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Abstract: Ti-22Al-25Nb is a high-temperature structural material whose oxidation resistance will be important for its further 

developments and applications. In this study, the oxidation behaviors of sintered Ti-22Al-25Nb alloy which was prepared by 

reactive sintering with element powders were investigated in the temperature range of 650~950 °C in static air. The maxima of 

the mass gains at different temperatures (650, 750, 850, 950 °C) were 0.15, 0.41, 1.68 and 6.9 mg·cm

−2

, respectively. The 

Ti-22Al-25Nb sintered alloy exhibited a good oxidation resistance, especially below 750 °C (with breakaway oxidation occur-

ring at 950 °C). According to the oxidation kinetics analyses, the oxidation behaviors approximately followed the parabolic 

law below 750 °C. Whereas, with temperatures rising above 850 °C, the oxidation behaviors fitted the linear law. Oxidation 

kinetics were discussed with regard to the influence of the Nb alloying element. Based on the observations and analyses of the 

oxidation morphologies and phases, it was proven that the oxidation resistance of the O phase (orthorhombic Ti

2

AlNb) was 

superior to those of others. The reason for this phenomenon was the difference of Nb content in different phases could result in 

a difference of oxidation resistance. 
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Ti

2

AlNb (O-Ti

2

AlNb, orthorhombic structure Ti

2

AlNb) al-

loys have high specific strength, high fracture toughness, and 

high creep resistance

[1-5]

. Thus, Ti

2

AlNb alloys were developed 

as a potential candidate for new high temperature structural 

materials since being found by D. Banerjee

[6]

. Ti

2

AlNb have 

been expected to be applied in the temperature range of 

600~800 °C. Thus, their anti-oxide performance was a key 

factor for their applications at elevated temperatures due to the 

increasing requirements of higher temperature for Ti

2

AlNb 

alloys. In addition, many traditional crafts and techniques were 

conducted at higher temperatures in order to increase efficiency; 

this would put forward higher demands for Ti

2

AlNb alloy ap-

plications

[7,8]

. Li studied electron beam-welded Ti

2

AlNb alloy 

joints for applications in aeronautics and astronautics

[9]

. The 

dynamic chip formation mechanisms of Ti

2

AlNb intermetallic 

alloy were also explored

[10]

. The deformation behaviors of 

Ti

2

AlNb were also investigated at elevated temperatures

[11]

. 

Moreover, high-temperature oxidation could lead to a decrease 

in performance and a shortening of work life for parts or 

equipment. Therefore, in order to evaluate the thermal stability 

of the alloys for high temperature applications, it is important to 

study the high-temperature oxidation behaviors of Ti

2

AlNb 

alloys, to analyze their oxidation mechanism, and to assess 

their oxidation resistance in the used temperature range. Zhang 

pointed out that the oxidation behavior of Ti

2

AlNb alloys was 

improved due to the formation of Al

2

O

3

 or NiCr

2

O

4

 film

[12]

. 

Chen have pointed out that the formation of Al

2

O

3

 prevented 

the oxidation of Ti

2

AlNb, while the formation of AlNbO

4

 ac-

celerated oxidation

[13]

. Leyens studied the oxidation behaviors 

and hardness changes of Ti

2

AlNb at high temperatures

[14]

. 

However, the high temperature oxidation behaviors of 

Ti-22Al-25Nb were seldom studied. 

Thus, in this work, the isothermal oxidation testing of the 

reaction-sintered alloy Ti-22Al-25Nb in the Ti

2

AlNb-based 
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alloy in the target applied temperature range of 650 to   

950 °C was carried out. The oxidation process was ob-

served, the oxidation law was summarized, the oxidation 

rate was measured and the oxidation mechanism was ana-

lyzed. Therefore, the advantages and disadvantages of its 

oxidation resistance could be pinpointed, which provided a 

theoretical basis and reference for the optimization design 

of the composition and properties of the sintered 

Ti-22Al-25Nb alloy. 

