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A B S T R A C T   

The fatigue of TC17 titanium alloy at high temperature could present fatigue failure mode or mixed failure mode 
with ductile cracks and local regions of fatigue cracks. For the former, the surface crack initiation tends to occur 
for low fatigue life, a competition between surface and internal crack initiation presents for medium fatigue life, 
and the internal crack initiation tends to occur for long fatigue life. The oxidation has a negative effect for the 
fatigue life under high stress amplitudes. For the latter, the fatigue life is generally low and the oxidation has no 
harmful influence on fatigue life.   

1. Introduction 

Metallic materials and components in aero-engines are usually sub
jected to cyclic loadings in a high-temperature environment and could 
experience complicated influence of high temperature and oxidation 
[1–8]. Compared to the situation at room temperature, the high tem
perature could reduce materials’ resistance to fatigue crack growth and 
decrease the fatigue strength [4,5,9–13]. Moreover, oxidation of the 
material could cause surface oxide penetration and make the surface 
become harder and more brittle [4,5], which also influences the crack 
initiation mechanism. 

Existing studies have investigated the high-temperature fatigue 
failure behaviors and the influence of oxidation on titanium alloys and 
Ni-based superalloys used in aero-engines in low cycle fatigue (LCF), 
high cycle fatigue (HCF) and very high cycle fatigue (VHCF) regimes 
[4,5,10,14–17]. For example, Hardt et al. [14] conducted LCF tests for 
titanium alloy IMI834 at temperatures up to 650 ℃. They found that the 
crack initiated from planar slip bands at lower temperatures and the 
fatigue life largely depended on the maximum stress, but a brittle 
oxygen-rich layer formed around the surface at temperatures above 600 
℃ and it significantly reduced the fatigue life. In HCF and VHCF re
gimes, Liu et al. [4,15] conducted ultrasonic frequency fatigue tests for 
TC17 titanium alloy at 400 ℃ under different stress ratios and reported 
that all the failed specimens at R = − 1 showed surface crack initiation 
due to oxide shedding or oxide intrusion, however, the specimens tested 
at R > 0 could fail from internal crack initiation due to basal or prismatic 

slip in α grains. Moreover, a competition mechanism between surface 
and internal crack initiation for titanium alloys at 400 ℃ and 450 ℃ 
have been reported by Li and Sun [5] and Zhao et al. [17] for the tests at 
R = − 1, respectively, and the specimens failed from internal crack 
initiation tended to have longer fatigue life than those failed from sur
face crack initiation. Stinville et al. [16] also found a similar competition 
mechanism for a polycrystalline Ni-based superalloy at 540 ℃ to 650 ℃. 
Nevertheless, Zhao et al. [10] conducted ultrasonic frequency fatigue 
tests for single-crystal Ni-based superalloy at temperatures from 760 ℃ 
to 1100 ℃ and found that the specimens failed from internal crack 
initiation at lower temperatures in VHCF regime, but all the specimens 
failed from surface crack initiation at 1100 ℃ due to the oxide pene
tration. According to these studies, the influence of temperature and 
oxidation are different, and the two factors are usually coupled to in
fluence the fatigue performance and failure mechanism. Therefore, it is 
necessary to decouple the effects of temperature and oxidation in fatigue 
studies to understand their influence mechanism. 

Some researchers [12,18–21] compared high-temperature fatigue 
performance in vacuum and air to investigate the influence of oxidation 
on fatigue performance. Mendez et al. [12] compared LCF behavior of 
Ti6246 alloy in air and vacuum environments at different temperatures. 
The results indicated that the discrepancy of the fatigue life in air and 
vacuum was relatively small at room temperature, but at above 300 ℃, 
the fatigue behavior at high stress level in air was lower than that in 
vacuum due to dynamical interaction of oxygen and cyclic plastic 
deformation in air. Heckel and Christ [20] and Maier et al. [21] 
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conducted high-temperature LCF tests for a titanium alloy and a tita
nium aluminide in air and vacuum, and found the negative effect of 
oxidation on the fatigue life. Although high-temperature fatigue tests in 
vacuum could make the specimens avoid oxidation, many tests were 
only in LCF regime due to the limitation of loading frequency. As 
another way to study the effect of oxidation, Cruchley et al. [22] applied 
prior oxidation on Ni-based superalloy specimens at 700 ℃ and 
compared the room-temperature HCF behavior of the pre-oxidized 
specimens and normal specimens, and found the negative effect of 
prior oxidation on the fatigue life in most scenarios, but they found that 
the prior oxidation could benefit the fatigue life in a limited stress range. 
Cervellon et al. [1] conducted ultrasonic frequency fatigue tests for 
single-crystal Ni-based superalloy at 1000 ℃ using normal and pre- 
oxidized specimens (1000 ℃ and 100 h). The specimens usually failed 
from internal pores in a life range of 107 to 109 cycles and the prior 
oxidation did not promote surface crack initiation. However, the spec
imens could fail from surface crack initiation due to oxidation in a longer 
life range of 109 to 1010 cycles. It is seen that the influence of oxidation is 
variable for different materials and temperatures. A clear understanding 
of this influence on material’s fatigue performance in its working 
environment is important. 

