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ABSTRACT 

 

The alloys Ti-52.5Al-10.0Ni (at.%) and Ti-52.5Al-10.0Ni-0.2Ru (at.%) were made by 

mixing, and melting their powders in a button arc furnace under an argon atmosphere.  The 

high temperature oxidation and room temperature corrosion of behaviour of the alloys was 

investigated.  Isothermal oxidation in air at 950°C for 120 hours and 720 hours was done.  

Cyclic oxidation behaviour of the alloys was also investigated in air and in a hot salt 

(Na2SO4) environment.  The corrosion tests were conducted in 5 wt% and 25 wt% HCl.  

All the samples were characterised using scanning electron microscopy with energy 

dispersive X-ray spectroscopy, X-ray diffraction and hardness measurements. 

On solidification, the Ti-52.5Al-10.0Ni (at.%) alloy formed dendrites of ɔ-TiAl (~55 at.% 

Al) surrounded by a eutectic of ɔ-TiAl + Ti2NiAl 3 (Ű3) phases.  Most of the nickel was 

found in the Ti2NiAl 3 (Ű3) phase (~12 at.%) with trace amounts in the dendrites (~0.5 at.%).   

The Ti-52.5Al-10.0Ni-0.2Ru (at.%) alloy formed dendrites of ɔ-TiAl (~53 at.% Al) 

surrounded by a eutectic of ɔ-TiAl + Ti2NiAl 3 (Ű3).  Most of the nickel (~15 at.%) and 

ruthenium (~0.3 at.%) were in solid solution in the Ti2NiAl 3 (Ű3) phase, although small 

amounts of both metals were present in the dendrites (~1 at.% Ni and 0.1 at.% Ru).     

Under isothermal oxidation conditions, both alloys showed good oxidation resistance with 

a low mass gain (< 2%).  The alloys formed a continuous scale of TiO2 and Al2O3 with 

good adherence to the substrate, but as exposure time increased, the scale was severely 

degraded and exfoliated from the surface.  Cyclic oxidation conditions were more 

aggressive for both alloys.  The Ti-52.5Al-10.0Ni-0.2Ru (at.%) alloy was more resistant 

and formed a nickel-rich sub-surface zone between the substrate and intermixed oxide 

layer. 

Both alloys had a fairly good corrosion resistance in HCl due to the presence of nickel.  

They formed a thin and non-continuous Al2O3 oxide scale on the surface of the ɔ-TiAl 

dendrites, with Ti3NiAl 2O on the ɔ-TiAl + Ti 2NiAl 3 (Ű3) eutectic regions.  The acid mainly 

corroded the Ű3 phase, thus attacking the eutectic and leaving the ɔ-TiAl dendrites exposed.  
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CHAPTER 1: INTRODUCTION  

 

1.1 Background and motivation 

 

The South African government is driving a beneficiation strategy which aims to 

encourage local industry to process and beneficiate raw materials, such as metals and 

minerals, prior to export [2011Ano].  This will create a value adding, downstream use 

for materials, create jobs and grow the economy.  Metals such as titanium, aluminium 

and nickel are being explored as they are strategic for further beneficiation.  South 

Africa has an abundance of these mineral resources, which are readily mined and 

processed [2011Ano]. However, these metals are either exported as unprocessed 

minerals, or only the primary processing of their ores are done locally [2008Mot, 

2009Ika, 2011Ano].  Since South Africa then has to import expensive finished products, 

it would be better to locally process and manufacture these products.  There is thus an 

opportunity for South African companies to be involved in the manufacture of finished 

products from these metals, to increase local job and wealth creation.  

The Titanium Centre of Competence (TiCoC), hosted by the Council for Scientific and 

Industrial Research (CSIR) has developed process for producing titanium powder at a 

much lower cost than current imported powders [2013Ano]. Scaling-up of the process 

towards commercialisation is underway. Therefore, relatively large quantities of lower 

cost titanium powder may soon be available in South Africa. This development further 

increases the potential for a downstream industry for titanium metal components and 

products.  The manufacturing of titanium aluminides to make aeroplane and automobile 

engine components is one such industry which can be developed to improve the 

economy [2008Mot, 2009Ika].  This industry is highly specialised and South Africa is 

still a small player.  South Africa thus has the potential to grow in this sector which is 

labour intensive and value adding [2008Mot, 2009Ika].  

Titanium aluminides are possible substitute materials for aeroplane and automobile 

components because they are lighter (~3.8 g.cm
-3

) than nickel-based alloys (~8 g.cm
-3

) 

and titanium alloys (~4.5g.cm
-3

) currently used [1989Nis, 1997Kel, 2000Cha].  

Consequently, most of the research on titanium aluminides is focused on high 
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temperature applications [1976Cho, 2011App, 2012Kot] and there is limited research 

on their room temperature aqueous corrosion.  Titanium and titanium alloys have 

excellent corrosion resistance [1959Ste, 1996Sch, 2000Van].  However, in low pH 

chloride solutions, titanium alloys are susceptible to crevice and pitting corrosion, and it 

is possible that small additions of ruthenium could alleviate this, especially since they 

have improved the corrosion resistance of other Ti-containing alloys [2000Van, 

2013Mwa]. The ruthenium additions would be small, and so would not affect the 

density too adversely, and if there was significant improvement in the properties, the 

increased price.(due to addition of expensive ruthenium) would be worth it. 

In this study, two titanium aluminide alloys were made using elements available in 

South Africa.  The behaviour of the alloy under high temperature oxidation and room 

temperature aqueous corrosion conditions were investigated.    

 

1.2 Rationale and objective of the study 

 

Conditions in jet engines (Figure 1.1) are highly corrosive, have high pressures and can 

reach temperatures of ~1300°C in the combustion section [1992Fro, 2012Kot].  

Therefore, jet engines need to be made from strong, light-weight, corrosion-resistant 

and thermally stable components to make aircraft viable and safe for commercial use.  

Currently, jet engine components are mostly made from titanium, nickel and 

aluminium-based alloys as these alloys have high strength to-weight-ratios and high 

melting points [1992Fro, 2012Kot].   

 

Figure 1.1: Jet engine illustration [ 2015Pix]. 
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A typical jet engine consists of a cold section, with a maximum temperature of ~600-

~750°C and a hot section, where temperatures can reach ~1400°C.  The inlet fans and 

intermediate compressor in the cold section are primarily made from titanium-based 

alloys which have a low density (~4.5 g.cm
-3

), high hardness and good corrosion 

resistance [1995Imm, 1999Voi].   

However, titanium-based alloys do not have a good burn resistance (they are capable of 

igniting and burning when subjected to high temperatures) at temperatures above 

800°C.This can cause titanium fires in the hot section of jet engines [1992Fro, 

2012Kot].  Therefore, the combustion chambers and turbine blades are made from 

denser (~8 g.cm
-3

) nickel-based superalloys (NBSAs) which are more burn resistant 

[1995Imm, 1999Voi].  The use of NBSAs is limited though, as jet engines already 

operate above their melting point (1360°C).  NBSAs are kept from melting by air 

diverted from the compressor, which is used to cool the combustion chamber and 

turbine blades.   

To improve the efficiency of jet engines, gamma titanium aluminides (ɔ-TiAls) are 

being used to replace NBSAs to make turbine blades in the hot section of jet engines 

[1989Nis, 1997Kel, 2000Cha]. They are more burn-resistant than titanium-based alloys 

and are lighter than both NBSAs and titanium-based alloys (~3.8 g.cm
-3

).  The mass 

savings through the use of ɔ-TiAl  alloys could result in jet engines which use less fuel, 

are more environmentally friendly and cost less to operate.  

Titanium aluminides are intermetallic compounds which retain their good thermo-

physical properties at elevated temperatures [2000App].  They are thus used extensively 

in the aerospace and automotive industries due to their low density, high strength, creep 

resistance and good burn resistance [1989Nis, 1997Kel, 2000Cha].   

In this study, Ti-52.5Al-10.0Ni (at.%) and Ti-52.5Al-10.0Ni-0.2Ru (at.%) alloys were 

made and subjected to typical conditions found in aerospace and automotive engines.  

The aim was to investigate if these alloy compositions could produce an alloy suitable 

to make lighter hot components for aerospace and automotive applications.   

Since there is limited research on the room temperature aqueous corrosion of titanium 

aluminides, the corrosion of the alloys in low pH chloride solutions was investigated to 
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determine if they were susceptible to pitting corrosion.  Titanium aluminides could be 

used to make lighter components (given that small amounts of ruthenium will not affect 

their density very much) in low pH chloride environments, such as petrochemical 

processing, offshore oil, gas and marine environments.  In these environments, the pH is 

similar to that of 5 wt% and 25 wt% HCl [1996Saf].   

The high aluminium content was selected to ascertain whether the alloy would form the 

protective Al2O3 oxide instead of TiO2 oxide.  At high temperatures, titanium alloys tend 

to form the less protective TiO2 oxide, and thus become susceptible to excessive 

oxidation [1976Cho, 1988Sub, 1989Kim].   

Nickel was added to improve the corrosion resistance of the alloy, as the corrosion 

resistance of nickel aluminides is high [1996Bra, 1996Sch].   

Ruthenium was added to improve the corrosion and oxidation resistance of the alloy 

because additions of ruthenium to ferritic steels [1977Str, 1990Pot] and some titanium 

alloys [1959Ste, 1990Pot, 2000Van] have improved corrosion and oxidation resistance. 

Therefore, the objectives of the study were to: 

¶ Characterise the microstructure, morphology and phase compositions of the 

ternary Ti-52.5Al-10.0Ni (at.%) and quaternary Ti-52.5Al-10.0Ni-0.2Ru (at.%) 

alloys. 

¶ Investigate the high temperature behaviour of the alloys in typical conditions 

found in aerospace engines. 

¶ Investigate the room temperature aqueous corrosion behaviour of the alloys in 

two reducing environments (5 wt% and 25 wt% hydrochloric acid).  This was 

done to investigate the effect of pH on the corrosion behavior of the alloys.   

 

1.3 General layout 

This dissertation comprises six chapters.  Chapter 1 gives the motivation and objectives 

of the study.  Chapter 2 gives the literature review, a background description of gamma 

titanium aluminides and their oxidation and corrosion behaviour.  The experimental 

procedure is presented in Chapter 3.  Chapter 4 presents the results which are discussed 

in Chapter 5.  Chapter 6 provides the conclusions of the study and Chapter 7 gives the 
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recommendations for future research.  Published peer-reviewed papers based on this 

research are included in the Appendix. 
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CHAPTER 2: LITERATURE REVIEW  

 

2.1 Introduction 

Titanium aluminides (Ti-Al) are classified as intermetallic compounds, together with 

nickel aluminides (Ni-Al) and iron aluminides (Fe-Al).  They are compounds formed 

from two metals, with properties and crystal structures completely different from their 

parent metals [1984Yam, 1994Has, 1995Sau], and their properties are intermediate 

between ceramics and metals.  Intermetallic compounds have long range ordered lattice 

structures which determine their deformation modes, resulting in high strengths at 

elevated temperatures, but with fast crack growth rates and very low ductility and 

fracture toughness at room temperature [1984Yam, 1994Has, 1995Sau, 1997Sob, 

2004Sob]. 

Titanium aluminides (ɔ-TiAl ) are lightweight (~3.8 g.cm
-3

) compounds which retain 

their properties at elevated temperatures [1976Cho, 1995Sau, 2004Lut, 2007Lut, 

2011App].  They are therefore considered good candidate materials for structural 

materials for high temperature applications as they have a high specific density, good 

oxidation resistance below ~800°C, good corrosion resistance, and excellent strength 

retention and creep resistance at elevated temperatures [1985Lip, 1995Kim, 1995Sau, 

2000App].  Their widespread application has been limited by poor formability at room 

temperature and challenges in processing and manufacturing [1985Lip, 1995Kim, 

1995Sau, 2000App].  

Over the past ~40 years, extensive research on titanium aluminides has resulted in more 

knowledge on their microstructures and deformation mechanisms, discoveries in their 

microalloying and advances in manufacturing technologies [1985Lip, 1990Yam, 

1995Kim, 1997Yam, 1998App, 2000App, 2003Nas].  This has led to an increasing use 

of titanium aluminides in commercial applications.  In 2000, General Electric (GE) 

designed the GenEx gas turbine engine for the Boeing 787 Dreamliner which has 

titanium aluminide turbine blades, making the engine lighter and more fuel efficient 

[2000App, 2003Nas].  More burn-resistant TiAl exhaust valves have been used to 

replace alloys Ti-6242, Ti-1100 and IMI 834 in gas turbines.  
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In the future, TiAl turbocharger wheels could be used to replace denser nickel-based 

superalloys (NBSAs).  There is a proposal to use TiAl for the divergent flap in high 

speed civil transport aircraft to meet the strict environmental requirements of reduced 

exhaust gas and noise pollution [2003Das, 2011App]. 

The majority of current TiAl commercial applications are in the aerospace industry with 

some applications in the automobile industry [1992Liu, 1997Yam, 2003Nas].  This is 

because most of the research on titanium aluminides has focused on improving their 

high temperature performance and therefore there is very little research on the room 

temperature corrosion behaviour of these materials [1996Sch, 2000Van, 2012Mwa].  

Due to their low density and good corrosion resistance, titanium aluminides could 

potentially be used to make components for medical implants, petrochemical processing 

equipment, downhole oil and geothermal sour wells and chlor-alkali and chlorate cell 

anodes and liners [1996Sch, 2000Van, 2008Riv]. 