1  Experiment 

The Ti-22Al-25Nb alloy was prepared by reactive sintering 

and hot pressing with element powders, which were composed 

of B2, O and Ti

3

Al phases, as shown in Fig. 1. The samples 

with dimensions of 9 mm× 9 mm× 5 mm, were cut from 

Ti-22Al-25Nb alloy with electrical discharge machining. The 

samples were ground with 1200# SiC abrasive paper and then 

polished and cleaned using acetone and ethanol. The superficial 

area was measured and the samples were weighted before 

oxidizing. A high purity alumina crucible was used as a con-

tainer for holding samples. The crucible was calcined and 

cleaned at a high temperature before being used, and then 

weighed accurately. The oxidation tests were performed in air 

at 650, 750, 850 and 950 °C, holding for 12, 24, 36, 48 and 72 h. 

In order to ensure uniform oxidation, the samples were slanted 

in the crucible, which caused the surface of the sample to be 

fully in contact with the air. ∆m (mass gain) was also calculated 

after oxidation tests. The k

p 

(oxidation rate constant) was ob-

tained by the means of curve fitting in Origin 8.0. The samples 

were weighted by electronic balance (The weighing accuracy is 

0.01 mg). The oxidation phases of the oxidation scales were 

identified by XRD X-ray diffraction and EDS (energy disper-

sive X-ray spectrometry) (on SEM). The surface morphologies 

and cross-sectional morphologies of the oxidized samples were 

observed by SEM (scanning electron microscopy). 

2  Results and Discussion 

2.1  XRD phase analyses of oxide films of the Ti- 

22Al-25Nb sintered alloy 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD pattern of alloy sintered at 630 °C, 20 MPa, 1 h; 

1250 °C, 30 MPa, 2 h 

Fig.2 shows the XRD patterns of the surface of samples 

oxidized for 72 h at 650, 750, 850 and 950 °C. As can be seen in 

Fig. 2a, the mixed oxides consisted of TiO

2

, Al

2

O

3

 and Nb

6

O. 

Nevertheless, the O phase was still detected. This revealed that 

the oxidation reaction was not obvious, and the oxidation scale 

should be thin. Nb would be prone to forming a metastable 

phase at the low temperature stage for Nb

6

O oxide, having 

lower activation energy. While the temperature increased, as 

shown in Fig. 2b, Nb oxide (metastable phase) continued to be 

oxidized. The metastable Nb

6

O transformed into NbO and 

Nb

2

O

5

. The formation of AlNbO

4

 revealed that fast-growing 

Nb

2

O

5

 could react with Al

2

O

3

. However, O-Ti

2

AlNb was still 

detected. This also suggested that the oxidation resistance of 

the O phase was superior to that of others. 

XRD analyses in Fig. 2c and Fig. 2d indicated that the 

oxidation scales mainly consisted of TiO

2

, AlNbO

4

, Nb

2

O

5

 

and a small amount of Al

2

O

3

 at 850 and 950 °C. There was 

no difference between the two in their composition of oxide 

when the temperature rose above 850 °C. This indicated 

that the oxidation reaction had a tendency to be stable. 

Comparing XRD analyses of the oxidized scale in Fig. 2a 

and Fig. 2b, it was obvious that the unoxidized O phases 

were not found. This proved that the oxide films had 

enough thickness to cover the surface of the sintered alloy 

at higher temperatures. Furthermore, all metastable Nb ox-

ides of Nb

6

O and NbO continued to transform into the sta-

ble Nb

2

O

5

. Meanwhile, Nb

2

O

5

 reacted with Al

2

O

3

, which 

caused Al

2

O

3

 to be consumed gradually. This also resulted 

in a decrease of Al

2

O

3

 content, as shown in Fig. 2c and Fig. 

2d. In conclusion, the XRD analyses showed that the oxides 

also mainly consisted of TiO

2

, which was verified roughly 

from the peak of the XRD analyses. Similarly, Li et al.

 [15] 

studied the oxidation behavior of Ti-22Al-26Nb alloy at 

750 °C. They found that the oxide composites were mainly 

composed of TiO

2

 and Nb

2

O

5

 (AlNbO

4

) while holding for 

200 h. 

2.2  SEM observation of the surface morphologies 

for oxidized specimens 

Fig.3 shows the BSE and SE images of the microstruc-

ture of the sintered Ti-22Al-25Nb alloy. The Ti-22Al-25Nb 

alloy was prepared by reactive sintering and hot pressing 

with element powders. As can be seen in Fig. 3a, the 

Ti-22Al-25Nb sintered alloy was mainly composed of O, B

2

 

and a little Ti

3

Al phases (the light color marks the B

2

 phase, 

the grey indicates the O phase, and the dark grey denotes 

the Ti

3

Al phase). In addition, it can be observed in Fig. 3b 

that a large-grained microstructure existed in the sintered 

alloy, and the finer equiaxed Ti

3

Al was prone to occurring 

in grain boundary. 

