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1 Introduction
TiAl alloys have the advantageous properties of high 
specific strength, high specific stiffness, and excellent 
oxidation resistance, which have been utilized for 
turbine blades in aircraft engines and automobile 
engines [1-3]. The blades are used in high-temperature 
conditions, with oxidation resistance being one of 
the important indices in determining its application 
potential. TiAl alloys can exhibit good oxidation 
resistance after long-term thermal exposure at 700 °C [4].
But, when the temperature exceeds 800 °C, the 
continuous and dense Al2O3 protective oxide film 
cannot be generated on the surface, and instead a mixed 
oxide consisting of TiO2 and Al2O3 is formed. TiO2 
has a loose structure and large oxygen permeability, 
which cannot prevent the diffusion of O atoms, 
resulting in insufficient oxidation resistance; thus, 
restricting their further application [5-8]. Therefore, 
enhancing the oxidation resistance of TiAl alloys above 
800 °C has become an urgent problem [9]. Domestic 
and foreign scholars have obtained results regarding 
the oxidation resistance of TiAl alloys [10, 11]. Studies 
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High-temperature oxidation behavior of a cast 
Ti-47.5Al-2.5V-1.0Cr-0.2Zr alloy

have shown that the addition of alloying elements 
containing Nb, Cr, Mo, W, and the rare earth element 
Y could promote the oxidation resistance of TiAl by 
inhibiting the growth of the less-desirable TiO2 

[14]. 
Liu et al. [15] observed that adding a small amount of 
Zr could slightly reduce the oxidation rate of the alloy 
and improve its oxidation resistance. Dade et al. [16]

found that the addition of Zr improved the oxidation 
resistance of a Ti2AlNb alloy and did not result 
in the formation of a brittle phase. Meanwhile, 
the corresponding microstructure of the alloy has 
a great effect on its oxidation performance [17-19].
The oxidation kinetics of TiAl alloys with identical 
composition but different microstructures were 
studied by Gil et al. [20], proving refined TiAl alloy 
microstructure could enhance the spalling resistance 
of the oxide film. Surface treatments, including 
metal coatings such as Al-Si [21], Al-Nb [22], and 
Ti-Al-Cr [23, 24], and ceramic coatings, such as Al2O3 

[25], 
SiO2 

[26], and TiN [27], can also improve oxidation 
resistance by inhibiting oxygen diffusion into the 
interior matrix, which inhibits the rapid growth of TiO2. 
In summary, the oxidation behavior of TiAl alloys 
depends on the alloy's composition, microstructure, 
and surface treatment, among other factors [15, 17, 28]. These 
factors all affect the oxidation resistance, however, 
no systematic studies have been carried out in terms 
of oxidation kinetics, spalling form and delamination 
characteristics of oxide film.
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Fig. 1: Oxidation kinetics curve of TiAl alloy at 900 °C

Studies into the oxidation of TiAl alloys are helpful in 
understanding the oxidation resistance of the alloy, and, at 
the same time, suitable means of oxidation resistance can be 
found according to the oxidation degree of the alloy during the 
oxidation process [10-12]. Therefore, further research regarding 
the oxidation behavior of the TiAl alloy becomes more urgent. 
The cast Ti-47.5Al-2.5V-1.0Cr-0.2Zr (at.%) alloy with a 
directional lamellar microstructure, under loading along the 
lamellar interface direction, shows good tensile strength and 
plastic combination at room temperature, and good mechanical 
properties at high temperatures (750-800 °C) [13]. However, 
research on the oxidation resistance of this alloy above 850 °C is 
still absent, and both the crack mechanism and the exfoliation 
form of the oxide film are not fully understood. Therefore, 
in this work, the oxidation kinetics, phase constitution, 
oxidized surface, and cross-sectional morphology of the oxide 
layer of the alloy at 900 °C and at different oxidation times 
were all characterized in detail, providing a theoretical and 
experimental basis for the analysis of this alloy's oxidation 
mechanism.

