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The relatively low oxidation resistance and subsequent surface embrittlement have often 

limited the use of titanium alloys in elevated temperature structural applications. Although 

extensive effort is spent to investigate the high temperature oxidation performance of titanium 

alloys, the studies are often constrained to complex technical titanium alloys and neither the 

mechanisms associated with evolution of the oxide scale nor the effect of oxygen ingress on the 

microstructure of the base metal are well-understood. In addition lack of systematic oxidation 

studies across a wider domain of the alloy composition has complicated the determination of 

composition-mechanism-property relationships. Clearly, it would be ideal to assess the influence 

of composition and exposure time on the oxidation resistance, independent of experimental 

variabilities regarding time, temperature and atmosphere as the potential source of error. Such 

studies might also provide a series of metrics (e.g., hardness, scale, etc) that could be interpreted 

together and related to the alloy composition.  

In this thesis a novel combinatorial approach was adopted whereby a series of 

compositionally graded specimens, (Ti-xMo, Ti-xCr, Ti-xAl and Ti-xW) were prepared using 

Laser Engineered Net Shaping (LENS™) technology and exposed to still-air at 650 °C. A suite of 

the state-of-the-art characterization techniques were employed to assess several aspects of the 

oxidation reaction as a function of local average composition including: the operating oxidation 

mechanisms; the structure and composition of the oxides; the oxide adherence and porosity; the 



 
 

thickness of the oxide layers; the depth of oxygen ingress; and microstructural evolution of the 

base material just below the surface but within the oxygen-enriched region. 

The results showed that for the Ti-Mo, Ti-Al and Ti-W systems a parabolic oxidation rate 

law is obeyed in the studied composition-time domain while Ti-Cr system experiences a rapid 

breakaway oxidation regime at low solute concentrations. The only titanium oxide phase present 

in the scale for all the binary systems was identified as rutile (TiO2) and formation of multiphase 

oxide scales TiO2+Al2O3 in Ti-Al system and TiO2+TiCr2 in Ti-Cr system was observed. A 

thermodynamic framework has been used to rationalize the oxygen-induced subsurface 

microstructural transformations including: homogeneous precipitation of nano-scaled β particles 

and discontinuous precipitation of α+β phases in Ti-Mo and Ti-W system, evolution of TiCr2 

intermetallic phase in Ti-Cr system and ordering phase transformation in Ti-Al system. 
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CHAPTER 1 

1 INTRODUCTION AND PROBLEM STATEMENT 

1.1 Motivation 

There are numerous applications in both the engine and for acreage thermal protection 

systems (acreage TPS) where the use of Ti alloys is desirable owing to the attractive combination 

of high specific strength, corrosion resistance and toughness offered by these alloys compared to 

other structural materials. However, associated inherent shortcomings, especially low oxidation 

resistance, have often limited the use of Ti and Ti-based alloys in high temperature structural 

applications. The relatively low oxidation resistant and subsequent surface embrittlement are 

important technical barriers and life-limiting factors for the use of Ti-based alloys [1-3].  

The oxidation behavior of Ti and Ti alloys is a function of several factors such as oxidation 

temperature, atmosphere, exposure time and composition. Each of these factors can play a critical 

role in the oxidation performance depending upon the material system. In addition, prolonged high 

temperature oxidation of a Ti alloy does not necessarily proceed by a single rate law and could 

undergo transitions to a slower or faster rate which further complicates understanding oxidation 

reactions [4, 5]. When considering the complex nature of oxidation reaction in Ti alloys and the 

sheer number of factors that play role in the oxidation behavior of multi component systems, it is 

desired to break down the number of variables to the least possible. This would provide insights 

into the role of individual constituents, both qualitatively and quantitatively in different stages of 

oxidation and help for the interpretation of the overall oxidation behavior. 

 Accordingly, in order to isolate and independently study the effect of individual 

determining factors (e.g. composition) on the oxidation behavior of a system in a comparative 

fashion, it is necessary to keep other variables unchanged for the sake of repetitive experiments. 
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On the other hand oxidation reaction is multi-steps process including dissolution of oxygen in the 

metal substrate and oxide formation thus care must be taken to properly differentiate between the 

steps.  

Failure to minimize/control experimental variabilities would lead to misleading results that 

can seem, in some cases, completely contrary specifically in the oxidation stages predominantly 

associated with oxygen enrichment of the metal substrate [6]. Therefore establishing a rigorous 

understanding of the influence of the important factors (in this study composition and time) on the 

structure and evolution of the oxide layers, along with their adherence and coupled with the 

oxygen-induced microstructural changes in the subsurface region would be beneficial. 

Oxidation assessment of Ti and simple Ti-based systems have been a subject of numerous 

research works [7-23]. However, despite the above mentioned facts when investigating the 

research trends, it is apparent that there has been a shift to use more Ti-alloys in elevated 

temperature applications, since some of the well-known oxidation resistant Ti alloys such as 

TIMETAL 21S (β-21s), IMI 834, γ Ti-aluminides are introduced for high temperature structural 

applications. The majority of the efforts for the past two decades are focused on the exploration of 

the oxidation behavior of these particular alloys (e.g. oxidation rate in different temperature-time 

domains) as well as development of the protective coatings, rather than exploration of composition 

space [21, 24-31]. A detail example of such changes in the overall research trends for TIMETAL 

21S as an oxidation resistant high-temperature β titanium alloy is pointed by Collins [32]. The 

evolution of the alloy TIMETAL 21S was initiated based upon the enhanced corrosion resistant in 

binary Ti-Mo system and then other alloying elements (Nb, Al and Si) were added in order to 

achieve a combination of high temperature oxidation resistant, thermal stability, high temperature 

strength and creep resistant as well as cold formability. However, further exploration of the 
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properties as a function of composition and optimization of the alloy chemistry was replaced by 

extensive investigations on thermo-mechanical operations to achieve the desired processing and 

static design properties [33-36], as opposed to further enhancement of the oxidation resistance. 

This is not surprising considering the fact that composition of the commercial alloys is 

primarily designed based upon the objective of obtaining specific mechanical properties (e.g. in 

the case of β-21S, cold rollability and strip-reproducibility) for economical processing purposes 

[37]. This is accompanied by the difficulties associated with the experimental designs concerning 

variation of composition across a wide range including achievement of the intended composition, 

repeatability of the experiments, time and the monetary commitment. In addition, the sheer number 

variables (i.e. composition, time and temperature) requires a large number of experiments to be 

carried out even in the case of the oxidation study of a simple binary system.  

As another example, consider the exploration of the alloy chemistry for binary Ti-Cr 

system with composition, ranging between Ti-1 wt%Cr to Ti-40 wt%Cr, under identical oxidation 

condition. A total of 40 alloys must be produced (if the increments of 1wt% is targeted), heat 

treated and oxidized for this purpose. When the second variable (e.g. oxidation time) is considered, 

the permutation of composition/oxidation time becomes very large, leading to an almost 

impossible experimental effort.  

Fortunately, combinatorial approaches might offer a solution to this large and complex 

experimental problem. Specifically, the LENS™ technology as a rapid prototyping technique is a 

potentially attractive solution to overcome the aforementioned difficulties and has been 

particularly utilized by several researchers in order to conduct systematic studies of metallic 

systems over a wide range of compositions [32, 38, 39]. The unique capability provided by this 

additive manufacturing technique allows for production of compositionally graded specimens 
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using a blend of elemental powders [40-42]. Furthermore the gradient of composition embedded 

within a given deposit is hypothesized to be beneficial particularly for the case of oxidation studies 

where it is critical to avoid inherent experimental variabilities and potential errors regarding time, 

temperature and atmosphere. Such systematic studies would also reveal the presence of any 

compositional and exposure time transition points in the oxidation behavior of the material system. 

This is a novel use of LENS™ as a combinatorial experimental method to study oxidation 

behavior. 

On the other hand majority of the oxidation experiments conducted with a focus on the 

composition optimization of Ti and Ti alloys, as reported in the literature, have historically been 

carried out in temperature ranges far above the service temperature of the high temperature 

structural Ti alloys [6, 13, 16, 18, 20, 43-45], dictated by the resolution limits of applied measuring 

and characterization techniques and experimental errors. Consider the case of oxidation weight 

gain measurement. In these previous studies, if the oxidation temperature is not high enough and 

accurate in-situ weight monitoring is not provided, the recorded changes in weight (as a result of 

oxygen diffusion and oxide formation) is prone to errors, given the very small weight changes per 

unit area. Also, for the case of cross section studies of oxidized surface it has been desired to grow 

a relatively thick oxide scale that can be easily characterized [6, 22]. Such limitations don’t exist 

anymore with the help of state-of-the-art characterization techniques that are available nowadays. 

 

1.2 Contribution of Dissertation 

This dissertation is focused on the following objectives: 

• Adoption and demonstration of a novel combinatorial technique for systematic 

investigation of the high temperature oxidation performance of Ti-based systems 
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regarding the effect of alloying elements (across a wide range) and oxidation time. 

This includes seeking to understand the operating oxidation mechanism and rate 

law, structure and composition of the oxide, the oxide adherence and porosity; the 

thickness of the oxide layers; the depth of oxygen ingress; and microstructural 

evolution of the base material just below the metal/oxide interface but within the 

oxygen-enriched region. 

• Utilization of simple binary Ti-based systems as model alloys in order to develop a 

path to a better understanding of the role of composition and reveal the presence of 

any potential transition points in the oxidation process that would provide insights 

for interpretation of the behavior of more complex systems (i.e. commercially 

available alloys) at elevated temperatures. 

• Development of a database that includes critical information about the influence 

exerted by composition, independent of experimental variabilities as the main 

source of contradictory and to ensure that identical testing conditions are 

maintained when comparing multiple tests. 

 

1.3 Dissertation Overview 

This dissertation includes eight chapters. A brief introduction is given in chapter one 

including the difficulties associated with the historical studies that concern the effect of 

composition variation on the oxidation performance of Ti-based alloys and the motivation of 

behind this research work. Chapter two presents a literature survey on the high temperature 

oxidation of metals, the proposed oxidation mechanisms and rate laws as well as the oxidation of 

Ti and its subsurface microstructural evolution as a result of extensive oxygen ingress. In addition 
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chapter two includes a brief summary on the physical metallurgy of Ti and the application of 

LENS™ technology as a rapid prototyping technique. Chapter three provides the details of the 

experimental methods used in this thesis including materials processing, the oxidation tests and 

characterization techniques. The studies of the influence of compositional variations, across a wide 

range, on the oxidation behavior of Ti-Mo, Ti-Cr, Ti-Al and Ti-W systems are presented in 

chapters four, five, six and seven respectively. The last part of this thesis, i.e. chapter eight, 

contains the conclusions drawn from all the studied systems and the aimed future research 

activities.  
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CHAPTER 2 

2 BACKGROUND AND LITERATURE REVIEW 

In this chapter a literature survey of the relevant topics is presented in four sections. Section 

one reviews the high temperature oxidation of metals and various aspects of it including: oxidation 

mechanisms, oxidation rate laws, oxide properties and oxygen dissolution in the metal substrate. 

Section two covers the oxidation of Ti and relevant subsurface microstructural changes as well as 

the effect of alloying elements. Section three reviews the application of LENS™ technology as a 

rapid prototyping tool with unique capabilities and use of elemental powders for the production of 

compositionally graded specimens.  The final section of this chapter focuses on physical 

metallurgy of Ti and its alloys. The four binary Ti-X systems that are the emphasis of this research 

effort are discussed briefly.  

2.1 High Temperature Oxidation of Metals 

 Oxidation Mechanisms 

The formation of an oxide layer on a pure metal surface takes place by: 

a) adsorption of oxygen at the surface, 

b) nucleation of the oxide, and 

c) growth of the oxide nucleus until they imping and form a continuous layer. 

The oxidation reaction of metal M with the oxidation state of +1 can be described according to 

equation:   

Eq. 2.1 M(s) + 1
2
 O2(g) = MO(s) 
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The oxidation product which is the solid oxide phase will separate the two reactants (i.e. 

metal and oxygen) as is shown in figure 2.1. Thus, for the oxidation reaction to proceed further, 

transportation of the reactants in form of ionic species through the oxidation product must occur 

(see Fig. 2.1).  

 

Fig. 2.1 Schematic of the oxide layer separating metal from the gas phase 

After the formation of the oxide layer, mass transport that occurs via grain boundaries, 

voids, cracks and volume diffusion becomes the rate limiting factor for the oxidation reaction. 

Therefore, it is critical to understand the mechanisms by which the diffusion of reactants through 

the reaction product takes place in order to study the oxidation of metals [2, 5].  

When the oxide layer is relatively thick (>1 µm) and free of micro cracks, the 

semiconductor approach is used to explain the transportation of ionic species since all the metal 

oxide are ionic compounds  [4, 5]. The mechanism of mass transportation through material with 

ionic nature is dictated by the degree of stoichiometry.  

2.1.1.1 Highly Stoichiometric Ionic Compounds 

In general most of the inorganic compounds (including Ti oxide) are nonstoichiometric 

and highly stoichiometric compounds can be only achieved under certain condition processing 

condition. When a charged point defect is created in a stoichiometric compound, a complimentary 

point defect with the opposite effective charge must be created in order to maintain the charge 

neutrality. Six basic types of defect pairs were presented by Kröger et al. [46] among which 

Schottky and Frenkel are the predominant defects in stoichiometric ionic compounds [5, 47]. 
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In Schottky defects, the existence of ionic vacancies leads to the mobility of the ions. An 

equivalent number of both anion and cation vacancies is necessary to maintain the charge neutrality 

(see Fig. 2.2). Thus the ionic mobility is expected to take place via both anions and cations. When 

the anion and cation are of comparable size in the ionic compound, the Schottky disorder is 

predominant [5].  

 

Fig. 2.2 Schematic of Schottky defect in KCl. 

In Frenkel defects, the charge mobility is explained by the existence of cation vacancies 

while the charge neutrality is achieved by cation interstitials (see Fig. 2.3) [5]. 

 

Fig. 2.3 Schematic of Frenkel defect in AgB. 

2.1.1.2 Non-Stoichiometric Ionic Compounds 

Schottky and Frenkel defects cannot explain the simultaneous migration of electrons and 

ions during oxidation of metals, regardless of the mass transport direction. Therefore, it is 

necessary to assume that metal oxides are non-stoichiometric compounds, which implies that there 

is a deviation from the metal/non-metal ratio given by the chemical formula. This requires either 
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the cations or the anions exhibit variable valencies in the compound. Charge neutrality in non-

stoichiometric ionic compounds is conserved by the formation of not only complementary point 

defects (as in the case of stoichiometric compounds) but also formation of complimentary 

electronic defects [5, 47, 48]. Depending upon the nature of the charge carriers, negative or 

positive, non-stoichiometric oxides are classified as n-type and p-type oxides respectively. 

 Negative (n-type) Oxide:  

The predominant type of disorder in n-type oxides could be either excess of metal cations 

or deficit of non-metal anions. Accordingly the complimentary electronic defects are ‘excess’ or 

‘quasi-free’ electrons excited into the conduction band which are responsible for the electrical 

charge transfer.  

a) Metal excess n-type oxide (Mb+nO): extra metal cations are accommodated in the 

interstitial sites with an equivalent number of electrons exited into the conduction band. An 

example of metal excess n-type oxide is shown in Fig. 2.4 for zinc oxide [4, 5]. 

 

Fig. 2.4 Schematic of metal excess n-type zinc oxide. 

The formation of this defect structure can lead to the creation of interstitial cations with 

different valencies, described by Eq. 2.2 and 2.3 for doubly and singly charged Zn interstitial ions 

in ZnO crystal [5]. 
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Eq. 2.2 ..
i 2

1ZnO = Zn  + 2e  + O
2

′   

Eq. 2.3 .
i 2

1ZnO = Zn  + e  + O
2

′  

where the superscripts ( . ) and ( ') represent the positive and negative charges respectively. It is 

worth noting that the oxygen partial pressure has a profound effect on the concentration of defects; 

however, it is not taken into account in this study since all the oxidation tests have been carried 

out in the laboratory still-air with nominally the same oxygen concentration. 

b) Non-metal n-type oxide deficit (MOa-x): in this n-type oxide excitation of electrons into 

the conduction band occurs as a result of missing anions that carry positive effective charges [4, 

5]. Discharge and evaporation of oxygen ions in the scale is an example of this behavior, 

represented as in Eq 2.4: 

Eq. 2.4 ..
O O 2

1O  = V  + 2e  + O
2

′  

where OO is an oxygen ion occupying a normal oxygen site in the lattice. An example of the 

creation of non-metal deficit n-type oxides, MO, is shown in Fig. 2.5.  

 

Fig. 2.5 Schematic of a non-metal deficit n-type semiconductor. 
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 Positive (p-type) Oxide: 

In contrast with n-type oxides, the charge is transferred by positive carriers in p-type 

oxides, arising from either the excess of anions (MOa+y) or deficit of a cations (Mb-mO). The charge 

neutrality of these compounds is preserved by the electron holes giving raise to the conduction, 

when there are vacancies formed on the cation sites or interstitial anions. The majority of transition 

metal oxides, e.g. Al2O3, FeO, NiO, CoO, Cu2O and Cr2O3, are metal-deficit p-type semiconductor 

[4, 5]. The outward migration of cations is the general oxidation mechanism for metals with p-type 

oxide (unlike metals with n-type oxide) which is considered an advantage, as it provides potential 

for crack healing capability when the metal is under certain loading condition [2, 49].  

The gradient of the charged particles (and vacancies) is the driving force for the diffusion 

and the oxide disorder is the parameter that determines whether the outward movement of metal 

cations or the inward migration of oxygen anions is predominant in the course of oxidation. For 

example, in NiO the higher concentration of vacancies close to the oxide/oxygen interface leads 

to the outward migration of Ni2+ ions. Accordingly, if there is a crack formed in the oxide scale as 

a result of external load or unrelieved growth stresses, the outward migration of metal ions will 

have a healing effect as it is shown in Fig. 2.6. If the negatively charged ions are the mobile species, 

as in n-type semiconductors, a crack can act as a continuous supply of oxygen for the base 

metal/alloy and enhance the local attack [2]. 
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Fig. 2.6 Crack healing properties of metal deficit p-type oxides. 

 

 Oxidation Rate Laws 

Oxidation rate is a function of numerous factors such as temperature, atmosphere, 

composition of the material, oxygen partial pressure, oxidation time, surface preparation and 

pretreatment. Although knowledge of oxidation rate alone is not sufficient for the interpretation of 

oxidation behavior, it may be used to classify the oxidation behavior of metals [4]. Oxidation rates 

observed for metals are classified into four general category based upon the rate equations: 

logarithmic rate, cubic rate, parabolic rate and linier rate. At different stages of oxidation, a certain 

rate law dominates. However, in many instances, deviations from these rate equations are 

encountered making it difficult to fit the experimental data to simple rate equations.  

2.1.2.1 Logarithmic Oxidation Rate  

For a large number of metals, at the very early stages of low-temperature  oxidation (below 

300-400 ˚C), the oxidation occurs very rapidly followed by significant drop in the oxidation rate 

to nearly negligible values after a short time when compared with the time required for diffusion 

of ions. The competition between oxide formation at the surface and oxygen dissolution in the 

metal substrate for this period is in favor of the former and the rate of oxidation could be described 

by a direct or inverse logarithmic functions (Eq. 2.5 and Eq. 2.6 respectively): 
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Eq. 2.5 log log( )0x = k t +t A+  

Eq. 2.6 1 logil = B - k t
x

 

where klog and kil are the rate constants, x represents any measurable quantity directly related to the 

oxidation reaction (e.g. average oxide thickness or the amount of oxygen consumed for oxide 

formation), A is a constant and t denotes the time [4, 5, 50]. Fig 2.7 shows the graphical 

representation of equations 2.5 and 2.6. 

 

Fig. 2.7 Graphical representation of logarithmic and inverse logarithmic oxidation rates [4]. 

The logarithmic rate law is the least-understood stage of oxidation, given the difficulties 

associated with experimental measurements of the oxidation rate for the initial oxide layer, 

interfacial energy considerations for such thin films, and the probable deviation of the oxide film 

properties compared to bulk. Chemisorption of oxidizing gas molecules on the fresh metal surface 

and transportation of ions and electrons across the oxide layer and the very topmost layer of metal 

substrate due to the electric field have been proposed to be the rate determining mechanism for 

this oxidation stage [51-53]. The capture or withdrawal of electrons from the oxide lattice when 

an oxidizing gas is chemisorbed leads to the formation of electron holes in p-type oxides or 

decrease in the number of excess electron in the case of n-type oxides. The existing strong electric 
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field set up by chemisorption of oxygen, called space charge by Cabrera and Mott [50], attracts 

the electrons from the depth of ~100 Å below the metal/oxide interface and through the oxide. The 

space charge set across a 50 Å oxide film may be in the order of 107 V/cm [50] which leads to the 

transportation of electrons even at low temperatures and is aided by quantum mechanical 

channeling phenomenon. 

The potential difference between absorbed oxygen and metals dissipates as the scale 

thickness increases (above 100 Å) which ultimately leads to the significant reduction of the 

reaction rate [54, 55]. There are other interpretations that assume the abrupt decrease in the 

oxidation rate is a result of progressive obstruction of diffusion paths such as dislocation pipes and 

grain boundaries caused by recrystallization of the oxide scale and growth stresses [56]. This stage 

of oxidation is sensitive to the oxygen pressure and growth of oxide layer can proceed up to 40-

100 Å for different systems according to the reported results in literature [4, 5, 50]. This oxidation 

rate low is obeyed until the oxygen dissolution becomes the predominant rate determining factor 

for oxidation and transition from logarithmic to cubic or parabolic rate low occurs. 

2.1.2.2 Parabolic Oxidation Rate 

High temperature oxidation rate of many metals that ultimately leads to the formation of a 

thick oxide scale can be explained by a parabolic time dependence rate equation: 

Eq. 2.7 pkdx  = 
dt x

′
 

where k'p is the parabolic rate constant. The graphical representation of parabolic and linear rate 

laws is shown in Fig. 2.8. Diffusion of ionic species through the growing oxide layer and into the 

metal substrate are considered as the rate determining factors in parabolic oxidation stage [4, 5]. 
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Fig. 2.8 Graphical representation of parabolic and linear oxidation rates [4]. 

The parabolic rate constant derived from Wagner treatment of oxidation rates [57] for p-

type and n-type oxides is expressed by equations 2.8 and 2.9 respectively: 

Eq. 2.8 M

M

2 1
M M

1 = d     cm sk D
RT

µ

µ
µ

′ −

′′
′ ∫  

Eq. 2.9 M

M

2 1
X X

1 = d    cm sk D
RT

µ

µ
µ

′′ −

′
′ ∫  

where Mµ′  and Mµ′′  are the measurable metal chemical potential at the metal/oxide and oxide/gas 

interface respectively while MD  and XD  denote the diffusion coefficients of cations and anions 

through the oxide scale. However the experimental results on several metals and Si (see Fig 2.9) 

shows that the actual parabolic rate constant is several orders of magnitude larger than those 

calculated from equations 2.8 and 2.9, for a certain oxidation temperature, based on lattice 

diffusion data. Note that k ̋ is a measure of mass change and is related to k' through Eq. 2.10 : 

Eq. 2.10 

2
X 2 -4 -1

2
X

 
 =     g  cm  s

2
k V Z

k
M

′   ′′  
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where Mx is the atomic mass of non-metal X, ZX is valency of X and V  is the equivalent volume of oxide. 

These observations indicated that some other mechanisms contribute to diffusion of ions and growth of the 

oxide layer [4, 5, 50, 57-59]. 

 

Fig. 2.9 Parabolic rate constant for the high-temperature oxidation of several metals and Si [5].  

 

2.1.2.3 Cubic Oxidation Rate 

The high temperature oxidation of metals are frequently characterized by a combination of 

different rate laws one of which is predominant over a certain period until replaced by another one 

for extended oxidation times. For instance, the rate of electric-field induced ionic transportation, 

which predominates the very early stages of oxidation, will become slower compared to thermal 

diffusion (the characteristic of parabolic oxidation) as the oxidation reaction proceeds and the 

logarithmic oxidation will no longer be predominate mechanism [4, 5]. 

Transition from logarithmic oxidation rate to parabolic proceeds by following an 

intermediate stage called cubic oxidation. The cubic rate equation is a combination of logarithmic 

and parabolic rate equations [4, 5]: 
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Eq. 2.11 
1

2

log log( )0 px = k t +t K t c+ +  

where c is a constant. Figure 2.10 shows that the cubic rate comprises both logarithmic and 

parabolic rate laws. This stage of oxidation is usually observed over a limited time period during 

high temperature oxidation of metals.  

 

Fig. 2.10 Graphical representation of cubic rate law that comprises logarithmic and parabolic rates [4]. 

During the oxidation of Ti, the cubic rate law is believed to be associated with diffusion of 

oxygen through the oxygen-enriched outermost layer of the metal substrate and dissolution in Ti. 

Consequently, the bulk oxygen concentration can affect the duration of this rate law. According to 

the aforementioned definition of the cubic rate law, the oxide scale has an approximately stationary 

thickness in this stage [15]. 

2.1.2.4 Linear Oxidation Rate 

Linear oxidation occurs in extended oxidation exposures where oxidation rate is 

independent of the amount of consumed metal or oxidizing gas (unlike logarithmic and parabolic 

oxidation rates). Since the rate of metal ionization and oxide formation are fast, the interaction of 

oxidizing gas and the oxide scale at the interface controls the reaction kinetics [4, 5]. Accordingly, 
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the rate-determining factor for the oxidation reaction in this stage is a phase-boundary mediated 

process, i.e. the adsorption of oxygen molecule, attraction of electron from oxide lattice 

(chemisorption) and finally incorporation into the oxide lattice.  Equation 2.12 describes the 

process by which the oxygen ions are incorporated into the scale [5]: 

Eq. 2.12 
- -e e- 2-

2 2(1) (2) (3) (4)

1 1O (g) O (ad) O(ad) O (chem) O (latt)
2 2

→ → → →  

Oxidation behavior described by a linear rate may continue for a long time, depending 

upon the oxidation conditions. Equation 2.13 describes linear oxidation where kl is the linear rate 

constant [4]: 

Eq. 2.13 l
dx k
dt

=  

 Wagner Theory of Oxidation 

Wagner’s theory for the high temperature oxidation of metals was developed for the 

prediction of oxidation rate in the oxidation stages controlled by thermal diffusion of ionic species 

across the oxide layer. This theory is valid for relatively thick oxide films (> ~1 μm) taking the 

simplifying assumptions listed below [57, 60, 61]:  

(1) “The oxide layer is a compact, perfectly adherent scale. 

(2) Migration of ions or electrons across the scale is the rate-controlling process. 

(3) Thermodynamic equilibrium is established at both the metal–scale and scale-gas 

interfaces. 

(4) The oxide scale shows only small deviations from stoichiometry and, hence, the 

ionic fluxes are independent of position within the scale. 

(5) Thermodynamic equilibrium is established locally throughout the scale. 
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(6) The scale is thick compared with the distances over which space charge effects 

(electrical double layer) occur. 

(7) Oxygen solubility in the metal may be neglected.”[5] 

Considering the electric field generated by the migration of charged particles across the 

scale, Eq. 2.14 was derived to describe the flux of the these particles through the scale: 

Eq. 2.14 2 2
i i

i i
i

kj Z F
Z F x x

µ φ∂ ∂ = + ∂ ∂ 
 

where i is a charged particle carrying a charge Zi, ki is conductivity, F is Faraday constant in 

coulombs equiv-1, i

x
µ∂

∂
 is the chemical potential gradient and 

x
φ∂

∂
 represents the electrical-potential 

gradient at the position of the charged particle. Wagner’s theory involves all the ionic species, i.e. 

electrons, anions and cations and Eq. 2.14 is used to describe flux of these species. However, in 

most cases the mobility of cations and electrons through the scale are orders of magnitude higher 

than that of anions in high temperature oxidation metals. Hence Eq. 2.14 can be further simplified 

by ignoring the migration of the slower-moving ionic species. Equations 2.15 and 2.16 define the 

flux of cations and electrons respectively in the metal M while the migration of anions is neglected:  

Eq. 2.15 M

M
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M2 2
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µ
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Eq. 2.16 M
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e

c c e

k kj d
Z F x k k

µ

µ
µ
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′
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+∫  

where Zc is the charge carried by cations, Mµ′  and Mµ′′  are the measurable metal chemical potentials 

at the metal-scale and scale-gas interfaces respectively [5]. 
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 Formation of Porous Scale 

As the oxide film thickens and the oxidation reaction enters the stages during which 

diffusion of ionic species across the oxide is the rate-determining factor for the oxidation reaction, 

adherence of the oxide and continuity of the metal/oxide interface play important roles and could 

alter the cross section of mass transport. Mechanical properties of the oxide scale and specimen 

geometry must be taken into account as they influence the oxide adherence [5].  

For the case of specimens with a large metal-oxide interface/scale thickness ratio one can 

use the initial surface area of metal for the calculations of the reaction rate expressed in mass gain 

per unit area, without having significant errors. As the oxide scale grows, the generated stresses 

(which will be discussed later in this chapter) in the scale must relax in order to maintain the 

contact with the metal surface and precede the transfer of ions and electrons. For the scale to 

maintain the contact with the metal substrate, the conditions listed below must exist: 

(1) Strong adhesion between scale and metal, 

(2) Very slow oxidation rate 

(3) High plasticity of the scale. 

If the interface is not growing in a planar fashion due to the presence of a rough metal 

surface, orientation dependency of oxidation or different oxidation rate of the phases in a 

multiphase microstructure, the scale must creep to avoid detachment from the metal substrate 

otherwise the contact between metal and oxide will be eventually lost since the relaxation of the 

scale in all directions is not possible. This will locally disrupt the transfer of charged particles 

(outward migration of cations and inward migration of oxygen ions) and the oxidation rate falls 

unless evaporation of ionic species across the voids take place. [5]. Dissociation of oxide and metal 

takes place at a faster rate at the grain boundaries. This leads to the formation of micro-cracks 
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which can penetrate into the compact outermost layer [62]. Figure 2.11 schematically shows the 

operating oxidation mechanism for a porous p-type oxide.   

 

Fig. 2.11 Migration of ionic species through a p-type oxide and formation of new discrete oxide sites on 
metal surface [5]. 

 

 Stress Development and Relaxation in Oxide Scale 

During the high-temperature oxidation and thickening of the oxide layer there are different sources 

of stress generation that can be classified into two categories: a) growth stresses and b) thermal stresses. 

2.1.5.1 Growth Stresses 

A number of causes that could be responsible for the generation of growth stresses are 

mentioned below: 

a) Differences between the volume of oxide and metal: the volume difference between 

oxide and metal is expressed by Pilling–Bedworth ratio (PBR) [63]:  

Eq. 2.17 OX

m

VPBR = 
V

 

This ratio represents a rough measure of oxide protectiveness in the way that the systems 

with PBR greater than unity have their oxides under compression (protective scale) whereas the 
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systems with PBR less than unity have their oxides under tension (no protective scale). It should 

be noted that applicability of PBR principles is very limited since there are many parameters 

involved in the level of oxide protectiveness. For instance, oxides such as TiO2, Nb2O5 and Ta2O5 

with PBR > 1 fail to be protective when the oxide scale is relatively thick [4, 5]. Table 2.1 Shows 

the Pilling–Bedworth ratio ratios for some common metals.  

b) Epitaxial growth: the first oxide that forms on the metal surface my follow an epitaxial 

relationship with the substrate which leads to the development of stress in the oxide as the metal 

and oxide have different lattice constants. The generated stress could be very large for very thin 

oxide films.  

c) Compositional changes: compositional changes, as a result of selective oxidation in the 

alloys and also extensive dissolution of oxygen in the substrate in metals such as Ti, Nb, Zr can 

generate growth stresses. Depletion and enrichment of elements not only changes the lattice 

parameter of both metal and oxide but also leads to the stabilization of specific phases in the 

subsurface region. 
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Table 2.1 Pilling–Bedworth ratio ratios for some common metals [5]. 

