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a b s t r a c t 

Crack initiation is an essential stage of fatigue process due to its direct effect on fatigue failure. However, 

for titanium alloys in high-temperature high cycle fatigue (HCF), the crack initiation mechanisms remain 

unclear and the understanding for the defect sensitivity is also lacking. In this study, a series of fatigue 

tests and multi-scale microstructure characterizations were conducted to explore the high-temperature 

failure mechanism, and the coupled effect of temperature and defect on TC17 titanium alloy in HCF. It was 

found that an oxygen-rich layer (ORL) was produced at specimen surface at elevated temperatures, and 

brittle fracture of ORL at surface played a critical role for surface crack initiation in HCF. Besides, internal 

crack initiation with nanograins at high temperatures was a novel finding for the titanium alloy. Based 

on energy dispersive spectroscopy, electron backscatter diffraction and transmission electron microscope 

characterizations, the competition between surface and internal crack initiations at high temperatures 

was related to ORL at surface and dislocation resistance in inner microstructure. The fatigue strengths 

of smooth specimens decreased at elevated temperatures due to the lower dislocation resistance. While 

the fatigue strengths of the specimens with defect were not very sensitive to the temperatures. Finally, a 

fatigue strength model considering the coupled effect of temperature and defect was proposed for TC17 

titanium alloy. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Titanium alloys are widely used in aero engines due to their 

xcellent mechanical properties, lightweight, high temperature re- 

istance and high corrosion resistance. Some of the components, 

uch as compressor blisks and blades, work in a high-temperature 

nvironment and are subject to high cycle fatigue (HCF, 10 5 -10 7 ) 

nd very high cycle fatigue (VHCF, > 10 7 ) loadings. Therefore, fully 

nderstanding the high-temperature fatigue behavior and failure 

echanism of titanium alloys in HCF and VHCF regimes are of 

reat importance for flight safety and reliability. 

Existing studies of high-temperature fatigue of titanium alloys 

1–4] found that oxygen diffused around surface and subsurface of 

ested specimens at elevated temperatures, which could produce a 

ardened and brittle oxygen-rich layer (ORL). Satko et al [2] . inves- 

igated oxygen ingress behavior for a near α titanium alloy at 650 

C with various microstructures and reported that basketweave 
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icrostructure had the best resistance to high-temperature oxi- 

ation and the highest crack nucleation strain. The capacities of 

quiaxed and bimodal microstructures were weaker and colony 

icrostructure had the lowest resistance to the oxidation. Such 

 brittle ORL reduced the crack nucleation strain [2] and was 

armful to the low cycle fatigue (LCF, < 10 5 cycles) behavior due 

o a relatively larger stress amplitude in LCF. Brittle fracture of the 

xygen-rich site became a major failure mode in LCF of titanium 

lloys at high temperatures [ 1 , 5 , 6 ]. Although numerous studies 

ave been reported for the high-temperature fatigue of titanium 

lloys and the effect of ORL, most of them worked on LCF behavior 

 1 , 5-13 ], and the related studies for HCF and VHCF tests at high

emperatures were limited [ 3 , 4 , 14 , 15 ]. Meanwhile, these studies

ainly focused on the temperature effect on the fatigue behavior, 

ut less on the failure mechanisms. It was found that elevated 

emperatures in HCF and VHCF tests could lead to brittle fracture 

f ORL [ 3 , 4 ], accelerate the crack growth behavior [ 3 , 14 , 16 , 17 ]

nd weaken the fatigue strength [ 3 , 4 , 14 ]. Unlike the limited un-

erstanding at high temperatures, the failure mechanisms at room 

emperature have been widely investigated [18–26] . Surface crack 

nitiation was commonly viewed in HCF tests, and with a decrease 
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f stress amplitude, internal crack initiation could compete with 

urface crack initiation in HCF and VHCF regimes [ 19 , 21 , 22 ]. In

ome cases, the internal crack initiation presented a rough area 

ith local refined grains [ 19 , 27 ], which was caused by dislocation

nteraction due to high strain localization in the microstructure 

nd then originating microcracks within the nanograins or along 

he boundary of nanograin and coarse grain [27] . Therefore, there 

s a research gap to be explored in the high-temperature situation. 

Moreover, the titanium-alloy structures may contain surface de- 

ects in manufacturing process or long-term usage, which can re- 

uce their fatigue lifetime and accelerate structural failure. A clear 

nderstanding of the coupled effect of high temperature and de- 

ect on the fatigue behavior of titanium alloys is important. How- 

ver, numerous studies for the effect of defects on titanium alloys 

re at room temperature [28–32] and the studies at high tem- 

eratures are quite limited [33] . Nazmy et al. [33] tested speci- 

ens of titanium alloy with a notch defect at 700 °C and 750 °C 

n HCF regime, but they did not compare the results with those 

t room temperature. Therefore, it is necessary to elucidate the 

ffect of defect on titanium alloys at elevated temperatures in 

CF and VHCF and establish a fatigue strength model for these 

cenarios. 