Fig.4 shows the surface morphologies of oxidation films at 

different temperatures. As can be seen from it, the growth of 

oxidation films was obvious with the increasing temperature.  

20 40 60 80 100

0

1000

2000

3000

4000

5000

 

 

I
n
t
e
n
s
i
t
y
/
c
p
s

2θ/(°)

Ti

3

Al   

O

B2



                              Wang Changrui et al. / Rare Metal Materials and Engineering, 2020, 49(5): 1583-1592                    1585 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  XRD patterns of the surface of the samples oxidized for 72 h at different temperatures: (a) 650 °C, (b) 750 °C, (c) 850 °C,  

and (d) 950 °C 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Microstructure of the Ti-22Al-25Nb sintered alloy: (a) BSE image, (b) SE image (the light color marks B2 phases; the grey indi-

cates O phases; the dark grey denotes Ti

3

Al phases) 

 

This presented characteristics of the uneven surface with mas-

sive particles. This suggested that there was a difference of 

growth between different phase regions. 

Compared with the original microstructure of the sintered 

alloy in Fig.3, a slight oxidation change was observed, except 

for few massive particles at 650 °C in Fig. 4a. In particular, no 

obvious change was observed on the region of O phases (as 

indicated in Fig. 3). While the temperature rose to 750 °C, the 

oxidation characteristic of the surface for the sintered alloy 

became more obvious gradually (especially for B2 phases with 

a rich-Nb region) which were prone to being oxidized. Ac-

cording to the XRD analyses in Fig. 2, the O phase was still 

detected. Accordingly, in Fig. 4a and Fig. 4b, the difference of 

the growth of the oxidation film between O and B2 phases was 

still reflected distinctly. This revealed that the O phase had the 

better oxidation resistance. 

When the temperature rose to over 850 °C, the surface ox-

ides grew rapidly. And the difference of the oxidation scales 

between different phase regions of the sintered alloy was nar-

rowing gradually. This was mainly because the Nb oxides of 

oxidation scales grew greatly. As described in Fig.1, the stable 

Nb oxides (Nb

2

O

5

 or AlNbO

4

) were dominant when the tem-

perature was above 850 °C. Ralison et al.

 [16]

 also confirmed 

that a mixed oxidation scale mainly consisted of AlNbO

4

 and 

TiO

2

 at 750 °C. Additionally, a micro crack was formed on the 

oxidation scale with the increase of the thickness of the oxida-

tion films. This also aggravated the oxidation corrosion of the 

sintered alloy. 
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Fig.4  Surface morphologies of samples oxidized for 72 h at 650 °C (a), 750 °C (b), 850 °C (c), 950 °C (d) 

 

Fig.5 shows SEM morphology and EDS analysis of the typical 

massive particle on the oxidation film. A massive particle was 

composed of a cluster of small particles, which had a regular 

shape. This proved that the massive particles were mainly TiO

2

, 

which would be formed on the region of Ti

3

Al phases, where 

there was a poor Nb region. Peng

[17] 

et al. suggested that the ac-

tivity of Ti, and the saturating and diffusivity of oxygen in Ti

3

Al 

could result in the preferential forming of TiO

2

, further promot-

ing the rapid growth of TiO

2

 through internal oxidation. 

On the other hand, the growth of the oxidation film became 

faster while the exposure temperature was above 850 °C. The 

cracks, as a new path of oxygen diffusion, aggravated the 

oxidation resistance of the sintered alloy. This also explained 

that the growth rate of oxidation films and mass gains increased 

evidently. As for the forming mechanism of the cracks on the 

surface of the oxidation scales, the reason for the formation of 

the micro cracks could result from internal stress not being re-

leased. Meanwhile, the differences of the expansion coefficient 

and lattice parameters, resulting in mismatching between dif-

ferent phases, could also bring about the crack development. 

This was even more apparent when more Nb oxides were 

formed at higher temperatures. According to the XRD analyses 

in Fig.1, the metastable Nb

6

O continued to be oxidized while 

the temperature rose above 750 °C. Nb

2

O

5

 would form and 

grow and had greater internal stress. 