The challenge with titanium aluminides is that, although they can introduce weight 

savings in aircrafts and automobiles, they are more costly to manufacture than 

traditional titanium alloys and NBSAs [2012Kot].  However, the cost is expected to fall 

as they gain widespread use.  Another challenge with titanium aluminides is that they 

still have inferior mechanical properties (low ductility and fracture toughness) than 

NBSAs.   

 

2.2 Titanium aluminides 

2.2.1 Microstructure and phase transformations 

The Ti-Al system has a range of titanium aluminide compounds with three major 

phases:  Ŭ2-Ti3Al, ɔ-TiAl and TiAl3, as shown in Figure 2.1 [1993Oka].  The most 

important phases of the Ti-Al system are Ŭ2-Ti3Al  and ɔ-TiAl as they have good 

properties to make lighter, structural components for high temperature aerospace and 

automobile applications [1989McC, 1993Oka, 2003Ber, 2006Bat, 2009Sar, 2012Kot].  
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Figure 2.1: Assessed titanium -aluminium binary phase diagram [1993Oka]. 

 

The Ŭ2-Ti3Al phase (Figure 2.2 [2012Kot]) has a hexagonal DO19 structure with a 

homogeneity range from 20 - 38.2 at.% Al.  The ɔ-TiAl phase (Figure 2.3 [2012Kot]) is 

an ordered face-centred tetragonal phase with an L10 structure, whose homogeneity 

ranges from 48.5-66.0 at.% Al.  The ɔ-TiAl phase tetragonality is due to the different 

atomic radii of titanium and aluminium.  For the equiatomic Ti-Al composition, the 

tetragonality ratio (c/a) is 1.02.  The ratio increases to 1.03, with increasing aluminium 

content [1989Kim].  Alloys in the 37 - 49 at.% Al region have a dual microstructure 

consisting of ɔ grains and duplex lamellar grains of alternating layers of ɔ-TiAl and Ŭ2-

Ti3Al [ 1989McC, 1993Oka, 2003Ber, 2006Bat, 2009Sar, 2012Kot].  The dual 

microstructure forms by the eutectoid transformation at 1118.5̄ C where the pro-

eutectoid (aTi) transforms to the eutectoid Ŭ2-Ti3Al and ɔ-TiAl.  There is consensus that 

between 50 and 66.0 at.% Al, TiAl exists as a single pure gamma (ɔ) phase with 

equiaxed gamma grains.  
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Pure titanium is a hexagonal close-packed Ŭ-phase at room temperature.  At ~882°C, 

titanium transforms into the body-centred cubic ɓ-phase (Figure 2.1).  The dual phase 

Ŭ2-Ti3Al alloys are generally composed of Ŭ2-Ti3Al  and ɓ-Ti.  The ɓ-phase occurs as 

either ordered (B2) or disordered (bcc) phase depending upon the alloying content 

[1992Chi].  

 

The gamma (ɔ) phase has excellent oxidation resistance at temperatures up to 800-

950°C, and low hydrogen absorption, but it has no ductility at room temperature.  The 

layered arrangement of titanium and aluminium atoms within the face-centred cubic 

structure, and the tetragonality ratio result in two types of deformation (twinning and 

slipping) along the {111} planes (shaded plane in Figure 2.3) [1986Hug, 1987Kaw].  

On its own, ɔ-TiAl  is therefore considered to be of little engineering significance 

[1991Kim1, 2003Ber, 2009Sar, 2012Kot].  The alpha 2 (Ŭ2) phase has good high 

temperature strength, but this is offset by the high rate of oxygen and hydrogen 

absorption which leads to embrittlement at high temperatures.  The Ŭ2 phase has a very 

low density at room temperature.  On its own, Ŭ2-Ti3Al also has no engineering 

significance [1991Kim1, 2003Ber, 2009Sar, 2012Kot].   

 

 

Figure 2.2: Crystal structure for Ŭ2-Ti 3Al [2012Kot]. 
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Figure 2.3: Crystal structure for ɔ-TiAl [2012Kot].  

 

In most engineering applications, dual phase alloys containing ɔ + Ŭ2 are used to 

maximise thermo-physical properties [2011App, 2012Kot].  The most commonly used 

dual phase Ti-Al alloys are the duplex alloys with the composition Ti-(46-49) Al (at.%) 

as they have the best ductility [2011App, 2012Kot].  These alloys have fine lamellar 

colonies which aid the deformation of the gamma phase, thus improving ductility 

[2000Yam, 2011App, 2012Kot].   

Depending on their processing, Al composition and subsequent heat treatment, the dual 

phase titanium aluminide alloys can form various microstructures with unique 

mechanical properties.  The microstructures are grouped into four main categories: 

near-gamma, duplex, nearly lamellar and fully lamellar [1989Kim, 1991Kim2, 

2006Sha].  The duplex and fully lamellar microstructures are the main alloys which 

have been used for commercial engineering applications [2000Yam, 2012Kot]. 

There are various phase diagrams for the Ti-Al system; however the phase diagram 

shown in Figure 2.4 is largely accepted for the central region of the Ti-Al system 

[1989Kim].  For an alloy with the composition C0, the four main categories of 

microstructures can be obtained by heating it to T1 and then subsequently cooling to T2, 

T3 and T4 (Figure 2.4).   
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Figure 2.4: Central portion of Ti -Al phase diagram [2003Chr ]. 

 

Cooling the alloy from T1 (in the Ŭ-phase field) yields a fully lamellar microstructure 

with coarse grains in the range of 200 - 1000 µm.  The phase transformation that occurs 

is: Ŭ ź ɔ + Ŭ2, where the Ŭ phase transforms into alternating plates of ɔ + Ŭ2 

(Figure 2.5a). The coarse grain size causes low ductility and strength, although the alloy 

has excellent creep and fatigue resistance.   

Further heat treatment of the fully lamellar microstructure at T3 (Figure 2.4) in the Ŭ + ɔ 

phase field, yields a duplex microstructure with fine (~10 µm) fully lamellar colonies 

and equiaxed ɔ grains [1989Kim].  The phase transformation that occurs is: Ŭ ź Ŭ2s ź 

Ŭ2 + ɔ where Ŭ2s (Ŭ2 supersaturated with aluminium) nucleates the ɔ phase.  The resulting 

fine grain size (Figure 2.5c) is the reason this microstructure has the best ductility and 

strength at room temperature.  The duplex microstructure has an Ŭ/ɔ phase volume ratio 

of 1. 

Further heat treatment at T2, in the ɔ + Ŭ phase field, produces nearly-lamellar 

microstructures which are between fully lamellar and duplex [1989Kim].  The Ŭ/ɔ phase 

volume ratio is greater than 1, with mostly coarse lamellar colonies and some fine ɔ 

grains (Figure 2.5b). The grain size is in the range of 150 - 200 µm. 
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Heat treatment at T4 (Figure 2.4), in the Ŭ2 + ɔ phase field, yields a near-gamma 

microstructure (Figure 2.5d) with coarse ɔ grains (30 - 50 µm), fine ɔ grain regions and 

dispersed Ŭ2 precipitates at grain boundaries [1989Kim, 2012Kot].   

 

 
Figure 2.5: Microstructure types in dual phase titanium aluminides [1989Kim]. 

(a) fully  lamellar, (b) nearly lamellar, (c) duplex, and d) near-gamma. 

 

Due to their good properties, much research [1998Dim, 2002Cho, 2009Has] has been 

done on titanium aluminides to develop alloys with the best features of duplex and fully 

lamellar microstructures, i.e. alloys with a fine grain size, with good ductility and 

strength at room temperature and excellent creep and fatigue resistance. 

 

2.2.2 Binary phase diagrams 

Another challenge with the fabrication of titanium aluminides is that there are currently 

different versions of the phase diagrams with some dispute in the 55 - 77 at.% Al (single 

phase gamma) range at 900-1450°C [2006Bat].  Materials Science International (MSI) 

currently accepts the Ti-Al  system in Figure 2.10 [2008Wit] which is based on 

experimental data.  The phase diagram by Murray [1986Mur] in Figure 2.6 was the 

generally accepted phase diagram until the 1980s [1992Chi].  The dashed lines indicate 
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the estimated phase boundaries.  Figure 2.6 shows the intermetallic compounds Ti3Al 

(Ŭ2), TiAl (ɔ), TiAl2 and ŭ with variable compositions.  It also shows the intermetallic 

compound TiAl3 with constant composition, and no homogeneity range.  The diagram 

shows three peritectic reactions, including the L + ɓ Ÿ ɔ reaction. 

 

Figure 2.6: Assessed titanium-aluminium phase diagram [1986Mur]. 

Kattner et al. [1992Kat] proposed another phase diagram (Figure 2.7) showing two high 

temperature peritectic reactions ɓ + L Ÿ Ŭ and Ŭ + L Ÿ ɔ [1992Chi].  Figure 2.7 shows 

the intermetallic compounds Ti3Al (Ŭ2), TiAl (ɔ) and TiAl3 with variable compositions.  

The TiAl2 and Ti2Al 5 phases have a constant composition.  In the 1990s, Figure 2.7 was 

the generally accepted phase diagram. 

 

Figure 2.8 [1995Hay] presents a third version of the experimental Ti-Al binary phase 

diagram.  The diagram shows the controversial ɝ phase with dashed lines representing 

the likely phase boundaries because there have been many differences in showing them.  

The intermetallic compounds Ti3Al (Ŭ2) and TiAl (ɔ) have variable compositions and 

TiAl 2 and TiAl3 have constant compositions.  TiAl2 is considered stable up to 1216°C 

compared with 1199.4°C in Figure 2.6 [1986Mur] and Figure 2.7 [1993Oka]. 



14 

 

 

Figure 2.7: Assessed titanium -aluminium phase diagram [1992Kat ]. 

 

Figure 2.8: Experimental titanium-aluminium phase diagram [1995Hay]. 
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Schuster and Palm [2006Sch] also produced a Ti-Al phase diagram shown in Figure 2.9 

[2006Sch] using experimental data.  It differs from the Murray [1986Mur] phase 

diagram (Figure 2.6) because it contains the peritectic reaction L + ɓ Ÿ Ŭ. 

Further evaluation of the Ti-Al system by Witusiewicz et al. [2008Wit] produced the 

diagram shown in Figure 2.10 [2008Wit], which is very similar to that of Schuster and 

Palm [2006Sch].  Figure 2.10 shows the occurrence of Ti5Al 3 and the peritectoid 

reaction Ŭ + ɓ Ÿ Ŭ2.  In Figures 2.6 - 2.8, the Ŭ2 phase is formed congruently from Ŭ.  

Figure 2.10 [2008Wit] is currently the generally accepted phase diagram for the Ti-Al 

system.   

There is therefore contention on the Ti-Al phase diagram and the discrepancies in the 

experimental data are because of the high sensitivity of phase equilibria to non-metallic 

impurities such as oxygen [2006Sch].  Thus, as well as choosing the best phase 

diagram, researchers must be aware that the conditions of their alloys might not be in 

equilibrium and should take care and interpret phase diagrams carefully. 

 

 

Figure 2.9: Experimental titanium-aluminium phase diagram [2006Sch]. 
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Figure 2.10: Assessed titanium -aluminium phase diagram [2008Wit]. 

 

2.2.3 Mechanical properties of titanium aluminides 

As mentioned earlier, titanium aluminides have good properties at elevated 

temperatures [1985Lip, 1994Boy, 2011App].  They are considerably lighter (Table 2.1) 

than NBSAs and titanium alloys, have good oxidation resistance and creep limits and 

have good burn resistances.  However, their ductility and fracture toughness at room 

temperature are inadequate compared to NBSAs and titanium alloys [1985Lip, 

1994Boy, 2011App].  They have a lower elastic modulus than NBSAs, but they retain 

their properties at high temperatures because they have strong A-B bonding of their 

ordered structure and therefore require much higher energy for diffusion to occur.  

Consequently, titanium aluminides have better high temperature creep and fatigue 

strength [1989Kim]. 
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Table 2.1:  Mechanical properties of TiAl alloys compared to Ti alloys and 

superalloys [1989Kim, 1994Boy]. 

Property Unit  Ti Alloys Ŭ2-Ti3Al ɔ-TiAl  Superalloys 

Structure  Hcp/bcc DO19 L10 Fcc/L12 

Density g.cm
-3

 4.5 4.1 - 4.7 3.7 - 3.9 7.9 - 8.5 

Modulus GPa 96 - 115 100 - 145 160 - 176 206 

Yield stress ůy MPa 380 - 1150 700 - 790 400 - 630 800 - 1200 

U.T.S. MPa 480 - 200 800 - 1100 450 - 700 1250 - 1450 

Toughness MPa.m
1/2

 12 - 120 12 - 35 12 - 25 30 - 100 

Ductility R.T.  % 10 - 20 2 - 10 1 - 4 3 - 5 

Ductility H.T.  % 12 - 50 10 - 20 10 - 90 10 - 20 

Oxidation 

limit  
(°C) 600 650 800 - 950 870 - 1090 

Creep limit  (°C) 600 760 1000 1090 

Burn 

resistance 
 Poor good good excellent 

 

The mechanical properties of ɔ-TiAl alloys, shown in Figure 2.11 [2009Has], are 

heavily dependent on composition, phases and microstructure morphology [2012Kot].  

Duplex microstructures exhibit good room temperature ductility and strength due to 

their fine grain size.  Fully lamellar microstructures have good high temperature 

properties such as creep and fatigue resistance; however, they have a low room 

temperature ductility and strength due to their coarse grain size. There are therefore 

many thermo-mechanical routes [1997Che, 2003Sun, 2009Che, 2010Cha] being 

explored to produce fine-grained fully lamellar microstructures with good ductility, 

creep resistance, fatigue life, fracture toughness and tensile strength. 