The current study aimed to explore the high-temperature fail- 

re mechanism, and the coupled effect of high temperature and 

urface defect on TC17 titanium alloy in HCF regime. TC17 tita- 

ium alloy with basketweave microstructure is commonly used for 

ompressor components in aero engines and it was selected in this 

tudy. A series of fatigue tests for smooth specimens and notched 

pecimens were conducted at room and high temperatures. Effects 

f high temperature and defect on the S-N data and failure modes 

ere examined and discussed in detail. To understand the failure 

echanisms, the crack initiation sites were investigated by multi- 

cale microstructure characterization with a scanning electron mi- 

roscope (SEM) and a transmission electron microscope (TEM). The 
ig. 1. EBSD microstructural characterization of TC17 titanium alloy. (a, b) Band contrast

luster and anisotropic α grains. Inset in (c) the color legend for IPF. (e) Phase map (uppe

art) and IPF (lower part) of box 3 in (e). 

129 
rack behaviors of TC17 alloy were studied via SEM and electron 

ackscatter diffraction (EBSD). A fatigue strength model was pro- 

osed for smooth and notched specimens at different tempera- 

ures. The results and analysis could be helpful in the engineer- 

ng design of TC17 alloy for compressor components and provide a 

eference for the high-temperature fatigue mechanism of titanium 

lloys. 

. Experimental program 

.1. Material and microstructure 

The TC17 titanium alloy used in this study was received as a 

olid bar. The heat treatment process of this material started from 

eta forging, followed by solid solution at 800 °C for 4 h and wa- 

er cooling. After that, the material was under aging treatment at 

20 °C for 8 h and then air cooling. The chemical composition is 

.97 Al, 4.19 Cr, 1.90 Zr, 4.12 Mo, 2.09 Sn, 0.11 O, < 0.10 Fe, 0.0052

, 0.004 C and balanced Ti in mass percent. The TC17 alloy owns 

 basketweave microstructure, as shown in Fig. 1 (a-d). Fig. 1 (a) 

hows the band contrast map observed by a field emission scan- 

ing electron microscope (FE-SEM), and α phase and β phase have 

olume fractions of 0.692 and 0.276, respectively. Fig. 1 (b-d) shows 

he EBSD derived inverse pole figures (IPFs). A large α cluster and 

nisotropic α grains are shown in Fig. 1 (c) and 1(d), respectively. 

he grain sizes in TC17 alloy are not uniform. 

Due to the interest of the microstructure around the surface de- 

ect (i.e., small notch), a notched specimen was cut by a saw along 

he axis of the specimen and the direction is perpendicular to the 

otch. Its sectional view is presented in Fig. 1 (e), including a phase 

ap and an IPF. The notch on specimens were fabricated by wire 

lectrical discharge machining (WEDM). It removed the material by 

park erosion and the microstructure around the notch was seri- 

usly damaged. Fig. 1 (e) and (f) show that the coarse surface of 
 map and IPF. (c, d) Enlarged view of box 1 and 2 in (b), respectively, showing α

r part) and IPF (lower part) near the defect. (f) Enlarged view of phase map (upper 
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Table 1 

Mechanical properties of TC17 alloy. 

Temperature ( °C) Elastic modulus (GPa) Yield strength (MPa) Tensile strength (MPa) Elongation to failure (%) 

25 118 1047 1141 11.9 

200 112 920 1054 11.3 

400 103 735 912 12.1 
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Table 2 

Tensile strength and fatigue strength of the TC17 alloys. 

Tests Temperature ( °C) σts (MPa) σfs (MPa) σfs 

σts 

Current 25 1141 629 0.55 

200 1054 530 0.50 

400 912 416 0.46 

Liu et al [4] 25 ∗ 1078 530 0.49 

400 853 450 0.53 

∗It denotes room temperature in literature. 
he notch is an irregular layer of β phase in a depth of around 5 

m. The WEDM erodes the original α phase in this layer. 

Considering a working environment of room temperature to 

00 °C for TC17 alloy in jet engines, testing temperatures of 25 

C, 200 °C and 400 °C were selected for quasi-static tensile tests 

o provide the mechanical properties of the alloy. Three cylindri- 

al specimens with gauge length of 30 mm and diameter of 5 mm 

ere tested at each temperature by a servo-hydraulic test system. 

he strain was measured with an extensometer of 25 mm, and 

he strain rate was 10 −4 s −1 . The detailed properties are given in 

able 1 . This material presented yield strength σys of 735 MPa and 

ensile strength σts of 912 MPa at a high temperature of 400 °C. 

t was found that the elastic modulus, yield strength and tensile 

trength decreased with an increase in temperature, which indi- 

ated relatively weaker mechanical properties at 400 °C. The elon- 

ation to failure was in a range of 11.3% to 12.1%, which did not 

how a large variation at 25 °C, 200 °C and 400 °C. 

