath of NbAl3 phase.  

In case of Ti44Al8Nb1B alloy exposed to the same atmosphere (pO2 

�|1.2x10-15 Pa, pS2 �| 6.8x10-1 Pa) at 1123 K, multilayer scale was also formed (SEM 

image (Fig. 49)).  

 

 

 

 

 

 

 

 

 

Figure 49  Cross �± sectioned SEM image of Ti44Al8Nb1B after 240 hours of 

sulphidation/oxidation test at  1123 K [78] 
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Figure 50   EDS concentration profiles of Ti44Al8Nb1B after 240 hours of 

sulphidation/oxidation test at 1123 K  [78] 

 

Figure 50 shows and EDS concentration profiles where a thick TiO2 formed 

as a top layer (10 �Pm), underneath this thick TiO2 layer, a mixed layer of Al2O3 and 

TiO2 formed. The scale/substrate interface was occupied by NbAl3 thin layer (2 �Pm). 

The activity of sulphur in this alloy is smaller than in Ti48Al2Cr2Nb1b one, 

EDS investigation presented in figure 50 does not show TiS layer.  

Authors of this study [78] proposed mechanism of degradation of exposed 

alloys: Ti46AlNb1B, Ti-44Al8Nb1B, and Ti48Al2Cr2Nb1B to H2/H2S/H2O (pS2 �| 

6.8x10-1 Pa and pO2 �| 10-15 Pa) environment at 1123 K:  

Reaction  25     

Reaction 26      

Reaction  27     

Standard free energies of formation ( , [J/mole]) with temperature in K, 

can be calculated from equations (equations XXXIV �± XXXVI ) [79]: 

Equation XXXIV     
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Equation XXXV    

Equation XXXVI    

Equilibrium constants also in case of these reactions were calculated:   

Equation XXXVII    

Equation XXXVIII    

Equation XXXIX    

This mechanism is not very clear; the authors suggested the formation of 

Nb2O5, in the scale. In fact the EDS concentration profiles (Fig. 48, 50) performed 

on sulphidized/oxidised samples (Ti48Al2Cr2Nb1b, Ti-44Al8Nb1B respectively) 

does not show the Nb2O5. Furthermore, the formation of NbS or NbS2 is more likely 

to form that of Nb2O5; the activity of oxygen within the scale is smaller than sulphur 

(pS2 >> pO2 [Pa]) as oxygen was consumed to produce an outer layers (TiO2 and 

Al 2O3).  

It is well known from thermodynamic point of view that the formation of 

sulphides is faster than oxides (lower standard free energy of formation for sulphides 

than oxides). Table 18 presents values of free energy of the formation.  

 

Sulphides Oxides 
Compound  Compound  

Al 2S3 -219 Al 2O3 -429 
Cr2S3 -135 Cr2O3 -261 

Table 18  Standard free energies of formation calculated for sulphides and oxides at 

1273 K 

Du and Datta [78] also show a schematic diagram on Figure 51 for 

degradation of Ti46Al8Nb1B, Ti-44Al8Nb1B, and Ti48Al2Cr2Nb1B (at %) in 

H2/H2S/H2O (pS2 �| 6.8x10-1 Pa and pO2 �| 10-15 Pa) environment at 1123 K, diagram 

does not present relevant information for the formation of Nb2O5. 
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Figure 51  Degradation mechanism for TiAl based intermetallics in H2/H2S/H2O 

environment at 1123 K [78]  

 

It can be suggested that the small addition of Cr (Cr has a smaller oxidation 

grade (3+) compare to Ti (4+)) may change the electron structure in the atomic lattice 

of TiO2. Alloy (Ti48Al2Cr2Nb1b)  with small addition of Cr3+, produce the larger 

amount of defects in the atomic lattice of TiO2; scale is growing due to outward 

diffusion which increases amount of cations vacancies in the atomic lattice of TiO2. 