 

Ductility 

Ductility is dependent on four factors [2012Kot]:  

¶ Grain size 

¶ Lamellar/gamma ratio (L/ɔ) 

¶ Changes in lattice dimensions (c/a) 

¶ Presence of impurities 
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A smaller or finer grain size leads to an improvement in ductility because volume 

defects such as grain boundaries increase in size.  Grain boundaries prevent further 

dislocation propagation and therefore increased grain boundary area improves ductility 

and yield strength [1996Mer].  For optimum ductility in TiAl alloys, the L/ɔ ratio 

should be 0.3 ï 0.4 and the Ŭ2/ɔ ratio should be 3 ï 15%.  Both ratios are dependent on 

Al concentration and are in their optimal range at 48.0 at.% Al.  Ductility is also greatly 

affected by the tetragonality ratio (c/a) and unit cell volume, as shown in Figure 2.12 

[1989Kim, 2012Kot].  A decrease in c/a, achieved by reducing the Al content, improves 

ductility.  A decrease in unit cell volume, which can be achieved by adding ternary and 

quaternary alloying elements, also improves ductility in the ɔ phase.  The presence of 

impurities such as oxygen and nitrogen also reduces ductility, and a reduction in 

impurities improves ductility. 

 

Figure 2.11: Dependence of mechanical properties on the microstructure type, 

where NG = near-gamma, NL = nearly lamellar, and FL = fully-lamellar, 

CR = creep strength, IR = impact resistance and GS = grain size [2009Has]. 

 

Creep resistance and fatigue life 

Microstructure and the Al content control creep resistance in dual phase titanium 

aluminides [2012Kot].  Increasing the Al content improves creep resistance and fully 
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lamellar (coarse-grained) microstructures have a better creep resistance than fine-

grained duplex microstructures, because the Ŭ2laths in fully lamellar structures act as 

reinforcements [1991Kim1].  For the same reasons, the fully lamellar microstructures 

have lower fatigue crack growth rates, whereas duplex microstructures have high 

fatigue crack growth rates.   

Fracture toughness 

Fully lamellar microstructures have the highest fracture toughness in dual phase alloys 

[2012Kot].  They experience large plastic strains near the crack tip and good crack 

propagation resistance.   

Tensile strength 

Tensile strength is inversely proportional to grain size [1996Mer, 2012Kot], as given by 

the Hall-Petch relationship [1951Hal]: 

„ „  
Ѝ

    (Equation 2.1) 

Where ůy is the yield stress, ůo is the resistance of the lattice to dislocation motion, ky is 

the strengthening coefficient (a constant specific to each material), and d is the average 

grain diameter.  Therefore, the fully lamellar microstructures with coarser grain sizes 

have the lowest tensile strengths in dual phase alloys.   

Besides thermo-mechanical treatment, alloying of titanium aluminides is being used to 

improve the mechanical properties [2011App, 2012Kot]. 

 

Figure 2.12: Ordered face-centred tetragonal (L10) TiAl structure, tetragonality 

ratio c/a = 1.02 with  the (111) plane shaded [1989Kim]. 
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2.2.4 Alloy development 

Most of the microalloying research has been focused on enhancing the properties of 

duplex, dual phase microstructures and fully lamellar microstructures [1985Lip, 

1995Kim, 1995Sau, 1998Bra, 1998Ton, 2000App, 2011App].  For duplex 

microstructures, the focus is on improving the creep resistance, oxidation resistance and 

fatigue strength of the alloys [1985Lip, 1995Kim, 1995Sau, 2000App, 2011App].  In 

the case of fully lamellar microstructures, the focus has been on refining the grain size 

and thus improving ductility [1985Lip, 1995Kim, 1995Sau, 2000App, 2011App].  No 

research has been done on the microalloying of single-phase gamma alloys as they are 

considered to have little engineering value. 

The selected alloying elements to TiAl need to be soluble in the solid solutions of the ɔ-

TiAl and Ŭ-Ti3Al phases to enhance mechanical properties such as high temperature 

strength, room temperature ductility and creep resistance [1994Has, 2011App].  Also, 

the alloying elements need to minimize the precipitation of the ɓ phase (bcc titanium 

phase which nucleates above 882°C) to improve the room temperature ductility and 

toughness [1994Has, 2000App, 2011App].  The addition of third alloying elements such 

as Cr, Mn, Mo and V, together with subsequent heat treatment has been found to 

improve the ductility of ɔ-TiAl [1994Has]. 

 

There are three groups of alloying elements for titanium aluminides [1989Kim, 

2011App, 2012Kot], all of which generally affect the position of the phase boundaries 

in the Ti-Al phase diagram.  They are categorised in the following composition (in 

at.%): Ti(45-52) ï Al(42-49) ï X(0.1-3.0) ï Y(0.5-5.0) ï Z (<1.0) where X = Cr, Mn or 

V, Y = Nb, Ta, W or Mo, and Z = Si, B or C. 

X elements (Cr, Mn and V) are used to increase ductility by lowering the stacking fault 

energy, thereby increasing the propensity for twinning [2012Kot].  The Y elements (Nb, 

Ta, W and Mo) are added to increase oxidation and creep resistance at high 

temperatures [2012Kot].  The Z elements (Si, B and C) are added to refine the grain size 

and therefore can be used to form fully lamellar microstructures with a finer grain size, 

and carbon addition can increase strength by precipitating the Ti3AlC phase [2012Kot].   
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Alloying elements can improve ductility by influencing the energies of planar defects 

and the diffusion coefficients in ɔ-TiAl  [1994Has, 2011App].  Other alloying elements, 

such as boron and tungsten, are added to titanium aluminides to obtain precipitation 

hardening, grain refinement and stabilisation of microstructure against grain growth 

[1994Has, 2011App]. The only problem is that elements that improve ductility decrease 

the oxidation resistance of titanium aluminides, and elements that improve oxidation 

resistance reduce ductility.  Nevertheless, extensive research on the alloying of titanium 

aluminides has yielded some superior alloys (Table 2.2) with good high temperature 

properties [2012Kot].  Table 2.2 summarizes the effect of different alloying elements on 

titanium aluminides.  Table 2.3 lists the state-of-the-art titanium aluminide alloys that 

are commercially available [2004Bir, 2005Voi, 2012Kot]. 

 

Table 2.2:  Effect of selected alloying elements on mechanical 

propertiesofTiAl [1994Has, 2011App, 2012Kot]. 

Elements Effect 

Cr (small amounts), Mn, V and Mo Improve ductility 

Cr (in range of 8%, Nb (small amounts), Ta, 

W, Mo, Ni, C, N and Si 

Increase oxidation and creep 

resistance 

Nb (in range of 5% - 10%) and Mo Increase high temperature strength 

B and W (small additions) Refine grain size 

 

Table 2.3: Commercial titanium aluminide alloys [2012Kot]. 

Alloy 

name 
Developers Composition (at.%) Alloy strengths 

GE 48-2-2  
General Electric, 

USA 
Ti-48Al-2Cr-2Nb 

Ductility, fracture 

toughness, oxidation 

resistance 

ɔ-MET   Plansee, Austria Ti-45Al-(5-10)Nb 

High temperature 

strength, creep, fatigue 

and oxidation resistance 

TNB alloy  

GKSS Research 

Centre, 

Germany 

Ti-(45-47)Al-10Nb 

High temperature 

strength, creep and 

oxidation resistance 

XD
TM 

TiAl  
Martin Marietta 

Labs, USA 

Ti-45Al-2Mn-2Nb-

0.8B 

Ductility, high 

temperature strength, 

stiffness, creep and 

oxidation resistance 
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2.2.5 Effect of aluminium content 

The amount of Al determines the initial phase to precipitate and the phase 

transformations that occur on solidification [2011App, 2012Kot].  Depending on the Al 

content, titanium aluminides can form Ŭ2-Ti3Al, dual Ŭ2-Ti3Al + ɔ-TiAl and pure ɔ-TiAl  

phases on cooling (Figures 2.6 - 2.10).  Titanium aluminides with less than 40 at.% Al 

consist of the Ŭ2-Ti3Al phase.  They have no engineering use as they are very brittle at 

room temperature.  Alloys with >50 at.% Al, consisting of ɔ-TiAl phase, are also brittle 

at room temperature, but they have  good high temperature oxidation and creep 

resistance.  The dual phase alloys with Al in the range 46 - 49 at.%, consisting of ɔ-TiAl 

and Ŭ2-Ti3Al, exhibit the best ductility at room temperature (Figure 2.13) [2011App, 

2012Kot].  As a result, most titanium aluminide alloys used for structural applications 

have some Ŭ2-Ti3Al to maximise thermo-physical properties.   

 

 

Figure 2.13: Effect of Al content on the room temperature ductility of wrought Ti-

Al metals [2011App]. 

 

2.2.6 Effect of noble metal additions 

There is limited research on noble metals as alloying elements for titanium aluminides 

[2000Van, 2012Mwa, 2013Mwa].  Most of the research on titanium aluminides has 

been focused on improving room temperature ductility and high temperature strength 

[1993Jha, 1994Kim].  Noble metals are usually used as alloying elements to improve 

corrosion resistance [1959Ste, 1996Sch].  In titanium and titanium alloys, the addition 

of small amounts of noble metals, such as Pt, Pd, Ag and Rh, has improved corrosion 
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resistance in reducing acids [1959Ste, 1996Sch, 2000Van].  Titanium and titanium 

alloys are susceptible to corrosion in aqueous reducing acids such as chloride and 

fluoride solutions [1959Ste, 1996Sch, 2000Van].  In oxidizing media, they 

spontaneously form protective oxide films on the surface, although in reducing media, 

they can show pitting and crevice corrosion [1959Ste, 1996Sch, 2000Van].   

 

Alloying titanium with PGMs, such as platinum, palladium and ruthenium, produces 

alloys with a passive mixed potential with more positive values, as shown in 

Figure 2.14 [1959Ste].  On immersion in acid, the alloy undergoes cathodic polarization 

which initiates the dissolution of the alloy [1959Ste].  As the alloy is dissolved, the 

noble metal accumulates on the surface until the electrode potential changes to a more 

positive (noble) value and the alloy passivates by forming a slightly soluble, protective 

and hydrated oxide film.    

   

For titanium aluminides, the addition of 1.0 at.% of the PGMs Pt, Pd and Ir to Ti-47.5 

at.% Al in HCl generally improved the corrosion resistance by increasing the corrosion 

potential to nobler values [2013Mwa].   

 

 

 

Figure 2.14:  Schematic diagram showing how alloying with a noble metal 

produces a passive mixed potential and a marked reduction in corrosion rate 

[1959Ste]. 
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2.3 The Ti-Al -Ni and Ti-Al -Ru ternary systems 

The isothermal section at 1000°C of the Ti-Al -Ni ternary phase diagram in Figure 2.15 

[2007Sch] shows the existence of five ternary phases, Ű1 - Ű5.  The Ű3 phase Ti2NiAl 3 

melts congruently at 1289°C.  At Ti-52.5Al-10.0Ni (at.%), there is a TiAl, TiAl2 and 

Ti2NiAl 3 (Ű3) phase field at 1000°C, and a wide two-phase region between TiAl and 

Ti2NiAl 3 (Ű3).   

The isothermal section at 950°C of Ti-Al -Ru in Figure 2.16 [1989Kha] shows a wide 

two-phase field of  ɔ-TiAl + Ű  at low ruthenium and high Al compositions. 

 

 

Figure 2.15:  Isothermal section of Ti-Al -Ni at 1000°C [2007Sch]. 

 



25 

 
Figure 2.16:  Isothermal section of Ti-Al -Ru at 950°C [1989Kha]. 

 

2.4 Manufacturing of titanium aluminides  

The manufacturing of titanium aluminides is a fairly expensive process because these 

alloys have long range ordering up to their melting point [2011App, 2012Kot].  This 

means they have to be manufactured at high temperatures (>1460°C) and the equipment 

used must have good high temperature strength.  Conventional processing techniques 

are investment casting, ingot metallurgy and powder metallurgy.  These techniques have 

successfully produced titanium aluminide components which then require further 

processing like hot isostatic pressing (HIP), ageing, annealing and hot working.  This 

adds to the manufacturing costs of titanium aluminides [2011App, 2012Kot]. 

 

Investment casting and ingot metallurgy produce inhomogeneous components with 

segregated microstructures [2011App, 2012Kot].  This is because the elements making 

up the titanium aluminide alloys have different densities and melting points.  Thermo-

mechanical treatments, such as hot rolling, forging and extrusion, are then conducted in 

the Ŭ + ɓ phase field (1200 - 1350°C) to homogenize and refine the microstructure.  

Besides thermo-mechanical treatments, ingots can be subjected to HIP and ageing to 

relieve residual stresses, and homogenise and refine the microstructure. 

The powder metallurgy route is considered another manufacturing option as it costs less 

than investment casting and ingot metallurgy [2011App, 2012Kot].  It is also a faster 
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process which produces more homogenous components with less porosity, and new 

alloys that cannot be produced via ingot metallurgy and casting can be made.  The 

powder metallurgy route generally involves gas atomisation of pre-alloyed powder 

followed by HIP or extrusion.   

 

Other successful recently-developed manufacturing techniques are laser forming, direct 

rolling and plasma sintering [2011App, 2012Kot].  These techniques have been 

successful in reducing the post-processing steps and therefore also the manufacturing 

time.  However, they still produce components with some porosity, and the components 

are not easily scalable in size.  