2 Experimental materials and methods
The matrix was a γ-TiAl alloy with nominal composition 
Ti-47.5Al-2.5V-1.0Cr-0.2Zr (at.%), hereinafter referred to 
as "TiAl alloy". The master alloy was obtained by remelting 
twice in a vacuum induction levitation furnace, then cast into 
a fixed die with the size of Φ40 mm×220 mm. The isothermal 
oxidation experiment on the TiAl alloy with lamellar 
microstructure was carried out at 900 °C. The oxidation 
sample was 10 mm×10 mm×5 mm in size, and was placed 
in a thermogravimetric crucible in the form of point contact. 
A thermogravimetric crucible with size of Φ20 mm×12 mm, 
burned to a constant weight, was used in the experiment. The 
oxidation test was carried out at 900 °C for 5, 20, 60, and 100 h. 
Weight measurement of samples at different oxidation stages 
was conducted using an analytical balance with a accuracy 
of 0.01 mg. The microstructure, composition distribution and 
phase constitution of the oxidized samples were analyzed 
using scanning electron microscopy (SEM), laser confocal 
microscopy, energy dispersive spectroscopy (EDS), X-ray 
photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). 

3 Results and discussion
3.1 Oxidation kinetics of TiAl alloy
3.1.1 Oxidation kinetics curve

The oxidation kinetics curve of the TiAl alloy at 900 °C 
for 100 h (Fig. 1) indicates that the TiAl alloy experiences 
two stages during high-temperature oxidation: rapid weight 
gain, and slow weight gain. The oxidation kinetics curve 
approximately obeys a parabolic growth law, indicating that 
the oxidation process is greatly dependent on the diffusion 
of metal ions and oxygen in the oxide film [29]. It is also 

observed that the total weight gain of the alloy after 100 h 
oxidation is 9.1 g·m-2. Zhao et al. [30] found that the oxidation 
weight gain per unit area of Ti45Al8Nb, Ti45Al8Nb0.6Y and 
Ti45Al8Nb0.1Y alloys after oxidation at 900 °C/100 h was 
10.1 g·m-2, 14.2 g·m-2, and 13.1 g·m-2, respectively; therefore, 
the alloy studied in this study has better oxidation resistance.

3.1.2 Oxidation kinetics equation

The oxidation rate of the alloy during oxidation can be 
expressed as Eq. (1):

(1)Δwn = kpt

(2)nlnΔw = lnkp+ lnt

where ∆w is the oxidation weight gain (g·m-2) during the 
oxidation process; n is a power-exponential constant; kp is the 
oxidation rate constant (gn·m-2n·s-1); and t is oxidation time (h). 
Taking logarithms of both sides of Eq. (1), the Eq. (2) was 
obtained:

According to the oxidation kinetics data, the lnΔw-1nt 
curve has a linear fit, as shown in Fig. 2. The power-exponent 
constant n and oxidation rate constant kp of the TiAl alloy at 
different stages are shown in Table 1.

It can be seen that the value of n corresponding to the initial 
oxidation (0-10 h) of the TiAl alloy is small (1.96), indicating 
that the rate of variation in oxidation weight gain per unit 
area of the alloy with oxidation time is between linear and 
parabolic. In this process, the oxidation rate is faster, and the 
oxide is generated rapidly. The value of n corresponding to the 
medium-term oxidation (10-40 h) of the alloy increases to 2.38, 
indicating that the oxidation rate is decreased at this time; a 
protective continuous oxide film is formed, thereby slowing 
down further oxidation. The n value during the late oxidation 
(40-100 h) of the TiAl alloy is further increased to 2.49; that 
is, the oxidation rate slows down. To summarize, the constant 
value of oxidation rate of the alloy increases with the increase 
of oxidation time.

3.2 Constitution and morphology of oxide film
3.2.1 Phase constitution

The constitution of the products from surface oxidation of 
the TiAl alloy after different oxidation times at 900 ºC was 
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Fig. 2: Relationship between oxidation weight gain and 
time

Table 1: Change of power-exponential constant (n) and 
oxidation rate constant (kp) with oxidation time