TC17 titanium alloy is usually used in compressor blades and blisks 
of aero-engines, which could experience oxidation at high temperature 
in service [5]. However, it is not clearly understood how oxidation in 
such a high-temperature environment affects the fatigue behavior and 
failure mechanism of this titanium alloy. The present paper aims to 
study the influence of oxidation at 400 ℃ on the fatigue behavior and 
failure mechanism of the TC17 titanium alloy. The fatigue specimens 
were prepared in three conditions, i.e., the initial specimens kept the 
initial state, the specimens pre-heated at 400 ℃ in air and experienced 
oxidation, and the specimens pre-heated at 400 ℃ in vacuum-like 
environment provided a control group that was heated but not 
oxidized. The fatigue tests at room and high temperatures were con
ducted, and the fatigue fracture morphology of the failed specimens was 
observed by scanning electron microscope (SEM). The oxygen distri
bution characteristics around the surface of the specimens were 
analyzed by energy dispersive spectroscopy (EDS), and the corre
sponding surface hardness was measured by a microhardness tester. The 
fatigue damage of specimens was also studied via SEM and electron 
backscatter diffraction (EBSD) observation. 

2. Experimental material and methods 

2.1. Material 

The TC17 titanium alloy with basketweave microstructure is used in 
this paper. The inverse pole figure (IPF) and phase map of the micro
structure are shown in Fig. 1(a) and 1(b), respectively. The titanium 
alloy used in this study is the same as that in Refs. [5,23]. It consists of α 
and β phases, and the corresponding volume fractions are 0.692 and 
0.276, respectively [5]. The chemical composition is given in Table 1. 
The heat treatment of the material started with solid solution at 800 ℃ 
for 4 h and was followed by water cooling. After that, the material was 
treated by thermal aging at 620 ℃ for 8 h and then was cooled in air. The 
yield strength and tensile strength of the TC17 titanium alloy at room 
temperature are 1047 MPa and 1141 MPa, respectively [5]. 

Fig. 1. Microstructure of the TC17 titanium alloy. (a) IPF, inset in (a) is color legend. (b) Phase map.  

Table 1 
Chemical composition of TC17 alloy.  

Element Al Cr Zr Mo Sn O Fe H C Ti 

Weight %  4.97  4.19  1.90  4.12  2.09  0.11  <0.10  0.0052  0.004 Balance  

Fig. 2. Geometry of fatigue specimens (in mm). (a) The cylinder specimen used 
on MTS servo-hydraulic testing machine. (b) The plate specimen used on SEM 
in-situ fatigue test machine. 
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2.2. Fatigue tests and fractography 

Two kinds of specimens are used for fatigue tests. One is the cylinder 
specimen in Fig. 2(a), and the other is the plate specimen in Fig. 2(b). 
Three conditions of the specimens are considered to decouple the in
fluence of oxidation and temperature in high-temperature fatigue tests, 
i.e., the initial specimens, the specimens pre-heated at 400 ℃ for 2 h in 
air (named the air-heated specimens), and the specimens pre-heated at 
400 ℃ for 2 h in vacuum-like environment (named the vacuum-heated 
specimens). The treatment of the vacuum-heated specimens started with 
placing the specimens in quartz tubes and the tubes were vacuumed by 
an air extractor and sealed, and then the specimens were heated in a 
muffle furnace for 2 h and cooled in air. Before pre-heating, the hour
glass parts of the cylinder specimens were polished carefully along the 
loading direction to remove the machining scratches, and the plate 
specimens were polished to a mirror finish for SEM observation. 