 

Mechanical alloying is another successful technique to manufacture titanium aluminide 

components [2011App, 2012Kot].  It involves high energy ball- and attrition- milling of 

pre-alloyed metal powder for up to 50 hours.  The powder particle size can be reduced 

to the sub-micrometre and nanometre ranges.  The challenge with this technique is the 

metal powder contamination from milling media and the milling container.    

 

In manufacturing it is important to eliminate impurities such as oxygen and nitrogen as 

they can introduce porosity in the final fabricated components [2011App, 2012Kot].  In 

order to optimise mechanical properties, it is also important to use a processing 

technique that can minimise the grain size. 

 

2.5 Uses and applications of titanium aluminides 

Most titanium aluminide applications are in the aerospace and automobile industry 

[1976Cho, 1989Nis, 1997Kel, 2000Cha, 2011App, 2012Kot].  Their low density and 

high temperature strength make them good candidate materials to make lighter hot 

components jet engine gas turbines and automobile engine valves.  They can especially 

be used in low pressure turbine blades and high pressure compressor blades, which are 

shown in Figures 2.17 and 2.18 [2014Gea, 2003Dim]. These components are 

conventionally made from NBSAs whose density is nearly twice that of TiAl based 

alloys.  NBSAs are already operating at their melting point of 1360°C, and the TiAl-

based alloys have a higher melting point (~1460°C) [1992Fro, 1995Imm, 1999Voi, 

2012Kot].  They are being considered to replace 21-2N high temperature steel in 
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automobile engine valves, as they are 50% lighter, and have a higher thermal 

conductivity and exhibit high tensile strength at 700°C - 800°C [1989Nis, 1997Kel, 

2000Cha]. 

 

 

Figure 2.17:  General Electric GEnX engine [2014Gea]. 

 

 

Figure 2.18:  TiAl turbocharger wheels made by Howmet Corporation [2003Dim]. 

 

The challenge with the widespread use of titanium aluminide alloys is their production 

costs which are higher than steel and NBSAs [1992Fro, 1995Imm, 1999Voi, 2012Kot].  

They are also more difficult to manufacture due to their low ductility and high melting 

points.  However, their production costs are projected to decrease, and several novel 

techniques, mentioned earlier, have successfully produced titanium aluminide 
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components with good mechanical properties.  Table 2.4 lists the potential applications 

for titanium aluminide alloys. 

 

Table 2.4:  Potential applications for titanium aluminides [2003Das]. 

Vehicle Component 
No. of 

vehicles 

Projected usage 

[kg]  

Global first strike/ 

Tomahawk missiles 

Hot structures, 

compressor, nozzle 
>2000 >30,000 

Comanche helicopter 
Nozzles, IR suppression 

systems 
>500 >10,000 

F-22, JSF 

Nozzles, exhaust 

structures, engine 

components 

>700 >100,000 

Military space plane Thermal protection 

systems, wing box and 

vertical tail hot structures 

>2 >5,000 

Re-usable launch 

vehicles 
2 - 8 20,000 ï 80,000 

 

Due to their high productions costs, low ductility at room temperature and difficulty in 

manufacturing, titanium aluminides are mainly used for specialized military [2003Das] 

and aerospace industries [1999Sch, 1997Cle, 2015Gup].   

 

2.6 High temperature oxidation of titanium aluminides 

Oxidation is described as the process whereby an unstable metal reacts with oxygen to 

form a thermodynamically favoured metal oxide. The mechanism of oxidation for any 

metal or alloy can be described by the following chemical reaction [1974Law]: 

 

xM(s) + O2(g) = MxOy       (Equation 2.3) 

 

where M is the reacting metal and MxOy is the metal/alloy oxide. 

 

The driving force for oxidation reactions is the Gibbs standard free energy (ȹG) 

described in Equation 2.4 [1983Bit]:   

     

ɝ' ɝ'Ј 24ÌÎ ϳ       (Equation 2.4) 
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where R is the universal gas constant, T is the absolute temperature, PO2 is the oxygen 

partial pressure and ai is the chemical activity of component i. 

At equilibrium, 
ὥὓὼ/ώ

ὥὓ
ὼὖ/ς

ρςϳ is constant and ȹG = 0, so Equation 2.4 becomes: 

 

ȹGÁ = -RTln
ὥὓὼ/ώ

ὥὓ
ὼὖ/ς

ρςϳ       (Equation 2.5) 

 

Taking the natural logarithms: 

 

ὥὓὼ/ώ

ὥὓ
ὼὖ/ς

ρςϳ = Ὡ
Ј

      (Equation 2.6) 

 

Rearranging Equation 2.6 gives the equilibrium dissociation pressure for the metal 

oxide MxOy: 

 

ὖ/ ϳ
 = Ὡ

ȹ Á

.       (Equation 2.7) 

Equation 2.7 gives the minimum oxygen potential required to form the metal oxide 

MxOy.  The Ellingham diagram (Figure 2.19) graphically shows how the Gibbs free 

energy (ȹGÁ) changes as a function of temperature [2011App].  The diagram is often 

used to compare the thermodynamic stability of various oxides.  Oxides with a more 

negative ȹGÁ are considered more stable than oxides with a less negative or more 

positive ȹGÁ.  Therefore, using the Ellingham diagram, Al2O3 is more stable than Cr2O3 

and SiO2. 

 

The development of an oxidation-resistant alloy is based on the addition of an element 

that will readily oxidize and form a protective metal oxide on the surface of the base 

metal.  For this to happen, the surface oxide formed should be more stable than the 

lowest oxide of the base metal [1962Kub, 1970Woo, 1974Law, 1983Bir].  The Gibbs 

free energy of formation of the surface oxide formed should be more negative than the 

lowest oxide of the base metal.  When designing an oxidation resistant alloy, the aim 

should be to design an alloy that forms a stable, slow-growing, protective oxide layer 
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with good adherence to the substrate [1962Kub, 1970Woo, 1974Law, 1983Bir, 

2011App]. 

 
Figure 2.19:  Ellingham diagram showing the standard free energy of formation of 

selected oxides at a function of temperature [2011App]. 

 

 

2.6.1 Mechanisms of oxidation 

Dual phase titanium aluminides have good oxidation resistance, although above 800°C, 

the oxidation resistance is inadequate [1985Lip, 1995Kim, 1995Sau, 1996Tan, 

2000App].  Micro-alloying with Nb, Ta and W is typically used to improve oxidation 

resistance.  Single-phase (ɔ TiAl -based) titanium aluminides exhibit good oxidation 

resistance, but they are brittle at room temperature.  Therefore, most research is focused 

on improving the oxidation resistance of dual phase (duplex) titanium aluminides, as 

they have the optimal ductility [2000App, 2011App, 2012Kot].   

 

Meier and Petit [1993Mei] found that with micro-alloying, titanium aluminides form 

stable Al2O3 oxides below 1000°C.  Above 1000°C, they form mixed oxides of Al2O3 

and TiO2.  Zhou et al. [2008Zho] found that oxidation of titanium aluminide alloys can 
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be divided into two stages.  Stage 1 is the selective growth of alumina, characterised by 

a linear growth in mass gain.  Stage 2 is the simultaneous oxidation of Ti and Al to form 

the oxides TiO2 and Al2O3, which is characterised by the parabolic increase in mass 

gain.  They found that adding Nb did not change the two stage mechanism, but delayed 

the transition from stage 1 to stage 2.  

 

The mechanism of oxidation in titanium aluminide alloys is believed to occur in four 

modes dependent on oxidation temperature, shown in Figure 2.20 [1994Bey], starting 

with TiO2 forming only.  An increase in temperature results in thicker and more 

complex scales.  Above 800°C, complex scales with internal oxides, voids, sub-scales, 

porous and intermixed Al 2O3/ TiO2 can form.   

 

Titanium aluminide alloys have a high affinity for oxygen [1996Bey], therefore even at 

room temperature, a thin (~200nm), continuous and stable TiO2 oxide will form on the 

surface of the alloy.  This is generally accepted as mode I (Figure 2.20) oxidation in ɔ-

based TiAl alloys. 

 

Mode II occurs at 800 - 950°C (Figure 2.20), although for ɔ-TiAl with higher Al 

contents, the temperature can be higher [1996Bey].  At this stage, an alumina scale and 

some TiO2 form on the surface of the alloy.  The alumina scale passivates and protects 

the substrate, ensuring minimal loss of the alloy.   

At higher temperatures up to ~1100°C, mode III oxidation occurs (Figure 2.20) and 

most aircraft applications occur at this temperature range [1996Bey].  Here, a tri-layer 

oxide scale is formed, consisting of an outer TiO2 layer, an intermixed TiO2/Al2O3 layer 

underneath the TiO2 layer, and a stationary Al2O3 at the interface of the substrate and 

oxide layer.  Passivation is minimal and breakaway oxidation occurs. 

Mode IV occurs above 1100°C (Figure 2.20), where internal oxidation occurs, resulting 

in even more rapid deterioration of the alloy [1996Bey]. 

Taniguchi and Shibata [1996Tan] proposed that titanium aluminides form a scale with 

two layers after mode III oxidation (Figure 2.21).  The scale consists of an outer TiO2 

layer and an inner, porous and intermixed TiO2/Al 2O3 layer.  The two layers are 

separated by a non-continuous Al2O3 layer which can act as a barrier to oxidation.  Also, 
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at the interface between the layers, large voids can be present (Figure 2.21 [1996Tan]).  

In the substrate adjacent to the substrate/scale interface, Al 2O3 platelets are present as 

internal oxides.  The areas between the internal oxides have titanium which transforms 

to lamellar Ti3Al and is oxidized as oxidation proceeds.  After long oxidation times, 

cracks develop near the substrate/scale interface.  During oxidation, titanium ions and 

oxygen ions diffuse through the outer TiO2 layer [1983Kof].  Oxygen ions diffuse much 

faster than titanium ions, so the outer TiO2 layer grows by the outward diffusion of 

titanium ions and the inner TiO2/Al 2O3 layer grows by the diffusion of oxygen ions.   

 

Figure 2.20:  Mechanism of oxidation in ɔ-based titanium aluminides [1996Bey]. 
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Figure 2.21:  Model for the structure of the scale and the substrate near the 

scale/substrate interface [1996Tan]. 

 

2.6.2 Thermodynamics of oxidation 

Like titanium alloys, titanium aluminides have a high affinity for oxygen [1993Mei, 

1996Bra, 1996Tan, 2011App].  From room temperature, they react with oxygen and air 

to form oxide scales with varying amounts of TiO2 and Al2O3 depending on the 

oxidation temperature and the Al content of the TiAl alloy [1993Mei, 1996Bra, 

1996Tan, 2011App].  Pure ɔ-TiAl alloys (Al content >52 at.%), do not form a 

continuous Al 2O3: instead in air and in oxygen under atmospheric pressure at 820 - 

1150°C, they form an intermixed scale of TiO2 + Al 2O3 [1993Mei, 1996Bra, 1996Tan, 

2011App] .   This is due to the thermodynamic stability of TiO (which rapidly oxidises to 

TiO2) and Al2O3 being very similar.  Figure 2.22 [2011App] indicates that the oxygen 

equilibrium pressures of Al/Al2O3and Ti/TiO are similar, making it difficult to predict 

the most stable oxide. 

 

In titanium aluminides, TiO2 oxide grows faster than Al2O3 (1 mole of TiAl produces 1 

mole of TiO2 and 1/2 mole Al2O3) [1996Bra, 1996Tan, 2011App].  The presence of 

TiO2 should be suppressed as the TiO2 grains provide quick diffusion paths for oxygen 

and less protection for the substrate material.  Brady et al. [1996Bra] proposed that the 

TiO2 may also act as a short-circuit transport path, enabling the interstitial dissolution of 

O2 and nitrogen particles into the alloy at elevated temperatures.  This results in the 

embrittlement of the alloy and degradation of the mechanical properties such as the 

fatigue life of the alloy. 
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Figure 2.22:  Oxygen equilibrium pressures of selected metal/oxide system 

[2011App]. 

 

2.6.3 Kinetics of oxidation 

During oxidation, the base metal reacts with its surrounding atmosphere and starts to 

form various types of oxides and corrosion products as per Equation 2.3.  The kinetics 

of this oxidation reaction are dependent the material, temperature and time and can be 

described as linear, parabolic, cubic and logarithmic [2011App].  Linear oxidation 

kinetics are typical for metals that form oxides with no protection of the underlying 

material.   Parabolic oxidation kinetics are observed when the oxide scale growth is 

diffusion-controlled, and this is typical of oxidation-resistant alloys.  As oxidation time 

progresses, the kinetics of oxidation can change, i.e. alloys can change from parabolic to 

linear oxidation kinetics with time.  Also, if sufficient stress is built up within a scale 

with time, then cracking or spallation can occur [2011App].  The kinetics of the system, 

rather than the thermodynamics, control the oxidation rate [2011App]. 

 

It is generally accepted that titanium aluminides follow parabolic kinetics in short, 

isothermal oxidation conditions and may experience breakaway kinetics (cracking and 
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spallation) at longer oxidation times [1989Kas, 1989Uma, 1992Bec].  As mentioned 

above, titanium aluminide alloys react and form an oxide scale when exposed to an 

oxidizing environment (air/O2) at high temperatures [1996Bey].  The weight changes 

which occur due to the formation of the scale can be plotted against time.  Graphs 

similar to Figure 2.23 [2011App] can be plotted for different alloys.  Depending on 

material and temperature, different rate laws can be observed (linear, parabolic, cubic 

and logarithmic) [1962Kub].   

 

Figure 2.23: Schematic diagram showing the kinetics of oxidation for TiAl alloys 

[2011App]. 

