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ABSTRACT 

Study of Passivation Behavior for Titanium Aluminides 

Wei Su 

Supervising Professor: Margaret Ziomek-Moroz 

The general corrosion behavior of titanium aluminides in acidic, neutral and alkaline 

solutions was investigated using electrochemical techniques. Results showed that titanium 

alurninides passivated in all experimental solutions. In solutions containing NO,- ions, 

titanium aluminides showed susceptibhty to pitting corrosion. The pitting potential 

increased as Ti content increases in the investigated intermetallics. 

Passive film formation and dissolution behavior of titanium aluminides were 

studied using electrochemical and surface analysis techniques. The passive film dissolution 

rates were found to be pH dependent. The lowest dissolution rate was found in neutral 

solutions. In acidic solutions, the dissolution rate increased with the increase of A1 content 

in the materials. In alkaline solutions, the dissolution rate was not sensitive to the solution 

pH. The results of X-ray Photoelectron Spectroscopy (XPS) showed that the compositions 

of the passive films formed on the surface of the investigated materials differed in acidic 

and alkaline solutions. In the acidic solutions, the ratios of Ti vs. Al in the passive films 

were similar to that of the bulk materials. In the alkaline solution, no detectable A1 was 

present in the topmost layer of the passive films. 

The electronic properties of passive films formed on titanium aluminides were 

examined using Electrochemical Impedance Spectroscopy (EIS). The passive films were 

found to have n-type semiconductor properties and the donor density of the passive films 

were calculated. It was found that the passive films on titanium alurninides had non- 

homogenous donor distribution. A modified Mott-Schottky relation was developed based 

on a linearly-graded donor distribution model. 

Based on both the electrochemical measurements and surface analysis results, it 

was found that the passive behavior of titanium alurninides was closely related to their 

passive film composition and the semiconductor properties of the passive films. A modified 

xii 



point defect model was developed to explain the passivation behavior of titanium 

aluminides in acidic and alkaline solutions. 



1. INTRODUCTION 

Titanium aluminide based alloys have received much attention due to their excellent 

performance at high temperature and under severe environmental conditions. It appears that 

gamma titanium aluminide alloys will be the first of the titanium aluminide based 

intermetallics to see commercial service. Both GE Aircraft Engines and General Motors are 

testing the second generation of TiAl alloys in prototype applications[l]. 

The second generation of TiAl alloys is being considered for a variety of 

applications in both the civilian and mihtary sectors. Among many parts under 

consideration are high and low pressure compressor blades, stator, vanes and cases, 

combustor components (diffuser case, swirler, etc.), nozzle components, flaps, outer 

skins, tubing, automobile turbocharger rotors, and exhaust valves[2,3]. GE Aircraft Engines 

is in the process of testing a number of the above-mentioned turbine components in actual 

engines and General Motors is road testing gamma TiAl exhaust valves[']. 

Like other intermetallic materials, titanium aluminides get their superior mechanical 

properties by forming long-range ordered atomic structures. These structures cause 

difficulty in dislocation motion, thus provide the materials with attractive elevated 

temperature properties such as high strength, stiffness, and environmental resistance. 

However, the reduced mobility of dislocations also causes intermetalhc materials to have 

adverse ambient temperature properties, such as poor ductility and fracture toughness. This 

results in limited applicability of conventional machining for these materials. To solve this 

problem and reduce the manufacturing costs, non-conventional machining methods are 

being investigated, such as electrochemical machining (ECM) and chemical milling 

(CHM)[l.4,51. Electrochemical machining is the controlled removal of metal by anodic 

dissolution in an electrolytic cell in which the workpiece is the anode and the tool is the 

cathoder6J. During the ECM process, surface generation occurs with a very little or 

insignificant amount of mechanical interaction between the processing tool and the work- 

piece surface. Therefore, ECM can be successfully applied for shaping, finishing, and 

improving the quality of the surface for brittle materials, such as titanium aluminide-based 

alloys at ambient temperature. 



During ECM, different anodic reactions may take place at high current densities 

depending on the metal-electrolyte combination and operating conditions. The rate of these 

reactions depends to a great extent on the ability of the system to remove the corrosion 

products as soon as they are formed. An understanding of the kmetics and stoichiometry of 

anodic reactions and their dependence on mass transport conditions is therefore essential in 

order to optimize relevant ECM parameters. According to the literature, titanium aluminides 

may form very protective passive films in aqueous solutions, which results in very low 

dissolution ratesr71. Such passive films may breakdown in solutions containing activating 

anions such as Cr, Br- etc., resulting in pitting corrosion[8-111. Therefore, the understanding 

of the passivation behavior of titanium aluminides is important for the development of an 

ECM process. 

There are few literature data available on the corrosion behavior of titanium 

alurninides. Therefore, the objective of this research is to increase the understanding of the 

passivation behavior of titanium aluminides in different aqueous solutions such as H,SO,, 

NaOH and HNO,, and establish a passivity model to describes their passivation 

mechanisms. Specimens used in this study include Ti& TiAl, TiAl,, Ti,Al+TiAl(minor), 

Ti,Al(minor)+TiAl. Pure Ti and A1 are also used as reference materials. 

The investigation was focused on the factors that affect the dissolution rate of 

passive films, such as solution pH, applied potentials, electrolyte corrosivity, and passive 

film composition. A series of experiments were performed including electrochemical 

experiment and surface analysis. Potentiodynarnic experiments were performed to 

determine the general corrosion behavior of the investigated materials. Passive regions 

were determined in the potentiodynamic experiments, which were used to select the 

potentials for potentiostatic experiments. The potentiostatic experiments were performed to 

determine the steady state dissolution rate of the passive films. These results give 

information about the protectiveness of the passive films. The passive films formed at the 

potentiostatic conditions were further examined using Electrochemical Impedance 

Spectroscopy (EIS) to study the electronic properties of the passive films. The donor 

densities of the passive F i  were calculated based on the Mott-Schottky relationr121. The 

passive film compositions were measured by X-ray Photoelectron Spectroscopy (XPS). 

The oxidation states of different elements in the passive films were further analyzed using 

curve-fitting methods. Based on both the electrochemical measurements and surface 

analysis results, a model was developed to explain the passivation behavior of titanium 

aluminides in the investigated solutions. 



2. LITERATURE REVIEW 

2.1 Background 

Titanium aluminide-based alloys are considered as future replacements for nickel- 

based superalloys due to their high strength-to-density ratios, good high temperature 

properties, and excellent resistance to corrosive environments[l31. Table 2-1[14,'51 shows a 

comparison for the mechanical properties of titanium aluminide based-alloys with 

superalloys. 

Titanium aluminides are intermetallic compounds, which can be defrned as an 

ordered alloy phase formed by two or more metaUlc elements. By definition, an alloy phase 

is ordered if two or more sublattices are required to describe its atomic 

According to the binary Ti-A1 phase diagram[l61, there are intermetallic phases such as 

Ti3Al(a2), TiAl(y), Tm, and TiA1,, as well as a(Ti), P(Ti), and a(Al) terminal solid 

solutions[l71 as shown in Figure 2-1. Figure 2-2 shows the crystal structures of Ti3Al and 

TiAl as examples of ordered structures. Ti3Al, called a,, has an ordered hexagonal 

structure, whereas TiAl, called y, has an ordered L1, structure. 

Because there are few literature data for corrosion behavior of titanium aluminides, 

data for aluminum, titanium and titanium based alloys are used as references. According to 

the literature, excellent corrosion resistance of titanium based alloys results from the 

formation of a very stable, continuous, highly adherent, and protective oxide film on the 

metal surface[l31. Because titanium itself is highly reactive and has an extremely high 

affinity to oxygen, these oxide films form spontaneously after exposure to air or moisture. 

The nature, composition, and thickness of the protective surface oxides that form on 

titanium alloys depend on environmental conditions. TiO, is a typical product. Other oxides 

including Ti,03 and Ti0 also exist[l81. High-temperature oxidation tends to promote the 

formation of the highly crystalline form of TiO, known as rutile which is chemically 

resistant. Lower temperatures often generate anatase which is a more amorphous form of 

TiO,, or a mixture of rutile and anatase. These naturally formed films are typically less than 

lOnm thick[lgl. TiO, is highly chemically resistant and is attacked by only a few 

substances, such as hot concentrated HC1, H,SO,, NaOH, and HFr'31. 



Titanium alloys may also be subjected to localized attack in tight crevices exposed to 

hot chloride, bromide, iodide, fluoride, or sulfate-containing solutions. In hot, very pure 

solutions or vapor condensates of nitric acid, significant uniform corrosion may occur. In 

20-70 wt% HNO, solutions, semi-protective oxide films will form which do not fully 

retard continued oxidation of the metal surface[201. Hydrofluoric acid solutions can 

aggressively attack titanium alloys over the full range of concentrations and temperatures. 

Additions of oxidizing species, such as HNO,, tend to reduce corrosion and retard 

hydrogen uptake in HF solutions. For NaBr solutions, additions of various oxidizing 

anions may inhibit pitting by significantly raising anodic pitting potential. Critical 

concentrations of these inhibitive anions have been determined, and the relative efficiency 

of inhibition decreases in the order ~ 0 ~ ~ -  > NO3- > ~ r 0 ~ ~ -  > ~ 0 , ~ -  > ~ 0 ~ ~ ~ .  Titanium 

alloys are also very resistant to alkaline media, including solutions of NaOH, KOH, 

Ca(OH),, Mg(OH),, and NH,OH[211. 

Pure titanium exhibits a very high pitting potential due to its protective oxide film. 

The pitting potential of Ti may exceed +80V versus the saturated calomel electrode (SCE) 

in sulfate and phosphate solutions. In solutions containing chlorides, the typical pitting 

potential value ranges from +5 to +10 V221. The anodic pitting potential of titanium 

depends on alloy content, environment chemistry, temperature, potential scan rate and 

especially, surface condition. 

The thermodynamic stability of titanium is illustrated in Figure 2-3. It is assumed 

that the oxide film consists of rutile TiO,. As we can see, titanium could passivate in a large 

pH ranger231. 

According to the literature, the TiO, passive film behaves like an n-type 

semi~onductor[2~1. As an anode, very high resistance to anodic current flow through the 

passive oxide film can be expected in most aqueous solutions. The nature of the oxide films 

on titanium alloys basically remains unaltered in the presence of minor alloying constituents 

such as Fe(201. 

Aluminum, another component of titanium aluminides, is also a thermodynamically 

reactive element. It shows good corrosion resistance by forming a stable oxide film on the 

surface. According to the Pourbaix diagrarnc231, aluminum is passive in the pH range of 

about 4 to 8.5. Beyond the limits of its passive range, aluminum corrodes in aqueous 

solutions. Its oxides are soluble in many acids and bases, yielding A13' ions in the former 

and NO,' ions in the laterr251. The thermodynamic stability of aluminum is illustrated in 

Figure 2-4. 



2.2 Formation and Dissolution of Passive Films for Ti-Based 

Alloys 

The electrochemical behavior of TiAI, Ti3Al, and TM, intermetallics in sulfate 

solutions is very similar to that of pure titani~m[4~7~111. In the presence of aggressive ions 

such as chloride, however, the intermetallics are susceptible to pitting corrosion and the 

pitting potential increases in the following order: TiAI, < TiAl < Ti3Al[l11. The passive 

current increases with increasing scan rate[7,"1. Similar behavior has also been found for 

iron-alurninide intermetallic alloys[261. 

Due to the similar electrochemical properties of titanium aluminides to that of 

titanium, data for titanium are used as referenced41. Electrochemical behavior of titanium 

has been widely studied. It exhibits typical passive behavior. The anodic oxide film on 

titanium consists mainly of Ti02, which co-exists with the suboxides Ti,O, and Ti0 close 

to the oxide/substrate interface[27,2*1. 

The structure and composition of anodic oxides formed on Ti are strongly 

dependent on temperature and potential. In H,SO, solutions, at temperatures higher than 

333 K or at potentials more noble than 6V, film crystallization occurs. After the film 

crystallization, the film growth rate increases significantly. During the anodic film growth, 

the electric field within the film is of the order of lo6 Vcm-'[291. This electric field yields 

high internal compressive stresses in the filrn. 

The amount of bound water present in the filrn increases markedly above 343K, 

which plays an important role in stabilizing the passive filmr301. Also, it was found that all 

allotropes of TiO,, i. e. rutile, anatase, and brookite could be present in boiling H2S0,, HCI 

and HN03[311. For the anodic oxide films formed in H,SO, and H,PO,, in the potential 

range of 0- 1 OOV, the anodizing ratio was estimated to be 2.5 nmV" [321. 

The potentiostatic experiments performed in 0.5M H,S04 for Ti show that during 

the early film growth stage, the current efficiency approaches unity, and the film growth 

follows a logarithmic rate law. Beyond this stage, the rate of the film dissolution becomes 

significant and increases with temperature. The film growth rate also increases with 

temperature[291. 

In alkaline solutions, the thickness, inhomogeneity and porosity of open circuit film 

formation increase with the increase of solution concentrations. The chemical composition 

of the passive films revealed the presence of Ti(OH), and TiO,. H20r331. Three reactions for 

the formation of passive film were suggested. 



Reaction[2-2-11 is the dominant reaction for the film formation and repa~sivation[3~1. 

Reaction [2-2-21 occurs on the sites where the natural oxide film dissolved, or due to 

migration of OH- ions through the structural defects present in the thinnest parts of the 

existing oxide film. Following reaction [2-2-21, further transformation will lead to reaction 

[2-2-31. By conversion of Ti(OH), into Ti0,-H,O, the surface film thickness grows and 

dynamic equilibrium is established between Ti(OH), and TiO, . H, 0 .  This equilibrium 

depends only upon the physical properties of the solution (concentration and temperature). 

The conversion of Ti(OH), to Ti02.H20 is closely related to the bonding number of OH- 

ions [331. 

Duin and Kolotyrkin proposed that the dissolution reaction of natural oxide film in 

1M KOH solution wasr331: 

Ti02 + OH- = HTiO,' [2-2-41 

It has been confirmed that this dissolution reaction is possible only at the potential values 

more positive than -0.5 V(SCE) in dilute KOH solution. Also, the dissolution of TiO, 

occurs at potential values greater than -0.8 V(SCE) in concentrated KOHf331. 

In acidic sulfate solutions, the anodic oxide film reductively dissolves into the 

solution as the Ti3+ ion according to reaction [2-2-51. 

Ohtsuka et al. [351 suggested that reaction [2-2-51 causes the thinning of the passive film in 

the cathodic reaction. 

2.3 Segregation of Alloying Elements Into Passive Films 

The literature data show that for intermetah alloys, it is not unusual that one 

element in the alloy dominates the electrochemical behavior of the internetallic~[~~.~~~3~1. 



This phenomenon is closely related to the segregation of alloying elements into the passive 

films. 

Research on passivation behavior of Ni-xAl, Ni-xTi, and Ni-xMo alloys (x = 0.1-8 

weight percent) shows that the alloying elements segregate into the inner barrier of the film 

in the following order: Al < Ti < Mo. This order appears to be related to the excess charge 

on the alloying element cation over the host cation. The extent of segregation decreases 

with increasing voltage of film formation potential, and the extent of segregation does not 

strongly depend on the composition of the binary alloy. The thickness of the film varies in 

the reverse order Mo < Ti < Al. This observed order in the film thickness is consistent with 

the notion that more protective films are thinner[36]. A similar behavior was also found for 

Ti-15Mo-3Nb-3Al p-titanium alloy in aqueous chloride solutions. Mo and Nb alloying 

additions are being incorporated into the oxide in amounts less than those found in the 

alloy1381. 

Segregation of alloying elements into the passive film may change the electronic 

structure of a passive film. Kloppers et al. [39J reported that in the Fe-Cr system, segregation 

of Cr4' and Cr6' into the passive film acts as n-type doping. It decreases the number of 

oxygen vacancies in the Fe-Cr passive film, thus increasing the corrosion resistance of the 

materials. 

2.4 Breakdown of Passive Films 

The breakdown of passive films occurs in the presence of electrolyte anions, 

particularly aggressive anions such as halides. Three types of film breakdown may 

mechanical breakdown, electronic breakdown, and ionic breakdown. 

The mechanical breakdown operates by introducing microscopic cracks into the film 

caused by large internal stresses associated with the filrn[411. The electronic breakdown is 

caused by an electronic avalanche current[40J, and presumably occurs within thick oxide 

films. For thin oxide films, ionic breakdown usually occurs. The ionic film breakdown 

starts with the competition for adsorption at the fMelectrolyte interface between hydroxyl 

ions and aggressive anions such as chloride i0ns[~01. The ionic f h  breakdown in aqueous 

electrolytes is usually followed by either repassivation or local pitting dissolution at the 

breakdown sites. 