Fig.6 shows the high magnification SEM image of the sur-

face of the oxidation film. As can be seen from Fig. 6, the 

oxidation film grew rapidly and the oxide on the surface 

gradually got coarsened with the continuously increased tem-

perature. In addition, at 650 °C, a small amount of grossly 

coarse particulate oxide and a large amount of fine oxide par-

ticles adhered to the surface of the alloy. As the temperature 

increased, the oxide particles grew fast with acicular oxides 

occurring at 750 °C. When the oxidation temperature was 

raised to 850 °C and 950 °C, the acicular oxide was gradually 

reduced and the oxide particles were significantly coarsened. 

The acicular oxide was Al

2

O

3

, which further reacted with 

Nb

2

O

5

 to form the AlNbO

4

 composite oxide as the oxidation 

temperature increased. Therefore, the amount of acicular Al

2

O

3

 

was gradually reduced. 

Fig.7 shows the results of the SEM observation and EDS 

analysis of the typical oxide backscattering on the surface of 

the oxidation film. It can be seen from the backscattering on 

the oxidation film in Fig. 7 that the surface of the oxidation 

film was composed of the oxide with coarse granular, the 

embossed bright color region and the flat gray region. Ac-

cording to the EDS spectrum analysis in Fig. 7a, the granular 

oxide was chiefly TiO

2

, and it can be seen that the particle 

oxide was mainly formed at the α

2

 phase, which was due to 

the fact that Ti and Al were mixed and oxidized to form TiO

2

 

and Al

2

O

3

 mixed oxides when oxidation occurred at the α

2 

phase, which lacked the alloying element Nb. TiO

2

 grew fast 

and the growth proceeded with the in-diffusion of oxygen and 

the out-diffusion of Ti. The preferential formation and rapid 

growth of the non-protective oxide TiO

2

 resulted in the failure 

of the formation of the continuous dense Al

2

O

3

 protective 

oxidation film. In Ref. [18], the X-ray diffraction in-situ ob-

servation of the high-temperature oxidation of α

2

-Ti

3

Al-based 

alloy showed that TiO

2

 was formed first during the 

high-temperature oxidation of α

2

, and Al

2

O

3

 was formed later 

and was small in amount, and so the dense Al

2

O

3

 protective 

film cannot be formed. 
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Fig.5  SEM morphology (a) and EDS analysis (b) of the typical massive particle on the oxidation film 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Surface morphologies of samples oxidized for 72 h at 650 °C (a), 750 °C (b), 850 °C (c), and 950 °C (d) 

 

The main Nb-containing phases in the Ti-22Al-25Nb sin-

tered alloy were the B2 phase and O, that is, the O and B2 phase 

regions. Although the oxidation resistance of B2 phase and O 

phase were significantly different, in the high temperature 

oxidation process, the surface of the alloy could form a rela-

tively flat and dense oxide film, which indicated that the 

presence of the alloy element Nb could improve the morphol-

ogy of the oxidation film and the oxidation resistance of the 

alloy. In addition, as can be seen from Fig. 4 and Fig. 7, the 

Nb-rich region of the oxidation film was prone to cracking, 

which may be due to the increase in the Nb oxides of Nb

2

O

5

 or 

AlNbO

4

 in the mixed oxide. The growth stress of Nb

2

O

5

 and 

AlNbO

4

 was large, and the stress cannot be released during the 

process of rapid growth at high temperature, resulting in the 

cracks on the surface of the oxidation film. As the oxidation 

temperature increased, the oxidation difference between dif-

ferent phases decreased gradually, especially between the B

2

 

and O phases. The O phase had significantly better oxidation 

resistance than the B2 and α

2

 phases in the sintered alloy 

Ti-22Al-25Nb. The results of the XRD analysis in Fig. 2 veri-

fied the formation rules of the oxidation film.  

2.3  Cross-sectional morphology observation of ox-

ide films 

Fig.8 shows the cross-sectional morphologies of the samples 

oxidized for 72 h at different temperatures. It was observed in 

Fig.5 that the thickness of the oxidation scales increased ob-

viously with the increase in temperature. Eventually, the oxi-

dation film even peeled off the substrate at 950 °C. In Fig. 8a, a 

thin oxidation scale of 2~3 µm thickness was formed on the 

surface of the sintered alloy at 650 °C. It was found that the 
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Fig.7  Typical phase composition on the surface of oxidation film: (a) BSE image, (b) EDS analysis of point A, (c) EDS analysis of point  

B, and (d) EDS analysis of point C 

 

oxidation film was 10~12 µm in thickness, as shown in Fig. 8b. 