Addition of Nb with higher than 4+ oxidation grade (as in Ti), reduce the amount of 

defects in TiO2 structure. This process leads to decrease in mass gain of exposed 

samples (Ti46Al8Nb1B, Ti-44Al8Nb1B). TiO2 is semiconductor n-type and contains 

the interstitial ions based on Ti3+ and Ti4+ existing together with doubly ionized 

oxygen vacancies [81]. Karake et al. indicated that the doubly ionised oxygen 

vacancies are responsible for kinetic rate of growth TiO2 scale over Ti, thus, any 

dopant element in the titanium oxide scale (TiO2) which is able to minimize the 

concentration of these vacancies will reduce the oxidation rate [82]. The Nb atoms 

substitute the Ti site in the TiO2 lattice due to the higher number of oxidation state 

(5+) and can reduce the number of interstitial oxygen ion vacancies in the oxide [83]. 

Chromium with 3+ oxygen state increases an amount of oxygen vacancies due to the 

lower than 4+ oxygen state of Ti in TiO2 and increases mass gain of the material 
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(Ti48Al2Cr2Nb1b). The addition of boron to TiAl alloys is to refine the grain size, 

thus improving the processibility of the alloys. The addition of Nb is well known to 

improve high temperature oxidation [84], strength and creep resistance. Thus the 

degradation resistance of exposed materials decreased in order from: Ti46Al8Nb1B, 

Ti-44Al8Nb1B, and Ti48Al2Cr2Nb1B. Du and Datta [85] investigated duplex (D �± 

alloy) and laminar (L �± alloy) TiAl alloy (Ti46.6Al1.4Mn2Mo) at 1023 and 1173 K 

respectively for 168 hours at low potential of oxygen (pO2 �a 10-15 Pa) and high 

potential of sulphur (pS2 �a 10-1 Pa).It was shown [85] that the degradation of duplex 

and laminar alloy is more severe in lower temperature (1023 K) than at higher (1173 

K). The mass gain of exposed samples obtained is presented on Figures 52 and 53. 

 

 

 

 

  

 

 

 

 

Figure 52  Mass gain of exposed samples (D �± alloy and L - alloy) with kp values 

(Ti46.6Al1.4Mn2Mo) to sulphidized/oxidised atmosphere at 1023 K [85] 

 

 

 

 

 

 

 

 

 

Figure 53  Mass gain of exposed samples (D and L) (Ti46.6Al1.4Mn2Mo) to 

sulphidized/oxidised atmosphere at 1173 K [85]  

kp of D alloy = 7.8x10-12 g2/cm4/s 
kp of L alloy = 6.0x10-12 g2/cm4/s 
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Figure 52 presents a kinetic data of exposed samples; duplex (D �± alloy) and 

laminar (L �± alloy) TiAl alloy (Ti46.6Al1.4Mn2Mo) at 1023 and 1173 K 

respectively) for 168 hours at low potential of oxygen (pO2 �a 10-15 Pa) and high 

potential of sulphur (pS2 �a 10-1 Pa) samples investigated at 1023 K showed a 

parabolic rate at that temperature. Figure 53 shows mass gain of exposed samples at 

1173 K in the same environmental, the samples (D �± alloy and L alloy) showed a 

cubic rate of scale growth.  

The outer scale formed at both temperatures (1023 and 1173 K respectively) 

was covered by TiO2 crystals and underneath of this TiO2 crystals the Al2O3 layer 

developed. Du and Datta [85] also suggested that beneath the Al2O3 layer, Al2S3 and 

MnS formation occurred, figure 54 shows a EDS X-Ray digimaps of D �± alloy and L 

�± alloy exposed to H2/H2S/H2O at 900oC (1173 K) after 168 hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54  Digimaps performed on L - alloy (left) and D - alloy (right) exposed to 

H2/H2S/H2O at 1173 K after 168 hours [85]  

In this study Du and Datta [85] observed and suggested general statement that 

the oxygen vacancies and interstitial Ti ions are important defects in TiO2 phase. The 

interstitial Ti ions are predominating at low oxygen partial pressure and at high 

temperature. Oxygen vacancies are important at high partial pressure and at low 

temperature.  
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Furthermore at low pO2 the high concentration of Ti ions is present in the 

TiO2 oxide. As mentioned previously the high partial pressure of oxygen would 

result in decrease the interstitial amount of Ti ions. It is beneficial that reduced 

amount of interstitial Ti ions improved the corrosion resistance of the TiAl alloy 

(reducing transport of Ti ions through the TiO2 oxide scale). 

