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(2) To investigate the effects of temperature and time on oxidation behaviours 

of a Ga-containing alloy.  

i) To investigate reaction rate, alpha-case formation in the Ga-

containing alloy at the temperature range of 650-750 °C up to 

500 h. 

ii)  To investigate the temperature and time dependency of 

recrystallization phenomenon in the Ga-containing alloy. 
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[4] R. N. Shenoy, J. Unnam, and R. K. Clark, Oxidation and embrittlement of Ti-
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Figure 2.3 Ti-Al phase diagram [5] 

 

 

Figure 2.4 Three-dimensional phase diagram for classification of titanium alloys [6] 
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Alloying can affect properties by adjusting chemical composition of alloy. 

This kind of adjustment lays the basis for strength increasing and the formation 

of new ordered structures. Alloying can modify the physical properties like 

density, elastic modulus, and also affect chemical resistances such as corrosion 

and oxidation. 

Processing modifies and carefully balances material properties by 

generating proper microstructures through thermomechanical treatment. This 

method can optimize for strength, ductility, toughness, stress corrosion, creep 

resistance etc. 

 

Figure 2.10 Ways for modification of properties in titanium alloys [2]. 

In practical application, alloying and processing are combined to obtain 

proper Ti alloys with specific requirement. Alloying elements composition and 

microstructure both determine the final mechanical properties of titanium alloys.  
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2.2.3.1 Oxide growth mechanism 

Oxidation of metals involve the formation of an oxide scale that covers 

the metal surface uniformly. The formation of an oxide scale of a pure metal 

can be divided into the following four steps [2] as shown in Fig. 2.13: 

a) oxygen adsorption 

b) nucleation of oxide 

c) lateral growth of oxide 

d) formation of compact oxide 

 

Figure 2.13 Schematic illustrations of 4 steps for oxide formation: a) oxygen adsorption, 
b) oxide nucleation, c) oxide lateral growth, and d) compact oxide formation [2]. 

The initial step of oxygen adsorption involves attachment of oxygen to 

metal surface by chemical adsorption or physical adsorption as shown in Fig. 

2.13a. For physical adsorption, gases are bound to metal surface by van der Waals 

force while for chemical adsorption, it is bounded by chemical bonds [2, 23]. 

After metal surface saturated with adsorbed oxygen, oxide nuclei forms and 

growth laterally as shown in Fig. 2.13b and 2.13c. These adsorption, nuclei and 



30 
 

lateral growth occur rapidly at elevated temperatures and sufficiently high oxygen 

partial pressure. Once a thin, compact film has been formed as shown in Fig. 

2.13d, further growth of oxide scale is controlled by mass transport through oxide 

scale. In this case, the type and morphology of oxide scale, cracks, voids in oxide 

scale, grain boundary and volume diffusion all affect the mass transport process, 

thus affecting oxide growth.  

Oxides are compound with a high portion of ionic bounding. Oxygen ions 

and metal ions form cation and anion partial lattices, which form an electrically 

neutral lattice as a whole. The electronegativity of each element may play an 

important role for mass transformation. In addition, large numbers of 

imperfections such as metal ions located at the interstitial positions, non-metal 

ion vacancies, metal ion vacancies and non-metal ions located in the interstitial 

positions affect mass transformation in oxide scale significantly [30]. TiO2 is the 

most commonly formed oxide during isothermal oxidation at high temperatures 

for titanium alloys. There are four polymorphs of TiO2 found in nature, however, 

only rutile structure is commonly recognized during oxidation as it is the most 

thermodynamically stable polymorph at all temperatures [31]. Rutile is known as 

a non-stoichiometric compound and is often expressed as TiO2-x. The defect 

structure in rutile involves both oxygen vacancies and tri- and tetra- valent 

interstitial Ti cations as described in reference [32], which can affect mass 

transfer electrically. 
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varying proportions [28,34]. The formation of a multilayered structure was 

presented in detail by Du et al. [28] and Fig. 2.15 shows a schematic process for 

the formation of multi-layered structure of oxide in Ti-6Al-4V alloy. 