Studies of the pitting behavior of titanium in IN NaBr solution[421 show that the 

distribution of pitting potentials obeys a normal probability distribution with the maximum 



pit formation around 6.OV (SCE). The pit generation process occurs by the parallel birth 

and death process according to the stochastic model and depends on the film formation 

potential, i.e. the film thickness and properties. A similar study using scanning 

electrochemical microscopy (SECM)[431 also shows that: (1) The microscopic sites at which 

the breakdown occurs are electrochemically active. Therefore, the electrical conductivity of 

the oxide must be higher than that of the surrounding film; (2)The oxide breakdown 

potential increases with increasing average oxide film thickness. (3) The oxide breakdown 

occurs at significantly lower potential values in Br- solutions (E, <= 5Vsc,) than that in C1- 

solutions (E, 2 10Vsc,). The lower breakdown potentials in Br' solutions indicate a strong 

chemical interaction between the TiO, surface and Br-f431. 

2.5 Models for Passivation Phenomenon 

Passivation occurs when certain metals and alloys form very thin, oxidized, 

protective films on their surfaces in corrosive solutions[441. The phenomenon of passivity 

has been investigated by researchers for over a century since Faraday originated the 

experiment in the 1840~[40,~41. The phenomenon is still difficult to define because of its 

complex nature and the specific conditions under which it occurs. 

The literature show that the passive film can be either two-dimensional, about one 

monolayer thick, or three-dimensional, depending on the metal-solution system. Also, a 

transition from one to another may occur in the same metaVsolution system, depending on 

the potential applied. For example, Frankenthal and Pickering found that passive films 

formed on iron surfaces at low potentials from passive region in borate buffered dilute 

NaOH, and yielded Fe,O, or y-Fe,O, films less than a unit-cell t h i ~ k [ ~ 5 . ~ ~ ] .  At higher 

potentials, the film thickness exceeded the unit cell dimension for the ferric oxide, y-Fe,O,, 

implying a three-dimensional film. In the following section, we will review several 

passivation models which might be used to explain the passivity of titanium aluminides. 

Mott-Cabrera model: This model was proposed to explain kinetics of passive 

film growth. It was proposed by Mott in 1947 and was later extended by Cabrera and Mott 

in 1948 [471. This model assumes: 

(1) Film growth is due to the transport of metal cations across the oxide film to the 

fMsolution interface where they react with the electrolyte. 



(2) The penetration of cations through passive film is assisted by the high electric field 

strength which is assumed to exist within the oxide. 

(3) The field strength is constant throughout the film. 

(4) Total potential drop across the film is a constant and independent of film 

thickness . 
(5) The rate-limiting step for film growth is the emission of metal cations from metal 

into the film at the metallfilm interface. 

These assumptions lead to the following rate law for film growth: 

where N is the number of mobile cations per unit surface area, I2 is the molecular volume 

per cation, y is the vibration frequency, W is the activation energy for the rate-controlling 

step, q is the charge that the cation carries, a is the jump distance, and kT is the thermal 

energy. An approximate solution to equation [2-2-61 yields an inverse logarithmic rate law: 

where C and D are constants which depend on the material properties and electrolyte. 

The following requirements must be met for equation [2-2-71 to be valid: 

(1) The film must grow under constant electric field rather than constant voltage. 

(2) The oxide must rearrange with time so that the value of W also increases. 

The first condition could be met when the increase in electric field across the oxide causes 

cation movement to occur through the oxide before the maximum value of voltage is 

attained. The second one implies that the kinetics of low-temperature oxidation depends on 

the structure of the oxider481. 

The inverse logarithmic growth law has also been observed for Fe in low pH 

sol~tions[~91, where passive film dissolution is significant. The Mott-Cabrera model, 

however, does not take this phenomenon into consideration. Studies performed at the 

Chalk River Nuclear Laboratories using radioactive markers to identify mobile species in 

anodic films of Al, Nb, Ta, W, Zr, Hf, U, and Si. Their studies show that, for all the 

metals investigated , anion transportation is largely, if not exclusively, responsible for film 



growth[50]. This observation tends to discredit the Mott-Cabrera model, which assumes that 

metal cation diffusion is responsible for film growth. 

Sato and Cohen's  model[47.501: Sato and Cohen studied the passivity of iron in 

the pH 8.4 borate buffer solution. They found that the relationship among external current 

i, the applied potential Vapp, and the accumulated charge in the oxide film QT can be 

expressed by the following empirical equation: 

where k' , m, and n are constants. The authors suggested a "place-exchange" mechanism as 

shown in Figure 2-5. According to this model, a layer of oxygen is adsorbed onto the 

surface which then exchanges places, possibly by rotation, with underlying metal atoms. A 

second layer of oxygen is then adsorbed and the two M-0 pairs rotate simultaneously. This 

process repeats and results in oxide film thickening. Under potentiostatic conditions, this 

mechanism results in the logarithrmc law: 

where L is the film thickness; t is the time, t, is incubation time, and A, B are constants. 

Fehlner and Mo tt' s mode1[473501: The "place-exchange" mechanism proposed 

by Sato and Cohen does not provide a very convincing description of the growth of a film 

whose thickness is more than one of two monolayers. Therefore, Fehlner and Mott 

suggested an alternative mechanism. The modifications of Sato and Cohen's model involve 

the following assumptions: 

(1) Anion diffusion is responsible for film growth. 

(2) The rate-lirmting step is the emission of an anion from the environment into the 

film at the fwenvironment interface. 

(3) The field strength in the film does not depend upon the f h  thickness. 

(4) The activation energy, W, of the rate-limiting step increases linearly with 

thickness . 

Based on these new assumptions, Fehlner and Mott derived the following equation: 



dL - = Nl2v exp 
dt 

where L is the film thickness, N is the number of mobile cations per unit surface area, !2 is 

the molecular volume per cation, v is the vibration frequency, q is the charge that the cation 

carries, a is the jump distance, and kT is the thermal energy, and p are constants. 

This yields another logarithmic law : 

where t is the time, t, is incubation time, and A', B' are constants. Transient phenomena 

resulting from sudden changes of the applied potential or the pH of the solution were 

in~estigated[5~1. The results show that the reaction [2-2-12] taking place at the film/solution 

interface, is established rapidly, and cannot be considered as a rate-hmiting step. This 

observation contradicts the Fehlner-Mott model which assumes that the rate-hting 

reaction occurs at the fMsolution interface[jO]. 

Point Defect Model: Macdonald et al. modeled the growth of the passive film in 

terms of diffusion of point defect@ a concentration gradient) and under the influence of 

the electric field[50,52-551. Macdonald et al. raise two very important questions: (1) What are 

the point defects present in the passive films? (2) Which defect species are the mobile 

species? 

Chao suggests that diffusion of metal vacancies contributes to corrosion only, while 

the diffusion of oxygen vacancies is associated with the growth of the passive fh. Thus, 

the growth rate of the passive film is equal to the diffusion flux of oxygen vacancies in the 

electrochemical potential gradient that exists in the passive film. Therefore, the passive film 

is considered to be protective if it functions as a barrier against metal vacancy diffusion[391. 

The point defect model will be further discussed in Chapter 5. 

2.6 Semiconductor Properties of Passive Films 



Thin anodic passive oxide films are generally not crystalline. They become partially 

crystalline as their thickness increases which is probably caused by internal compressive 

stresses created in the film during their growth[561. In general, the presence of a crystalline 

structures in the passive film may impair the electronic properties and therefore, corrosion 

resistance of the passive filmr401. 

The electrochemical stability of passivated metals and alloys depends not only on 

the chemical property but also on the electronic property of the passive films. Therefore, 

not only the ion flux, but also the electron transport through a passive film can be rate 

determining factors. Hence, it is of great importance to determine the electronic properties 

of passive filmsr571. 

According to the theory of semiconductor physics, electrons in semiconductors fall 

into two regions: the valence band or the conduction band. Figure 2-6 illustrates the energy 

gap between the conduction band and the valence band of a semiconductor. The energy 

difference between the two bands is called band gap energy(E,). The introduction of 

defects to a perfect crystal may narrow the band gap. Figure 2-6 also illustrates the donor 

and acceptor states of such defects. If the defect contributes electrons to the conduction 

band, it is referred to as an n-type defect. If the defect accepts electrons from the valence 

band, it is called a p-type defect. Passive films can be either p-type or n-type depending on 

the predominant defect in the fild241. 

Passive filrns are either insulators or semiconductors. Most of the passive oxide 

films behave as n-type semiconductors such as ZnO, TiO,, TiN, Fe203f241. Their donor 

concentration can vary from 1019 to 1021~m-3[40.571. There are also p-type semiconductors 

such as FeO, CuS, Cr203, MIIO[~~] and insulators such as A1203[401. 

The metaVfilm/solution system develops a potential and electric charge distribution. 

Figure 2-7 illustrates the charge distribution and potential change across the film and the 

fMsolution interface. The charge distribution in the film is called space-charge layer. 

Equilibrium at fWsolution interface is attained through a redistribution of electrons and 

holes in the space-charge region of the film and solvated ions and dipoles in the electric 

double-layer region in the solution. This charge redistribution causes the energy bands to 

bend either up or down, depending on the prevailing sign of the Outer Helmholtz Plane 

(OHP). The electron energy (potential) inside the semiconductor film away from this 

bending is called the flatband potential E,[241. This is the potential where electrons and 

holes are in equilibrium. The total capacitance of the fWsolution system is the electrical 

series of space-charge capacitance and Helmholtz capacitance: 



where C is the total capacitance, C,, is the space-charge capacitance, and C, is the 

Helmholtz capacitance. The Helmholtz capacitance is typically much greater than the space- 

charge capacitance, therefore, the space-charge capacitance can be approximated by the total 

capacitance. 

Various techniques are used to investigate the semiconducting properties. Photo- 

electrochemical studies have allowed us to obtain the flatband potential E,, the band gap 

energy E,, and the donor or acceptor concentrations of the passive oxide films grown on 

metals and alloys in different electrolytes. It appears that thin amorphous oxide films on 

metals differ in their electronic properties from the corresponding crystalline bulk oxides. 

In many cases the band gap energy of passive oxide films can deviate from that of bulk 

oxides by up to lO%[401. 

Some other models are more sophisticated than a simple semiconductor model 

discussed above. A p-n junction model shown in Figure 2-8, assumes a bilayered structure 

consisting of an n-type semiconductor layer on the metal side and a p-type layer on the 

electrolyte sidersgl. The p-n junction model further extends into a p-i-n (p-type - intrinsic - 

n-type) junction model which assumes a three-layered structure with an intrinsic 

semiconductor layer between an inner n-type layer and an outer p-type layerr591. A 

chemiconductor model is similar to the p-i-n junction model. It assumed the presence of an 

insulating dielecrric layer of stoichiometric oxide sandwiched between the semiconducting 

non-stoichiometric regions associated with excess metal ions or lower valent metal ions on 

the metal side and metal ion vacancies or high vdent metal ions on the electrolyte sider60-631. 

Experimentally, the most direct and most frequently used technique to measure 

capacitance values and, hence, characterize the electronic properties of the oxide is AC- 

impedance measurement. These measurements are performed at high frequencies which are 

sufficiently high to measure only electronic contributions and suppress ionic contributions. 

In the case of passive films, these capacitance measurements are usually performed in situ 

in the electrolyte in which they are formed. For example, the electrolyte is used as front 

contact to the layer of interest. 

One question regarding the validity of the semiconductor model is that the doping 

concentration is so high (1 0*'- loz1 ~rn-~)[571, whereas for conventional semiconductors, this 

doping level leads to degenerationr641. In contrast to ideal semiconductors, the doping 



species in passive film are not fixed. For example, the natural passive film on iron can be 

described as either Fe20, heavily doped with ~ e * '  or as partially oxidized Fe,O,. Also, 

unlike ideal semiconductors, the doping concentration in passive f h  depends on the 

passivation conditions i. e. potential[571. 

Mott and Schottky developed an equation relating capacitance of the corrosion film 

to potential, assuming that the films were semiconductors. If semiconductivity is present, 

Mott-Schottky plot will give a straight line for the 1 / ~ , , ~  versus V, plot, where C,, is the 

space-charge capacitance and V, is the measurement potentialr651. The Mott-Schottky 

equation that relates the space-charge capacitance C,, to the potential, V,, i~r2~9651: 

where C,, is space-charge capacitance, e is the charge of electron, E, is the permittivity of 

the free space, E is the dielectric constant, N, is the donor density, V, is the imposed 

potential, V,, is the flatband potential, K is the Boltzman constant and T is the absolute 

temperature. De Gryse et al. further developed this concept and introduced the effect of the 

Helmholtz capacitance in the equation [2-2-14]['21. The new equation is: 

where C, is the Helmholtz capacitance, C is the total capacitance. In many systems, such as 

NiO and TiO,, a discrepancy between the predicted and observed Mott-Schottky slopes 

was reported[l*,66,671. Some authors claim that for TiO,, the discrepancy comes from the 

requirement C,,c<C, does not hold[66]. However, based on equation [2-2-14], De Gryse 

et al.[121 proposed that the nonlinearity of the Mott-Schottky plot is not attributable to the 

fact that the condition C,, << C, is not fulfilled. Therefore, they suggested the alternative 

reason which is the nonhomogenous donor distribution. 

Semiconductor properties of Ti passive film has been widely studied using different 

techniques. Leitner et a]. [681 investigated titanium electrode using photoelectrochernical 

technique. They found that thick films have similar properties to bulk TiO, electrodes. 

Films of intermediate thickness show all features of crystalline semiconductors, however, 

quantum efficiencies are considerable lower and this suggests the existence of surface states 

which facilitate surface recombination processes. Thin frlms are found to be amorphous in 

character. 



Van de Krol et al. 1691 used electron-beam evaporation technique to obtain a smooth 

nanometer-scale films of anatase TiO, on indium-tin oxide substrates (ITO). They found 

that at the potential at which the depletion layer reaches the TiO,/ITO interface, the Mott- 

Schottky plot changed abruptly. From the position of the change point, a dielectric constant 

of 55 is calculated for polycrystalhe anatase. Since the dielectric constants for titanium 

alurninides can not be found in literature, in this paper, the value of pure titanium are used 

as an approximation in our later calculations. 



Table 2-1. Comparison of Ti based alloys with super alloys[l5J7~701 

Properties 

~ensity(gcm-3, 

Yield strength(h4Pa) 

Creep limit ("C) 

Oxidation lirmt ( O C )  

Ductility @ HT 

Ductility@ RT 

Tensile Strength (MPa) 

Structure 

RT: Room temperature 

HT: High temperature 

Ti3Al-base 

4.1-4.7 

700-990 

760 

650 

10-20 

2-10 

800- 1 140 

DO19 

TiAl-base 

3.7-3.9 

400-650 

1000 

900 

10-60 

1-4 

450-800 

L10 

Superalloy 

8.3 

800- 1200 

1090 

1090 

10-20 

3 -5 

1100-1300 

f c c ~  1, 
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Figure 2- 1. Binary alloy phase diagram for Ti-Alrl61. 

(Reprinted by permission, ASM International) 



Figure 2-2. Crystallographic structures of (A) TiAl-y and (B) Ti,Al-a,[171. 



Figure 2-3. Potential - pH diagram for Ti. 



Figure 2-4. Potential - pH diagram for Al. 



Figure 2-5. Oxide film growth by the place-exchange mechanism. 

M and 0 represent metal and oxygen atoms respectively. 
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Figure 2-6. Illustration of band gap structure and electron transport across the band gap. 
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Figure 2-7. Illustration of the charge and potential distribution inside a semiconductor film. 

(a) space-charge region inside a semiconductor passive film, (b) the corresponding 

potential distribution, where V, is the flat band potential, OHP is the Outer Helmholtz 

Plane, @, is the potential drop over the Helmholtz layer. 
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Figure 2-8. Semiconductor models for passive films. 

(a) p-n junction model (b) p-i-n junction model. 



3. EXPERIMEN'ICQL PROCEDURE 

3.1 Selection of Materials 

The compositions of titanium aluminides selected for this study were based on the 

binary phase diagram for Ti-Al[I61. Titanium aluminides used in the experiments include 

a,(Ti,Al) and y (TiAl), TiAl,, and Ti,Al+TiAl(minor phase), Ti, Al(minor phase)+TA. 