In Figure 2.23 [1992Bec, 1995Rah, 2011App], Stage A indicates the growth of the 

protective oxide Al2O3 with very little oxidation of the material (low mass increase).  As 

time progresses, stage B occurs where the Al2O3 scales starts to break down and a 

mixed TiO2 + Al 2O3 scale forms.  At stage C, breakaway oxidation occurs due to a 

complete breakdown in the Al2O3 scale and the formation of a non-protective TiO2 

oxide scale.   

The linear rate law is described by [1962Kub]: 

y = k1t         (Equation 2.8) 

where y = scale thickness, t = time and k1= linear rate constant. 

A linear oxidation rate is observed during initial scale growth.  It occurs when an oxide 

layer does not act as a solid state diffusion barrier and does not protect the substrate.  

The oxidation of the metal/alloy proceeds at a constant rate and a phase boundary 

process controls the overall rate of reaction [2011App]. 

The parabolic rate law is described by [1962Kub]: 

(ȹm/A)
2
 = kpt        (Equation 2.9) 
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where m = mass (g) of metal, A = surface area (cm
2
), t = time (s) and kp = parabolic 

oxidation rate constant in mg
2
.cm

-4
.s

-1
.  

A parabolic oxidation rate applies when the diffusion of ions through the scale is the 

rate controlling process as the initial rapid scale growth rate decreases with time.  It 

occurs during high temperature oxidation, and is usually observed in oxidation-resistant 

alloys.  Materials with low kp values have slower oxidation kinetics and are considered 

more oxidation resistant [2011App]. 

The logarithmic rate law is expressed by [1962Kub] as: 

y = kloglog(t + t0) + A       (Equation 2.10) 

and 1/y = B ï kil logt       (Equation 2.11) 

where y = thickness, A, B, klog and kil are constants at time t. 

Logarithmic oxidation rate is characterized by the formation of thin oxide scales 

between 0.0020 ï 0.0040 µm due to a quick reduction of the initial rapid rate of scale 

formation to a very low rate of reaction.  It usually occurs to metals or alloys oxidised at 

low temperatures ~400°C. 

Most metals oxidise at a more rapid rate than the measured bulk diffusion rate 

[1996Bra, 2011App].  This is because the transport of reactants through the scale is by 

bulk lattice diffusion and diffusion along low resistance, short circuit paths such as 

grain boundaries, dislocations, pores and micro-cracks.  The presence of cracks and 

pores in the scale provide direct access for oxygen.  For oxidation resistance, it is thus 

important to have a continuous oxide scale with minimal cracks and pores. 

 

2.6.4 Oxide scales 

Oxidation resistance of high temperature alloys depends on the formation of continuous, 

slow growing oxide scales.  The scales Al2O3 and Cr2O3 are mostly stoichiometric 

oxides [1992Mei, 2011App] with low defect concentrations and they thus develop 

relatively more protective oxide scales.  Alloys of Al2O3, SiO2 and BeO are of principal 

interest because they exhibit low diffusivities for both cations and anions, as well as 
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being highly stable [1992Mei].  In Ti-based alloys, the oxides of the base metal 

(TiO/TiO2) are almost as stable as those of Al, Si and Be.  This can prevent selective 

oxidation. 

In alloys, there should be a sufficient supply of Al and Cr [1992Mei, 2011App] to form 

a protective Al2O3 and Cr2O3.  An ideal scale should be highly stable, free from stress, 

cracks and pores at high temperatures.  It must be coherent and remain adherent to the 

surface, even after cyclic conditions.  A major setback with Al2O3 scales is that they 

crack and spall under cyclic oxidation conditions.   

In titanium aluminides, the formation of the stable Ŭ-Al 2O3 (corundum) rather than the 

metastable alumina phases (ɔ, ɗ, ŭ and ə) is required.  Metastable alumina transforms to 

corundum upon heating to above 900°C.  The ease of formation of corundum on the 

surface of an alloy depends on the alloy grain size, surface finish, and amount of cold 

work, initial oxide present and the method of heating the alloy [1962Kub, 1965Hau, 

1970Woo, 1974Gig, 1983Bir]. 

Two other factors are also significant in the formation, composition and structure of the 

oxide layer: the thermodynamic stability of the oxide layer formed [1965Hau] and the 

crystal structures of the oxide scale and substrate which determine the adhesion between 

them. An essential requirement for the formation of a non-porous and adherent scale is 

the capability of the substrate and oxide scale to withstand stresses that develop from 

the growth of a scale [1965Hau].  The scale needs to have vacant lattice positions or 

interstitial sites to allow the infiltration of reactants such as cations and oxygen.  The 

diffusion of reactants through the scale enables scale growth and internal oxidation.   

 

2.6.5 Hot salt oxidation 

Hot salt corrosion is accelerated oxidation which affects alloys that are exposed to high 

temperature combustion gases with impurities [1997Nic]. It is noticeable in turbines at 

700 ï 900°C with Na2SO4 as the corrosive media [1997Nic]. The source of Na2SO4 can 

be from salt ingestion into the engine from atmospheric aerosols, alkali metals in the 

fuel and sulphur gases from combustion of the fuels [1997Nic].  Hot corrosion usually 

affects alloys exposed to gas turbines and incinerators, and occurs in two stages 
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[1997Nic].  The initial stage occurs by the destruction of the protective oxide layer 

[1997Nic], which can occur by thermal cycling, mechanical stressing or abrasion and 

impact, as well as by dissolving in molten salt. 

 

The propagation stage occurs by the sulphidation of the TiAl alloy [1997Nic]. Sulphur 

from combustion gases combines with reactive metals in the alloys to form a dispersion 

of sulphide particles within the metal.  These sulphide particles oxidise rapidly and 

release sulphur in the oxidation reaction. The sulphur penetrates further into the metal, 

so that the process becomes self-propagating. 

 

Typical reactions in turbine engines include [1997Nic]: 

2NaCl + SO2 + O2 + H2O = Na2SO4 + 2HCl    (Equation 2.12) 

2NaCl + SO3 + H2O = Na2SO4 + 2HCl     (Equation 2.13) 

 

Reactions 2.12 and 2.13 are common in the temperature range of 650 - 1040°C.   

 

Hot corrosion of TiAl alloys is believed to occur by the mechanism explained above 

[1997Nic].  It is detrimental, especially if the continuous and protective alumina coating 

is not formed and the intermixed Al2O3/TiO2 scale is present. 

 

2.7 Aqueous corrosion of titanium aluminides 

Most of the research on titanium aluminides has been focused on the high temperature 

aerospace and automobile applications, due to weight savings which can be achieved 

and their good high temperature performance [1976Cho, 2011App, 2012Kot].  There is 

therefore limited research on the room temperature aqueous corrosion of titanium 

aluminides.  Titanium aluminides could be used to replace titanium alloys in 

petrochemical processing, offshore oil and gas, marine environments and the fabrication 

of medical implants.   

Titanium and titanium alloys have excellent corrosion resistance in most neutral and 

oxidizing aqueous environments [1959Ste, 1996Sch, 2000Van].  However, in reducing 

environments, such as low pH chloride solutions, titanium alloys are susceptible to 

crevice and pitting corrosion.  Thus, palladium-containing titanium alloys are being 
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used in low pH chloride solutions to improve corrosion resistance, although palladium 

is increasingly being replaced by ruthenium to reduce costs [1983Lum, 1996Yan, 

2000Van]. The Ti-Ru alloys can be used to make lighter and cost effective components 

for: down-hole oil and geothermal sour wells, hot brine plate exchangers, chlor-alkali 

and chlorate cell anodes and liners. The pH in these environments can be similar to that 

of 5 wt% HCl and 25 wt% HCl. 

As stated above, there has been limited research on the room temperature aqueous 

corrosion of titanium aluminides.  Most of the research has focused on the corrosion 

performance in Ringerôs solution as gamma titanium aluminide alloys could be used for 

bone repair and replacement [1996Saf, 2006Del, 2009Ham].  Gamma titanium 

aluminide has good corrosion resistance in Ringerôs solution, especially after surface 

modification (oxidation in air at 500°C and 550°C) [2006Del, 2009Ham].  Oxidized 

gamma titanium aluminide also has good corrosion resistance in sea water and 3.5 wt % 

NaCl [2007Del].  Saffarian et al. [1996Saf] found that titanium aluminide alloys were 

susceptible to pitting corrosion in aqueous NaCl and that the pitting potential was 

dependent on the pH or Cl
- 
concentration.  In this study, aqueous corrosion tests were 

done on two HCl concentrations (5 wt % and 25 wt %) to assess the effect of solution 

concentration on the corrosion rate.      

 

2.7.1 Corrosion mechanisms 

Corrosion is a chemical reaction where metals and materials deteriorate under an attack 

from their surrounding environment [1971Den, 1973Wes, 1982Shr].  Most corrosion 

reactions are electrochemical reactions as they involve the transfer of electrons between 

the electrode (metal) and electrolyte (liquid containing ions).  There are two types of 

electrochemical reactions: anodic, where the reaction transfers electrons to the 

electrode, and cathodic, where the reaction takes electrons from the electrode.   

Corrosion has four sub-reactions which act in series [1971Uhl], and if one of them is 

retarded, then the overall corrosion process is also retarded.  The sub-reactions involved 

are illustrated in Figure 2.18 [2004McE] and include the electrochemical reactions, 

electron transfer and an electrical connection (ion flow). 
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Figure 2.24:  Schematic of the four sub-reaction which occur when a metal (iron) 

corrodes in contact in with an electrolyte (water) [2004McE]. 

 

Anodic reaction 

The anodic reaction is also known as the oxidation reaction, whereby the metal is 

changed into a charged species and goes into solution.   

The anodic reaction releases electrons and a loss of metal occurs [1971Uhl]. 

M Ҧ M
2+ 

+ 2e
-
       (Equation 2.14)  

where M = atom on metal surface, M
2+ 

= ion in solution and 2e
-
 = electrons in metal.  

Equation 2.14 shows that electrons (e
-
) are released by the anodic reaction. 

 

Electron flow 

Electrons released by the anodic reaction flow through the metal (electrode) from the 

anodic site to the cathodic site.  This movement of electrons represents a current, I, 

which by convention, flows in the opposite direction of electron flow, i.e. the current 

flows towards the site of anodic reaction [1971Uhl].   

 

Cathodic reaction 

The electrons are used by one or more cathodic reactions, also known as reduction 

reactions [1971Uhl].  In different environments, typical cathodic reactions are: 

 

O2 + 2H2O + 4e
-
 Ÿ 4OH

-
      (Equation 2.15) 

1 3 

2 

4 
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2H
+
 + 2e

-
 Ÿ H2       (Equation 2.16) 

O2 + 4H
+
 + 4e

-
 Ÿ 2H2O      (Equation 2.17) 

 

Equation 2.15 is the typical cathodic reaction in neutral or alkaline environments.  

Equations 2.16 and 2.17 are typical cathodic reactions in acidic environments. 

 

Ion flow 

To close the electrical circuit between the anodic and cathodic sites, the current I must 

also flow through the electrolyte [1971Uhl].  Any ions that may be dissolved in the 

electrolyte (such as OH
-
, H

+
, Cl

-
, Ti

2+
 and Al

3+
) carry the current I between the anodic 

and cathodic sites. 

For corrosion to occur, all four sub-reactions must happen simultaneously 1971Uhl].  If 

one of the reactions is halted, then the whole corrosion process is halted.  Hence most 

corrosion protection methods are based on retarding one or more of the sub-reactions. 

Importance of current (I) 

The corrosion current is directly proportional to the rate a metal is corroded [1971Uhl].  

This relationship is given as: 

Rate (moles/second) = I/zF      (Equation 2.18) 

where F = Faraday constant = 96.485 C/mol, z = valence of the corroded metal, and I = 

current. 

Since the corrosion rate will be the same whether for a large or small area of a metal, 

the corrosion current density i (current divided by the total exposed area of metal) is 

used in Equation 2.18. 

Therefore the rate of corrosion becomes: 

Rate (moles/second.mm
2
) = i/zF     (Equation 2.19) 

where the corrosion rate is directionally proportional to the corrosion current density. 

Importance of potential (E) 

The potential of the corroding metal affects the rates of the anodic and cathodic 

reactions [1971Uhl].  The rate of the anodic reaction increases as the potential becomes 

more positive, and similarly the rate of the cathodic reaction increases as the potential 
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decreases (Figure 2.25 [1971Den]).  The potential where the rate of the anodic reaction 

is equal to the rate of the cathodic reaction (equilibrium) is the corrosion potential 

(Ecorr).  At equilibrium, the rates of the anodic and cathodic reactions are equal and 

opposite and are referred to as the exchange current density which is the corrosion rate 

(icorr) of the metal [1971Uhl, 1987Fon, 1992Jon].  For metals in solution, the larger the 

exchange current density, the faster the redox reaction will be, as expressed in Equation 

2.19.  The exchange current density is dependent on the nature of the redox reaction, the 

electrode composition/surface, temperature and the concentration ratio of oxidised and 

reduced species. 

 

Figure 2.25:  Schematic anodic and cathodic polarisation curves for a metal 

corroding in an acid solution [1971Den]. 
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2.7.2 Kinetics of electrochemical reactions 

Polarisation 

Electrochemical reactions can be limited by physical and chemical environmental 

factors such as temperature, pressure, metal ion concentration and electrolyte pH 

[1987Fon, 1992Jon].  An electrochemical reaction is thus said be polarised or retarded 

by these environmental factors.  Polarisation is classified into two types ï activation and 

concentration polarisation.  Activation polarisation (ɖ) occurs when the electrochemical 

process is controlled by the reaction sequence at the metal-electrolyte interface 

[1987Fon, 1992Jon].  For examples, the hydrogen evolution reaction (Equation 2.16) 

can occur in three major steps [1987Fon, 1992Jon].  In step 1 (Equation 2.20), H
+
 reacts 

with an electron from the metal and forms an adsorbed hydrogen atom (Hads) on the 

surface [1992Jon].  In step 2 (Equation 2.21), two Hads react to form a hydrogen 

molecule.  In step 3, the hydrogen molecules combine and form a bubble on the surface.   