.2. Test methods 

According to fatigue test standard ASTM E466 [34] , hourglass- 

haped specimens with a minimum diameter of 5 mm were ma- 

hined out from the TC17 alloy bar. A radius curvature of 50 mm 

as designed for the arc transition zone to minimize stress con- 

entration. The surface of the hourglass part of the smooth speci- 

en was polished to a mirror finish before the tests to eliminate 

he effect of surface scratches. To study the sensitivity of TC17 al- 

oy to various defect sizes, small notches perpendicular to the axis 

f the specimen were fabricated on the minimum section of the 

olished smooth specimens by WEDM with a round wire of 0.2 

m diameter. The notches were 0.05 mm, 0.2 mm and 0.5 mm in 

epths. 

The fatigue tests were conducted on high-frequency fatigue ma- 

hines made by Sinotest and MTS with a stress ratio ( R ) of -1 in

ir. The loading frequencies were in a range of 80 to 110 Hz. To ex-

mine the effect of temperature on the smooth and notched spec- 

mens, the fatigue behavior of TC17 alloy at 25 °C, 200 °C and 400 

C was investigated. At 25 °C and 200 °C, the fatigue tests were 

onducted for smooth specimens and notched specimens with all 

hree notch depths (0.05 mm, 0.2 mm and 0.5 mm). Followed by 

he tests at 400 °C, smooth specimens and specimens with notch 

epths of 0.05 mm and 0.5 mm were examined. After the fatigue 

ests, the hardness values of the specimen surface at 25 °C, 200 

C and 400 °C were measured for the study of surface oxidation. 

pecimens at each temperature were chosen and 4 mm long cylin- 

ers at the minimum section of the specimens were cut out. Ten 

oints were tested on the surface for each specimen using a mi- 

rohardness tester with a load of 50 gf and holding time of 15 s. 

esides, the hardness of the subsurface material was also tested 

sing the same method on cross sections of several run-out speci- 

ens tested at different temperatures. The cross sections were cut 

ut near the minimum section of the specimens and were polished 

arefully. 

.3. Fractography observation 

After the fatigue tests, the fracture surfaces of the failed spec- 

mens were observed by a SEM. The oxygen-rich layer for the 
130 
pecimens at high temperatures was analyzed by energy disper- 

ive spectroscopy (EDS) on Zeiss GeminiSEM 300. For some speci- 

ens failed by internal crack initiation, a slice in the initiation area 

as extracted by focused ion beam (FIB) along the loading direc- 

ion and then was observed by FEI Tecnai G20 TEM. Some run- 

ut notched specimens were cut along the loading direction to in- 

estigate the damage behaviors at the notch root. These sections 

ere polished carefully in a mirror finish and were characterized 

y EBSD on Nordlys of Oxford Instruments. 

. Results and discussion 

.1. Fatigue strength and fatigue life 

The S-N data of the tested specimens are shown in Fig. 2 . The

tress amplitudes in this study are nominal stress amplitude and 

hey are calculated by the smallest net section. Run out represents 

o stop loading if fatigue life is over 2.0 (or 5.0) × 10 7 cycles and

uch samples are marked by arrows. Best-fit lines are determined 

y least square method [35] and are shown in Fig. 2 to indicate 

he general tendencies of each configuration. The fatigue strengths 

t 2.0 × 10 7 cycles in this study are determined by the fitting line. 

efore the regression work, an estimated fatigue strength is de- 

ermined by an average value of the maximum stress amplitude 

mong the run-out specimens and the minimum stress amplitude 

mong the failed specimens. The run-out specimens tested with 

tress amplitude 5% lower than the estimated fatigue strength is 

ot considered in the regression. The smooth specimens at 25 °C 

n Fig. 2 (a) reach a high cycle fatigue regime ( > 10 5 cycles) at a

tress amplitude of 650 MPa and present a fatigue strength of 629 

Pa with a platform. With an increase in temperature, the plat- 

orm is disappeared, and the fatigue strengths of the smooth spec- 

mens decrease continuously, from 629 MPa at 25 °C to 416 MPa at 

00 °C. The fatigue strengths ( σfs ) and the tensile strength ( σts ) at

levated temperatures are compared in Fig. 2 (b). Both strength val- 

es decrease with an increase of temperature, and the decreasing 

radients of the tensile strength and the fatigue strength are close. 