In this study the pO2 at 1173 K was four order of magnitude higher than at 

1023 K but Du and Datta [85] indicated, that the increase in temperature may not 

significantly change the diffusion nature of Ti and O2 in these specific alloys (D �± 

alloy and L �± alloy of Ti46.6Al1.4Mn2Mo.  

This statement is based on observation carried out also by Du and Datta [86] 

that after exposure of Ti46.6Al1.4Mn2Nb alloy to the air atmosphere at 973 and 

1173 K respectively, the mass gain was only slightly higher at 1173 K than 973 K. 

The results proposed by Du and Datta [85] conclude, that the increase of 

oxygen partial pressure at 1173 K will increase the oxygen vacancies in TiO2 oxide 

and thereby enhanced the inward diffusion of oxygen and promote the formation of 

more protective Al2O3 oxide scale on Ti46.6Al1.4Mn2Mo alloy in low potential of 

oxygen (pO2 �a 10-15 Pa) and high potential of sulphur (pS2 �a 10-1 Pa). The suggestion 

that the higher partial pressure can promote the formation of Al2O3 is correct but the 

authors did not to mention about sulphide formation. Moreover the high pressure of 

oxygen indeed increases the oxygen vacancies at 1173 K and more oxygen vacancies 

in the alloy (duplex or laminar) is formed. Thus, the scale should be more porous, 

less resistant and more aggressive agents (O2- ions, S2-) can diffuse in to the scale. 

Due to the higher partial pressure (pS2 �a 10-1 Pa) than (pO2 = 10-18 Pa) and slightly 

higher for the formation of MnS = - 190 kJ/mol (Table 14), and MoS 

= - 209 kJ/mol (according to the Ellingham �± Richardson Diagram) than of TiO2 = -

715 kJ/mol also it is necessary take into consideration, the formation of MnS phase. 

Gill [ 87]  investigated the high temperature corrosion behaviour of ternary 

alloys Ti50Al2Ag and Ti48Al2Cr and quaternary alloys Ti50Al2Ag1Mo, 

Ti50Al2Ag1Nb, and Ti50Al2Ag1Mn. The kinetics of alloys was studied in the air 

and in SO2 atmosphere at 1073 K for 100 and 10 hours respectively. Gil postulated 

that in oxidising environment, the mass gain of Ti50Al2Ag was smaller than the 

mass gain obtained for Ti48Al2Cr (Fig. 55). The smaller mass gain of Ti50Al2Ag 

alloy at 1073 K in air was due to the stabilizing of Al2O3 oxide by Ag. 
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Figure 55  Oxidation studies performed on Ti50Al2Ag and Ti48Al2Cr at 800oC (1073 

K) [87]  

The investigation in SO2 atmosphere at 1073 K for 10 hours carried out by 

Gil [87] shows that Ti50Al2Ag was consumed by catastrophic corrosion, but 

Ti48Al2Cr alloy showed a good corrosion resistance. The good corrosion resistance 

of Ti48Al2Cr alloy is due to the formation of stable and protective Cr3S2 chromium 

sulphide, instead of the formation of liquid eutectic with melting point equivalent to 

840 K. 

The kinetic data for sulphidation tests in SO2 atmosphere for 10 hours is 

presented in figure 56. 