 

Figure 2.15 Schematic illustrating the mechanism controlling air oxidation of Ti-6Al-4V 
in temperature range of 650-860 °C [28]. 

A mechanism for the formation of multilayered oxides was proposed by 

Du et al. [28]. At first, TiO2 preferentially developed on the alloy surface due to 

the relative high activity of Ti compared to Al. Once the thin TiO2 layer is formed, 

the substrate was separated from its environment (Fig. 2.15a). The oxygen partial 

pressure at interface of substrate/oxide would decrease considerably to a value 

approaching that of the dissociation partial pressure of TiO2. At such low oxygen 

partial pressure, the formation of Al2O3 at oxide/metal interface is difficult due to 
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the requirement of a relative higher minimum activities of Al. As oxygen diffuses 

inward to oxide/substrate interface and TiO2 forms at this interface thus 

increasing oxide thickness, Ti would be trapped at the oxide/substrate interface. 

At the same time, the oxygen partial pressure is relative high at gas/oxide 

interface, and allows the formation of Al2O3 layer on top of the already formed 

TiO2 oxide scale as shown in Fig. 2.15b. Once the double-layered oxide scale 

formed, a growth of such oxide scale would lead to cracks when oxide scale 

reached its plastic limit. The occurrence of the detachment at oxide/substrate 

interface would make outward diffusion of Al and Ti difficult and increase 

oxygen partial pressure to the level suitable for the formation of a second TiO2 

layer.  As the oxidation continues, these process will repeat and result in the 

formation of multilayered oxide scales (Fig. 2.15d). 

The alloying, microstructures, temperature and time affect oxide scale 

morphology, oxide composition, and oxidation kinetics such as oxide growth rate. 

These are discussed in the following three sections. 

2.2.3.2 Effects of alloying elements on oxidation behavior 

The addition of alloying elements is one of the methods to improve 

oxidation resistance as well as mechanical properties of titanium alloys.  

Many researchers have examined the influence of certain elements on the 

oxidation behavior of Ti-based alloys [11, 28, 35-44] and also of TiAl-based 

intermetallics [45-51]. Based on the previous investigation, it was found that Cu, 
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Figure 2.16 Oxidation of titanium in dry air at the temperature range of 400-1000 °C [53]. 

It was shown from Fig. 2.16 and with data from reference [53] that at 

temperatures below 300 °C the oxidation rate obeys logarithmic law, in the 

temperature range of 300-600 °C cubic law, in the temperature range of 600-

850 °C parabolic law and above 850 °C linear law. The rate laws observed at high 

temperatures often were described as an initial parabolic rate law followed by a 

linear rate law, while in other cases the rate law was interpreted as a mixture of 

linear and parabolic rate laws. It should be pointed out that there are no definite 
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temperatures at which the oxidation changes rate law; rather there are temperature 

intervals where different rate laws may be observed depending upon the duration 

of the oxidation. According to the observation and discussion of oxidation 

behavior of titanium at low temperatures, it was suggested that the logarithmic 

rate law is associated with an oxide film formation [59]. The rate of dissolution 

and diffusion of oxygen in titanium is consequently very small compared to the 

rate of film formation during the logarithmic rate law period. For cubic rate law, 

it was suggested that the diffusion of oxygen through the outer layer of the 

oxygen-enriched titanium resulted in this cubic rate law based on the high 

solubility of oxygen in titanium [53]. The parabolic rate laws and linear rate laws 

were associate with oxide scale formation and oxygen diffusion into substrate 

forming brittle and hard oxygen enriched layer [27-29]. The linear rate of 

oxidation was regarded to be a result of the appearance of some cracks due to 

stress generated in oxides as well as in oxygen enriched layer and formation of 

porous oxide scales [32, 53].  