The cylinder specimens were tested on an MTS servo-hydraulic 
testing machine at room temperature in air, which was mainly used to 
investigate the influence of oxidation on HCF behavior. The loading 
frequency was 50 Hz, and the stress ratio was − 1. The plate specimens 
were tested on an SEM in-situ fatigue test machine (Shimadzu SS-550) at 
400 ℃ in vacuum-like environment (a vacuum degree of about 10-3 Pa), 
which was mainly used to investigate the influence of oxidation on LCF 
behavior. The loading frequency and the stress ratio are 10 Hz and 0.05, 
respectively. 

After the fatigue tests, the fracture surfaces of failed specimens were 
observed by an SEM to identify the failure morphologies. The distribu
tion of oxygen around the surface was analyzed by EDS. Some failed 
specimens were cut along the loading direction to investigate the dam
age behavior of the material, and these sections were polished to a 
mirror finish and characterized by EBSD. The surface hardness of the 
specimens in the three conditions was measured by a microhardness 
tester with a load of 50 gf and a holding time of 15 s to study the surface 
characteristics after oxidation. 

3. Results 

3.1. Fatigue tests at room temperature in air 

Fig. 3 shows S-N data and the mean fatigue life in logarithm of base 

10 for the specimens tested at room temperature in air. Table 2 provides 
the detailed results of these specimens. It is seen that the fatigue lives of 
the initial specimens and the vacuum-heated specimens are close for the 
stress amplitudes of 750 MPa, 700 MPa and 650 MPa. However, the 
fatigue life data of the air-heated specimens under 750 MPa are obvi
ously lower than the other two groups, and the difference in fatigue lives 
between the air-heated specimens and the other two groups seems to be 
reduced under 700 MPa and 650 MPa. All the specimens in the three 
groups do not fail at 1 × 107 cycles under 620 MPa. These results 
indicate that the heating in air before fatigue tests could promote early 
failure under high stress amplitudes, but this trend is weaker with the 
decrease of the stress amplitude. 

The fracture surfaces of all the failed specimens are observed by SEM. 
It is seen that the initial specimens and the vacuum-heated specimens 
mainly fail from internal crack initiation, and each of the two groups has 
one specimen showing surface crack initiation under the stress ampli
tude of 750 MPa. Fig. 4(a1-a3) and 4(c1-c3) show the fracture surface 
morphology of the internal crack initiation of the initial specimen and 
the vacuum-heated specimen, respectively. The surface crack initiation 
morphology of the initial specimen and the vacuum-heated specimen 
are shown in Fig. 4(b1-b3) and 4(d1-d3), respectively, and it could only 
happen for the specimens subjected to a high stress amplitude, such as 
750 MPa. The air-heated specimens mainly fail from surface crack 
initiation, which is different from the other two groups. One air-heated 
specimen under 700 MPa fails from internal crack initiation as well as 
another air-heated specimen under 650 MPa fails from internal crack 
initiation. Fig. 4(e1-e3) and 4(f1-f3) show the fracture surface 
morphology of the internal crack initiation and surface crack initiation 
of the air-heated specimens, respectively. The fracture surface obser
vation shows that the air-heated specimens tend to fail from surface 
crack initiation due to prior oxidation. 

3.2. Fatigue tests at 400 ℃ in vacuum-like environment 

Two stress amplitudes are determined for the in-situ fatigue tests at 
400 ℃ in vacuum-like environment, viz 428 MPa and 418 MPa. Fig. 5 
gives the S-N data for the specimens. Table 3 shows the detailed results 
of the specimens in Fig. 5. It shows that the fatigue life data of the three 
groups of specimens are quite close under the stress amplitude of 428 
MPa, although the air-heated specimen has the highest fatigue life of 4.9 

Fig. 3. S-N data at room temperature in air. The solid lines denote the mean 
fatigue life in logarithm of base 10, and the arrows denote the run- 
out specimens. 

Table 2 
Experimental results of specimens tested at room temperature in air (R = − 1).  

State of specimen Specimen 
No. 