his trend is also noticed for the TC17 alloy with bimodal mi- 

rostructure [4] and the effect of temperature could be contributed 

o a decrease of the resistance to the dislocation movement of 

C17 alloy at high temperatures [4] . The values of fatigue strengths 

nd tensile strength are given in Table 2 . In fatigue research, a fa- 

igue ratio of 
σfs 
σts 

is used to evaluate the relation between fatigue 

trength and tensile strength. The strength ratios summarized in 

able 2 are distributed in a range of 0.46 to 0.55, which means 

hat the ratios at high temperatures are consistent with those at 

oom temperature [36] . 
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Fig. 2. Test results: (a) S-N data of smooth specimens tested at 25 °C, 200 °C and 400 °C. (b) Variation of fatigue strengths and tensile strengths of smooth specimens with 

temperatures. (c)-(e) S-N data of notched specimens at 25 °C, 200 °C and 400 °C, respectively. (f) Variation of fatigue strengths of smooth and notched specimens with 

temperatures. 
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Surface and internal crack initiation modes at different temper- 

tures are also presented in Fig. 2 (a). At 25 °C and 200 °C, sur-

ace crack initiation was a dominant failure mode for most spec- 

mens and internal crack initiation only happened for the spec- 

mens failed at around 10 7 cycles. These results were similar to 

hose room-temperature fatigue studies of titanium alloys [ 19 , 27 ]. 

owever, different from the cases at 25 °C and 200 °C, internal 

rack initiation occurred for some specimens with much shorter 

atigue lives (10 5 -10 6 cycles) at 400 °C. This was a new find- 

ng for titanium alloy at high temperature in HCF regime, which 

ndicated a different failure mechanism. The fracture morpholo- 

ies and the failure mechanisms are presented and discussed in 

ections 3.2 and 3.3 . 
131 
The S-N curves of the specimens with different notch depths 

t 25 °C, 200 °C and 400 °C are shown in Fig. 2 (c-e), respectively.

he variation of the fatigue strengths of smooth and notched spec- 

mens with temperatures is presented in Fig. 2 (f). Due to the ef- 

ect of surface defect, the stress amplitudes of the notched spec- 

mens in all the three notch depths in Fig. 2 (c-e) are signifi- 

antly lower than those of smooth specimens in Fig. 2 (a). Besides, 

he S-N curves by the best-fit lines of these notched specimens 

resent platforms. In terms of the notched specimens at 25 °C in 

ig. 2 (c), the fatigue strengths decrease continuously with larger 

otch depths and the results are 220 MPa, 125 MPa and 90 MPa 

or specimens with notch depths of 0.05 mm, 0.2 mm and 0.5 mm, 

espectively. It indicated that the larger defect led to the lower fa- 
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igue strength. The notched specimens at 200 °C in Fig. 2 (d) show 

imilar fatigue strengths with those at 25 °C for the specimens 

ith all the three notch depths. The results revealed that the en- 

ironmental temperature at 200 °C did not have an obvious effect 

n the fatigue strength of the notched specimens. However, at 400 

C in Fig. 2 (e) and (f), the fatigue strength of notched specimens 

n 0.05 mm is 266 MPa, which is higher than those at the other 

emperatures. The notched specimens in depth of 0.5 mm own a 

atigue strength of 99 MPa at 400 °C, which is close to the other 

wo configurations. This interesting difference might be attributed 

o surface hardening by ORL formed at 400 °C, which is explained 

n Section 3.3.1 . For the specimens with a shallow notch, the hard- 

ned oxide at the notch root could restrain crack nucleation and 

mprove the fatigue strength. When the notch was deeper, due to 

he higher stress concentration at the notch root, the influence of 

he hardened oxide layer became weaker and the notch dominated 

he fatigue strength. 

.2. SEM observation of fracture surface 

.2.1. Smooth specimens at room temperature 

Fig. 3 shows fracture surface morphologies of smooth speci- 

ens, including surface and internal crack initiation modes. A typ- 

cal surface crack initiation of a specimen tested at 25 °C is shown 

n Fig. 3 (a1-a3). The sample was tested with an amplitude of 650 

Pa and failed at a fatigue life of 3.9 × 10 4 cycles. The crack ini-

iation site indicates a facet with α clusters in quasi-plane orien- 

ation in Fig. 3 (a2) and (a3), which suggests cleavage of α grains 

nder the cyclic loadings. 

Fig. 3 (b1-b3) shows a sample tested at 620 MPa at 25 °C and

ailed by internal crack initiation. The initiation site in Fig. 3 (b1) 

nd (b2) is a rough area and is surrounded by ridge patterns. 

he fracture morphology is similar to the internal crack initia- 

ion of titanium alloys observed at room temperature in literature 

 4 , 19 , 21 ]. Different from the regular small facets in rough area

or equiaxial and bimodal microstructures in literature [ 4 , 37 ], the 

acet feature is not observed in the rough area for the present TC17 

lloy, as shown in Fig. 3 (b3). 