Arc Melting (AM) was utilized in the preparation of a l l  the specimens. TiAl, specimens 

were further treated by Hot Isostatic Pressing (HIP) to decrease the porosity. The HIP 

conditions were 1150°C and 25ksi for 2 hours. The density of the TiA1, specimens after 

HIPing was 3.30 gcmS3. All specimens were then homogenized in vacuum at 1000°C for 

24 hours to eliminate the minor phases and improve the porosity of the specimens. Pure 

titanium and pure aluminum were used in the electrochemical experiments for comparison. 

The composition of each specimen is shown in Table 3-1, where the subscript (m) stands 

for minor phase in the specimen. 

Specimens used in the tests were cut into flat round disks approximately 1.0 cm in 

diameter. Electrical contact was made by spot welding a stainless steel wire to the back face 

of the specimens. The samples were mounted in epoxy resin such that only one surface 

was exposed to solution. For potentiostatic and potentiodynarnic tests, before each test the 

specimen was wet polished from 240 to 600 grit S i c  paper. For Electrochemical 

Impedance Spectroscopy (EIS) and X-ray Photoelectron Spectroscopy (XPS) experiments, 

each specimen was wet polished from 240 to 800 grit S ic  paper. 

Titanium aluminide specimens (except TiAl,) were analyzed by X-ray diffraction 

(XRD) to identify crystalline phases. Phase analysis was performed using a Philips APD 

3720 diffractometer system. The instrument was equipped with an automated goniometer, 

Cu X-ray tube, variable divergence slit, focusing graphite monochromator and scintillation 

counter. The results are summarized in Table 3-2. Examples of the optical rnicrograhps of 

some titanium aluminide samples are Uustrated in Figure 3- 1. 



3.2 Selection of Electrolytes 

Due to limited data available in the literature on the corrosion behavior of titanium 

aluminide alloys, an evaluation of the electrochemical behavior of pure titanium and 

aluminum is helpful. The Pourbaix diagram for shows that titanium passivates 

in the whole pH range (assuming passivation by the hydrated oxide TiO,. H20)[27,3*,331. 

The Pourbaix diagram for aluminum[231 shows that aluminum corrodes at low and high pH. 

At pH close to neutral, aluminum passivates, and therefore, becomes corrosion-resistant. 

Since one motivation for this research is the development of the electrochemical 

machining (ECM) process, the selection of electrolytes was, therefore, based on the 

requirements of the ECM. Electrolytes used in electrochemical machining must have high 

electrical conductivity, low toxicity and corrosivity, and a controllable passivating effect. It 

is reported that the presence of sulfate ions can have an inhibiting effect on the dissolution 

of aluminum. For different acids, the relative inhibition decreases in the following order: 

> NO,- > Cr042- > > C032- for Ti1131. In hot, very pure solutions or vapor 

condensates of nitric acid, significant uniform corrosion rates may occur. In 20-70 wt% 

HNO, which are very aggressive, semi-protective oxide surface films will form that do not 

fully retard continued oxidation of the metal surface[l31. Based on these considerations, a 
NqSO,, 2N H,SO,, 2N NaNO, and HNO, were selected for this study. Also, 2N 
NaOH and 2 s  Na,S04 + 2N NaOH solutions were used to investigate the effect of pH as 

well as the effect of ions on the dissolution of the passive films. The electrolytes used 

in the experiments were prepared by dissolving chemicals in deionized water. 

3.3 Selection of Experimental Methods 

Electrochemical and surface analysis techniques were used to investigate the 

electrochemical behavior of titanium aluminides and their passivity mechanisms: 

potentiodynarnic experiments were performed to determine the general corrosion behavior 

of titanium aluminides; potentiostatic experiments were used to determine their dissolution 

rates at the steady state; electrochemical impedance spectroscopy (EIS) was used to 

investigate their semiconductor properties; X-ray photoelectron spectroscopy (XPS) was 

used to determine their passive film compositions. 
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3.3.1 Electrochemical Experiments

3.3.1.1 PotentiodynarnicExperiments

An EG&G 273A PotentiostatiGalvanostat was used along with 352 SoftCorr II
Corrosion Software for data collection. The reference electrode was a saturated calomel

electrode (SCE), and the counter electrode was made of a Pt mesh. The solutions were

deaerated with argon gas for about one hour before each experiment. For convenience, the

potential values reported in this thesis are potentials measured vs. SCE by default.

Electrochemical experiments were carried out at room temperature in a typical three-

electrode cell. For potentiodynarnic experiments, before each test, the specimen was

cathodicallypolarizedwith a current of approximately 2.10-8A for 2 minutes to remove as

much of the air-formed passive film as possible. The specimen was immersed in the

solution at open circuit for about half an hour to reach a relatively stable open-circuit

potential. Potentiodynamic experiments were performed at a scan rate of 1.67 mVs-1from -

50 mV versus open circuit potential to 2.5V versus SCE in acidic solutions and to 2V in
alkaline solutions.

3.3.1.2 PotentiostaticExperiments

The instruments and specimen preparation procedure for potentiostatic experiments

are essentially the same as described in the potentiodynarnic experiments. Each

potentiostatic test lasted one hour at an applied potential of 1V in acidic solutions and

neutral solutions. The applied potential was 0.2V for tests in alkaline solutions.

3.3.1.3 ElectrochemicalImpedance Spectroscopy (EIS)

A frequency response analyzer (Solartron/Schlumberger Model 1285) was used in

the measurement of electrode impedance. The measurements were conducted by

superimposing an AC voltage of 10mV amplitudewith the frequency ranging from 0.02 to

15 kHz on a DC bias of a potentiostat. Impedance measurements were performed in



NaOH, H2S04 and HNO, solutions for Ti, Ti,Al and TiAl. The film formation potentials 

(V,) were the same as used in the potentiostatic study: 1V for films formed in H2S0, and 

HNO,, and 0.2V for those formed in NaOH. 

To evaluate the semiconductive property of the passive films, Mott-Schottky plots 

were derived with the impedance data obtained by the following procedurer651 as illustrated 

in Figure 3-2: 

(1) The passive film was formed at a given film formation potential V, for 3000s. 

(2) The potential was lowered to a measurement potential V,,,, where the impedance 

was measured in the frequency range from 0.2 to 15k Hz within 80s. 

(3) The potential was raised to V, for 200s and lowered to Vm(,+,, where the impedance 

was measured. 

(4) Step 3 was repeated to obtain the impedance at successively lower potentials. 

(5 )  Steps 1-4 were repeated to obtain the impedance at successively higher film 

formation potentials. 

In order to obtain the capacitance value of the space-charge layer in the passive film, 

a curve fitting method on the Bode diagram was employed using ZViewTM software. 

Electrochemical Impedance Spectroscopy (EIS) data analysis was performed by first 

selecting an equivalent circuit model based upon a rational physical description of the 

phenomenon being probed as well as precedence for similar phenomena in the literature. 

For titanium and titanium aluminides, an equivalent circuit for the passive film is assumed 

consisting of a parallel RC circuit in series with a resistance R, as shown in Figure 3-3, 

where C, and R, are the film capacitance and resistance and R, is the electrolyte resistance. 

From the impedance diagrams obtained at various potentials V,, the components of C and 

R can be estimated for the passive film formed at a certain potential V,. Finally, from c - ~  
changing with V,, one can obtain the Mott-Schottky plot for the passive film formed at 

various potentials V,. 

3.3.2 Surface Analysis: X-ray Photoelectron Spectroscopy (XPS) 

Ti,Al and TiAl specimens were passivated potentiostatically at 1V in H2S04 and 

HNO,, and 0.2V in NaOH for one hour respectively. Immediately after the anodic 

polarization, the specimens were rinsed with deionized water and dried with compressed 



argon. The specimens were then analyzed using a Surface Science Laboratory SSX-100 

ESCA spectrometer using a 600pm analysis spot size. Argon ion sputter etching was used 

to incrementally remove material from the sample surface to produce a composition depth 

profile. The removal rate was based on the measurement of the removal rate for SiO,. One 

survey scans were performed on each sample to determine the elements present and the 

binding energies to use for depth profiling. Areas selected for the depth profiles were 

different from those used for the survey scans. The concentration in atomic percentage for 

the i' element, Ci, was determined using the formula: 

and 

A1 Kal, 2 - BE, 
S i  = SF, 

A1 Kal,2 - C , ,  

where A, is the area under the i *h peak, S, is the sensitivity factor, BE. is the binding energy 

of the i th peak, A1 Kd, 2 is equal to 1486.6 eV, C,, is the binding energy of the Carbon 1s 

electron and x is an instrument determined parameter. All binding energies were referenced 

to the energy of the Is photoelectron line for hydrocarbon which is 285.5 eV. Area and 

binding energies were determined from curve fit using a combined Gaussian-Lorentzian 

formula, and background subtraction by the Shirley methodr721. X P S p e P  software was 

used for curve fitting to determine different oxidation states of Ti, A1 and 0 for each 

specimen. 

3.4 Summary 

The solutions and specimens used in each experiment are summarized in Table 3-3. 



Table 3-1. Compositions of specimens used in all experiments 

Table 3-2. XRD determined phases for some titanium alurninide specimens 

Al wt% (at%) 

N/A 

15.1 ( 24.0 ) 

25.2 ( 37.4 ) 

3 1.3 ( 44.7 ) 

34.5 ( 48.3 ) 

59.0 ( 71.9 ) 

99.9 

Materials 

Ti 

Ti3Al 

Ti3Al+TiAlo 

Ti3AI,,+TiA1 

TiAl 

TiAl, 

A1 

Materials 

TiAl (15.lwt%Al) 

Ti, Al+TiAl(25.2w t%Al) 

Ti,Al+TiAI (3 1.3wt%Al) 

TiAl(34.5%) 

Ti wt% (at%) 

99.9 

84.9 ( 76.0 ) 

74.8 ( 62.6 ) 

68.7 ( 55.3 ) 

65.5 ( 51.7 ) 

41.0 ( 28.1 ) 

N/ A 

XRD Determined Phases 

Ti, A1 

major phase Ti,Al 

minor phase TiAl 

major phase TiAl 

minor phase Ti, Al 

Ti A1 
May contain trace amount of Ti,N 



Table 3-3. Summary of solutions and specimens used for each 
experimental method 

Materials 

Ti, Al, Ti,Al, TiAl, 
TA3 

Ti, Al, Ti,Al, TIN, 
TiAl, 

Ti, Ti,Al, TiAl 

Ti,Al, TiAl 

Experiment 

Potentiodynarnic 

Potentiostatic 

EIS 

XPS 

XPS: X-ray Photoelectron Spectroscopy 

EIS : Electrochemical Impedance Spectroscopy 

Solutions 

H2S0,, N+S O,, HNO,, 
NaN03, NaOH, NaOH+N+SO, 

H2S0,, NqSO,, HNO,, 
NaNO,, NaOH, NaOH+N%SO, 

H,SO,, HNO,, NaOH 

H2S0,, HNO,, NaOH 
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(a) Ti3Al

(b) TiAl

Figure 3-1. Optical micrographs of etched Ti3Al and TiAl specimens.



Time 

Figure 3-2. Potential-time diagram for the measurement of Mott-Schottky relation 

where V, is film formation potential, V,,, is measurement potential. 

Figure 3-3. Equivalent circuit for passive films formed on titanium aluminides 

where C, and R, are the film capacitance and resistance and R, is the electrolyte 

resistance. 



4. RESULTS & ANALYSIS 

4.1 Electrochemical Experiments 

4.1.1 Potentiodynamic Experiments 

4.1.1.1 Acidic solutions 

Figure 4- 1 - 1 - 1 shows the potentiodynamic polarization curves for Ti, Ti,Al, TiAl, 

Ti3Al+TiAlcm), Ti,Al,,+TiAl, TiAl, and Al in H,S O,, where the subscript (m) stands for the 

minor phase in the specimen. All the titanium aluminide specimens show active, active- 

passive, and passive regions similar to titanium. The active-passive transition occurs at a 

potential range from -0.5 to -0.4 VscE. The passive regions are at potentials higher than 

about -0.3 VscE. The shape of the polarization curves for titanium aluminides is similar to 

that of pure titanium. They all show an activation current peak at around 1.7 VscE. This 

activation peak is typical for titanium which has been found by other researchers. 

According to Annstr0ng[~31, the occurrence of the activation peak could be due to a phase 

transformation of the originally formed oxide film. 

The highest current is observed for Al in the applied range of potentials. The 

minimum passive current densities of titanium and titanium aluminides increase with the 

increase of the aluminum content in the specimen as shown in Table 4-1-1-1. This indicates 

that A1 affects the corrosion properties of titanium aluminides in H,SO, solution. 

Results of the potentiodynamic experiments in HNO, are shown in Figure 4-1-1-2. 

In HNO,, all titanium aluminides show passive behavior. The transpassive behavior for Al, 

TiAl, Ti,Al+TiAlo and Ti,Al,)+TiAI occurs at potentials around 1.7 V. After the 

experiments, round shaped pits were found on these specimen surfaces. An optical 

micrograph of the pits formed on T A  is shown in Figure 4-1-1-3 as an example. For Ti 

and Ti,Al, the specimen surfaces did not show any pit after the experiments. 



The breakdown potentials for titanium aluminides decreases with the increase of the 

Al content as shown in Table 4-1-1-2. This is similar to the results in NaCl where Saffarian 

et al. found the breakdown potential decreases in the order Ti,Al > TiAl > Ti41,. In 

both HNO, and H,S04, the passive current density increases with the increase of Al 

content in the specimens. 

4.1.1.2 Neutral Solutions 

Figure 4-1-1-4 shows the results of the potentiodynarnic experiments in N+SO,. 

The shape of the polarization curves of titanium aluminides is slrnilar to that of pure 

titanium. An activation peak is observed on the polarization curves for titanium and the 

intermetalltcs which begins to form at the potential of approximately 1.6 V. Since the shape 

of the polarization curves for the intermetallics is similar to that of titanium, the presence of 

these peaks can be associated with the transformation of the passive film as reported in the 

literature for As shown in Table 4-1-1-3, titanium aluminides show lower 

minimum passive current densities than titanium. This is quite different from the results in 

acidic solutions where titanium aluminides show higher minimum passive current density 

than Ti in general. This result shows that pH of the solution can significantly affect the 

dissolution rate of titanium aluminides. The values of E,,, of the investigated intermetallics, 

as shown in Table 4- 1 - 1-3, are also very similar to that of titanium. 

Figure 4- 1-1 -4 shows the results of Ti, Ti,Al, TiAl, Ti,Al+TiAl,,, Ti,Al,,)+TiAl, 

Ti& and Al in NaNO,. Similar to the results obtained in HNO,, none of the specimen 

shows active-passive transition. At potentials around 1.7 V, A1 and all the intermetallics 

except Ti,Al show great increase in current which is also accompanied with oxygen 

evolution. After the experiments, round shaped pits were found on these specimen 

surfaces. This indicates the specimens were attacked by pitting corrosion. Table 4-1-1-4 

shows that the breakdown potentials of titanium aluminides decrease with the increase of 

the Al content in the specimen. Ti and Ti,N did not undergo pitting corrosion at this 

potential range. According to the literature, the breakdown potential of Ti in HNO, could be 

higher than 12Vr741. The minimum passive current density increases with the decrease of 

the Al content, which is very similar to the results obtained in N+S04. 



4.1.1.3 Alkaline Solutions 

The potentiodynarnic polarization curves for Ti, Ti,Al, TiAl, Ti3Al+Tim,, 

Ti3Al,,j+TiAl, TiAl, and Al in NaOH are shown in Figure 4-1-1-6. The highest current 

density is found for Al. At potential around 0.6 V, A1 reaches the transpassive state 

accompanied by oxygen evolution. After the experiment, pits were found on the specimen 

surface. 

An activation peak is observed on the polarization curves for titanium and the 

intermetallics which begins to form at the potential of approximately 0.5V which can be 

associated with the transformation of the passive filrnr731. Pits were not found for titanium 

and titanium aluminides in the applied potential range. For all the specimens, the corrosion 

potentials (E,,,) show sirmlar values as shown in Table 4-1-1-5. For titanium and titanium 

aluminides, except TiAl,, the critical passivation current density decreases with the increase 

of the A1 content. 

The potentiodynamic polarization curves for Ti, A1 and the titanium aluminides in 

NaOH+N+SO, solution are shown in Figure 4-1-1-7. The results are summarized in Table 

4-1- 1-6. Al and TiAl, show much higher anodic current densities than Ti and the other 

intermetallics. The current densities for Ti and titanium aluminides, except T A , ,  show 

very similar values. An activation peak is also observed on the polarization curves for 

titanium and the intermetallics. Pits were not found for titanium and titanium aluminides 

after the po ten tiodynamic experiments. 