σa 

(MPa) 
Nf 

(cycles) 
Crack initiation 
site 

Initial specimens 1 750 7.7 × 105 Internal 
2 750 8.1 × 105 Surface 
3 700 9.7 × 105 Internal 
4 650 2.0 × 106 Internal 
5 650 1.2 × 106 Internal 
6 620 *1.0 ×

107 
– 

Air-heated specimens 1 750 1.8 × 105 Surface 
2 750 8.8 × 104 Surface 
3 700 1.0 × 106 Surface 
4 700 4.2 × 105 Internal 
5 650 4.3 × 105 Surface 
6 650 3.3 × 106 Internal 
7 620 *1.0 ×

107 
– 

Vacuum-heated 
specimens 

1 750 3.3 × 105 Internal 
2 750 6.8 × 105 Surface 
3 700 8.6 × 105 Internal 
4 700 1.6 × 106 Internal 
5 650 3.3 × 106 Internal 
6 650 3.8 × 106 Internal 
7 620 *1.0 ×

107 
– 

*It denotes that the specimen did not fail. 
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× 104 cycles among them. The initial specimens and the vacuum-heated 
specimens fail with fatigue lives in a range of 1.4 × 104 cycles to 6.1 ×
104 cycles under the stress amplitude of 418 MPa. However, the air- 
heated specimens tend to have longer fatigue life under this stress 
amplitude, and one specimen does not fail exceeding 1 × 105 cycles, 
which is different from the result in Fig. 3. 

Fig. 6 shows fracture surfaces of the failed specimens tested at 400 ℃ 

in vacuum-like environment. As shown in Fig. 6(a1), 6(b1), 6(c1) and 6 
(d1), the fracture surfaces of the three groups of specimens contain 
ductile fracture surface with dimples and one or several areas containing 
fatigue crack initiation and growth. Fig. 6(a2) and 6(b2) show the 
fracture surface morphology of the fatigue crack initiation from surface 
and interior for the initial specimens, respectively. Fig. 6(c2) shows the 
fracture surface morphology of the fatigue crack initiation from surface 
edge for the vacuum-heated specimen. The fatigue crack initiation from 
surface edge is also found for the initial specimens. Fig. 6(d2) and 6(d3) 
show the fracture surface morphology of the fatigue crack initiation 
from the interior and surface edge for the air-heated specimen, respec
tively. Fig. 6 indicates that the specimens tested at 400 ℃ in vacuum-like 
environment exhibit the mixed failure mode [24]. In this failure mode, 
both the ductile crack induced by plastic deformation and the fatigue 
crack induced by slip or local stress concentration play important roles 
in the failure. This failure mode is different from the fatigue crack 
dominated failure mode in Fig. 4. The harmless effect of oxidation on the 

Fig. 4. Fracture surface of failed specimens tested at room temperature in air. (a1, a2) Initial specimen, σa=750 MPa and Nf = 7.7 × 105 cycles, (a2) is enlarged view 
of the internal crack initiation region. (b1, b2) Initial specimen, σa=750 MPa and Nf = 8.1 × 105 cycles, (b2) is enlarged view of the surface crack initiation region. 
(c1, c2) Vacuum-heated specimen, σa=700 MPa and Nf = 8.6 × 105 cycles, (c2) is enlarged view of the internal crack initiation region. (d1, d2) Vacuum-heated 
specimen, σa=750 MPa and Nf = 6.8 × 105 cycles, (d2) is enlarged view of the surface crack initiation region. (e1, e2) Air-heated specimen, σa=700 MPa and 
Nf = 1.0 × 106 cycles, (e2) is enlarged view of the internal crack initiation region. (f1, f2) Air-heated specimen, σa=700 MPa and Nf = 4.2 × 105 cycles, (f2) is 
enlarged view of the surface crack initiation region. 

Fig. 5. S-N data tested at 400 ℃ in vacuum-like environment. The arrow de
notes the run-out specimen. 

Table 3 
Experimental results of specimens tested at 400 ℃ in vacuum-like environment 
(R = 0.05).  

State of specimen Specimen 
No. 

σa 

(MPa) 
Nf (cycles) Failure 

mode 

Initial specimens 1 428 4.8 × 104 Mixed mode 
2 418 6.1 × 104 Mixed mode 
3 418 3.2 × 104 Mixed mode 

Air-heated specimens 1 428 4.9 × 104 Mixed mode 
2 418 4.0 × 104 Mixed mode 
3 418 *1.1 ×

105 
– 

Vacuum-heated 
specimens 

1 428 4.9 × 104 Mixed mode 
2 418 1.4 × 104 Mixed mode 

*It denotes that the specimen did not fail. 