.2.2. Smooth specimens at high temperatures 

Fig. 3 (c1-c3) presents the fracture surface morphology of a sam- 

le tested at 650 MPa and 200 °C and failed at 2.7 × 10 4 cy-

les. Two surface crack initiation sites are found for this specimen 

nd, due to intersection of the two cracks, undulating ridges are 

ormed between them. Fig. 3 (c2) and (c3) show the enlarged views 

f the two crack initiation sites, respectively. The oxidation traces 

re observed along the edge of the fracture surface in Fig. 3 (c2). 

his could be due to that oxygen diffused into the subsurface dur- 

ng the testing process and formed an oxide layer (i.e. ORL). The 

reak of oxide layer would cause stress concentration and crack 

ucleation. The failure mode due to oxygen intrusion was also ob- 

erved for TC17 alloy with bimodal microstructure at 400 °C [4] . 

ig. 3 (d1-d4) shows a different mechanism of surface crack initi- 

tion from Fig. 3 (c1-c3). The sample was tested at 520 MPa and 

00 °C and failed at 7.6 × 10 5 cycles. The surface oxide layer is no-

iced in Fig. 3 (d2), and it is brittle and could shed during the cyclic

oadings. As shown in Fig. 3 (d3) and (d4), the shedding locations 

re found at the crack initiation site, and the crack could nucleate 

t this site due to the stress concentration after shedding. Subse- 

uently, the crack extended to the internal area of the specimen. 

ig. 3 (c1-c3) and (d1-d4) present the failure modes of oxygen in- 

rusion and oxide shedding at elevated temperatures in air, respec- 

ively, and both surface crack modes were found in the specimens 

ested at 200 °C and 400 °C. 

After the discussion of surface crack initiation at high tem- 

eratures, a special failure mode, i.e., internal crack initiation at 
132 
00 °C, is presented in Fig. 3 (e1-e3). The crack initiation region in 

ig. 3 (e1-e3) exhibits a rough area, which is similar to that for the 

nternal crack initiation at 25 °C. Since the specimens shown in 

ig. 3 (d1-d4) and (e1-e3) were loaded with a same stress ampli- 

ude of 520 MPa, the different failure modes between Fig. 3 (d1-d4) 

nd (e1-e3) indicated a competition mechanism between surface 

nd internal crack initiations in HCF regime at 400 °C. Some stud- 

es on nickel-based superalloys and steels [38–41] have reported 

he competition mechanism between surface crack initiation and 

nternal crack initiation at high temperatures. They found that the 

RL tended to fracture and initiate cracks at the surface under high 

tress amplitudes, but at low stress amplitudes, the crack nucle- 

tion could occur at internal inclusions or defects. Since titanium 

lloys normally do not contain inclusions and defects, the internal 

grain clusters and large α grains become potential crack initia- 

ion sites when the surface crack initiation is suppressed. 

.2.3. Notched specimens at room and high temperatures 

Unlike the smooth specimens, the fatigue crack of the failed 

otched specimens all initiated from the notch root due to the 

tress concentration. Fig. 4 shows the fracture surface morpholo- 

ies of the notched specimens at different tem peratures. Some tiny 

ores and roughness are found at the notch root of the specimens 

t 25 °C, 200 °C and 400 °C, as shown in Fig. 4 (a3), (b2), (b3) and

c2). They are consistent with the microstructure characteristics 

round the notch in Fig. 1 (e) and (f). The pores and roughness pro-

oted the crack initiation at the notch root due to the local stress 

oncentration, and reduced the fatigue strengths of the notched 

pecimens. Additionally, the oxide is also observed at the notch 

oot of the specimens tested at 400 °C, as shown in Fig. 4 (c3). 

.3. Crack initiation mechanism 

.3.1. Oxygen-rich layer at high-temperature fatigue tests 

To study the effect of holding time on the ORL at high tem- 

eratures, the hardness of specimen surface with different holding 

imes at 25 °C, 20 0 °C and 40 0 °C was measured by a microhard-

ess tester. The selected specimens owned fatigue cycles in a range 

rom 8.3 × 10 4 to 2.0 × 10 7 , and the holding time was in a range

f 0.2 to 50 h which was obtained by dividing the fatigue life by 

he testing frequency. The heating time for 200 °C and 400 °C be- 

ore fatigue tests was about 0.5 h, and it was not included in the 

olding time. The hardness values versus holding time are shown 

n Fig. 5 (a), and error bars in the figure indicate standard devia- 

ions of the hardness. It was found that the hardness showed a 

light increase trend with a longer holding time for both 200 °C 

nd 400 °C. The hardness values of the specimens tested at 200 °C 

ere similar with those at 25 °C for a shorter holding time (e.g., 

.2-2.4 h), while the values at 200 °C were slightly higher for a 

onger holding time ( ∼50 h). However, the hardness range at 400 

C was significantly higher than that at 200 °C even for the short 

olding time (e.g., 0.28 h). The mean hardness for the holding time 

f 0.28 h (1.2 × 10 5 cycles) at 400 °C was 502 HV, which was 19.3%

igher than the mean hardness for the holding time of about 50 h 

2.0 × 10 7 cycles) at 200 °C. These results indicated that the ac- 

ion of the ORL on the fatigue behavior at 400 °C started at very 

mall loading cycles ( ∼10 5 cycles). The hard ORL formed at 400 °C 

ould restrain the surface crack initiation and benefit a longer fa- 

igue life. It agreed with the finding in Fig. 2 (a) that the internal

rack initiation was popular for the specimen with a fatigue life in 

he range of 10 5 to 10 7 cycles at 400 °C. 