The effects of temperature and time on oxidation behavior of conventional 

titanium alloys such as Ti-6Al-4V [27, 28, 34, 61, 62], Ti-6Al-2Sn-4Zr-2Mo [29, 

63, 64], IMI 834 [35, 65, 67] and other titanium based alloys [17, 65, 66] have 

also been widely investigated. The oxidation kinetics, the oxidation reaction 

index as well as the oxidation reaction rate have strong relationship with 

temperature and time. 
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Figure 2.19 (left) Oxide and alpha-case by optical microscopy after etching. 

Figure 2.20 (right) Alpha-case thickness determined by EDS.  

2.4 Diffusion induced recrystallization (DIR)  

In this section, a phenomenon known as diffusion induced recrystallization 

(DIR) is explained. The fundamentals of DIR and DIR in titanium alloys were 

discussed. 

2.4.1 Fundamentals of DIR 

When a crystalline solid comes in contact with solute source, its 

equilibrium composition changes. Equilibration has been observed to occur in 

many polycrystalline metals and ceramics through the migration of grain 

boundaries [87-89]. Compared with conventional recrystallization induced by 

plastic deformation, recrystallization by alloying has been called diffusion (or 

chemically) induced recrystallization (DIR or CIR), since it occurs under 

chemical inequilibrum.  

DIR has been widely observed and investigated by many researchers in a 

variety of systems [87-97]. In previous studies of DIR, the nature and origin of 
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driving force for DIR and the mechanisms for DIR were proposed as follows: 

volume-Kirkendall stress [90], tensile stress resulting from the difference in grain 

boundary diffusivity between solvent and solute atoms [91], misfit dislocation 

[92, 93], and chemical-free energy arising from the chemical composition 

difference between parent and DIR grains [94]. It should be noted that each 

mechanism shown above is still not clear based on the current experiments. Liu 

et al. [96] investigated recrystallization during oxidation of a Ni-Cu alloy. Fig. 

2.21a shows small recrystallized grains formed by oxidation induced 

recrystallization at a wavy metal/oxide interface after oxidation in air at 600 °C 

for 5.5 h in a Cu-Ni system. It was suggested that volume change between oxide 

and metal and diffusion Cu into Ni may have caused recrystallization beneath the 

metal/oxide interface during oxidation at higher temperatures [96]. A schematic 

of this process was shown in Fig. 2.21b. Chae et al. [97] elucidated the DIR in 

TiC system by the transmission electron microscopy as shown in Fig. 2.22. 

Subgrains were observed as a result of dislocation rearrangement, and the 

coalescence of subgrains was expected to lead to the generation of boundaries. 

The dislocations, which acted as a driving force for DIR, was suggested to be 

created by the diffusion of solute atoms, which resulted in the change of lattice 

parameters [97]. 
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mechanism for such recrystallization process was proposed and schematically 

shown in Fig. 2.24. The details will be given in chapter 4 and mechanism will be 

discussed in chapter 5. 

 

Figure 2.23 Recrystallization area detected by EBSD in a Ga-added Ti alloy [98]. 

                     

Figure 2.24. Schematic representations of DIR process in a Ga-added Ti alloy [98]. 
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homogeneity. After forging and grooving-rolled as shown in Fig. 3.1a and 3.1b, 

proper heat treatment was carried out to obtain specific microstructures. 

A procedure consisting of three steps was used to evaluate oxidation 

behaviors, i.e., preparation of tested samples after thermomechanical treatment, 

oxidation test, and finally evaluation and observation processes.       

                
                               (a)  Forging                                                (b) Rolling 

Figure 3.1 (a) forging (b) rolling.  

In first step, the samples were cut into cylindrical shape with a diameter of 

8 mm and a height of 4 mm as shown in Fig. 3.2 by wire electrical discharge 

machining. After cutting, the samples were manually polished using #800 SiC 

papers, followed by ultrasonic cleaning in acetone for 10 mins. In second step, 

oxidation tests were carried out in an electric furnace in air at atmosphere pressure. 