Time n kp Oxidation kinetics law

0-10 h 1.96 1.107 Δw=(1.107t)0.51

10-40 h 2.38 1.817 Δw=(1.817t)0.42

40-100 h 2.49 2.211 Δw=(2.211t)0.40

analyzed via XRD (Fig. 3). Results indicate that the oxides 
are mainly TiO2 and Al2O3 after different oxidation times. The 
TiO2 diffraction peak intensity is clearly higher than that of 
Al2O3, indicating the TiO2 content is higher and increases with 
oxidation time, but the change in Al2O3 content over time is 
unclear. The thermodynamic data show that the difference in 
free energy between TiO2 and Al2O3 is small [31]. During the 
initial oxidation, Ti and Al are oxidized. However, due to the 
high oxygen partial pressure at the surface, TiO is rapidly 
oxidized to TiO2, and the diffusion rate of Ti is fast. Therefore, 
the alloy's surface following long-term oxidation is mainly 
consisted of TiO2 

[32]. 
Figure 4 shows the relationship between the oxidation rate 

constants of TiO2 and Al2O3 with temperature [33]. It can be 
seen that the growth rate of TiO2 is significantly faster than 
that of Al2O3 at the same temperature, and the rapid growth 
of TiO2 is the main reason for the poor oxidation resistance 
of the alloy. In addition to oxides, the diffraction peaks of 
the matrix phase (γ-TiAl and α-Ti3Al) are also detected, 
and γ-TiAl phase is shown to be the main phase (Fig. 3). 
The β/B2 phase is also included in the TiAl alloy, but due 
to its low content and the presence of the oxidized film, the 
corresponding diffraction peak intensity is low, so this phase 
is not marked. The presence of the matrix phase may be due 
to two reasons: the X-ray penetrates the thin oxide layer and 
diffracts to the matrix, and the oxide layer on the alloy surface 
is incomplete.

3.2.2 Morphology

Figures 5 and 6 show the two- and three-dimensional 
morphologies of the sample surface after different oxidation 
times using laser confocal microscopy. It can be seen that after 

Fig. 3: XRD patterns of oxidation of TiAl alloy after oxidation 
test at 900 °C

Fig. 4: Relationship between oxidation rate constants and 
temperature

5 h oxidation, there are still scratches on the surface of the 
alloy. After 20 h oxidation, some oxide particles are observed, 
but these particles do not cover the scratches completely. After 
100 h oxidation, the scratches on the surface of the sample are 
completely covered by oxide particles, and the oxide particles 
are more obvious and show uneven surfaces. The change in 
surface roughness of the sample after different oxidation times 
is shown in Fig. 7. As the oxidation process continues, the 
oxide grows further at the notch, resulting in a gradual increase 
in roughness. In the later stage of oxidation, due to the uneven 
size of the oxide particles, the surface roughness increases 
sharply.

Figure 8 shows SEM images of the TiAl alloy surface after 
treatment at 900 °C for different oxidation times. The surface 
oxide shows crystalline particles. During early oxidation (5 h),
the number and volume of oxide particles are small, and 
scratches on the surface can be clearly observed. When the 
oxidation time increases to 20 h, the number of oxide particles 
increases, oxide agglomeration appears. In the middle stage of 
oxidation (60 h), a granular oxide gradually forms, the oxide 
agglomeration is more obvious, and the scratches still exist. 
After an oxidation time of 100 h, the scratches on the surface 
are mostly covered by oxide particles, and the size of the oxide 
agglomeration is large. In order to determine the composition 
of these oxides, EDS analysis was carried out, and the results 
are shown in Fig. 9. The granular oxide is a mixed oxide 
of TiO2 and Al2O3, and the TiO2 content is higher, which is 
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Fig. 7: Change of surface roughness of the sample

Fig. 5: Two-dimensional morphologies of sample surface: (a) 5 h; (b) 20 h; (c) 60 h; (d) 100 h

Fig. 8: SEM images of surface of TiAl alloy at 900 °C: (a, b) 5 h; (c, d) 20 h; (e, f) 60 h; (g, h) 100 h

Fig. 6: Three-dimensional morphologies of sample surface: (a) 5 h; (b) 20 h; (c) 60 h; (d) 100 h

(a) (b) (c) (d)