Oxide PBR 

K2O 0.45 

MgO 0.81 

Na2O 0.97 

Al2O3 1.28 

ThO2 1.30 

ZrO2 1.56 

Cu2O 1.64 

NiO 1.65 

FeO (on α-Fe) 1.68 

TiO2 1.70 – 1.78 

CoO 1.86 

Cr2O3 2.07 

Fe3O4 (on α-Fe) 2.10 

Fe2O3 (on α-Fe) 2.14 

Ta2O5 2.50 

Nb2O5 2.68 

V2O5 3.19 

WO3 3.30 

 

d) Point-defect stresses: for the oxides with a large deviation from stoichiometry which 

exist in a non-uniform fashion across the scale, stress is developed as a result of gradient in point 

defects which alter the lattice constant of oxide. In the case of p-type oxides where vacancies are 

injected into the metals due to the outward migration of metal cations, stress generation in the 

metal substrate could be substantial [5]. Precipitation of vacancies and formation of voids at the 

grain boundaries of the metal substrate during oxidation of Ni at 950 °C is shown in Fig. 2.12.   
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Fig. 2.12 The cross-section SEM micrograph from the exposed surface of Ni oxidized at 950 °C [5]. 

e) Oxide formation within the scale: diffusion of oxidant along the fast diffusion pathways 

e.g. grain boundaries of the oxide can lead to the formation of new oxide at specific sites. The 

point defects play an important role in this phenomenon and the generated stress in the oxide is 

compressive. Formation of the new oxide can also happen within the metal substrate (where the 

oxygen solubility of the metal is significant) which is called internal oxidation and leads to the 

generation of large compressive stresses below the metal/oxide interface [5, 64, 65]. 

f) Specimen geometry: the specimen size and presence of edges and corners (i.e. 

geometrically stabilized regions) could act as a stress generator since relaxation of stress is 

prevented in this region [5, 66].  

2.1.5.2 Thermal Stresses 

In addition to the stresses generated during high temperature oxidation, there are stresses 

that develop due to the different thermal expansion coefficients of metal and oxide upon 

temperature variation in the case of cyclic oxidation. These are regarded as thermal stresses are 

primarily responsible for delamination and ultimately spallation of the oxide which will expose 

the fresh metal surface to the atmosphere.  The coefficient of thermal expansion for some metals 

and their oxides are listed in table 2.2 [5]. 
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Table 2.2 Coefficient of thermal expansion for some common metals and their oxides [66]. 

 

 

 

 

 

 

 

 

 

 Diffusion and Dissolution of Oxygen in the Metal Substrate 

Diffusion of oxygen and enrichment of the metal substrate prior to the formation of oxide 

is an important phenomenon in the total oxidation reaction and must be taken into account when 

the oxidation of metals (as a multistep process) are investigated. This is of paramount importance 

when the oxidation rate calculation is based on the weight-gains over time, considering the fact 

that higher weight gain does not necessarily indicates presence of the thicker scale when the 

oxidation behavior of different binary systems are compared [6, 47, 67].  

The ingress of oxygen into the metal can change the phase stability and induce phase 

transformation. As will be shown in this thesis, the enrichment of a matrix with oxygen influences 

the partitioning coefficients of the elements between the phases present in the microstructure in 

multi-phase systems and also can lead to an order-disorder transformation. In some metal systems, 

under certain condition, nucleation of oxide within the metal substrate ahead of the oxidation front 

can take place as a result of concurrent extensive oxygen dissolution and selective oxidation. 

Drastic change in mechanical properties of the subsurface region is inevitable for some metals with 

high solubility of oxygen [4, 5]. 

System Oxide Coefficient×10-6 Metal Coefficient×10-6 Ratio 

Fe-FeO 12.2 15.3 1.25 

Fe-Fe2O3 14.9 15.3 1.03 

Ni-NiO 17.1 17.6 1.03 

Co-CoO 15.0 14.0 0.93 

Cr-Cr2O3 7.3 9.5 1.30 

Cu-Cu2O 4.3 18.6 4.32 

Cu-CuO 9.3 18.6 2.00 
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The oxygen solubility of group IVA elements (e.g. Ti, Zr) in their hcp allotrope is 

substantial and is strongly dependent upon temperature as can be clearly seen in their respective 

binary phase diagrams with oxygen in Figs. 2.13 and 2.14.  

 
Fig. 2.13 Ti-O binary alloy phase diagram [68]. 
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Fig. 2.14 Zr-O binary alloy phase diagram [68]. 

While group VA metals such as V, Nb and Ta have less oxygen solubility compared to 

group IVA, they are still considered to be strong oxygen getters. For these metals, the solubility of 

oxygen is also a function of temperature and does not exceed 10 at% for temperatures below ~1500 

°C according to literature [69-71]. 

The systematic variation of oxygen solubility from one group of transition metals to 

another group and among various alloys suggests that the solubility of oxygen must be largely 

electronic in nature. For example, Nb from group VA and Mo from group VIA, both with the same 

crystal structure, bcc, but exhibit large differences in their oxygen solubility. Bryant measured the 

oxygen solubility of some transition metals as a function of electron/atom ratio (e/a) [70]. It was 

concluded that: if e/a ratio exceeds 5.75, with addition of alloying elements, a decrease in oxygen 

solid solubility is obtained whereas for the ratios below this critical value, an increased solubility 



 

29 

for oxygen is expected. It was proposed that the interstitially dissolved oxygen atoms in the metal 

substrate could also be present in ionized form [72].  

2.1.6.1 Ordering in Metal-Oxygen Solid Solution 

As the concentration of interstitially dissolved oxygen increases there will be a tendency 

toward a disorder/order transformation in some metals. Powers et al. studied the ordering 

phenomenon in Nb-O and Ta-O solid solutions and proposed that interaction between interstitial 

oxygen is the key to this phase transformation [73]. Investigations on Zr-O and Ti-O systems also 

revealed that the ordering transformation of α phase can take place under certain conditions [8, 

74-76].  

Further, there will be a concurrent anisotropic distortion of the lattice when the octahedral 

sites are occupied by interstitial atoms (e.g. O) which is responsible for the ordering 

transformation. For the case of hcp metals where stress-induced ordering is not expected due to 

the geometry considerations, the presence of substitutional impurity atoms and the associated 

lattice distortions could facilitate disorder/order transformation [4, 77-80]. 

 

 Selective Oxidation 

When two elements with widely differing nobility (e.g. nickel and aluminum) are alloyed 

and subject to oxidation at high temperature, the less noble metal will oxidize preferentially and 

form an oxide layer on the surface. This process is referred to as selective oxidation and is not 

limited to binary systems. This oxide layer can be continuous and protect the base material at high 

temperature exposure [4, 5].  

Three elements that are widely used due to their protective scales are Cr, Al and Si. In 

addition to the alloying elements, temperature and pressure are determining factors for the 
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occurrence of selective oxidation from thermodynamic standpoint. The oxide film is not 

necessarily a single phase and could ultimately evolve as a mixed oxide particularly when the 

oxide stability of the base metal and solute is similar, as in the case Ti-Al system. Consider the 

case of binary A-B system where A is a more noble metal than B. One can distinguish three 

borderline cases depending upon the concentration of elements [81]: 

1) For low concentration of element B, the oxide formation starts with oxidation of 

element A. The A oxide grows until the concentration of B (as a result of rejection 

into the bulk) reaches a critical level at the metal/oxide interface and formation of 

B oxide is triggered (see Fig. 2.15 (a)).  

2) For high concentration of element B, oxidation reaction starts with the formation of 

B oxide and proceeds until B concentration falls below a certain level and oxidation 

of element A starts (see Fig. 2.15 (b)). 

 

Fig. 2.15 Selective oxidation process for binary A-B alloy for a) low contents of B and b) high contents of B 
[81]. 

3) Both A and B oxides are formed concurrently where the alloy has an intermediate 

concentration of B. 

Wagner derived Eq. 2.18 for the critical concentration of the solute element, beyond which 

only B oxide forms, assuming that the present elements do not react to form double oxides or spinel 

and the oxide scale is compact: 

(a) (b) 
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Eq. 2.18 

1
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where V is molar volume of the alloy, zB is valency of B atoms, MO is atomic weight of oxygen, D 

is the self-diffusion coefficient of B in the alloy and kp is parabolic rate constant for exclusive 

formation of B oxide [2, 81, 82]. 

2.2 Oxidation of Titanium 

 Oxidation Rate Laws and Associated Mechanisms for Ti 

Titanium belongs to the group IVA of the transition metals which are known to exhibit 

high chemical affinity to oxygen as it was discussed in section 2.1.6. This characteristic of Ti is 

two-fold. Firstly, at low temperatures when exposed to air, the high reactivity of Ti with oxygen 

leads to the immediate formation of a tenacious, adherent and thermodynamically stable ‘native 

oxide’ scale whose thickness is on the order of a few nm [83, 84]. This ultra-thin protective layer 

is the key attribute that leads to the superior corrosion resistance of Ti and Ti-based alloys in 

aggressive environment even without protective coatings and paint [3]. Secondly, the response of 

titanium to oxidation changes at elevated temperatures at which point titanium suffers from poor 

oxidation resistance and consequently loses its resistance to corrosion as a result of high affinity 

to oxygen. This change in performance is a result of the loss in the protective behavior of the oxide 

scale and generally limits the service temperature of titanium in applications to ~550°C [1]. 

Oxidation reactions of Ti follow a combination of rate laws. Depending upon the oxidation 

conditions there might be two simultaneous operating mechanisms or a transition between the 

mechanisms with the passage of time [4]. Figure 2.16 depicts the transition between various rate 
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laws as a function of time and temperature during the oxidation of titanium under 1 atm oxygen 

pressure.  

 

Fig. 2.16 Schematic of the oxidation rate equation as a function of temperature and time [4]. 

The schematic presented in Fig. 2.16 is the summary of the weight gain measurement of 

Ti oxidized under various time-temperature conditions as it is shown in Fig. 2.17.  

 

Fig. 2.17 Weight gain versus oxidation time for Ti at different temperatures [15]. 
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It should be noted that the criteria for a particular oxidation rate equation is not necessarily 

unique and could be influenced by, for example, the presence of impurities, pretreatment of the 

metal, and surface preparation. In addition, there is no definite transition temperature between the 

rate laws – rather, it is referred to as temperature interval. In 1958, Kofstad et al. [15] proposed the 

temperature range of < 300 °C for logarithmic rate, 300-600 °C for cubic rate, 600-850 °C for 

parabolic rate and > 850 °C for parabolic+linear rate which was later modified according to Fig. 

2.16 and 2.17 : 

a) Below 400 °C logarithmic oxidation is predominant  

b) In 400-600 °C temperature interval transition from logarithmic oxidation to an 

approximately cubic rate or parabolic rate law takes place. 

c) Above 600-700 °C parabolic rate is followed  

d) For temperatures above 900-1000 °C, parabolic rate is replaced by a linear rate. 

The start point and timespan of these oxidation stages is directly proportional to the 

oxidation temperature e.g. logarithmic oxidation stage is shorten at elevated temperatures [4]. 

These changes in the rate of oxidation have been usually interpreted in terms of diffusion of ionic 

species through the oxide scale and dissolution of oxygen in the substrate as the rate determining 

factors and delamination of the scale after a certain thickness [14]. 

Kofstad et al. observed that oxidation data for pure Ti in the early stages can be fit 

according to the cubic rate law in the range of 500-600 °C. Accordingly they explained that cubic 

rate law disappears when the metal surface becomes heavily enriched with oxygen and it is 

gradually replaced by parabolic rate law [15]. One year later the work by Wallwork et al. [85] 

revealed that not only the cubic rate law, but also parabolic rate law is predominantly associated 

with dissolution of oxygen into the metal substrate, enrichment of Ti-O solid solution and 
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establishment of an oxygen concentration gradient in the region just below the surface. These 

results was also confirmed by Kofstad [14]. Therefore, the diffusion of oxygen in Ti substrate is 

the rate determining factor that leads to the cubic and parabolic oxidation behavior of Ti owing to 

the presence of a relatively thin oxide layer and larger diffusivity of O in the scale rather than the 

metal (~50 times higher diffusivity) [19]. For instance it was reported by Kofstad et al. [14] that 

more than 80% of the reacted oxygen in the first 30 min of oxidation reaction for Ti at 900 °C has 

dissolved in the metal substrate. However, there are contradictory results regarding the percentage 

of the reacting oxygen that is dissolved in the metal during parabolic oxidation, which may arise 

from experimental variability [18, 67, 85]. The aforementioned definition of parabolic oxidation 

might denote that the maximum oxygen concentration at the outermost layer of the metal (just 

below the metal/oxide interface) remains constant after the gradient is established for a particular 

composition. 

The parabolic rate constant is very sensitive to the oxidation temperature as shown in Fig. 

2.18. The reported values of the rate constant are plotted against temperature in the range of 600-

1000 °C. The higher rate of parabolic oxidation at higher temperatures results in a faster saturation 

of metal with oxygen, and thus a shorter parabolic stage [4].  
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Fig. 2.18 Variation of parabolic rate constant with temperature [14, 18, 67, 86, 87]. 

After the metal substrate is saturated and the oxygen concentration of the interface reaches 

a critical level (which will be discussed in section 2.2.4), there will be a transition from the 

parabolic to the linear oxidation rate law accompanied with a significant degree of oxide formation. 

The linear oxidation stage is governed primarily by nucleation and growth of the oxide and is 

largely governed by diffusion of the ionic species across the scale. Accordingly, any parameters 

that can suppress the diffusion of oxygen into the metal substrate and retard the starting point of 

the linear oxidation stage would decrease the scaling rate. Such parameters include a lower 

oxidation temperature or lower bulk oxygen concentration. An increase in the concentration of O 

vacancies due to the lower oxygen pressure at higher temperatures (> 1000 °C) could be the main 

reason for transition to linear rate law although it is not very clear yet [8, 14, 88, 89].  

The transition to the linear rate regime and the concurrent heavy oxide formation starts 

when the supersaturation of oxygen leads to important structural changes and the substantial 

induced strain will be relieved by the nucleation of the oxide crystals. This transition to the linear 
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rate regime requires a certain oxygen saturation of metal as was shown by Kofstad et al. They 

observed that regardless of the oxidation temperature, linear oxidation starts after approximately 

the same weight gain.  Importantly it should be noted that this critical composition is not an 

absolute value and changes as function of composition. 

It was suggested that steady state oxide nucleation takes place in the linear oxidation 

regime, requiring a porous oxide scale to allow for rapid transportation of oxygen ions to the 

oxidation front (metal/oxide interface). Although dissolution of the oxygen in the metal also occurs 

during linear oxidation rate, it is primarily governed by nucleation and growth of oxide domains 

and the relative importance of oxygen dissolution is reduced with the passage of time as the metal 

becomes supersaturated with oxygen. The oxide formed during the parabolic stage is relatively 

thin and adherent to the metal base material when compared to the linear stage [8, 14, 88]. 

After an extended linear oxidation, there will be a decrease in the oxidation rate with time, 

referred to as the post-linear stage. Sintering and grain growth at the outermost layer of the oxide 

scale leads to the elimination of pores and the presence of a compact layer as a solid-state barrier 

to diffusion of ions [14, 15].  It is shown in Fig. 2.19 that grain growth becomes increasingly 

important after 1 hr oxidation of Ti at 1175 °C and 1 atm O2 and there is an apparent grain size 

variation across the oxide scale. 
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Fig. 2.19 Cross section image of the oxidized surface of a Ti specimen after 1 hr exposure at 1175 °C 
(100×) [14]. 

 

 Oxides of Ti: 

From a thermodynamic perspective, one would expect a multiphase layered structure oxide 

to form on Ti surface during high temperature oxidation. Various types of Ti oxide including Ti2O, 

TiO, Ti2O3, Ti3O5 and TiO2 should be present in appropriate proportion when moving from 

metal/oxide interface to the oxide/gas interface. Surprisingly, TiO2 is the only form of Ti oxide 

that is detected for temperatures below 1000 °C in oxygen atmosphere. The formation and 

stabilization of lower state oxides can be achieved under certain oxidation conditions such as 

temperatures  > 1000 °C or when exposed to temperatures at different atmospheres such as water 

vapor [4, 8, 12, 15, 88, 90-95]. The transition between different oxidation states of Ti occurs in a 

gradual fashion across a multiphase scale as it is shown in Fig. 2.20 (a-c).  
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Fig. 2.20 Variation in the proportion of different oxides across the scale layer formed on Ti after oxidation 
at 900 °C for a) 30 min b) 90 min and c) 180 min [95]. 

The outermost layer of the oxide scale is predominantly TiO2 whereas a greater proportion 

of lower oxides can be found toward the metal/oxide interface. However, the composition of 

different oxides at a certain depth in the scale varies as a function of oxidation time (see Fig. 2.21). 

(b) (a) 

(c) 
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TiO2 is the only oxide that exhibits continuous increase in phase fraction and gradually all the 

oxides transform to TiO2 [95]. 

 

 

Fig. 2.21 Variation in the proportion of different oxides as a function of holding time at 900 °C at a depth of 
3 µm from the scale surface [95].  

Among the Ti oxides, TiO2 is thermodynamically the most favorable oxide due to its large 

negative Gibbs free energy. As an example, TiO should ultimately convert to TiO2 at 1027 °C, 

given the -242 kJ/mol change in the free energy [96]. Not surprisingly, the alloying of Ti with 

other elements (e.g. Mo) can change the difference in the free energy of the oxides and assists in 

the reduction of TiO2 to TiO at the metal/oxide interface [40]. Titanium dioxide itself exists in 

three distinct polymorphs known as: 1) rutile (the most stable) and 2) anatase, both exhibiting a 

tetragonal structure and 3) brookite which exhibits an orthorhombic structure [12]. Throughout 

this thesis document, TiO2 denotes rutile unless otherwise specified. 
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2.2.2.1 Rutile 

Rutile has a tetragonal crystal structure in which Ti ions are coordinated with six oxygen 

as it is illustrated in Fig. 2.22. This arrangement of ions creates TiO6 octahedras which possess 

only 1/3 of each O ion as they share edges and corners. The transportation of interstitial ions in c 

direction is geometrically favored in this structure [47]. 

 

Fig. 2.22 Schematic of a rutile unit cell. 

Rutile is a non-stoichiometric n-type oxide in which the defect structure can be dominated 

by either oxygen vacancies (i.e. nonmetal deficit oxide) or interstitial Ti ions (i.e. metal excess 

oxide). Regardless of the type, the gradient of the degree of disorder results in transportation of 

ions and continuation of oxidation reaction [4, 97]. 

 Nonstoichiometry and Defect Structure of Rutile 

 Although the defect structure of TiO2 has been extensively studied, there is not general 

agreement on the conditions under which a particular type of disorder dominates the defect 

structure of the oxide [2, 4, 5, 43, 47, 98-102]. Density measurement of rutile by Straumanis at al. 

after reduction at high temperature in 10-3 torr vacuum indicated that the predominant defect 

structure of rutile at near atmospheric temperature is the oxygen vacancy [103]. In other attempts 

to find the predominant type of defect, the self-diffusion of O in rutile was studied and it was 

shown that the diffusion coefficient is not a function of O partial pressure (in the range of 10-3 to 
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725 torr O2) which further evidenced the importance of O vacancies at near atmospheric pressures 

[104-106].  

The activation energy of diffusion determines the relative importance of ions transportation 

(metal and O ions) in the oxidation reaction. Kofstad studied the growth direction of Ti oxide using 

Pt markers and showed that for temperatures below ~900 °C, oxygen diffusion dominates the ionic 

transportation process. When the oxidation temperature exceeds 1000 °C, the diffusion of 

interstitial Ti ions also becomes important [4, 14]. The variation of defects concentration in rutile 

as a function of oxygen partial pressure is shown in Fig. 2.23 (a,b) for 1100C and 1500C oxidation 

temperature. 

          

Fig. 2.23 Variation defect concentration in rutile as a function of O partial pressure at a) 1100 °C and b) 
1500 °C [107]. 

From the literature it can be concluded that under low O partial pressure and high 

temperatures (i.e. > 1000 °C) interstitial Ti ions dominate the defect structure. For higher O partial 

pressures and relatively low temperatures O vacancies are the major defects, and thus inward 

diffusion is considered as the rate determining factor under this condition [2, 15, 47, 86, 88, 108-

110]. In addition to oxidation condition, composition also has impact on defect structure of rutile 

which will be discussed in the Chapter 4 [111].  

(a) (b) 
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If the defect structure of rutile is dominated by O vacancies, the chemical formula can be 

written as TiO2-x. Figure 2.24 gives a schematic of such defect structure in which a doubly charged 

O vacancy exists with two lower valency Ti cations in order to preserve the charge neutrality [47]. 

 

Fig. 2.24 Schematic of a non-metal deficit rutile structure [47]. 

If, however, the interstitial metal ions are the dominant disorder (see Fig. 2.24) the oxide 

formula may be written as M1+yO2 [47]. Figure 2.25 gives a schematic of such defect structure [44]. 

 

Fig. 2.25 Schematic of a metal excess rutile structure [47]. 

Both type of defect can exist concomitantly in the oxide and the formula in the most general 

form is M1+yO1-x. There are different values reported on the degree of nonstoichiometry in rutile, 

arising from different test conditions including temperature and O partial pressure: Elliott at al. 

[112] cited the nonstoichiometry ranges between TiO2-0.017 to TiO2 while Blumental et al. [113] 

estimated the lower limit of oxygen deficiency as TiO2-0.01. The results presented by Kofstad [47], 

if extrapolated to ambient condition, shows the nonstoichiometry as TiO2-0.001. The work by 

Anderson et al [8] showed that oxygen deficiency of rutile can be extended to TiO2-0.5 which is a 
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significant non-stoichiometry. The upper limit deficiency however could not be accurately 

measured [114, 115]. 

 Diffusion in Rutile 

Rutile has extended interstitial channels with low electron density along the c-axis  which 

is thought to result in rapid diffusion in this direction [99, 100]. Figure 2.26(a) shows the 

arrangement of octahedrons down the c-axis in which presence of open channels is apparent. The 

open channels do not exist perpendicular to c-axis (see Fig. 2.26(b)). 

 

                         

Fig. 2.26 Projection of TiO6 octahedron structure in rutile a) down the c-axis abd b) perpendecular to c-axis 
[99]. 

 Some cations exhibit strong diffusional anisotropy in rutile and the rapid diffusion parallel 

to c-axis is attributed to an interstitialcy mechanism involving the open channels and interstitial Ti 

ions, thus the level of anisotropy depends on the temperature and oxygen partial pressure. The 

charge state of the impurity ion is the primary factor to determine whether it enters the open 

channels shown in Fig. 2.26(a), while the size of the impurity is of lesser importance. In general 

the lower the charge of the cation is the larger the diffusion coefficient and the greater directional 

anisotropy. For example, the diffusion of Co in rutile at 800 °C along the c-axis is 2800 times 

faster than that found in the perpendicular direction [99, 100]. 

(a) (b) 
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 The diffusion coefficient of trivalent impurity, Cr3+ (ri=0.62Å) and tetravalent impurity, 

Zr4+(ri=0.84Å) are plotted against temperature for directions parallel and perpendicular to the c-

axis of rutile is presented in Fig. 2.27 [99, 100]. D* represents the tracer diffusion coefficient of 

ion and ....Ti  is tetravalent interstitial titanium ion. 

 

Fig. 2.27 Diffusion coefficient of impurity ions Cr3+ and Zr4+ in rutile parallel and perpendicular to c-axis 
[99]. 

Unlike most of the impurity ions, Ti and O show relatively weak diffusional anisotropy in 

rutile.  It was shown by Haul et al. that diffusion of O perpendicular to the c-axis is ~1.6 times 

faster than parallel to that [105, 116]. The diffusion coefficient of Ti perpendicular to c-axis is of 

the same order of magnitude as O, but it happens faster parallel to c-axis (see Fig. 2.28). For 

interstitial metal ions the diffusion rate is orders of magnitude faster compared to substitutional 

ions [117]. 
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Fig. 2.28 Diffusion coefficient of ionic species in rutile as a function of temperature [104-106].  

In the initial stages of oxidation when oxide layer is relatively thin and, thus, when it is 

experimentally difficult to identify the important diffusion mechanism, the oxide grain size can 

provide some clues [4]. It was shown by Markali [118] and Hurlen [87] that the rutile formed on 

Ti at 500 °C under 0.1 torr O2, consists of whiskers with 100-400 Å diameters (see Fig. 2.29). As 

a result, there exist a large density of oxide grain boundaries and thus predominance of grain 

boundary diffusion. 
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Fig. 2.29 SEM micrograph showing the oxidized surface of Ti after 2500 min at 500 °C under 0.1 torr O2 
(9400×) [87]. 

At higher temperatures where parabolic oxidation is expected, the grain size is considerably 

larger. Thus volume diffusion becomes the important diffusion mechanism. Figure 2.30 shows the 

morphology of oxide scale on Ti after 1400 min oxidation at 700 °C and 1 atm O2. 

 

Fig. 2.30 SEM micrograph showing the oxidized surface of Ti after 1400 min at 700 °C and 1 torr O2 
(18000×) [87]. 

The diffusion rate along the grain boundaries, for single phase oxides, is a function of grain 

boundary type. Diffusion along low-angle grain boundaries (θ<10) approaches volume diffusion 

rate and it increases progressively for higher angle boundaries [47]. 
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 Dissolution of O in Ti 

As was mentioned in section 2.1.6, elemental Ti exhibits significant oxygen solubility [119, 

120]. When Ti-alloys are exposed to oxidizing atmospheres at elevated temperatures and without 

protective coatings, the ingress of oxygen takes place very rapidly. This would lead to major 

modifications in the metal substrate including: stabilization of α phase, rejection of β stabilizing 

elements and precipitation of a new phase (in some systems e.g. Ti-Cr), inverse precipitation of 

β in α, discontinuous precipitation, hardening and embrittlement, order-disorder phase 

transformation, and internal oxidation [40, 121-132]. 

Considering the range of oxygen solubility in α Ti (up to 34at%) [112], the density of the 

solid solution Ti(O) varies over the range of 4.52-5.04 g/cm3. However there is disagreement in 

the literature on the upper limit of oxygen dissolution in Ti. Jenkins [86] reported that the oxygen 

solubility limit in Ti at 650 °C, 800 °C and 900 °C are 12, 19 and 25 at%. The work by Hurlen 

[87] showed that this value is 14-15 at% for the temperature range of 650-700 °C. Kofstad et al. 

[14] noted that the maximum solubility can reach the composition 35 at% O during oxidation at 

900 °C (where the linear stage and heavy oxide formation is triggered) while Wiedemann et al. 

[133] obtained a composition range starting from 20-34 at% of O. The oxygen saturation of 

titanium measured by Unnam et al. showed the maximum value of 20 at% for the temperature 

range of 593-667 °C and 34 at% for 760 °C [19]. Hurlen [87] measured the lattice parameter 

changes of α phase as a function of oxidation time at 650 °C and 700 °C and showed that the 

oxygen ingress takes place rapidly up to 14-15 at% and then continues with a slower speed. This 

composition corresponded to the disorder-order transformation of the substrate by Hoch [134]. 

This clearly shows that the results which can be obtained are highly sensitive to the experimental 

condition and the advantage of utilizing systematic approaches (employed in this study) for 
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comparative assessment of the effect of alloying elements concentration on the solubility of O in 

Ti. 

In addition to modifications in the metal substrate as a result of extensive O ingress, 

parabolic and cubic oxidation of Ti are predominantly associated with diffusion of O into the metal 

substrate and the establishment of a composition gradient as was explained in section 2.2.1. and 

which suggests that the O concentration of the metal at the metal/oxide interface remains constant 

after the gradient is established [4]. It is pointed that the semiconductor approach (which considers 

diffusion of ions across the oxide scale as the rate determining factor at the very late stages of 

oxidation) may become of minor value under violent oxidation condition (such as very high 

temperature and high oxygen partial pressure). Thus reduction of oxygen dissolution in Ti is one 

of the primary goals of addition of alloying elements, regarding improvement in the oxidation 

resistance [4]. 

 

 Oxygen Ingress During Oxidation 

Diffusion of oxygen into the metal substrate is an important process in the multi-step 

oxidation reaction of Ti. The depth of oxygen ingress and the extent of oxygen solubility are key 

parameters that determine the oxidation resistance of the material. This is due to the fact that both 

the cubic and parabolic oxidation rate laws of Ti and the transition from protective to non-

protective behavior of the oxide scale are predominantly associated with the diffusion of O into 

the metal substrate and the establishment of oxygen concentration gradient (owing to the presence 

of a relatively thin oxide layer and larger diffusivity of O through the oxide scale compared to the 

metal [19]). It is also suggested that the O concentration of the metal at the metal/oxide interface 

reaches a maximum value and remains constant once the gradient is established  [4, 15].  
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The extensive dissolution of oxygen that ultimately triggers oxide formation has a 

pronounced impact on the mechanical properties of the metal substrate. For instance it degrades 

the fatigue properties of the Ti-alloys under fatigue loading conditions as it becomes prone to 

surface crack initiation [89]. The interstitial O atoms induce a strongly asymmetrical strain 

distribution that approaches tetragonality for concentrations above 12 at% O [135]. This 

asymmetrical strain field interacts strongly with the stress field of both screw and edge 

dislocations. Accordingly, the dissolved O impedes cross-slip of dislocations at low temperatures 

and lowers the temperatures at which transition between wavy and planar glide of dislocations 

occurs. This transition is also attributed to the short range ordering tendency in dilute Ti-O solid 

solutions [123]. It should be mentioned that upon large concentrations, random distribution of O 

atoms in octahedral sites is replaced by a new arrangement which occupies every second layer of 

octahedral interstices in a direction normal to the c-axis and long range ordering takes place [4]. 

The dependence of the degree of oxygen solubility is largely electronic in nature and changes as a 

function of electron/atom ratio (e/a). If the e/a ratio exceeds 5.75, e.g., by the addition of alloying 

elements, a decrease in oxygen solid solubility is obtained whereas for the ratios below this critical 

value, increased solubility for oxygen is expected [70]. 

In order to measure the quantity of dissolved oxygen in a metal, the diffusion coefficient 

and its dependency on solute concentration must be evaluated. The diffusion equation for a semi-

infinite solid with constant composition at the surface (see Eq. 2.19) [136] requires modification 

in order to account for composition variation and formation of the oxide scale on the surface with 

the passage of time. 

Eq. 2.19  0

0

1
2s

c c xerf
c c Dt

−  = −  −  
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where c is the concentration of oxygen at the distance x and time t, c0 is the bulk concentration of 

O, cs is the concentration at the surface and D is the diffusion coefficient. Pemsler modified the 

equation derived by Wagner which considers the simultaneous oxygen dissolution in the metal 

substrate and the formation of a compact oxide layer on the surface (assuming the parabolic growth 

rate) [137]. Equation 2.20 gives the total quantity of dissolved O in the infinite metal substrate: 

Eq. 2.20 
2exp ( / 4 )2

 erfc( / 2 ) 2s
s Dt sM c Dt
s Dt Dtπ

−
= −  

where s is the distance between the initial metal surface and metal/oxide interface. 

The diffusivity of O in Ti has been investigated by several researcher across the 

temperature range for both the α and β phases. Some of the reported results are listed in Table 2.3. 
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Table 2.3 Diffusion coefficients of O in α and β titanium. 

 

 Effect of Alloying Elements on the Oxidation Performance of Ti 

In order to discuss the influence of alloying elements on the oxidation performance of Ti 

it is necessary to consider the following: stabilizing effect (α or β stabilizer) of the element(s), 

diffusion rate of the element(s) in Ti, the incorporation of the element(s) into the oxide scale and 

the variation of partition coefficient of the element(s) between the existing phases in the presence 

of O. Some alloying elements directly contribute to the oxide formation (e.g. Al, Si). These 

elements can improve the oxidation resistance depending upon the type of the oxide and its relative 

thermal stability compared TiO2. Unlike n-type oxides, the outward migration of metal ions is 

induced by the presence of p-type oxide (e.g. Al2O3) which improves the crack healing capacity 

and is beneficial where the predominant oxidation mechanism is inward migration of O ions [31, 

139-142].  

A majority of the β stabilizing elements do not form oxides in the presence of Ti due to 

selective oxidation but can effectively alter the oxidation rate via the modification of the metal 

Phase Diffusion Coefficient D (cm2/s) Temperature (°C) Ref. 