H
+
 + e

-
 Ÿ Hads        Equation 2.20 

Hads + Hads Ÿ H2       Equation 2.21 

Any one of these steps (the slowest step) can control the rate of hydrogen evolution 

(Equation 2.16) and cause activation polarisation.  Polarisation is also commonly known 

as overpotential [1992Jon].   

Concentration polarisation occurs in electrochemical reactions that are controlled by the 

diffusion of ions in the electrolyte.  In the case of hydrogen evolution (Equation 2.16), 

the reduction rate is controlled by the diffusion of H
+
 to the metal surface.  Therefore, 

the reduction rate is controlled by a process occurring in the bulk solution, rather than at 

the metal-electrolyte surface [1987Fon, 1992Jon].   

Passivity 

Passivity occurs when metals/alloys cease to react with their surrounding environments 

by forming thin surface films [1986Fon, 1992Jon, 1996Hin].  The metals used to 

constitute the alloys in this study (titanium, nickel, aluminium and ruthenium) are 

among some of the common engineering metals and alloys which are susceptible to 

passivation [1986Fon, 1992Jon, 1996Hin].   Figure 2.26 illustrates the typical behaviour 

of an alloy that shows passivity in a corrosive environment.  The behaviour of the alloy 
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can be divided into active, passive and transpassive regions.  In the active region (points 

A to B), the alloy behaves like a typical metal where a slight increase in the oxidizing 

power (electrode potential) of the solution causes a rapid increase in the corrosion rate 

and reaches a maximum at the passivation potential (Epp) [1986Fon, 1992Jon, 

1996Hin].   The critical current density (icrit) is at the passivation potential.  The passive 

region (points C to F) begins after the corrosion rate suddenly decreases (points B to C) 

and remains fairly low (< 1µA.cm
-2

) and constant with an increase in electrode potential 

[1986Fon, 1992Jon, 1996Hin].  At very high electrode potential (high concentrations of 

oxidizing agent), the transpassive region (points F to I) begins where the corrosion rate 

increases again with increasing oxidizing power (electrode potential).    

The passivation region ends at the pitting potential Eb, where the current density 

increases rapidly with an increase in potential (DE).  The value of Eb is dependent on 

the concentration ratio of inhibitive anions (stabilize the oxide film) and aggressive 

anions (break down the oxide film) in the electrolyte.  If there is sufficiently more 

inhibitive anions than aggressive anions in solution, the break-down of the passivating 

oxide film can be completely suppressed and no pitting potential will be observed.  As 

the ratio of inhibitive anions to aggressive anions decreases, the pitting potential 

becomes more negative [1986Fon, 1992Jon, 1996Hin].       

In some metals, transpassive dissolution is observed (FG) where the oxide film remains 

stable, the metals produces soluble ions and the current density increases with a more 

positive electrode potential.  As the electrode potential increases, the rate of 

transpassive dissolution may decrease due to secondary passivity (point G) [1996Hin].  

As the electrode potential increases further, the breakdown of water occurs, and the 

current density increases with potential (HI) due to the evolution of oxygen (Equation 

2.22).   

2H2O Ÿ O2 + 4H
+
 + 4e

-
      Equation 2.22 

In corrosion experiments [1996Hin], polarisation curves (potentiodynamic scans or 

Evans diagrams) similar to Figure 2.26 are obtained and used to find the corrosion 

potential, corrosion rate (corrosion density) and corrosion behaviour of metals and 

alloys.  
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Figure 2.26:  Corrosion characteristics of an active-passive metal as a function of 

solution oxidizing power (electrode potential) [1996Hin]. 

 

Oxide film formation during corrosion [1996Hin] 

At the onset of corrosion (Figure 2.26), the metal/alloy surface reacts with water to form 

an oxide.  The oxide gradually spreads over the surface and forms a thin film 

completely covering the metal/alloy (AB).  The oxide film slows the flow of metal ions 

and thus decreases the current density to a small value (BC).  The metal/alloy is thus 

protected against corrosion by a passivating oxide film which starts forming at Epp.  The 

Epp value is dependent on the pH value of the electrolyte and the concentration of anions 

in the electrolyte.  Oxide films generally become more stable with increasing pH and 

therefore the critical current density (icrit), generally decreases considerably as the pH 
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increases.  Thus the value of icrit can give a measure of the ease of passivation; the 

smaller the current, the easier is passivation.   

When the metal surface is completely covered with a passivating oxide film, the oxide 

film thickness increases to an equilibrium value and the current of metal ions passing 

through the film becomes independent of potential (CD). As time passes and the 

electrode potential increases, the oxide film starts to breakdown and form anions 

(usually chloride ions) which increase the current again (DE).  The dissolution of the 

oxide film is usually localised or initiates at weak points such as grain boundaries, 

dislocations, cracks and inclusions in the metal/alloy.  The underlying metal (substrate) 

is then exposed to the corrosive environment and can dissolve leading to an increase in 

current density.  In some metals/alloys, like titanium and titanium alloys in reducing 

environments [1959Ste, 1996Sch, 2000Van], continued dissolution can lead to the 

formation of pits.  

As mentioned above, some metals/alloys can have very stable oxide films and undergo 

transpassive dissolution, along FG in Figure 2.26.  This phenomenon is usually 

observed in strong oxidising solutions such as nitric acid.  If potential is increased 

further, secondary transpassive dissolution can occur in some metals/alloys.   

 

2.7.3 Cathodic modification 

Cathodic modification is an electrochemical technique used to improve the corrosion 

resistance of mostly titanium alloys and stainless steels in reducing media [1990Pot].  In 

cathodic modification, a noble metal (such as gold, silver, ruthenium, rhodium, 

palladium, osmium, iridium and platinum) having a high cathodic exchange current 

density (rate of reaction at equilibrium) for the reduction of H
+
 (2H

+
 + 2e

-
 Ÿ H2), is 

added to a base alloy to induce passivity in the new metal matrix [1961Gre].   

Cathodic modification was first discovered by Monnartz in 1911 when he found that 

winding a platinum wire around stainless steel, or alloying it with platinum, improved 

its corrosion resistance in certain acids [1911Mon].  Tomashov et al. [1948Tom] further 

confirmed the cathodic modification concept for stainless steels, titanium and titanium 

alloys.   
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The presence of platinum in the stainless steel produces a more noble alloy by 

increasing the electrode potential to a value higher than the passivity potential.  In a 

corrosive environment, the alloy passivates by forming a sparingly soluble, protective 

and hydrated oxide film on the surface.  Figure 2.27 [1990Pot] shows the effect of 

cathodic modification, where line A0 represents the cathodic polarization curve of a 

base metal, and line A1 the same metal which has been alloyed and therefore 

cathodically modified.  Therefore, the addition of corrosion-resistant noble metals to A0 

should produce the cathodically modified alloy A1, where the corrosion potential is 

more noble and lies in the passive region of alloy A0.  

For an alloy to be corrosion resistant by cathodic modification, the following criteria 

must be met in the base alloy [1990Pot]: 

¶ The base alloy must have a small critical current density (icrit) that can be 

exceeded by the current of the hydrogen cathodic reaction on the addition of a 

noble metal at the given passivation potential. 

¶ The passivation potential of the base metal must be sufficiently negative to allow 

the noble metal to change the corrosion potential to a value within the passive 

range of the base alloy.  Also, the passive region of the base alloy should extend 

to potentials that are more negative than the redox potential of the environment. 

¶ The transpassive potential of the base metal should be sufficiently positive to 

allow a wide passive range 

 

Figure 2.27:  Schematic diagram of the effect of cathodic modification [1990Pot]. 
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Figure 1: Schematic diagram of the effect of cathodic modification (after Potgieter et al. [8]). 

A0 

A1 

Addition of PGM 



48 

Stern and Wissenberg [1959Ste] found that only small amounts of PGMs were required 

to drastically improve the corrosion resistance of titanium in boiling dilute sulphuric 

and hydrochloric acids (Table 2.6).  Pt, Pd, Rh and Ru produced the best corrosion 

resistance; Os, Ir and Re had an intermediate effect, Au was effective at higher 

concentrations and Cu and Ag were detrimental.   

 

Table 2.6:  Effect of various alloying additions on corrosion resistance of titanium 

[1959Ste]. 

 

*The possible weighing error of these tests is ± 2 mil/y. 

Also, for the alloy to be corrosion resistant [1990Pot], the cathodic alloying component 

(noble metal) should have a higher exchange current density (and lower overpotential) 

for the reduction of H
+
 (2H

+
 + 2e

-
 Ÿ H2) than the base metal or alloy.  The noble metal 

should also be corrosion resistant under the given conditions.  In reducing acids 

1% 10% 3% 10% 

Titanium  460 3950 242 4500 

Ti + 0.064% Pt <2 145 <2 128 

Ti + 0.54% Pt <2 48 3 120 

Ti + 0.080% Pd <2 166 3 100 

Ti + 0.44% Pd <2 45 <2 67 

Ti + 0.10% Rh <2 26 5 96 

Ti + 0.50% Rh 3 48 <2 55 

Ti + 0.10% Ru 3 187 5 280 

Ti + 0.50% Ru <2 48 <2 113 

Ti + 0.11% Ir  <2 359 3 120 

Ti + 0.60% Ir  <2 45 3 88 

Ti + 0.10% Os 5 480 3 1820 

Ti + 0.48% Os <2 82 3 208 

Ti + 0.11% Re 235 - 345 - 

Ti + 0.36% Re 9 - 30 - 

Ti + 0.11% Au 1050 - 1500 - 

Ti + 0.48% Au 3 - 9 146 

Ti + 0.040% Ag 500 - 334 - 

Ti + 0.34% Ag - - - 4850 

Ti + 0.17% Cu 470 - 340 - 

Ti + 0.44% Cu 660 - 550 - 

Boiling Sulphuric Acid  Boiling Hydrochloric 

Weight loss in 24 h (mil/yr) 

Composition 
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[1990Pot], such as sulphuric and hydrochloric acids, titanium based alloys (along with 

Cr-based alloys and stainless steels) have a sufficiently negative passivation potential 

and PGMs have the required high exchange current density (and low overpotential) for 

the hydrogen ion reduction.  Therefore, when a sufficient amount of PGM is added to a 

Ti-based alloy, there will be an increase in hydrogen evolution, the corrosion potential 

of the cathodically modified alloy will increase to a passive region and the modified 

alloy will spontaneously passivate [1990Pot]. 

 

2.8 Rationale of the study 

The Ti-52.5Al-10.0Ni (at.%) and Ti-52.5Al-10.0Ni-0.2Ru (at.%) alloys were 

manufactured to investigate whether the high Al content (52.5 at.%), could promote 

formation of the protective Al2O3 oxide instead of the non-protective TiO2 oxide on the 

surface of the alloys.  Nickel was added to the alloys to improve corrosion resistance, 

because it improves corrosion resistance in nickel aluminides by promoting the 

formation of the protective Al2O3 oxide [1996Bra].  Ruthenium was added to the alloys 

as its presence in ferritic steels [1977Str] and some titanium alloys [1959Ste] improves 

corrosion and oxidation resistance. 

The behaviour of Ti-52.5Al-10.0Ni (at.%) and Ti-52.5Al-10.0Ni-0.2Ru (at.%) alloys 

under typical service conditions experienced in aerospace engines was investigated.  

The alloys were exposed to air or Na2SO4 at 950°C.   

The alloys were also exposed to dilute (5 wt%) and concentrated (25 wt%) HCl to 

investigate their corrosion behaviour in a reducing environment at room temperature.  

Titanium and titanium alloys are susceptible to pitting and crevice corrosion in reducing 

environments [1959Ste, 1996Sch, 2000Van].  It was investigated whether the presence 

of nickel and ruthenium would encourage passivation of the Ti-52.5Al (at.%) alloy by 

cathodic modification. 
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CHAPTER 3:  EXPERIMENTAL PROCEDURE  

 

3.1 Alloy synthesis 

The alloys were made by mixing and melting pure (99.96%) elemental powders of 

titanium, aluminium, nickel and ruthenium in a button arc furnace under an argon 

atmosphere.  The alloys were re-melted three times to attempt the production of 

homogeneous buttons of the base alloy Ti-52.5Al-10.0Ni (TAN) and Ti-52.5Al-10.0Ni-

0.2Ru (TAN+Ru) in at.%.  A titanium oxygen-getter button was first melted to react 

with any residual oxygen or nitrogen which might have been present. The alloys were 

cut using a water-jet line cutter into samples which were used for subsequent tests. 

Some samples of each alloy were annealed at 1050°C for 120 hours in a Carbolite tube 

furnace under an argon flow, where they were heated at a rate of 10°C/min and 

subsequently furnace cooled.  The rest of the alloy samples were left in the as-cast 

condition and were used for subsequent isothermal oxidation, cyclic oxidation and 

corrosion test work. 

 

3.2 Metallography 

All samples were mounted and ground flat using 200, 600, 800 and 1200 grit SiC paper 

consecutively. The exposed surface of the sample was then diamond polished to a 1 µm 

finish.  The samples were not etched. 

 

3.3 Characterisation of alloys 

The as-cast, heat treated and samples obtained after oxidation and corrosion tests were 

characterised in terms of microstructure and hardness.  A Future-tech® FV-800 Vickers 

hardness tester, using a 10 kg load, was used for the hardness test work.  Five 

measurements were taken on each sample, and the samples were analysed for cracks. 