3.2.3 Cross-sectional analysis
3.2.3.1 Morphology

Figure 10 shows the cross-sectional morphology of the 
TiAl alloy after oxidation at 900 °C for different oxidation 
times. When the oxidation time is 5 h, the morphology of 
the oxide film is relatively complete and the thickness is 
small. When the oxidation time is 20 h, the thickness of the 
oxide film increases. As the oxidation time increases to 60 h,
the thickness of the oxide film increases significantly, and 
the interface becomes curved. At the same time, holes can 
be observed, and these holes deteriorate the integrity of the 
oxide film. After 100 h oxidation, the cracking and spalling 
of the oxide film can be observed. The cracking and spalling 
of the oxide film are mainly due to the mismatch of thermal 
expansion coefficients between the oxide film and the matrix 
during heating and cooling. The thermal expansion coefficients 
of TiO2, Al2O3 and TiAl alloy are 8.2×10-6 K-1 [34], 8.1×10-6 K-1 [35], 
and 12.5×10-6 K-1 [13], respectively. A schematic diagram of 
cracking is shown in Fig. 11. During the heating period, the 

(a) (b) (c) (d)

(a) (b) (c) (d)

(e) (f) (g) (h)

consistent with the XRD results. In summary, when the TiAl 
alloy is oxidized at 900 °C for different times, granular oxides 
composed of TiO2 and Al2O3 are formed. With extended 
oxidation times, the structural compactness of the oxides on 
the surface of the alloy changes, and the TiO2 and Al2O3 oxides 
gradually grow and increase in content.
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Fig. 9: EDS analysis of surface of TiAl alloy at 900 °C: (a, b) 5 h; (c, d) 20 h; (e, f) 60 h

Fig. 10: Cross-sectional morphology of TiAl alloy at 900 °C: (a) 5 h; (b) 20 h; (c) 60 h; (d) 100 h

oxide film formed is subjected to the tensile stress (σT) of the 
matrix; however, the matrix is subjected to the compressive 
stress (σp) of the oxide film. The opposite is true during the 
cooling period. When the stress exceeds the critical cracking 
stress, the oxide film will crack or strip. At the same time, 
as the oxidation progresses, the size of the oxide particles 
(TiO2 and Al2O3) increases significantly, reducing the binding 
force of the oxide film. Moreover, the increase in oxide film 
thickness increases the likelihood of exfoliation failure.

After oxidation at 900 °C for 100 h, the surface oxide film 
shows deformation, wrinkling, fracture, and even spalling. Large-
scale spalling of the oxide film is the primary cause for the sharp 
decline in high-temperature oxidation performance of the TiAl 
alloy. For the TiAl alloy, the internal diffusion of O atoms and 
the external diffusion of metal ions jointly dominate during the 
oxidation reaction. The external diffusion of metal ions reduces 
the bonding strength of the oxide film, which is easy to cause 
cracks in the film. The cross-sectional morphology indicates that 

the mode of exfoliation for the TiAl alloy is in-film cracking.

3.2.3.2 Composition analysis

In order to further investigate the cross-sectional composition 
of the oxide film, EDS analysis was carried out on the area near 
this film. Figures 12-15 show the surface scanning results of 
a cross-section of the TiAl alloy after oxidation at 900 °C for 
different oxidation times (5, 20, 60, and 100 h, respectively). It 
can be seen that the oxide film is layered. The outermost layer 
is Al2O3, which is beneficial to the oxidation resistance of the 
alloy; the sub-outer layer consists of a mixed TiO2 and Al2O3 
layer, and the closest layer to the matrix is TiO2.

When the oxidation time is 5 h, the thickness of the oxide 
layer is small. When the oxidation time is 20 h, the thickness 
increases, the delamination of the oxide film is more clear. 
During oxidation, the oxide film exhibits a three-layer 
structure, with the outermost layer being Al2O3. When the 
oxidation time is 100 h, the oxygen content in the surface 
scanning area reaches its maximum, 17.30wt.%, and peeling 
occurs. At the same time, O is mainly distributed outside the 
oxide film, and the oxide film and oxygen elemental content in 
the alloy matrix is relatively small. This is because the Al2O3 in 
the outermost layer of the alloy matrix is relatively continuous, 
which hinders, to a certain extent, the diffusion of oxygen into 
the alloy matrix, and further confirms that the TiAl alloy has a 
resistance to oxidation at 900 °C.