The hardness of the subsurface material was also measured to 

nderstand the oxygen ingress behavior. The run-out specimens at 

ach temperature were selected due to their longest exposure time 

t elevated temperatures. As the microhardness tester produced an 

ndentation with a diagonal length of about 7 μm in this study, 
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Fig. 3. Fracture surfaces of smooth specimens at different temperatures. (a1) Surface crack initiation at 25 °C ( σ a = 650 MPa, N f = 3.9 × 10 4 cycles). (a2) Surface crack initiation 

with facet. (a3) An enlarged view of the facet in (a2). (b1) Internal crack initiation at 25 °C ( σ a = 620 MPa, N f = 6.0 × 10 6 cycles). (b2) Internal crack initiation with rough area. 

(b3) An enlarged view of the rough area in (b2). (c1) Multiple surface crack initiations by oxide intrusion at 200 °C ( σ a = 650 MPa, N f = 2.7 × 10 4 cycles). (c2, c3) Close-ups 

of the upper and the right crack initiation regions in (c1), respectively. (d1) Surface crack initiation by oxide shedding at 400 °C ( σ a = 520 MPa, N f = 7.6 × 10 5 cycles). (d2) An 

enlarged view of crack initiation region in (d1). (d3, d4) Close-ups of the oxide shedding regions in (d2). (e1) Internal crack initiation at 400 °C ( σ a = 520 MPa, N f = 1.0 × 10 6 

cycles). (e2) Internal crack initiation with rough area. (e3) An enlarged view of the rough area in (e2). 
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w

he depth from the surface to the center of indentation no less 

han 10 μm was tested by the microhardness tester. The sketch for 

he hardness test and the hardness values at different depths are 

hown in Fig. 5 (b). The hardness values of the surface at 25 °C in

ig. 5 (a) and in depth of 45 μm at 25 °C are provided in Fig. 5 (b)
133 
or reference. It was found that the hardness values of subsurface 

aterial at 200 °C and 400 °C were similar with those at 25 °C, 

hich were around 390 HV. This finding indicated that the depths 

f oxygen ingress under 20 0 °C and 40 0 °C were very thin, which

ere less than 10 μm. 
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Fig. 4. SEM observation of fracture surface of notched specimens at different tem peratures. (a1) The whole fracture surface at 25 °C ( σ a = 105 MPa, N f = 2.6 × 10 5 cycles). (a2) 

A close-up of the coarse surface in black box in (a1). (a3) A close-up of crack initiation zone at notch root in (a1). (b1) The whole fracture surface at 200 °C ( σ a = 95 MPa, 

N f = 4.5 × 10 5 cycles). (b2) and (b3) Close-ups of crack initiation zone at notch root in (b1). (c1) The whole fracture surface at 400 °C ( σ a = 107 MPa, N = 8.7 × 10 4 cycles). (c2, 

c3) Close-ups of crack initiation zone at notch root in (c1). 

Fig. 5. Variation of hardness of the specimens at different temperatures. (a) Hardness values of specimen surface versus holding time. (b) Hardness versus depth from 

surface on the cross section of run-out specimens at different temperatures. Inset in (a) and (b) the sketches for the hardness tests. 
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Fig. 6. Analysis of ORL by EDS. (a1) SEM image of a section on the specimen tested at 200 °C ( σ a = 540 MPa, N f = 8.4 × 10 5 cycles). (b1) SEM image of a section on the 

specimen tested at 400 °C ( σ a = 460 MPa, N f = 6.2 × 10 5 cycles). (a2) and (b2) EDS maps of the selected zones in (a1) and (b1), respectively. 
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To further investigate the property of the ORL formed at high 

emperatures, EDS was used to analyze oxygen distribution near 

he specimen surface. The sections of specimens tested at 200 °C 

nd 400 °C are shown in Fig. 6 (a1) and (b1), respectively. The as-

ociated EDS maps are shown in Fig. 6 (a2) and (b2), respectively. 

n Fig. 6 (a2), oxygen element is uniformly distributed from surface 

o interior, which indicates a lower degree of oxidation at 200 °C. 

his result is consistent with the finding in Fig. 5 (a) that the hard-

ess of specimen surface at 200 °C is close to that at 25 °C. The

pecimen surface for the tests at 400 °C have experienced severe 

xidation. The oxygen element in Fig. 6 (b2) is concentrated at the 

urface region with a depth of around 1.5 μm, and it is not uni- 

ormly distributed in this region. It explains the higher hardness 

alues for the specimen surface at 400 °C than those at 200 °C in

ig. 5 (a). The results in Figs. 5 and 6 indicate that the ORL is very

hin for the specimens tested at 200 °C and 400 °C in this study. 

