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Abstract Oxidation behavior of a near-alpha Ti60 tita-

nium alloy was investigated in the temperature range of

600–750 �C for up to 100 h exposure. The results showed

that the oxidation kinetics of Ti60 alloy followed parabolic

kinetics below 700 �C but parabolic-linear kinetics above

700 �C. The total activation energy was calculated to be

256 kJ/mol over the whole temperature range. The oxida-

tion products were TiO2 after thermal exposure at 700 �C

for 100 h, but a mixture of TiO2 and a small amount of

Al2O3 for the specimens oxidized at 750 �C for 50 h. The

grain boundaries were preferred sites for oxidation prod-

ucts formation during the oxidation. The tensile tests were

performed at room temperature for specimens before and

after oxidation. Both of the strength and ductility decreased

for the specimens with oxide scale. However, both of them

increased when the oxide scale was removed before testing.

Introduction

Titanium alloys have been considered as a candidate

material for fabrication of components to be used in the

compressor section of aerospace engines due to their

superior strength–weight ratio and corrosion resistance.

However, the high-temperature oxidation resistance of Ti-

based alloy is rather poor, which limits the highest

operating temperature of titanium alloys under 600 �C [1,

2]. Thus, how to improve its high-temperature oxidation

resistance has become an attracting research field.

Improvement of oxidation resistance including mini-

mized embrittlement of Ti-based alloys can essentially be

achieved by addition of certain elements to the alloy, sur-

face modification techniques, and protective coatings

[3–6]. Numerous attempts have been made to provide

improved oxidation resistance by protective coating,

however, as far as is known from the literature, oxidation-

resistant coatings have not yet been brought into real ser-

vice [7]. Near-alpha titanium alloys developed by addition

of alpha stabilizing elements have made it possible to

increase the service temperature up to 600 �C, so called

‘‘high-temperature titanium alloy’’. The typical high-tem-

perature titanium alloys are IMI834 and Ti-1100 alloy [8,

9], which have good creep resistance against high tem-

perature and excellent mechanical properties at the ser-

vicing temperatures of 600 �C. Ti60 alloy is a near-alpha

high-temperature titanium alloy developed by Institute of

Metal Research in China. It belongs to Ti–Al–Sn–Zr–Mo–

Si series titanium alloy, which is similar to IMI834 alloy.

Compared with the alloy IMI834, Ti60 alloy also possesses

excellent creep resistance and mechanical properties at

high temperatures, and it is considered for 600 �C appli-

cations, such as for the manufacture of the disc in aero-

engine [10].

Like other titanium alloys, Ti60 alloy readily absorbs

oxygen and leads to oxidation when used at elevated

temperatures, particularly above 500 �C in air. Interaction

of titanium alloys with oxygen causes not only loss of

material by formation of oxides, but also embrittlement in

the subsurface zone of the component due to oxygen

enrichment, generally known as ‘‘alpha-case’’. This brittle

alpha-case severely affects the mechanical properties of the

W. Jia � W. Zeng (&) � X. Zhang � Y. Zhou

State Key Laboratory of Solidification Processing,

School of Materials, Northwestern Polytechnical University,

Xi’an 710072, China

e-mail: zengwd@nwpu.edu.cn

J. Liu � Q. Wang

Institute of Metal Research, Chinese Academy of Sciences,

Shenyang 110016, China

123

J Mater Sci (2011) 46:1351–1358

DOI 10.1007/s10853-010-4926-1



alloys and limits their utilization [11, 12]. Several inves-

tigations have been performed to characterize the oxidation

behavior of IMI834 and Ti-1100 alloy at the temperature

range of 600–800 �C [13, 14]. For Ti60 alloy, the oxidation

kinetics above 620 �C has been studied [15, 16]. However,

at the region of temperature 600–750 �C, little information

is available on the kinetic and the high-temperature oxi-

dation mechanisms of Ti60 alloy. Moreover, there is no

report on the detailed investigation of alpha-case formation

and its effect on the tensile properties of Ti60 alloy.