When the exposure temperature rose to over 850 °C, the growth 

of the oxidation scales became more obvious, and the oxidation 

scale was 40~50 µm in thickness. The thickness of oxidation 

film was greater than 100 µm, especially when the exposure 

temperature was at 950 °C for 72 h. It was apparent that the 

dense oxidation scale formed on the surface of the sintered al-

loy below 750 °C. 

In addition, as shown in Fig. 8, the dense oxidation scale 

remained adherent on the substrate below 750 °C. While the 

exposure temperature was over 850 °C, a loosening of the 

oxidation scales was formed on the surface of the sintered alloy. 

In particular, the spallation of oxidation scale was observed on 

the surface of the sintered alloy when the temperature was at 

950 °C, as shown in Fig. 8d.  

The reason that the oxidation scale flaked away from the 

substrate could be the internal stress not being relieved between 

the oxidation scale and substrate while oxidation scale growing 

greatly

[19]

. Thus, the exposure of the new boundary also re-

sulted in further oxidation reaction and mass gain increases, 

even the occurrence of breakaway oxidation. The integrity of 

the oxidation scale and substrate was damaged. 

2.4  Oxidation kinetics analyses of Ti-22Al-25Nb 

sintered alloy 

The oxidation kinetics curves of Ti-22Al-25Nb sintered al-

loy were plotted according to the oxidation mass gain (∆m) at 

different oxidation temperatures, as shown in Fig. 9. The re-

sults showed that the oxidation mass gain of the oxidized 

samples increased with the increase of temperature and holding 

time. This was consistent with the thickness growth law of 

oxide film described in Fig. 4 and Fig. 8. At 650 °C, the oxi-

dation mass gain was not obvious, and the alloy exhibited good 

oxidation resistance. 

After a short-term oxidation (less than 24 h), the surface of 

the oxidized sample had little difference from the initial ap-

pearance of the alloy. Even at an oxidation time of 72 h, the 

maximum oxidation mass gain at 650 °C was only 0.15 

mg·cm

-2

. When the oxidation temperature was 750 °C and 850 

°C, the oxidation mass gain of Ti-22Al-25Nb sintered alloy 

increased rapidly, and the maximum oxidation mass gain of the 

alloy after oxidation for 72 h was 0.41 and 1.682 mg·cm

−2

, 

respectively. As the oxidation temperature increased, the oxi-

dation mass gain became more and more obvious, especially 

when the temperature rose to 950 °C, and the oxidation mass 

gain increased sharply. When the oxidation time was more than 

48 h, the oxidation mass gain rose steeply, which was totally 

different from the original oxidation rule, indicating that the 

oxidation resistance of the sintered alloy Ti-22Al-25Nb dete-

riorated, which was consistent with the thickness growth rule of 

the oxidation film shown in Fig. 8. The large amount of 

non-protective oxide TiO

2

 and Nb

2

O

5

 rose to the failure of the 

selective oxidation of Al. At the same time, the looseness of  

20 µm 
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Fig.8  Cross-sectional morphologies of the samples after oxidation for 72 h at 650 °C (a), 750 °C (b), 850 °C (c), and 950 °C (d) 

 

TiO

2

 and cracks on the oxidized surface facilitated the rapid 

diffusion of O

2

, which led to the deterioration of the oxidation 

resistance of the alloy. 

At 650 °C and 750 °C, the maximum oxidation mass gains of 

the sintered alloy Ti-22Al-25Nb after it was heated for 72 h 

were 0.15 and 0.41 mg·cm

−2

, respectively. When the oxidation 

temperature was 850 °C, the maximum oxidation mass gain 

was 1.682 mg·cm

−2

. When the oxidation temperature was 

raised to 950 °C, the oxidation resistance of the alloy deterio-

rated sharply. Not only was the oxidation mass gain suddenly 

increased, but also the oxidation film was peeled off. The 

oxidation mass gain reached 6.9 mg·cm

−2

 after it was heated for 

72 h, and its oxidation resistance was in the weak antioxidant 

range. Table 1 shows the oxidation mass gains of 

Ti-22Al-25Nb sintered alloy under different oxidation condi-

tions. 