 

 

 

 

 

 

 

Figure 56  Sulphidation/oxidation studies performed on Ti50Al2Ag and Ti48Al2Cr at 

1073 K for 10 hours test  

 It can be derived from the Al-Ag phase diagram, that liquid eutectic formed 

at 840 K. In the presence case due to the liquid eutectic formation catastrophic 

corrosion took place in Ti50Al2Ag alloy (faster reaction in the liquid/oxide scale 

interface). The SEM/EDS investigations performed on exposed Ti50Al2Ag sample 

after 10 hours of exposure in SO2 environment at 1073 K reveals that the outer layer 



Northumbria University at Newcastle upon Tyne 
 

130 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

formed by TiO2+Al2O3 oxides and Al �± Ag phase developed with inclusions of TiAl3 

underneath (Fig. 57).  

 

 

 

 

 

 

 

Figure 57  SEM investigation performed on exposed Ti50Al2Ag sample in SO2 
environment after 10 hours at 1073 K  [87] 

Phase development is confirmed by the EDS analysis and showed in table 19. 

 

 

 

 

 

Table 19  EDS investigation in at% performed on exposed Ti50Al2Ag sample in SO2 

environment after 10 hours at 800 oC 1073 K [87] 

 

The EDS X-Ray mapping performed on Ti50Al2Ag sample (Fig.58) shows 

also that underneath of Al-Ag liquid phase, the TiS also was formed.  

The TiS phase was formed due to the high activity of S2- ions in the inner part 

of formed scale, the ingress of S2- shows that the outer scale was porous and sulphur 

ions were easily diffused inwards.  

 

 

 

 

 

 

 

 

 1 2 3 4 5 
Ti 50.9 - - 24.8 31.9 
Al  - 81.8 48.3 75.2 - 
Ag - 18.2 51.7 - - 
S 49.1 - - - - 
O - - - - 68.1 
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Figure 58  Cross �± section mapping performed of Ti50Al2Ag sample after exposed 

to SO2 environment at 1073 K for 10 hours [87]  

The author of this study [87] did not clarify the positive effect of Cr in 

sulphidized atmosphere. It can be suggested that the positive effect of Cr [88], is 

related to the melting temperature of Al-Cr system; Al-Cr phase melts at 1523 K, Al-

Ag phase melts at 840 K, additionally the stabilization of Al2O3 by Cr plays an 

important role in the corrosion resistance of Ti48Al2Cr alloy in SO2 atmosphere at 

1073 K.  

Takeshi [89]  investigated Ti50Al and TiAlX alloys with 2 at% of different 

additions (X = V, Fe, Co, Cu, Nb, Mo, Ag, and W) at 1173 K at 1,3 Pa sulphur 

pressure in H2S/H2 atmosphere for 86.4 ks. Samples with 2 at% addition of Ag and 

Cu sulphidized faster than pure TiAl alloy. 

The faster sulphidation rate observed for these samples is due to the larger 

amount of lattice defects in Cu2-yS in agreement with previous study carried out by 

Kofstad [62]. 

Furthermore, the author suggested also that the large mass gain of TiAl2Cu is 

due to the formation of liquid phase of Al �± Cu, according to the Al �± Cu system at 

821 K [90].   

In the case of the alloy with Ag addition, the result is in good agreement with 

work performed by Gil [87]. The addition of Ag in TiAl alloy in sulphur 

environment, produce a liquid eutectic at 840 K. The thickness of the scale 
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developed on the exposed alloys (TiAlX alloys with 2 at %) decreased in order of 

addition of V, Co, Fe, W, Mo, and Nb. 

 Exposed samples (TiAlX (X = V, Fe, Co, Cu, Nb, Mo, Ag, and W) in 1, 3 Pa 

sulphur pressure in H2S/H2 atmosphere for 86.4 ks at 1173 K developed at least two 

phases, white and gray, the white phase was Ti �± sulphide (TiS and Ti3S4) the grey 

Al �± sulphide (Al2S3). Sulphidized alloys were divided into two groups. Group A 

contains: TiAlX where X = V, Fe, Co, and Cu), group B of TiAl2X where X = Nb, 

Mo, and W alloys.  