G. Li et al.                                                                                                                                                                                                                                        



International Journal of Fatigue 176 (2023) 107896

5

S-N data in Fig. 5 could be attributed to that the oxidation inhibits the 
crack initiation at specimen surface, as discussed in Sec. 4.3. 

4. Discussions 

4.1. Influence of pre-heating in air and vacuum-like environment 

The pre-heating at 400 ℃ in air causes oxidation around the surface 
of the specimens, and a clear understanding of the characteristics of 
oxidation is necessary to study its influence on the fatigue performance. 
The surface hardness of the cylinder specimens in three conditions is 
measured and shown in Fig. 7. The selected specimens for hardness tests 
were not used in the fatigue tests. Ten points were measured for each 
specimen, and the error bars in Fig. 7 presented the standard deviation 
of the hardness. The results indicate that the initial specimens and the 
vacuum-heated specimens have similar hardness, and the mean values 
are 419 HV and 425 HV, respectively. However, the air-heated speci
mens present higher hardness, and the mean value reaches 473 HV, 
which is 13.0% higher than that of the initial specimens. It shows that 
the pre-heating in vacuum-like environment does not significantly in
crease the surface hardness, and the improvement of surface hardness of 
the air-heated specimens is attributed to the oxidation at 400 ◦C in air. 
The oxide at surface is harder and more brittle than the substrate 

Fig. 6. Fracture surface of the failed 
specimens at 400 ℃. (a1-a3) Initial 
specimen, σa=418 MPa and Nf = 6.0 
× 104 cycles, (a2) and (a3) are 
enlarged views of the crack initiation 
region. (b1-b3) Initial specimen, 
σa=428 MPa and Nf = 4.8 × 104 cy
cles, (b2) and (b3) are enlarged views 
of the crack initiation regions I and II 
in (b1), respectively. (c1-c3) Vacuum- 
heated specimen, σa=428 MPa and 
Nf = 4.9 × 104 cycles, (c2) and (c3) are 
enlarged views of the crack initiation 
region. (d1-d3) Air-heated specimen, 
σa=428 MPa and Nf = 4.9 × 104 cy
cles, (d2) and (d3) are enlarged views 
of the crack initiation regions I and II 
in (d1), respectively.   

Fig. 7. Surface hardness of the cylinder specimens in three conditions.  
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Fig. 8. Analysis of oxygen distribution from surface to interior by EDS. (a1), (b1) and (c1) are SEM images of a section on the initial specimen, vacuum-heated 
specimen and air-heated specimen, respectively. (a2), (b2) and (c2) are EDS maps of the scanned areas and lines in (a1), (b1) and (c1), respectively. 
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material [25–27]. According to the results in Fig. 3 and the analysis in 
Ref. [5], the oxidized surface could induce surface crack initiation under 
high stress amplitudes. 

The oxygen distribution around the surface was analyzed by EDS for 
the three groups of cylinder specimens. The EDS maps for the surface 
regions of the initial specimen, vacuum-heated specimen and air-heated 
specimen are shown in Fig. 8(a2), 8(b2) and 8(c2), respectively. The 
oxygen element in Fig. 8(a2) does not concentrate at the surface and is 
uniformly distributed in the map. It indicates that the initial specimen 
does not experience surface oxidation. The oxygen element in Fig. 8(b2) 
is slightly concentrated at the surface, indicating that the vacuum- 
heated specimen experiences minor surface oxidation. This is due to 
that the vacuum-heated specimens were put in the sealed quartz tubes 
during the heating process and the residual air in the tube caused minor 
surface oxidation. The oxygen distribution map and the scanned line in 
Fig. 8(c2) indicate that the oxygen element is concentrated at the surface 
for the air-heated specimens, and the surface oxygen-rich layer is quite 

thin, which is about 600 ~ 700 nm. Even though the surface oxygen-rich 
layer is such thin, the surface hardness of the air-heated specimen is 
higher than that of the other two groups of specimens in Fig. 7. Ac
cording to Refs. [27–31], the surface oxygen-rich layer should include 
TiO2 at the surface and oxygen diffusion zone below the surface oxide, 
which is harder than the substrate material. 