Test samples were placed into Al2O3 crucibles in a vertical position and 

introduced into the furnaces. A thermal-couple was placed inside the furnace 

close to samples to follow a test temperature during isothermal oxidation process. 
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exposure time. The weight gain during isothermal oxidation is due to oxide 

formation and oxygen dissolution, which depend on the alloy composition and 

microstructure [8, 34]. In both alloys, the bimodal structure gained more weight 

than the fully lamellar structure, which is consistent with previous studies [16, 33, 

34]. In addition, the TKT41 (Ga) alloy with bimodal structure showed 

significantly lower weight gain (1.92 mg/cm2) compared to the TKT39 (Sn) alloy 

(4.78 mg/cm2) with fully lamellar microstructure, which indicated that Ga plays 

a more important role in oxidation behavior than microstructure in this study. The 

spallation of oxides on the surface of TKT39 (Sn) with both microstructures was 

observed after the oxidation test, as shown in Fig. 4.4a and 4.4b. The replacement 

of Sn with Ga clearly suppressed the spallation of oxides, as shown in Fig. 4.4c 

and 4.4d.  

 

Figure 4.3. Weight gains for specimens of TKT39 (Sn) and TKT41 (Ga) with bimodal and 
lamellar structures oxidized at 750°C for up to 500 h. 
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microstructure, respectively. These results indicated that the replacement of Sn 

with Ga suppressed TiO2 (rutile) formation or promoted Al2O3 formation on the 

surface.  

 
Figure 4.5. XRD patterns of TKT39 (Sn)-bimodal, TKT39 (Sn)-lamellar, TKT41 (Ga)-
bimodal and TKT41 (Ga)-lamellar oxidize at 750°C. 

The distributions of elements within the oxide layer and substrate after the 

oxidation of both alloys with different microstructures were examined by EDS 

measurements. Fig. 4.6 shows the concentration profiles of Al, Sn, Ga, Ti, and O 

in TKT39 (Sn) and TKT41 (Ga) along the red lines shown in backscattered 

electron (BSE) images. As shown in Fig. 4.6a and 4.6b, in the TKT39 (Sn) alloy, 

the thicknesses of the oxide scales were 14 µm and 11 µm for the bimodal and 

fully lamellar microstructure, respectively. Both oxides had a multilayer 

microstructure consisting of a heterogeneous mixture of TiO2 and Al2O3. Sn was 

segregated in the substrate near the oxide/substrate interface in both TKT39 

2
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by Becker et al. [22, 33]. Kitashima et al. [20] demonstrated that (Ga, Al)2TiO5 

may form near or in Al2O3 because gallium oxide may dissolve in Al2O3, which 

is based on the Ga2O3-Al 2O3-TiO2 phase system [38], and Ga addition may 

promote Al2O3 formation according to the decrease in the intensity ratios of TiO2/ 

Al 2O3, which may act as a barrier that reduces the oxygen transfer flux, thereby 

decreasing the oxide growth rate [20].  

Fig. 4.7 shows the microstructure characteristics of TKT41 (Ga)-bimodal 

after oxidation for 500 h at 750 °C. In Fig. 4.7a, a wavy layer was observed in the 

substrate beneath the oxide layer. The compositions were determined by EDS, 

and the average Ga concentration in this wavy layer was approximately 5.23 

wt. %, which is greater than that in bulk (3.81 wt. %). Such slight enrichment 

near the oxide can be also observed in Fig. 4.6(c), which we will discuss later. 
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Figure 4.6. Concentration profiles of Al, Sn, Ga, Ti and O obtained in the oxide and 
substrate along the lines for (a) TKT39 (Sn)-bimodal, (b) TKT39 (Sn)-lamellar, (c) 
TKT41 (Ga)-bimodal and (d) TKT41 (Ga)-lamellar after oxidation at 750°C for 500 h. 
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Figure 4.7. Microstructure characteristics of TKT41 (Ga)-bimodal after oxidation for 500 
h at 750 °C. (a) BSE image (b) IPF map, and (c) IQ map near the surface. 