4.1.1.4 Summary of Potentiodynamic Experiments 

The results of the potentiodynamic experiments indicate that titanium aluminides 

show very similar corrosion behavior to that of titanium. T N ,  also shows some similarity 

to Al which has relatively high anodic dissolution rate in all the solutions. In the NO,- 

containing solutions, titanium aluminides are susceptible to pitting corrosion. The 

breakdown potential increases with the increase of Al content in the specimen. For Ti and 

Ti& pits were not observed after the potentiodynarnic polarization in the applied potential 

ranges. 



4.1.2 Potentiostatic Experiments 

Potentiostatic experiments were performed to determine the dissolution rate of 

titanium aluminides at the steady state. In H,SO,, as shown in Figure 4-1 -2-1, the anodic 

current of Ti decayed to a very low value of the order of a few p ~ c r n - ~ ,  after one hour of 

polarization. Because the current continues to drop with time, a real steady state for 

titanium is difficult to attain. Shibata et al. 1291 demonstrated that the rate of passive film 

growth after 1 hour was approximately equal to the rate of the film dissolution. Therefore, 

a steady state on titanium can be considered to be attained after one hour. According to 

literature, the charge consumed for passive film formation can be expressed a~[29,~71: 

Q, = A + B log (t+t,,) [4- 1-2-11 

where Q is the charge consumed for the passive film formation, A and B are constants, t is 

the time, and t,, is the incubation time. By differentiating equation [4-1-2-11, we can derive: 

where i is the passive current density caused by the passive film formation. Equation [4-1- 

2- 11 and equation 14- 1-2-21 assume that the passive film dissolution is negligible[29.5°1. 

When the passive film dissolution is considered, the passive film formation process should 

be in equilibrium with the film dissolution process at the steady state. Therefore, the 

passive current density at the steady state can be determined from the film dissolution 

rater50,541. According to Macdonald et al.[50,52,53.75], the film dissolution rate is a constant 

value at the steady state. Therefore, adding a dissolution current into equation [4-1-2-21, a 

new equation obtained: 

where id is the current density associated with the film dissolution at the steady state. 

In the following sections, for each potentiostatic curve, the time and current density 

are reported in log scale. The results are reported according to the solution pH: acidic, 

neutral and base solutions. 



4.1.2.1 Acidic solutions 

Figure 4-1-2-1 shows the results of the potentiostatic experiments for Ti, Ti,Al, 

TiAl, Ti,Al+TAl,,, Ti,Al,,+TiAl, TiAl, and A1 obtained in H2S0,. Each curve can be 

divided into two parts. The first part shows a liner relation between Iog(current density) 

and log(time). The second part is curved and gradually approaches a constant value. The 

slopes of the linear part for titanium aluminides are very similar. However, none of the 

curves, except Ti, can be simulated based on the equation [4-1-2-31 because of their 

irregular shapes. For Ti, the curve can be fitted as: 

where i is the current density ( ~ c m - ~ ) ,  t is the time (s). Equation [4-1-2-41 is very similar to 

equation [4-1-2-31 except that the power of (t+G) is not a unit value. Such difference could 

result from many factors such as change in surface roughness of the electrode[76], or change 

in ion concentration at the filmlsolution interface[771. 

As shown in Figure 4- 1-2- 1, the current densities approach steady values at the end 

of the experiments. This indicates that the steady state current density (SSCD) increases 

with the increase of the Al content in the materials which is in the following order: 

Ti < Ti,Al < TiAl< Ti,Al+TiAl(m) < Ti,Al(m)+TAl< TiAl, < Al 

The values of the SSCD are listed in Table 4- 1-2- 1. 

The results of potentiostatic experiment obtained in HNO, are shown in Figure 4-1- 

2-2. Similar to the results obtained in H,SO,, each curve can be divided into the hea r  and 

the curved parts. Ti shows the longest linear region. The curve for all specimens except Al 

can be described by a equation sunilar to equation [4-1-2-41: 

where i is the current density (A~rn-~),  t is the time (s), t, is the incubation time, id is the 

current associated with the film dissolution at the steady state, a and A are constants. Each 

curve is fitted with equation [4-1-2-51, and the results are shown in Table 4-1-2-2. 



As shown in Table 4-1-2-2, the values of a for Ti, Ti,Al+TiAl,,, Ti,Al and 

Ti,A+,)+TiAl are very close to the ideal value 1. For TiAl and TiAl,, a is quite different 

from the ideal value. This could be associated with their high dissolution rate which results 

in the change in surface roughness of the electrode[761. The values of SSCD obtained in 

HNO, are similar to values in H,SO,: the SSCD increases with the increase of Al content in 

the specimen. 

4.1.2.2 Neutral Solutions 

The results of potentiostatic experiments for Ti, Ti,Al, T A ,  Ti,Al+TiAl,,, 

Ti,*,,+TiAl, TiAl, and Al obtained in N%SO, are shown in Figure 4-1-2-3. The 

polarization curves for A1 and TiAl, can be divided into the linear and the curved parts 

which fit very well with equation [4-1-2-51. For the other titanium aluminides and pure 

titanium, there is only the linear region. Because the curves only show the linear region, the 

dissolution current can be neglected from equation [4-1-2-51, which results in equation: 

where i is the current density (Acm-2), t is the time (s), t, is the incubation time, a and A are 

constants. The curve-fitting results are shown in Table 4-1-2-3. For Ti and titanium 

aluminides, except TiAl,, steady state was not reached at the end of the experiments where 

the current densities were below 10"AcmS2. This indicates that these specimens have much 

lower dissolution rates in N%SO, than in the acidic solutions. According to the literature, 

the steady state current density for Ti in solutions of pH 6.9, is below 1@8~~m-2[76~78~791. 

Therefore, the current values measured at the end of the one hour polarization could be 

much higher than the real steady state value. The a values range from 0.9 to 1.1 which are 

very close to the ideal value 1. This may also associated with the low dissolution rate of 

passive film at the steady state. 

Figure 4-1-2-4 shows the results of potentiostatic experiments for Ti, Ti,Al, TiAl, 

Ti3Al+TiA1,,, Ti,Al,,,+TiAl, TiA1, and Al obtained in NaNO,. Similar to the results 

obtained in N+SO,, the curves for A1 and TiAl, can be divided into the linear part and the 

curved part. For the other titanium aluminides and pure titanium, the curves only show the 

linear region which indicates that the steady state were not reached at the end of the 

polarization. The curve-fitting results are summarized in Table 4- 1-2-4. 



4.1.2.3 Alkaline Solutions 

Figure 4- 1-2-5 shows the results of potentios tatic experiments for Ti, Ti,Al, TiAl, 

Ti,AI+TiAl,,, Ti,*,+TA, Tk41, and Al obtained in NaOH. The characteristics of the 

curves for the intermetallics are different from those obtained in acidic and neutral 

solutions. This may indicate the complex nature of the dissolution mechanism for titanium 

aluminides in NaOH solution. According to the literature, Ti dissolution in KOH could 

occur in three stepsU331. The first step is the dissolution of natural oxide film of TiO, which 

can be described as: 

TiO, + OH- --> HTi0,- [4- 1-2-71 

The second step is the film growth: 

Ti + OH- --> Ti(OH), + 3e- [4- 1-24] 

This reaction is in accordance with the Pourbaix diagram and it occurs only on virgin sites 

of the Ti where the natural oxide film previously dissolved, or by migration of the OH' ions 

through the structural defects on the thinnest parts of the natural oxide film. The third step 

is the slow transformation of Ti(OH), into the hydrated TiO, layer: 

Therefore, the curved shape of the potentiostatic curves in NaOH could indicate the 

complex nature of the titanium dissolution reactions. 

As shown in Table 4- 1-2-5, Al and TiAZ, show the highest values of SSCD among 

the investigated materials. Also, values of SSCD for titanium alurninides except TiAl,, are 

very similar to that of Ti. 

Figure 4-1-2-6 shows the results of potentiostatic experiments for Ti, Ti,Al, TiAl, 

Ti,Al+TiAZ,,, Ti,Al,)+TiAl, TiAl, and Al obtained in NaOH+N%SO,. Similar to the 

results obtained in NaOH, the curves for the intermetallics show different characteristics 

from those obtained in acidic and neutral solutions. The SSCD values for titanium 

alurninides, except TiAZ,, are very similar to that of Ti. The experiment results in 

NaOH+N%SO, are shown Table 4-1-2-6. 



4.1.2.4 Summary of Potentiostatic Experiments 

The dissolution behavior of titanium aluminides is pH dependent. In the acidic 

solutions, the SSCD increases with the increase of A1 content in the materials. In the 

alkaline solutions, although Al has much higher dissolution rate, dissolution rates of 

titanium aluminides, except TN, ,  are very similar to that of Ti. In the neutral solutions, 

titanium aluminides show relatively low dissolution rates. At the end of polarization, none 

of the titanium aluminides have reached the steady state, except for TiAl,. The values of 

current density for all the investigated materials in acidic, neutral, alkaline solutions after 

one hour polarization are shown in Table 4-1-7. 

4.1.3 Electrochemical Impedance Spectroscopy (EIS) 

4.1.3.1 Equivalent Circuit 

In a metal/film/solution system, a space charge can be formed in the passive film as 

illustrated in Figure 4-1-3-1. In order to determine the capacitance value C,, of the space- 

charge layer in the passive film, curve fitting was applied to the Bode diagrams. Based on 

the experimental and the curve fitting results, an equivalent circuit was determined. The 

circuit consists of a series connection of one parallel RC circuits, where C is the capacitance 

of the space charge layer and R is its resistance, and a resistance of solution R,. Examples 

of the curve fitting results for Ti, Ti,Al and TiAl in H,SO, and NaOH are shown in Figure 

4-1-3-2 to Figure 4-1-3-4 respectively. The curve fitting results of the Bode diagrams for 

Ti and Ti,N are in agreement with the experimental results. However, for T N ,  some 

deviations were observed. Such difference could be attributed to adverse effect of Al on the 

dissolution of TiAZ in NaOH and H,SO,[gOI. 

4.1.3.2 Capacitance and Film Formation Potential 

Figure 4-1-3-5 shows the reciprocal of the capacitance, C-', measured at various 

measurement potentials V,, where V, values are equal to the f h  formation potentials for 



both H2S04 and NaOH. For all the three specimens in both solutions, a linear relation was 

observed between C-' and V,. The capacitance of passive film is related to the passive film 

thickness by equation [4-1-3-1]138~811: 

C,, = €€,,Aid [4-1-3-11 

where C,, is the capacitance of the space charge layer of the passive f h ,  E is the dielectric 

constant of the passive film, go is the permittivity of free space, A is the area of the 

specimen and d is the film thickness. The linear relation between the reciprocal of the 

capacitance of the space charge, C,,-', and the film formation potential, V,, indicates that 

the growth of the passive film is proportional to the film formation potential. The passive 

film thickness for titanium aluminides can be estimated by assuming the passive films have 

a dielectric constant similar to that of Ti02 which is about 60r781. Therefore the passive film 

thickness of Ti, Ti,Al and TiAl can be estimated to be 4nm, 9nm and 12nm respectively in 

H2S04 formed at potential 2V, and 5nm, 8nm and 9nm in NaOH formed at potential O.6V. 

The calculated film thickness might also be affected by the Helmholtz capacitance. In 

general, the measured capacitance C is not the same as the capacitance of space charge 

layer, C,,. According to the literature, the relationship between the capacitance measured, 

C, and the space charge capacitance, C,,, is as the following[*41: 

where C, is the capacitance of the Helmholtz layer at the oxide surface. If C,, << C,, then 

C,, r C. According to the literature, C,, << C, is valid for Tir'21. Using &=6O and C,, << 
C,, the growth rate for titanium aluminides can be estimated as around 2-4 nmV-' which is 

typical for anodic oxide films on many rnetals[32.401. 

4.1.3.3 Mott-Schottky Plot 

Figure 4-1-3-6 shows the Mott-Schottky plots for passive films formed on Ti, 

Ti,N and TiAl in H2S04 at different film formation potentials. For Ti, the plots for passive 

films formed at 0.2, 0.6, and 1 V show a linear relation between c - ~  and the measured 

potentials. At higher film formation potentials, the deviation from linearity in the Mott- 



Schottky plots was observed. Such deviation for Ti was also found by other 

researchers [ '2~66.8~1. 

For Ti,Al and TiAl, the Mott-Schottky plots show sirmlar shape and the deviations 

occurred at potentials around 0.6 V for passive films formed at 1.5V and 2V. For Ti and 

the intermetallics, the slope of the Mott-Schottky plots increases with the increase of the 

film formation potential. 

The Mott-Schottky plots for passive films formed in NaOH are shown in Figure 4- 

1-3-7. The linear relation between c2 and the measurement potential is observed. The 

linear plots for the films formed at -0.2, 0, and 0.4 V have similar slopes. This is different 

from that in H,SO,, where the slope increases with the increase of the film formation 

potential. 

The Mott-Schottky plots for passive films formed in HNO, are shown in Figure 4- 

1-3-8. For all the materials, the deviation from linearity was observed. The deviation is 

more significant for films formed at higher potentials than those formed at lower potentials. 

The shapes of the plots for the investigated materials are sirmlar to that in H,SO,. 

However, for Ti,AI, a significant increase of the slope at formation potential 2V was 

observed. For T N ,  the highest film formation potential used was 1.5V, since at potential 

higher than 1.5V, passive film breakdown occurred as shown in Figure 4-1-2. 

The passive film formed on Ti was found to be a n-type semiconductor~83-851. The 

positive values of the slopes in the linear region also indicate that the passive films formed 

on Ti,Al and TiAl in both solutions have such n-type semiconductor property[861. The value 

of the donor density, N,, can be calculated from the Mott-Schottky plot, using the 

equation[l21: 

where C is the total measured capacitance, C, is the Helmholtz capacitance, e is the charge 

of electron, E, is the permittivity of the free space, & is the dielectric constant, N, is the 

donor density, Vm is the imposed potential, V,, is the flatband potential, K is the Boltzman 

constant and T is the absolute temperature. For plots showing the deviation in the Mott- 

Schottky plot, the low potential linear part is used to calculate the ND[66783,871. According to 

the literature, the discrepancy from the ideal Mott-Schottky plot could come from the 

presence of surface states which include intrinsic surface states, Lewis sites, and surface 



states arising from foreign species[64*881. An alternative mechanism is the nonhomogenous 

donor distribution[891 which will be further discussed in Chapter 5. 

Due to the lack of the dielectric constant data for titanium aluminide passive films in 

the literature, in this study, it is assumed the dielectric constants for passive films formed 

on Ti,Al and TiAl are the same as that of Ti in all the solutions used, which is about 60r781. 

As discussed in the previous section, based on this dielectric constant value, the film 

growth rates for titanium and titanium aluminides is around 2-4nmV-', which are typical for 

passive films on many metals[32,401. Therefore, the donor densities can be calculated using 

equation [4-1-3-31 by measuring the slope of the Mott-Schottky plots. Donor densities for 

the passive films formed in H,SO,, NaOH, and HNO, are shown in Figure 4-1-3-9. For 

all the specimens, the donor density decreases with the increase of the film formation 

potential. Leitner et al.1681 has shown that for Ti, at low film formation potential, the 

passive film might be largely non-stoichiometric and possibly amorphous or highly 

disordered; at high formation potential, a stoichiometry close to TiO, and crystallinity of the 

film can be formed. Therefore, the donor density data indicate that the higher disorder the 

film structure, the higher donor density in the film. 

In H,SO,, the donor densities increase in the order: Tu4l< Ti$ < Ti. In NaOH or 

HNO,, Ti has the lowest donor density while TiAl and Ti, Al have very sirmlar values. The 

donor density of Ti ranges from loz0 to 10" cm-3 which is typical for thin oxide films on 

Ti[68,881. Such high donor concentration could be attributed to the amorphous structure of 

the passive film formed at low potentials[311. 

