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Abstract 

Ti-6Al-2Sn-4Zr-2Mo is one of the most common titanium alloys for aerospace industry. This alloy experiences 
oxidation phenomenon at elevated temperatures. In the present study, cyclic thermal treatments were 
performed in air at 500, 593 and 700 ºC, up to 500 cycles, in order to determine the oxidation kinetics and to 
analyze the oxide scale and alpha-case formation. Moreover, results were compared to those achieved under 
isothermal conditions to elucidate differences between both thermal conditions. In this sense, metallographic 
techniques and X-ray diffraction, together with a detailed advanced characterization of the microstructure by 
Field Emission Scanning Electron Microscopy and Focus Ions Beam, were used to analyze oxidation surface 
evolution. Results pointed out that cyclic treatment induced a strong increase of the weight gain compared to 
isothermal treatments. The analysis of the oxide scale revealed the formation of not only rutile, as for 
isothermal treatments, but also anatase. Thickness of the oxide scale was higher for cyclic conditions, while 
alpha case did not exceed values reached by isothermal treatments and even became lower at 500 ºC. 
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1. INTRODUCTION 

Ti-6Al-2Sn-4Zr-2Mo (Ti-6242) is one of the main alloys used in gas turbine aero-engines because of its 
extraordinary creep resistance up to 540 ºC [1,2]. This alloy is employed in the compressor for rotating 
components such as blades, disks and rotors, where the operating temperature is too high for Ti-6Al-4V (Ti-
64) to be used.  

It is well established that when Ti alloys are exposed to temperatures above ~480 ºC in oxygen containing 
environments oxidation phenomenon start to develop [ref.]. Oxidation includes formation of an n-type 
inward growing oxide scale (TiO2) and oxygen diffusion into the Ti metal [3,4].In addition, oxygen stabilizes 
and hardens α-Ti through interstitial solid solution strengthening, increases the β transus temperature, and 
therefore induces the rise of the α/β phase ratio [5].  
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Oxide scale formation occurs because of the high chemical reactivity of Ti with oxygen, whereas the oxygen 
diffusion is due to the relatively high solid solubility of oxygen in α-Ti (~33 at. %) [6]. The oxygen enriched 
layer is commonly referred to as alpha-case (α-case). Alpha-case is defined as a continuous, hard and brittle 
layer [7,8]. It is formed during elevated temperature processing such as: casting, heat treatments, and thermo-
mechanical treatments [9,10,11]. Additionally, prolonged exposure of titanium and its alloys at elevated 
temperatures, i.e. during service could also lead to the formation of alpha-case [7,8].  

The oxidation kinetics of commercially pure titanium (CP-Ti) and titanium with small amount of impurities 
in air and pure oxygen, at various pressures and a wide range of temperature, have been extensively 
investigated [12,13,14,15]. Below 400 ºC, it mainly follows a logarithmic behavior, which becomes cubic for 
temperatures beyond 400 ºC; while above 600 ºC, it changes to parabolic. For titanium alloys the oxidation 
behavior is more complex than for CP-Ti, mainly because the effect of alloying elements can induce the 
presence of β-phase, and consequently different microstructures. The oxidation of Ti-64 has been described 
in the literature by many authors [16,17,18,19], but there are less studies regarding Ti-6242. Works 
performed by McReynolds and Tamirisakandala [20] and R. Gaddam et al. [21,22] demonstrated that the 
oxidation mainly follows a parabolic relationship with the formation of an oxide scale and the alpha case 
layer. It is important to highlight that those studies were carried out following isothermal treatments, i.e. 
holding samples at long time exposures at high temperatures. However, components in aerospace 
applications are subjected to temperature gradients which can modify the oxidation kinetics of Ti-6242, and 
information about this question is not available in the literature. Within this framework, the main goal of the 
present research is to study the formation of the oxide scale and the alpha-case layer under cyclic thermal 
treatments, and compare the results with those achieved by isothermal treatments [ref]. 