.3.2. Internal crack initiation mechanism at room and high 

emperatures 

After the discussion on surface ORL and hardness of the speci- 

ens, the microstructure characteristics in the internal crack ini- 

iation zones and corresponding initiation mechanisms at room 

nd high temperatures (400 °C) are concerned. Fig. 7 (a) shows the 

ough area of the sample tested at 25 °C in Fig. 3 (b3), and the sec-

ional sheets at locations b and c were extracted. Fig. 7 (b) is an

EM image of the sectional plane at position b in Fig. 7 (a) and lon-

itudinal α grains are found at the fracture surface. Fig. 7 (c-e) give 

he IPF, phase map and TEM image of the sectional sheet at posi- 

ion c in Fig. 7 (a), respectively. They present a long α grain along 

he fracture surface and this grain has been separated into many 

mall grains and nanograins. The small grains and nanograins are 

iscontinuously distributed along the surface, and they tend to be 
m

135 
t some local positions but become few at other locations. Fig. 7 (f) 

s the dark field view for the nanograins in box 1 in Fig. 7 (e), and

he selected area diffraction (SAD) in the figure shows many tiny 

ots placed in a ring pattern, which also suggests a polycrystalline 

tructure consisting of refined grains. The grain refinement could 

e caused by dislocation interaction due to strain localization dur- 

ng the cyclic loading process [ 27 , 42 ]. A similar phenomenon was

lso observed for an additively manufactured Ti-6Al-4V with bas- 

etweave microstructure [27] . When the sight moves to the mi- 

rostructure below the nanograins in Fig. 7 (c-e) and (g), it is clear 

hat the large α grains and β-phase matrix are relatively intact 

ith less deformation, although some dislocations are found in α
rains in Fig. 7 (g). It means that the deformation is locally nonuni- 

orm due to the microstructure inhomogeneity during cyclic load- 

ngs. 

The microstructure characteristics of the internal crack initia- 

ion zone formed at 400 °C are shown in Fig. 8 . A sectional sheet at

osition c in Fig. 8 (a) has been extracted by FIB. Fig. 8 (b) presents

n SEM image of the sectional plane at position b in Fig. 8 (a), and

ongitudinal α grains are located at the fracture surface. Fig. 8 (c-e) 

hows the IPF, phase map and TEM image of the extracted sheet 

nd lamellar α grains are laid at the observed surface in these fig- 

res. The nanograins are just observed in the α grains at the frac- 

ure surface, as shown in Fig. 8 (c) and (d). Fig. 8 (f) is the dark field

iew for the polycrystalline structure on the small hill in Fig. 8(e) , 

nd SAD pattern on the small hill in Fig. 8 (f) also shows a diffused

ing pattern, which indicates that nanograins are gathered at this 

rea. The grain refinement process at 400 °C should be similar to 

hat explained for room temperature [27] . When β phases below 

he fracture surface are concerned in Fig. 8 (c) and (d), it is found

hat, different from the relatively intact condition at 25 °C, the β
atrix at 400 °C shows obvious deformation with low resolution 
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Fig. 7. Observations for the rough area of the sample tested at 25 °C ( σ a = 620 MPa, N f = 6.0 × 10 6 cycles). (a) SEM image of the rough area. (b) SEM image of the sectional 

plane at position b in (a). (c-e) IPF, phase map and TEM image of the sectional plane at position c in (a). (f) Dark field image and SAD of box 1 in (e); (g) An enlarged image 

of box 2 in (e). 
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n IPF and phase map. Additionally, in Fig. 8 (g), more dislocations 

re found in α grains below the fracture surface. These figures in- 

icate that the microstructure below the rough area experienced 

ore severe deformation at 400 °C than those at 25 °C. Since the 

esistance to the dislocation movement of TC17 is reduced at 400 

C [4] , it is reasonable to find more dislocations and deformation 

n α and β phases around the rough area. 