Within the first group (A) the external scales were divided into four layers, 

these layers are indicated as: 1) Ti sulphides with alloying elements as inclusions 2) 

an layer of Ti sulphide and inclusions of Al2S3, 3) inner layer rich in Ti �± sulphide in 

duplex phases, 4) innermost (mainly Ti �± sulphide), 5) denotes based alloy (Ti50Al) 

Within second group (B) the external scale consisted 3 layers: 1) Mainly Ti �± 

sulphide, 2) layer of Ti sulphide and inclusions of Al2S3, 3) inner layer rich in Ti �± 

sulphide in duplex phases, 4) innermost layer in group B was missing. (instead of 

this missing layer, 4 denotes based alloy (Ti50Al).   

Figure 59 shows the cross sectional SEM images of all sulphidized samples 

at 1173 K and 1.3 Pa sulphur pressure for 86.4 ks 
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Figure 59  Cross-sectional structures of TiAl2 at% X alloys sulphidized at 1173 K for 

86.4 ks at 1.3 Pa sulphur pressure in an H2S/H2 gas mixture. Alloying elements are 

(a) V; (b) Fe; (c) Co; (d) Cu; (e) Nb; (f) Mo; (g) Ag; (h) W and (i) TiAl binary alloy  

[89]  

 

Concentration profiles of all exposed samples are shown on Figure 60, and 61. 
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Figure 60  Cross-sectional microstructure of the alloy surface layer and 

concentration profiles of Ti, Al, S and alloying elements for TiAl2X alloys. (a) TiAl2V; 

(b) TiAl2Fe; (c) TiAl2Co; (d) TiAl2Cu [89] 
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Figure 61  Cross-sectional microstructure of the alloy surface layer and 

concentration profiles of Ti, Al, S and alloying elements for TiAl2X alloys: TiAl2Nb; 

(f) TiAl2Mo; (g) TiAl±2Ag; (h) TiAl2W  [89]  
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The kinetic data obtained for alloys: TiAl2Fe, TiAl2V, TiAl2Mo, TiAl2Co, 

and TiAl2Nb) were almost the same, while the thickness of the scale decreased in 

order: V>Co>Fe>Mo>W>Nb. All samples formed; outer layer consists: Ti3S4 and 

TiS layer, beneath this TiS layer, Al2S3 layer developed. All alloying element were 

detected (in little amounts) on the surface (TiS) of the material (V, Fe, Co and Cu). 

The author [89] concluded that all samples can be divided into 4 groups: 

1. with V and Co: alloy/TiAl2/TiAl 3/sulphides (V and Co included) 

2. with Nb, Mo and W: alloy/TiAl2/TiAl 3 (Nb, Mo or W)-Al 

alloys/sulphides 

3. with Ag and Cu: alloy/TiAl2/Ti(Al, Ag or Cu)3 with L12 

structure/TiAl3/sulphides 

4. with Fe: alloy/TiAl2/Ti(Al, Fe)3 with an L12 

structure/TiAl3/FeAl3/sulphides 

It needs to be considered that author of this work [89] does not mention about 

formation of oxides. It is well known that by the high affinity titanium to oxygen 

TiO2 is likely to form (or other Ti oxides). 

Du and Datta at el [91] studied the sulphidation and oxidation behaviour of 

pure Ti and Ti6Al4V alloy in H2/H2O/H2S (pO2 = 10-18 Pa, pS2 = 10-1 Pa) H2/H2O 

(pO2 = 10-18 Pa) and air environments for up to 240 hours. 