α 0.778 exp(-48,600/RT) 932 - 1142 [16] 

α 0.5 exp(-51,000/RT) 800 - 1000 [14] 

α 50 exp(-57,600/RT) 593 – 760 [19] 

α 0.45 exp[-(200±30)×103/RT] 460 – 700 [11] 

α 5.08×10-3 exp(-33,500/RT) 700 – 1500 [138] 

β 3.30×102 exp(-58,800/RT) 932 – 1142 [16] 

β 3.14×104 exp(-68,700/RT) 700 - 1500 [138] 
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substrate and TiO2. The overall solubility of O in Ti is reduced in the presence of slow diffusing β 

stabilizers such as Nb, Ta, Mo and W since oxygen saturation of Ti is accompanied by strong 

rejection of these elements from α phase.  On the other hand, these elements when present as ions 

with a valency (i.e. 5+) greater compared to Ti4+, decrease the oxygen vacancy which is the 

predominant TiO2 disorder in service condition. Substitution of these higher valency ions lower 

the inward flux of oxygen ions and in turn improve the oxidation rate [1, 143-147]. High 

temperature oxidation resistant Ti alloys, e.g. Beta 21S, are developed based on the 

abovementioned effects [148]. Vanadium, a commonly used β stabilizing element, has proven to 

have deleterious effect on the oxidation resistance of Ti [37]. 

In the case of ternary or higher order Ti-based systems synergistic effect of the alloying 

elements on the total oxidation reaction can be more complex which has led to contradictory results 

in the literature. For instance Shamblen et al. [121] suggested that Ti alloys with lower 

concentration of substitutional alloying elements show lower rate of oxygen ingress. In another 

case, the effect of Nb on the oxidation performance of Ti-Al system was studied by Roy at al. and 

they reported an increase in the total weight gain as a result of alloying with Nb, while the scaling 

rate decreased [149]. 

There has been extensive studies of the role of alloying elements on the oxidation resistant 

of commercially available Ti alloys [25, 143, 150-153]. For instance, according to Shida and 

Anada [154] the alloying elements can be classified into three groups based upon their influence 

on the oxidation performance of Ti-Al alloys:  

1) Detrimental elements; V, Cr, Mn, Pd, Pt, and Cu 

2) Neutral elements: Y, Zr, Hf, Ta, Fe, Co, Ni, Ag, Au and Sn 

3) Beneficial elements: Nb, Mo, W, Si, Al, C, and B 
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 Ordering in Ti-O System: 

The ordering transformation as a result of extensive dissolution of interstitial O atoms in 

the metal substrate during high temperature oxidation metals was explained in section 2.1.6.1. 

Using X-ray diffraction, Anderson at al. [8] measured the lattice parameter changes of the Ti as a 

function of dissolved oxygen content and observed ordering phase transformation in TiO solid 

solution. Figure 2.31 shows that c-axes in α Ti crystal structure follows a continuous ascending 

trend with increase in O content, though the rate of increase drops at about 35 at% O. This 

corresponds well to the composition at which the plot of a-axis versus O concentration experiences 

a peak. They attributed these observations to the site occupancy of interstitial oxygen atoms in 

octahedral sites. Below ~35 at% oxygen atoms are randomly distributed but further dissolution of 

oxygen in the metal results in the arrangement of these atoms in every second layer of octahedral 

interstices normal to the c-axis. Above the critical concentration the excess oxygen atoms will 

again occupy random octahedral sites and the resulting structure is partially ordered [8, 76]. 
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Fig. 2.31 The variation of α titanium lattice constants as a function of oxygen content [76]. 

 

2.3 Use of the LENS™ Technology 

Systematic studies such as the present work require utilization of rapid prototyping tools 

to conduct the study in an efficient manner as it was presented as a primary motivation in chapter 

one. One technique, laser engineered net shaping LENS™, is an additive manufacturing approach 

that was developed at Sandia National Laboratories and commercialized by Optomec in 1998. 

LENS™ provides unique capabilities for the rapid production of bulk metallic pieces [155-158]. 

The LENS™ system comprises a heat source, a glove box with controlled atmosphere, a computer-

controlled motorized stage and a powder delivery unit. 
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 Near Net Shaping Process 

A high-energy continuous-wavelengths Neodymium doped Yittria Alumina Garnet 

(Nd:YAG) solid state laser with a wavelength of 1.064 µm and capable of delivering several 

hundred Watts of power is the energy source used in the LENS™ system. The laser beam is 

focused onto the substrate by a plano-convex objective lens and creates a small melt pool into 

which the fluidized powder is fed, melted, and intermixed [157-159]. Figure 2.32 (a) depicts a 

schematic representation of the LENS™ system and Fig. 2.32 (b) shows the deposition head as 

well as deposited 0.4” diameter cylinders. The focal point of the laser is adjusted in such way that 

it is coincident with the point where powder streams directed by four converging copper nozzles 

intersect. The focused beam diameter varies between 500 to 650 µm depending on the laser power 

[157].  

 

 

(a) 
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Fig. 2.32 a) Schematic representation of LENS™ process [160] and b) the image of the head and the 
deposited objects.  

A design file (e.g., a CAD file) is sliced and converted into a tool path for the line-by-line 

and layer-by-layer additive deposition in the LENS™ process. A substrate is fixed onto the 

computer-controlled motorized stage which moves relative to the laser in the x-y plane. As the 

line-by-line motion proceeds, the small localized melt-pool solidifies very quickly and a layer of 

material is created with finite thickness. After the deposition of each layer the deposition head 

(containing both the focusing lens and powder nozzles) is incremented upward and the deposition 

of the next layer starts [157, 161]. The motion of the stage in 2D (±x, ±y) and the deposition head 

in the 3rd dimension (-z) produces three-dimensional near-net-shape metallic pieces. Deposition 

takes place in a controlled-atmosphere glove box containing, nominally, less than 20 ppm oxygen 

and the laser beam is delivered through a window located on top of the box [162, 163]. 

The powder delivery system consists of two independently controlled powder feeders 

which deliver the powder using a flow of Ar gas. This allows the flexibility to use blend of 

mechanically mixed elemental powders instead of costly pre-alloyed powders which is a major 

(b) 
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advantage of this technique. Another unique capability offered by LENS™ is that the multiple 

powder feed units can be programed for incremental feed rate changes during deposition process, 

thus building of compositionally graded metallic specimens. A variety of metals and alloys 

including Ti-based alloys and superalloys have been successfully deposited using this technique 

LENS™ [41, 158, 164, 165]. 

 

 Energy Considerations in the LENS™ Process 

There are critical energy considerations associated with deposition of metal powders by 

focused laser in LENS™ process including: the amount of energy loss due to the interaction of the 

beam with the powder cloud, the enthalpy of mixing (when there is a blend of elemental powders) 

and heat dissipation through the substrate [166-168]. According to Gedda [166], only 50% of the 

incoming power is absorbed by the process and most of the energy loss is caused by reflection of 

the laser beam off the workpiece and injected powder particles. 

2.3.2.1 Metallic Reflectivity 

Reflectivity itself is a function of laser wavelength and increases for higher wavelengths. 

The reflectivity of Ti and some of its common alloying elements are plotted against the wavelength 

in Fig. 2.33 (a-d) which show that elemental Al accounts for a considerable energy loss as it can 

reflect more than 95% of input energy while Ti, Mo and V couple well with the laser allowing a 

relatively large fraction of the input energy to be absorbed into the particles and converted to the 

heat. These types of information are critical to calculate the energy input required for deposition 

of a particular metal system. 
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Fig. 2.33 Plots of reflectivity versus wavelength for Ti, Al, V and Mo [32]. 

 

2.3.2.2 The Energy Input and the Enthalpy of Mixing 

The energy input is an important parameter in the LENS™ process which is a function of 

several processing variables including: laser power, hatch spacing, layer spacing and vector speed. 

Equation 2.21 describes how these parameters affect the total energy density 

Eq. 2.21 3L
eng

ls ls l

Pρ =      MJ/in
1,000,000 × T  × T  × V

 

where ρeng represents the energy density, PL is the laser power in Watts, Tls is layer spacing, Ths is 

hatch spacing and Vl is velocity of the laser (i.e. vector speed). The employed energy density has 
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impact on the mechanical properties of the LENS™ deposited materials. There is a critical energy 

density above which the mechanical properties of the material are comparable to those of 

conventionally processed (e.g. forged) [32, 169]. 

An important aspect of in-situ alloying of blended elemental powders by LENS™ is the 

enthalpy of combination of the elements.  One must carefully consider the amount of energy 

released (exothermic) or absorbed (endothermic) during the mixing. Collins at al. studied the 

influence of the enthalpy of mixing on the microstructure and the critical energy density of some 

LENS™ deposited complex Ti-based systems [167]. They deposited Timetal 21S using both pre-

alloyed powders and blend of elemental powders and compare the results with modified Timetal 

21S (Cr substituted for Mo). They concluded that the required energy input for deposition of 

Timetal 21S from elemental blends with reasonable homogeneity, 6.5 kJ/in3, is significantly higher 

than that of pre-alloyed powder, 3.0-4.0 kJ/in3. It was also demonstrated that substitution of Cr for 

Mo, in LENS deposited Timetal 21S from elemental powders, decreases the critical energy density 

to 3.0 kJ/in3, arising from the large difference in the enthalpy of mixing with Ti (-16 kJ/mol for 

Mo and -38 kJ/mol for Cr) [167, 170]. Figure 2.34 (a,b) clearly show the difference in homogeneity 

of the LENS deposited Timetal 21S and its modified form, both with energy input of 4.5 kJ/in3. 

 

Fig. 2.34 The LENS™ deposited a) Timetal 21S and b) Cr modified Timetal 21S deposited with the energy 
input of 4.5 kJ/in3 [32]. 

 The enthalpy of mixing with Ti for several alloying elements are given in table 2.4. 
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Table 2.4 Enthalpy of mixing with Ti for some of the alloying elements [170]. 

Element ∆Hmix (kJ/mol) 

Al -135 

Cr -38 

Cu -78 

Fe -82 

Mo -16 

Nb +9 

Si -222 

Sn -101 

V -9 

W -25 

Zr -0 

 

A combination of various parameters such as reflectivity, individual melting points of 

elements, the enthalpies of fusion and mixing determine the homogeneity of the LENS™ deposited 

material. Consider, for example, the alloying of Ti with Al using LENS™, although Al does not 

couple well with the laser due to its high reflectivity, the enthalpy of mixing between the Ti and 

Al is fairly high compared to other commonly used alloying elements which provides additional 

energy and heat for the reaction. 

The LENS™ technology has been exploited to study composition-microstructure-property 

relationship in Ti-alloys by Collins. The work presents a fairly complete literature review and 

assessment of different aspects of the LENS™ process [32]. 
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 Composition Gradients 

As mentioned earlier, the deposition of bulk compositionally graded materials is an 

advantage that LENS™ technology offers owing to the flexibility in using both pre-alloyed and 

blended elemental powders. This capability is achieved using multiple independently controlled 

powder feeders. The flow of powder from the feeder is controlled by an applied voltage to the 

motor controller that runs the feed wheel. The speed of the feed wheels (in rpm) is then translated 

into mass flow rate of powder (in gr/min). Control of the composition is based on the idea of 

sudden changes in the proportion of flow rates from each powder feeder (loaded with certain blend 

elemental powders), while maintaining the same total mass flow rate. In this fashion, every n layers 

are deposited with a nominally identical composition. 

A whole range of composition can be embedded within a one-inch long compositionally 

graded specimen which has tremendous potential for combinatorial materials science studies. 

Figure 2.35 schematically shows an example of composition gradient in a LENS™ deposited 

graded Ti-xMo specimen (0 ≤ x ≤ 7 wt% Mo).  

 

Fig. 2.35 Schematic of a compositionally graded Ti-xMo specimen. 

 The LENS™ is a suitable tool for assessment of composition-microstructure-property 

relationships as a building block of alloy development [32, 39]. There is also the potential to use 

this additive manufacturing technique to produce functionally graded materials in applications 
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where different mechanical properties are desired in different locations of a single part such as 

turbine blades [38].  

 

2.4 Physical Metallurgy of Titanium 

 Introduction 

Titanium and its alloys are found attractive for numerous applications in aviation industry, 

marine, biomedical devices and chemical processing equipment owing to a unique combination of 

properties including: high specific strength (strength/weight ratio), superior corrosion and 

oxidation resistance in low and intermediate temperature and aggressive environments and good 

fracture toughness [1, 37].  

As of 2014, the aerospace applications account for 40% of the total Ti market. Figure 2.36 

demonstrate that this amount represents 12% of all the materials used in air frames [171].  

 

Fig. 2.36 Pie charts showing the aerospace Ti usage [171]. 

The relatively high cost of Ti compared to other competing materials (i.e. steels and Al) is 

balanced wherever Ti is substituted. For instance in air frames, considerable weight savings have 

been achieved when steels are replaced by Ti-based alloys. Furthermore, in applications where 

volume constraints limit the part size, Ti-based alloys effectively replace Al (the dominating 

material in aerospace industry). Use of Ti also lowers the life cycle cost of parts [1, 3]. High 



 

63 

reactivity of Ti with oxygen leads to the formation of an oxide scale when Ti is exposed to air. 

This thermodynamically stable and adherent oxide scale does not exceed few nm in thickness (at 

low temperatures) and is the key factor to the excellent corrosion resistance of Ti [83, 84].  Table 

2.5 compares some of the important characteristics of Ti and Ti-alloys with Fe-, Ni- and Al-based 

structural materials.  

Table 2.5 Comparison between the important characteristics of structural alloys based on Ti, Fe, Ni and Al [1].  

 

There are also major drawbacks which limit the use of this metal including: poor 

tribological performance (e.g. severe adhesive wear, high and unstable friction coefficient and 

susceptibility to fretting wear) [172] and loss of properties beyond 550 °C. Substantial degradation 

of ductility and fatigue strength caused by α case formation and concerns about ignition have 

restricted the operating temperature of Ti alloys. Yet, despite such generalities, there are some 

titanium alloys available that can operate at higher temperatures for example, Timetal 21S, burn 

resistant alloys, Timetal 1100 and IMI 834 [148, 173-177]. 

 

 Phases of Titanium 

Unalloyed Ti exhibits an allotropic phase transformation when the temperature reaches 

882.5 °C [178]. The hexagonal close-packed crustal structure of Ti (i.e. α phase) transforms to a 
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body-centered cubic structure (i.e. β phase). Figure 2.37 (a,b) illustrate the unit cells, close pack 

planes and lattice parameters of α and β phases [1, 37]. 

 

Fig. 2.37 Unit cell of a) α and b) β phase [1]. 

The stability of the two phases is highly sensitive to the alloying elements added to Ti 

based on which, two major groups are considered. Elements that increase the allotropic 

transformation temperature and stabilize the α phase at higher temperatures are named α 

stabilizers (e.g. Al and O). In contrast the elements with decreasing effect on the phase 

transformation temperature are known as β stabilizers (e.g. Mo, V, Cr, W). The transition metals 

are generally classified as β stabilizers.  

 Classification of Alloying Elements in Titanium 

The relative stabilizing effects of alloying elements are discussed from both electronic and 

thermodynamic standpoints [37, 179-181]. Accordingly, the alloying elements in titanium are 

classified into two major categories i.e. α -stabilizers and β-stabilizers. The two major classes are 

also divided to subgroups based upon the degree of stabilization and the type of the invariant phase 

transformation observed in the binary phase diagram [178, 182, 183]: 

α stabilizers: 

(a) (b) 
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i. Limited solubility in α phase (e.g. B, C, Al) with peritectoid decomposition of α 

into β and a compound.  

ii. Complete solubility in α phase (e.g. O, N) that extend the α phase field to the liquid 

phase 

β stabilizers: 

i. β-isomorphous elements with extensive solubility in β phase and low α solubility 

(e.g. Mo, Ta) 

ii. β-isomorphous elements with complete solubility in both α and β (e.g. Zr, Hf) 

iii. β-eutectoid elements with limited solubility in β. According to the kinetics of 

eutectoid decomposition (β → α + compound) they are subdivided to rapid (e.g. 

Cu, Ni) and sluggish (e.g. Cr, Fe) β-eutectoid elements.   

Classification scheme of the alloying elements and their binary phase diagram with Ti is 

shown in Figure 2.38.  
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Fig. 2.38 Classification scheme of Ti alloying elements and their binary phase diagrams [178].  

 



 

67 

 Alloy Classification 

Commercial Ti alloys are classified into three major groups: α alloys, β alloys and α+β 

alloys based upon their composition which dictates the predominant existing room temperature 

phases. The latter group can be further divided into near α and near β alloys. Some of the important 

commercial Ti alloys are listed in Table 2.6. 

 The composition intervals across which the above mentioned classes can exist are shown 

in a psudo-binary section of a β-isomorphous system (see Fig. 2.39). It should be noted that the 

abovementioned classification of Ti alloys is not invariably rigid and the alloy families can overlap 

[3].  

2.4.4.1 α and Near-α Titanium Alloys 

This class of Ti alloys include the commercially pure grades of titanium (that contain impurities 

such as Fe, O) and alloys which contain a certain amount of α stabilizer (e.g. Al and Sn). Minor 

addition of β-stabilizers such as Mo and V in some of the α alloys improves the processing 

characteristics and allows for better manipulation of the microstructure since the main 

characteristic of this class is the lack of heat treatment response. Normally, α alloys contain 2-5 

Vol% β phase which is helpful controlling the grain size of α during recrystallization.  The yield 

strength of CP titanium alloys ranges between 170-480 MPa which is comparable to that of 

annealed 300 stainless steel series with 40% density reduction. These alloys are designed for high 

temperature applications as they show good properties retention and good creep resistant [1, 3, 

37]. 
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Table 2.6 Some of the important commercial Ti alloys [1, 37]. 

Common Name Alloy Composition 

α Alloys and CP Titanium 

Grade 1 CP-Ti (0.2Fe, 0.18O) 

Grade 2 CP-Ti (0.3Fe, 0.25O) 

Grade 3 CP-Ti (0.3Fe, 0.35O) 

Grade 4 CP-Ti (0.5Fe, 0.40O) 

Grade 7 Ti-0.2Pd 

Grade 12 Ti-0.3Mo-0.8Ni 

Ti-5-2.5 Ti-5Al-2.5Sn 

Ti-3-2.5 Ti-3Al-2.5V 

Near α Alloys 

Ti-811 Ti-8Al-1V-1Mo 

Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si 

α+β Alloys 

IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si 

IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C 

Ti-6-4 Ti-6Al-4V (0.20O) 

Ti-6-4 ELI Ti-6Al-4V (0.13O) 

Ti-662 Ti-6Al-6V-2Sn 

IMI 550 Ti-4Al-2Sn-4Mo-0.5Si 

Near β Alloys 

Ti-6246 Ti-6Al-2Sn-4Zr-6Mo 

Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr 

Ti-10-2-3 Ti-10V-2Fe-3Al 

β Alloys 

SP-700 Ti-4.5Al-3V-2Mo-2Fe 

Beta-CEZ Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe 

Beta 21S Ti-15Mo-2.7Nb-3Al-0.2Si 

Ti-LCB Ti-4.5Fe-6.8Mo-1.5Al 

Ti-15-3 Ti-15V-3Cr-3Al-3Sn 

Beta C Ti-3Al-8V-6Cr-4Mo-4Zr 

B120VCA Ti-13V-11Cr-3Al 
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Fig. 2.39 Pseduo-binary β-isomorphous phase diagram [1]. 

 

2.4.4.2 α + β Titanium Alloys 

The group of α+β alloys contain a larger proportion of β phase in the microstructure while 

they are is still α phase for the most part and exhibit martensitic phase transformation when 

quenched from above β transus temperatures to temperatures below Ms [1, 37]. These alloys show 

higher strength and wider processing windows compared to α alloys and are designed for 

applications below ~400 °C. The higher contents of β stabilizing elements in this group increase 

the hardenability while lower concentrations favor weldability. In the heat resistant α+β Ti alloys 

the content of β stabilizers is kept low to avoid metallurgical instability (lowering of β transus) 

and the “equivalent-Al” content does not exceed ~9 wt% (the critical level for the formation of 

Ti3Al) [37, 184]. Solution heat treatment is normally carried out just below β transus temperature 

in α+β group which allows to establish hardenability [3]. 

Among α+β Ti alloys, Ti-6Al-4V is considered an all-purpose alloy and the workhorse 

alloy of the Ti industry. About 60% of the total production of Ti is belongs to Ti-6Al-4V and this 
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percentage raises to 80-90% in the case of Ti alloys used in airframes. Various microstructures can 

be obtained through different thermo-mechanical processing in α+β Ti alloys as it is shown in Fig. 

2.40 for a Ti-6Al-4V alloy. 

 

Fig. 2.40 Backscattered electron micrographs from a) β-processed and b) α+β processed Ti-6Al-4V [185]. 

 

2.4.4.3 β Titanium Alloys 

Titanium alloys which retain 100% of the β phase upon quenching from above β transus 

temperature are considered as β Ti alloy1 [3]. These alloys which contain higher levels of β 

stabilizing elements can be heat treated to a broad range of strengths. Further, it is possible to 

achieve a wide range of desired strength/fracture toughness. Some of these alloys such as Beta-C 

show excellent fatigue properties while in others e.g. Ti-10-2-3 strength is favored over fatigue 

properties. Weldability of these class of Ti alloys is moderate and electron beam welding is 

recommended, though precautions must be taken. The cold rolling capability of these alloys offer 

fabrication advantages compared to other types. As in the case of α+β Ti alloys prior processing 

                                                           
1 This criteria for beta Ti alloys is however not fully agreed upon. 
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is not required to obtain a given microstructure since the solution heat treatment for most of these 

alloys is carried out above β transus temperature [1, 3, 37]. 

These alloys are metastable as they are located in α+β two phase field. Among β Ti alloys 

Beta-21S shows improved high temperature performance including: good oxidation and corrosion 

resistance and creep properties despite being metastable. It was designed by Timet to be an 

oxidation resistance and strip producible titanium alloy, as well as a candidate for metal matrix 

composite structures. Its operating temperature is in the range of 480-565 °C, but it is also used at 

650 °C for short periods. It is the only Ti alloys immune to corrosive media created by hot 

hydraulic fluid, thus it can be used in nacelle and axillary power unit (APU) areas in airframes [1, 

3]. 

 

 Aluminum and Molybdenum Equivalency 

Aluminum is a commonly used α stabilizing element in commercial Ti alloys and 

considered as a strong α stabilizer. Accordingly the α stabilizing effect exerted by other α 

stabilizers such as O and Sn is compared against Al. This approach is helpful for simplification of 

Ti alloying behavior, in complex multicomponent systems, on the basis of simple binary Ti-X 

components [1, 37]. The following equation was established by Resenberg [186]: 

Eq. 2.22 [ ] [ ] [ ] [ ] [ ]eq.
Al = Al  + 0.17 Zr  + 0.33 Sn  + 10 O  

 It should be noted that, in this equation, Zr is considered as an α stabilizing element 

systems due to the chemical similarity with Ti and chance of substituting for Ti that adds to its α 

stabilizing effect in multicomponent systems [37]. 
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For the case of β stabilizes, the stabilizing strength is gauged by the rate at which elements 

suppress martensite formation (by lowering the Ms) and retain β phase upon cooling from above 

β transus temperature. Equation 2.33 was proposed for quantitative description of equivalency of 

β stabilizing elements relative to Mo as a canonical β stabilizer [1, 37, 178]. 

Eq. 2.23 [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ]

eq.
Mo = Mo  + 0.2 Ta  + 0.28 Nb  + 0.4 W  + 0.67 V  + 

     1.25 Cr  + 1.25 Ni  + 1.7 Mn  + 1.7 Co  + 2.5 Fe
 

 Binary Ti-X Systems 

In this section the fundamental phase transformation aspects as well as the existing phases 

of some binary Ti-X systems are discussed. The selected systems are the focus of this thesis for 

oxidation studies.  

2.4.6.1 Ti-Al System 

Aluminum is an α stabilizing element that is used in the majority of commercial Ti alloys. 

Aluminum is also the most effective element with regard to the improvement in high temperature 

oxidation performance of Ti via formation of Al2O3 which is more stable with less disorder 

compared to TiO2 [2]. Fig 2.41 shows the equilibrium phase diagram for the binary Ti-Al system.  
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Fig. 2.41 The Ti-Al phase diagram [146, 187]. 

Some of the equilibrium solid phases in Ti-Al system are: 

• bcc (A2) β-Ti solid solution 

• hcp (A3) α-Ti solid solution 

• Ordered DO19 Ti3Al (a2) 

• Ordered L10 TiAl (γ) 

• Ordered B2 TiAl (β2) 

• Ordered D022 TiAl3 

The unit cells of the relevant ordered phases are displayed in Fig 2.42. 
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Fig. 2.42 The unit cell of the ordered phases in Ti-Al system [187]. 

The metastable martensitic phase, α’, with hcp crystal structure also forms in this system 

upon rapid cooling from high temperature β phase. The α stabilizing effect of Al increases 

martensite-start temperature (Ms) of Ti thus, formation of α’ martensite cannot be suppressed in 

Ti-Al system and a massive martensite morphology is adopted upon quenching [1, 183]. As an 

example, Jepson at al. reported that the Ms for a Ti-2.9Al alloy is 918 °C while addition of Al up 

to 9 wt% increases Ms to 1015 °C [188]. 

High performance structural materials based on intermetallic compounds of Ti-Al system 

have been of interest since early 1970’s [189]. The ordered phases TiAl (γ) and Ti3Al (α2) form 

the basis of titanium aluminides and show great potential for high temperature applications far 

beyond the temperature capability of commercial Ti alloys, due to their high order-disorder 

transformation temperatures (1100 °C for Ti3Al and 1450 °C for TiAl) [1, 37].  

According to Lütjering and Williams for Al contents above 5 wt%, hardening of α phase 

via precipitation of coherent Ti3Al phase is expected while Rosenberg reported that the 

“equivalent-Al” should be kept below 9 wt% to avoid Ti3Al formation [184]. Addition of elements 
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such as O and Sn stabilize the Ti3Al phase. Figure 2.42 (a) presents the specific strength versus 

operating temperature range of Ti-aluminides compared to Al alloys, Carbon Fiber Reinforced 

Polymers (CFRP), Steels and superalloys. The superior oxidation resistance of Ti-aluminides 

based on Ti3Al and TiAl is shown in Fig. 2.43(b) where the weight gain by addition of oxygen, 

both due to oxide formation and oxygen ingress, is significantly reduced as the Al content of Ti 

alloy is raised. 

  

Fig. 2.43 a) Specific strength versus temperature for several structural materials [2]. b) Oxidation 
performance of near-α alloys compared to Ti-aluminides based on weight gain over time at 800 °C [190-

193]. 

Similar to Ti alloys, a variety of distinctive microstructures can be obtained via tailoring 

the thermal processing of Ti-aluminides including lamellar, duplex and Widmanstätten 

microstructures. Figure 2.44(a-c) show different two-phase microstructures based on Ti-Al 

system. 

 

Fig. 2.44 a) A Ti-37 at% Al alloy after 48 hr annealing at 1250 °C, b) a Ti-44 at% Al after 168 hr annealing 
at 1200 °C and c) a Ti-24 at% Al annealed for 240 hr at 1100 °C [187]. 
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2.4.6.2 Ti-Mo System 

Molybdenum is a strong β stabilizer which is frequently used as an important constituent 

in titanium alloys designed to operate at elevated temperatures such as Beta-21S and Ti6242 [1]. 

Fig 2.45 shows Ti-Mo equilibrium phase diagram. 

 

Fig. 2.45 The Ti-Mo phase diagram [146]. 

The bcc phase (β-Ti, Mo) shows complete miscibility across the composition range at 

above allotropic transformation temperatures (882 °C). The solubility of Mo in α -Ti however is 

restricted to the maximum of 0.8 wt%. The Ti-Mo system exhibits a monotectoid reaction at high 

Mo concentrations (~ 40 wt%) upon which the β phase is separated into solute-lean and solute-

rich phases referred to as β1 and β2 respectively. Figure 2.45 illustrates a pseudo-binary phase 

diagram for Ti-X systems, where X represents a β-monotectoid element such as Mo. The 

metastable phases that can form in Ti-Mo system are: hcp α’ martensite, orthorhombic α” 

martensite, hexagonal ω (both athermal and thermal). The dashed lines in Fig. 2.46 are the 
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metastable phase boundaries, while the solid lines represent the equilibrium phase boundaries [1, 

37, 146, 194]. 

 

Fig. 2.46 The pseudo-binary phase diagram for a β-isomorphous (monotectoid) Ti-based binary system 
[194]. 

The presence of these metastable phases in the microstructure is a function of composition, 

thermal and mechanical processing history of the material. The α’ phase which is generally 

dislocated, forms when solute lean Ti-Mo alloys (Mo ≤ 6 wt% Mo) are rapidly cooled from high 

temperature β phase. With increase in the concentration of Mo up to ~8 wt% the α’ martensite is 

replaced by α” martensite [37]. The formation of the orthorhombic martensite can also take place 

by application of external forces, known as stress induced martensite [195]. 

When the concentration of Mo exceeds ~8 wt%, the martensitic shear transformation is 

inhibited by a competing shuffle mechanism, upon quenching. Formation of martensitic phases is 

consequently suppressed and a different type of metastable phase i.e. athermal ω, appears in the 

form of nano-size precipitates in β matrix [32, 37]. Unlike martensitic phases, isothermal ω phase 

can also form during aging in the temperature range of 100-500 °C. Shown in Fig. 2.47 (a-c) are 

the dark-field TEM image, selected area diffraction (SAD) pattern and 3-D atom probe 
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reconstruction obtained from a Ti-18 wt% Mo alloy which is solutionized (1000 °C/30 min) and 

subsequently aged (475 °C/30 min) [196]. Presence of ellipsoidal ω particles is in the β matrix is 

captured in 2D and 3D images. 

 

Fig. 2.47 a) Dark-field TEM micrograph with SAD pattern as inset. b,c) The 3-DAP reconstruction of the 
same sample [196]. 

2.4.6.3 Ti-Cr System 

Chromium is a β-eutectoid element and a principal component in some metastable β Ti 

alloys (i.e., the burn-resistant alloys). The binary Ti-Cr phase diagram is shown in Fig. 2.48. 

Among the equilibrium solid phases are: α-Ti, β-Ti and polymorphic TiCr2 which is a 

topologically close packed (TCP) intermetallic phase. There exist three modifications of this Laves 

phase: α-TiCr2 (C15), β-TiCr2 (C36) and γ-TiCr2 (C14) [146, 197].  
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Fig. 2.48 Equilibrium Ti-Cr phase diagram [146].  

The equilibrium eutectoid reaction in the Ti-Cr system is βTi → αTi + TiCr2. Therefore, 

the precipitation of the TiCr2 phase is expected at temperatures below eutectoid temperature (667 

°C). However, due to the sluggish nature of this reaction, the formation of the intermetallic phase 

is not observed in conventional Ti alloys with Cr levels below 5 wt% at service temperatures [1, 

146, 198]. It has been reported that the presence of interstitial elements such as O increases the β 

decomposition rate in this system [178]. The formation of the TiCr2 phase is accompanied by 

substantial loss in ductility, thus, the precipitation of this phase in commercial alloys is not desired 

[1].  It should be noted that oxidation resistance of this phase is significantly higher than that of 

Ti. 

In contrast to other common β stabilizing elements, α’ is the only martensitic phase that 

forms in Ti-Cr system upon rapid cooling from temperatures above the β transus and formation of 

α” has not been observed in this system [199-201]. Athermal ω substitutes for α’ when the 
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concentration of Cr exceeds 6-7 wt% and 100% β retention is obtained for Cr contents > 11-13 

wt% [37, 201]. 

At high concentrations of Cr, a phase separation reaction takes place in Ti-Cr system where 

β phase is spinodaly decomposed to Cr solute-lean β1 and solute-rich β2. The formation of this 

miscibility gap is considered as a transition reaction as it occurs prior to the precipitation of both 

ω and α phases from the β matrix [165, 200, 202]. Fig. 2.49 is a dark-field TEM image showing 

the presence of solute-rich precipitates in a Ti-15Cr alloy as a result of phase separation at 450 °C.   

 

Fig. 2.49 Dark-field image illustrating the occurrence of phase separation in a Ti-15Cr alloy after 30 min at 
450 °C [200].  

2.4.6.4 Ti-W System 

Tungsten is a β-isomorphous (monotectoid) alloying element and is not an additive to any 

of the important technical Ti-based alloys primarily due to its exceptionally high density. In 

addition, it is difficult to prepare W containing Ti-based alloys by typical technique e.g. 

segregation issues in casting or partial reaction in powder metallurgy [203]. The binary Ti-W phase 

diagram is shown in Figure 2.50. Similar to Ti-Mo system, W shows complete solubility in high 

temperature β phase and a miscibility gap appears at high concentration of W [204].  
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Fig. 2.50 The equilibrium phase diagram for Ti-W system [204-206]. 