Moreover, based on the results in Refs. [32–35], heating in vacuum- 
like environment is one of common methods to remove residual stress. 
The residual stress at the minimum section of the cylinder specimens in 
three conditions was measured by X-ray diffraction (XRD). Four mea
surement points with an interval of 90◦ were selected for each specimen. 
Fig. 9 shows the residual stress and error bars at the minimum section of 
the cylinder specimens. The direction of the residual stress was along the 
loading direction. It is seen that the initial cylinder specimens have high 
residual compressive stress with a mean value of − 504 MPa and a 
standard deviation of 96.8 MPa, and the distribution of residual stress is 
nonuniform. After the vacuum-heating treatment, the residual 
compressive stress is reduced, and its distribution becomes more uni
form. The mean value of residual stress is − 296 MPa and the standard 
deviation is reduced to 48.0 MPa. While the mean value and standard 
deviation of the residual compressive stress of the air-heated specimen 
are higher than those of the vacuum-heated specimen, which might be 
due to that surface oxidation inhibits the relaxation of residual stress 
[36]. 

4.2. Fatigue failure mechanism at high temperature 

The TC17 specimens tested at high temperature could fail from 
surface crack initiation or internal crack initiation [5]. To understand 
the influence of oxidation on the surface crack initiation, Fig. 10 com
pares the cylinder views of an initial specimen and an air-heated spec
imen failed from surface crack initiation, which are tested under the 
stress amplitude of 750 MPa at room temperature in air. Fig. 10(a) and 
10(b) show that the cylinder around the fracture surface of the initial 
specimen mainly presents shear deformation, and there are no dense 
lateral cracks around the cylinder surface. However, the air-heated 
specimen in Fig. 10(c) and 10(d) shows dense lateral cracks, which 
are straight and short. Such crack feature is also reported for the pre- 

Fig. 9. Residual stress of the cylinder specimens along the loading direction.  

Fig. 10. Cylinder views of the failed specimens tested in air. (a) Initial specimen tested at room temperature in air, σa=750 MPa and Nf = 8.1 × 105 cycles, (b) is the 
enlarged view of box b in (a). (c) Air-heated specimen tested at room temperature in air, σa=750 MPa and Nf = 1.8 × 105 cycles, (d) is the enlarged view of box d in 
(c). (e) Specimen tested at 400 ℃ in air [5], σa=540 MPa and Nf = 1.2 × 105 cycles, (f) is the enlarged views of box f in (e). 

G. Li et al.                                                                                                                                                                                                                                        



International Journal of Fatigue 176 (2023) 107896

8

oxidized specimens of Ni-based superalloy subjected to cyclic loadings 
in Refs. [1,10,22]. The dense lateral cracks should be due to that the 
hard and brittle oxygen-rich layer makes its deformation less compatible 
with that of the substrate material, and the high strain localization leads 
to the brittle fracture of oxygen-rich layer under high stress amplitudes. 
The cracking in oxygen-rich layer promotes the surface crack initiation 
of the oxidized specimen under high stress amplitudes and reduces the 
fatigue life, which supports that the air-heated specimens tend to fail 
from surface crack initiation in Fig. 3. The similar failure mechanism due 
to the surface brittle cracking of oxide coating was also reported for the 
coated aluminum alloys under cyclic loadings [37,38]. Moreover, the 
dense lateral cracks with straight and short features are found on the 
surface of the failed specimen of the same TC17 alloy tested at 400 ℃ in 
air [5], as shown in Fig. 10(e) and 10(f), which further confirms that the 
cracking feature is due to the fracture of oxygen-rich layer. 

Apart from the surface crack initiation, those specimens tested at 
high temperature with longer fatigue life could fail from the internal 
crack initiation, and this failure mode has been discussed in Ref. [5]. The 
internal crack initiation at high temperature could be due to that the 
microstructure inhomogeneity causes strain localization under cyclic 
loadings, which aggravates the dislocation accumulation or grain 
refinement, and further promotes the internal crack nucleation and the 
failure of specimens. 