Mott-Schottky plot could also be used to estimate the flatband potentials. The 

principal difficulty lies in evaluating the Helmholtz capacitance C,, as ~llustrated in Figure 

2-6. According to the literature, the Helmholtz capacitance C,, is considered to be 

independent of the imposed potential and usually to be much larger than the capacitance of 

the depletion layer of the semiconductor C,,. According to equation [4-1-3-31, the potential 

shift caused by C, is e N D ~ / 2 C $ .  Assuming a C, of 80 pFcrn-*[831, the flatband potentials 

can be estimated from extrapolation of C-' to C-' = 0 in the Mott-Schottky plot and justifies 

the value with the potential shift by CH[12,661. Therefore, the flatband potential can be 

expressed as : 



where Voi is the potential estimated from extrapolation of C" to c - ~  = 0 in the Mott-Schottky 

plot. The 'i' denotes the different formation potentials. The flatband potentials calculated 

for Ti, Ti,N and TiAl in H,S04, NaOH and HNO, are shown in Table 4-1-3-1, 4-1-3-2, 

and 4-1-3-3. 

The flatband potentials calculated for Ti, Ti,Al and TiAl in H,S04 are very similar 

to the values reported by Fonseca et al., which is around -0.3 to -0.4 Vr831. The flatband 

potentials for Ti, Ti,Al and TiAl in HNO, are similar to the results obtained in H2S04. In 

NaOH, the flatband potential for Ti,Al and TiAl are quite different from that for Ti. 

The flatband potentials calculated using equation [4-1-3-41, generally are sensitive 

to the choosing of C,. For example, choosing C, as 40 pFcrn-* instead of 80 p ~ c m - ~  will 

result in flatband potential shifting about +O. 1V in the case of Ti& The flatband potential 

of Ti is more sensitive to C, due to its high N, value. Therefore, a more sophisticated 

method is needed to verify our result. According to semiconductor physics, for a classical 

semiconductor, the following equation can be usedr831: 

where E, and Fc are the positions in the energy band diagram of the Fermi level and the 

conduction band, N, is a characteristic parameter of the effective electronic density in the 

conduction band. In the potential scale and in flatband conditions, by definition, eV,, = -E, 
and eVc = -Ec. Therefore, equation [4-1-3-51 can also be written in the form: 

Substimting equation [4- 1-3-61 in equation [4- 1-3-41, leads tor831: 

where 'i' denotes for different film formation potentials, '1' is for a particular film 

formation potential. Therefore, the plot of Vo - (kT/e)ln(N, ,IN, i) as a function of 

eNDiq,/(2C,2) leads to the determination of V,, and C,. As V,,, is little dependent on ND, 

this value can be considered as a good approximation of the average flatband potential. 

Equation [4-1-3-71 was first proposed by Fonseca et al. to estimate C, for Ti in 

H,S 04[*31. For simplicity, the plot based on equation [4- 1-3-71 is called Fonseca plot in this 



paper. The Fonseca plots for the passive films formed in H2S04 and HNO, are shown in 

Figure 4-1-3-10. The flatband potentials and C, derived for H2S04 and HNO, are listed in 

Table 4-1-3-4 and Table 4-1-3-5. The values of the flatband potentials estimated based on 

the Fonseca method are very similar to the results obtained using the previous method. The 

difference may caused mainly by the selecting of C,. Using the Fonseca method, C, were 

estimated as 40-50 p~cm-'.  For NaOH, no linear plot can be derived using the Fonseca 

method. This could be attributed to the complex nature of the passive filrn formation and 

dissolution reactions in NaOH, as discussed in the previous sections. 

4.1.3.4 Summary of EIS Experiments 

The EIS results in H2S04, HNO, and NaOH show that Ti, Ti,N and TiAl passive 

films have n-type semiconductor properties. The donor densities are derived from the Mott- 

Schottky plots for Ti, Ti,Al and TAl in H2S04, HNO, and NaOH solutions. The donor 

densities decrease with the increase of the filrn formation potential. The donor densities for 

the Ti passive films are significantly higher than those for Ti,Al and T A  under the same 

experiment conditions. 

4.2 Surface Analysis: X-ray Photoelectron Spectroscopy (XPS) 

XPS analyses were performed to evaluate the passive film compositions of Ti,A 

and TiAl formed in H,S04, NaOH and HNO,. Figure 4-2-1 shows the XPS survey spectra 

for Ti,Al and TiAl potentiostatically passivated in H,SO,, HNO, and NaOH. Strong Ti 2p 

and 0 1s peaks and a relatively strong C 1s peak dominated the spectra of all the 

specimens. Significant peaks from Si were always observed on the surfaces of the 

specimens passivated in H,S04 and NaOH. In HNO,, the Si peaks are nearly non- 

detectable. A small nitrogen peak was also detected for specimens passivated in H,S04. 

For those passivated in HNO, and NaOH, the nitrogen peak was less significant. The 

nitrogen peak for passive films formed in HNO, may not be an indication of the existence 

of WNO,, because even stronger signals of nitrogen appeared on passive films formed in 

H,S04 and NaOH. For passive films formed in H2S04 and HNO,, relatively strong A1 



peaks were observed. For films formed in NaOH, AZ peaks were not observed on the 

surface. There was no sign of sulfur detected for specimens passivated in H2S04. 

Figure 4-2-2 shows typical appearance of the high-resolution XPS spectra of the Ti 

2p region from the passivated samples. Spectra from different depth were derived by Ar' 
sputtering, where Figure 4-2-2a shows the signal from the topmost layer, Figure 4-2-2b 

and 4-2-2c show signals after several cycles of Ar' sputtering. In the figures, solid lines are 

used for the actual XPS spectra and backgrounds, and dashed lines are used for the peaks 

generated by the curve fitting program. As shown in Figure 4-2-2a, the shape and position 

of the Ti 2p,,, and 2p,,, peaks are found to correspond to Ti4+, with binding energies 

around 464.8 eV and 459 eV, respectively. The 2p3,, values are very close to the reported 

values for Ti and Ti-Ni alloys passivated in sulfuric acid, which are 458.98 eV and 458.90 

eV, respectively[90]. After several cycles of Ar' sputtering, other oxidation states were also 

observed. As shown in Figure 4-2-2b, the spectrum was deconvoluted to three 2p3, and 

three 2p, ,  peaks which correspond to Ti4', ~ i ~ ' ,  and ~ i ~ ' ,  respectively. After further 

removal of the surface atoms by sputtering, a binding energy corresponding to metaUlc Ti 

eventually became dominant, as shown in Figure 4-2-2c. The binding energies of 2p3,, 

peaks for different chemical states of Ti are listed in Table 4-2-1. The binding energies (BE) 

around 457 eV, 455eV, and 454eV correspond to ~ i ~ ' ,  Ti2' and metallic Ti respecti~ely[~l. 

The depth profiles for the different chemical states of Ti are generated by measuring the 

area under each peak. 

Figure 4-2-3 shows a typical appearance of the high-resolution XPS spectra of the 

Al 2p region from the samples passivated in H2S04. Spectra from different depth were 

derived from Ar' sputtering, where Figure 4-2-3a shows the signal from the topmost layer, 

Figure 4-2-3b and Figure 4-2-3c show the signals after several cycles of Ar' sputtering. 

The peak with binding energy of 75V in Figure 4-2-3a corresponds to A13'[911. Nearly all 

Al are in A13' state on the topmost layer. After several cycles of A? sputtering, the Al 

signals can be deconvoluted to two peaks as shown in Figure 4-2-3b. The peak at about 72 

eV corresponds to metallic Alr911. After more cycles of Ar' sputtering, only m e m c  Al left 

in the film as shown in Figure 4-2-3c. For the films formed in HNO,, the results are 

similar to that in H,S04. 

For the films formed in NaOH, however, no Al signals were found on the surface 

until after several cycles of Ar" sputtering. Similar to the results in H,SO, and HNO,, at the 

initial depth where the Al signal first appeared, almost all the Al atoms are in the A13' state. 

The metallic Al gradually becomes dominant with the increase of depth. The 0 1s spectrum 



could be deconvoluted into two peaks as shown in Figure 4-2-4. The peak at 53 1 eV could 

be attributed to d- or OH-, while the peak at 533 eV could be attributed to adsorbed or 

bound water[gOl. The binding energies for different oxidation states of Al and oxygen 

species in different solutions are also shown in Table 4-2-1. 

The original depth profiles for TiAl are shown in Figure 4-2-5. As shown in Figure 

4-2-5, the relative concentration of C is in the range 23% - 45% at the outermost surfaces 

of passivated titanium aluminide specimens. After one cycle of AP sputtering, the carbon 

concentration is substantially reduced. The C 1s peak is dominated by a peak at 285 eV 

which can be assigned to hydrocarbonsr921. Therefore, this very high concentration of 

carbon on the surface could be caused by surface contamination. Besides C, there are also 

significant peaks of Si detected on the surface which is also resulted from surface 

contamination. The Si peaks can be attributed to our specimen polishing method where Sic  

papers were used. Since this study is focused on the elements associated with the passive 

film formation and dissolution, in the following depth profiles, only Ti, Al and 0 are 

included for further analysis. 

Figure 4-2-6 shows the depth proffies for Ti, A1 and 0 in the passive films formed 

on Ti3Al and TiAl in H,SO,. AU the depth values shown in the graphs are based on the 

measurement of the sputtering rate for SiO,. For Ti3Al, the oxygen content drops to half of 

its maximum atom percent at around 290A ( from more than 80% to 40% ). For TiAl, the 

oxygen content drops to half of its maximum concentration at around 150A. We can also 

see that Al has a relatively higher concentration in the outer layer of the passive films than 

in the bulk materials for both Ti3Al and TM,  as shown in Figure 4-2-7. The depth profiles 

for different oxidation states of Ti are shown in Figure 4-2-8. Ti4+ is nearly 100% before 

the Ar' sputtering. It gradually decreases to zero at around 150A. The concentration of ~ i , '  

increases from zero to around 40% at depth 40A, and then starts to decrease until it reaches 

zero at around 250A. Ti2+ shows profiles similar to that of Ti3+. However, ~ i , '  

concentration is relatively high even at depths around 300A 

Depth profiles for different oxidation states of Al are shown in Figure 4-2-9. A13+ is 

nearly 100% before the Ar+ sputtering. It gradually decreases to 50% at around 130A for 

Ti3Al and 240A for TiAl. 

The depth profiles for films formed in HNO, are very similar to that in H2S0,. As 
shown in Figure 4-2-10, for both Ti3Al and TiAl, the oxygen still exists in a small amount 

even at a very large depth (>1000A) from the surface. A1 has a relatively higher 

concentration on the surface than in the bulk materials as shown in Figure 4-2-1 1. The 



AI/Ti ratio gradually reaches to 0.33 for TiAl, and reaches to 1 for Ti,Al, which is very 

close the bulk ratio. The depth profiles of oxidation states of Ti are shown in Figure 4-2-12 

and those for Al are shown in Figure 4-2-13. The characteristics of the distribution of 

different oxidation states of Ti and Al are very similar to the films formed in H,SO,. 

The depth profiles for passive films formed in NaOH are quite different from those 

formed in H2S0, and HNO,, as shown in Figure 4-2- 14. In the topmost layers of the 

passive films, the concentration of Al is nearly zero for both Ti3Al and TiAl. A1 gradually 

reaches around 5% at depth around 100A. Al increases to the bulk concentration at around 

400A from the surface. For Ti3Al, as shown in Figure 4-2-15, the ratio of m i  eventually 

reaches 0.4 which is very close to the bulk ratio of 0.33. The M i  ratio for TiAl reaches 

1.4 at a large depth which is a little different from the bulk ratio of 1 as shown in Figure 4- 

2-15. Such deviation is not very significant and could be caused by the variation of 

composition in the TiAl specimen. For either Ti3AI or TiAl, in the topmost layers, there are 

only titanium oxides and the ratio of Ti:O is close to 1:2. The distributions of oxidation 

states of titanium are shown in Figure 4-2-16, where the Ti4' ion is the dominant species in 

the topmost layers. This is in agreement with the conclusion of other researchers that Ti02 

is the main component in the passive f h  of Tir321. The distributions of oxidation states of 

Al, as shown in Figure 4-2-17, are similar to those formed in the acidic solutions except 

that Al has very low concentration on the outer layers of the passive films. 



Table 4- 1 - 1 - 1. Summary of potentiodynamic experiment results in H, SO, 

Table 4- 1 - 1-2. Summary of the potentiodynamic experiment results in HNO, 

A1 

-0.67 

NIA 

N/A 

NIA 

Emm (V) 

Breakdown 
Potential (V) 

Minimum Passive 
Current Density 
( A c ~ - ~ )  

E,,: primary passive potential 

TiAI, 

-0.54 

-0.4 

8.5 e-5 

8.2 e-5 

Ecm (V) 

%(V) 

Critical Passivation 
Current Density (Acm-') 

Minimum Passive 
Current Density (Acm-') 

Ti 

0.17 

NIA 

1.42e-5 

Ti 

-0.70 

-0.56 

9.5 e-5 

1.9 e-5 

Ti3Al 

0.04 

NIA 

1.42e-5 

Ti,AI 

-0.70 

-0.54 

11.6 e-5 

1.9 e-5 

Ti,Al + 
TiAI,,, 

-0.16 

1.77 

2.33e-5 

Ti,AI + 
TiAl,,, 

-0.77 

-0.56 

13.6 e-5 

3.0 e-5 

T i m  + 
TiAl 

-0.28 

1.69 

2.9e-5 

Ti3AI,, + 
TiAl 

-0.72 

-0.55 

16.8 e-5 

3.6 e-5 

TiAl 

-0.62 

-0.50 

19.9 e-5 

7.7 e-5 

TiAl 

-0.19 

1.67 

4.0 e-5 

TiAl, 

-0.40 

1.65 

12.1 e-5 

Al 

-0.43 

1.59 

14.4 e-5 



Table 4-1- 1-3. Summary of potentiodynarnic experiment results in N%SO, 

Ecom (V) 

Em (V) 

Minimum Passive 
Current Density 
( A ~ r n - ~ )  

Table 4- 1 - 1-4. Summary of potentiodynamic experiment results in NaNO, 

E c ~  (V) 

Breakdown 
Potential (V) 

Minimum Passive 
Current Density 
(Acm-') 

Epp: primary passive potential 

Ti 

-0.78 

-0.56 

1.01 e-5 

Ti 

-0.50 

N/A 

1.1 e-5 

Ti3Al 

-0.62 

-0.54 

0.73 e-5 

Ti3Al 

-0.48 

N/A 

0.84 e-5 

Al 

-0.96 

NJA 

NJA 

T i 4  + 
TiAl(,, 

-0.59 

-0.56 

0.80 e-5 

TiAl 

-0.6 1 

-0.50 

0.79 e-5 

Ti3Al + 
TiAl,,, 

-0.45 

1.98 

0.79 e-5 

Ti,AI(,, + 
TiAl 

-0.56 

-0.55 

0.75 e-5 

TiAI, 

-0.63 

-0.4 

1.2 e-5 

Ti3Al,, + 
TiAl 

-0.41 

1.75 

0.74 e-5 

TiAl 

-0.52 

1.75 

0.45 e-5 

TiAl, 

-0.38 

1.66 

0.97 e-5 

Al 

-0.51 

1.55 

NJA 



Table 4-1- 1-5. Summary of potentiodynamic experiment results in NaOH 

Table 4- 1- 1-6. Summary of potentiodynamic experiment results in NaOH+Na,SO, 

Al 

-1.46 

NIA 

NIA 

TiA13 

-1.27 

9.3e-5 

10.0e-5 

Al 

-1.50 

N/A 

N/A 

TiAl 

-1.36 

l . le -5  

1.2 e-5 

TiAI, 

-1.45 

9.6 e-4 

5 1.0 e-5 

Ti&(,, + 
TiAl - - -  
-1.36 

1.1 e-5 

1.0e-5 

TiAl 

-1.34 

1.5 e-5 

1.5 e-5 

Ecom (V) 

Critical Passivation 
Current Density 
(Acm-') 

Minimum Passive 
Current Density 
(Acm") 

Ti3AI,, + 
TiAl 

-1.42 

2.0 e-5 

1.1e-5 

Ti3AI 

-1.49 

6.9 e-5 

1.3e-5 

Ti 

-1.43 

9 e-5 

2.2e-5 

E m  (V) 

Critical Passivation 
current (~cm-') 

Minimum Passive 
Current Density 
(~cm-') 

Ti3Al + 
TiAl,,, 

-1.52 

2.6 e-5 

1.0e-5 

Ti3Al 

-1.45 

11.0 e-5 

1.0e-5 

Ti 

-1.33 

5.8 e-5 

1.2e-5 

Ti3Al + 
TiAI,,, 

-1.51 

18.4 e-5 

1.04e-5 



Table 4- 1-2- 1. Current densities at the end of one hour polarization at 1 V in H2S 0, 

Sample 

Ti 

Ti, Al 

Ti, Al+TiAl(m) 