In this paper, the oxidation behavior of Ti60 alloy,

including oxidation kinetics, oxidation mechanisms, and

oxide scale formation are studied. Additionally, an oxida-

tion model is proposed for the alpha-case formation to

predict the extent of oxidation during the high tempera-

tures. The room temperature tensile properties of speci-

mens before and after oxidized are also investigated.

Experimental

The material used in this study was Ti60 alloy rod with the

diameter of 120 mm. Its chemical composition (mass%)

was Ti–5.8Al–4.0Sn–3.5Zr–0.4Mo–0.4Nb–1.0Ta–0.4Si–

0.06C. The beta transus for this alloy is approximately

1050 �C. The alloy was solution treated at 1015 �C for 2 h,

oil cooled and then aged at 700 �C for 2 h, air cooled. The

initial microstructure of Ti60 alloy composed by approxi-

mately 40% equiaxed primary a and fine transformed

b matrix is shown in Fig. 1. The distribution of the primary

a phase is relatively homogeneous and the transformed

b consists of a platelets with thin layer of b phase retained

between them.

Oxidation tests of the specimens with dimensions of

[ 10 mm 9 8.8 mm were conducted at 600–750 �C in

static air. The specimens placed in alumina crucibles were

oxidized at desired temperatures and then air cooled to

room temperature. The weight of specimens before and

after oxidation were measured using an analytic balance

(AL204) providing an accuracy of 0.0001 g to characterize

the oxidation kinetics. Subsequent to oxidation, the surface

and cross-sectional morphologies of the specimens were

analyzed using optical and scanning electron microscopy

(SUPRATM55). Phase identifications of Ti60 alloy after

oxidation were performed by X’ Pert PRO X-ray Diffrac-

tometer with Cu Ka radiation. Additionally, the depth of

the oxide scale was measured from the cross-sections of the

specimens by utilizing HXP-1000TM microhardness tester.

Room temperature tensile test were conducted to

determine the tensile properties of the alloy before and

following thermal exposure at 600, 700, and 750 �C for

100 h. In order to investigate the effect of oxide scale on

the tensile properties of Ti60 alloy, specimens having the

oxide scale removed also prepared for tensile tests.

Results and discussion

Oxidation behavior

Figure 2 presents the variation of weight gain data with

respect to oxidation time. As can be seen, the weight gain

increases with increasing time and temperature, as expec-

ted. It is clear that the oxidation resistance of Ti60 alloy is

good at 600 �C but it degrades when the temperature rise to

650 �C and above. All of the curves exhibit similar feature

Fig. 1 Microstructure of the as-received Ti60 alloy

Fig. 2 The variation of weight gain with respect to oxidation time

and temperature
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that the oxidation rate increases sharply at the beginning of

oxidation and then increases slowly.

To analyze the oxidation kinetics, the weight gain

curves presented in Fig. 2 were fitted to a power type law

of the form [17, 18]:

Dmn ¼ kpt ð1Þ

where Dm is the weight gain per unit area, kp is the rate

constant, t is the oxidation time, and n is the reaction index.

At a constant temperature, the kinetic model is linear if

n = 1 and parabolic if n = 2.

Table 1 shows the values of the reaction index deter-

mined for the overall oxidation at the investigated tem-

peratures. The results show that the weight gain curves

obey parabolic kinetics below 700 �C. As the temperature

increases to 700 �C and above, the weight gain curves tend

to follow parabolic-linear kinetics, however, the parabolic

kinetics is dominant during the whole tested range which

can be proved by the cross-sectional morphology of the

oxidized specimens shown in ‘‘Oxidation products and

morphology’’ section.