Fig. 4.7b and 4.7c show EBSD results near the surface, including the oxide 

layer and the wavy layer beneath oxide layer in the substrate. As shown in the 

inverse pole figure (IPF) map of Fig. 4.7b, the wavy layer consisted of small 

grains with distinct orientation, and the grain size was approximately 0.5 µm, 

which is much less than substrate grain size of 5 µm. The image quality map (IQ 

map) EBSD data (Fig. 4.6c) also shows distinct lines between the oxide layer and 

wavy layer as well as between the wavy layer and substrate. For comparison, the 

microstructure characteristics of TKT39-bimodal (Sn) after oxidation for 500 h 
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oxidation, four TKT41 (Ga)-bimodal samples were prepared. Fig. 4.9 shows the 

recrystallization process of TKT41 (Ga)-bimodal after exposure at 750 °C for (a) 

20 h, (b) 45 h, (c) 90 h, and (d) 140 h, respectively. 

 

 

 

Figure 4.9. Recrystallization process of TKT41 (Ga)-bimodal after oxidation for (a) 20 h, 
(b) 45 h, (c) 90 h, and (d) 140 h at 750 °C. IPF map (left) and IQ map (right). 
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Figure 5.4. SEM micrographs (back-scattered electron images) of oxide scale after 20 h 
and 500 h exposure at 650, 700 and 750 °C. 

 

Figure 5.5. XRD patterns of TKT41 oxidized at 650°C, 700°C and 750°C for up to 500 h. 

It is well known that the overall parabolic rate constant corresponding to 

the first oxidation stage of titanium can be expressed as the sum of parabolic rate 

constants for the growth of scales and formation of the oxygen solid solution layer 

2
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                        (a) 650 °C            (b) 700 °C  

 

 

                        (c) 750 °C  

Figure 5.6. Concentration profiles of Ti, Al, Ga and O obtained in the oxide and substrate 
along the lines for TKT41 at (a) 650 °C, (b) 700 °C and (c) 750 °C for 500 h.  
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Figure 5.11 Elemental mapping images and concentration profiles of N, O, Al, Ga, and 
Ti for TKT41 at 750 °C for 20 h. 

Fig. 5.12 shows the elemental mapping images and the element 

concentration profiles of N, O, Al, Ga, and Ti along a yellow line A-B in Ga-

containing Ti alloy after oxidation at 750 °C for 500 h.  



116 
 

 

 

Figure 5.12 Elemental mapping images and concentration profiles of N, O, Al, Ga, and 
Ti for TKT41  (Ga-containing) at 750 °C for 500 h. 

After 500 h exposure at 750 °C, recrystallized fine grains were observed 

near the interface in TKT41 as shown in Fig. 5.7c. As shown in Fig. 5.12, the 

concentration of Al was not homogeneous in the recrystallized area as suggested 

by a yellow rectangle dot line in the elemental mapping of Al. From the element 

concentration profiles, N concentration was very high near the interface while O 
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concentration was low. The higher concentration of N and the fluctuated 

concentration of Al in recrystallized area suggested that the formation of nitrides 

in the recrystallized grains. To discuss the growth of recrystallized grains, I 

analyzed two binary alloys: Ti-4Al and Ti-8Al after isothermally oxidized in 

laboratory air for up to 240 h at 700 °C. 

Fig. 5.13 shows the SEM micrographs of Ti-4Al (a, b) and Ti-8Al (c, d) 

after exposed at 700 °C for 240 h. Top images are second electron images and 

bottom ones are back scattered diffraction images for each alloy in Fig. 5.13. Fig. 

5.14 shows the EBSD result: the left figure is inverse pole figure map (IPF) and 

the right one is image quality (IQ) map. 