Fig.10 describes the oxidation kinetics curves of the 

Ti-22Al-25Nb sintered alloy at 650, 750, 850 and 950 °C. It can 

be seen that the oxidation mass gains increased while the 

temperature rose and holding time increased. This was in ac-

cordance with the growth of oxidation scales described in Fig. 3 

and 5. The maximum mass gain of the oxidized samples when 

holding for 72 h at different temperatures (650, 750, 850, 950 

°C) were 0.15, 0.41, 1.682 and 6.9 mg·cm

−2

, respectively.  

As mentioned above, the mixed oxides were mainly com-

posed of non-protective TiO

2

 and Nb

2

O

5

, especially when the 

formation of AlNbO

4

 oxide resulted in the decreasing of Al

2

O

3

. 

The mixed oxide layer could not be effective to improve the 

oxidation resistance of the sintered alloy due to the loose and 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Oxidation kinetics curves of sintered Ti-22Al-25Nb alloy 

at different temperature 

 

Table 1  Mass gain of reactive sintering Ti-22Al-25Nb alloy 

for different oxidation time at different tempera-

tures 

Mass gain/mg·cm

-2

 

Oxidation time/h 

650 °C 750 °C 850 °C 950 °C 

12 0.059 0.15 0.331 1.48 

24 0.085 0.23 0.634 2.12 

36 0.10 0.30 1.057 2.853 

48 0.12 0.35 1.377 3.242 

72 0.15 0.41 1.682 6.9 

 

discontinuous structure. It was generally believed that the 

oxidation resistance of the alloy decreased because of no 

presence of continuous Al
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surface of the oxidized sample. In this research, there was not 

enough Al to achieve the formation of Al

2

O

3

 protective scale in 

the Ti-22Al-25Nb sintered alloy due to the lack of preferential 

oxidation of Al. Yang et al.

 [20]

 confirmed that the Al

2

O

3

 pro-

tective scale was formed on the surface of the TiAl

3

 alloy, 

which had a higher Al content. The Al

2

O

3

 scale was formed by 

means of outward diffusion of Al element. Moreover, Al

2

O

3

 

was further consumed by reacting with Nb

2

O

5

. 

Judging the results of oxidation mass gains according to the 

standard of HB5258-2000 (aviation industry standard of the 

People’s Republic of China), the oxidation resistance of the 

Ti-22Al-25Nb sintered alloy met a full anti-oxidation level 

below 750 °C for 72 h. Even if at 850 °C, its oxidation resis-

tance still achieved an anti-oxidation level. However, there was 

an occurrence of overall spallation of oxidation film while the 

oxidation temperature rose up to 950 °C, leading to a deterio-

ration in oxidation resistance. In addition, the mass gains in-

creased sharply. 

According to Wagner’s high temperature oxidation theory

[21]

, 

the relation of oxidation mass gain and oxidation time was as 

follows: 

p

n

m K t∆ =

                                  (1) 

where ∆m represents the mass gain per unit area (mg·cm

−2

), 

n is an oxidation rate exponent, K

p

 is an oxidation rate con-

stant, and t is the time of exposure. Then, according to the 

oxidation experimental data of mass gain versus oxidation 

time, the oxidation rate exponent n and oxidation rate con-

stant K

p

 were calculated by means of linear regression ac-

cording to the experimental data of ln(∆m) vs. lnt. The re-

sults are listed in Table 2. 

Table 2 gives the oxidation rate exponent n and oxidation 

rate constant of the Ti-22Al-25Nb sintered alloy in the range of 

650 to 950 °C. Judged by the experimental results given in 

Table 1, as the temperatures were at 650 and 750 °C, the oxi-

dation kinetics curves of the samples followed the parabolic 

law approximately. However, the oxidation curve of the oxi-

dized samples followed the linear law while the oxidation 

temperature rose to 850 and 950 °C. 