It is reported that W improves the tribological properties of Ti as it increases the wear 

resistant [203]. The work by Frary et. al. showed that W can be a potential reinforcing phase in Ti-

matrix composites where high reactivity of Ti with most of the ceramics has limited their use as 

the reinforcing phase [207]. Radio opacity of tungsten and its impact on mechanical properties of 

Ti has made this element attractive for investigations with emphasize on biomedical applications 

[207, 208].   

Both martensitic phases, hexagonal α’ (< 8 wt%) and orthorhombic α”, form in Ti-W 

system upon rapid cooling from above β transus temperature [209]. The martensite curves for 

various β stabilizing elements, including Cr, Mo and W, are presented in Fig. 2.51. 
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Fig. 2.51 Martensite curves for various β stabilizing elements [210].  

There is no general agreement on the beginning and ending composition of ω formation in 

this system: according to Collings [183] formation of athermal ω starts when concentration of W 

exceed 23.7 wt% while Bagariatskii et al. reported the concentration of 20 wt% as the onset of ω 

formation. The reported terminal composition of ω formation and 100% β retention also varies, 

and values of 22.4, 25 and 30 wt% have been reported [178, 199, 211]. 
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CHAPTER 3 

3 EXPERIMENTAL METHODS 

3.1 Materials Processing 

 Direct Laser Fabrication Using LENS™   

3.1.1.1 Instrumentation and Processing Parameters 

An Optomec LENS™ 750 at the University of North Texas (see Fig. 3.1) was employed 

for direct laser deposition of compositionally graded specimens using blends of elemental 

powders. In the LENS™ technology a design file (e.g. a CAD file) is sliced and converted to a 

tool path for the line-by-line and layer-by-layer deposition of materials. 

 

Fig. 3.1 The LENS™ 750 system at the University of North Texas. 

Different parts of the LENS™ system are labeled in Fig. 3.1. The laser unit provides the 

required current for the laser cavity mounted on top of the controlled-atmosphere process chamber 
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(glove box) and the generated laser is delivered into the chamber via a beam expander and three 

laser mirrors (see Fig. 3.2). 

 

Fig. 3.2 The laser cavity and laser delivery system on top of the glove box.  

The laser beam is converged using a plano convex objective lens. The turning mirrors must 

be aligned to assure that the expanded laser beam is centered relative to the objective lens. The 

location of the objective lens in the deposition head is then adjusted such way that the focal point 

of both the lens and the four converging delivery nozzles are the same. Figure 3.3. shows the 

schematic of the deposition head and its components.  

The laser power must be measured and calibrated versus the laser lamp current (which can 

be directly controlled by the users in the power unit) since it is required for the calculation of 

energy input. Using a water-cooled power meter the laser power was measured at a position further 

down the beam path than the objective lens for different laser currents and the results are listed in 

table 3.1. It should be noted that the laser power drops by a certain percentage passing each turning 

mirror and objective lens e.g. the highest achievable power after the first turning mirror, second 

turning mirror and the objective lens are 620, 590 and 535 Watts respectively. 
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Fig. 3.3 Schematic of the deposition head and its components. 

The laser power is further reduced as a result of interaction with the powder cloud formed 

above the work piece. This energy loss is a function of both the powder type and powder flow rate 

(i.e. the wheel rpm). Assessment of power loss versus powder flow rate and powder type in 

LENS™ process has been carried out by Collins [32]. In Fig. 3.4(a) the lamp current is plotted 

against power for three different rpms of the same powder, while Fig. 3.4(b) evaluates the effect 

of powder type. 
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Table 3.1 Laser current versus laser power. 

Current (A) Power (Watt)  Current (A) Power (Watt) 

25 10  36 285 

26 35  37 310 

27 60  38 335 

28 85  39 360 

29 110  40 385 

30 135  41 410 

31 160  42 435 

32 185  43 460 

33 210  44 485 

34 235  45 510 

35 260  46 535 

 

 

 

(a) 
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Fig. 3.4 a) Laser power versus lamp current for different wheel speeds and b) power loss versus wheel 
speed for three types of powder [32]. 

Different LENS™ processing parameters were used for deposition of the Ti-based systems 

studied in this thesis. The exposure value for each set of variables was calculated and the results 

are presented in table 3.2. As it was noted in section 2.3.2 the characteristics of the constituent 

metals in each system (e.g. reflectivity and melting point) and the energy considerations during 

mixing dictate the required energy input to obtain a sound (i.e., nominally pore-free) 

compositionally graded specimen. Deposition of all the specimens were carried out on a Ti-6Al-

4V plate with a thickness of 6 mm. 

Table 3.2 Deposition parameters for the Ti-based systems studied in this thesis. 

Specimen Power 
(Watt) 

Hatch Width 
(in) 

Layer spacing 
(in) 

Travel Speed 
(in/min) 

Exposure 
(MJ/in3) 

Ti-Al 385 0.015 0.010 20 7.7 

Ti-Cr 460 0.015 0.010 20 9.2 

Ti-Mo 510 0.015 0.010 20 10.2 

Ti-W 535 0.015 0.010 10 21.4 

 

(b) 
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3.1.1.2 Metal Powders and Compositionally Graded Specimens 

 Powder Description 

The compositionally graded specimens were produced from high-purity elemental metal 

powders of Ti (two types), Al, Cr, Mo and W. Table 3.3 contains information regarding the 

provider, purity level and size of the used powders. It is recommended to use free-flowing powders 

with the particle size in the range of 36-150 µm according Optomec™ in order to avoid non-

uniform flow of powder and the ultimate clogging of the delivery system. Figure 3.5 show the 

secondary electron SEM micrographs recorded from the elemental powders used in this work.  

Table 3.3 The elemental metal powders used in this thesis. 

Powder Purity Source Size 

Ti (1) 99.9% Alfa Aesar -150 mesh 

Ti (2) 99.7% Micron Metals Plasma SG (Sieved to -100 mesh) 

Al 99.8% Micron Metals Plasma SG (Sieved to -140 mesh) 

Cr 99.8% Micron Metals Plasma SG 

Mo 99.8%  Micron Metals -100/+325 mesh 

W 99.9% Micron Metals Plasma SG 
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Fig. 3.5 Secondary electron micrographs of the powders used in this study. 

 Powder Blending, Optimization and Programmed Flow Rates 

In order to deposit compositionally graded specimens the two independently controlled 

powder feeders are loaded with powders of different type or mixture of powders (see Fig. 3.6 (a)). 
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It is necessary to find the optimum total powder flow rate (from both feeders), based on the input 

voltage, for each system considering the variation in size and the shape of the powders. 

Each powder feeder contains a spinning wheel with cavities that carry the powder to a 

narrow stream of career gas passing through the feeder (see Fig. 3.6 (b)). Subsequently the powder 

is fluidized and delivered to the glove box. Flow of powder from the feeders is determined by the 

speed of the wheel which is controlled by the input voltage. 

   

Fig. 3.6 a) The powder feeders installed on the LENS™ system and b) the powder circulating components 
inside the feeders. 

Depending upon the target system, the feeders are loaded with either single composition 

elemental powders or mechanically mixed blends of elemental powders. Once the optimum total 

flow rate is found, the number of layers and the slope of composition gradient are the required 

information for the programming of an automated incremental flow rate change during deposition 

of a compositionally graded specimen. As an example, blending of the powders and calculation of 

the flow rate variation for the production of a Ti-xMo (0 ≤ x ≤ 12 wt%) graded specimen with a 

rectilinear solid whose dimensions are 1.5” × 1” × 0.5” follows below (see Fig. 3.7). 

(a) (b) 



 

91 

 

Fig. 3.7 Schematic of a compositionally graded Ti-xMo specimen. 

The design file is sliced to 100 layers of 0.01” thickness. The total number of layers must 

be divided by the number of composition increments. If the Mo concentration increases in 1 wt% 

increments to the maximum of 12 wt%, then the powder flow rate from the feeders are changed 

by 1/12 of the total flow rate every 8 layers (100/12 ≈ 8). Feeder #1 is loaded with pure Ti powder 

and feeder #2 with Ti-12Mo mechanically mixed elemental powders. It should be noted that the 

powders are mixed on a roller for more than 2 hours prior to loading into the powder feeders. 

Deposition starts with the optimum flow rate (i.e., y) from feeder #1and zero from feeder #2 and 

proceeds for 8 layers. At the beginning of the layer 9, the flow rate from feeder #1 is changed to 

y- 1
12

y and the flow rate from feeder #2 is increased to 1
12

y. Thereafter the feed rates vary with the 

same increments every eight layers. Subsequently the last set of layers are deposited with the 

composition of Ti-12Mo.  

 Achievement of the Target Composition 

Care must be taken with regard to the amount of powder loaded into the feeders and the 

initial alloying element composition in the mechanically mixed blend of powders. The powder 

load in the feeders must be enough to maintain the same proportion between the input voltage (V) 

and powder flow rate (g/min) throughout the deposition. If the work piece starts to under-build 

due to the shortcoming of powder it cannot be recovered and deposition is gradually halted while 
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the over-build deposition is recoverable. In this thesis ~150 g of extra powder was considered as 

the backup for each feeder in addition to the required powder for the actual deposition.  

Another difficulty faced in the deposition of mechanically mixed powders is the gradual 

segregation of the alloying elements due to either large density difference with the base metal or 

the powder shape, regardless of the time spent to mix the powders. As a result, the alloying element 

tend to be either slightly lean or rich in the final deposit. In the case of Mo and W the initial 

concentration in the mixtures was increased by a factor since these elements are reported to be lean 

in the deposited specimen [32, 39]. Considerable efforts need to be expended in order to obtain the 

target compositionally graded specimen considering all the aforementioned difficulties. However, 

as the objective of the approach taken in this thesis is a rapid combinatorial approach rather than 

achieving a fixed composition with a high degree of accuracy and precision, this difficulty is less 

important. 

  

 Arc Melting 

Although LENS™ processing technology provides unique capabilities for the systematic 

assessment, the final deposited material may be prone to artifacts if the processing conditions are 

not controlled properly. One of the potential artifacts is the oxygen contamination during the laser 

deposition. The powders are exposed to ambient air during weight measurement and loading thus 

the trapped air could act as a local source of oxygen, carried from the powder feeder to the melt 

pool, although the process takes place in an Ar atmosphere with less than 20 ppm oxygen 

concentration. 

Some of the observations in this thesis are novel and have not been previously reported in 

the literature. In order to compare the results observed with conventionally prepared and high-
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purity material, and thus assess the repeatability of the results some of the selected compositions 

were produced in an Arcast™ Arc 200 vacuum with a water-cooled Cu crucible using high purity 

elemental slugs. The melting chamber is vacuumed to 3*10-4 torr and back-filled with Ar to 10-1 

torr before the arc is struck using a consumable W electrode. The solidified and cooled samples 

were inverted and remelted multiple times to increase the homogeneity. 

 

 Electro-Discharge Machining and Diamond Saw 

The LENS™ deposited specimens were removed from the substrate using a Mitsubishi FX 

10 Wire Electric Discharge Machine (EDM). An intense electric field created between the 0.15 

mm diameter brass wire and the work piece rises the temperature and melts a small amount of both 

simultaneously. The traveling wire is being fed constantly, therefore promoting cutting through 

the sample. 

The compositionally graded specimens were sectioned longitudinally into several 2 mm 

thick coupons using an Allied TechCut 5™ high speed saw with 0.015” thick diamond wafering 

blade. This would allow nominally identical composition gradients to be assessed for every test. 

3.2 Heat Treatments and Oxidation Tests 

 Solution Heat Treatment 

Prior to the oxidation tests all the specimens were subject to solution heat treatment above 

β transus temperatures for different time spans followed by water-quenching. The solution heat 

treatment conditions for all the compositionally graded specimens studied in this thesis are 

presented in table 3.4. 

 



 

94 

Table 3.4 Solution heat treatment condition for the graded specimens. 

Specimen Temperature (C) Time (hr) 

Ti-xAl 1050 0.5 

Ti-xCr 975 0.5 

Ti-xMo 975 3.5 

Ti-xW 975 100 

 

A Thermcraft tube furnace was used for the solutionizing with Ar supply attached to one 

end. The samples were wrapped in Ti foil (99.7% pure) and Ar gas flow was continuously running 

through the furnace during the solutionization to minimize the oxidation reaction (see Fig. 3.8).  

 

 

Fig. 3.8 Schematic of the tube furnace used for solution heat treatment. 

The Ti-xW graded specimen was encapsulated in an evacuated and Ar back-field quartz 

tube before solutionizing to avoid significant oxygen ingress during the prolonged heat treatment.  
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 Oxidation Tests 

An oxidation temperature of 650 °C was selected for this work which is ~100 °C above the 

operating temperature for the majority of technical Ti alloys2. Three coupons with nominally 

identical composition gradients from each graded specimen were oxidized at 650 °C for three 

different oxidation times of 25, 50 and 100 hrs.  

The samples were sectioned and polished after solution heat treatment and prior to the 

oxidation test to ensure that a flat, oxide free and clean surface is exposed during the oxidation 

test. The polishing and cleaning procedures will be explained in the next section. Oxidation tests 

were carried out in a Vulcan® 3-series box furnace with the polished surface of the samples 

oriented upward and exposed to still laboratory air. Following the oxidation tests the samples were 

cooled in air. 

3.3 Characterization Techniques 

A suite of the state-of-the-art characterization techniques was employed in this effort to 

assess, as a function of the local average composition: the structure and composition of the oxide; 

the oxide adherence and porosity; the thickness of the oxide layers; the depth of oxygen ingress; 

and microstructural evolution of the base material just below the surface but within the oxygen-

enriched region. 

 

                                                           
2 There are some alloys e.g. Beta-21S and Timetal-1100 that can be used in specific application 
above 550 °C 
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 Conventional Metallographic Techniques 

After the oxidation tests the samples were sectioned in a manner so that both the original 

composition gradient, and the gradient as a result of oxygen ingress (from oxide layer to bulk 

material) could be explored as it is illustrated in Fig. 3.9. 

 

Fig. 3.9 A schematic showing the sectioning of an oxidized sample. 

A multi-step process was adopted for polishing using a MultiPrep™ system (from Allied 

High Tech, Rancho Dominguez, CA). The samples were ground using 120-, 400-, 600- and 800-

grit SiC abrasive papers for the period of 7-10 min for each grit. The ground surface was etched in 

Kroll’s reagent (100ml H2O, 6ml HNO3, 3ml HF) for 3 sec followed by final polishing step with 

0.04 µm colloidal silica suspension on a polishing cloth. 

After polishing the samples were cleaned in an ultrasonic cleaner through a series of steps 

including: Acetone, water+surfactant and methanol. After the final step the surface is rinsed with 

methanol and immediately dried by compressed air. 

 

 Scanning Electron Microscopy (SEM) and Focused Ion Beam (FIB) 

Compositional assessment and imaging of the cross section morphology in the region just 

below the metal oxide interface were the initial characterization steps, carried out using a FEI Nova 

NanoSEM 230 Scanning electron microscope with a field emission gun (FEG) source. Equipped 

with Everhardt Thornley detector (ETD) for detection of secondary electrons (SE), backscattered 
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electron (BSE) detector and energy dispersive spectroscopy (EDS) detector it enables the capture 

the local average composition and the corresponding microstructure across the composition 

gradient of the oxidized sample. SEM imaging was not limited to the subsurface region and the 

bulk microstructure was captured for comparison. 

More detailed study of the oxide layer, oxygen enriched region and bulk material along 

with the measurement of oxygen concentration which cannot be accurately conducted using EDS 

technique required employment of more advanced characterization techniques including 

transmission electron microscopy (TEM) and 3D atom probe tomography (APT). Sample 

preparation for TEM and APT analysis was carried out using an FEI DualBeam™ (FIB/SEM) 

Nova 200NanoLab with FEG source. The microscope contains a Ga ion beam source, Omniprobe 

Autoprobe™ nano manipulator and gas injection system (GIS) for deposition of Pt. 

In order to prepare the TEM specimens that contain both the oxide scale and the metal 

substrate a distinct method was adopted which uses an extra tool (a cross made of two used nano 

manipulator needles), shown in Fig. 3.10, in order to vertically flip the foil before mounting to the 

TEM grid. This technique allowed to capture a relatively large area of oxide and metal together 

for TEM analysis.  

 

Fig. 3.10 The cross tool used for sample lift out. 
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 Description of the technique follows: 

1. Ion beam Pt deposition of 2µm thick protective Pt layer (2 µm × 30 µm) on the 

surface: 30 kV, 0.5nA, rectangular pattern (see Fig. 3.11(a)) 

2. Milling of the surrounding area and the bottom of the foil except one side: 30kV, 

20nA, cleaning cross-section pattern (see Fig. 3.11(b,c)) 

3. Attachment of the nano manipulator to the foil and lift out (see Fig. 3.11(d)) 

4. Transferring the foil from the nano manipulator to the cross tool which is mounted 

on a specimen stub using carbon tape (see Fig. 3.11(e,f)) 

5. Venting of the microscope in order to vertically flip the cross tool 

6. Transferring the foil from the cross to the nano manipulator 

7. Welding of the foil to the TEM grid (see Fig. 3.11(g,h)) 

The FIB foils were subsequently thinned through series of steps: 

1. Double side milling at 52° down to 500 nm thickness: 30 kV, 3 nA, rectangular 

pattern 

2.  Side milling at 53° and 51° until the faces of the foil are barely visible: 30 kV, 1 

nA, rectangular pattern.  

3. Side milling at 58° and 46° to achieve the contrast associated with foil transparency: 

5 kV, 0.2 nA, cleaning cross-section pattern 

The abovementioned steps are not invariable and parameters such as beam energy, current 

and milling time for the final thinning can be altered according to the material.  
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Fig. 3.11 Secondary electron (SE) micrograph and Ga ion (GI) micrographs showing the site specific TEM 
specimen preparation steps using FIB from a Ti-24Cr composition after 25hr oxidation at 650 °C. 
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 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM) analysis was conducted using an FEI™ Tecnai G2 F20 TEM equipped with Schottky 

field-emission gun operating at 200 kV accelerating voltage and EDAX® energy dispersive 

spectrometer. The TEM analysis is critical to reveal the oftentimes nano-scaled microstructural 

features in a close proximity to the metal/oxide interface both within the oxide and the metal 

substrate as it will be explained in the following chapters. Post processing of the acquired data was 

carried out using Digital Micrograph and ES Vision software.  

 

 3D Atom Probe Tomography (APT) 

The atom probe tomography (APT) technique was used to quantitatively assess the 

concentration of elements in the present phases at selected distances from the metal/oxide interface 

within the region subject to oxygen ingress during the oxidation. Atom probe tomography is a 

micro-analytical technique capable of identification of individual atoms and their spatial 

coordinates in a small volume of material with near atomic resolution [212]. A series of two 

dimensional slices containing the position and identity of atoms are stacked to produce a three 

dimensional reconstruction of the actual sample. The mass to charge ratio of elements is the 

characteristics used in this technique to determine the identity of the individual atoms detected by 

a time-to-flight mass spectrometer.  

An Imago Local Electrode Atom Probe (LEAP 3000_ HR) at the University of North Texas 

was employed for this study. A simple schematic of LEAP system is presented in Fig. 3.12. 
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Fig. 3.12 A simple schematic of LEAP system [194]. 

The atom probe samples are 200-300 nm tall needles with the tip radius of ~25 nm, 

prepared using FIB. The cryogenically cooled needle tips are centered relative to the local 

electrode and field evaporated using either the pulsed laser or the applied voltage. The ions pass 

through the electrode and reach the detector. For this thesis the samples were evaporated in laser 

mode at 40 K with the evaporation rate of 0.5%, pulse energy of 0.4 nJ and a pulse frequency of 

160 kHz. 

Sample preparation for APT starts with the lift out of a foil whose length is: the number of 

samples*2 (µm) (see Fig. 3.13(a)). Using the Omniprobe® nanmanipulator the foil is brought to a 

microtip coupon with 36 flat top silicon micropillars (see Fig. 3.13(b)). The free end of the foil is 

welded to a post and sliced off via focused ion beam (see Fig. 3.13(c)). The samples are 

subsequently shaped to a sharp tip needle by annular milling (see Fig. 3.13(d)).  
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Fig. 3.13 a-d) Atom probe sample preparation steps using FIB [194]. 

Several millions of atoms can be collected depending upon the evaporation time and 

condition of the tip. However success rate for each sample is fairly low and the tips are prone to 

fracture after collection of nearly 10 million atoms, thus there should be prepared 10-15 tips from 

each region of interest to assure enough data set is obtained. The post processing of raw acquired 

data was later carried out using IVAS™ 3.6 software. 

 

 X-Ray Diffraction (XRD) 

X-ray diffraction was employed for phase identification and lattice parameter 

determination. The analysis was carried out using a Rigaku Ultima III diffractometer equipped 

with CuKα source whose emitted x-ray has a wavelength of 1.5418Å. The operating voltage and 

current were 40 kV and 44 mA respectively. The x-ray scans were performed in a 2θ range from 
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20 to 90° with the step size of 0.05° and scanning speed of 0.5°/min. Interpretation of the results 

was carried out using JADE software with employment of standard x-ray diffraction powder 

patterns.  

 

 Hardness Testing 

3.3.6.1 Microhardness 

A Shimadzu HMV-S microhardness indenter was used for microindentation using a four-

sided pyramid Vickers tip. An operating load of 275.2 mN with an indentation time of 10 sec was 

selected for all testing. This characterization technique was used for two purposes: a) to correlate 

the mechanical properties and the local average composition and b) to act as fiducial markers along 

the composition gradients during exploration of the graded specimens. 

 

3.3.6.2 Nanoindentation  

In order to capture hardness variations in close proximity to the surface and in small 

increments (i.e., where microindentation is no longer valid according to ASTM E 92 [213]), 

nanoindentation was carried out using a Nanoindenter XP™ system from MTS instrument 

equipped with a Berkovich tip. This technique was employed to measure the depth of oxygen 

ingress in a qualitative manner as a function of composition and high temperature oxidation. The 

test conditions listed in table 3.5 remained constant for all the specimens. 
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Table 3.5 The conditions for nanoindentation test. 

Depth limit Strain rate target Max load on sample Surface detect 
stiffness criteria 

Surface approach 
velocity 

200 nm 0.05 1/s 5 mN Normal (200 N/m) 10 nm/s 

 

Nanoindents traverses were placed in several columns with a biased orientation (∼45˚ 

relative to the surface) to ensure that the hardness variation is captured in small increments and the 

data sample is large and reliable. Considering the depth limit of indentions (200nm), a spacing of 

4µm between indents ensures that the plastic deformation fields do not overlap (see Fig. 3.14). 

 

Fig. 3.14 A Schematic of nanoindentation traverses placed close to the surface. 
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       CHAPTER 4 

4 INFLUENCE OF MO CONCENTRATION ON THE OXIDATION BEHAVIOR OF 

BINARY TI-XMO ALLOYS 

4.1 Introduction 

In this chapter, the effect of composition on the oxidation behavior of Ti-Mo system is 

assessed via deposition of a compositionally graded titanium-molybdenum system (Ti-xMo: 0≤ x 

≤12 wt%)3. After oxidation at 650 °C for different holding times, the evolution of the oxide layer, 

subsurface microstructure and oxygen enriched region has been studied across the composition 

range. Some of the observations presented in this chapter are quite interesting including: 

precipitation of α in β and discontinuous precipitation mechanism for certain composition ranges, 

both activated by the ingress of oxygen. 

4.2 Experimentation 

Using LENS™ technology, a compositionally graded Ti-xMo specimen (0≤ x ≤12 wt%) 

was produced from high purity Ti and Mo powders. One of the independently controlled powder 

feeders was filled with pure Ti powder and the other one with Ti-12Mo mechanically mixed 

elemental powders. The geometry of the graded specimen, number of layers and programing of 

the automated flow rate changes for achievement of the target gradient are explained in section 

3.1.1.2.2. 

The specimen was sectioned longitudinally to excise several coupons with nominal 

identical composition gradients and subject to different oxidation tests. In order to evaluate the 

                                                           
3 All the compositions are in wt% unless otherwise mentioned. 
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repeatability of the of the results and compare the observations with the same material prepared 

through a conventional method, a Ti-9Mo alloy was produced via arc melting using high purity 

slugs of Ti and Mo. The solidified sample was inverted and remelted to achieve a reasonable 

homogeneity. All the samples were solutionized at 975 °C for 3.5 hr followed by water quenching. 

The samples were polished and cleaned prior to the oxidation tests, conducted at 650 °C for three 

25, 50 and 100 hrs. All the LENS deposited samples as well as an arc melted Ti-9Mo alloy were 

oxidized in laboratory air in a box furnace. Another arc melted Ti-9Mo alloy was encapsulated in 

an evacuated and Ar back-field quartz tube to verify that the observations made relatively deep 

into the bulk are due to the ingress of oxygen along the grain boundaries. All the conducted thermal 

processing conditions (heat treatments and oxidation tests) are listed in Table 4.1. The samples 

were sectioned after oxidation test and polished as was explained previously in Chapter 3.  

Table 4.1 Heat-treatment and oxidation test schedule for the Ti-xMo specimens. 

Specimen Solution Heat-treatment Oxidation Test 

Graded Ti-xMo 975°C for 3.5hr – WQ 650°C for 25hr, 50hr and 100hr in still-
air 

Arc Melted Ti-9Mo 975°C for 3.5hr – WQ 650°C for 25hr in still-air 

Arc Melted Ti-9Mo 975°C for 3.5hr – WQ 650°C for 25hr in Ar 

 

Characterization of the oxide scale and metal substrate was carried out using electron 

microscopy techniques, atom probe tomography, XRD, microhardness and nanoindentation. 

4.3 Characterization of the Solutionized Samples 

The morphology and distribution of the phases in the microstructure after oxidation 

experiment evolves from the parent microstructure formed after solutionizing and water quenching 
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(WQ). As previously noted, all the samples were solutionized and water-quenched prior to the 

oxidation tests. Although the presence of Mo as a very slow diffuser demands an extended heat 

treatment, care was taken to preserve the composition gradient while achieving a local 

homogenization. The presented microstructures in Fig. 4.1(a-c) are three selected compositions: 

Ti-3Mo, Ti-6Mo and Ti-9Mo after solution heat treatment at 975 °C for 35 min followed by water 

quenching. It is clearly evident that α laths are not given sufficient time to dissolve in the β phase. 

 

Fig. 4.1  Backscattered electron micrographs showing the microstructure of a) Ti-3Mo, b) Ti-6Mo and c) 
Ti-9Mo compositions after solutionizing at 975 °C for 35 min followed by WQ. 

Accordingly the heat treatment time was extended to 3.5 hr which led to the microstructures 

presented in Fig. 4.2(a-c) for the same compositions as Fig. 4.2(a-c), without disturbing the 

composition gradient. 

 

Fig. 4.2 Backscattered electron micrographs showing the microstructure of a) Ti-3Mo, b) Ti-6Mo and c) 
Ti-9Mo compositions after solutionizing at 975 °C for 3.5 hr followed by WQ. 
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Interestingly, rapid cooling from β solutionizing temperature leads to significant 

microstructural variation across the studied composition range. Formation of different metastable 

phases is expected, including: hexagonal martensite (α’), orthorombic martensite (α”), nano scale 

ω phase particles and retained β phase. The presence of these metastable phases are a function of 

local starting composition. The following composition regimes are reported in the literature 

regarding the stability of the metastable phases in Ti-xMo system [1, 32, 37, 209, 214, 215]: 

0 < x  6,  wt% Mo      
6 < x  8,  wt% Mo      
8 < x,          wt% Mo      

β α
β α
β β ω

′≤ →
′′≤ →

→ +  

It should be noted that the abovementioned values are approximate and should be taken 

with an uncertainty of ±1%. For instance transition from α’ to α” is also reported at below 6 wt% 

Mo [209]. The subsequent transformation of the metastable phase to equilibrium α and β is 

expected during the oxidation tests considering the condition (650°C for ≥25 hr).  

4.4 Oxidation Observations 

The SEM backscattered electron micrographs showing the cross-section microstructure of 

the base material below the oxidized surface for three compositions of Ti-3Mo, Ti-6Mo and Ti-

9Mo oxidized at 650 °C for 25, 50 and 100 hrs are presented in Fig. 4.3(a-i). It should be noted 

that the imaging conditions (i.e. brightness and contrast) are optimized such way that the 

microstructure of the base metal is visualized. As a result, the present oxide layer on the surface is 

not visible in the micrographs owing to its significantly lower average atomic number compared 

to the α and β phases. It can be seen that the morphology, volume fraction and distribution of the 

present phases (i.e. hcp α and bcc β) in the microstructure vary considerably as the concentration 

of Mo (a strong β stabilizer) increases for a certain exposure time. However the aforementioned 
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microstructural characteristics remain more or less unchanged for a certain composition (e.g. Ti-

6Mo) with the passage of time from 25 to 100hr. 
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Fig. 4.3 a-i) Cross-sectional backscattered electron micrographs of the base material below the oxidized surface for three compositions of Ti-3Mo, Ti-
6Mo and Ti-9Mo oxidized at 650 °C for 25, 50 and 100 hrs. 
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The rather high magnification micrographs recorded from Ti-3Mo, Ti-6Mo and Ti-9Mo 

components after 25 hr oxidation (see Fig. 4.4(a-c)) reveal the significant effect of Mo content on 

the response of base material to the oxidation just below the metal/oxide interface. The 

transformation of the metastable phases during the high temperature exposure in the subsurface 

region is accompanied by rapid increase in the oxygen content which complicate the response of 

the base metal during the course of oxidation.  

 

Fig. 4.4 Backscattered electron micrographs showing the cross section morphology of the subsurface 
region for three selected compositions of a) Ti-3Mo, b) Ti-6Mo and c) Ti-9Mo oxidized at 650 °C for 25 

hr. 

Transmission electron microscopy analysis is required to fully characterize the oxide layer 

along with the first few microns of the base material. Three representative compositions that span 

the entire composition range were selected for further analysis. 

 Ti-3Mo 

According to the current understanding of the martensite decomposition in Ti alloys as 

temperature increases [1, 214, 215], the precipitation of β phase occurs predominantly along the 

prior martensitic laths as well as the defect structure (i.e. dislocations and twins) associated with 

the supersaturated martensite. Thus, one would expect to observe such a decomposed martensitic 

microstructure after isothermal oxidation at 650° C, for Fig. 4.4(a,b) which belong to the 

composition range of martensite formation upon rapid cooling. It was noted that the regions with 
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the Mo concentration below 7.5 wt% across the composition gradient show a quite similar bulk 

morphology after oxidation teats at 650 °C. Recall that below ~ 8 wt% Mo only martensitic phases, 

α’ and α”, form after solution heat treatment and water quenching. Figure 4.5 shows a selected 

area diffraction (SAD) pattern and the corresponding dark-field micrographs obtained from a TEM 

specimen extracted from the material immediately beneath the oxide layer of a Ti-3Mo 

composition after 25 hr oxidation. The bright spots in the SAD pattern can be consistently indexed 

as [1 2 1 3 ] zone axis of α phase while the extra reflections arise from contribution of the 

neighboring α laths and β ribs in the diffraction event as they are shown in the dark-filed 

micrographs. 

 

Fig. 4.5 The SAD pattern and corresponding dark-field images from the subsurface region of a Ti-3Mo 
composition oxidized for 25 hr.  

The TEM observations from the material immediately beneath the oxide layer revealed the 

presence of fine scale microstructural features that are not readily visible in the backscattered 

electron micrographs recorded using the SEM. Figure 4.6 (a,b) are many-beam bright-field TEM 

micrographs obtained from the outermost 3 µm of the metal substrate just below the metal/oxide 

interface of a Ti-3Mo composition after 25 hr oxidation exposure. In addition to the transformed 
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martensite laths and the precipitated β phase that decorates the lath boundaries, there exists highly 

refined precipitates distributed within the α laths. 

 

Fig. 4.6 a,b) Bright-field TEM micrographs recorded from the region just below the metal/oxide interface 
for a Ti-3Mo component after 25 hr oxidation. 