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The studied material was a commercially available Ti-6242 alloy, received in solution and aged condition 
according to the standard AMS 4976G [23]. The chemical composition of the as-received material in wt. % 
is given in Table 1. 
 

Table 1. Chemical composition in wt. % of the as-received Ti-6242 [ref]. 
 

Element Al Sn Zr Mo N O C H Fe Si Y Ti 

Concentration (wt. %) 6.14 2.02 4.06 1.97 0.003 0.14 0.008 0.0049 0.02 0.08 <0.0004 Bal. 
 

Figure 1 shows the microstructure of the Ti-6242 alloy in as-received condition. The material had a bimodal 

microstructure consisting of primary  (35 vol.%) and transformed  (65 vol.%), with average grain size of 

18 μm and 25 μm, respectively (Figure 1a) [ref]. The transformed β had a Widmanstätten microstructure 
consisting of prior β grains that contained α-colonies of parallel α laths (Figure 1b). 
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Figure 1. Microstructure of the Ti-6242 alloy at different magnifications. 

The as-received material was cut with diamond disc into samples of dimensions 1.0 x 1.0 x 0.5 cm. All 
surfaces of the samples were polished with SiC grinding paper up to 2500 grid size. Thereafter, the polished 
samples were cleaned for 15 min in an ultrasonic bath with acetone, rinsed with ethanol and air dried. The 
cleaned samples were then placed into Al2O3 crucibles and subjected to the thermal treatments. All samples 
were weighted before and after each heat treatment using a microbalance with an accuracy of ±0.1 mg. The 
temperature inside the furnace was calibrated and controlled using thermocouples positioned at the locations 
where the samples were placed. The standard deviation of the temperature inside the furnace was ± 5 ºC. 
Thermal treatments were carried out in air and atmospheric pressure.  
 
Thermal fatigue was performed by cyclic thermal treatments between 500, 593, 700 ºC and room 
temperature. In this sense, one cycle is defined as 1 hour at high temperature and 15 minutes at room 
temperature (Figure 2). The studied number of cycles was 5, 10, 50, 100, 200, 300, 400 and 500. Results 
were compared with previous studies carried out by isothermal treatments at the same dwell temperatures 
and times [22]. 
 
 

 
 

Figure 2. Schematic representation of cyclic thermal treatments. 
 

In order to quantify the thickness of the alpha-case layer after the thermal fatigue treatments, heat treated 

samples were cross-sectioned, and ground with colloidal silica up to a surface roughness around 0.05 m. 

The polished sample surfaces were chemically etched by using a two-step procedure described elsewhere 
[ref] which reveals the alpha-case layer.  
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The observation of the surfaces after heat treatments was performed by Field Emission Scanning Electron 
Microscopy (FESEM) and analyses were done using X-ray Photoelectron Spectroscopy (XPS). Roughness 
originating due to the formation of the oxide scales was measured following the standard EN ISO16610-
21:2012 [24] and characterization of those oxides was performed by X-Ray Diffraction (XRD). A detailed 
characterization of the subsurface was achieved by a dual beam Focused Ion Beam/FESEM (FIB/FESEM). 
A thin platinum layer was deposited on the sample prior to FIB machining in order to minimize ion-beam 
damage. A Ga+ ion source was used to mill the surface at a voltage of 30 kV. The final polishing of the 
cross-sections was made at 500 pA. Elemental chemical analyses in different points along the oxide scale 
thickness were conducted by energy dispersive X-Ray Spectroscopy (EDS). 
 

3. RESULTS AND DISCUSSION 

Figure 3 shows the weight gain per surface area (W/A) as a function of the temperature and the number of 

cycles. The weight gain per surface area (mg/cm2) for each treatment condition was estimated by dividing 

the weight difference (weight measured before and after each heat treatment, W) by the total surface area of 

the corresponding sample (A). As seen, W/A increases with increasing time and temperature, becoming 

particularly relevant at 700 ºC.  