The oxidation kinetics exponent changed from parabolic 

law to linear law with the increasing temperature. Below 750 

°C, the oxidation kinetics of the Ti-22Al-25Nb sintered alloy 

probably followed the parabolic law, which proved that 

oxidation scales could be effective to resist oxidation 

behavior. During the lower temperature stage, the oxidation 

behavior was controlled by atom diffusion. Under the course 

of oxidation, the parabolic rate constant would depend on the 

atom diffusion coefficient. However, while the oxidation 

temperature rose to 850 °C, the oxidation kinetics agreed with 

the linear law approximately, indicating that the oxidation 

scales would not provide an effective protection for the 

sintered alloy, and the oxidation behavior would depend 

mainly on reaction rate. 

From the results in Table 2, at 650 and 750 °C, the parabolic 

rate constants were 3.46 × 10

−4 

and 3.03 × 10

−3

 mg

2

·cm

−4

·h

−1

, 

respectively. When the oxidation testing was conducted at 850 

°C, the oxidation rate constant was 2.73 × 10

−2

 mg

2

·cm

−4

·h

−1

. 

While the exposure temperature rose to 950 °C, the oxidation 

rate constant was 2.35 × 10

−1

 mg

2

·cm

−4

·h

−1

. While the exposure 

temperature increased, atomic diffusion coefficient increased, 

and the oxidation rate went up rapidly. The oxidation rate 

constant K

p

 varied from 3.46 × 10

−4 

to 2.35 × 10

−1

 mg

2

·cm

−4

·h

−1

 

with the temperature ranging from 650 °C to 950 °C, and its 

variation exceeding 1000 times. 

To sum up, the experimental results indicated that the oxi-

dation rate was accelerated as oxidation temperature increased. 

On the other hand, the oxidation resistance of the sintered alloy 

decreased gradually with the rising oxidation temperature in 

the temperature range of 650 to 950 °C. In addition, this also 

showed that oxidation temperature had a key effect on oxida-

tion rate which could be seen from the data of the oxidation rate 

constant at different temperatures. 

2.5  Oxidation mechanism of the Ti-22Al-25Nb sin-

tered alloy at high temperature 

Zhao et al.

 [22] 

found that Nb addition would change the 

oxidation kinetics law of the Ti-Al system. They also pointed 

out that the oxidation kinetics law would make the transition 

from the linear law to the parabolic law due to the act of Nb 

addition. They also stated that Nb addition could improve the 

oxidation behavior of the TiAl alloy. 

All of the TiO

2

, Al

2

O

3

, Nb

2

O

5

 were n-type semiconductor 

oxides, which had excessive metal ions in their oxides. Ac-

cording to thermal analysis, Al could be oxidized to form the 

protective scale of Al

2

O

3

 in preference to Ti transforming into 

TiO

2

 in theory. Meanwhile, it was necessary to have enough Al 

to make Al

2

O

3

 to form a continuous and dense protective scale. 

However, the diffusivity of Ti

4+

 was faster than that of Al

3+

 in 

Ti-Al alloy. Thus, depending on the kinetics factors, TiO

2

 was 

formed in preference to Al

2

O

3

 in the Ti-22Al-25Nb sintered 

alloy. In addition, Nb

5+

 in Nb

2

O

5

 could provide more free 

electrons to decrease the point defects relative to Ti

4+

 and Al

3+

, 

and further to inhibit internal oxidation. Additionally, Nb could 

inhibit the formation and growth of TiO

2

 owing to the en-

hancement of the activity of Al and the inhibited oxidation of 

Ti

 [23]

. That is, Nb addition not only inhibited the diffusion of Ti 

and oxygen ions, but also improved the structure and mor-

phologies of the oxidation scale

[24]

. The discontinuous oxida-

tion scale could result from the formation of TiO

2

 and Al

2

O

3

 

competitively. In addition, the discontinuous unprotected 

Al

2

O

3

 could also be caused by low Al content and high Nb 

content. 