Having a rather high aspect ratio, these precipitates are not larger than 100-200 nm in size 

which is quite small when compared with the existing α lath and β ribs. A STEM EDS composition 

profile within an α lath and intersecting multiple particles was conducted in order to characterize 

the composition of these precipitates. The STEM image and the corresponding Mo composition 

profile are illustrated in Fig. 4.7(a,b). From the profile it is evident that the particles are very rich 

in Mo compared to the matrix (i.e. the α phase), indicative of the β phase in Ti.  
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Fig. 4.7 a) A STEM micrograph and b) the corresponding Mo concentration map obtained from the 

subsurface region of a Ti-3Mo composition after 25 hr oxidation. 

Figure 4.8(a) shows the cross-sectional STEM micrographs from the region just below the 

oxidized surface of the Ti-3Mo composition after 25 hr oxidation. The magnified images of the 

regions identified by the dashed red and yellow rectangular, are shown in Fig. 4.8(b) and (c) 

respectively. It can be seen that there is an increase in both the size and volume fraction of the β 

precipitates moving from the lath boundaries towards the center. It is also clear from the STEM 

and TEM micrographs that the precipitates are not associated with the lath boundaries of the prior 

α’ martensite.  

 
Fig. 4.8 a,c) The STEM micrographs showing the microstructure of a region immediately beneath the 

metal/oxide interface of a Ti-3Mo composition oxidized for 25 hr at 650 °C. 
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The microstructure illustrated in Fig 4.8 include both the α lath with β precipitates and 

precipitate free α laths revealing that formation of nano scale β phase particles is not the result of 

martensite decomposition. Moreover, the precipitation of β particles is predominantly associated 

with laths that are directly connected to the metal/oxide interface thus enriched with oxygen. All 

of the abovementioned observations suggest that the ingress of oxygen (recall the Ti high chemical 

affinity to O) and super saturation of the base metal during high temperature oxidation plays a key 

role in this anomalous (and previously unreported) phase transformation. 

Thermodynamic description of the Ti-Mo system with and without the presence of oxygen 

would help to rationalize the unexpected precipitation which has been provisionally classified as 

oxygen-assisted precipitation of β in α.  The PANDAT 8.1 software was utilized for this purpose 

which is an integrated computational tool developed for calculation of phase equilibria of multi-

component systems [216]. This software works on the basis of the CALPHAD (CALculation of 

PHAse Diagram) approach and makes use of PanTi database, developed based on numerous 

investigations of phase equilibria and microstructure in Ti-based systems [217, 218]. 

Presented in Fig. 4.9(a) is the plot of Mo solubility in α phase as a function of bulk O 

concentration in a Ti-3Mo alloy at 650 °C and under the equilibrium condition. It can be seen that 

the solubility of Mo in α phase is reduced exponentially as the bulk oxygen concentration 

increases. The Mo solubility in α becomes negligible when oxygen exceeds ∼2 wt% (6 at%) and 

rapidly approaches zero. The depletion of α laths in Mo with the concurrent ingress of oxygen 

during oxidation means that the balance of Mo content between α and β phases is changing 

progressively. This is shown in Fig. 4.9(b) where the partition coefficient of Mo between the β and 

α phases ( ) is plotted against oxygen concentration.  
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Fig. 4.9 As a function of bulk oxygen concentration a) Solubility of Mo in the α phase and b) partition 
coefficient of Mo between β and α phases. 

As was discussed previously, there are not any obvious preferential nucleation sites for the 

precipitation of nano scale β particles implying the presence of a barrier against diffusion of Mo 

atoms from α phase towards the existing inter-lath β ribs. Thus, there must be a sufficiently large 

thermodynamic driving force to favor homogeneous nucleation over heterogeneous nucleation. 

The presence of the diffusion barrier and mechanism of homogeneous nucleation are discussed 

below.  

4.4.1.1 Ti-3Mo Anomalous β-precipitation in α-laths – the barrier to diffusion to interfaces: 

Using simple calculations it is possible to roughly estimate the diffusion distances that Mo 

atoms would travel in Ti during isothermal heat treatment at 650 °C. The efforts to understand 

diffusion in the binary Ti-Mo system by Malinov et al. showed that inter diffusion coefficient of 

Mo in Ti during the β→α+β transformation at 650°C is ∼2.07 ∙ 10−4 µm2/s [219], which is a 

reasonable value for this system. One can roughly measure the diffusion distance considering a 

one dimensional diffusion equation in its simplest form ( ). Assuming that the thickness 

of an α lath is ~1 µm, in the absence of any diffusion barrier, the Mo atoms can reach the lath 

boundaries after ~15 min which is significantly shorter than the oxidation times used in this study. 
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Thus it is quite surprising why Mo atoms do not diffuse towards the interfaces to nucleate an inter-

lath β rib or coarsen the existing ones. Thus, a barrier to diffusion must be present in this system. 

The existence of a diffusion barrier can be explained by considering the role of interfaces 

as the fast diffusion pathways for oxygen [4]. The diffusion rate along the grain boundaries can be 

orders of magnitude larger than that of volume diffusion. Diffusion of oxygen into the α laths from 

the supersaturated interfaces, significantly reduces the equilibrium solubility of Mo in this phase 

and changes its partition coefficient. Regarding diffusion, Mo can either diffuse towards the 

interface or towards the center of the α-laths. The former is considered an uphill diffusion (i.e., 

against the concentration allowed by the partition coefficient) since the interfaces and their 

neighboring regions are more saturated with oxygen thus the latter is favored, which can be also 

deduced according to the direct observations. The proposed mechanism is schematically illustrated 

in Fig. 4.10(a,b). 

 

 

 

Fig. 4.10 a,b) Schematics illustrating the diffusion of Mo atoms towards the center of α laths and formation 
of precipitates.  
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For further investigations regarding the composition of β precipitates in comparison with the 

inter-laths β ribs, two additional TEM samples were extracted from the regions 12 and 30 µm away 

from the metal/oxide interface shown in Fig. 4.11(a-c). When comparing the STEM micrographs 

in Fig. 4.8 (3 µm form the surface) with Fig. 4.11(b) (12 µm from the surface) it is immediately 

apparent that the area fraction of β precipitates in the microstructure is reduced considerably within 

even 12 µm distance which further supports the proposed mechanism on the critical role of oxygen 

in this precipitation event. Although there is no solid evidence, the α lath with a large density of 

such homogenously precipitated β phase particles in Fig. 4.11(c) can be attributed to the presence 

of a prior β grain boundary as a fast diffusion pathway, intersecting the lath. 

 
Fig. 4.11 a) Secondary electron micrograph of the subsurface region of a Ti-3Mo composition oxidized for 

25 hr at 650 °C. b,c) The STEM micrographs showing the microstructure of the regions 12 µm and 30 µm 
from the metal/oxide interface respectively. d) The Mo concentration profile associated with (c) 

micrograph. 
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Figure 4.11(d) is a STEM EDS Mo composition plot along the red dotted line in Fig. 

4.11(c) which intersects several heterogeneously nucleated β ribs as well as the β precipitates. It 

can be seen that the Mo composition of these two types of β phase are quite different. Another 

example of such composition measurements is illustrated in fig. 4.12(a,b), a STEM micrograph 

and associated Mo concentration plot from a sample just below the metal/oxide interface. It is 

evident that the β precipitates that occur within the α-laths are lean in Mo relative to the primary 

β ribs which form at the α-lath interfaces. 

 

Fig. 4.12 a,b) The STEM micrograph and corresponding Mo concentration plot from the region 
immediately beneath the oxide of a Ti-3Mo composition after 25 hr oxidation.  

A total of 27 composition measurements (listed in Table 4.2) from the samples just below, 

12 µm away and 30 µm away from the metal/oxide interface confirmed this difference in the Mo 

concentration of the two types of β precipitates. 
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Table 4.2 Mo concentration of several β precipitates ribs in the regions close to the metal/oxide interface 

Distance from metal/oxide 
interface (µm) 

Mo concentration of β 
precipitates (at%) 

Mo concentration of β ribs 
(at%) 

Just below the interface 6, 2, 4, 4, 8, 5, 8, 7 24, 17 

12  19, 22, 16, 17, 17, 21, 22, 
21, 27, 28, 30 

30 7, 8, 6 27, 16, 27 

 

The quantified Mo concentration of the β was found to vary in the range of 4-8 at% for the 

intra α-lath β precipitates and 16-30 at% for the primary β ribs that form at the α-lath interfaces. 

The knowledge of these composition ranges is necessary to distinguish between β precipitates and 

β ribs in the interpretation of subsequent 3D atom probe tomography datasets. 

The partitioning behavior of elements, in particular oxygen, between the existing phases in 

the microstructure was studied using 3D atom probe tomography where two sets of atom probe 

tips were prepared from the regions just below the oxide layer and 16 µm away from the 

metal/oxide interface (see 4.13(a)). Presented in Fig. 4.13(b) is a 9.5 at% Mo isoconcentration 

surface for the atom probe tip extracted from the region just below the metal/oxide interface and 

bonded by a nominal volume of 80 nm × 80 nm × 250 nm. The Ti, Mo and O atoms are represented 

by yellow, red and blue dots respectively and the tip consists of both α and β phases. 
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Fig. 4.13 a) SEM micrograph showing the locations at which the atom probe tips were extracted from a Ti-
3Mo composition after 25 hr oxidation at 650 C. b) 3-D reconstruction of an atom probe tip created using 

a 9.5 at% Mo isoconcentration surface from the region just below the metal/oxide interface and c) the 
corresponding proxigram that shows partitioning of elements between α and βrib. 

The compositional variation of the elements across the α/β interface is shown by the 

proximity histograms (i.e. proxigrams) in Fig. 4.13(c). The compositions plots are obtained via 

averaging of local atomic concentration across the α/β interface as a function of proximity to the 

defined interface components [220]. The concentration of O decreases from the α to the β phase 

across the interface while Mo concentration follows an opposite trend and reaches ~16 at% Mo, 

which is equivalent to the composition of the primary β ribs as measured using STEM EDS. The 

concentration of Ti remains more or less constant in both phases with the exception of a localized 

minima at the interface which is discussed below.  

It should be noted that the critical concentration of isosurface during the APT data post 

processing is arbitrarily selected such way that the position of the α/β interface lays on the 

intersection of O and Mo profile and the exact location of the interface cannot be determined 

unequivocally. The thick-interface model proposed by Svoboda et al. [221] for diffusive 

transformation in multicomponent systems was employed to better identify the position of the 

interface using the anomalous modulation in Mo and Ti concentration plots in close proximity to 
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the zero point. According to the thick-interface model, the solute drag caused by the finite 

thickness of the interface leads to a solute accretion at the interface. Svoboda et al. approximated 

the mole fraction profiles by a parabola and considered solute accumulation as a signature of a 

migrating interface [221, 222]. From Fig. 4.13(c) it is evident that the accumulation of elements at 

the interface exists for Ti and Mo (substitutional atoms) but not for O (interstitial atoms), consistent 

with the conditions for which the thick-interface model is valid [221, 222]. 

Figs. 4.14(a,b), show the reconstruction of a 3.5 at% Mo isoconcentration surface and the 

corresponding proxigram across an α/β interface of an atom probe tip that belongs to a region 16 

µm away from metal/oxide interface. According to the composition measurements by STEM EDS 

(see Table 4.1) the β phase captured in the APT reconstruction of Fig. 4.14(a) is a partial β rib.  

 
Fig. 4.14 a) 3-D reconstruction of an atom probe tip created using a 3.5 at%Mo isoconcentration surface that 

belongs to a region 16µm away from metal/oxide interface of a Ti-3Mo component after 25hr oxidation 
and b) the corresponding proxigram. c) Variation of the partitioning coefficient of O between α and β as a 

function of bulk O concentration for a Ti-3Mo component at 650°C. 

When comparing Fig. 4.13(c) (region close to the surface with elevated O content) and Fig. 

4.14(b) (lower O content), it becomes apparent that similar to Mo, partition coefficient of O 

between the phases ( ) also changes as a function of O concentration. While the concentration 

of O in the β phase is relatively constant, ranging from ∼2.5 at% immediately below the surface 

(Fig. 4.13(c)) to ∼2 at% at 16 µm away from the surface (Fig. 4.14(b)), there is a significant change 

/
OKα β
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in the concentration of O in the α phase, ranging from ∼2 at% to ∼20 at% for Figs. 4.14(b) and 

4.13(c) respectively.  

Direct observations of the effect of bulk oxygen concentration on the partition coefficient of O 

( ) for Ti-3Mo composition was compared with the results predicted by PANDAT 8.1 for 

equilibrium conditions (see Fig. 4.14 illustrating the plot of   versus bulk oxygen 

concentration for a Ti-3Mo composition at 650 °C). As an example for a Ti-3Mo-2O composition, 

the  has the value of ∼32 according to Fig. 4.14(c), while direct APT observations for the 

same composition showed that  is ∼1. Thus, there is a discrepancy between the predicted 

results based on CALPHAD approach and experimental observations. Notably, this discrepancy 

increases for higher oxygen concentrations. This is not surprising considering the experimental 

difficulties and absence of high fidelity experimental data for this portion of the Ti-Mo-O system.  

4.4.1.2 Ti-3Mo Anomalous β-precipitation in α-laths – the thermodynamic driving force 

The inverse precipitation of β phase in α can also be discussed from Gibbs free energy 

standpoint. The Gibbs free energy-composition curves for the binary Ti-Mo and quasi-binary (Ti-

1 wt% O)-(Mo-1 wt% O) were plotted at 650°C using PANDAT 8.1 (see Fig. 4.15(a,b)). 
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Fig. 4.15 The variation of Gibbs free energy as a function of Mo wt% for the α and the β phases in a a) Ti-
3Mo alloy and b) Ti-3Mo-1O alloy. 

In addition to the decreasing Mo solubility of the α phase and the increased partition coefficient 

of Mo ( ) resulting in a strongly directional diffusion of Mo noted in the previous section, 

there is also a significant reduction in the Gibbs free energies of both α and β phases when 1 wt% 

O is added to a Ti-3Mo composition at 650 °C. Indeed, even for pure Ti, the Gibbs free energy of 

the two phases at 650°C are approximately -39 kJ/mol and -38 kJ/mol without oxygen for α and β 

respectively and -56 kJ/mol and -55 kJ/mol for 1 wt% O for α and β respectively. This is a large 

difference that is further increased upon the addition of Mo to Ti.  

A comparison between the interfacial energies typically associated with α/β interfaces in 

titanium alloys (typically <1 J/m2 [223]) and the reduction in the Gibbs free energy, , for the 

precipitation of β from α in a Ti-6Mo component with the presence of 1 wt% O (i.e. 1 kJ/mol, 

shown in Fig. 14.15 (b)) indicates that the balance of the total free energy, at a certain 

supersaturation of Mo and O, favors the homogeneous nucleation of β-precipitates within the α-

laths. 
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 Ti-6Mo 

Figure 4.16(a-d) are STEM and bright-field TEM micrographs recorded from the subsurface 

region of a Ti-6Mo composition after 25 hr oxidation at 650 °C. The unusual precipitation of β in 

α was also observed for this composition. The only notable different in the precipitation event 

between Ti-6Mo and Ti-3Mo compositions was the larger size of precipitates for the higher 

concentration of Mo. 

 
Fig. 4.16 a-d) The STEM and bright-field TEM micrographs recorded from the subsurface region of a Ti-

6Mo composition oxidized for 25 hr at 650 °C 
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 Ti-9Mo: 

The observations of the microstructure below the oxidized surface for Mo concentrations 

above the critical solute level of 7.5 wt% to 8 wt% Mo revealed a quite distinct morphology of 

the α-laths and β ribs. This lamellar (α/β) microstructure that predominately exists near the surface 

of the material, extending ∼20 µm from surface into the bulk, resembles the typical microstructures 

resulting from a cooperative growth mode (e.g., eutectic transformations). Recall that the starting 

microstructure, prior to the oxidation tests, over this composition criteria is expected to consists 

highly refined ω precipitates within a β phase matrix. The sequence of phase transformation for 

this composition can be expressed as: 

Eq. 4.1 
oUpon quenching at 650 Cβ  β+ω  β+α→ →  

Figure 4.17(a-d) are TEM bright-field and STEM micrographs recorded from a region just 

below the oxide scale of a Ti-9Mo composition exposed to still-air at 650°C for 25 hr. Formation 

of the wavy microstructure that contains branches in the monotectoid binary Ti-Mo system is 

rather surprising since no eutectoid phase transformation takes place.  
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Fig. 4.17 a-d) Bright-field TEM and STEM micrograph from the subsurface region of a Ti-9Mo component 
oxidized for 25 hr. 

Figure 4.18(a) shows the bulk microstructure of the Ti-9Mo composition following 25 hour 

oxidation that consists of a distribution of very fine α-precipitates in the β phase. This observation 

is consistent with most previous studies involving subsequent aging of quenched Ti-xMo 

compositions with a β+ω microstructure. The formation of this unusual lamellar structure is not 

only limited to the subsurface region but also includes reaction products associated with the grain 

boundaries of the prior β grains (pointed by the arrow) as is shown in Fig. 4.18(b), captured from 

a region 500 µm away from the oxidized surface. 
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Fig. 4.18 Backscattered electron micrographs of a Ti-9Mo composition oxidized for 25hr from a) a region, 
1mm away from the surface and b) a region 500µm away from the surface. 

Interestingly, it appears that the grain boundary products, consisting of both α and β phases, 

consume the previous α + β microstructure (Fig. 4.18(a)) and precipitates the same α + β phases 

but of a distinct and different morphology (i.e. discrete precipitates). These observations are fully 

consistent with discontinuous precipitation, described below.  

Discontinuous precipitation may be described as occurring when a critical level of 

supersaturation in solid solution of an element (here, oxygen) is reached via grain boundary 

diffusion so that a nucleation event is required to precipitate the thermodynamically stable phase 

(here, hcp α).  This new precipitate itself triggers nucleation of a new grain of the parent phase 

(here, bcc β). The product of these discontinuous precipitation sequences often appear to adopt a 

lamellar morphology with different length scales in the same structure [224, 225]. A key difference 

between the classical description of discontinuous precipitation and the observations reported in 

this thesis is that the new discontinuously growing grain consumes a grain comprised of not only 

the parent phase, but also discrete precipitates with the identical crystal structure of the product 

phase (i.e., α) that had previously nucleated but which likely exhibited a different composition. 
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Although surprising, the discontinuous phase transformation can be rationalized 

considering the variation of Gibbs free energy in the Ti-Mo system as a function of O concentration 

as was shown in Fig. 4.15(a,b). According to the Gibbs free energy vs. composition (i.e., G-x) 

plots it is evident that O stabilizes both the α and the β phases, thus the oxygen-stabilized and 

discontinuously precipitated α and β phases have a lower free energy than the oxygen-lean α and 

β phases that are being consumed. It should be noted that the continuity of interfaces is the key 

microstructural difference below and above ~7.5 wt% Mo. For Mo concentrations below ~7.5 wt% 

Mo, where α’ and α” martensites are the products solution heat treatment+WQ, the microstructure 

consists a network of interfaces that exist intragranularly within the parent (prior) β grains. Above 

~7.5 wt% Mo however the α-laths form as discrete precipitates (likely from the athermal ω 

precursors that form upon quenching) and the only continuous interfaces that exist are the parent 

(prior) β grain boundaries. This difference between an intergranular interface defect structure (i.e., 

grain boundaries not connected with the α/β interfaces of the refined α-precipitates) and an 

intragranular interface defect structure (i.e., grain boundaries connected with α-lath interfaces) is 

sufficient to promote discontinuous precipitation for the former (> ~7.5 wt% Mo) and intra-lath 

homogeneous precipitation for the later (< ~7.5 wt% Mo).  

To validate the role of oxygen on the observed discontinuous precipitation, a single 

composition Ti-9Mo sample was produced in a vacuum arc melter using high purity slug. The 

results obtained from this specimen was used to eliminate either processing (laser deposition by 

LENS™) and powder (which typically contains slightly elevated oxygen levels) as the cause of 

the discontinuous precipitation, and thus to generalize the observations to all Ti-Mo systems that 

have been subjected to oxidation. The Ti-9Mo arc-melted specimen, encapsulated in a quartz tube 

which was evacuated and Ar back-filed, was heat-treated at 650°C for 25hr. Figure 4.19(a-c) show 
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three backscattered electron micrographs recorded near the surface of the specimen. As shown in 

Fig. 4.19(a), which was far more commonly observed, the microstructure arising from a 

discontinuous precipitation is not observed. Rather, a more prototypical microstructure is observed 

consisting of α-laths in a parent β grain. However, the discontinuous precipitation feature is 

observed sporadically, as shown in highly selective backscattered SEM micrographs as Fig. 

14(b,c), and occurs along prior β grain boundaries (pointed by the arrows). Considering the high 

affinity of oxygen in Ti and role of grain boundaries as fast diffusion pathways, the results are 

consistent with the gettering of the trace residual oxygen present in the Ar atmosphere by the 

titanium grain boundaries.  

 

Fig. 4.19 a-c) Backscattered electron micrographs recorded near the surface of a Ti-9Mo component arc-
melted and heat-treated at 650°C for 25 hr in Ar atmosphere. 



 

131 

The results observed for the same Ti-9Mo arc-melted specimen which was oxidized at 650 

°C for 25 hr in still-air are fully consistent with the LENS™-deposited and oxidized specimens 

(See Fig. 4.20(a,b)). From Fig. 4.20(a) it is clear that the subsurface region is predominantly 

composed of the lamellar structure. In addition these structures have been observed ~400-500 µm 

away from the oxidized surface in the samples that were oxidized in air which indicating the 

remarkable depth of oxygen diffusion along the grain boundaries in Ti-Mo system at 650°C (see 

Fig. 4.20(b)). 

 

Fig. 4.20 Backscattered electron micrographs of a Ti-9Mo component arc-melted and oxidized in still-air at 
650 °C for 25 hr from a) the region just below metal/oxide interface and b) 400 µm away from the 

surface. 

Observations regarding the behavior of the Ti-9Mo arc-melted specimen, eliminates 

LENS™ related processing as a root cause. Rather, it validates the influence exerted by alloy 

content and oxygen on the formation of these structures. It should be noted that no intragranular 

nucleation of this unusual lamellar structure was observed under the oxidation test conditions listed 

in Table 1. In addition, the size of colonies can extend up to 50 µm from grain boundaries in a 

non-uniform manner (see Fig. 4.21). 
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Fig. 4.21 Backscattered electron micrograph of a region, 140 µm away from the surface of a Ti-9Mo 
component oxidized at 650 °C for 25hr. 

 Oxide Scale 

In the previous sections of this chapter the important role of oxygen in the microstructural 

evolution of the subsurface region was discussed. Equally important in this research effort is the 

understanding of the evolution of oxide scale. Therefore, this section is focused on the influence 

of alloy composition on the composition and structure of the oxide; the oxide adherence and 

porosity; and the thickness of the oxide. As noted previously, due to the rather large difference in 

the average atomic number of the base material phases and the oxide scale, the imaging conditions 

must be optimized to visualize the oxide scale. Figure 4.22(a-i) show cross-sectional secondary 

and backscattered electron micrographs with optimized conditions recorded from the oxide layer 

with the base material for three compositions of Ti-3Mo, Ti-6Mo and Ti-9Mo oxidized at 650 °C 

for 25, 50 and 100 hrs. 
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Fig. 4.22 a-i) Cross-sectional secondary and backscattered electron micrographs recorded from the oxide 
layer with the base material for three compositions of Ti-3Mo, Ti-6Mo and Ti-9Mo oxidized for 25, 50 

and 100 hrs at 650 °C. 

Using such images, it is straightforward to measure the thickness of the oxide scale that is 

nominally directly proportional to the extent of oxidation reaction (when assuming the same oxides 

are stable), similar to weight gain. Thus, the scale thickness data can be used as a rudimentary 

assessment of the operating oxidation law. Six independent thickness measurements were obtained 

and averaged from bulk compositions ranging from 2 wt% Mo to 9 wt% Mo. Figure 4.23 shows 
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the scatter plot of scale thickness versus Mo concentration for three oxidation time of 25, 50 and 

100 hrs. 

 

Fig. 4.23 Scale thickness versus Mo concentration for binary Ti-Mo systems oxidized at 650 °C for 25, 50 
and 100 hr. 

According to Fig. 4.23 for compositions below 6 wt% Mo, the average scale thickness after 

50 hr oxidation is approximately twice as thick for a holding time of 25 hr. However, the oxide 

scale measured for the same composition range after 100 hr oxidation exposure is only slightly 

thicker (~15% thicker) than the 50 hr. This non-linear decrease in the growth rate of the oxide 

layer is consistent with the parabolic oxidation rate law that is observed and reported in the 

literature for commercial α+β Ti alloys, such as Ti-6Al-4V, Ti-17 and Ti-6242 for the temperature 

range of 600-800 °C [226-229]. When considering the scale thickness variation as a function of 

Mo wt%, for two of the three holding times (25 hr and 100 hr), there is not an obvious influence 

of composition on the kinetics of oxide scale growth across the studied composition range and 

parabolic oxidation rate law is obeyed. However for the sample subject to 50 hr oxidation, there is 

a decrease in scale thickness after 6% Mo. Although the reason for this deviation is not understood, 
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mechanisms such as local spallation might be responsible for this unexpected scale thickness 

decrease. 

Identification of the present phases in the oxide layer and measurement of their lattice 

constants was carried out using X-ray diffraction. It should be noted that the x-rays used in this 

research have a very small penetration depth and the results are quite surface sensitive. Thus, the 

diffraction patterns may be interpreted as originating from the surface of the oxide scale. The two 

diffraction patterns shown in Fig. 4.24 belong to the lower and the upper parts of the 

compositionally graded Ti-Mo specimen which correspond to the compositions of 2-3% Mo and 

7-8% Mo respectively. 

 

Fig. 4.24 The X-ray diffraction patterns recorded from the lower and upper parts of the compositionally 
graded specimen. 

According to the x-ray diffraction patterns the only oxide phase present in the scale was 

identified as rutile (TiO2) which is a non-stoichiometric n-type oxide whose predominant defect 

structure can be either oxygen ion vacancies or interstitial Ti ions, depending upon oxygen pressure 

and temperature [2, 4, 5]. The presence of TiO2 in the oxide scale was further confirmed by the 
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high resolution bright-field TEM micrograph and the corresponding Fast Fourier Transform (FFT) 

pattern which was identified as the [001] zone axis of rutile crystal structure (see Fig. 4.25(a,b)).  

 

Fig. 4.25 a) High resolution TEM micrograph and b) the corresponding FFT pattern from the oxide scale of 
a Ti-6Mo composition after 25 hr oxidation. 

 When comparing the two diffraction patterns, it becomes evident that the lattice constants 

of rutile (a=4.653 Å and c=2.978 Å) are independent of the bulk Mo concentration, and are quite 

close to the reported values (+1.5% for a and +0.8% for c). The α Ti however shows a reduction 

in d-spacing (slight shift to the higher angles) towards the top of the sample for the higher 

concentration of Mo which can be attributed to differences in the extent of oxygen ingress in α Ti. 

For the near-surface α in the 2-3 wt% Mo region the lattice parameters are, a=2.981 Å, c=4.876 Å 

which vary to a=2.972 Å, c=4.819 Å for the near-surface α in the 7-8 wt% Mo region. These values 

clearly deviate from an oxygen free hcp α Ti and are consistent with the reported data which 

indicate that oxygen slightly increases the a lattice parameter while the expansion in c direction is 

significant [37]. 

Figure 4.26(a,b) show the cross-sectional bright-field TEM micrographs of the oxide scale 

on a Ti-3Mo composition oxidized for 25 hr. It can be seen that the oxide scale has an ultrafine 

grain structure and a slight increase in the average grain size is observed from the metal/oxide 
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interface towards the oxide surface which can be attributed to the sintering/coarsening of the oxide 

crystals formed during the earliest stages of the prolonged high temperature oxidation.  

 
Fig. 4.26 a,b) Bright-field TEM micrographs showing the nano grain structure of the oxide scale for Ti-3Mo 

composition after 25 hr oxidation. 

In addition to the type and structure, another important characteristic of the oxide is the 

relative degree of adhesion on the metal/alloy surface. The oxide adherence directly influences the 

oxidation rate and determines whether or not the oxide scale is protective, though the influence is 

not simple. Consider, for instance, a non-adherent metal/oxide interface. If the discontinuity at the 

metal/oxide interface happens to be isolated from the atmosphere it hinders the transportation of 

ions. Yet the presence of discontinuity can be detrimental and act as a channel to deliver the 

oxidizing atmosphere to the fresh metal surface if it is associated with a network of cracks that 

reach the oxide’s outermost surface. Spallation of the oxide scale can also take place if the 

localized discontinuities propagate and meet each other which consequently exposes the fresh 

metal to the oxidizing atmosphere. Shown in Fig. 4.27 (a-c) are the STEM micrographs of 

metal/oxide interface for three compositions after 25 hr oxidation. It can be seen that the adhesion 

of scale layer is reduced from 3 to 9% Mo content which is very surprising.  



 

138 

  
Fig. 4.27 STEM micrographs of metal/oxide interface for a) Ti-3Mo b)Ti-6Mo and c)Ti-9Mo compositions 

oxidized for 25hr. 

The oxide scale formed on the Ti-3Mo composition (see Fig. 4.27(a)) is relatively dense 

and exhibit good adhesion. As it is shown in Fig. 4.27(b), increase in the concentration of Mo to 6 

wt% leads to the formation of a rather less adhesive oxide scale with many voids and 

discontinuities at interface.  The intimate contact between oxide and metal is greatly lost once the 

Mo content has reached 9% resulting in a transition layer which has formed at the metal/oxide 

interface (see Fig. 4.27(c)). According to Siegel et al. [20] who studied the scaling behavior of a 

large number of Ti alloys, the oxide adhesion is only a function of scale thickness and, thus 

corresponds to the generated stresses during the scale growth and upon cooling from oxidation 

temperature. Our observation of the presence of the relative uniform scale thickness across the 

composition range (see Fig. 4.23), considering the exact same oxidation condition for all the 

compositions, contradicts this hypothesis that the degree of adhesion is only a function of scale 

thickness. However, the poor adhesion observed for higher Mo concentrations supports the 

hypothesis of spallation for the 50 hour exposure anomaly. 

Elemental analysis by STEM EDS revealed that the transition layer is composed of oxygen 

deficient non-stoichiometric Ti1-xOx with ~47 at% oxygen and the oxide scale is rutile with ~67 

at% oxygen. The formation of the non-stoichiometric Ti1-xOx layer is attributed to the reduction of 

TiO2 as described by Eq. 4.2.  
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Eq. 4.2 Ti(s) + TiO2(s) ⇔ 2TiO(s) 

 

A continuous layer of Ti1-xOx is left behind along the metal/oxide interface as the product 

of this solid state reaction which will eventually lead to the complete dissociation of existing rutile 

from the substrate. Ehrlich suggested that reduction of rutile to TiO via this reaction, where pure 

Ti is in contact with TiO2, does not occur for temperatures below 700°C [230]. In another research 

effort, Furuhara et al. reported formation of TiO in a Ti-40Mo alloy aged at the temperature of 

750°C [231]. The results of this study showed that the formation of TiO phase not only takes place 

for the compositions far below what is reported in the literature (i.e. 9 wt% Mo), but also the 

reaction temperature is lowered when Ti is alloyed with Mo. 

Figure 4.28(a,b) are cross-sectional bright-field TEM and STEM micrographs from the 

oxide scale and the metal of a Ti-9Mo specimen after 25 hr oxidation which illustrates the presence 

of the TiO transition layer and partial dissociation of rutile from the metal substrate.  

  
Fig. 4.28 a) bright-field TEM and b) STEM micrographs recorded from the cross-section of the oxidized 

surface for a Ti-9Mo composition after 25 hr oxidation. 
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 Oxygen Ingress 

Diffusion of oxygen and enrichment of the metal substrate prior to the formation of oxide 

is an important phenomenon in the total oxidation reaction that must be taken into account when 

oxidation of metals (as a multistep process) is investigated. As it was noted previously substantial 

dissolution of oxygen in the Ti during high temperature exposure can lead to major modifications 

of the subsurface microstructure in Ti-Mo system across the studied composition range including 

inverse precipitation of β in α and discontinuous precipitation. Molybdenum does not contribute 

to the formation of a compact and protective multiphase oxide scale in Ti (as in the case of Al), 

yet plays an important role in terms of altering the oxygen solubility in the metal. 