 

Figure 3. Weight gain per surface area as a function of temperature and number of cycles. 

Figures 4a and 4b compare the amount of weight gain per surface area for isothermal and cyclic thermal 

treatments. The different scale of the two figures must be remarked; after 5 cycles the maximum W/A value 

was less than 2 mg/cm2, whereas after 500 cycles it reached more than 10 mg/cm2. Clearly, for all the studied 
conditions cyclic treatments led to a higher weight gain than isothermal ones. Differences between heat 
treatments are more marked for samples subjected to 700 ºC, where after 500 cycles /500 h, the weight gain 
becomes almost one order of magnitude higher for cyclic thermal treatment compared to isothermal 
treatment.  
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Figure 4. Weight gain per surface area for isothermal [18] and cyclic treatments as a function of exposure 
time for the studied temperatures after: a) 5 cycles/5 hours and b) 500 cycles/500 hours. 

 
 

The oxidation rates were analyzed from log-log plots using the following equation [25]: 
 

∆
   (1) 

 
where kn is the rate constant, t is the oxidation time and n is the reaction index. At a constant temperature, the 
weight gain per surface area is linear if n=1, parabolic if n=2, cubic if n=3 and quartic if n=4 [25]. The value 
of the reaction index was found to be different for each studied temperature: while at 500 ºC being quartic, it 
decreased when increasing the temperature, as depicted in Figure 5. Results are in agreement with previous 
studies [25,26,27,28] where at low temperatures (around 400-600 ºC) cubic oxidation behavior was 
determined and it changed to parabolic at temperatures up to 700 ºC. Moreover, it is important to point out 
that at 700 ºC two trends were observed, depending on the number of cycles. Whereas up to 200 cycles the 
best fit of the oxidation behavior is a parabolic curve, it becomes linear for higher temperatures. This 
conversion of the oxidation behavior from parabolic to linear has been reported by Du et al [29] and 
Guleryuz and Cimenoglu [30], and it is attributed to a faster oxide scale growth with increasing temperature. 
In the present work, conversion takes place because of dwell time that together with temperature is one of the 
straightforward factors that influence the oxidation kinetics. 
 
As seen in Table 2, the values of oxidation reaction index were higher for cyclic thermal treatments as 
compared to isothermal ones, especially at 500 ºC. However, oxidation kinetics was parabolic at 593 ºC and 
a combination of parabolic and linear for 700 ºC for both cyclic and isothermal heat treatments [ref].  
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Figure 5. Log-log plots of the weight gain per surface area versus exposure time for the studied 
temperatures. 

 
Table 2. Oxidation reaction indices at the studied temperatures. 

 

Temperature (ºC) n (isothermal) [ref] n (cyclic) 

500 
2.96 (5-200 h) 

2.08 (200-500 h) 
3.94 

593 1.84 2.85 

700 
1.94 (5-200 h) 

1.28 (200-500 h) 
2.24 (5-200 h) 

1.33 (200-500ºC) 
 

It is well known that an increase in weight after oxidation in titanium alloys is due to the simultaneous 
formation of oxide scale and diffusion of oxygen into the bulk [30]. Titanium oxide is known to have varying 
stoichiometries and the common compounds are Ti3O to Ti2O, Ti3O2, TiO, Ti2O3, Ti3O5 and TiO2 [31]. In 
order to identify the phases present in the oxide, XRD was carried out on the top of the scales (i.e. plane 
view). XRD patterns for 5 to 500 cycles achieved at 500, 593 at 700 ºC displayed peaks of rutile and anatase 
(seeFigure 6), which are the most stable titanium oxides of TiO2, with titanium in the preferred oxidation 
state of +IV. In both structures, the basic building block consists of a titanium atom surrounded by six 
oxygen atoms in a more or less distorted octahedral configuration. The two bonds between titanium and 
oxygen at the apices of the octahedron are slightly longer. A sizable deviation from a 90º bond angle is 
observed in anatase. In the rutile structure, neighboring octahedrals share one corner along the <100> plane 
and are stacked with their long axis alternating by 90º [32,33]. It is important to highlight that no peaks of 
anatase were observed for isothermal treatments carried out at the same temperature [18] where the oxide 