In order to determine the activation energy of the oxi-

dation reaction, a true parabolic kinetics was assumed over

the whole temperature range. Then, Eq. 1 transforms to:

Dm2 ¼ kpt ð2Þ

Temperature dependence of kp can be quantified by an

Arrhenius type equation [17]:

kp ¼ k0 expð�Q=RTÞ ð3Þ

where k0 is the frequency factor, Q is the activation energy,

R is the gas constant (8.3143 J/(mol K)), and T is reaction

temperature (K). The Q value can be calculated by plotting

log kp with respect to 1/T. By fitting the data to the Eq. 2,

the activation energy for the process of oxidation was

estimated to be 256 kJ/mol. As we known, exposure of

titanium alloys to any oxygen containing atmospheres at

elevated temperatures leads to formation of oxide scale

which including an oxide layer on the surface and alpha-

case beneath it. Thus, the total weight gain represents the

sum of the oxygen consumed in the formation of the sur-

face oxide and the oxygen that diffuses into the subsurface

zone. So the activation energy calculated above is the total

activation energy of these two stages. The activation

energy of oxidation and diffusion in selected titanium

alloys are illustrated in Table 2. It may be seen that the

activation energy of Ti60 alloy is quite close to the diffu-

sion activation energy of both oxygen and titanium in TiO2,

234 and 257 kJ/mol, respectively [19]. This suggests that

the oxidation process is mainly controlled by both the

outward diffusion of titanium and the inward diffusion of

oxygen through the oxide scale [20]. In addition, it was

also found that the activation energy of Ti60 alloy is higher

than that of pure Ti and Ti-1100 alloy, and very close to

that of IMI834 alloy in Ref. [21].

Oxidation products and morphology

Surface morphology of oxide scales

The surface morphologies of Ti60 alloy after oxidation in

air at 600–750 �C for 100 h are shown in Fig. 3. It can be

seen that the surface morphology of the specimen oxidized

at 600 �C is similar to those of as-polished surface

(Fig. 3a). When the oxidation temperature is 650 �C, small

oxidation products are generated on the surface of speci-

men (Fig. 3b). At 700 �C, the oxidation products become

larger than that of specimens oxidized at 650 �C, and all of

the products distribute at grain boundaries of the specimens

(Fig. 3c) which indicates that the oxidation products pri-

ority formation at grain boundaries during the oxidation

processing. At 750 �C, surface morphologies of the spec-

imens after oxidation are quite similar to the specimens

oxidized at 700 �C. Nevertheless, some small oxides

appear in the grains, as shown in Fig. 3d.

Figure 4 shows XRD patterns of Ti60 alloy oxidized at

different temperatures and times. Only a-Ti peaks are

detected in the specimens oxidized at 600 �C for 100 h

(Fig. 4a). When oxidized at 650 and 700 �C for 100 h and

750 �C for 10 h, the peaks of TiO2 appear (Fig. 4b–d).

However, at 750 �C, the oxidation time reached to 50 and

100 h, weak diffraction signals corresponding to the Al2O3

phase are found (Fig. 4e, f). These results are similar with

the observations obtained in other titanium alloys [14, 16,

19, 22, 23]. According to the previous report, approximately

Table 1 Activation energy and reaction index for Ti60 alloy at

600–750 �C

Temperature (�C) n Q (kJ/mol)

600 1.9

256
650 1.8

700 1.2

750 1.5

Table 2 Activation energy of oxidation and diffusion in various

titanium alloys

Material Activation energy (kJ/mol) Reference

Pure Ti 239 [19]

Ti-1100 225 [21]

IMI834 267 [21]

IMI834 184 [12]

O diffusion in TiO2 234 [19]

Ti diffusion in TiO2 257 [19]
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57–59 at.% aluminum is needed for binary Ti–Al to form a

protective alumina scale in air [24]. The aluminum contents

of Ti60 alloys are well below this, thus it is not sufficient to

form long lasting scale of protective and continuous alu-

mina. Then, the oxygen ions continue to diffuse through the

oxide scale. As a result, oxygen dissolution is significantly

with the increase of temperature and time, which agree with

the conclusion obtained from the oxidation kinetics.

Cross-sectional microstructures of oxidized specimens

Figure 5 shows the cross-sectional microstructures of Ti60

alloy oxidized at 600, 650, 700, and 750 �C for 100 h.