Fig. 11 shows the S-N data of the air-heated specimens tested at room 
temperature and the specimens of the same TC17 titanium alloy tested at 
400 ℃ in Ref. [5]. It is seen that both surface crack initiation and in
ternal crack initiation could happen for the oxidized specimens tested at 
room temperature and high temperature in air, and the variation trends 
of the S-N data of the two groups are similar. According to the fatigue life 
in Fig. 11, the failure mode could be divided into three types, viz surface 
crack initiation dominated failure, transition zone and internal crack 
initiation dominated failure. The surface crack initiation is a common 
failure mode for titanium alloys at high temperatures in LCF regime 
[3,12,14,20,39–41], and the specimens experienced oxidation in air 
generally own lower fatigue life than those tested in vacuum [12,20,21]. 
Therefore, based on the analysis in Fig. 11 and LCF studies in literature 
[3,12,14,20,39–41], a variation of the fatigue crack initiation mode of 
the TC17 titanium alloy from LCF to VHCF regimes at high temperature 
in air could be summarized as follows. Under high stress amplitudes, the 
specimens mainly fail from surface crack initiation, and it could be 
induced by brittle fracture of oxidized surface, and oxidation presents 

the negative effect in this regime. With a decrease of stress amplitude, 
both surface and internal crack initiation could happen in the life range 
of transition zone. At this state, the negative effect of oxidation on the 
fatigue life decreases. Subsequently, at relative lower stress amplitudes, 
the specimens mainly fail from internal crack initiation due to micro
structure inhomogeneity and damage accumulation. The crack initiation 
is irrespective of the influence of surface oxide in this situation. 

4.3. Mechanism of mixed failure mode at high temperature 

The plate specimens tested in vacuum-like environment at 400 ℃ 
and R = 0.05 present the mixed failure mode (i.e., the failure is due to 
the combination of plastic deformation and fatigue cracks), as shown in 
Fig. 6, and this failure mode is different from the typical fatigue failure 
induced by fatigue crack initiation and growth. To further understand 
the fatigue behavior of the specimens failed from the mixed failure mode 
and the influence of oxidation, the side views of the three kinds of 
specimens were observed by SEM, and the sectional views of the spec
imens were studied through EBSD characterization. 

Fig. 12(a1-a3) and 12(b1-b3) show side views of the initial specimen 
and the vacuum-heated specimen tested at 400 ℃ in vacuum-like 
environment, respectively. Both specimens present a large area of 
lateral cracks and a local area of shear deformation and shear cracks 
around the fracture surface in Fig. 12(a1) and 12(b1). The lateral cracks 
are approximately perpendicular to the loading direction, and the shear 
deformation as well as the shear cracks are about 45◦ of the loading 
direction. When the sight moves to the area about 600 μm away from the 
fracture surface, as shown in Fig. 12(a3) and 12(b3), the lateral cracks 
are still a dominant feature in the side views of the two specimens. It 
indicates that the specimens’ surface without oxidation presents the 
feature of many ductile cracks. The shear deformation is less significant 
in the two groups of specimens. However, the side view around the 
fracture surface of the air-heated specimen tested at 400 ℃ in vacuum- 
like environment presents a large area of shear deformation and a local 
region of lateral cracks, and the area about 600 μm away from the 
fracture surface generally presents shear deformation feature, as shown 
in Fig. 12(c1-c3). The difference between the air-heated specimen and 
the other two groups of specimens should be due to the harder oxidized 
surface restricting the initiation and development of ductile cracks at the 
surface to some extent. In this way, the oxidation at specimen surface 
improves the fatigue life, as observed for the air-heated specimens in 
Fig. 5. 

Fig. 13(a1) shows the sectional view of an air-heated specimen tested 
at 400 ℃ in vacuum-like environment, which presents a deep hole in the 
specimen. Fig. 13(a2-a4) shows the magnified views of the deep hole 
and a range of crack propagation around the deep hole. Micro voids and 
dimple features are found in the deep hole, which indicates that the deep 
hole could be produced by plastic deformation and growth of ductile 
cracks at high temperature. To understand the formation of the voids, 
Fig. 13(b1-b5) shows two voids and the nearby microstructure in the 
section. The two voids are formed around the boundary of an α grain and 
β phase. According to the kernel average misorientation (KAM) image 
(Fig. 13(b3)), the α grain experiences significant deformation. The 
Schmid factor (SF) in Fig. 13(b4) and 13(b5) shows that the nearby α 
grains have high SF values on pyramidal plane. Similar voids have been 
reported for titanium alloys under fatigue loadings (R ≥ 0) at room and 
high temperatures [42–44]. The voids were formed mainly due to 
dislocation pile-ups at the boundary of α/β phase, and then the pyra
midal slip and basal slip impinging on the boundary and promoting the 
local fracture [43–45]. Fig. 13(c1)-(c3) presents SEM image, IPF and 
KAM of the region including the crack propagation in Fig. 13(a2), 
respectively. It is seen that this crack should be formed through coa
lescing voids under fatigue loadings. The SF in Fig. 13(c4) and 13(c5) 
shows that the nearby α grains have high SF values on basal plane and 
pyramidal plane, which supports that the pyramidal slip and basal slip 
favor accumulation of local plastic strain and promote the formation of 