scale consisted only of TiO2 rutile type.  It was also identified, mainly at 500 ºC, -Ti and -Ti, due to 

penetration of X-ray through the thin oxide scale  into the alloy substrate. No peaks of Al2O3 were detected 
as reported elsewhere for Ti-6Al-4V [29,34,35]. It is assumed that the possible presence of thin Al surface 
layer can be overlapped because of the stronger peaks of TiO2.  
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Figure 6. XRD patterns of the oxide scales formed at the studied temperatures after: a) 5 cycles and b) 500 
cycles. 

The growth of the oxide scale was also evident regarding the roughness (see Table 3). The roughness 
increases with increasing temperature and dwell time. At 500 ºC, the difference between 5 and 500 cycles 
was slight compared to 700 ºC where the roughness after 500 cycles became at least higher than 6 mm (more 
than twenty times greater to the one obtained after 5 cycles). This fact can be clearly noticeable by the 
FESEM observations (see Figure 7), where crystals of TiO2 can easily be discerned.  

 

Table 3. Roughness of the oxide scale layer after 5 and 500 cycles at the studied temperatures. 
 
 

 Roughness Ra (m) 

500 ºC 593 ºC 700 ºC 

5 cycles 60 ± 15 200 ± 35 280 ± 60 

500 cycles 100 ± 21 580 ± 52 6360 ± 268 
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Figure 7. SEM micrographs of the oxide scales (plane top view) developed at 593 ºC and 700 ºC after: a,c) 5 
cycles and b,d) 500 cycles. 

 
 
 

A detailed observation of the subsurface was performed using FIB for the heat treated samples. In order to 

reveal the microstructure in the trench of interest, the zone of study was exposed to the ion beam during 

several seconds to produce ion etching and afterwards it was observed by FESEM. Figure 8a, shows typical 

trench generated, in this case for a heat treated sample at 500 ºC after 500 cycles. The thickness of the oxide 

scale after 500 cycles at 500 ºC did not exceed 60-70 nm (see Figure 8b), while for the same number of 

cycles at 593 ºC the value increased up to 450-550 nm(see Figure 8c). In contrast, for samples treated at 700 

ºC, the thickness was too thick to be measured completely by FIB (Figure 8d). By FESEM analysis it was 

observed that it measured 5-6 m which is higher compared to isothermal treatments, 3-4 m [22].  On the 

other hand, the adherence of the oxide to the metal substrate for the samples heat treated at 500 and 593 ºC 

was not affected by increased exposure time, i.e. number of cycles. In this regard, no porous oxide was 

detected at 500 ºC while for 593 ºC pores started to form at the interface alloy/oxide scale and were present 

even inside the oxide scales for samples treated at 700 ºC. Similar results were achieved by isothermal 

treatments [22]. The main difference between the two conditions was that for treatments carried out at 700 

ºC, the spallation of the oxide was observed above 100 cycles while by isothermal treatments the spallation 

took place after 200 h.  The observations are in agreement with previous studies focused on the adhesion of 

the oxide scale for commercially pure titanium in the range of temperature between 500-700 ºC, suggested 

that the adherence strength is high for temperatures below 650ºC, while at 700 ºC it decreases significantly 

[36]. Differences found in this work considering isothermal and cyclic heat treatments elucidate that thermal 
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stresses induced by applying thermal cycles reduce the adherence of the oxide to the substrate leading to an 

earlier spallation of the oxide.   