Figure 16 shows the EDS line scanning results for the TiAl 
alloy after oxidation at 900 °C for different oxidation times (5, 

(a) (b) (c) (d)

(a) (b) (c) (d)

(e) (f)

Fig. 11: Crack schematic diagram of TiAl alloy: σp (pressure 
stress); σT (tensile stress)
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Fig. 12: Surface scanning results of cross-section of TiAl alloy (900 °C/5 h)

Fig. 13: Surface scanning results of cross-section of TiAl alloy (900 °C/20 h)

20, 60, and 100 h). The results indicate that when the oxidation 
time is 5 h, the O element content in the line scan area is low, 
at 5.26wt.%. From the oxide film to the substrate, the content 
of Ti increases firstly, then decreases, and then increases, 
finally stabilizes. The Al element content shows an initial 
decrease, and then stabilizes. 

The O element content is higher at the outer surface of the 
oxide film, and decreases in the direction of the substrate. 
From the changes in element concentrations, it can be seen that 
Ti and Al continuously diffuse from the interior of the matrix 
to the outer surface during the high-temperature oxidation 
process, while O continuously diffuses toward the interior of 
the alloy matrix. It is precisely due to the continuous diffusion 
of Ti, Al, and O elements that a stable oxide film is formed. 
When the oxidation time increases to 100 h, the thickness of 
the oxide film increases significantly. At the same time, the 
oxide film is exfoliated, for reasons previously outlined. The 
outermost layer of the oxide layer is enriched in Al, consisting 
mainly of Al2O3, and the innermost layer is the Ti-rich layer. 
There is a clear interface between the oxide film and the 
substrate. The oxide film may prevent the internal diffusion 

of oxygen and reduce the oxidation rate. Meanwhile, the O 
element content in the matrix is very low, indicating that the 
alloy has oxidation resistance at this temperature.

3.2.4 XPS analysis of oxide film

In order to further determine both the chemical structure of the 
oxide and the form of its presence, XPS analysis was carried 
out. Figure 17 shows the full XPS spectrum of the TiAl alloy 
after different oxidation times (5, 20, 60, and 100 h). It can be 
seen that after oxidation, the surface of the alloy includes the 
characteristic peaks of Ti, Al and O, as well as C. However, 
C was not added during the experiment; its presence in the 
spectrum is due to surface pollution of the sample [36].

The high-precision XPS scanning maps of Ti 2p, Al 2p and O 1s 
after different oxidation times at 900 °C for the TiAl alloy are 
shown in Fig. 18. In the results for 5 h oxidation, as an example, 
Figs. 18(a)-(c) show that there is a double-state position of 
Ti 2p, as Ti 2p3/2 (458.10 eV) and Ti 2p1/2 (463.68 eV), which 
is attributed to the Ti-O binding energy in the Ti4+ chemical 
valence state (TiO2). It is, thus, proven that Ti on the surface 
of the oxide film exists as TiO2. Al 2p also has a double-state 
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Fig. 15: Surface scanning results of cross-section of TiAl alloy (900 °C/100 h)

Fig. 14: Surface scanning results of cross-section of TiAl alloy (900 °C/60 h)

position at Al 2p3/2 (74.38 eV) and Al 2p1/2 (74.68 eV), 
where Al exists as Al3+, corresponding to the Al-O bond. At the 
same time, there are two peaks in O 1s. After calibration, the 
lower binding energy (529.38 eV) corresponds to the chemical 
valence of O2- in TiO2, while the higher binding energy 
(531.18 eV) corresponds to Al2O3. Figures 18(d)-(l) show that 
with the increase of oxidation time, the characteristics of XPS 
spectrum are the same as those of 5 h oxidation. Ti 2p and Al 
2p also have a double state position, indicating that the types 
of surface oxides are the same after oxidation for different 
time.

Figure 19 shows the XPS spectra of the TiAl alloy after 
different oxidation times and of the oxide film after etching for 60 s. 

For 5 h oxidation time, as an example, it is found that the Ti 
2p region shows three dual-state peaks. After calibration, the 
peak values correspond to the three Ti-O binding energies of 
Ti4+ (TiO2), Ti3+ (Ti2O3) and Ti2+ (TiO), respectively. The Al 2p 
region also shows a double-state peak, corresponding to the 
chemical valence of Al3+. At the same time, there are two peaks 

in the O 1s region with binding energies of 530.71 eV and 
531.56 eV. The higher binding energy corresponds to Al2O3, 
and the lower binding energy corresponds to the three titanium 
oxides with different Ti valences. Figures 19 (d)-(l) show that 
with the increase of oxidation time, the characteristics of XPS 
spectrum are the same as those of 5 h oxidation, indicating 
that the oxide types corresponding to the alloy surface are the 
same.