Although direct quantification of oxygen ingress is attainable (using wavelength dispersive 

spectroscopy, atom probe tomography, etc.), it is often more convenient (including for industries) 

to assess the degree of oxygen ingress in a more qualitative manner, such as via change in the local 

hardness. Such measurements are attractive, as they both incorporate mechanical properties 

information and can be coupled with quantitative assessments to approximate the profile of oxygen 

concentration gradient [4]. It should be noted that quantitative interpretation of hardness data and 

one-to-one relation between hardness value and O concentration must be carried out with care 

when considering the effect of orientation and proportion of the phases in multiphase 

microstructures [232]. 

 A secondary electron micrograph showing the Vickers microhardness traverse for a Ti-

3Mo composition after 25 hr oxidation at 650 °C is presented in Fig. 4.29(a). The corresponding 

hardness depth profile from the cross section of the oxidized surface is also shown Fig 4.29(b).  
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Fig. 4.29 a) Secondary electron micrograph from the subsurface region of a Ti-3Mo component oxidized at 
650°C after 25hr and b) the corresponding hardness-depth profile. 

It is apparent that moving from the bulk (~160 µm away from the surface) toward the 

oxidized surface the hardness values show slight variations but there is a significant increase in 

hardness (~280 HV) corresponding to the value recorded from the first 20 µm of the surface. This 

observation indicates that the oxygen enrichment of the metal substrate (i.e. thickness of the α-

case layer) is confined to a region within approximately 20-30 µm of the exposed surface.  

Although microhardness measurement roughly approximates the depth of oxygen ingress, 

it does not provide enough data set to plot the hardness variation within the oxygen enriched region 

unless higher oxidation temperatures and extended exposure times are employed. This is due to 

the relatively large size of the microhardness indents (the average Vickers diagonal length is ~13 

µm) and overlap of the generated strain fields with the edge, which makes it impracticable to 

capture hardness variations in small increments close to the surface via this technique. According 

to ASTM E 92 the minimum spacing between the center of the indent to the edge of adjacent indent 

or specimen edge should be at least 2.5 times the Vickers diagonal [213]. 

To overcome the limitations associated with microhardness measurement which have been 

frequently faced in similar type studies [233, 234], nanoindentation was employed which revealed 
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the hardness variation trend within the first ~20-30 µm just below the metal/oxide interface. In 

order to do so, nanoindentation traverses were placed in several columns with a biased orientation 

(∼45˚ relative to the surface) to ensure that the hardness variation is captured in small increments 

and the data sample is large and reliable, as shown in Fig. 4.30(a-c) for Ti-3Mo, Ti-6Mo and Ti-

9Mo compositions oxidized for 25 hr at 650 °C. Similarly, Figs. 4.30(d-f) present the variation of 

hardness, plotted as a function of the distance from the interface for the three selected components. 

For all compositions, there is a gradual decrease in the hardness values moving from surface 

towards the bulk and the plots generally plateau at a distance of ∼30 µm from the surface which 

can be considered as the α-case layer boundary. Since all the plots level off at a certain hardness 

values, normalization is not required to eliminate the grain orientation effect. 

 

Fig. 4.30 a-c) Nanoindentation traverses for Ti-3Mo, Ti-6Mo and Ti-9Mo components oxidized for 25hr. d-
f) The corresponding hardness variation versus distance from the metal/oxide interface. 

It should be mentioned that a larger amount of dissolved oxygen in the metal substrate does 

not necessarily correspond with a higher scaling rate across the studied composition range 

considering the operating rate law for this oxidation condition [40]. According to the reported 

results of the research efforts dedicated to the surface diffusion of oxygen during high temperature 
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oxidation of Ti and Ti-based alloys, there is enough evidence implying the existence of a linear 

relationship between oxygen content and hardness of the metal for a specific oxidation temperature 

[19, 86, 121, 138, 235-238]. Therefore, a quantitative description of the oxygen ingress as a 

function of distance from the exposed surface can be directly concluded from the hardness results. 

From the APT results the local O concentration was measured for two locations near the 

oxidized surface and within the oxygen enriched region (i.e. just below the metal/oxide interface 

and 16 µm from the surface) of a Ti-3Mo composition after 25 hr oxidation. Figure 4.31(a) shows 

the 3D reconstruction of a 9.5 at% Mo isoconcentration surface that belongs to an atom probe tip, 

extracted from the region just beneath the scale layer and bonded by a nominal volume of 80 nm 

× 80 nm × 300 nm. The Ti, Mo and O atoms are represented by yellow, red and blue dots 

respectively. The proximity histogram presented in Fig. 4.31(b) shows the compositional variation 

across the interface of the α phase and the partial β rib captured in the tip. Not surprisingly, there 

is a sharp increase in the O content moving from β phase into α phase while the Mo content follows 

an opposite trend since O and Mo are strong α and β stabilizing elements respectively. From the 

oxygen concentration profile it is evident that the O content of α phase is about 20 at% while it 

does not exceed 2 at% in β phase. The Mo concentration approaches 0 at% and 16 at% in α and β 

phases respectively as the presence of O decreases the Mo solubility of α phase drastically. 
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Fig. 4.31 a) 3D reconstruction of a 9.5 at% Mo isoconcentration surface that belongs to an atom probe tip 
from the region just beneath the oxide scale of a Ti-3Mo composition after 25 hr oxidation and b) the 

corresponding proximity histogram.   

 The average composition of the α phase in the regions just below the metal/oxide interface 

and 16 µm away from that were measured from a total 15 atom probe tips and are presented in 

Table 4.3. The oxygen concentration of α phase near the surface varies with a very steep slope 

from ~19 at% to ~2 at% (almost 90% decrease) in a short distance of 16 µm. It is worth mentioning 

that the oxygen concentration of β phase in the regions mentioned in Table 1 remains more or less 

the same (i.e. 2-2.5 at%). 

Table 4.3 The average composition of the α phase in the regions just below and 16 µm away from the metal/oxide 

interface for a Ti-3Mo composition after 25 hr oxidation. 

 Distance from the metal/oxide interface 

 ≤1 µm 16 µm 

 at% S.D. at% S.D. 

Ti 80.60 0.38 97.59 0.97 

O 19.29 0.25 2.16 0.95 

Mo 0.11 0.19 0.23 0.04 
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According to the reported values in Table 4.3, the O concentration just below the surface 

is ~19 at% which is well below the maximum O solubility of α titanium regardless of oxidation 

temperature [19, 112]. When comparing the maximum O solubility of α phase in Ti-3Mo 

composition, oxidized at 650 °C (see Table 4.3) and the values reported in the literature (mentioned 

in section 2.2.4) it becomes apparent that addition of 3 wt% Mo to Ti has not a considerable effect 

on the solubility limit of O in the α phase. However, the addition of more Mo (i.e., up to ~6 wt%) 

starts to reveal a relative reduction in the maximum level of oxygen uptake by the substrate, where 

the hardness values do not exceed 11 GPa which is much lower than that of Ti-3Mo (17 GPa, 

equivalent to 19.2 at% O).  

In order to discuss the influence of alloying elements on the oxygen ingress in Ti one must 

take into account: the stabilizing effect of the element (α or β stabilizer), the diffusion rate in Ti, 

the incorporation into the oxide scale and the variation of partition coefficient of the element 

between the existing phases in the presence of O. Molybdenum is a β stabilizing element yet the 

observed reduction in the oxygen uptake cannot be simply associated only with this characteristic 

and higher volume fraction of the β phase. For instance, the α stabilizing element, Al, effectively 

suppress diffusion of O into Ti while Cr as a strong β stabilizing element is proven impotent [232, 

239].  

A direct comparison of Figs. 4.30(d-f) indicates the influence exerted by Mo content on 

the thickness of α-case layer in this system at 650 °C. For the Ti-3Mo component, hardness values 

close to the inner interface approach 17 GPa (equivalent to ~19 at% O) while in the case of Ti-

6Mo and Ti-9Mo the hardness does not exceed 11GPa (equivalent to ~10 at% O, assuming there 

is a linear relation between hardness and O content). From a thermodynamic perspective, under 

equilibrium condition, the addition of Mo to Ti would slightly increase the solubility of O in the α 
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phase thus it is not expected to observe a decrease in the oxygen uptake if the diffusion kinetics 

are not considered. However, the ingress of oxygen is accompanied by strong rejection of Mo (a 

slow diffuser) from α phase which in turn reduces the kinetics of the oxygen enrichment in this 

phase. The rejection of Mo atoms results in the homogenous precipitation of nano-scale β phase 

particles within the α laths is induced as was shown and discussed previously. It appears that under 

the oxidation conditions studied here (exposure time and temperature), it is not possible to 

differentiate between the oxygen uptake in Ti-6Mo and Ti-9Mo via nanoindentation technique and 

higher temperatures or longer exposure times are required to reveal the difference. Despite the 

different level of oxygen dissolution and slope of the oxygen gradient in the regions just below the 

surface, it is interesting that all three compositions show a somehow similar depth of ingress. In 

addition the hardness values at which all the plots plateau correspond to the bulk average hardness 

is nearly identical. This confirms that the oxygen enrichment is responsible for hardness variations 

and grain orientation factor does not contribute in the measurements. 

It was previously noted that the a parabolic oxidation rate law is operable under the 

conducted oxidation condition and is predominantly associated with the diffusion of oxygen in the 

metal substrate (considered as the rate determining factor) and the establishment of an oxygen 

concentration gradient, owing to the presence of a relatively thin oxide layer and larger diffusivity 

of O in the rutile compared to Ti. After the metal substrate is saturated and the oxygen 

concentration at the interface reaches a critical level, there will be a transition from parabolic to 

linear oxidation rate law accompanied by heavy oxide formation. The linear oxidation stage is 

governed primarily by nucleation and growth of the oxide and diffusion of the ionic species across 

the scale become the predominant rate determining factor [4, 5]. As the oxidation rate increases 
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linearly with the passage of time in the linear stage, it is desired to avoid that in high temperature 

applications. 

Any parameters that can suppress diffusion of oxygen into the metal substrate and retard 

the start point of linear oxidation stage would decrease the scaling rate e.g. lower oxidation 

temperature or lower bulk oxygen concentration [8, 14, 19]. From the hardness depth profile plots 

obtained for Ti-Mo system, it can be concluded that addition of Mo can effectively postpone the 

transition from parabolic to the linear oxidation stage. The effect of Mo on the oxidation 

performance of Ti is not limited to suppression of oxygen diffusion in the substrate. The Mo ions 

with higher valency than that of Ti ions also decrease the disorder of rutile (oxygen vacancies) and 

reduce the flux of oxygen through the scale. This is important considering that TiO2 is an n-type 

oxide and oxidation reaction in Ti occurs via inward migration of O ions through the oxide scale. 

Figure 4.32 shows the hardness depth profile for a Ti-9Mo composition after 100 hr 

oxidation at 650 °C. Interestingly the oxygen enrichment depth remains more or less the same 

compared to what were observed for the three compositions after 25 hr oxidation while the 

maximum hardness of the substrate at the interface is increased to 14GPa (compared to 11 GPa 

after 25 hr oxidation). These observations suggest that for Ti-Mo system during the parabolic 

oxidation stage the maximum thickness of the α-case layer is achieved after 25 hr while the 

attainment of the critical oxygen concentration limit, just beneath the metal/oxide interface is being 

proceeded over time in the studied composition-exposure time domain. 
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Fig. 4.32 The hardness depth profile from the cross section of a Ti-9Mo composition oxidized for 100 hr. 

 

4.5 Conclusions 

The following salient conclusions have been made from the rapid assessment of the 

influence of Mo content on the oxidation behavior of Ti alloys: 

• A new observation has been made of an unexpected ‘inverse phase transformation’, 

during which the ingress of oxygen into the metal substrate changes the partition 

coefficient of Mo between the phases and triggers the precipitation of fine scale 

β particles within the α laths for compositions below ∼7.5 %Mo. This precipitation 

event is mainly limited to a narrow region (~5µm) adjacent to the metal/oxide interface 

where the oxygen concentration is high due to the high temperature exposure, though 

some extend deeper into the bulk if in close proximity to high diffusion pathways (i.e. 

grain boundaries). 

• Using both STEM-EDS and atom probe tomography it was shown that the Mo 

concentration of homogeneously nucleated intra α-lath β precipitates is noticeably 

lower than that of heterogeneously nucleated β ribs that form at the α lath interfaces. 
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• Above a critical Mo content (~7.5wt%Mo), in the regions just beneath the surface and 

at the grain boundaries of prior β, a lamellar structure forms as a result of discontinuous 

precipitation of α and β phases with a cooperative growth mode. In fact the present 

phases before and after the transformation are the same (α and β) although with a 

distinctly different morphology. Occurrence of this rather unusual phase transformation 

can be explained by the effect of oxygen on the lowering of the volumetric free energy 

for both α and β phase. This observation has not been reported previously in titanium 

microstructures resulting from oxidation. 

• It was revealed that for Ti–Mo system in general the scaling rate is somehow 

unresponsive to the compositional variation in the composition-time space studied in 

this work at 650 °C and a parabolic oxidation rate law is operable. 

• Qualitatively, the degree of the adhesion of the oxide layer is reduced when Mo content 

is increased. Reduction of TiO2 to TiO which happens at the metal/oxide interface attests 

this adherence loss. Consequently dissociation of TiO2 from the metal occurs via a 

continuous layer of TiO. The results showed that formation of TiO can occur at 

temperatures and compositions lower than what has been reported previously in the 

literature. 

• Micro- and nanoindentation as well as atom probe tomography were utilized to assess 

the diffusion of oxygen into the metal substrate both qualitatively and quantitatively. 

The results showed that the addition of Mo reduces the solubility of O in the metal 

substrate which in turn retards the transition point from parabolic to the linear oxidation 

stage. 
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• Schematic diagram showing the special features associated with the oxidation of Ti-Mo 

system (within both the oxide scale and the metal substrate) as a function of Mo 

concentration at 650 °C is depicted in Fig. 4.33. 

Future work is aimed at: 

• Exploration of a wider composition range under the same oxidation condition. 

• Oxidation tests at higher temperatures and longer exposure times in order to find out the 

onset of linear oxidation regime. 

 

Fig. 4.33 Schematic diagram of the oxidation of Ti-Mo system as a function of Mo content at 650 °C. 
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      CHAPTER 5 

5 INFLUENCE OF CR CONCENTRATION ON THE OXIDATION BEHAVIOR OF 

BINARY TI-XCR ALLOYS 

5.1 Introduction 

It has been repeatedly shown that the oxidation resistance of Ti is decreased when alloyed 

with Cr (in the form of binary Ti-xCr alloys). However this degradation cannot be extrapolated 

over an extended composition range of binary alloys and the effect of Cr become favorable above 

a certain point in the composition range [22, 45, 240]. Regarding the high temperature oxidation 

performance of titanium aluminides, Cr has been observed to exhibit both beneficial and 

detrimental influence [2, 44, 154, 241, 242]. During the prolonged high temperature exposure of 

Ti-Cr alloys, intermetallic phase particles precipitate in the microstructure as a result of β 

decomposition reaction (with sluggish kinetics) which further complicate the oxidation response 

of the material. When these particles are incorporated into the oxide scale an anomalous change in 

the oxidation rate takes place which cannot be explained using the available theories for the high 

temperature oxidation of metals [50, 57]. 

In this chapter, the influence of composition and exposure time on the oxidation 

performance of the binary Ti-Cr system is systematically investigated whereby a compositionally 

graded Ti-xCr specimen (0 ≤ x ≤ 40, all compositions in wt%) was prepared using LENS™, 

solutionized and subjected to oxidation tests at 650°C for different exposure times. The 

morphology, structure and composition of the oxide scale and near-surface region across the entire 

composition range was characterized. It was shown that the influence of composition on the 

oxidation performance evolves distinctly with the passage of time for Cr contents below 20 wt% 
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and results in the transition to a rapid breakaway oxidation stage while above this critical 

composition the material show significant oxidation resistance. The presence of this compositional 

transition point was attributed to the formation of oxidation resistant TiCr2 Laves phase and its 

gradual dissolution in the oxide scale. It should be noted that although the focus of this chapter is 

on the oxidation behavior and subsurface microstructural evolution in the Ti-Cr system, the 

starting microstructure and different aspects of bulk phase transformations will be discussed 

concisely where relevant. 

5.2 Experimentation 

The LENS™ was used to produce a compositionally graded Ti-xCr specimen (0 ≤ x ≤ 40 

wt%) from high purity elemental Ti and Cr powders as described in section 3.1.1.2.1. The 

deposition parameters used for this specimen including laser power, hatch with, layer spacing and 

travel speed are listed in table 3.2. In order to achieve the composition gradient in the specimen 

one of the powder feeders was filled with pure Ti powder and the other one with mechanically 

mixed Ti-40Cr powder. The specimen was deposited in the form of a 38 mm × 25 mm × 12 mm 

rectilinear solid which consists 100 layers. The powder flow rate from two powder feeders was 

programmed in a way that the concentration of Cr increases by 1 wt% increments after deposition 

of each two or three layers. The compositionally graded specimen was longitudinally sectioned 

into individual pieces conserving the composition range in each piece. A solution heat treatment 

was carried out above β-transus temperature followed by water quenching and the samples were 

subject to oxidation tests at 650 °C for different exposure times (see table 5.1). The samples were 

cut after oxidation and the cross section of the oxidized surface was characterized. 
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Table 5.1 Heat treatment and oxidation test conditions for the graded Ti-xCr specimen 
 

 

 

5.3 The Microstructure Prior to the Oxidation Tests 

Backscattered electron micrographs of Ti-3Cr, Ti-9Cr, Ti-17Cr and Ti-30Cr compositions 

after solution heat treatment at 975°C followed by water quenching are shown in Fig. 5.1(a-d). 

The product phases in the microstructure may include: α’, ω, β, β1, β2 and TiCr2 (a Laves phase 

with C15 crystal structure), considering the wide range of compositions in the graded specimen.  

 

Fig. 5.1 Backscattered electron micrographs of a) Ti-3Cr, b) Ti-9Cr c) Ti-17Cr and d) Ti-30Cr 
compositions after solution heat treatment followed by water quenching. 

Specimen Solution Heat-treatment Oxidation Test 

Graded Ti-xCr 975 °C for 35 min – WQ 650°C for 25hr, 50hr and 
100 hrs in still-air 
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For low concentration of Cr (e.g. 3 wt%), the microstructure following water quenching 

from solution heat treatment temperature is the α’ hexagonal martensite (see Fig. 5.1(a)). It should 

be noted that unlike other commonly used β stabilizing transition metals in the commercially 

available titanium alloys (e.g. Mo, V), the formation of the orthorhombic martensitic phase (α”) 

has not been observed in Ti-Cr system [37, 146, 178, 199-201]. For a composition of Ti-9Cr, the 

formation of athermal ω in a retained β matrix is expected (see Fig. 5.1(b)) [37, 146]. A site-

specific TEM sample was prepared from Ti-9Cr composition in as-quenched condition for the 

purpose of phase identification. The inset of Fig. 5.1(b) shows a selected area diffraction pattern 

recorded from this sample in which the principal reflections are indexed as belonging to the [011] 

zone axis of β phase and the additional reflections arise from the fine-scale athermal ω particles. 

Although no general agreement can be found in the literature on the beginning and ending 

compositions of ω formation in the Ti-Cr system, 100% β retention is expected for Ti-17Cr 

composition since the Cr content is beyond all the reported values (see Fig. 5.1(c)). For Cr 

concentration above ∼25 wt% the solution heat treatment temperature (i.e. 975 °C) is not high 

enough to enter the β single phase region and the material is heat treated within the α+TiCr2 two 

phase-field region, owing to the high solvus temperature of the intermetallic phase (∼1220°C) 

[243]. Therefore the product microstructure upon water quenching consists the pre-existing Laves 

phase particles in the β matrix (see Fig. 5.1(d)). 

5.4 Oxidation Observations 

Backscattered electron micrographs in Fig. 5.2(a-c) show the cross-sectional 

microstructure of the subsurface region recorded from a Ti-3Cr composition oxidized at 650 °C 

for 25, 50 and 100 hrs. Decomposition of the martensitic phase (α’) has taken place during the 
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isothermal oxidation experiment. The product phases which will be discussed below include: β, α 

and TiCr2. It is noted that for the material in close proximity to the exposed surface there is local 

oxygen enrichment prior to the oxide formation which can (as will be shown) change the 

transformation kinetics and lead to different microstructural morphologies compared to the bulk. 

 

Fig. 5.2 Backscattered electron micrographs from the subsurface microstructure of Ti-3Cr compositions 
oxidized at 650°C for a) 25, b) 50 and c) 100 hrs. 

In the Ti-Cr system an invariant eutectoid reaction, βTi → αTi + TiCr2, occurs at ~667°C 

under equilibrium condition [1, 146, 197]. Accordingly it is expected to observe the precipitation 

of the TiCr2 phase during isothermal holds at 650°C. However, the eutectoid reaction is reported 

to be very sluggish in nature and the formation of the intermetallic phase particles is not generally 

observed for chromium concentrations below 5 wt% at service temperatures [1, 37, 146, 198]. 

From the microstructure presented in Fig. 5.2(a) it is apparent that after 25 hr oxidation at 650 °C, 

although the composition lays within the α+TiCr2 two-phase region, the decomposition of 

martensitic phase (α’) has led to an α+β microstructure. The metastable β phase has formed at the 

prior martensite lath boundaries and the defects structure (i.e. dislocations and twins). It is only in 

the region just below the oxidized surface where precipitation of nascent TiCr2 particles was 

observed (pointed by the arrows in Fig. 5.2(a)). One can attribute this to the higher β phase 

decomposition rate in the presence of interstitial elements, e.g. O, as has been reported by 

Molchanova [178]. 



 

156 

When the oxidation time is extended to 50 hr, the formation of TiCr2 particles is not only 

limited to the subsurface region and diffusion of oxygen along the prior βgrain boundaries leads 

to the intergranular precipitation of the intermetallic phases (see Fig. 5.2(b)). The microstructure 

in Fig. 5.2(c) shows a uniform distribution of TiCr2 particles surrounded by the α phase which 

suggests that after 100 hr oxidation exposure, there has been given sufficient time for the 

metastable β phase to decompose into α+TiCr2. Using MIPAR™ software (a MATLAB-based 

image processing/3D reconstruction package [244]) the area fraction of the Laves particles in Fig. 

5.2(c) was measured by manual thresholding and subsequent areal analysis. The results (provided 

in Table 5.2) were used to determine the degree of β decomposition after 100 hr exposure and to 

compare with the values expected for the equilibrium condition. The examples of processed 

images will be presented later in this section.  

Table 5.2 Experimentally measured area fraction and calculated equilibrium volume fraction of TiCr2 phase in 

three selected compositions for different holding times. 

Composition Time 
(hr) 

Area fraction, % 
(experimental) 

β decomposition 
completion, % 

Volume fraction, % 
(Calculated by 

PANDAT) 

Ti-3Cr 100 1.59 44.28 3.59 

Ti-9Cr 25 2.80 22.54  

Ti-9Cr 50 2.81 22.62 12.42 

Ti-9Cr 100 8.08 65.06  

Ti-17Cr 25 21.18 87.07  

Ti-17Cr 50 25.09 103.16 24.32 

Ti-17Cr 100 25.01 102.85  

 

The TiCr2 particles can be identified easily in the backscattered electron micrographs as 

they appear brighter compared to both the α and β phases owing to the higher average atomic 
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number. This clear contrast is essential for faithful thresholding and subsequent area fraction 

quantification  [185]. The experimentally measured area fraction for the Laves phase after 100 hr 

oxidation at 650°C, for Ti-3Cr composition is ~1.6%, which deviates from the equilibrium volume 

fraction of this phase predicted using PANDAT 8.1 (~3.6% (see Table 5.2)). The comparison 

between the calculated and experimental values revealed that after 100 hr oxidation, only ~44% 

of the predicted β decomposition reaction has taken place, assuming that nucleation of the Laves 

phase particles is not a direct product of martensite decomposition and proceeds following an 

intermediate phase transformation step: 

Eq. 5.1 2α   α + β  α + β + TiCr′ → →  

For the composition of Ti-9Cr, a considerable increase in the volume fraction of metastable 

β phase was observed in the samples oxidized after 25 and 50 hrs oxidation times as it is shown in 

Fig. 5.3(a,b). This is expected considering that Cr is a strong β stabilizing element. The 

heterogeneous precipitation of TiCr2 particles at the boundaries of prior β grains (in a seemingly 

continuous fashion at some boundaries), α lath interfaces and in the subsurface region can be seen 

in Fig. 5.3(a,b). For the extended exposure time, i.e. 650 °C, there exists a uniform intragranular 

distribution of TiCr2 particles in the microstructure for the Ti-9Cr composition (see Fig. 5.3(c)). 
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Fig. 5.3 Backscattered electron micrographs recorded from the regions close to the oxidized surface of Ti-
9Cr components a) 25, b) 50 and c) 100 hrs exposure at 650 °C. 

Quantification of the microstructure for the SEM micrographs presented in Fig. 5.3(a-c) was 

carried out and the results are given in Table 5.2. The values for the percent β decomposition are 

reported with respect to the predicted volume fractions of TiCr2 under equilibrium condition 

(calculated by PANDAT). Interestingly, for the Ti-9Cr composition, it was observed that the same 

degree of β decomposition (~22%) exists after both 25 and 50 hrs exposure time. After 100 hr 

however, ~65% of the β decomposition reaction has occurred. Figure 5.4 (a-c) illustrate the 

processed version of the micrographs presented in Fig. 5.3(a-c), used for area fraction 

measurements. 

 

Fig. 5.4 The processed version of the backscattered electron micrographs presented in Fig. 5.3(a-c). 

When the concentration of Cr exceeds that of eutectoid composition there is not a considerable 

difference between the microstructures after the various oxidation exposure times (i.e., 25-100 
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hrs). This can be seen in Fig. 5.5(a-c) for a Ti-17Cr component, with the exception of the presence 

of a few β islands in the 25 hr oxidized sample which decompose with the passage of time. Higher 

magnification backscattered electron micrographs are also shown in Fig. 5.5(d-f) for the Ti-17Cr 

composition. Also observed is an extensive precipitation of TiCr2 particles as well as the 

refinement and development of a fine scale lamellar structure which occurs, notably, at only some 

of the prior β grain boundaries as a product of cooperative growth.  

 

Fig. 5.5 Backscattered electron micrographs of the region just below the surface of Ti-17Cr components 
oxidized at 650°C for a,d) 25, b,e) 50 and c,f) 100 hrs. 

The results of the microstructural quantification of the region corresponding to a 

composition of Ti-17Cr are given in Table 5.2. The reported values regarding the percent of β 

decomposition after 50 and 100 hr oxidation times exceeds 100% which can be attributed to two 

possible sources. Firstly, there are experimental uncertainties associated with the image processing 

(i.e. manual threshholding) and stereological measurements. It is reasonable to expect a ±1% 

uncertainty in the measurement (as observed in other Ti-based alloys [185]) given the considerable 
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variation in the size of the Laves phase particles in the regions in a close proximity to the 

boundaries of the prior β grains. The second source is the effect of O, which reduces the solubility 

of Cr in the α-phase, potentially increasing the volume fraction of the precipitated TiCr2 particles. 

Together, these are responsible for the seemingly inexplicable >100% β decomposition completion 

values reported in Table 5.2. 

It was shown chapter 4 that the depth of oxygen diffusion along the grain boundaries (fast 

diffusion pathways), from the exposed surface in the binary Ti-Mo system, can extend up to 500 

μm.  In the Ti-Cr system the faster rate of β decomposition in the presence of oxygen around the 

grain boundaries leads to the aforementioned size variation in the Laves phase particles which in 

turn increases the probability of thresholding errors. When comparing the results of microstructural 

quantification for the three selected compositions, reported in Table 5.2, the role of the exposure 

time and Cr content on the kinetics of the β decomposition reaction become evident. Not 

surprisingly, it can be concluded that for a certain exposure time a larger percent of β phase is 

decomposed to α+TiCr2 as the Cr content increases. 

When the concentration of Cr is increased considerably, the microstructures become 

densely populated by TiCr2 particles with a larger average size, regardless of the oxidation times, 

as it is shown in Fig.  5.6(a,b) for a Ti-30Cr component after 25 and 100 hrs oxidation. From Fig. 

5.6(a,b) it is also clear that the growth of TiCr2 phase particles has occurred with the passage of 

time.  
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Fig. 5.6 Backscattered electron micrographs from the subsurface region of a Ti-17Cr component oxidized 
at 650 °C for a) 25, b) 50 hrs. 

It should be noted that in the Ti-Cr system (a β-eutectoid system), no evidence of the 

formation of the pearlitic or lamellar structure is observed upon cooling from above the eutectoid 

temperature except for hypereutectoid alloys when a large undercooling is applied and the 

predominant mode of eutectoid decomposition in this system is bainitic or non-lamellar [146, 245-

249]. Although the intermetallic phase particles have detrimental effects on the mechanical 

properties that make them undesirable in high temperature commercial Ti alloys for bulk structural 

applications, its impact on the oxidation behavior of the Ti-Cr system is the reason that the 

evolution of this phase is highlighted in this chapter.  

Figure 5.7(a,b) show bright-field TEM micrographs recorded from the subsurface region 

of a Ti-11Cr composition after 25 hr oxidation at 650 °C. The microstructure consists of the α 

phase with nano scale TiCr2 particles (pointed by arrows in the image). It can be seen that the TiCr2 

precipitates are heavily faulted, a characteristic of the Laves phases, required for the so-called easy 

growth of precipitates [250]. The particles are also surrounded by dense dislocations, likely created 

upon cooling from oxidation temperature due to the difference in thermal expansion coefficient of 

TiCr2 and α phase.  
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Fig. 5.7 a,b) Bright-field TEM micrographs of a Ti-11Cr composition oxidized at 650°C for 25hr and c,d) 
the two SAD patterns recorded from the dashed circles. 

Figure 5.7(c,d) show the SAD patterns obtained from the α phase and α+TiCr2 phases (the 

locations are illustrated in Fig, 5.7(a) by the dashed circles). The SAD pattern in Fig. 5.7(c) belongs 

to the [ 2 1 1 0 ] zone axis of α phase, so does pattern in Fig. 5.7(d) but overlaid on the [211] zone 

axis of TiCr2 phase. Accordingly the orientation relationship of Laves phase particle and α phase 

can be described as follows: 

 

2 2[2110] α // [211] TiCr               (0001) α // (011) TiCr  
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5.5 Oxide Scale 

The cross-sectional backscattered and secondary electron micrographs of the oxide layer 

for the three selected compositions after 25 and 100 hrs oxidation at 650°C are presented in Fig. 

5.8(a-f). The imaging conditions (i.e. brightness and contrast) had to be adjusted in order to capture 

both the metal substrate and the oxide scale due to the large difference in the average atomic 

weights. 

 

Fig. 5.8 a-f) Backscattered and secondary electron micrographs of the oxide layer in cross-section for three 
selected compositions after 25 and 100 hrs. 

The effect of compositional variation on the scale thickness is clearly evident form Fig. 

5.8(a-f) as the relatively thick multi-layer oxide scale for the region with the average local 

composition of Ti-3Cr is replaced by a thin, single layer scale for the region corresponding to a 

composition of Ti-17Cr for a certain holding time. In addition, thickening of the scale with the 

passage of time can be seen by comparison between identical compositions after 25 and 100 hrs 

oxidation. 
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Figure 5.9 shows the variations of the scale thickness as a function of local average 

composition for the entire range after 25, 50 and 100 hrs. The reported thickness values are 

averaged over 6 independent measurements for each nominal composition. It can be seen that for 

a certain composition range (i.e., < ~20 wt% Cr), oxide formation and growth is strongly dependent 

on the composition and, to a lesser degree, the holding time. For an oxidation exposure time of 25 

hr, the scale thickness gradually decreases (from ∼11μm to ∼1μm) as the Cr concentration 

increases to ∼20 wt%. For the case of 50 hr oxidation the thickness plot slightly shifts upward 

compared to 25 hr oxidation, and a similar variation in scale thickness with respect to the 

composition was observed.  

 

Fig. 5.9 Scale thickness versus Cr wt% for binary Ti-Cr systems oxidized for 25, 50 and 100hrs at 650°C. 

When comparing Fig. 5.9 with the reported values in table 5.2 it can be concluded that the 

relative stability in oxide scale thickness mirrors the relative stability in the volume fraction of the 

Laves phase in the base material for both Ti-3Cr and Ti-9Cr. As the holding time is extended to 

100 hr a significant increase in the scale thickness appears and the trend has a steeper slope. 