The kinetic results (not shown here) of sulphidation/oxidation (H2/H2O/H2S 

(pO2 = 10-18 Pa, pS2 = 10-1 Pa)), oxidation in H2/H2O with low oxygen partial 

pressure (pO2 = 10-18 Pa) and in atmospheric air of pure Ti and Ti6Al4V alloy 

indicate linear kinetic law for pure Ti and quassi - parabolic kinetic law for Ti6Al4V 

alloy at the sulphidation oxidation regime (H2/H2O/H2S (pO2 = 10-18 Pa, pS2 = 10-1 

Pa) at 1023 K. Parabolic rate law was observed for both materials (pure Ti and 

Ti6Al4V alloy) in H2/H2O atmosphere at 1023 K. Oxidation in air atmosphere shows 

that the oxidation resistance of Ti6Al4V was superior in low O2 content (pO2 = 10-18 

Pa), whilst in the air oxidation the mass gain of Ti6Al4V was higher than for a pure 

material (pure Ti). It is important to note that addition of Al and V has a more 

detrimental effect on corrosion resistance of Ti6Al4V at 1023 K.   The corrosion 

products developed on the surfaces of the exposed materials (pure Ti and Ti6Al4V) 

during sulphidation/oxidation (H2/H2O/H2S), low oxygen atmosphere (H2/H2O) and 

air oxidation experiments after 72 hours at 1023 K are shown in figure 62, a, b, c, d, 

e and f. However pictures 62 b, d f are higher magnifications of pictures 62 a, c, e 
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Figure 62  Scanning electron micrographs showing surface morphology of Ti and 

Ti6Al4V after exposure for 72 hours at 1023 K; a)  Ti and b)  Ti6Al4V in H2/H2O/H2S; 

c)  Ti and d)  Ti6Al4V in H2/H2O; e)  Ti and f)  Ti6Al4V in air [91] 

Figure 62a and 62b show corrosion products after 72 hours of sulphidation �± 

oxidation experiment (sulphidation/oxidation (H2/H2O/H2S), low oxygen atmosphere 

(H2/H2O) and air oxidation experiment for 72 hours at 1023 K of pure Ti and 

Ti6Al4V alloy respectively. The dense and compact scale of TiO2 developed on pure 

Ti material, in the case of Ti6Al4V alloy, a rough scale formed consisting of TiO2 

and Al2O3 phases.  

Figures 62c and 62d present surface morphology of pure Ti and Ti6Al4V 

alloy after oxidation at low oxygen partial pressure (pO2 = 10-18 Pa) in H2/H2O 
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mixture at 1023 K. Pure Ti developed after 72 hours at 1023 K a TiO2 scale (Fig. 

62c), for Ti6Al4V TiO2 and Al2O3 scale was observed only at the initial stage of 

experiment and after 72 hours of exposure in H2/H2O mixture with pO2 = 10-18 Pa, all 

Al 2O3 phase was buried by TiO2 (Fig, 62d). 

 Air oxidation for 72 hours at 1023 K of pure Ti and Ti6Al4V alloy showed 

that the TiO2 developed for pure Ti (Fig. 62e) and TiO2 with Al2O3 phase formed on 

the surface of Ti6Al4V alloy (Fig. 62f). Figure 63 present scale morphology on pure 

Ti after 72 hours at sulphidation oxidation environment (H2/H2O/H2S) at 1073 K: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63  Digimaps of scale morphology on pure Ti after 72 hours at sulphidation 

oxidation environment (H 2/H2O/H2S) at 1023 K [91]  

 

Pure Ti exposed to the H2/H2O/H2S environment at 1073 K for 72 hours 

developed a thick scale of TiO2 with a thin TiS2 film at the scale/substrate interface. 
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Figure 64  Digimaps of scale morphology of Ti6Al4V alloy after 72 hours at 

sulphidation oxidation environment (H 2/H2O/H2S) at 1023 K [91] 

 

In the case of Ti6A4V alloy (Fig. 64) exposed to (H2/H2O/H2S (pO2 = 10-18 

Pa, pS2 = 10-1 Pa) at 1023 K for 72 hours, a double TiO2 layer formed together with 

Al 2S3, TiS2, and vanadium sulphide after sulphidation/oxidation experiment at 1023 