The composition and phases of the samples were determined using a combination of 

energy dispersive X-ray spectroscopy (EDX) in the SEM and X-ray diffraction (XRD).  
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A Carl Zeiss Sigma® field emission scanning electron microscope (FE-SEM) was used 

for EDX analysis, and at least five measurements were taken for each reported phase 

analysis.  The PANAlytical XôPert Pro® powder diffractometer was used for XRD.  

Phase identification was conducted using XôPert Highscore Plus® software. 

 

3.4 Oxidation testing 

3.4.1 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) using a NETZSCH STA® instrument was done to 

investigate the oxidation behaviour of the TAN and TAN+Ru alloys in air.  The samples 

were heated from room temperature to 1050°C at a rate of 10°C/min and subsequently 

furnace cooled.  The mass gains of the alloys were recorded with increasing 

temperature.   

 

3.4.2 Isothermal oxidation tests in air 

The longer term effect of oxidation in air was determined by heating the alloys in a pre-

heated front loading muffle furnace for 120 hours and 720 hours at 950°C.  After the 

oxidation tests, the samples were taken out of the furnace and allowed to cool in air at 

room temperature.  Each sample was weighed before and after the oxidation tests using 

a Mettler Toledo® analytical balance.  The mass gain of the samples was calculated and 

the surfaces as well as the cross-sections of the samples were examined using a 

PANAlytical XôPert Pro®X-ray diffractometer and a Carl Zeiss Sigma SEM® with 

EDX. 

 

3.4.3 Cyclic oxidation tests 

Samples were oxidised in air under thermal cycling between room temperature and 

950°C for intervals of 1, 5, 10, 25, 50, 80 and 120 hours in a tube furnace.  Each cycle 

entailed:   

¶ Weighing the polished sample, 

¶ Heating the sample for the required interval at 950°C, 

¶ Air cooling the sample for 10 minutes, and 
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¶ Weighing the sample and then repeating the cycle. 

After 120 hours, the samples and resulting oxides were analysed by XRD and SEM with 

EDX to determine their compositions and structures. 

 

3.4.4 Hot salt oxidation tests 

Polished samples were weighed and then completely immersed in Na2SO4 in an alumina 

crucible with a lid.  The sample, salt and crucible were exposed to cyclic loading in a 

furnace at 950°C in air.  Exposure times of 1, 5, 10, 25, 50, 80 and 120 hours were used.  

After each exposure time, the samples were cooled to room temperature and then 

cleaned by immersing in boiling water to remove the salt melt (Na2SO4 melts at 884°C 

[2014Sci]). The cleaned samples were weighed on an analytical balance to determine 

the weight gain from hot corrosion.  The salt was replenished after each oxidising test.  

After 120 hours, the samples and resulting oxides were analysed by XRD and SEM with 

EDX to determine their compositions and structures. 

 

3.5 Aqueous corrosion testing 

The surfaces of the samples were ground to a 1200 grit SiC paper finish, degreased with 

methanol, rinsed with distilled water, and dried. The surfaces were prepared just prior to 

starting the polarisation experiment to limit long-term oxidation. Before conducting the 

scan, each sample was immersed in the HCl solution for an hour to obtain a stable 

corrosion potential.  

Potentiodynamic scans were conducted on the TAN and TAN+Ru alloys in dilute HCl 

(5 wt%) and concentrated HCl (25 wt%) at 25̄ C.  An ACM AutoTafel® 

potentiostat/galvanostat system with a conventional three-electrode system with a 

saturated calomel electrode (SCE) was used.  Potentiodynamic scans were done from -

1000 mV to + 400 mV at a scanning rate of 10 mV.min
-1

, for two hours. All 

electrochemical tests were repeated once for each sample because of a lack of material. 
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CHAPTER 4: RESULTS 

 

4.1 Microstructure and morphology of TAN alloy 

The targeted composition (Ti-52.5Al-10.0Ni at.%) of the TAN alloy was obtained 

(Table 4.1).  The alloy formed dendrites of ɔ-TiAl surrounded by a eutectic of ɔ-TiAl 

and Ti2NiAl 3 (Ű3), as shown in Figures 4.1 and 4.2.  Most of the nickel was present in 

the Ti2NiAl 3 (Ű3) phase, with only trace amounts in the ɔ-TiAl dendrites.   

 

The eutectic coarsened with heat treatment (Figure 4.3), and the composition of the ɔ-

TiAl dendrites was slightly enriched in Ti (~1%) and slightly depleted in Al (~3%).  In 

the eutectic, the titanium and aluminium contents decreased slightly and the nickel 

content increased by ~5% after heat treatment (Tables 4.1 and 4.2).  Like the as-cast 

alloys, the heat treated alloys were brittle and contained cracks. 

 

 

Figure 4.1:  XRD pattern of as-cast TAN, showing dendrites (dark) in a TiAl + 

Ti 2NiAl 3 (Ű3) (light) eutectic. 
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Figure 4.2:  SEM-BSE image of as-cast TAN showing ɔ-TiAl dendrites (dark) in a 

TiAl  + Ti2NiAl 3 (Ű3)(light) eutectic. 

 

 
 

Figure 4.3:  SEM-BSE image of annealed TAN showing ɔ-TiAl dendrites (dark) in 

a TiAl  + Ti2NiAl 3 (Ű3) (light) eutectic. 
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Table 4.1:  EDX analyses for as-cast alloy TAN. 

Area Composition (at.%) 
Phase 

 
Ti Al  Ni 

Overall 37.4 ± 1.1 52.8 ±1.2 9.8 ± 0.5 - 

Dendrites 43.9 ± 1.3 55.6 ± 0.8 0.5 ± 0.1 ɔ-TiAl  

Eutectic (light) 37.8 ± 1.1 49.9 ± 0.5 12.3 ± 1.2 Ti2NiAl 3(Ű3) 

Eutectic (overall) 41.2 ± 0.9 52.2 ± 0.8 6.6 ± 1.3 ɔ-TiAl +Ti2NiAl 3(Ű3) 

 

 

Table 4.2:  EDX analyses for heat treated alloy TAN. 

Area Composition (at.%) 
Phase 

 
Ti Al  Ni 

Overall 38.9 ± 1.1 51.4 ±1.1 9.6 ± 0.5 - 

Dendrites 44.9 ± 1.3 52.2 ± 0.8 0.7 ± 0.1 ɔ-TiAl  

Eutectic (light) 35.3 ± 1.1 49.1 ± 0.5 16.2 ± 1.2 Ti2NiAl 3(Ű3) 

Eutectic (overall) 37.5 ± 1.1 50.5 ± 0.8 12.0 ± 1.1 ɔ-TiAl+Ti 2NiAl 3(Ű3) 

 

 

 

4.2 Microstructure and morphology of TAN+Ru alloy 

 

The targeted composition (Ti-52.5Al-10.0Ni-0.2Ru at.%) of the TAN+Ru alloy was 

obtained (Table 4.2) and all elements were present in two phases.  The alloy (Figures 

4.4 and 4.5) also formed dendrites of ɔ-TiAl surrounded by a eutectic of ɔ-TiAl and 

Ti2NiAl 3 (Ű3).  Most of the nickel and ruthenium were present in the Ti2NiAl 3 (Ű3) phase, 

with only trace amounts in the dendrites (Tables 4.3 and 4.4).   

The eutectic coarsened with heat treatment (Figure 4.6) and the composition of the ɔ-

TiAl dendrites remained the same.  In the eutectic, the titanium content decreased 

slightly and the nickel and ruthenium content increased after heat treatment (Tables 4.3 

and 4.4).  The alloy was very brittle, even after heat treatment because the samples 

would easily break at room temperature. 
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Figure 4.4: XRD pattern of as-cast TAN+Ru. 

 

 

Figure 4.5: SEM-BSE image of as-cast TAN+Ru showing ɔ-TiAl dendrites (dark) 

in a TiAl+  Ti 2NiAl 3 (Ű3) (light) eutectic. 
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Figure 4.6: SEM-BSE image of annealed TAN+Ru showing ɔ-TiAl dendrites 

(dark) in a TiAl + Ti2NiAl 3 (Ű3) (light)  eutectic. 

 

 

Table 4.3:  EDX analyses for as-cast alloy TAN+Ru. 

Area Composition (at.%) 
Phase 

 
Ti Al  Ni Ru 

Overall 39.7 ± 1.4 50.6 ± 1.3 9.6 ± 1.0 0.2 ± 0.1 - 

Dendrites 45.2 ± 1.5 53.6 ± 1.1 1.1 ± 0.2 0.1 ± 0.1 ɔ-TiAl  

Eutectic (light) 36.2 ± 1.8 48.4 ± 0.7 15.1 ± 1.1 0.3 ± 0.1 Ti2NiAl 3(Ű3) 

Eutectic (overall) 42.1 ± 1.1 50.3 ± 0.6 7.6 ± 1.1 0.1 ± 0.1 ɔ-TiAl+Ti 2NiAl 3(Ű3) 

 

 

Table 4.4:  EDX analyses for heat treated alloy TAN+Ru. 

Area Composition (at.%) Phase 

  Ti Al  Ni Ru 

Overall 38.9 ± 1.4 51.0 ± 1.3 9.9 ± 1.0 0.2 ± 0.1 - 

Dendrites 45.8 ± 1.5 53.5 ± 1.1 0.6 ± 0.2 0.1 ± 0.1 ɔ-TiAl  

Eutectic (light) 35.2 ± 1.8 48.6 ± 0.7 15.5 ± 1.1 0.3 ± 0.1 Ti2NiAl 3(Ű3) 

Eutectic (overall) 37.5 ± 1.1 49.7 ± 0.6 12.5 ± 1.1 0.3 ± 0.1 ɔ-TiAl+Ti 2NiAl 3(Ű3) 
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4.3 Hardness 

The Ti-52.5Al-10.0Ni (at.%) and Ti-52.5Al-10.0Ni-0.2Ru alloys were quite hard and 

brittle (Table 4.5) and heat treatments slightly decreased the hardness.  However, the 

decrease in hardness was within experimental error.  The samples had extensive cracks 

and would sometimes crack during hardness testing.  The Vickerôs indentations of the 

alloys did not display any Palmqvist-type cracks [1985She] characteristic of hard 

materials such as cemented carbides.  Therefore, the crack resistance and toughness of 

the models suggested by Shetty et al. [1985She] could not be used. 

 

For both alloys, oxidation at high temperatures decreased the hardness (Figure 4.7).  

Under isothermal conditions, a longer oxidation time (720 hours) slightly reduced the 

hardness of both alloys than the shorter oxidation time of 120 hours, although the errors 

showed that the results could overlap.  A reduction in hardness was most severe under 

cyclic oxidation between room temperature and 950°C.  The hardness of TAN remained 

fairly similar to that of TAN+Ru under the different oxidation conditions.   

 

 

Table 4.5:Vickers hardness (HV10) of TAN and TAN+Ru, in at.%. 

Condition 

Hardness HV10 

TAN TAN+Ru 

As-cast 579 ± 15 561 ± 17 

Annealed in argon 

(120 h, 1050°C) 
556 ± 15 546 ± 12 

Oxidized in air (120 h, 950°C, 

isothermal) 
495±16 481 ±12 

Oxidized in air (720 h, 950°C, 

isothermal) 
475 ±14 468 ±15 

Oxidized in air (120h, between 

room temperature and 950°C 

cyclic) 

369 ±12 376 ± 15 

 

Under cyclic oxidation, the TAN+Ru had a slightly higher hardness than the TAN alloy.  

Under all the other conditions, the TAN+Ru alloy had a slightly lower hardness, 

although the errors show that the hardnesses are very similar. 
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Figure 4.7: Hardness of gamma titanium aluminide alloys TAN and TAN+Ru. 

 

4.4 High temperature oxidation results 

 

4.4.1 Thermogravimetric analysis (TGA) 

The TGA curves show the mass gain of the alloys with time, and the DSC curves shows 

the heat flow data (Figures 4.8 and 4.9).  Overall, both the TAN and TAN+Ru alloys 

were fairly nonreactive when exposed to air from room temperature up to 1050°C.  The 

alloys had a slight mass gain, indicating that they readily oxidized in air, although both 

alloys had a mass gain of less than 2%.  The TAN alloy had small endothermic peaks at 

~580°C and ~700°C (Figures 4.8), which were close to the oxide nucleation peaks 

[1993Mei, 1996Bra].  The TAN+Ru (at.%) alloy had a lower mass gain than the TAN 

(at.%) alloy (Figure 4.10) in both the as-cast and heat treated conditions.   
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Figure 4.8: DSC/TGA curves for the TAN alloy. 

 

 

 
 

Figure 4.9: DSC/TGA curves for the TAN+Ru alloy. 
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Figure 4.10: Thermogravimetric analysis curves for TAN and TAN+Ru. 

 

For both the TAN and TAN+Ru alloy, the as-cast alloys showed slightly different 

behaviour from the heat treated alloys.  The heat treated alloys had pronounced bumps 

between 550°C - 750°C.  This feature in the heat treated alloys was independent of 

composition. 

 

4.4.2 Isothermal oxidation of TAN 

Oxidation of TAN in air at 950°C resulted in the formation of TiO2 and Al 2O3 scales on 

the surface of the alloy (Figure 4.11), where the TiO2 occurred on the eutectic and the 

Al 2O3 on the dendrites.  After oxidising for 120 hours (Figures 4.11 and 4.13), the alloy 

formed a thin, non-continuous, blue-grey scale with good adherence to the substrate.  