Interestingly, however, for Cr concentrations above ∼20 wt%, there is virtually no difference in 
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the thickness of the oxide layer (see Fig. 5.10(a,b)). Since there is a drastic difference in the 

oxidation behavior above and below this seemingly critical content (∼20 wt% Cr), the composition 

ranges above 20 wt% and below 20 wt% will be discussed separately.  

 

Fig. 5.10 a,b) Backscattered and secondary electron micrographs of the oxide layer in cross-section for a Ti-
30Cr composition after 25 and 100 hrs. 

In order to study the role of kinetics on the evolution of the oxide scale, the data of scale 

thickness were plotted as a function of oxidation time for six selected compositions shown in Fig 

5.11. It is well-established that the oxidation kinetics of Ti at 650 °C can be explained by a 

parabolic rate law [2, 5, 14-17, 30, 227, 251, 252] which can be described, in its simplest form, by 

Eq. 5.2. Accordingly the parabolic oxidation rate can then be expressed by Eq. 5.3: 

Eq. 5.2 2
pX k t=  

Eq. 5.3 dX k t
dt X

′
=  

Where t is oxidation time, kp is parabolic rate constant and X represents any measurable 

quantity that is directly proportional to the extent of oxidation reaction such as weight gain or scale 

thickness. Several parameters including temperature, oxygen partial pressure, charge and flux of 
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mobile ionic species, chemical potential gradient and any operable short-circuit diffusion 

mechanism can affect the parabolic rate constant.  

 

Fig. 5.11 Scale thickness versus exposure time for six selected Ti-Cr components oxidized at 650 °C. 

According to Wagner’s theory of oxidation, developed for relatively thick oxide scales 

(thicker than ∼1 μm) and which predicts the kinetics based on parabolic growth law, the oxidation 

rate is expected to gradually decrease with the passage of time [57, 60, 61].  Surprisingly, the plots 

of scale thickness versus time (shown in Fig. 5.11) for the nominal compositions of 3, 6, 8, 11 and 

17 wt% Cr do not follow the expected parabolic rate law and the results indicate the occurrence of 

a rapid breakaway oxidation. It should be noted that the studies concerning the oxidation of these 

Ti-Cr alloys are unfortunately more or less in agreement in concluding that the oxidation resistance 

of the titanium decreases markedly after the addition of chromium to a certain composition [101, 

116]. However above a critical concentration of Cr (i.e., ~ 20 wt% Fig. 5.9), the binary systems 

show significant resistance to oxidation at 650°C. In order to explain this twofold behavior, the 

concurrent evolution of the oxide scale and the subsurface microstructure must be considered. 

Two different mechanisms can be proposed to explain the occurrence of this rapid 

breakaway oxidation reaction for low Cr concentrations. The first mechanism is the formation of 
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a network of micro-cracks as a result of unrelieved isothermal growth stresses generated in the 

oxide scale. This network of cracks act to supply continuously oxygen to the fresh metal surface 

and result in the local transition from diffusion-controlled to reaction-controlled oxidation and 

consequently an acceleration of the reaction. The second proposed mechanism involves only 

transportation of ionic species the oxide layer and thus is fully a diffusion-controlled mechanism. 

Identification of the predominant mode of oxidation requires full characterization of the oxide 

scale and the metal substrate. 

Figure 5.12(a) shows a cross-sectional backscattered electron micrograph of a Ti-10Cr 

composition after 100 hr oxidation at 650 °C. The structure, morphology and phase variation 

across the oxide scale and into the metal substrate are discussed below. 

 

Fig. 5.12 a) Cross-sectional backscattered electron micrograph of a Ti-10Cr component after100 hr 
oxidation and b) a STEM micrograph of the metal/oxide interface of a Ti-11Cr component after 25 hr 

oxidation. 

Based on the continuity of the oxide scale, it can be divided into three layers (parallel to 

the metal/oxide interface). The outermost layer, referred to as layer 1 (L1) is relatively compact 

with no microporosity, and has largely delaminated from the second layer along the graded 

specimen, though the connection is preserved at some locations, preventing spallation. The middle 

layer, layer 2 (L2), is relatively thin, while the innermost layer, layer 3 (L3), is the thickest which 
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exhibits a porous structure, and terminates at the metal/oxide interface. The predominant defect 

structure of the scale determines the formation sequence and growth direction of these three oxide 

layers. As it was noted in section 2.2.2.1.1, Ti oxide is an n-type oxide in which the predominant 

type of disorder could be either non-metal deficit or metal excess, depending upon the oxygen 

pressure and temperature thus, the oxidation reaction proceeds with the inward diffusion of oxygen 

anions and the metal/oxide interface is considered as the oxidation front. According to the mass 

transportation direction L1 is the first layer that forms on the metal surface, followed by the 

formation of L2 and L3. Notably, it can be seen that the TiCr2 particles do not immediately 

transform as the oxidation front passes. Rather, they undergo a gradual dissolution within the scale 

as the oxidation reaction progresses and act as sources of Cr cations for the enrichment and 

modification of the scale. Figure 5.12(b) is a cross-sectional STEM micrograph of the metal/oxide 

interface for a Ti-11Cr component after 25hr oxidation and clearly shows the existence of TiCr2 

particles on both sides of the oxidation front (i.e. the metal/oxide interface). 

Figure 5.13 presents the x-ray diffraction (XRD) pattern acquired from the oxide surface 

corresponding to a composition of ∼3-4 wt% Cr after oxidation for 25 hr. Indexing of the pattern 

revealed that all the present peaks belong to rutile TiO2 with the experimentally measured lattice 

constants of a=4.586 Å and c=2.961 Å, which is in very good agreement with the expected values 

(4.584 Å and 2.954 Å). 
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Fig. 5.13 The XRD pattern from the oxide surface of a region corresponding to a composition of ~3-
4wt%Cr after 25hr oxidation at 650°C. 

The XRD analysis of the oxide surface for a region corresponding to ∼9-10 wt% Cr showed 

that TiO2 lattice parameters are identical to that of Ti-3Cr composition (i.e., a=4.586 Å and 

c=2.961 Å). This indicates that Cr content doesn’t influence the lattice constants of Ti oxide in the 

topmost oxide layer (L1) which is not surprising when considering the similar ionic radii of Ti+4 

(0.61Å) and Cr+3 (0.62Å) in octahedral coordination [253]. However, XRD is a surface sensitive 

technique and can only be used for phase identification in L1. Therefore, TEM analysis of the 

oxidized surface in cross-section is necessary for the full characterization of all of the layers. For 

that purpose a site-specific TEM sample was prepared from a location with the nominal 

composition of Ti-11Cr after 25 hr oxidation. Figure 5.14(a) shows a bright-field TEM 

micrographs recorded from the site specific sample in which, L1, L2, L3, the metal substrate and 

the protective Pt layer are labeled and separated by dashed lines. It should be noted that during 

sample preparation using the DualBeam™ FIB/SEM, the oxide scale was milled away at some 

locations due to its porous structure. However, it should not significantly affect the TEM analysis 

since all the layers in the specimen contained a sufficiently large area to analyze. It is immediately 
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apparent that there is a considerable grain size variation across the oxide layer interfaces and the 

size reduces from L1 to L2 to L3 respectively (2-3 μm in L1, 0.5-1 μm in L2 and ≤0.1 μm in L3). 

 

Fig. 5.14 a,b) Bright-field TEM micrographs of the metal/oxide interface of a Ti-11Cr component oxidized 
for 25 hr and c-e) the corresponding SAD patterns recorded from the marked regions. 

Three SAD patterns obtained from L2, L2/L3 interface and L3 are shown in Fig. 5.14(c-

e). The SAD pattern in Fig. 5.14(c) can be indexed as the [001] zone axis of rutile structure. Extra 

reflections arising from the contribution of multiple grains in the diffraction event are visible as 

the region captured by SAD aperture is moved to the L2/L3 interface (see Fig. 5.14(d)). Within 

layer 3 (L3), immediately below the L2/L3 interface (i.e., avoiding regions where the TiCr2 Laves 

phase particles are not completely dissolved) the diffraction pattern contains a larger number of 

extra spots (see Fig. 5.14(e)) due to grain refinement. Accurate measurement of d-spacing for these 
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extra reflections revealed that they all correspond to the rutile structure. This indicates that 

although the size of the grains change, there is no change in crystal structure. From the TEM and 

XRD results it is concluded that rutile is the only phase present in L1, L1/L2 interface, L2, L2/L3 

interface and just below L2/L3 interface and there is no evidence of the formation of a new oxide 

(Cr2O3) in the scale, contrary to the competing hypotheses [45, 240]. The size variation across the 

oxide layer interfaces can be attributed to the formation of these layers at different stages of the 

oxidation and subsequent sintering/coarsening of the oxide crystals formed during the earliest 

stages of the prolonged high temperature exposure. 

Figure 5.15(a-d) show the top-view secondary electron micrographs recorded from the 

oxide surface of four selected compositions along the graded specimen after 25 hr oxidation. 

Moving from the bottom of the graded specimen (low Cr wt%) to the top (high Cr wt%) the surface 

morphology of the scale varies considerably. The grain size in the outermost layer of the scale 

appeared to be inversely proportional to the Cr concentration as the relatively large oxide crystals 

with developed facets for the Ti-3Cr component are replaced by small and spherical crystals for 

the Ti-30Cr. 
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Fig. 5.15 a-d) The top-view secondary electron micrographs recorded from the oxide surface of four 
selected compositions after 25 hr oxidation. 

Presented in Fig. 5.16(a,b) are the bright-field TEM micrograph and the corresponding 

STEM-EDS Cr concentration map that spans across the three oxide layers as well as a small portion 

of base metal substrate from the Ti-11Cr composition after 25hr oxidation at 650°C. In agreement 

with the conclusion drawn from the XRD and diffraction pattern studies, the concentration map 

shows that no Cr-rich phase was found in L1, L2 and the top portion of L3, thus indicating a 

compositionally homogeneous oxide scale. However there exists a distribution of Cr rich particles 

extending from ∼300 nm below the L2/L3 interface into the metal. All these Cr rich regions contain 

a level of Ti consistent with TiCr2 which further disproves the hypothesis of the formation of Cr 

oxide (Cr2O3) within Ti oxide as a result of dissolution of Laves phase particles. 
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Fig. 5.16 a-c) Bright-field TEM micrograph, the corresponding STEM-EDS Cr concentration map and 
STEM micrograph recorded from a Ti-11Cr composition oxidized for 25hr. d) Composition of the TiCr2 

particles as a function of distance from the metal/oxide interface. 

Elemental analysis of eight Cr rich particles at various distances from the metal oxide 

interface was carried out and the results are plotted in Fig. 5.16(d). The intermetallic phase particles 

exhibit a near stoichiometric composition of TiCr2 while located in the metal substrate and 

significantly deviate from stoichiometry deeper into the oxide scale, indicating that dissolution 

rate of TiCr2 phase is less than oxidation rate of Ti. Figure 5.16(c) illustrates some of these partially 

dissolved TiCr2 particles in the scale. 

A highly doped oxide is formed as the Cr atoms are driven out of the Laves phase during 

the gradual dissolution in rutile. Site occupancy of the Cr ions in TiO2 structure is the key factor 

that can alter the oxidation rate from a parabolic trend in the case of pure Ti to an unexpected 

exponential trend in Ti-Cr system. The Cr ions can occupy both substitutional and interstitial cation 

sites in TiO2 structure and the reactions can be described by equations 5.4 and 5.5 respectively: 

 

 

Eq. 5.4 - ++
2 Ti O TiTiCr   2Cr  + V  + Ti→  
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Eq. 5.5 +++ -
2 i TiTiCr   2Cr  + 6e  + Ti→  

where CrTi is a Cr ion that occupies a Ti site (substitutional cation), Cri is an interstitial Cr ion; VO 

is an oxygen vacancy; and TiTi is a normal Ti ion in TiO2 lattice. It is worth mentioning that even 

Ti ions can also occupy interstitial sites under certain condition. However, at atmospheric 

pressures, the oxygen vacancy is the dominant type of disorder in TiO2 [47]. Although it is not 

possible to unequivocally determine whether the Cr ions are predominantly dissolved 

substitutionally or interstitially, based upon the experimental results provided in this thesis, the 

influence of the site occupancy on the oxidation rate variation can be discussed. 

The Cr cations with a lower valence than that of Ti cations carry an effective negative 

charge if they occupy substitutional sites in TiO2 (Eq. 5.4). This will create half as many oxygen 

vacancies in order to maintain the charge neutrality. In contrast, the effective charge of Cr ions 

would be positive and the number of oxygen vacancies is reduced if they occupy interstitial sites. 

When considering the inward migration of oxygen ions as the predominant oxidation mechanism 

in Ti alloys, the substitutional dissolution of Cr in TiO2 can explain its detrimental effect on the 

oxidation resistance of the alloy as it increases the bulk diffusion coefficient via providing more 

oxygen vacancies.  

The abovementioned modification of the oxide scale supports the second mechanism 

proposed earlier in this section (i.e., the diffusion-controlled oxidation reaction involving ionic 

migration across the oxide scale), leading to the observed rapid breakaway oxidation reaction for 

the Cr contents below ∼20 wt%. As was shown previously there were no pre-existing TiCr2 

particles in the microstructure of as quenched alloys with the Cr contents below 17 wt%. The first 

Laves phase particles (specifically for the low Cr components) form in close proximity to the 

surface as a result of extensive oxygen ingress in the metal and Cr depletion of the α phase, arising 
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from the fact that dissolution of O during oxidation decreases the Cr solubility of α phase (see Fig. 

5.17). 

 

Fig. 5.17 Chromium solubility of α phase versus oxygen concentration for a Ti-5Cr composition predicted 
by PANDAT under the equilibrium condition at 650°C. 

Consequently, the Cr atoms diffuse towards the bulk as the oxidation front advances into 

the metal substrate. Above a critical content, the precipitation of the first Laves phase particles 

occurs in the Cr rich β phase near the oxidized surface. Although the oxidation resistance of TiCr2 

phase is substantially higher compared to Ti, the volume fraction of this phase is not sufficiently 

large so as to effectively reduce the overall oxidation rate. The dissolution of the TiCr2 phase in 

the oxide scale is a function of oxidation time, as is the number of oxygen vacancies and 

consequently, the oxidation resistance of the material. According to the plots of scale thickness 

versus composition for low Cr contents it can be concluded that oxidation exposure times of 25 

and 50 hrs are not long enough for the TiCr2 particles to become trapped and completely dissolved 

in TiO2. However, after 100 hr a large number of these particles have reacted in the scale and 

formed a TiO2 that is heavily doped with Cr. This mechanism is depicted in Fig. 5.18(a-c), showing 

a backscattered electron micrograph and the corresponding EDS O and Cr concentration maps 

obtained from the oxide scale of a Ti-10Cr component after 100 hr oxidation. According to Fig. 

5.18(a-c) a high density of Cr rich regions (i.e. gradually dissolving Laves phase particles) exist in 
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the bottom layer of the scale and the top layer is also doped with the dissolved Cr ions, unlike the 

Cr concentration map after 25hr oxidation for Ti-11Cr component (Fig. 5.16(b)). These 

observations emphasize the time dependency of the rapid breakaway oxidation phenomenon. The 

concurrent loss of Cr ions through evaporation from the oxide surface is also expected with the 

passage of time, considering the extent of Cr incorporation into the titanium oxide [254]. 

 

Fig. 5.18 a-c) Cross-sectional backscattered electron micrograph and the corresponding EDS O and Cr 
concentration maps recorded from the oxide scale of a Ti-10Cr composition after 100 hr oxidation at 

650°C. 

When Ti ions are substituted with Cr, the oxidation resistance is degraded via increasing 

the inward flux of oxygen in an extrinsic regime. This is considered to be the dominant mechanism 

responsible for the unusual rapid breakaway oxidation phenomenon for low Cr concentrations. 

Figures 5.19(a,b) are STEM micrographs of the cross-section morphology of a Ti-24Cr 

component after 25 hr oxidation, which show that following the initial stages of oxidation the 

volume fraction of the Laves phase near the surface, including both the pre-existing and oxidation-

induced precipitates, is quite high. It can be seen that the Laves phase particles exhibit a noticeable 

size variation ranging from ≤200 nm at just below the oxide scale to ≥200-300 nm at 6μm distance 

from the metal/oxide interface. This size variation is suggested to be the result of concurrent 

ingress of oxygen and decomposition of the supersaturated β phase, considering the absence of 
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pre-existing TiCr2 particles in the starting microstructure for this composition after solution heat-

treatment. 

 

Fig. 5.19 a,b) The cross-sectional STEM micrographs of the oxidized surface of a Ti-24Cr composition after 
25hr oxidation at 650°C and c) the corresponding STEM-EDS Cr concentration map. 

It is clearly evident that a high volume fraction of TiCr2 particles exists on both sides of 

the metal/oxide interface (see Fig. 5.19(c)). Considering the remarkable oxidation resistance of 

these particles they can act as a barrier to diffusion of oxygen and compensate the detrimental 

effect of Cr ions in TiO2 oxide leading to the improved overall oxidation resistance. According to 

the SEM and TEM observations, there was no indication of the formation or propagation of micro-

cracks, penetrating the oxide scale, that could expose the fresh metal surface to atmosphere thus, 

the oxygen ingress is due to diffusion through the oxide scale.  

 

5.6 Oxygen Ingress 

As has already been noted, the local oxygen concentration (as function of time) has a 

pronounced effect on the microstructure, phase stability and partitioning coefficient of the 

elements in the metal substrate. If the solubility of the alloying element in α-Ti decreases with 

addition of oxygen, this can induce precipitation of the existing phases with a different morphology 

(as in the case of Ti-Mo) or formation of a new phase otherwise not expected due to the sluggish 
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nature of the phase transformation (e.g., the formation of TiCr2 in the Ti-Cr system). In order to 

measure the depth of oxygen ingress for different Cr concentrations in the Ti-Cr system, 

nanoindentation traverses were placed in several columns with a biased orientation (∼45˚ relative 

to the metal/oxide interface) to ensure that the hardness variation is captured in small increments, 

as shown in Fig. 5.20 for Ti-6Cr oxidized for 50hr. 

 

Fig. 5.20 Nanoindentation traverses on a Ti-6Cr composition oxidized for 50hr at 650 °C. 

The hardness values as a function of distance from the metal oxide interface are plotted for 

four selected compositions after 50hr oxidation (see Figs. 5.21(a-d)).  The sharp decrease in the 

hardness values moving from surface towards the bulk is associated with the level of oxygen 

enrichment. While the maximum hardness for all the four compositions are approximately the 

same, the distances at which the plots level off (the extent of oxygen ingress) are different, ranging 

from ~35 µm for Ti-3Cr to ~15µm for Ti-17Cr component. 
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Fig. 5.21 a-d) The hardness variations as a function of distance from the metal/oxide interface for four 
selected compositions after 50 hr oxidation at 650 °C. 

 The formation of intermetallic phase particles as a result of increase in Cr concentration is 

thought to be responsible for decrease in the depth of oxygen ingress, as there is not a large 

difference in the interdiffusion coefficient of Cr and the self-diffusion coefficient of Ti to hinder 

the diffusion of oxygen. However, it should be mentioned that a higher flux of oxygen into the 

metal substrate does not necessarily correspond with a higher scaling rate. There are examples 

reported in the literature where these two characteristics (level of oxygen ingress and scaling rate) 

follow opposite trends when the oxidation behavior of different binary systems is compared [6, 

47, 67]. Thus, the coupling of scale thickness measurement with oxygen flux is crucial for reliable 

oxidation rate calculation based on the weight-gains over time.  
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The 3D atom probe tomography was employed to associate the hardness values to the 

content of oxygen and present a quantitative description of the oxygen ingress. For this purpose, 

two sets of atom probe tips were prepared from the regions just below and 15µm away from the 

metal/oxide interface of a Ti-6Cr component after 50 hr oxidation at 650 °C. Figure 5.22(a) shows 

a 3D reconstruction of an atom probe tip generated using 24 at% Cr isoconcentration surface that 

belongs to the region just below the metal/oxide interface in which the Ti, Cr and O atoms are 

represented by yellow, red and blue dots respectively. 

 

Fig. 5.22 a) 3-D reconstruction of an atom probe tip created using a 24 at% Cr isoconcentration surface that 
belongs to a region just below the metal/oxide interface of a Ti-6Cr component after 50 hr oxidation at 

650 °C and b) the corresponding proxigram.  

The corresponding proximity histogram (see Fig. 5.22(b)) shows that the tip consists of the 

α phase and a non-stoichiometric Ti-rich TiCr2 phase. The compositions of the α phase are shown 

in Table 5.3 where the content of alloying elements are averaged over the values for 6 atom probe 

tips from each region. When considering Fig. 5.22(b) and Table 5.3, it can be seen the oxygen 

level in α phase drops significantly (by ~80%) at 15 µm distance from the oxidized surface 

accompanied by ~3 times increase in the Cr content in this phase and the hardness values of 15- 

and 7 GPa correspond to the oxygen concentrations of ~14.7 at% and ~2.9 at% respectively.  
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Table 5.3 The average composition of the α phase in the regions just below and 15 µm away from the metal/oxide 

interface for a Ti-6Cr composition after 50 hr oxidation. 

 Distance from the metal/oxide interface 

 ≤1 µm 15 µm 

 at% S.D. at% S.D. 

Ti 85.17 0.199 96.76 0.154 

Cr 0.12 0.047 0.34 0.117 

O 14.71 0.240 2.90 0.175 

 

Considering the fact the hardness of the Laves phase particles remains below 14 GPa 

(below the maximum hardness for the α phase), it can be concluded that for all four compositions 

in Fig. 5.21(a-d) the oxygen uptake of the metal substrate just below the metal/oxide interface is 

~14.7at% but it decreases progressively (moving into the bulk) with a steeper slope for higher Cr 

contents. 

5.7 Conclusions 

The following salient observations and conclusions are drawn from the systematic 

assessment of the oxidation behavior of binary Ti-Cr system as a function of composition and 

exposure time: 

• Oxygen enrichment of the metal substrate for regions close to the surface, prior to the 

oxide formation, changes the transformation kinetics and stabilizes TiCr2 phase particles 

for unusually low solute levels (e.g., Ti-3Cr). 

• For a certain exposure time, a larger percent of β phase is decomposed to α+TiCr2 (at 

650 °C) as the Cr content increases. 
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• Above a critical concentration of Cr (i.e. ~20 wt%), the oxidation resistance is 

significantly increased and the scale thickness becomes more or less unresponsive to the 

concentration variations and exposure time. 

• The TiCr2 Laves phase particles do not immediately transform as the oxidation front 

(metal/oxide interface) passes. Rather, as the particles gradually dissolve they act as 

sources of Cr ions which enrich the scale, yet do not change the nature of the oxide or 

its lattice parameters. Substitution of Ti+4 ions with Cr+3 introduces effective negative 

charge to the non-stoichiometric TiO2, therefore the concentration of oxygen vacancies 

is increased in order to maintain the charge neutrality. This has an impact on the inward 

flux of O ions through the scale. However the exposure time must be long enough for 

the TiCr2 particles to form, become trapped and dissolve in the scale to reveal the 

detrimental effect of substitutional Cr ions.  

• As this is a time dependent process, an oxidation time of 100 hr is long enough to form 

an oxide scale, heavily doped with Cr ions which is considered to be responsible for a 

large deviation from the expected parabolic rate law and occurrence of a rapid 

breakaway oxidation for Cr concentrations below ~20 wt% (i.e. the critical 

concentration). 

• For the compositions above the critical Cr content the alloys can benefit from the 

remarkable oxidation resistance of TiCr2 particles since the volume fraction of this phase 

is large enough to improve the overall oxidation resistance. 

• The oxide scale formed on the surface of Ti-xCr compositions (x < ~20 wt%) consists 

three layers L1-L3. Rutile is the only phase present in L1, L1/L2 interface, L2, L2/L3 
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interface and just below L2/L3 interface while the rest of L3 is a mixture of TiO2 and 

partially dissolved Laves phase particles. 

• The maximum oxygen uptake of the metal substrate just below the metal/oxide interface 

does not considerably change with variation of Cr content but it decreases progressively 

(moving into the bulk) with a steeper slope for higher Cr contents. 

• Schematic diagram showing the special features associated with the oxidation of Ti-Cr 

system (within both the oxide scale and the metal substrate) as a function of Cr 

concentration at 650 °C is shown in Fig. 5.23. 

 

Fig. 5.23 Schematic diagram of the oxidation of Ti-Cr system as a function of Cr content at 650 °C.   
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       CHAPTER 6 

6 INFLUENCE OF AL CONCENTRATION ON THE OXIDATION BEHAVIOR OF 

BINARY TI-XAL ALLOYS 

6.1 Introduction 

Aluminum is considered the most important alloying element regarding the improvement 

in the oxidation resistance of Ti due to the formation of Al2O3 which is thermodynamically more 

stable than Ti oxide. Al2O3 is a slow growing oxide and does not evaporate at temperature above 

1000 °C. Figure 6.1 shows the dissociation pressure of several metal oxides as a function of 

temperature, assuming that a pure oxide is forming from a pure metal and activities are unity. For 

a given temperature, the oxide with lower dissociation pressure is thermodynamically more stable.   

 

Fig. 6.1 Dissociation pressure versus temperature for several metal oxides [2, 255]. 

The calculated metal/oxide equilibrium pressure in the Ti-Al system at 900 °C (by Rahmel 

et al.) is presented in Fig. 6.2. showing the relative stability of Ti and Al oxides as a function of 

composition. According to Fig. 6.2, the formation of a protective Al2O3 oxide layer occurs for very 

high concentrations of Al where the plots of Al and Ti oxide intersect, as in the case of Ti aluminide 
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alloys based on the intermetallic compounds Ti3Al (α2) and TiAl (γ). In conventional Ti alloys that 

contain lower contents of Al (up to 6 wt%), the formation of Al2O3 phase is still expected, though 

not as a continuous layer [226]. The addition of other commonly used alloying elements such as 

Nb also promotes formation of Al2O3 during oxidation [96]. It is noted that in practice TiO is not 

present in the oxide scale of commercial Ti alloys because it rapidly oxidizes to TiO2.  

 

Fig. 6.2 The metal/oxide equilibrium pressure versus composition in Ti-Al system [255]. 

6.2 Experimentation 

A compositionally graded binary Ti-xAl was produced with a composition range of 0 ≤ x 

≤ 8 wt% Al using LENS™. High purity metal powders of Ti (99.9% pure, -150 mesh from Alfa 

Aesar) and Al (99.8% pure, plasma spray grade from Micron Metals) were used for direct laser 

deposition and in-situ alloying. In order to achieve the intended composition gradient one of the 

powder feeders was field with pure Ti powder and the other one with Ti-8Al mechanically mixed 

powders. The material was deposited on a 6 mm thick Ti-6Al-4V substrate. A total of 100 layers 
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were deposited to produce a 38 mm × 25 mm × 12 mm rectilinear solid whose composition was 

varied by ~1 wt% Al after every 11 layers. The compositionally graded specimen was 

longitudinally sectioned to excise several pieces that were subjected to a β-solution heat treatment 

at 1050°C (above the β transus temperature for the entire composition range) for 30 min followed 

by water quenching. The solutionized samples were polished and cleaned. The oxidation tests were 

carried out isothermally at 650 °C for three exposure times 25-, 50- and 100hrs in laboratory still-

air. Following the oxidation tests, the samples were sectioned perpendicular to the oxidized 

surface, polished and cleaned for detailed characterization of the cross-sections. 

6.3 Solutionized and Water Quenched Specimen 

Figure 6.3(a-c) show backscattered electron micrographs of the bulk microstructure for 

three selected locations with the nominal compositions of Ti-3Al, Ti-6Al and Ti-8Al in the 

compositionally graded Ti-xAl specimen after solutionizing at 1050 °C for 30 min followed by 

water quenching. These microstructures are the starting microstructures for oxidation reaction and 

any possible associated phase transformations.  

 

Fig. 6.3 Backscattered electron micrographs of a) Ti-3Al, b) Ti-6Al and c) Ti-8Al components after 
solution heat-treatment at 1050 °C for 30 min followed by water quenching. 

It is expected that the β → α’(hcp martensite) phase transformation take place for the entire 

composition range embedded in the graded specimen due to the fact that the α stabilizing effect of 
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Al increases the martensite-start temperature (Ms) of Ti thus, formation of α’ martensite cannot be 

suppressed and a massive martensite morphology is adopted upon quenching [1, 183]. Regarding 

the effect of Al on the martensite formation temperature, Jepson et al. reported that the Ms for a 

Ti-2.9Al alloy is 918 °C while addition of Al up to 9 wt% increases Ms to 1015 °C [188]. 

6.4 Oxidation Observations 

The cross-sectional electron backscattered micrographs of Ti-3Al, Ti-6Al and Ti-9Al 

compositions after 25 hr oxidation at 650 °C are presented in Fig. 6.4(a-c). It is immediately 

apparent that the microstructure is free of β phase, an expected result due to the lack of β stabilizing 

elements, and consists relatively large equiaxed grains. There exists a noticeable difference in the 

response of the microstructure to the polishing process moving from the bottom of the graded 

specimen to the top (corresponding to the lower and higher contents of Al respectively). Although 

detail TEM analysis is required to determine the crystal structure of the equiaxed grains beneath 

the oxidized surface, dissimilar response to the polishing process, for different compositions, 

suggests the microstructural evolution in the subsurface region has led to the formation of a new 

phase (or phases) or that the hardness of the material changes significantly. It can also be seen that 

for the Ti-3Al component (Fig. 6.4(a)), the equiaxed grains are slightly etched by the polishing 

suspension, while it has not happened for Ti-6Al and Ti-8Al compositions. As the oxidation time 

is extended to 100 hr the morphologies remain more or less unchanged for identical compositions 

(see Fig. 6.4(d-f)). There appears a narrow band just below the metal/oxide interface that is 

characterized by a smooth surface which due to the formation of round edges during the cross 

section polishing of the oxidized surface. 
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Fig. 6.4 a-f) Backscattered electron micrographs from the region just below the oxidized surface of Ti-3Al, 
Ti-6Al and Ti-8Al compositions after 25 and 100 hrs oxidation at 650 °C.  

Many beam bright-field TEM and STEM micrographs of a Ti-8Al component after 50 hr 

oxidation at 650 °C are shown in Fig. 6.5(a,b). The TEM sample contains both the oxide scale and 

the metal substrate. Based on the local structure, the oxide scale can be divided into three layers 

parallel to the metal/oxide interface: the outermost layer with a porous structure (L1), the relatively 

dense layer in the middle (L2) and the thin porous layer in contact with the metal substrate (L3). 

The STEM-EDS concentration profile of Al (see Fig. 6.5(c)) revealed that unlike L2 and L3, the 

topmost layer (L1) consists of Al rich regions. In order to further study the composition of the 

scale layers, the spatial distribution of the elements was mapped is shown in see Fig. 6.6. Captured 

in the elemental maps are the protective Pt layer, L1 and the top portion of L2. It is clearly evident 

that the Al-rich phase (Al2O3) is uniformly distributed across L1 along with Ti oxide, thus 

indicating formation of a heterogeneous oxide layer while L2 and L3 consist only TiO2.  
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Fig. 6.5 a,b) Bright-field and STEM micrographs of a Ti-8Al composition after 50 hr oxidation at 650 °C. 
c) The corresponding STEM-EDS Al concentration profile. 

 

  

Fig. 6.6 The STEM-EDS elementals maps showing distribution of the present elements. 

The operating oxidation mechanism that leads to the formation of a multilayer and 

heterogeneous oxide scale in Ti-Al systems is rather complex due to the similar thermodynamic 

stability of TiO2 and Al2O3 oxides (directly proportional to the activity of Ti and Al) and 

progressive alteration of ionic transportation balance, associated with the phase fraction of these 

oxides [2]. On the other hand, the extent of oxygen ingress and subsequent stabilization of 

intermetallic phases in the metal substrate just below the metal/oxide interface (which will be 

discussed later in this chapter) leads to a large deviation from ideal Raultian behavior which 

describes a linear relation between chemistry and the activity of the constituent. According to 

thermodynamic calculations, the oxidation of Ti is more favored for Al concentrations below 50 
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at% Al in Ti-Al system [255]. However, there is contradiction regarding the relative stabilities of 

Ti and Al oxides between experimental measurements and thermodynamic calculations, which is 

believed to arise mainly due to the different oxygen solubility within pure Ti compared to Ti-Al 

intermetallic phases [2, 255-262]. Regardless of the phase evolution in the substrate, the selective 

oxidation of Ti and consequent rejection of Al atoms causes a pileup ahead of the oxidation front 

(metal/oxide interface) until the concentration of Al is sufficiently high to trigger the oxidation of 

this element. Therefore, a multilayer and heterogeneous oxide scale forms with the outermost layer 

composed of only TiO2, as is repeatedly mentioned in the literature for Ti-Al systems [6, 21, 141, 

263, 264]. The order of these alternate layers in the oxide scale is however altered by several 

factors such as the initial composition of the base metal, oxidizing atmosphere, oxidation time and 

temperature [96, 226, 265]. 