Ti, Al,,+TiAl 

TiAl 

T N ,  

Al 

SSCD (~cm-')  

1.26e-06 

3.47e-06 

9.17e-06 

1.18e-05 

3.le-05 

1.46e-4 

5.61e-4 

Table 4- 1-2-2. Curve fitting parameters for potentiostatic polarization curves 

obtained in HNO, 

Sample 

Ti 

Ti,Al 

Ti,Al+TA&,, 

Ti, Al,+TN 

TiAl 

Ti& 

* Curve fittings are based on equation [4- 1-2-51 

* Applied potential is 1V 

id ( ~ c r n - ~ )  

3.04e-7 

1.93e-6 

5.70e-6 

1.180e-5 

2.574e-5 

2.14e-4 

A 

3.68e-4 

4.43e-4 

5.43e-4 

5.19e-4 

3.35e-3 

0.0125 

to (s) 

0.984 

0.225 

0.185 

0.247 

3.82 

3.402 

a 

0.884 

0.969 

1.069 

1.076 

1.536 

1.926 



- 

1 

Table 4- 1-2-4. Curve fitting parameters for potentiostatic polarization curves 
obtained in NaNO, 

Table 4-1-2-3. Curve fitting parameters for potentiostatic polarization curves obtained 
in N%SO, 

Ti 

Ti, Al 

Ti, Al+TiAl(,, 

Ti,Al[,,+TiAl 

TiAl 

TiAl, 

Sample 

Ti 

Ti, Al 

Ti, Al+TiAlo 

Ti, qm)+TiAI 

TiAl 

TiAI, 

A1 

* Curve fittings are based on equation [4- 1-2-51 or equation 14- 1-2-61 

* Applied potential is 1 V 

io (A~rn'~) 

N/A 

N/A 

N/A 

N/A 

1.02e-7 

6.18e-6 

* Curve fittings are based on equation [4-1-2-51 or equation [4-1-2-61 

* Applied potential is 1 V 

io (A~rn-~)  

N/A 

NIA 

N/A 

N/A 

N/A 

8.35e-7 

1.04e-4 

A 

6.70e-4 

1.13e-3 

3.95e-4 

03.70e-4 

4.25e-4 

1.67e-3 

A 

5.57e-4 

3.57e-4 

4.51e-4 

3.27e-4 

3.35e-4 

4.33e04 

6.12e-3 

to (s) 

-0.646 

-0.300 

-0.716 

-0.588 

-0.649 

-0.204 

0.884 

a 

0.935 

0.952 

0.941 

0.936 

0.922 

0.896 

1.11 

to (s) 

-14.6 

8.06 

-0.698 

-0.628 

-0.649 

0.237 

a 

0.975 

1.122 

0.942 

0.939 

0.950 

0.970 



Table 4-1-2-5. Current densities at the end of one hour polarization at O.2V 
in NaOH 

Sample 

Ti 

Ti, A1 

Ti, Al+TiAl,, 

Ti, N,,+TiAl 

TiAl 

TiAl, 

A1 

Table 4-1-2-6. Current densities at the end of one hour polarization at O.2V 
in NaOH+N%SO, 

SSCD ( ~ c r n - ~ )  

3.47887e-06 

4.30075e-06 

1.9037e-06 

1.686 13e-06 

4.348 15e-06 

9.55385e-05 

0.133684 

Sample 

Ti 

Ti, Al 

Ti, Al+TiAl(m) 

Ti,&+TiAl 

TiAl 

TiAl, 

A1 

SSCD ( ~ c r n - ~ )  

1.1 le-6 

2.32e-6 

2.16e-6 

2.34e-6 

4.04e-6 

2.04e-4 

0.092 



Table 4-1-2-7. Summary of current densities at the end of one hour polarization obtained 
in acidic, neutral and alkaline solutions 

Sample 

Ti 

Ti, Al 

Ti,Al+TiAI,, 

Ti,Al,,)+TiAl 

Ti A1 

TiAl, 

A1 

Applied Potential = 1 V for H,SO,, HNO,, NaSO,, NaNO, 

Applied Potential = 0.2 V for NaOH, NqSO, + NaOH 

N%S04 
( ~ c r n - ~ )  

2.5e-7 

1.44e-7 

1.91e-7 

1.45e-7 

1.81e-7 

1.23e-6 

1.05e-4 
- 

H,SO, 
( A c ~ - ~ )  

1.26e-6 

3.47e-6 

9.17e-6 

l.18e-5 

3.08e-5 

1.46e-4 

5.61e-4 

HNO, 

( ~ c r n - ~ )  

5.65e-7 

2.18e-6 

5.75e-6 

1.16e-5 

2.56e-5 

2.03e-4 

1.19e-3 

NaNO, 

(Acm-9 

2.34e-7 

1.52e-7 

1.50e-7 

1.42e-7 

2.97e-7 

7.38e-6 

3.55e-4 
- 

NaOH 

( ~ c r n - ~ )  

3.49e-6 

4.30e-6 

1.90e-6 

1.69e-6 

4.35e-6 

9.55e-5 

0.134 

NqSO,+NaOH 

(Acm-*) 

1.1 le-6 

2.32e-6 

2.16e-6 

2.34e-6 

4.04e-6 

2.04e-4 

0.092 



* Assuming C, = 80 y ~ c r n - ~  



Table 4-1-3-3. Flatband potentials for Ti, Ti3Al and TiAl passive films 
formed in NaOH 

Table 4- 1-3-4. C, and VFB for passive films formed in H2S0, estimated 
based on the Fonseca method 

TlAl 

Vm (V, 

-1.5 

-1.6 

-1.8 

-1.9 

* Assuming C, = 80 pFcrn-' 

Ti3Al 

Vm (V 
-1.4 

-1.7 

-1.7 

-1.5 

Film Formation 
Potential Vsc, 

-0.4 

0.0 

0.2 

0.4 

T A  

-0.372 

40 

Ti 

VFB (W 
-1.0 

-1.0 

-0.95 

-0.91 

Ti,Al 

-0.265 

40 

v~~ (VSCE) 

C, ( ~ F c r n - ~ )  

Ti 

-0.201 

54 



Table 4-1-3-5. C, and V, for passive films formed in HNO, estimated based on the 
Fonseca method II 

vm (vsc& 

C, ( ~ F c m - ~ )  

Table 4-2-1. Binding energies of the Ti 2 ~ , , ~ ,  N2p,  0 1s electrons observed on Ti,N 
and TiAl passive films formed m H,S O,, NaOH and HNO, 

Ti, Al 

-0.33 

44 

Ti 

-0.24 

47 

Electron level 

Ti 2P,,2 

2P 

0 1s 

Ti A1 

-0.39 

47 

Chemical state 

metallic 

+2 

+ 3 

+4 

metallic 

+3 

02- / OH- 

H 2 0  

Binding energy(eV) 

Ti A1 Ti,M 

H,SO, NaOH HNO, H2S0, NaOH HNO, 

454.0 

455.0 

457.2 

458.9 

72.4 

75.5 

531.4 

532.9 

454.0 

455.0 

457.2 

459.1 

72.1 

74.9 

531 

533.0 

454.3 

455.3 

456.9 

458.8 

72.3 

75 

531.4 

533 

454.3 

455.6 

457.5 

458.8 

72.2 

75.0 

531.1 

532.9 

454.0 

455.0 

457.2 

459.1 

72.1 

75.1 

530.8 

533.0 

454.1 

455.3 

457.6 

459.4 

72.4 

75.2 

531.7 

533.0 



- Ti3Al 
TiAl - TiA13 - - -A1 - - - - - Ti3A1+TiAl(rn) 

- - - - - Ti3Al(rn)+TiAl 

- 1 -0.5 0 0.5 1 1.5 2 2.5 3 

Potential E(V) vs. SCE 

Figure 4- 1 - 1 - 1. Potentiodynamic polarization curves for Ti, Ti3Al, Ti,Al,)+TiAZ, 

Ti,Al+TN,, TiAl, TiA1, and A1 in H,S 0,. 
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.- - Ti,AI 
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i i  

TiAl(m)+Ti3Al - 

- TiA1+Ti3Al(m) 
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- - - - TiAl 
i 1 
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m . - ~ - - - - - . - - - . - . - . - . - ~ d ~  

Breakdown Potential 

-0.5 0 0.5 1 1.5 2 2.5 3 

Potential E(V) vs. SCE 

Figure 4- 1 - 1-2. Potentiodynamic polarization curves for Ti, Ti3Al, Ti3Al,,,+TiA1, 

Ti3Al+TiAlo, TiAl, TiA1, and A1 in HNO,. 
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Figure 4-1-1-3, Opticalmicrograph of pits formed on TiAl after potentiodynamic

polarizationin HN03,



Ti 
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- - - - - . - Ti ,AI+TiAI (, 

- Ti ,Al(m)+TiA1 
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I---- I- A1 
\ 
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Potential (V) vs. SCE 

Figure 4- 1 - 1-4. Potentiodynamic polarization curves for Ti, Ti3Al, Ti3Al,m)+TiAl, 

Ti3Al+TiAl,,, TiAl, TiAl, and Al in NqSO,. 



-1 -0.5 0 0.5 1 2 2 3 3 
Potential E(V) vs. SCE 

Figure 4- 1 - 1-5. Potentiodynamic polarization curves for Ti, Ti,Al, Ti3Al(mpTiAl, 

Ti,Al+TiAlo, TiAl, TiAl, and Al in NaNO,. 
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3 (m) 

-2 - 1 0 1 2 3 

Potential (V) vs. SCE 

Figure 4- 1 - 1-6. Potentiodynamic polarization curves for Ti, Ti3Al, Ti,Al,,+TiAl, 

Ti3Al+TiAl,,, TiAl, TiAI, and A1 in NaOH. 
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Potential E(V) vs. SCE 

Figure 4- 1 - 1-7. Potentiodynamic polarization curves for Ti, Ti3Al, Ti,Al,,$TiAl, 

Ti,Al+TiAl,,, TiAl, TiAl, and A1 in NaOH+N+S 0,. 
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Time (s) 

Figure 4- 1-2- 1. Potentios tatic polarization curves for Ti, Ti3Al, TiAl, Ti3Al+Ti+,, 

Ti3Alm+TiAl, TiAl, and A1 in H,SO,. 
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Figure 4- 1-2-5. Potentiostatic polarization curves for Ti, Ti,Al, T N ,  Ti,Al+TiAl,mj, 
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Figure 4-1-2-6. Potentiostatic polarization curves for Ti, Ti3Al, TiAl, Ti3Al+TiAl(,,, 

Ti,Al(,pTiAl, TiA1, and A1 in NaOH+Na_S04. 
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Figure 4-1-3-2. Bode diagrams of the EIS experimental and simulation results for Ti. 
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Figure 4-1-3-4. Bode diagrams of the EIS experimental and simulation results for TiAI. 
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Figure 4-1-3-8. Mott-Schottky plots for passive films formed at different potentials in 

HNO,. (a) Ti, (b) Ti,Al, (c) TiAl 
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Figure 4-1-3-9. Donor densities for Ti, Ti,A1 and TiAl passive f h s  formed in different 
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Figure 4-1-3-10. Fonseca plot for Ti, Ti,Al and TiAl in acidic solutions. 
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Figure 4-2- 1. XPS survey spectra for T i ,d  and TiAl in different solutions. 
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Figure 4-2-2. Typical high-resolution XPS spectra of Ti with increasing depth from the 

surface. (a) topmost surface, (b) after several cycles of Ar' sputtering, and (c) after 20 

cycles of Ar' sputtering 
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Figure 4-2-3. Typical high-resolution XPS spectra of A1 with increasing depth from the 

surface. (a) topmost surface, (b) after several cycles of Ar' sputtering, and (c) after 20 

cycles of Af sputtering 



Figure 4-2-4. Typical high-resolution XPS spectra of 0. 
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Figure 4-2-5. Original depth profiles for TiAl passive films formed in different solutions. 

(a) H2S04, (b) HNO,, and (c) NaOH 
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Figure 4-2-6. Depth profiles of Ti, Al and 0 for passive films formed in H,SO,. 
(a) Ti,Al and (b) TiAl 



Figure 4-2-7. Depth profdes of Ayri ratios for Ti3Al and TiAl in H,SO,. 
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Figure 4-2-8. Depth profdes of different chemical states of Ti for passive f h s  formed in 

H,SO,. (a) Ti,A1 and (b) TiAl 
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Figure 4-2-9. Depth profiles of different chemical states of Al for passive films formed in 

H,SO,. (a) Ti,Al and (b) TuZl 
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Figure 4-2-10. Depth profdes of Ti, A1 and 0 for passive f h s  formed in HNO,. 
(a) Ti,Al and (b) TiAl 
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Figure 4-2- 1 1. Depth profiles of Al/Ti ratios for Ti,M and TiAl in HNO,. 
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Figure 4-2-12. Depth profiles of different chemical states of Ti for passive films formed in 

HNO,. (a) Ti,Al and (b) TiAl 
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Figure 4-2-13. Depth profdes of different chemical states of Al for passive films formed in 

HNO,. (a) Ti,Al and (b) TiAl 
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Figure 4-2-14. Depth profiles of Ti, A1 and 0 for passive films formed in NaOH. 
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Figure 4-2-15. Depth profiles of AllTi ratio for Ti,Al and TiAl in NaOH. 
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Figure 4-2-16. Depth profiles of different chemical states of Ti for passive films formed in 

NaOH. (a) Ti, AI and (b) TiAl 
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Figure 4-2-17. Depth profdes of different chemical states of A1 for passive films formed in 

NaOH. (a) Ti, Al and (b) TiAl 



5. DISCUSSIONS 

5.1 Summary of Experimental Results 

Titanium aluminides were studied using scanning (potentiodynamic) and timed 

(potentios tatic) electrochemical methods, electrochemical impedance spectroscopy (EIS), 

and X-ray photoelectron spectroscopy(XPS) techniques. 

The results of the potentiodynamic experiments show that titanium aluminides have 

similar electrochemical properties to that of titanium. Passive film breakdown was observed 

in solutions containing NO; ion for all titanium alurninides except Ti,Al. The breakdown 

potential increases with the decrease of the Al content in the materials as shown in Figure 5 -  

1-1. According to literature, for titanium, the breakdown potential in HNO, is around 

12.5V741 and in H,SO, the breakdown potential could exceed 80V. These values are much 

higher than the potentials applied in the potentiodynamic experiments for this study[131. 

The passive current densities observed in the potentiostatic experiments after one 

hour polarization are shown in Figure 5-1-2. It shows that the current values for titanium 

alurninides change with the solution pH. The lowest values were found in the neutral 

solutions. The current values also depend upon specimen composition: the dissolution rates 

of Al and TiAl, are much higher than those of the other intermetallics. 

Although this study presented data for TA,,  the emphasis was on the materials 

with high Ti content, such as TiAl and Ti3Al. This is primarily because Ti& is not under 

serious consideration for engineering applications. Therefore, in the following discussion, 

TiAl, will not be further discussed. As shown in Figure 5-1-3, in acidic solutions, the 

S teady-State Current Density (SSCD) increases with the increase of Al content. In the 

alkaline solutions, the SSCD values for titanium alurninides are very similar to that of Ti. In 

the neutral solutions, none of the specimens reached the steady state at the end of the one 

hour polarization. The current values for the materials in the neutral solutions are much 

lower than those in the acidic or alkaline solutions. 

The XPS results of Ti,Al and TiAl show that the passive film composition depend 

upon solution pH. In acidic solutions, the Ti/Al ratio in the passive film is similar to that of 



the bulk material. In the alkaline solution, there is nearly no Al in the topmost layer of the 

passive film. For films formed in either solution, the distribution of oxidation states in the 

passive film is slrnilar: the higher oxidation states tend to exist in the topmost layers 

whereas the lower oxidation states tend to exist close to the mewfilm interface. For Al, the 

only oxidation state determined on the surface by XPS is A13+. With the increase of depth, 

m e U c  A1 becomes dominant. For Ti, titanium oxides are dominated by Ti02 in the 

topmost layer in the passive films. With the increase of depth from the surface, T<03 and 

Ti0 also appeared. According to the literature, ion sputtering used in XPS experiment may 

result in reduction of Ti4+ to ~ i ~ +  or even lower oxidation states[931. Therefore, the actual 

concentration for ~ i ~ '  could be higher than those measured values. Based on the analysis 

above, we can see that the distributions of elements and oxidation states in the passive films 

for Ti,Al and TiAl are not uniform. 