 

Figure 8. a) FESEM image of the trench generated by FIB previous to milling around the region of 
interest of a heat treated sample at 500 ºC after 500 cycles. Micrograph of the oxide scale after 500 
cycles at: b)500, c) 593 and d) 700 ºC.  
 

Although the formation of Al2O3 was not detected by XRD, the presence of this oxide on the top of the oxide 

scale was identified by the EDS maps performed on FIB trench for samples heat treated at 700 ºC (see Figure 

9). Al2O3 was also observed at this temperature for isothermal treatments [22]. Du et al [29] presented a 

mechanism of formation of the oxide scale structure that involves the activity of titanium and aluminum and 

the oxygen partial pressure present in the oxide scale. As soon as the TiO2 is formed, the alloy is separated 

from its environment by the oxide scale. As a consequence, the partial oxygen pressure in the oxide 

decreases moving from the gas/oxide interface towards the oxide/metal interface to a value close to that of 

the dissociation pressure of TiO2. At such low oxygen partial pressure, the minimum activities required to 

form Al2O3 are high. However, the oxygen partial pressure at the gas/oxide interface is relatively high which 

allows the formation of Al2O3 on the top of the already formed TiO2. Thus, the oxygen is diffusing inward to 

the oxide/metal interface, reacting to form TiO2. Hence, the TiO2 thickness is increasing continuously. In 

contrast, aluminum diffuses outward towards the gas/oxide interface where it reacts with oxygen and forms 

an outer layer of Al2O3. 
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.

 

Figure 9. EDS mapping of Al and Pt for a heat treated sample at 700 ºC after 500 cycles. The platinum 
comes from the layer deposited on the samples in order to minimize ion-beam damage. 

 

The formation of alpha-case as a function of cyclic treatments for each studied temperature is shown in 
Figure 10. As seen, the alpha-case thickness formed at 500 ºC was insignificantly low compared to 
isothermal treatments during 500 h, where the thickness was at least 8-10 times higher than after 500 
cycles,(see Figure 11). It is assumed the long times in the furnace , characteristic of isothermal treatments, 
enhanced the diffusion of oxygen into the metal which triggered phase transformation of the retained β-phase 
to α-phase. For 593 and 700 ºC the alpha-case thickness increased at increasing temperature, especially at 
700 ºC. No significant differences were observed between isothermal and cyclic thermal treatments, which 
indicate that the effect of temperature plays a more important role for oxygen diffusion than the dwell time. 

 

Figure 10. Alpha-case thickness measured optically as a function of time for the studied temperatures. 
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Figure 11. Alpha-case thickness for isothermal [18] and cyclic treatments for the studied temperatures after: 
a) 5 cycles and b) 500 cycles.  

 
 

4. CONCLUSIONS 

In this work, the oxidation behavior of Ti-6Al-2Sn-4V-2Mo alloy exposed to cyclic thermal treatments was 
studied and compared to isothermal treatments. The main conclusions can be summarized as follows: 
 

- Cyclic thermal treatments induced a clearly higher increase in weight gain per area compared to 
isothermal treatments, being especially pronounced at 700 ºC. 
 

- Differences in oxidation kinetics were found at 500 ºC where growth of the oxide scale fit with a 
quartic relationship for cyclic thermal treatments instead of cubic and parabolic like isothermal ones. 
At 593 and 700 ºC both thermal conditions followed a parabolic trend, which at  700 ºC became 
linear after 200 h/cycles.  
 

- The analysis of the oxide scale for the samples subjected to cyclic thermal treatments revealed the 
presence of mainly rutile and anatase crystal structures and the formation of an Al2O3 layer only at 
700 ºC. No anatase was detected after isothermal treatments.  
 

- Cyclic thermal treatments led to a lower formation of alpha-case thickness as compared to the 
isothermal heat treatments, especially at 500 ºC where thickness was strongly reduced after exposure 
of 500 cycles. . 
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