As noted previously, TiO2 is an n-type oxide with the non-metal deficit (oxygen vacancy) 

as the predominant defect structure, therefore inward diffusion of oxygen ions is favored and the 

metal/oxide interface is considered as the oxidation front. The oxide of Al (i.e., Al2O3), on the 

other hand, is a metal deficit p-type oxide that induces outward migration of metal ions. 

Considering the abovementioned characteristics of the oxides, the balance of inward/outward mass 

transportation during oxidation of Ti is affected by addition of Al adding to the complexity of 

oxidation reaction in this system. For instance, for the case of pure Ti, 90% of the oxidation 

reaction takes place by the inward diffusion of metal ions while for TiAl (γ) this portion is reduced 

to 70% [44, 49]. 

Figure 6.7 show bright-field TEM and STEM micrographs as well as the associated 

concentration maps for Ti, Al and O for a Ti-3Al component after 50 hr oxidation at 650 °C. 

Similar to the Ti-8Al composition, Al2O3 is present in the outermost oxide layer mixed with TiO2 
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and the rest of the oxide scale consists of only TiO2. The top portion of the oxide layer however, 

is less porous compared to the case of Ti-8Al due to the lower phase fraction of Al2O3 allowing 

for the sintering and grain growth of TiO2 crystals during extended oxidation exposure. The 

mechanism by which the mixed (TiO2+Al2O3) outermost oxide layer forms cannot be equivocally 

identified and requires monitoring of the scale composition during the oxidation reaction. Since 

the mixed layer is separated from the metal/oxide interface by a relatively thick TiO2 layer that 

favors the inward diffusion of oxygen rather than outward migration of metal ions, one can suggest 

that the mixed oxide layer is the product of the initial development stages.  

 

 

Fig. 6.7 Bright-field and STEM micrographs of a Ti-3Al composition after 50 hr oxidation at 650 °C, as 
well as the corresponding STEM-EDS concentration maps. 

The phase evolution in the subsurface region during the oxidation reaction ahead of the 

oxidation front plays a crucial role in the kinetics of reaction. When oxidation is accompanied by 

the formation of intermetallic phases in the metal substrate, as in the case of Ti-Cr and Ti-Al 

systems, there will be a marked change in the oxygen solubility of the alloy that can ultimately 

influence the oxidation rate law. Therefore, high temperature oxidation behavior of the system 

cannot be simply explained by a single rate law such as parabolic or linear [6, 132, 149, 266]. 

Selected area diffraction patterns recorded from the regions just below the metal/oxide interface 

of the Ti-3Al and Ti-8Al components are compared in Fig 6.8(a-d). The ASD patterns for Ti-3Al 
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composition (Fig. 6.8(a,b)) can be consistently indexed as [ 0 1 1 1] and [ 2 1 1 0 ] zone axes of hcp 

α Ti respectively. For Ti-8Al, superlattice spots are present in addition to the principle reflections 

which indicate that the SAD patterns belong to the Ti3Al intermetallic compound (α2) with the 

ordered hcp structure of the DO19 type.  

 

Fig. 6.8 The SAD patterns recorded from the subsurface region of a,b) Ti-3Al and c,d) Ti-8Al 
compositions after 50 hr oxidation at 650 °C. 

If the total equivalent-Al content in Ti-Al-O system at 650 °C exceeds ~5.5wt%, the α → 

Ti3Al (α2) transformation is inevitable, a threshold that can be inferred from the isothermal section 

of Ti-Al-O ternary phase diagram generated by PANDAT software (see Fig 6.9). According to the 

Al equivalency equation [37], the role of oxygen in this phase transformation is profound and 

arises from the fact that oxygen reduces the solubility of Al in the α phase and induces formation 

of Ti3Al. From the thermodynamic calculations (Fig 6.9), the α → Ti3Al (α2) transformation for 
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the entire range of compositions within in the graded specimen is attainable depending upon the 

level of oxygen enrichment near the oxidized surface. Interestingly, the formation of Ti3Al just 

below the metal/oxide interface (due to of Al rejection from α phase) that improves the oxidation 

resistance of low concentration Ti-Al components, can also occur in γ-titanium aluminides (TiAl) 

as a result of Al depletion in the metal substrate where the formation of Al2O3 is more favored and 

which degrades the oxidation performance of these alloys [21, 267, 268]. 

 

Fig. 6.9 Partial isothermal section of the Ti-Al-O phase diagram generated by PANDAT 8.1 software. 

In order to study the scaling behavior of Ti-Al system, the scale thickness was plotted as a 

function of Al concentration across the composition range of the graded specimen for the three 

oxidation times (see Fig. 6.10). The thickness values are the average of six independent 

measurements for each composition. The secondary electron micrographs corresponding to six 

data point in the scattered plots are presented in Fig. 6.11(a-f). It was observed that for 25 hr 

exposure time there is not an obvious influence of composition on the scaling rate and the thickness 

of the oxide does not change considerably across the studied composition range. For longer 

exposure times (50- and 100 hrs) the scale thickness decreases progressively with increase in Al 
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content. For compositions below 4 wt% Al, there is a jump in scale thickness when oxidation time 

is increased from 25 to 50hr while the passage of time from 50 to 100 hr did not have a marked 

influence. This is consistent with parabolic oxidation rate which is considered as a general rate law 

for the oxidation of Ti alloys at 650 °C [6, 20]. There is also an unusual decrease in thickness after 

100 hr for compositions ≥5 wt% Al which is considerable compared to the length of the error bars 

for the corresponding data points. This could have been caused by local spallation and regrowth 

of new oxide layers during isothermal oxidation. 

 

Fig. 6.10 Scale thickness versus Al wt% for binary Ti-Al systems oxidized for 25, 50 and 100hrs at 650 °C. 
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Fig. 6.11 Secondary electron micrographs of the oxide layer and metal substrate in cross-section for three 
selected compositions after 25 and 100 hrs oxidation at 650 °C. 

6.5 Oxygen Ingress: 

The nanoindent traverses were placed at ∼40˚ relative to the oxidized surface with 4 µm 

spacing (20 times the maximum depth of indents) and the hardness values were plotted as a 

function of the distance from the surface (see Fig 6.12(a-d)). Due to the formation of a rounded 

edge that resulted from the specimen preparation, it was not possible to faithfully nanoindent the 

first ∼15 µm of the material. The hardness values for the irregularly shaped indents were not 

included in the scattered plots. The set of the missing data points close to the surface may be 

obtained by extrapolation of the plots. It is evident that for the Ti-3Al component the hardness plot 

levels off at nearly 60 µm from the surface which indicates that there is a relatively large oxygen 

enriched layer below the oxide scale. For the Ti-6Al component, although the plot lacks the data 

set for ∼50% of the hardened region, it can be seen that for the distance within 25-30 µm of the 

surface, there is a plateau in the data. Interestingly, for the Ti-8Al component the average hardness 
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value is increased and the data in the plot is more scattered within the first 60 µm from the surface, 

but with a considerably shallower slope compared to Ti-3Al. This is consistent with the TEM 

results that showed α→Ti3Al phase transformation occurs for the regions in a close proximity to 

the surface for Ti-8Al composition. 

 

Fig. 6.12 a-c) The hardness variations as a function of distance from the metal/oxide interface for three 
selected compositions after 50 hr oxidation at 650 °C and d) the secondary electron micrograph 

associated with Ti-6Al composition. 

The solubility of oxygen in Ti3Al phase is less than that of α phase which leads to a 

shallower slope for the hardness plot. The reported values of the oxygen solubility in Ti3Al phase 

in the literature is 12 to 15 at% [259, 269]. Although in general, the addition of Al decreases the 

scaling rate of Ti as was shown in here,, there are contradictory reports in the literature regarding 

the effect of Al on the total oxygen uptake of Ti during high temperature oxidation [6, 67]. Direct 
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comparison of the hardness plots for different compositions is not viable due to the fact that the 

subsurface microstructures consists of different phases (i.e. α and Ti3Al) with a noticeable 

difference in the O solubility. Further, the relatively large grain size may result in a grain 

orientation artifact to the hardness measurments. Nonetheless, the depth of oxygen ingress for 

individual components can be measured from nanoindentation results. 

6.6 Conclusion and Future Works 

From the oxidation study of compositionally graded Ti-xAl specimen at 650 °C, the 

following observations and conclusions are drawn: 

• Formation of α2 phase (Ti3Al) in the subsurface region of the oxidized Ti-Al alloys is 

expected for higher concentration of Al (e.g. 8 wt%) and can be induced by dissolution 

of oxygen during high-temperature exposure. It was shown using TEM analysis and also 

prediction of phase stability in the composition range. 

• Despite the low solute levels, the topmost layer of the oxide scale is a mixture of TiO2 

and Al2O3 which implies on the formation of Al oxide in the early stages of oxidation 

reaction. 

• Presence of Al2O3 as a p-type oxide alters the balance of mass transportation and reduces 

the flux of oxygen ions through the oxide scale. 

• For Al contents below ~4 wt%, extended exposure times (i.e. 50 and 100 hrs) reveal the 

influence of composition on the scaling rate and the observations are consistent with the 

parabolic oxidation rate law for Ti-Al system in the studied composition-time domain. 
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• Schematic diagram showing the special features associated with the oxidation of Ti-Al 

system (within both the oxide scale and the metal substrate) as a function of Al 

concentration at 650 °C is shown in Fig. 6.13. 

In addition to these observations and conclusions, additional work remains and is left for future 

research activities. Specifically, for the Ti-xAl system, the following work is required: 

• Determination of the compositional onset of the disorder/order phase transformation in 

the subsurface region under the same oxidation condition and quantification of the 

oxygen dissolution in the base material. 

•  

 

Fig. 6.13 Schematic diagram of the oxidation of Ti-Al system as a function of Al content at 650 °C. 

  



 

199 

     CHAPTER 7 

7 INFLUENCE OF W CONCENTRATION ON THE OXIDATION BEHAVIOR OF 

BINARY TI-XW ALLOYS 

7.1 Introduction 

To date, W has not been an additive to any of the important commercially available Ti-

based alloys. This is due to two characteristics, namely its very high density (particularly avoided 

in aerospace applications) and the difficulties associated with segregation issues in casting or 

partial reaction of W particles in powder metallurgy [203, 270]. Despite the traditional absence of 

this element in Ti alloys, its influence on the oxidation behavior of Ti aluminide alloys have been 

investigated in some research efforts [241, 271, 272]. According to Shida et al. [271], for a mixed 

TiO2+Al2O3 oxide scale formed on a Ti-35.4Al alloy (containing 1 to 6 wt% W) during oxidation 

at 900 °C, W segregated into the Ti oxide and led to a slower growth rate for this phase. It was 

also reported that internal oxidation was prevented in W containing alloys as a result of significant 

reduction in the oxygen solubility TiAl system [1, 271, 272]. The critical concentration of Al 

required for the formation of a protective Al2O3 oxide layer in Ti-Al alloys can be reduced by 

addition W as it increases the activity of Al and acts as sinter aid for Al oxide. 

7.2 Experimentation 

A compositionally graded Ti-xW (0 ≤ x ≤ 30 wt%) was produced using LENS™, from 

high purity elemental metal powders of Ti (99.9% pure, -150 mesh from Alfa Aesar) and W (99.8% 

pure, plasma spray grade from Micron Metals).  The specimen was sectioned to several pieces (as 

was explained in previous chapters) and subject to a β solution heat treatment at 975 °C for 100 
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hr. The specimen was encapsulated in an evacuated and Ar backfield quartz tube for the extended 

β-solution heat treatment. The oxidation tests were carried out isothermally at 650 °C for three 

exposure times 25-, 50- and 100hrs in laboratory still-air. After the oxidation tests the samples 

were sectioned perpendicular to the oxidized surface, polished and cleaned for cross-sectional 

characterization of both the oxide layer and subsurface microstructure. 

7.3 Characterization of the Solutionized Specimen 

Figures 7.1(a-f) show the electron backscattered electron micrographs of the solutionized 

and water-quenched graded specimen, for six selected compositions. The formation of a 

microstructure consisting of martensite laths upon quenching was observed across the entire 

studied composition range. From the crystallographic stand point it is expected to have both types 

of martensitic structure in the graded specimen, i.e. hexagonal α’ for compositions below 8 wt% 

W and orthorhombic α” martensite for above that composition [209]. There is no general 

agreement on the beginning and ending composition of ω formation in Ti-W system: according to 

Collings [183], the formation of athermal ω starts when concentration of W exceed 23.7 wt% while 

Bagariatskii et al. reported the concentration of 20wt% as the onset of ω formation upon 

quenching. Regarding the critical composition above which 100% β retention is obtained the 

values of 22.4, 25 and 30 wt% W are reported in the literature [178, 199, 211].   
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Fig. 7.1 a-f) Backscattered electron micrographs of six selected compositions after solutionizing at 975 °C 
for 100 hr followed by water quenching. 

7.4 Oxidation Observations 

The subsurface microstructure of Ti-3W, Ti-6W, Ti-9W, Ti-15W, Ti-19W and Ti-23W 

compositions after 25 hr oxidation at 650 °C are shown in Fig. 7.2(a-f). The microstructure consists 

of α phase in form of laths and β phase which exist in form of distinct and globular particles at the 

lath interfaces and also fine scale precipitates within the α laths. As expected considering the β 

stabilizing effect of this element, there is a noticeable change in the volume fraction of the β phase 

and a concurrent reduction in the size of the α laths with increase in W content. Regardless of the 

size and phase fraction of the α laths and β phase particles, the overall morphology are very similar 

across the studied composition range. 
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Fig. 7.2 a-f) Cross-sectional backscattered electron micrographs from the subsurface of six compositions 
after 25 hr oxidation at 650 °C. 

When compared to the other binary systems studied in this thesis, i.e. Ti-Mo and Ti-Cr, 

oxidized in the exact same condition, it is apparent that the size of the inter α-lath β phase particles 

are relatively smaller. The precipitation of the nano-scaled β phase particles was also previously 

observed in the case of Ti-Mo system (oxygen-assisted precipitation of β in α) which is triggered 

by the alteration in the partitioning coefficient of the alloying between the α and the β phases as a 

result of oxygen ingress into the metal substrate during oxidation exposure. Given the similarities 

of the post-oxidation microstructures, the same hypothesis is postulated for the Ti-W system. 

However, notable differences can be pointed out between the two systems regarding the locations 

and the composition range over which this phase transformation occurs. In the Ti-Mo system the 

oxygen-assisted precipitation of intra lath β particles is confined to the regions just below the 

metal/oxide interface (mainly with the first 10 µm of the surface) and takes place for the 

compositions below ~7.5 wt% Mo.  In the Ti-W system however this precipitation phenomenon 
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was not only limited to the surface (see Fig. 7.3(a)) and observed throughout the samples for the 

compositions up to ~25 wt% W. It is also clearly evident that the defect structure of the 

supersaturated martensite (i.e. twins and dislocations) are decorated with the β phase particles as 

shown in Fig. 7.3(b,c). 

 

Fig. 7.3 a-c) Bulk precipitation of β phase within the α laths and decoration of twins and dislocations with 
the β phase particles. 

Figure 7.4(a-g) show the SEM backscattered micrographs recorded from the region just 

below the surface of Ti-3W, Ti-6W, Ti-9W, Ti-15W, Ti-20W, Ti-25W and Ti-33W compositions 

after 5 0hr oxidation at 650 °C. For the identical compositions, evolution of the subsurface 

microstructure and the morphology of the existing phases resemble the micrographs shown in Figs. 

7.2(a-f) for 25 hr oxidation. For the Ti-33W composition region, a distinctive Widmanstätten-type 

microstructural morphology was observed.  There is also an increase in the volume fraction of the 

β phase for the 50 hr exposure when compared to 25 hr exposure (e.g. Ti-3Mo composition in Fig. 

7.4 and Fig. 7.2).  
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Fig. 7.4 Backscattered electron micrographs recorded from the region just below the surface for seven compositions after 50 hr oxidation at 650 °C
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Similar trends of microstructural changes, across the composition range for an identical 

oxidation time and also with the passage of time for an identical composition, proceed up to 100 

hr oxidation as illustrated in Figs. 7.5(a-g) for the selected compositions. However there is an 

exception regarding the compositions for which the Widmanstätten α/β morphology forms. It can 

be seen that for longer oxidations exposures this type of morphology can evolve at lower 

concentration of W, i.e. 23 wt%. 

Figure 7.6(a-d) show another distinct microstructural feature, an α/β lamellar structure that 

resembles prototypical morphology resulted from a cooperative growth mode (e.g. eutectoid 

transformation), similar to what was reported for the Ti-Mo system for the Mo concentrations 

above ~8 wt%. Unlike the Ti-Mo system, the nucleation of the lamellar structure does not happen 

in the regions with high concentration of oxygen (i.e. regions in a close proximity to the surface 

and grain boundaries of the prior β grains) but rather takes place near to the partially reacted W 

particles either close to the surface or in the bulk. Interestingly, for the high W compositions where 

the morphology was described as a Widmanstätten type, the lamellar structure is not 

thermodynamically favorable anymore and the Widmanstätten microstructure is uniformly present 

it is shown in Fig. 7.7. 
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Fig. 7.5 Backscattered electron micrographs recorded from the region just below the surface for seven compositions after 100 hr oxidation at 650 °C. 
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Fig. 7.6 a-d) The lamellar morphology developed from a partially melted W particle. 
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Fig. 7.7 Stability of the Widmanstätten morphology adjacent to a partially reacted W particle in a Ti-25W 

component after 100 hr oxidation. 

In order to assess the influence of W content on the scaling behavior of Ti-W system, the 

oxide scale thickness was measured across the composition range for the three exposure times and 

plotted as a function of W wt% (see Fig. 7.8 (a)). The presented scale thickness values are averaged 

over six independent measurements taken from the cross-section SEM images for each 

composition, as they are shown for the three selected components in Figs. 7.8(b-d). It can be seen 

that the scale thickness scattered plots for the three exposure times follow the same trend, ranging 

from ~1.5 µm for low W concentrations to ~50 nm for Ti heavily alloyed with W. For an identical 

composition, the scale thickness remains more or less unchanged with the passage of time in the 

studied composition-time space suggesting that the oxidation reaction is proceeding with a 

parabolic rate law and the transition to the linear oxidation stage has not occurred yet. 
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Fig. 7.8 a) Thickness of the oxide scale as a function of W content for three exposure times and b-d) 
backscattered electron micrographs of Ti-3W, Ti-10W and Ti-33W components after 50 hr oxidation at 

650 °C. 

It is well established that the parabolic oxidation rate law is predominantly associated with 

the diffusion of oxygen in the metal substrate (considered as the rate determining factor) and the 

establishment of an oxygen concentration gradient owing to the presence of a relatively thin oxide 

layer and larger diffusivity of O in the scale rather than the metal. After the metal substrate is 

saturated and the oxygen concentration of the interface reaches a critical level, there will be a 

transition from parabolic to linear oxidation rate law accompanied with heavy oxide formation. 

The linear oxidation stage is governed primarily by nucleation and growth of the oxide and 

diffusion of the ionic species across the scale becomes the predominant rate determining factor. 

Accordingly, any parameter that can suppress diffusion of oxygen in the metal substrate and retard 
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the onset of linear oxidation stage would decrease the scaling rate e.g. lower oxidation temperature 

and also presence of alloying elements that reduce oxygen solubility of Ti [8, 14, 15, 19, 88, 89]. 

An assessment of oxygen ingress into the metal substrate is required to discuss the influence of W 

on the overall oxygen uptake. 

The STEM micrographs of a Ti-3W component after 100 hr oxidation are presented in Figs 

7.9(a-c). It is evident that the oxide layer consists of a compact outer layer and a porous inner layer. 

When considering the type of Ti oxide (i.e. n-type) and its defect structure [2, 47], one would 

consider the metal/oxide interface as the oxidation front and the oxidation reaction progresses with 

the inward migration of oxygen anions. Thus, the compact outer region was the first layer that 

formed on the metal surface followed by the porous layer. The noticeable change in the 

compactness of the oxide is attributed to the sintering and recrystallization of the early formed 

oxide crystals during the prolonged high temperature exposure of the oxide. The subsurface 

microstructural features, including the inter- and intra-lath β phase particles can be clearly seen, 

as it was discussed previously in this chapter.  
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Fig. 7.9 a-c) The STEM micrographs of a Ti-3W component after 100 hr oxidation. 

 

The STEM micrographs of a Ti-12W composition oxidized for 100 hr are shown in Figs. 

7.10. The volume fraction of the β phase in form of both inter- and intra-lath precipitates is 

increased. Distinct β particles at some of the lath boundaries are connected and created so called 

β ribs. Within the α laths connected directly to the surface however, the precipitated β phases are 

extremely fine (less than few nm). The structure of the oxide remains more or less similar to that 

of Ti-3W composition.  
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Fig. 7.10 The STEM micrographs of a Ti-12W composition oxidized for 100 hr at 650 °C. 
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Figures 7.11 show the STEM micrographs recorded from the cross-section of oxidized 

surface for a Ti-25W component after 100 hr oxidation. The morphology which was referred to as 

“Widmanstätten” can be seen in the subsurface region and there is a considerable variation 

regarding the β phase particles size, moving from surface towards the bulk. Within the first ~500 

nm distance from the metal/oxide interface, the formation of oxide crystals is observed ahead of 

the oxidation front which indicate that internal oxidation reaction has taken place. This is rather 

surprising since addition of W is reported to decrease the O solubility of Ti and improve the 

internal oxidation susceptibility in the Ti aluminides as it was mentioned previously in this chapter. 

Furthermore, one of the requirements reported in the literature for the occurrence of internal 

oxidation is to have a solute element with a thermodynamically more stable oxide scale compared 

to the base metal [4, 5]. It was shown previously that the scale thickness is reduced for a certain 

exposure time when W content increases. On the other hand, the observed internal oxidation 

phenomenon for Ti-25W implies a higher level of oxygen ingress compared to Ti-3W and Ti-

12W. This is an example of anomalous oxidation behavior in Ti alloys where larger amount of 

dissolved oxygen in the metal substrate does not necessarily correspond with a higher scaling rate. 

If oxide is born internally, as discrete oxide grains, its morphology is preserved even after 

it is incorporated into the oxide scale (external oxide). This morphology cannot be protective and 

act as a barrier to oxygen diffusion during the high temperature exposure. Thus, internal oxidation 

significantly degrades the oxidation performance of the alloy and is strongly avoided in high 

temperature applications. More studies are required in order to reveal the mechanism of this 

unexpected internal oxidation. One might attribute this to the role of W stabilized β phase 

underneath the metal/oxide interface, considering the faster diffusion rate of oxygen through β 

compared to α phase [16, 128, 138]. 
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Fig. 7.11 The STEM micrographs recorded from the subsurface region of the oxidized surface for a Ti-25W 
component after 100 hr oxidation at 650 °C. 

7.5 Conclusion and Future Work 

The followings are conclusions of the results presented in this chapter on the oxidation 

performance of Ti-W system: 

• Different morphologies evolved in the specimen across the composition range 

including: α lath and β rib/precipitates (inter- and intra-lath), lamellar structure that 
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forms around the partially melted W particles and Widmanstätten α and β for very high 

concentration of W. 

• In general the observations made regarding the microstructural evolution of the base 

metal in Ti-W system were comparable to those of the Ti-Mo system including: 

precipitation of fine scale β particles within the α laths and formation of α/β lamellar 

structure as a result of discontinuous precipitation with a cooperative growth mode. 

However the composition ranges associated with these distinctive morphologies are 

quite different: precipitation of β in α is not only limited to the subsurface region and 

the lamellar structure predominantly form in the regions around the partially reacted W 

particles regardless of the location. 

• The scale thickness follows a descending trend with increase in W content and appears 

to be unresponsive to the oxidation exposure times ranging between 25-100 hrs.  

• Ingress of oxygen leads to the extreme refinement of the microstructure for the α laths 

directly connected to the metal oxide interface. 

• Internal oxidation takes place for very high solute levels (e.g. Ti-25W) where the base 

material has a Widmanstätten morphology. This phenomenon indicates that the lower 

scaling rate (observed for high W contents) does not necessarily imply on the lower 

oxygen ingress into the metal and these two could follow an opposite trend under certain 

condition. 

• Schematic diagram showing the special features associated with the oxidation of Ti-W 

system (within both the oxide scale and the metal substrate) as a function of W 

concentration at 650 °C is shown in Fig. 7.12. 
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In addition to these observations and conclusions, additional work remains and is left for future 

research activities. Specifically, for the Ti-xW system, the following work is required: 

• Determination of the composition regimes for which formation of the above mentioned 

microstructural features (i.e. nano-scaled β precipitates and lamellar structure) are 

expected.  

• Study of the mechanism associated with the observed internal oxidation. 

• Further characterization of the solutionized and water quenched specimen to find out 

the onset of ω formation in Ti-W system. 

 

Fig. 7.12 Schematic diagram of the oxidation of Ti-W system as a function of W content at 650 °C. 
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CHAPTER 8 

8 CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 

Systematic assessment of the oxidation performance and subsequent oxygen-induced 

phase transformations as a function of composition and exposure time for binary Ti-based systems 

was the focus of this thesis. A series of compositionally graded specimens: Ti-xMo (0 ≤ x ≤ 12 

wt%), Ti-xCr (0 ≤ x ≤ 40 wt%), Ti-xAl (0 ≤ x ≤ 8 wt%) and Ti-xW (0 ≤ x ≤ 30 wt%) were produced 

using LENS™ technology and exposed to still-air at 650 °C. A suite of the state-of-the-art 

characterization techniques were employed to assess several aspects of the oxidation reaction as a 

function of local average composition including: the operating oxidation mechanisms; the structure 

and composition of the oxides; the oxide adherence and porosity; the thickness of the oxide layers; 

the depth of oxygen ingress; and microstructural evolution of the base material just below the 

surface but within the oxygen-enriched region. The adopted combinatorial approach allowed to 

break down the sheer number of important factors, affecting the oxidation behavior, and provided 

insights into the role of individual constituents in different stages of oxidation. The elimination of 

the experimental variabilities as the potential source of error in oxidation studies was also an 

advantage of this approach. Importantly the results and observations reported in this thesis can be 

used to interpret the oxidation performance of more complex multi component systems i.e. 

commercially available Ti alloys. In addition to the demonstration of this combinatorial approach 

for the rapid assessment of the influence of alloy content and exposure time on the oxidation 

behavior of titanium alloys, the following salient conclusions have been made: 
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Ti-Mo System: 

• Occurrence of ‘inverse phase transformation’ in the subsurface region due to the ingress of 

oxygen into the metal substrate and change in the partition coefficient of Mo between the 

phases for compositions below ∼7.5 %Mo.  

• Lower Mo concentration of homogeneously nucleated intra α-lath β precipitates compared to 

those of heterogeneously nucleated β ribs that form at the α lath interfaces. 

• Formation of a lamellar structure above a critical Mo content (~7.5wt%Mo) in the regions just 

beneath the surface and at the grain boundaries of prior β grains. The reduction in the 

volumetric free energy for both α and β as a result of oxygen ingress and discontinuous 

precipitation of these phases leads to this morphology.  

• A parabolic oxidation rate law is operable at 650 °C in the studied composition-time domain 

and scaling rate drops with the passage of time.  

• Increase in the Mo content reduced the adhesion of the oxide layer due to the formation of a 

transition TiO layer at the metal/oxide interface. 

• Molybdenum decreases the oxygen solubility of Ti and retards the starting point of the linear 

oxidation stage. 

Ti-Cr System: 

• Oxygen enrichment of the metal substrate alters the transformation kinetics and stabilizes 

TiCr2 phase particles for unusually low solute levels (e.g., Ti-3Cr). 

• For a certain exposure time, a larger percent of β phase is decomposed to α+TiCr2 (at 650 °C) 

as the Cr content increases. 
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• There exists a critical concentration of Cr (i.e. ~20 wt%) above which oxidation resistance is 

significantly increased. Below this critical content however a rapid breakaway oxidation was 

observed. 

• The two fold effect of Cr on the oxidation performance was explained by the formation of 

TiCr2 Laves phase particles with remarkable oxidation resistant in the material. Gradual 

dissolution of this Laves phase in the oxide scale and release of Cr+3 ions leads to a catastrophic 

oxidation for long exposure times. However a large volume fraction of this phase (for high 

solute contents) shows improvement in the overall oxidation resistance under the studied 

oxidation condition.  

• The multi-layered structure of the oxide scale is composed of TiO2 and partially dissolved 

TiCr2 Laves phase particles. 

• The maximum oxygen uptake of the metal substrate during oxidation is not noticeably 

influenced by Cr content while the depth of oxygen ingress decreases for higher solute 

concentrations. 

Ti-Al System: 

• Presence of α2 phase (Ti3Al) in the subsurface region of the oxidized Ti-Al alloys for higher 

concentrations of Al (e.g. 8 wt%) in the compositionally graded specimen.  

• Formation of a mixed oxide scale consist of Al2O3 (located in the topmost layer) despite the 

relatively low solute levels compared to those of titanium aluminides. 

• Extended exposure times (i.e. 50 and 100 hrs) revealed the influence of composition on the 

scaling rate and operation of a parabolic oxidation rate law for Ti-Al system in the studied 

composition-time domain. 

Ti-W System: 



 

220 

• Different morphologies evolved in the specimen across the composition range including: α 

lath and β rib/precipitates (inter- and intra-lath), lamellar structure and Widmanstätten α and 

β for very high concentration of W. 

• The Ti-W system somehow resembles the Ti-Mo system with regard to the microstructural 

evolution of the base material. This includes: inverse precipitation of β in α and formation of 

α/β lamellar structure. The composition ranges associated with these morphologies however 

are quite different. 

• Addition of W decreases the scaling rate and the scale thickness does not considerably change 

from 25 to 100 hr oxidation exposure times for a particular composition. 

• Occurrence of internal oxidation for very high solute levels (e.g. Ti-25W) where the scaling 

reaction is substantially suppressed, implying that scale thickness and oxygen dissolution in 

the metal substrate do not necessarily follow the same trend. 

General schematic diagrams comparing the special features associated with the oxidation 

of Ti-Mo, Ti-Cr, Ti-Al and Ti-W systems (within both the oxide scale and the metal substrate) at 

650 °C are shown in Fig. 8.1. 
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Fig. 8.1  Schematic diagram of the oxidation of Ti-Mo, Ti-Cr, Ti-Al and Ti-W systems at 650 °C. 
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8.2 Future Work 

In addition to the above mentioned conclusions, future research activities are aimed at 

further exploration of the studied binary Ti-based systems as well as production and oxidation 

investigation of a compositionally graded ternary Ti-based system and a commercially available 

titanium alloy. In light of this, it is possible to assess the synergistic effect of different factors on 

the oxidation behavior of Ti-base alloys. The future works can be listed as: 

• Oxidation tests at higher temperatures and longer exposure times in order to find out the 

transition from parabolic to linear oxidation regime for Ti-Mo, Ti-Al and Ti-W systems. 

• For the Ti-Al system: determination of the compositional onset of the disorder/order phase 

transformation in the subsurface region under the same oxidation condition and quantification 

of the oxygen dissolution in metal substrate. 

• For the Ti-W system: determination of the composition regimes for which nano-scaled β 

precipitates and lamellar structure are expected and the mechanism associated with the internal 

oxidation at high solute levels. 

• Oxidation study of compositionally graded Ti-Al-Cr system at 650 °C (which is already 

started) as well as evaluation of the effect of Al on the kinetics of beta decomposition which 

ultimately impacts the oxidation resistance. 

• Oxidation study of Ti-5553 at 650 °C (which is already started) and incorporation of the results 

obtained from binary systems in order to interpret the oxidation performance of this technical 

alloy. 
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