Compared with the subsurface microstructure before oxi-

dation, there is nearly no changes after oxidized at 600 �C

(Fig. 5a). Meanwhile, the oxide scale is very thin, only

about 2–5 lm. This result is in accordance with the weight

gain curve of Ti60 alloy, in which the weight gain is

minimal at 600 �C (Fig. 2). At 650 �C, it can be seen

clearly that a white layer with thickness of about 15 lm is

formed (Fig. 5b). As the temperature increases, the thick-

ness of the layer increases to about 50 lm at 700 �C and

75 lm at 750 �C (Fig. 5c, d).

Figure 6 shows the cross-sectional microstructures of

Ti60 alloy oxidized at 750 �C for 10 and 50 h. From

Figs. 6 and 5d, it is clear that the thickness of the oxide

scale increases with the increasing oxidation time at a

constant temperature. However, the layer morphology

changes with time and temperature. The surface of the

oxide layer is very smooth below 700 �C, but tends to be

serrate above 700 �C, especially for the specimens

Fig. 3 The surface morphology of Ti60 alloy after 100 h oxidation in air at a 600 �C, b 650 �C, c 700 �C, and d 750 �C

Fig. 4 XRD patterns of the specimens oxidized at (a) 600 �C,

(b) 650 �C, (c) 700 �C for 100 h and 750 �C for (d) 10 h, (e) 50 h,

(f) 100 h
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oxidized at 750 �C for 100 h. These phenomena indicate

that the oxide layer started spalling after oxidized above

700 �C, which is in agreement with the results of Jia et al.

[16]. During the oxidation temperature below 700 �C, the

oxide layer was dense; it acted as a diffusion barrier that

retarded the diffusion of oxygen, so the oxidation kinetics

obeys the parabolic law. When the temperature above

700 �C, the oxide layer started spalling and the fresh sur-

face was exposure which result in the oxygen diffuse

rapidly. Therefore, the oxidation kinetics deviates from the

parabolic law and tends to follow the linear law.

Predicting the thickness of alpha-case

In order to predict the extent of oxidation during the high

temperatures, an oxidation model is proposed on the basis

of several experiments at a variety of oxidation temperature

and time. Due to the parabolic kinetics is dominant during

Fig. 5 Cross-sections of the scale formed after oxidized for l00 h at a 600 �C, b 650 �C, c 700 �C, d 750 �C

Fig. 6 Cross-sections of the scale formed after oxidized at 750 �C for a 10 h, b 50 h
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the whole tested range, the diffusion distance at each

temperature can be described as [22, 25]:

X ¼ KðDstÞ1=2 ð4Þ

where Ds is the diffusion coefficient, X is the thickness of

alpha-case (cm), K is a constant which related to the

concentration of oxygen in the oxide scale, and t is the

oxidation time (s). Ds can be obtained as a function of

temperature:

Ds ¼ D0 expð�Qs=RTÞ ð5Þ

where D0 is the frequency factor, Qs is the diffusion

activation energy, R is the gas constant (8.3143 J/(mol K)),

and T is reaction temperature (K).From Eqs. 4 and 5, the

following equation can be obtained:

ln
X2

t
¼ ln K2D0 �

Qs

RT
ð6Þ

The value of Qs can be obtained by plotting ln(X2/t) with

respect to 1/T. Figure 7 shows the ln(X2/t) with 1/T with a

good correlation coefficient of 0.97. From Fig. 7, the

diffusion activation energy of 232 kJ/mol is obtained for

Ti60 alloy at the whole temperature range which is close to

the total activation energy of 256 kJ/mol. The result also

indicates that the parabolic oxidation kinetics was

dominant during the temperatures of 600–750 �C. By

inserting the Qs value and the constant into Eq. 6, the

equation between X, t, and T can be obtained as follows:

X ¼ 103:5t expð�27784=TÞ½ �1=2 ð7Þ

Equation 7 provides the predicted thickness of oxide scale

as a function of oxidation time at different elevated tem-

peratures in Ti60 titanium alloy. The predicted values are

always slightly higher than the experimentally measured

values. It is due to the fact that the oxidation model is

proposed on the assumption that the oxidation rate con-

trolling factor is the diffusion of oxygen through the alloy,

and that the diffusion of oxygen through the growing oxide

does not influence the rate of penetration.