 

Figure 5.13. SEM micrographs of Ti -4Al (a, b) and Ti-8Al (c, d) after oxidation at 700 °C 
for 240 h. (top: second electron images, down: back scattered diffraction images) 
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Figure 5.14. EBSD results of (a) Ti-4Al, and (b) Ti-8Al after 240 h exposure at 700 °C. 
(left: inverse pole figure map, right: image quality map) 

As shown in Fig. 5.13 and Fig. 5.14, recrystallized grains were observed in 

both binary systems. The size of the small recrystallized grains in Ti-4Al and Ti-

8Al were similar although the Al equivalent value of Ti-8Al was almost twice as 

that in Ti-4Al, which suggested that the Al equivalent value was not the main 

trigger for recrystallization in my study. 

(a) 

(b) 
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Fig. 5.15 shows the elemental mapping images and also the element 

concentration profiles of N, O, Al, and Ti along yellow lines as suggested in SEI 

in Ti-8Al alloy after oxidation at 700 °C for 240 h.  

 

 

Figure 5.15. Elemental mapping images and concentration profiles of N, O, Al, and Ti for 
Ti -8Al at 700 °C for 240 h. 

, However, the N concentration was high at recrystallized area as shown in 

element concentration profile of line A-B in Fig. 5.15. The elemental mapping 

images of Al and N showed that the Al content in N-rich part (as suggested by an 
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arrow 1 in Fig. 5.15) was smaller than that in the non-recrystallized grain (as 

suggested by an arrow 3). In addition, the Al content in Al-rich part (as suggested 

by an arrow 2) was higher than that in the non-recrystallized grain (as suggested 

by an arrow 3). It also can be seen the relatively high and low Al concentration 

by Al concentration profile of line C-D in recrystallized area. Leyens et al. [34] 

suggested the formation of Ti3AlN in IMI834 and TIMETAL 1100, however, the 

location of such nitride was unclear. From the element concentration profile line-

AB in Fig. 5.15, the N and Al concentration were approximately 30 at. % and 8 

at. % in the recrystallized area, and from line C-D in Fig. 5.15, the N 

concentration can reach to 35 at. % in N-rich area. According to a phase diagram 

of Ti-Al -N system [35], grains with Ti3AlN (Al -rich area) and Ti2N (N-rich area), 

may have grown from the oxide/metal interface. The formation of Ti3AlN grains 

and Ti2N grains at the interface promotes the strains introduced by the 

precipitation of these phases resulting in the growth of recrystallized grains. Thus, 

an increase in N concentration at the oxide/metal interface strongly triggered the 

recrystallization. 

Fig. 5.16 shows the elemental mapping images and also the element 

concentration profiles of N, O, Al, Sn, and Ti along a yellow line A-B in TKT39 

(Sn-containing) alloy after oxidation at 750 °C for 500 h. From Fig. 4.8 in chapter 

4, the recrystallization did not occur in Sn-containing alloy and this may be due 

to the low N concentration at the interface (line A-B in Fig. 5.16). As shown in 
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times as high as 500 h. From the obtained results, the following conclusions can 

be drawn. 

(1) According to the data obtained via weight gain analysis, the alloy 

oxidation process followed a parabolic relationship at 650 °C and parabolic-cubic 

relationships at 700 and 750 °C. The densification of the oxide layers near the 

substrate was observed at 700 and 750 °C. 

(2) Alloy recrystallization near the oxide/metal interface occurred at 

temperatures of 700 and 750 °C, but not at 650 °C. 

(3) The estimated activation energy for the alpha-case formation was equal 

to 156 kJ/mol, which was similar to the magnitudes obtained for conventional 

alloys. The recrystallization process had little effect on the alloy weight gain due 

to oxygen penetration. 

(4) The abundance of Al2O3 species in the oxide layers increased with 

increasing temperature. 

(5) An increase in the concentration of N at the oxide/metal interface may 

promote the formation of Ti3AlN and Ti2N, and the strain caused by lattice misfit 

at the interface triggered recrystallization near the interface. 
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