K. Vanadium sulphide developed in the inner layer of TiO2.  

Following the oxidation in low oxygen partial pressure (pO2 = 10-18 Pa) 

atmosphere at 1073 K for 72 hours, also a doubled layer of TiO2 scale formed on 

both materials; pure Ti and Ti6Al4V alloy at 1023 K. Furthermore, the scale 

developed on Ti6Al4V alloy consist an �D-Al 2O3 film situated between outer and the 

inner part of the scale (TiO2). 
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In case of air oxidation the multilayer structure developed on both materials 

(pure Ti and Ti6Al4V) after exposure to air atmosphere at 1073 K for 240 hours. 

Pure Ti formed TiO2 while Ti6Al4V developed TiO2/Al 2O3 multilayer scale at 1023 

K. Digimaps of oxidised pure Ti and Ti6Al4V after 240 hours are presented in 

figures 65 and 66 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 65  EDS digimaps after air oxidation of pure Ti for 240 hours at 1023 K [91]  
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Figure 66  EDS digimaps after air oxidation of Ti6Al4V alloy for 240 hours at 1023 K 

[91]  

 

Du and Datta [91] suggested the mechanism of degradation of pure Ti and 

Ti6AlV4 alloy at corrosion environments (sulphidation/ oxidation (H2/H2O/H2S 

where pS2 = 10-1 Pa and pO2 = 10-18 Pa), oxidation at low partial pressure of oxygen 

(H2/H2O, where pO2 = 10-18 Pa), air oxidation) at 1023 K for 240 hours. 

The scale formation of exposed samples (pure Ti and Ti6Al4V alloy) where 

two layers of TiO2 developed was due to the outward diffusion of Ti from the 

material (pure Ti and Ti6Al4V alloy) at 1023 K.  

The formation of inner layer of TiO2 was explained by; ingress of oxygen 

spices, molecular or anionic, directly from the gaseous phase, or by ingress of 

oxygen species derived from the dissociation of the outer layer of TiO2.  
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Overall the inner layer developed due to the ingress of oxygen from external 

environment. The authors [91] also suggested that the outward flux of Ti was greater 

than inner flux of oxygen since the growth of the outer layer of TiO2 was much 

thicker than inner one.  

The influence of pS2, pO2, aAl and aTi (where aAl and aTi denotes activity of Al 

and Ti respectively) are very important for this results and these values are essential 

for corrosion products development at 1023 K at three different atmospheres; 

(sulphidation/ oxidation (H2/H2O/H2S where pS2 = 10-1 Pa and pO2 = 10-18 Pa), 

oxidation at low partial pressure of oxygen (H2/H2O, where pO2 = 10-18 Pa), and air 

oxidation.  

The formation of scale development at sulphidation/oxidation environment 

can be described as follows: 

 

 

 

 

 

 

 

 

Figure 67  Scale formation on pure Ti and Ti6Al4V alloy after exposure to 

sulphidation/oxidation (H 2/H2O/H2S where pS2 = 10 -1 Pa and pO2 = 10 -18 Pa) 

environment at 1023 K [91]  

It is well known from the open literature that when pO2 and pS2 decreased in 

the same time aAl and aTi increased toward the substrate. Thus the reactions at the 

oxide/sulphide �± substrate interface can be considered as: 

 

Reaction 28       

Reaction 29       

 

 

TiS2 layer 

TiO 2 an inner layer 

TiO 2 an outer layer 

Substrate (pure Ti) 

Al 2S3 layer 

TiO 2 an inner layer 

TiO2 an outer layer with �DAl 2O3 precipitations 

Substrate (Ti6Al4V alloy) 

For pure Ti 



Northumbria University at Newcastle upon Tyne 
 

143 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

Reaction 30       

Reaction  31       

 

Equilibrium constants for these four reactions can be written as: 

Equation XL      

Equation XLI      

Equation XLII      

Equation XLIII     

 