Mott-Schottky plots for Ti, Ti,N and TiAl in H2S0,, NaOH and HNO, were 

derived from the Electrochemical Impedance Spectroscopy (EIS) results. The deviation 

from linearity was observed for all the specimens. De Gryse et al. suggested that the non- 

linearity of Mott-Schottky plot couId be caused by the nonhomogenous donor 

distribution['21. According to the literature, electrochemical behavior, passive film 

composition as well as electronic properties of passive films are closely relatedr831. 

Therefore, the non-homogenous donor density distribution could be associated with the 

non-homogenous distribution of composition and oxidation states in the semiconducting 

passive film. The donor density distribution is also associated with the defect concentration 

in the passive film. In the following sections, a modified Mott-Schottky relation wdl be 

discussed which takes into account the nonhomogenous donor distribution of the passive 

film. The effect of point defect concentration on the dissolution rates of titanium aluminides 

will be analyzed based on the Point Defect Model[j41. 

5.2 Semiconductor Properties of Passive Film 

Electrochemical Impedance Spectroscopy (EIS) is the most direct and most 

frequently used technique to measure capacitance values and, hence, characterize the 

electronic properties of passive film. Sometimes, however, despite the fact that EIS has 

produced interesting results, its use has not been pursued further because of the complexity 

of the data analysis[gll. TiO, is a typical example. Although the bulk Ti02 is a n-type 



semiconductor[*41, the Ti02 passive film may behave quite different from an ideal 

semiconductor. The Mott-Schottky plot for an ideal semiconductor electrode normally 

demonstrates a linear relation between C-2 VS. V, where C is the depletion layer capacitance 

and V is the applied potential. For TiO, thin film, deviation from linearity is often 

0bserved[66-68,8~?~~1. De Gryse et alrl21 suggests that this non-linear behavior could be due to 

the nonhomogenous donor distribution. Tornkiewicz [*81 attributes this non-linearity to the 

existence of surface states. Schoonman et al. [841 conclude that the surface roughness effect 

and the occurrence of non-uniform donor distributions lead to the nonlinear Mott-Schottky 

plots. However, in reahty, these conclusions are often difficult to compare, because the 

specimen preparation methods and experimental conditions might be quite different from 

each other. Chemical etching is the most often used method found in the literature to 

prepare Ti02 passive film[66-68.841. Other methods might involve polarizing the specimen at 

very high potential~[6~.~71 to form a stable oxide film. It is obvious, that different treatments 

might produce a different passive film structure, and therefore result in different 

conclusions. 

The Mott-Schottky describes the relation between the depletion layer 

capacitance and the applied potential of a semiconductor metal contact for semiconductors 

with homogenous donor distribution. For passive film, there is usually no distinct interface 

between the oxide layer and the metal substrate. The distribution of elements and oxidation 

states is not uniform either. As shown in the XPS results for titanium aluminides(Chap 4), 

there are four chemical states for titanium, two for Al, and the distribution of Ti and A1 are 

not homogenous across the passive films. 

According to classical semiconductor physics, the differential capacitance method 

can be used to determine the doping profile according to equation 5-2-1["1: 

where V is the applied potential, C is the depletion layer capacitance, E, is the permittivity 

of free space, E is the dielectric constant of the semiconductor, e is the absolute value of the 

elementary charge. 

As an example, the doping profile calculated using equation [5-2-11 for Ti, Ti& 

and T d  passive films formed in H,SO, are shown in Figure 5-2-1. Figure 5-2-1 shows 

that the donor density increases with the increase of the applied potential. According to the 



semiconductor physics, the width of the depletion layer increases with the increase of 

applied potential as illustrated in Figure 5-2-2194]. Therefore, Figure 5-2-1 indicates that the 

donor density increases with the increase of the distance from the metal-oxide interface. 

Da Fonseca et al.1831 found that for Ti passivated in H,SO,, the donor density 

decreases with the increase of Ti3' concentration in the passive film. They suggest that Ti3' 

acts as a p-type dopant for TiO,. In this research, the XPS results of titanium aluminides 

show that, the higher oxidation states tend to exist in the topmost layer of the passive film, 

whereas the lower oxidation states become dominant at the metal-film interface. For 

titanium aluminide passive films, in addition to Ti3+, the p-type dopant for Ti02 also 

includes A13+ whose concentration also decreases with the increases of depth from the 

surface. This implies that the donor density distribution is non-homogenous for passive 

films on titanium aluminides. Therefore, a modified Mott-Schottky relation is developed in 

the following section, based on the non-homogenous donor distribution model. For 

simplicity, it is assumed that the donor distribution is linearly graded as shown in Figure 5-  

2-2. 

5.3 Mott-Schottky Relation For Linearly Graded Donor 

Distribution 

In this section, a modlfied Mott-Schottky relation is derived, assuming a linearly 

graded donor distribution in a n-type semiconductor oxide film. The comparison of a 

linearly graded and a homogenous donor distribution is shown in Figure 5-3- 1. 

According to classical semiconductor physics, at thermal equilibrium, the Poisson 

equation can be expressed as1941: 

where V is the potential, E is the electric field, E, is the dielectric constant of the 

semiconductor, p(x) is the free electron density at location x, a is the donor density 

gradient, e is the absolute value of the elemental charge. By integrating equation [5-3-11 

once, and with boundary conditions E(W) =0, where W is the width of the depletion layer, 

field distribution is derived as: 



Integrating equation [5-3-23 gives the built-in potential Vbi as: 

The space charge Q, can be expressed as: 

Therefore, the capacitance C, is given by: 

When a voltage V is applied to the junction, by definition, the total electrostatic potential 

variation across the junction is given by (Vbi + V ) = @,. Therefore, by similar calculation, 

C, can be expressed as: 

where the correction factor kT/e comes because of the majority-carrier distribution 

To simplify the calculation, it is assumed that: 



where C, and C, are the unit area capacitance for the depletion layer of the semiconductor 

and the Helmholtz layer at the semiconductor surface, respectively. The potential drop over 

the depletion layer can be expressed as: 

where 9, is the potential drop over the depletion layer, and $, the change in Helmholtz 

potential drop caused by the applied voltage[l21. Therefore, we have: 

It is assumed that the variation of C, as a function $, is negligible. For concentrated 

electrolyte solutions, this assumption implies the absence of ion adsorpt i~n[ l~.~~] .  Under the 

above assumption, the potential change $, can be expressed as: 

where V is the applied potential, V, is the flatband potential. Therefore, for Cs<<CH, there 

is (I,<< $, based on equation [5-3-11]. For the measured capacitance C, the following 

equation is valid: 

Combining equation [5-3-91 and equation [5-3-11] gives 

By substituting C, in equation [5-3-13] from equation [5-3-14], we have: 



The relation between the measured capacitance C and applied potential V becomes: 

Expanding the left side of equation [5-3- 181 leads to: 

If C << CH, equation [5-3-19] can be simplified as: 

Therefore, the donor density gradient 'a7, can be derived from the slope, S, of the C-3 vs. V 

plot according to equation [5-3-20]: 



where S is the slope in the C" vs. V plot. 

When CH is not considerably smaller than C,, the error of equation [5-3-21] can be 

relatively large. Assuming that a, is the donor distribution gradient calculated by equation 

[5-3-2l](without considering C,), a, is the donor distribution gradient calculated by 

equation [5-3-19](with the consideration of the effect of C,), the relationship between a, 

and a, can be obtained as the following. By differentiating equation [5-3-19], we have: 

Differentiating equation [5-3-2 11 gives: 

By combining equation [5-3-22] and equation [5-3-23], we have: 

Therefore, the error introduced by neglecting C, is: 

For example, if C, is 10 times as large as C, then the error is approximately 10%. If C, is 

the same as C, or twice as large as C, the error could be as large as 100%. 

To estimate the flatband potential shift due to the Helmholtz capacitance C,, the 

1 
effect of both the - and the 

3 
terms in equation [5-3-19] need to be considered. 

2c; 2 c 2 .  C, 

The flatband potential shift caused by C, is: 



According to equation [5-3-21] and [5-3-24], the ratio of S,/S2 is: 

Therefore, equation [5-3-26] can be simplified as: 

Assuming E, = 60 for TiO,, a = 1 0 ~ ~ m - ~ ,  C,=0.5 ~ m - ~ ,  according to equation [5-3- 

281, the shift of the flatband potential is approximately -0.3V. For C, = 0 . 2 ~ m ' ~ ,  the shift 

could be as large as -1.3V. Therefore, if CH is relatively small, it may have significant 

effect on the estimated value of V,. Figure 5-3-3 is a simulated plot that shows the effect of 

C, on the shape of the curve with E, = 60 (for TiO,)[831, a = 1036m-3, CH = 0.2, 0.5, 1, 2 

Fm-l. The simulated total capacitance, C, is derived from equation [5-3-71 and [5-3-13]. 

The ideal values are S,,, = 66.5, V, = 0. The flatband potentials are calculated based on 

the simulated plot using equation [5-3-27]. Results are summarized in Table 5-3- 1. 

As shown in Figure 5-3-3, when the C, decreases to values close to C,,, the plot 

becomes curved. This indicates that when C, is very low, non-linear relation between C i 3  

vs. V, can be observed. 

Figure 5-3-4 to Figure 5-3-6 shows the Modified Mott-Schottky plots for Ti, Ti3Al 

and TiAl in H2S0,, NaOH and HNO,, respectively. In most cases, the Modified Mott- 

Schottky plots show a good linear relation of C" vs. V,. This confirms our assumption 

that the donor distribution inside the passive films can be approximated as linearly graded. 

For Ti41 formed in H2S0,, relatively large deviation from linearity was observed at high 

film formation potentials. As shown in Figure 4-4-3 in the previous chapter, such break in 

linearity was also observed in the original Mott-Schottky plot. Therefore, such anomaly 

may not be caused by donor distribution alone. Other factors such as specimen defects in 

the oxide film may also need to be considered. 



Assuming that C, is negligible, the donor density gradients for Ti, Ti3M and TiAl 

are calculated using equation [5-3-21]. The change of the donor density gradient with the 

film formation potential is shown in Figure 5-3-7, where the donor density gradients for Ti 

are the highest. The values for Ti3Al and TiAl are very similar to each other in all the 

solutions. The donor density gradient decreases with the increase of film formation 

potential for all the investigated materials, which is similar to the results shown by the 

original Mott-Schottky plot as discussed in chapter 4. 

By assuming a film growth rate of 2nmV-' and an average film formation potential 

of 1V above the flatband potential, the donor density on the surface can be estimated by: 

36 -3 where a is the donor density gradient. Using the donor density gradient as 10 m , the 

donor density on the film surface can be estimated as the order of 1 0 ~ ~ m - ~ .  This value is 

very close to the value calculated using the original Mott-Schottky relation which was 

discussed in Chapter 4. 

The analysis above shows that the modified Mott-Schottky relation predicated very 

well the linear relation between C3 VS. V. This indicates that the donor distribution inside a 

semiconductor passive film is not homogenous. It can be approximated by a linearly graded 

donor distribution. As discussed previously, the semiconductor properties of passive films 

come from the existence of energy states caused by ionization of vacancies. Therefore, the 

linearly graded donor distribution indicates that the vacancy distribution inside the passive 

films on titanium aluminides is not homogenous. The vacancy concentration is lower at the 

metaVfIlm interface and higher in the film/solution interface. 

5.4 Semiconductor Properties vs. Point Defects 

According to semiconductor physics, the presence of foreign atoms in crystals may 

lead to an essential change in their physical and chemical properties. In semiconductor 

elements and in compounds of nearly stoichiometric composition, the control of their 

properties is realized by introducing into the crystal admixtures of either donor or acceptor 

character. For oxide passive films, which have the tendency to deviate from stoichiometry, 

the donors or acceptors in oxides are provided by both native defects and foreign atoms 

incorporated into the crystal latticer961. 



In oxide crystals, there are several basic types of disorder[97-981, such as Schottky 

disorder, Frenkel disorder, and antistructural defects. Ionic diffusion by Frenkel disorder 

and Schottky defects is most likely to occur and could be the rate-controhg step for 

oxidation of most metal~L2~1. Many investigators differentiate high-temperature scales that 

form on metals under gaseous conditions from low-temperature films that form in aqueous 

solution. Due to the many similarities of the two systems, and the rich amount of literature 

concerning high-temperature scales, in this research, some of the discussions are based on 

results obtained for the high temperature system which has been accepted by many 

researchers for low -temperature aqueous solution s ys tern~[2~,50,5~,751. 

The symbols used in this chapter were proposed by Kroger and Vink[99J001. In the 

Kroger and Vink system, all constituents of a crystal lattice are regarded as atoms, no 

matter if the crystal is covalent or ionic. For covalent crystals, obviously such a system is 

adequate. For ionic crystals, only the effective charge is important and thus writing down a 

normal ionic charge in all reactions is necessary[961. 

As an example, for a hypothetical oxide MO,,, where M stands for a metal atom, 0 

denotes oxygen, electrically neutral atomic defects are: 

(1) Neutral vacancies in the sublattice M: vacancy in the sublattice M denoted by VMx. 

VMx indicates a neutral vacancy resulting from the removal of a W' ion from the 

cationic lattice site together with two electrons from the cationic sublattice. 

(2) Neutral vacancies in the oxygen sublattice: Vox indicates a neutral vacancy 

resulting from the removal of a d- ion from the oxygen sublattice. 

Assuming the donor and acceptor levels are completely ionized['00], the process of 

ionization of the donor defects in a crystal MO,,, can be described by the following quasi- 

chemical reactions 11001: 

where e' denotes a quasi-free electron in the conduction band having a negative charge 

indicated by '; hOis a positive hole in the valence band formed by the removal of an electron 

indicated by "; V,' and VoO are the singly-ionized cationic or anodic vacancy, respectively. 

Obviously, the singly-ionized atomic defects can undergo further ionization according to 

the reactions: 



The energy level diagram for crystal MO,, containing cation vacancies and anion 

vacancies is shown in Figure 5-4-1. The assumption that the donor and acceptor levels are 

completely ionized could be fulfilled in practice due to the very high electric filed strength in 

the passive film ( lo6- 1 O7 ~ c m - '  )[541. 

Since the oxide must be electrically neutral, the combination of these different 

disorders must always be balanced to attain charge neutrality. In order to maintain this 

neutrality, electronic defects must also be accounted for in the defect structure. For truly 

stoichiometric crystals, the electronic defect concentration is generally negligible. In realtty, 

few corrosion films are stoichiometric, more often they are nonstoichiometric. The 

deviation from stoichiometry of most corrosion films has been found to produce 

semiconductive beha~iorr*~]. If the defects are only singly-ionized, the neutrality condition 

may be written in the form of the following equation[*001: 

where n is the electron concentration and p is the hole concentration, [V,'] is the single- 

ionized cation vacancy concentration, [VoO] is the single-ionized oxygen vacancy 

concentration. Therefore, for n-type oxide film: 

n > > p  [5-4-61 

and 

n = n - p = [VoO] - [V,'] [5-4-71 

In the case [VoO] >> [V,'], the following equation holds: 

If foreign atoms are incorporated into the oxide, the general rules are: if the foreign 

atom F, has fewer valence electrons than the matrix atom M, its incorporation is 

accompanied by the appearance of an acceptor level; if it has more valence electrons, the 

incorporation is accompanied by the appearance of a donor le~el[~6]. Therefore, for passive 



films on titanium alurninides, the incorporation of A13+ into Ti02 results in a decrease of the 

donor density. The reaction can be expressed 

where e' is a free electron, Al,., is the cation in the cation site of Ti02 and with a 

negative charge, 0, is the oxygen. The Al,,,O, oxide is a less stable oxide structure than 

that of Ti02 and will further react as: 

where A13+(,, is a A13+ cation released into the solution, 0, is a oxygen anion in the anion 

site, v;: is a Ti4+ cation vacancy. Therefore, the incorporation Al into the passive film not 

only decreases the donor density but also may increase the cation vacancy density. 

5.5 Point Defect Model 

The point defect model was first published in 1982 by Macdonald et al[36.50,52- 

54,75J011. Macdonald et al. modeled the growth of passive film in terms of diffusion of point 

defects in a concentration gradient and under the influence of electric field[50.52-551. 

Macdonald et al. raise two very important questions: (1) What are the point defects present 

in the passive films? (2) Which defect species are the mobile species? Macdonald suggests 

that diffusion of metal vacancies contributes to corrosion only, while the diffusion of 

oxygen vacancies is associated with the growth of the passive film. Thus, the growth rate 

of the passive film is equal to the diffusion flux of oxygen vacancies in the electrochemical 

potential gradient that exists in the passive film. Therefore, in order to be protective, the 

passive film has to function as a barrier against metal vacancy diffusionr391. Point Defect 

Model is based on the following assumptions: 

(1) A continuous passive film will form on the surface of the metal, whenever the 

external potential(V,,,), is more noble than the flatband potential. 