As mentioned above in Fig.4, a cluster of TiO

2

 was produced 

owing to the lack of Nb additive; however, excessive Nb addi-

tive would also result in the deterioration of the oxidation re-

sistance of the sintered alloy owing to the formation of redun-

dant Nb oxide. Based on the analyses of phase identifica- 
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Fig.10 Oxidation kinetics curves of Ti-22Al-25Nb sintered alloy at 650 °C (a), 750 °C (b), 850 °C (c), and 950 °C (d) 

 

Table 2  Exponent n and oxidation rate constant K

p

 of the 

Ti-22Al-25Nb sintered alloy in the range of 650~950 °C 

Oxidation temperature/°C n K

p

/mg

2

·cm

-4

·h

-1

 

650  1.95 3.46 × 10

−4

 

750  1.76 3.03 × 10

−3

 

850  1.05 2.73 × 10

−2

 

950  1.23 2.35 × 10

−1

 

 

tion in Fig. 1 and the morphology observations in Fig. 3, it was 

found that oxides developed slower on the surface of O phases 

compared to Ti

3

Al and B2 phases below 750 °C. In this re-

search, it was also proved that the oxidation resistance of a B2 

field with higher Nb content or a Ti

3

Al phase with lower Nb 

content was not as good as that of the O phase. This proved that 

too little or excessive Nb additive would result in the oxidation 

resistance deteriorating. Oxidation kinetics curves varied with 

the oxidation mechanism. M. Mitoraj et al.

 [25]

 confirmed that 

the inward diffusion of oxygen would play a predominant role 

on the oxidation resistance. So, the sharp decreasing of 

oxidation resistance would result from internal oxidation 

occurring while the inward diffusion of oxygen surpassed the 

outward diffusion of metal cation.  

The grain boundary, as a short-circuit diffusion path because 

of a high defect-density, resulted in the significant difference of 

activation energy between the grain boundary diffusion and 

bulk diffusion. Its positive effect would facilitate selective 

oxidation, but the preferential oxidation of Al in the 

Ti-22Al-25Nb sintered alloy was owing to the lower Al content, 

which was not enough to promote the formation of a protective 

oxidation scale of Al

2

O

3

. On the contrary, a negative effect of 

the grain boundary that resulted from the increasing of grain 

boundaries area would affect the oxidation resistance of the 

sintered alloy. Therefore, the Ti-22Al-25Nb sintered alloy with 

large grains just obtained good oxidation resistance, which 

resulted from avoiding a large number of grain boundaries to 

provide more diffusion paths. Additionally, defects, such as 

pores, which were defined as diffusion porosity according to 

the Kirkendall effect, could form due to Al diffusion. The 

Ti-22Al-25Nb sintered alloy prepared by powder metallurgy 

could generate redundant pores in the sintered alloy intrinsi-

cally. All of these could facilitate the inward diffusion of 

oxygen, further deteriorating the oxidation resistance of the 

sintered alloy. 

3 Conclusions 

1) The oxidation mass gain of Ti-22Al-25Nb was ob-

tained at different temperatures. The maximum mass gains 

were obtained as follows: 0.15, 0.41, 1.682 and 6.9 mg·cm

−2

 

at 650, 750, 850 and 950 °C, respectively. Judged by the 

results, the Ti-22Al-25Nb sintered alloy met a full 

anti-oxidation resistance level below 750 °C. Even if the 

temperature rose to 850 °C, it was still up to anti-oxidation 

level. 

2) The oxidation kinetics approximately followed the 

parabolic law when the oxidation temperature was below 

750 °C. However, while the exposure temperature rose 

above 850 °C, the linear law was fitted. The parabolic rate 
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constants at 650 and 750 °C were 3.46 × 10

−4

 and 3.03 × 

10

−3

 mg

2

·cm

−4

·h

−1

, respectively. At 850 and 950 °C, the 

oxidation rate constants were 2.73 × 10

−2

 and 2.35 × 10

−1

 

mg

2

·cm

−4

·h

−1

, respectively. 

3) The mixed oxide scale mainly consisted of TiO

2

 and 

AlNbO

4

, especially at a higher exposure temperature. The 

Ti-22Al-25Nb sintered alloy exhibited good oxidation re-

sistance below 850 °C, and oxidation scales still remained 

adherent on the matrix. However, at 950 °C, the oxidation 

resistance deteriorated sharply, and the oxidation scale even 

peeled off the matrix of the Ti-22Al-25Nb sintered alloy. 

4) In the Ti-22Al-25Nb sintered alloy, the O phase ex-

hibited better oxidation resistance than rich-NbB

2

 and 

lean-Nb Ti

3

Al phases. This also proved that too little or ex-

cessive Nb additive would result in the oxidation resistance 

deteriorating. In addition, the oxidation mechanism could 

explain the fact that Nb additive did not only inhibit the 

diffusion of metal ions and oxygen, but also improved the 

structure and morphologies of oxidation scale. 
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