At the interface TiO2/Al 2S3 in Ti6Al4V alloy insufficient sulphur species 

diffuse through a thick TiO2, in this moment the sulphur pressure is not high enough, 

and the equilibrium of reaction between Al and S2 is shifted to the left side, and 

Al 2S3 sulphide starts to decompose. The released Al3+ ions diffuse towards the outer 

part of the scale (TiO2) and forms Al2O3 where oxygen partial pressure is enough 

high to promote the formation of  Al2O3: 

Reaction 32       

An equilibrium constant for reaction 36 is described as follows: 

Equation XLIV      

Meanwhile sulphur species (S2-) from the decomposed Al2S3 diffused inward 

developed TiS2 sulphide. It is suggested that the same types of reaction are likely to 

form in pure Ti exposed to sulphidation/ oxidation (H2/H2O/H2S where pS2 = 10-1 Pa 

and pO2 = 10-18 Pa at 1023 K. 

The exposure of pure Ti and Ti6AlV4 alloy at oxidation at low partial 

pressure of oxygen (H2/H2O, where pO2 = 10-18 Pa at 1023 K reveals that a double 

TiO2 layer formed on Ti6Al4V alloy as well as on pure Ti.  

Du and Datta [91] suggested that similar reaction are likely to occur at low 

partial pressure of oxygen (pO2 = 10-18 Pa). The activities of the reaction products 

For pure Ti6Al4V alloy 
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(aTiO2 and aAl2O3) can be considered as equal to 1, and then the equilibrium reaction 

can be estimated by the reactions below: 

Equation XLV    

Equation XLVI     

The formation of Al2O3 reduces the partial pressure of oxygen underneath the 

Al 2O3 scale. At this moment if insufficient amount of Ti will diffuse to the outer part 

of the scale, the equation XLV will move in the left. If it is assumed that the partial 

pressure of oxygen at the interface (Al2O3/TiO2) is equal to pO2 = 10-18 Pa, (highest 

possible value) which is equal to the experimental value in H2/H2O mixture used in 

this test, or lower pO2 = 10-41 Pa which is equal to decomposition pressure of Al2O3 

oxide, then the minimum activity of Al is equal to 6.6x10-18 or 1, and minimum 

activity of Ti to form Ti is equal to 3.7x10-15 or 3x108. These activity results show 

that the minimum activity to form an Al2O3 oxide is smaller than this for TiO2. The 

actual value of oxygen partial pressure was estimated above 10-41 Pa (dissociation 

partial pressure of Al2O3) and lower than 10-18 Pa (highest value of partial pressure of 

oxygen used in this test (H2/H2O mixture)). In this experiment the conditions were 

more favourable for the promotion and formation of Al2O3 than TiO2. On other hand, 

the released Ti from dissociation reaction of TiO2 which is presented below will 

diffuse outward through Al2O3 scale. 

Reaction 33      

The diffused species of Ti will form a TiO2 compound above the Al2O3 oxide 

scale, meanwhile released oxygen from reaction 33 is consumed in the formation of 

the Al2O3. It is important to note that the outer and inner TiO2 scale formation is 

enhanced by ingress of oxygen form ambient atmosphere where pO2 = 10-18 Pa.  

The air oxidation developed a multilayer scale consisting of TiO2 and Al2O3 

on the surface of Ti6Al4V alloy, TiO2 developed on pure Ti surface. In case of 

Ti6Al4V alloy the number of layer TiO2/Al 2O3 depend from temperature and 

exposure time.  
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Chapter II �� Section 3  �� Critical Literature Review �� Hot 

Corrosion /Oxidation of �J-TiAl alloys  

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



Northumbria University at Newcastle upon Tyne 
 

146 
PhD Thesis �± Tomasz Dudziak �± Advanced Materials Research Institute, Northumbria University at 

Newcastle upon Tyne 

Ch.II.Sec.3.1 Introduction to literature review  
 

 

In this section a review of hot corrosion behaviour of selected materials is 

presented. 
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