(2) Passive film contains a high concentration of point defects. High temperature 

studies indicate that the majorities of point defects that exist in an oxide film are 

cation vacancy (V,Z'), oxygen vacancy (v,"), electrons (el), and electron holes 



(h'). The same species of point defects are expected to be present in a passive film 

formed at ambient temperature. 

(3) The field strength is of the same order as that required for dielectric breakdown. 

Accordingly, the passive film behaves as an "incipient semiconductor" because it 

exists on the verge of dielectric breakdown. 

(4) Electrons (el) and electron holes (hO) in the passive film are in equilibrium, and 

the electrochemical reactions involving electrons (or electron holes) are rate- 

controlled at either the metaVfilm or the film/solution interfaces. Also, the rate- 

controlling step for those processes is assumed to be the transport of the 

vacancies across the film. 

According to the point defect model, there are five possible reactions that are 

associated with the film formation and dissolution process: Two reactions occur at the 

metaVfilrn interface: 

Three reactions occur at the fMsolution interface: 

where m = metal atom, MM = metal cation in cation site, 0, = oxygen anion in anion site, 

VMx'= cation vacancy, v," = anion vacancy, V, = metal vacancy in the metal phaser5*1, k, 

to k, are reaction constants. 

Reactions [I] and [3] account for the consumption and formation of cation 

vacancies at the metavfh  and film/solution interfaces, respectively. Reactions [2] and [4] 

describe the consumption and formation of oxygen anion vacancies. Reaction [5] is 

included to describe the irreversible dissolution of the film at the primary fMsolution 

interface. Furthermore, reactions [I], [3] and [4] are lattice-conservative processes: they do 



not result in any dimensional change in the film. On the other hand, reaction [2] creates 

more lattice site and reaction [5] results in the film destruction. 

Questions on reaction [2] may arise because it does not conserve lattice sites at the 

metaVfilm interface. In reaction [2], a metal site expands to a metal cation and ~ / 2  anion 

vacancy sites at the metaVfilm interface. This may not be a favorable reaction because of 

geometry and energy constrictions. Also, according to reaction [I], metal vacancies are 

produced at the metaVfilm interface. However, metal vacancies will never be consumed by 

any reaction in the point defect model. Moreover, the dissolution of passive film is not only 

pH dependent, but also closely related to the defect concentration in the passive films. 

However, according to the point defect model, the dissolution rate depends only on the pH 

and applied potentials; there is no direct relation between the dissolution rate of the passive 

film and the vacancy concentration inside the film. 

To solve these problems, the point defect model is modified as shown in Figure 5- 

5-1. In this new model, two reactions are modified from the original model: reaction [2'] 

and reaction [5']. In reaction [2'], an extra metal vacancy V, is introduced to meet the 

geometric constriction. Therefore, there is no extra lattice site produced in reaction[2']. 

Also, the metal vacancies produced by reaction [I] could be consumed by reaction [2']. 

This eliminated the problem that the metal vacancies are only being generated but not 

consumed. Reaction [5'] is the basic Schottky pair reaction[39J021. It is responsible for the 

film destruction as demonstrated in the following paragraphs. The reaction rate for reaction 

[5'] is directly related to the vacancy concentrations and the electric field strength inside the 

film. Therefore, the dissolution rate of the passive film is also closely related to the vacancy 

concentrations and the electric field strength. 

In the new model, the film dissolution occur based on the following step: 

MO,,, +%H+ HM, + goO +xH+ [5-5-11 

By combining reaction [5-5-11, 15-5-31, and [5-5-31, reaction [5-5-41 can be derived which 

is the same as the film dissolution reaction (reaction [5]) in the original point defect model: 

surface [5-5-41 



From reaction [I] and reaction [2'], a reaction is derived that converts cation vacancies to 

anion vacancies: 

Combining reaction [5-5-71 and [5-5-81 gives: 

Reaction [5-5-71 shows that metal cation vacancies are consumed and oxygen anion 

vacancies are generated at the metaVfilm interface. This is a possible reaction suggested by 

Macdonald that converts cation vacancies to anion vacanciesr531. 

Sirmlar to the original point defect model, our new model also includes two 

reactions that are not conservative to lattice sites which are reaction [2'] and reaction [5']. 

Reaction [2'] accounts for the generation of oxygen vacancies and the consumption of 

metal vacancies. Reaction [2'] is not lattice-conservative in the sense that it converts metal 

vacancies to anion vacancies. However, no extra lattice sites are generated during this 

reaction. Reaction [5'] accounts for passive filrn dissolution: cation vacancies and anion 

vacancies are annihilated at the film/solution interface through this reaction. Different from 

the original model, in this modified point defect model, the film dissolution rate is 

controlled by the Schottky pair reaction [5']. The reaction rate depends on both the defect 

concentration and electric field strength inside the oxide film. 

In the following paragraphs, the dissolution behavior of titanium aluminides based 

on this modified point defect model will be discussed. The passive film is consider 

primarily consisted of TiO,. A13' and the lower oxidation states of Ti are treated as dopants. 

This simplification is based on our experiment results that the dissolution behavior of Ti3Al 

and TiAl is similar to that of Ti. Also, Ti is the major element in the materials that accounts 

for more than 84w t% in Ti3Al and 61 w t% in TiAl. 

The modified point defect model for TiOz passive film is shown in Figure 5-5-2. As 

shown in Figure 5-5-2, the steady state involves two non-conservative reactions: film 

generation and film dissolution (only one non-conservative reaction would result in 

monotonic growth or thinning of the film). The dissolution rate, therefore, can be 



calculated using the following equations. The cation vacancies flux J, is generated in 

reaction [3] as: 

where k, is the reaction constant. At the steady state, the cation vacancies could be 

consumed by two reactions: [I] and [5']. To simplify the calculation, it is assumed that the 

concentration gradients for the Ti4', cations in the electrolyte are negligible and therefore 

the concentrations of the cations at the surface of the passive film can be equated with the 

bulk solution values. This condition is expected to hold if convective transport in the 

electrolyte is fast compared with rates of the reactions that generate or consume the ions at 

the film/solution interface1521. Therefore, equation [5-5-81 can be simplified as: 

where k7, is a constant. Because the very strong electric field (lo6-lo7 Vcm") exists across 

the passive filmt531, the Nernst-Planck equation governs the transport of these defects in a 

concentration and electric fieldI391. It is also assumed that the cation vacancy transport 

controls the reaction rate for reaction [I]. Therefore, the cation vacancy transport can be 

expressed asL391: 

where M is the mobllity of the cation vacancy, [v;'] is the concentration of Ti4' cation 

vacancy on the passive film surface, u is the chemical potential of the cation vacancy, E is 

the electric field, and q is the charge. Assuming that the electric field, E, and chemical 

potential, u, are constants inside the passive film, equation [5-5-10] can be simplified as: 

au 
where k, = M(- + ~ q )  is a constant. At the steady state, the cation vacancies transported ax 
to the metallfh interface are converted to anion vacancies. Therefore, the flux of the cation 

vacancy is equal to the flux of anion vacancy as shown in equation 15-5-12]: 



The analysis above shows that the cation vacancies generated by reaction [3] are 

consumed by two reactions: reaction [2'] at the metaVfh interface, and the reaction [5'] at 

the fMsolution interface. At the steady state, reaction [4] must be in equilibrium which 

means that the thickness of the oxide film is a constant. Therefore, the anion vacancies 

transported to the fWsolution interface are equal to the anion vacancies consumed by 

reaction [5']. According to reaction [5'], for every cation vacancy annihilated in this 

reaction, there are two anion vacancies consumed. Therefore, the cation vacancy flux 

generated in reaction [3] can be expressed as: 

J, = J hi . + % J  VO . =%J,$ [5-5-13] 

By solving equation [5-5-81 to [5-5-13], the following equation can be derived: 

By solving equation 15-58], J, is derived as: 

At the steady state, the flux J, is equal to the cation dissolution rate as well as the film 

growth rate. Therefore, the steady state current density can be expressed as: 

I,, =q . J ,  =q . (xk7k '3)112  

I,, =q . J ,  = q .  

where I,, is the steady state current density. Equation [5-5- 171 shows that the dissolution 

rate of a passive film is associated with the mobility M of cation vacancy. According to 

Nernst-Einstein equation, M can be expressed from[ '031: 

M = DJkT [5-5- 181 

where D is the diffusion coefficient of the cations. D can be calculated 



where N, is the fraction of sites vacant, w is the jump frequency, and a, is a constant. 

Substituting equation [5-5-19] into equation [5-5- 171 gives: 

I,, = q .  

Equation [5-5-20] shows that the steady state current increases with the increase of cation 

vacancy density N,. As discussed in previous sections, the increase of Al content in the 

materials will result in an increase in the cation vacancy density for passive films of 

titanium alurninides. Therefore, the increase of Al content in passive films of titanium 

aluminides w d  result in the increase of dissolution rate. This equation can explain our 

results of potentiostatic experiments in the acidic solutions. 

In the alkaline solutions, the dissolution rates of titanium aluminides are very 

similar to that of Ti and nearly independent of their Al content. This indicates that the 

mechanism is more complex for dissolution behavior of titanium aluminides in alkaline 

solutions than that in the acidic solutions. 

According to our XPS results, passive films for titanium alurninides formed in 

NaOH show that Al was depleted from the outmost layer. This Al depleted layer has 

composition slrnilar to that of titanium. As shown in Figure 5-1-2, the dissolution rate of Al 

in acidic solutions is two magnitude lower than that in alkaline solutions. Therefore, this Al 

depleted outmost layer may result from the preferential dissolution of Al from the passive 

film. The preferential dissolution of Al causes the formation of the Al depleted topmost 

layer in the film which results in low cation vacancy concentration. According to equation 

[5-5-20], the low cation vacancy concentration will result in low dissolution rate of the 

passive film. This provides another barrier for the metal dissolution as illustrated in Figure 

5-5-3. Therefore, the similar dissolution rate for titanium aluminides in alkaline solutions is 

closely related to the formation of the AI depleted topmost layer in the passive fh. 

Therefore, in the acidic solutions, with the increase of Al content in the passive 

film, the cation vacancy concentration also increases, which results in the increase of the 

dissolution rate. In the alkaline solutions, the preferential dissolution of A1 from the passive 

film results in a TiO, dominant topmost layer in the passive film. This layer may have 

cation vacancy density similar to that of Ti and therefore results in a low dissolution rate of 

the passive film. The compositions in the topmost layer of the passive films formed in 



NaOH, are not much affected by their bulk composition. Therefore, all the specimens show 

anodic current similar to that of Ti in NaOH. 



Table 5-3-1. Effect of C, on the calculated values of slope and flatband potential 

Vb (V) 

0.013 

0.04 

0.06 

0.17 

C :  capacitance value selected from the linear region of the plot in Figure 5-3-3 

S , : slope of the plot in Figure 5-3-3 

S : calculated slope from equation [5-3-27] 

V,': flat band potential directly derived from the Figure 5-3-3 

V,: flatband potential corrected with addition of AV,' 
AV,' : shift of flatband potential calculated by equation [5-3-28] 

* E~ = 60, Sid,,=66.5, V, = 0 

C H  

2 

1 

0.5 

0.2 

S2' 

67 

69 

69 

72 

C 

0.25 

0.20 

0.18 

0.12 

V,' (V) 

-0.045 

-0.11 

-0.32 

-1.33 

s, 

77 

87 

108 

18 1 

AV,'(v) 

0.058 

0.15 

0.38 

1.5 



Figure 5-1-1. Passive film breakdown potentials for titanium aluminides in HNO, and 

NaNO,. 



Figure 5-1-2. Current densities at the end of one hour potentiostatic polarization in different 

solutions. 



Figure 5-1-3. Current densities at the end of one hour potentiostatic polarization in different 

solutions for specimens with high Ti concentration. 
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Figure 5-2-1. Doping profiles for passive films formed in H,SO, at different film formation 

potentials. (a) Ti, (b) Ti,A1 and (c) Ti& 



Figure 5-2-2. Relation between the width of the depletion layer and the applied potential 

where Vo and V, are applied potentials, W, and W, are the corresponding width of the 

depletion layer, Vo < V, , Wo < W,. 



Homogenous Donor Distr bution Linearly Graded Donor Distribution 

Figure 5-3- 1. Metal and n-type semiconductor contact with homogenous or linearly graded 

donor distribution. 



Met al n-type oxide film 

Figure 5-3-2. Linearly graded semiconductor-metal contact. 

(a) Space-charge distribution (b) Electric field distribution 



0 

0 0.5 1 1.5 2 2.5 3 
Measurement Potential E(V) 

Figure 5-3-3. Effect of C ,  on the modified Mott-Schottky plot 

where E, = 60 (TiO,), a= V, = OV. 
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Figure 5-3-4. Modified Mott-Schottky plots for passive films formed in H2S04. 
(a) Ti, (b) Ti& and (c) TiAl 
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Figure 5-3-5. Modified Mott-Schottky plots for passive films formed in NaOH. 

(a) Ti, (b) Ti,Al, and (c) TiAl 
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Figure 5-3-6. Modified Mott-Schottky plots for passive films formed in HNO,. 
(a) Ti, (b) Ti3A1, and (c) TiAl 
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Figure 5-3-7. Donor density gradient for Ti, Ti,A and T N  passive films formed in 

different solutions. (a) H,SO, (b) NaOH (c) HNO, 
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Figure 5-4- 1. Energy diagram of a crystal MO containing cation and anion vacancies. 



Electrolyte Metal Passive Film 

Figure 5-5-1. Modlfied point defect model for vacancy generation and annihilation 

reactions inside a passive film. 

m = metal atom, = metal cation in cation site, 0, = oxygen anion in anion site 

VMx' = cation vacancy, VOo' = anion vacancy, VM = metal vacancy in the metal phase 
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Figure5-5-2. Modified point defect model for vacancy generation and annihilation inside 

TiO, passive film. 

Ti = metallic Ti atom, Ti, = Ti cation in cation site, 0, = oxygen ion in anion site 

vX4'= Ti4+ cation vacancy, Voao = oxygen anion vacancy, V, = Ti metal vacancy 



Figure 5-5-3. Double layered film structure for passive film formed in NaOH. 



6.  CONCLUSIONS 

Passivation behavior of Titanium aluminides was studied using electrochemical and 

surface analysis techniques. In this investigation it is found: 

1. In acidic solutions, the steady state current density increases with the increase of Al 

content. The ratio of m i  in the passive films is similar to that in the bulk materials. In 

alkaline solutions, the quasi-steady state current density is nearly independent of the Al 

content. The passive film contains primarily TiOz oxide in the outmost layer. In neutral 

solutions, the dissolution rates is much lower than those in acidic as well as alkaline 

solutions. 

2. Titanium aluminides are susceptible to pitting corrosion in solutions containing NO,- 

ions. The pitting potential increases with decreasing A1 content in the materials. 

3. Results of Electrochemical Impedance Spectroscopy (EIS) experiments show that 

passive films of titanium aluminides have n-type semiconductor properties. The donor 

distribution for titanium alurninides is non-homogenous and a modified Mott-Schottky 

equation was developed based on a linear gradient distribution. 

4. A modified point defect model was developed to explain the dissolution behavior for 

titanium aluminides in acidic and alkaline solutions. In acidic solutions, the increase of 

A1 content results in higher cation vacancy concentration which causes the increase of 

dissolution rates. In alkaline solutions, due to the high dissolution rate of Al in alkahe 

solutions, a TiO, outer layer was formed in the passive film. This TiO, outer layer 

results in low dissolution rate for titanium alurninides in alkaline solution. 

This study shows that the composition, dissolution rate, and semiconductor 

properties of a passive film are closely related. The complexity of the passivation 

phenomenon is associated with both the ion transfer and electron transfer processes inside a 

passive film. Both transportation processes are closely related to the concentrations as well 

as the defect species in the passive film. The modified Mott-Schottky relation developed in 

this study shows that donor distribution inside the thin passive film is not homogenous. 

Such information is very important to understand the defect distribution inside passive 



films. The modified point defect model demonstrates how the alloying element may affect 

the properties of passive film. This model also shows that the composition, dissolution 

rate, and semiconductor properties of a passive film are closely related to the generation and 

annihilation of point defects inside passive films. 
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