After 720 hours (Figures 4.12 and 4.14), the scale exfoliated from the substrate on 

cooling after removal from the furnace.  The remaining grey scale appeared severely 

degraded and contained trace amounts of nickel, which decreased with increased 

exposure time (Tables 4.6 and 4.7).  The substrate (ɔ-TiAl dendrites in a eutectic of ɔ-

TiAl  + Ti2NiAl 3 (Ű3)) showed extensive cracks and pores, especially adjacent to the 
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oxide layer.   A small amount of oxygen was observed in the eutectic and the dendrites 

remained oxygen-free. 

 

The alloy had a mass gain of 0.19% after 120 hours and 12.39% after 720 hours of 

isothermal oxidation in air at 950°C.  XRD showed the different phases present in the 

alloy after oxidation (Figures 4.15 and 4.16): ɔ-TiAl , Ti2NiAl 3 (Ű3), TiO2 and Al2O3.  A 

longer oxidation time increased the intensity of the peaks of the oxide scale, indicating 

more oxides. 

 

 

Figure 4.11: SEM-SE image of TAN surface after 120 hours oxidation in air at 

950°C, showing TiO2 and Al 2O3 scales. 
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Figure 4.12: SEM-SE image of TAN after 720 hours oxidation in air at 950°C, 

showing degraded TiO2 and Al 2O3 scales. 

 

 

 

 

Figure 4.13: SEM-BSE image of a cross-section of TAN after 120 hours oxidation 

in air  at 950°C, showing TiO 2 and Al2O3 scales. 
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Figure 4.14: SEM-BSE image of a cross-section of TAN after 720 hours oxidation 

in air  at 950°C, showing extensive cracks and pores in the alloy with a TiO 2/Al 2O3 

scale. 

 

Table 4.6:  EDX analyses for TAN after 120 hours oxidation in air  at 950°C. 

Area 
Composition (at.%) 

Ti Al  Ni O 

Oxide (light outer 

layer) 
27.9 ± 0.7 1.4 ± 0.1 0.1 ± 0.1 70.6 ± 1.1 

Oxide (dark inner layer) 4.7 ± 0.1 27.9 ± 0.5 0.1 ± 0.1 67.3 ± 1.1 

Dendrites  45.2 ± 1.3 54.2 ± 1.1 0.6 ± 0.1 - 

Eutectic 34.6 ± 1.2 49.9 ± 1.1 13.7 ± 1.2 1.8 ± 0.1 

 

 

Table 4.7:  EDX analyses for TAN after 720 hours oxidation in air  at 950°C. 

Area 
Elemental composition (at.%) 

Ti Al  Ni O 

Oxide (light outer 

layer) 
21.2 ± 0.1 1.6 ± 0.1 - 77.2 ± 1.2 

Oxide (dark inner layer) 6.5 ± 0.1 24.4 ± 0.1 0.7 ± 0.1 68.3 ± 1.0 

Dendrites  43.4 ± 0.1 55.1 ± 1.4 1.5 ± 0.1 - 

Eutectic 43.9 ± 1.2 42.9 ± 1.1 10.6 ± 0.1 2.7 ± 0.3 
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Figure 4.15:  XRD pattern of TAN after oxidation in air for 120 hours at 950°C. 

 

 

Figure 4.16:  XRD pattern of TAN after oxidation in air for 720 hours at 950°C. 
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4.4.3 Isothermal oxidation of TAN+Ru 

Oxidation of TAN+Ru in air for 120 hours at 950°C also resulted in the formation of a 

TiO2 and Al 2O3 scale on the surface of the alloy (Figure 4.17).  The TiO2 was on the 

eutectic and the Al2O3 was on the dendrites.  The scale formed was thin with a good 

adherence to the substrate (Figures 4.17 and 4.19) and it appeared more continuous in 

the TAN+Ru alloy. 

 

A longer oxidation time of 720 hours resulted in a severely degraded, scale of TiO2 and 

Al 2O3 (Figure 4.18).  The scale had more of the less protective TiO2 phase.  On cooling, 

the scale exfoliated from the substrate material.  In some areas of the alloy, the scale 

penetrated deeply into the substrate and seemed to consume the dendrites (Figure 4.20).  

The substrate still consisted of ɔ-TiAl dendrites in a eutectic of ɔ-TiAl + Ti2NiAl 3 (Ű3).  

The scale had trace amounts of ruthenium and nickel.  The alloy had a mass gain of 

0.14% after 120 hours and 11.45% after 720 hours of isothermal oxidation in air at 

950°C (Table 4.8). The ruthenium content was not accurate, because it was below 0.1 

at.% (and this was also true in Table 4.9). 

 

After 120 hours oxidation in air, the TAN+Ru alloy had no oxygen in the dendrites and 

eutectic (Table 4.8).  After 720 hours oxidation, internal oxidation commenced in the 

alloy as trace amounts of oxygen were in the dendrites and eutectic (Table 4.9).  XRD 

showed the different phases present in the alloy after oxidation (Figures 4.21 and 4.22). 
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Figure 4.17: SEM-SE image of TAN+Ru surface after 120 hours oxidation in air at 

950°C, showingTiO2 scale on the eutectic and Al2O3 scale on the dendrites. 

 

Table 4.8:  EDX analyses for alloy TAN+Ru after 120 hours oxidation in 

air  at 950°C. 

Area 
Composition (at.%) 

Ti Al  Ni Ru O 

Oxide (light outer 

layer) 
19.8 ± 0.8 1.5 ± 0.1 0.1 ± 0.1 0.01 ± 0.1 78.6 ± 0.2 

Oxide (dark inner layer) 6.0 ± 0.1 24.8 ± 0.1 0.5 ± 0.1 0.01 ± 0.1 68.7 ± 0.2 

Dendrites  44.1 ± 1.4 54.7 ± 0.8 1.1 ± 1.0 0.05 ± 0.1 - 

Eutectic 33.7 ± 1.4 50.9 ± 1.1 15.1 ± 1.2 0.30 ± 0.1 - 
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Figure 4.18: SEM-SE image of TAN+Ru surface after 720 hours oxidation 

in air  at 950°C, showing severely degraded TiO2 and Al 2O3 scales. 

 

 

 

Figure 4.19: SEM-BSE image of a cross-section of  TAN+Ru after 120 hours 

oxidation in air  at 950°C, showing a substrate with extensive cracks and an oxide 

scale with an outer Ti -rich layer and an inner Al-rich layer. 

 

Al 2O3 
TiO 2 

Al 2O3 

Substrate 

TiO 2 



69 

 

Figure 4.20: SEM-BSE image of a cross-section of TAN+Ru after 720 hours 

oxidation in air  at 950°C, showing the oxide scale consuming a dendrite in the 

substrate. 

 

Table 4.9:  EDX analyses for alloy TAN+Ru after 720 hours oxidation in 

air  at 950°C. 

Area 
Elemental composition (at.%) 

Ti Al  Ni Ru O 

Oxide (light outer 

layer) 
20.4 ± 1.2 6.2 ± 0.1 0.1 ± 0.1 0.01 ± 0.1 73.3 ± 1.1 

Oxide (dark inner 

layer) 
5.2 ± 0.1 26.1 ± 1.3 0.1 ± 0.1 0.02 ± 0.1 68.5 ± 1.2 

Dendrites  44.4 ± 1.4 52.5 ± 1.4 0.5 ± 0.1 0.1 ± 0.1 2.1 ± 0.1 

Eutectic 34.4 ± 1.4 48.2 ± 1.1 15.6 ± 1.2 0.3 ± 0.1 1.5 ± 0.2 
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Figure 4.21:  XRD pattern of TAN+Ru after oxidation in air for 120 hours at 

950°C. 

 

 

Figure 4.22:  XRD pattern of TAN+Ru after oxidation in air for 720 hours at 

950°C. 
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4.4.4 Cyclic oxidation of TAN and TAN+Ru 

The TAN alloy was very brittle and had severe cracks (Figure 4.24).  The substrate 

consisted of ɔ-TiAl dendrites in a eutectic of ɔ-TiAl +  Ti2NiAl 3 (Ű3).  There was no 

oxide scale on the alloy as it had exfoliated from the surface (Figure 4.25).  The alloy 

had no internal oxidation after cyclic oxidation in air (Table 4.10). 

The TAN+Ru alloy was also brittle and consisted of ɔ-TiAl dendrites in a eutectic of ɔ-

TiAl + Ti 2NiAl 3 (Ű3) (Figure 4.26).  The alloy formed a more adherent intermixed scale 

of TiO2/Al 2O3 with an intermittent, nickel-rich (45.1 ± 0.2 at.%) sub-surface zone 

between the substrate and oxide layer (Figures 4.27).  The sub-surface zone had a 

composition similar to the Ű4 phase in the isothermal Al-Ni-Ti phase diagram (Figure 

5.1 [2007Sch]).  The scale had trace amounts of nickel and ruthenium and had an outer 

TiO2 layer and an inner Al2O3 oxide layer, as shown in Table 4.11. The TAN+Ru alloy 

had more oxides than the TAN alloy (Figures 4.21 and 4.22). 

 
a) SEM-BSE image of TAN (200x) after cyclic oxidation in air. 
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b) SEM-BSE image of TAN (1000x) after cyclic oxidation in air. 

 

Figure 4.24: SEM-BSE images a) 200x and b) 1000x of TAN after cyclic oxidation 

in air , showing ɔ-TiAl dendrites in a eutectic of ɔ-TiAl + Ti2NiAl 3 (Ű3). 

 

 

Figure 4.25: SEM-BSE image of the cross-section of TAN after cyclic oxidation in 

air , showing the substrate with cracks and without an oxide layer. 

 

 



73 

Table 4.10:  EDX analyses for alloy TAN after 120 hours cyclic oxidation in air  

between room temperature and 950°C. 

Area 

 

Composition (at.%) 
Phases 

Ti Al  Ni O 

Dendrites  47.0 ± 0.1 52.1 ± 0.1 1.0 ± 0.1 - ɔ-TiAl  

Eutectic (light) 37.1 ± 0.1 45.7 ± 0.1 17.2 ± 0.2 - Ti2NiAl 3(Ű3) 

Eutectic (overall) 39.2 ± 0.2 47.4 ± 0.1 13.5 ± 0.2 - ɔ-TiAl  + Ti2NiAl 3(Ű3)  

 

Table 4.11:  EDX analyses for alloy TAN+Ru after 120 hours cyclic oxidation in 

air  between room temperature and 950°C. 

Area 
Composition (at.%) 

Ti Al  Ni Ru O 

Oxide (light outer layer) 15.4 ± 0.1 8.3 ± 0.1 0.3 ± 0.1 0.02 ± 0.1 75.9 ± 0.1 

Oxide (dark inner layer) 5.8 ± 0.1 21.8 ± 0.1 0.2 ± 0.1 0.10 ± 0.1 71.1 ± 0.1 

Sub-surface zone 22.2 ± 0.2 32.0 ± 0.1 45.1 ± 0.2 0.20 ± 0.1 - 

Dendrites 41.4 ± 0.1 57.7 ± 0.1 1.0 ± 0.1 0.10 ± 0.1 - 

Eutectic 36.9 ± 0.1 53.6 ± 0.2 9.8 ± 0.1 0.20 ± 0.1 - 

 

 

Figure 4.26: SEM-BSE image of TAN+Ru after 120 hours cyclic oxidation in air, 

showing ɔ-TiAl dendrites in a eutectic of ɔ-TiAl + Ti 2NiAl 3 (Ű3). 
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Figure 4.27:  SEM-BSE image of a cross-section of TAN+Ru after 120 hours cyclic 

oxidation in air, showing an intermixed TiO2/Al 2O3 scale with a nickel-rich sub-

surface zone between the substrate and oxide layer and an outer TiO2 scale. 

 

 

 

The alloys showed a higher amount of mass gain under cyclic oxidation conditions than 

in isothermal oxidation conditions.  The mass gain was lower in air than in a hot salt 

environment for both alloys (Figure 4.28).  The TAN+Ru alloy performed better than 

the TAN alloy in both environments.   

In the hot salt environment, the TAN alloy formed a TiO2 and Al2O3 scale which 

appeared severely degraded (Figure 4.29).  The surface consisted of mostly TiO2, 

significantly less Al2O3 and no nickel.  The alloy had internal oxidation, with dendrites 

and a eutectic containing oxygen (Table 4.12). 
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Figure 4.28:  Mass gain data of TAN and TAN+Ru obtained during cyclic 

oxidation in air  and salt (Na2SO4). 

 

Table 4.12:  EDX analyses for alloy TAN after 120 hours 

cyclic oxidation in Na2SO4. 

Area 

  

Composition (at.%) 

Ti Al  Ni O 

Oxide layer 30.2 ± 0.2 0.79 ± 0.1 - 67.2 ± 0.2 

Dendrites  38.2 ± 0.1 53.1 ± 0.1 0.5 ± 0.1 8.2 ± 0.1 

Eutectic  33.8 ± 0.1 45.7 ± 0.1 11.2 ± 0.2 9.3 ± 0.1 
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a) SEM-SE image of TAN (2000x). 

 

 
b) SEM-SE image of TAN (10000x). 

 

Figure 4.29:  SEM-SE images a) 2000x and b) 10000x of the surface of TAN after 

hot salt corrosion in Na2SO4 at 950°C, showing long, prismatic crystals on the 

surface. 

 

In hot salt, the TAN+Ru alloy formed a TiO2 and Al2O3 scale which appeared more 

adherent to the substrate (Figure 4.30).  No ruthenium and nickel were detected in the 

scale and the alloy had some internal oxidation (Table 4.13). 




































