To study the elemental distribution at different depths in the 
oxide film, the relative atomic ratio of each atom (Ti 2p, Al 2p and 
O 1s) in the oxide film at different depths (different etching times) 
and different oxidation times was measured, and the results are 
shown in Table 2. The variation in relative atomic ratio at different 
etching times and oxidation times is shown in Figs. 20.

Figure 20(a) indicates that the content of Ti atoms increases 
with the increase of etching time at the same oxidation time. 
Therefore, the content of titanium oxide increases along the 
direction from the outer surface of the oxide film toward the 
substrate. The Al atomic content decreases with increasing 
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Fig. 16: EDS line scanning results of TiAl alloy at 900 °C: (a) 5 h; (b) 20 h; (c) 60 h; (d) 100 h

Fig. 17: Full XPS spectrum of TiAl alloy: (a) 5 h; (b) 20 h; (c) 60 h; (d) 100 h
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Fig. 18: XPS spectra of TiAl alloy without etching under different oxidation times: (a-c) 5 h; (d-f) 20 h; (g-i) 60 h; 
(j-l) 100 h

etching time; thus, the aluminum oxide content decreases 
from the outer surface of the oxide layer toward the matrix. In 
conclusion, the trend in contents of the two kinds of oxides is 
obviously opposite.

Figure 20 indicates that, in the oxide film, with increasing 
oxidation time, the Al and O atomic contents apparently 
increase with increasing oxidation time, indicating that 
the oxidation of Al in the alloy is sensitive to changes in 
oxidation time, consistent with the study of Du et al [37]. High-

temperature oxidation of TiAl is a highly complex physical 
and chemical process, and the alloy's oxidation resistance 
depends on the formation and competitive growth of various 
oxides, such as Al2O3 and TiO2. After oxidation at different 
times, an oxide film containing Al2O3 and TiO2 was formed. 
The oxidation process reaches completion in this system via 
the dissolution and diffusion of O atoms, resulting in changes 
in oxide content with both time and sample depth.
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Fig. 19: XPS spectra of TiAl alloy after etching for 60 s under different oxidation times: (a-c) 5 h; (d-f) 20 h; (g-i) 60 h; 
(j-l) 100 h

Fig. 20: Relative atomic ratio content at different etching times: (a) Ti 2p; (b) Al 2p; (c) O 1s
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Table 2: Related data of XPS mapping 

Atom Oxidation time (h) Etching time (s) at.%

Ti 2p

5
0 5.11

60 5.67

20
0 7.79

60 16.07

60
0 5.95

60 9.65

100
0 5.86

60 9.08

Al 2p

5
0 9.67

60 6.72

20
0 9.14

60 8.80

60
0 13.52

60 10.92

100
0 21.41

60 15.10

O 1s

5
0 29.72

60 20.35

20
0 32.19

60 30.84

60
0 45.72

60 31.73

100
0 68.28

60 40.32

4 Conclusions
In this work, the oxidation behavior of a TiAl alloy at 900 °C was 
studied at different oxidation times (5, 20, 60, and 100 h). The 
conclusions are as follows:

(1) The oxidation kinetics curve approximately obeys the 
parabolic growth law, and the constant value of the oxidation rate 
increases with increasing oxidation time.

(2) With the progression of oxidation, Ti and Al atoms continue to 
diffuse outward, forming TiO2 and Al2O3 at the surface of the alloy. In 
the XRD spectrum, the diffraction peak intensity of TiO2 is significantly 
higher than that of Al2O3.

(3) The mismatch of thermal expansion coefficients between the 

oxide film and substrate leads to the formation of holes 
and spalling in the oxide film. The spalling takes the 
form of intra-film spalling.

(4) The oxide film on the surface of the TiAl alloy 
shows clear delamination. The TiO2 content increases 
from the outer surface of the oxide layer toward the 
substrate, and the Al2O3 content decreases. The system 
completes the oxidation process via the dissolution and 
diffusion of O atoms.
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