Fig. 11. S-N data of the air-heated specimens tested at room temperature (RT) 
in air and the TC17 specimens tested at 400 ℃ in air [5]. The arrows denote the 
run-out specimens. 
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voids. Moreover, identification of deformation twins in α grains in 
Fig. 13(b2) and 13(c2) is conducted via HKL CHANNEL5 software ac
cording to the grain boundary of the twin mode for hexagonal close- 
packed (HCP) crystal structure in literature [46–48], and a tolerance 
of ± 5◦ deviation is used. Tensile twins at 85◦ and <1210> are found in 
the nearby α grains of the two voids (Fig. 13(b2)) and the α grains near 
the crack propagation route (Fig. 13(c2)). This indicates that the twin
ning occurs in some α grains for the TC17 alloy during the LCF loadings 
at 400 ℃. 

A minor fatigue crack ahead of the crack propagation route is also 
found in an α grain in Fig. 13(c1), and it shows narrow and transgranular 
features. The orientation of this α grain is shown as inset in Fig. 13(c1), 
and the SF on basal plane is 0.47. It shows that the direction of this fa
tigue crack in the plane view is parallel to the basal plane of this grain, 
which indicates that the formation of this fatigue crack is due to the 
basal slip. The results in Fig. 13 indicate that the mixed failure mode is a 
synergistic effect of ductile crack and fatigue crack. The internal voids 
and cracks similar to those in Fig. 13 were also observed in the section 
view for the initial specimen tested at 400 ℃ in vacuum-like environ
ment. Therefore, the void and crack features should be common for the 
specimens failed from the mixed failure mode. 

5. Conclusion 

This paper studied the high-temperature fatigue behavior of TC17 
titanium alloy and the influence of surface oxidation. Fatigue tests at 
room temperature and 400 ℃ were conducted for specimens in three 
conditions, i.e., initial specimens, vacuum-heated specimens and air- 
heated specimens. The influence of oxidation and the failure mecha
nism were analyzed in detail. The main conclusions are summarized as 
follows.  

• The oxidation at 400 ℃ for 2 h made the specimen surface form an 
oxygen-rich layer, which had a thickness of hundreds of nanometers 
and improved the surface hardness.  

• The fatigue crack initiation of the TC17 specimens at 400 ℃ in air 
and those with oxidation at room temperature in air was summarized 
as follows. Under high stress amplitudes, the oxidation promotes the 
surface crack initiation, and results in a negative effect on the fatigue 
life. With a decrease of stress amplitude, both surface and internal 
crack initiation could happen in HCF regime, and the negative effect 
of oxidation on the fatigue life decreased. At relatively lower stress 
amplitudes, the specimens mainly failed from internal crack initia
tion due to microstructure inhomogeneity and damage 

Fig. 12. Side views of failed specimens tested at 400 ℃ in vacuum-like environment. (a1-a3) Initial specimen with numerous lateral cracks, σa=428 MPa and Nf =

4.8 × 104 cycles, (a2) and (a3) are enlarged views of boxes I and II in (a1), respectively. (b1-b3) Vacuum-heated specimen with numerous lateral cracks, σa=428 MPa 
and Nf = 4.9 × 104 cycles, (b2) and (b3) are enlarged views of boxes I and II in (b1), respectively. (c1-c3) Air-heated specimen with shear deformation, σa=418 MPa 
and Nf = 4.0 × 104 cycles, (c2) and (c3) are enlarged views of boxes I and II in (c1), respectively. 
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accumulation. The crack initiation is irrespective of the influence of 
surface oxide in this situation.  

• The specimens tested under high stress amplitudes at 400 ℃ and R =
0.05 in vacuum-like environment presented a mixed failure mode 
combining ductile cracks and fatigue cracks. The formation of ductile 
cracks should be attributed to the accumulation of local plastic strain 
and creep-like deformation. The failure of these specimens is a syn
ergetic effect of ductile cracks and fatigue cracks. The surface 
oxidation in this state could restrict the development of ductile 
cracks around the surface, and it tends to improve the fatigue life for 
this failure mode. 
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