Effect of oxidation on the tensile properties

In order to analyze the effect of oxidation on the tensile

properties of Ti60 alloy, the specimens before and after

oxidation were tested at room temperature, as shown in

Fig. 8. The oxidation has a significant effect on the tensile

properties of Ti60 alloy. Both of the strength and ductility

decrease for the specimens with oxide scale, especially

the decrease of ductility is more pronounced than that of

strength. However, when the oxide scale was removed

before testing, the ductility of specimens oxidized at

600 �C increases but still lower than that of initial spec-

imens. Nevertheless, the results from the specimens oxi-

dized at 700 and 750 �C are very interesting because they

Fig. 7 The plot of ln(X2/t) vs. 1/T for Ti60 specimens
Fig. 8 Room temperature strength and elongation versus exposure

temperature for Ti60 alloy
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show a higher ductility compared to the initial specimens.

The cause of this increase in ductility may be due to both

the free of oxide scale and dissolution of a2 particles, a

similar phenomenon was observed in IMI834 and SP-700

titanium alloys [26–28]. Donlon et al. [28] also found that

long-term exposure in the region of 550–600 �C can lead

to a significant decrease in the ductility of b processed Ti-

1100, Ti-6242S, and IMI834 alloys. All alloys exhibited a

minimum in ductility of approximately 1% elongation

after exposure at 600 �C. In contrast, the ductility over

this temperature region in a/b IMI834 is constant in the

range of 6–8%. Compared with the previous results, the

thermal stability of Ti60 alloy appears to be superior to

Ti-1100 and very similar to IMI834 alloy with a/b
microstructure.

Several investigations have shown that the brittle alpha-

case can modify the mechanical properties of titanium

alloy due to the surface cracks formed. In the present study,

a great number of microcracks are observed in the scale

shown in Fig. 9a. Numerous publications have dealt with

the formation of cracks during oxidation [17, 29, 30]. It can

be concluded that two types of stresses existed in oxide

during oxidation: growth stress and thermal stress. Growth

stress comes from growth of the oxide on the substrate.

Thermal stress results from mismatch of thermal expansion

coefficients between the oxide and substrate during cool-

ing. From Fig. 9a, it can be seen that most microcracks

parallel to the oxide–metal interface, such microcracks

may be developed during cooling process from oxidation

temperature to room temperature. With the increasing of

oxidation temperature, a thicker oxide scale formed on the

surface, and many residual stress-induced cracks grew on

the oxide scale during the cooling process. Under the

indentation test loading, such cracks propagate into the

base material (Fig. 9b), and lead to the early fracture of

the samples, which results in the decrease of both ductility

and strength.

Conclusions

(1) Ti60 alloy has the lowest oxidation rate at 600 �C.

The weight gain curves follow parabolic kinetics

below 700 �C and parabolic-linear kinetics above

700 �C, but the parabolic kinetics is dominant during

the whole tested range. The total activation energy

and the diffusion activation energy of oxygen in

alpha-case are 256 and 232 kJ/mol, respectively.

(2) The main oxidation products were TiO2 phase for the

specimens oxidized under 700 �C for 100 h, but a

mixture of TiO2 and Al2O3 for the specimens oxidized

at 750 �C for 50 h, and the oxidation products were

preferentially formed at the grain boundaries of the

alloy.

(3) With the increasing of oxidation temperature and

time, the thickness of the oxide scale increases

significantly and can be predicted by the equation

X = [103.5t exp (-27784/T)]1/2.

(4) The oxidation has a significant effect on the tensile

properties of Ti60 alloy. Both of the strength and

ductility decrease for the specimens with oxide scale.

However, both of them increase when the oxide scale

was removed before testing.
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