The competition mechanism between surface and interior crack 

nitiation at 400 °C is shown in Fig. 9 and it should be related to

urface ORL and dislocation movement in internal α grains at high 

emperature. On the one hand, the surface of the specimen became 

arder due to the ORL formed at 400 °C, which could restrain the 

urface crack initiation. The internal microstructure behaved with 

ow dislocation resistance at 400 °C. The slip or strain localization 

n the microstructure could induce the internal crack initiation. On 

he other hand, the brittle fracture of oxygen-rich site or oxide 

hedding could occur at the surface and induce the crack initia- 

ion due to local stress concentration, as shown in Fig. 9 (a1) and 

b1). Therefore, when the fatigue life of the specimen by internal 

rack initiation was shorter than that by surface crack initiation, 

he internal failure mode would occur and vice versa. According to 

he results in Fig. 2 (a), both the surface and internal failure modes 

ould happen in fatigue life of 10 5 -10 6 cycles, but the internal fail- 

re mode became a major mode in the range > 10 6 cycles. This 

ndicates that the ORL tends to restrain the crack nucleation at the 

urface under a relatively low stress amplitude (i.e., longer fatigue 

ife), and results in the internal crack initiation. 
136 
.3.3. Fatigue damage of notched specimens 

Fracture surface morphology of the notched specimens in 

ig. 4 presented the crack initiation at notch root and this failure 

ode was commonly viewed for such specimens. Apart from SEM 

bservation for those fractured specimens, some run-out speci- 

ens at different temperatures were cut along the loading direc- 

ion to investigate the crack initiation or fatigue damage at the 

otch root. A specimen with the notch depth of 0.5 mm tested un- 

er a stress amplitude of 84 MPa at 25 °C was chosen and the band

ontrast map and IPF at the notch root are shown in Fig. 10 (a) and

b), respectively. Fig. 10 (c) and (d) present the band contrast map 

nd IPF of a specimen with the notch depth of 0.2 mm and tested 

nder a stress amplitude of 142 MPa at 200 °C. The band contrast 

aps of the two specimens presented that the crack initiated at 

he notch root and propagated for a length. According to the crack 

aths in the IPFs of Fig. 10 (b) and (d), the cracks extended along

r through the α grains. The crack paths were tortuous in the mi- 

rostructure and this crack feature was common for the specimens 

n this study. These cracks in the specimens after fatigue loadings 

f 2.0 × 10 7 cycles reveal an ultra-slow propagation process, and 

hey might develop to be main cracks in VHCF regime. The spec- 

men shown in Fig. 10 (e) and (f) has a notch depth of 0.5 mm

nd was tested under a stress amplitude of 86 MPa at 400 °C for 

.0 × 10 7 cycles. The notch depth of this specimen was the same 

s that at 25 °C in Fig. 10 (a) and (b), and the stress amplitude was

lightly higher. However, unlike the specimen at 25 °C, there is no 

bvious crack found in the SEM image of Fig. 10 (e), and only some 
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Fig. 8. Observations for the rough area of the sample tested at 400 °C ( σ a = 520 MPa, N f = 1.0 × 10 6 cycles). (a) SEM image of the rough area. (b) SEM image of the sectional 

plane at position b in (a). (c-e) IPF, phase map and TEM image of the sectional sheet at position c in (a). (f) Dark field image and SAD of box 1 in (e). (g) An enlarged image 

of box 2 in (e). 

Fig. 9. Competition mechanism between surface and internal initiations at 400 °C. (a1) and (a2) Section view and side view of surface crack initiation by brittle fracture of 

oxygen-rich site, respectively. (b1) and (b2) Section view and side view of surface crack initiation by oxide shedding, respectively. (c1) and (c2) Section view and side view 

of internal crack initiation with rough area, respectively. 
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Fig. 10. Cracks below the notch defect. (a) and (b) Band contrast map and IPF of a specimen with the notch depth of 0.5 mm tested at 25 °C. Inset in (b) the color legend 

of IPF. (c) and (d) Band contrast map and IPF of a specimen with the notch depth of 0.2 mm tested at 200 °C. Inset in (a) and (c) SEM images of cracks in (a) and (c), 

respectively. (e) SEM image of a specimen with the notch depth of 0.5 mm tested at 400 °C. (f) An enlarged view of yellow box in (e). 
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Fig. 11. Variation of fatigue strength with defect size. Hollow symbols and solid 

symbols in the figure represent experimental fatigue strengths of smooth specimens 

and notched specimens, respectively. 

[  

p

e

t

o

t

icro cracks exist around the notch root in Fig. 10 (f). It might be

ttributed to the hardened ORL formed at the notch root at the 

igh temperature which inhibited the crack propagation. The ef- 

ect of ORL has been discussed in the competition mechanism in 

ection 3.3.1 . The finding in Fig. 10 (e) and (f) further suggests that

he hardened ORL could suppress surface crack initiation under a 

ow stress amplitude even after 5.0 × 10 7 cyclic loadings. 

.4. Fatigue strength modeling 

According to Fig. 2 (b), the relation for fatigue strength of 

mooth specimens σ f s 0 and temperature t could be expressed as 

ollows: 

fs 0 = A − Bt (1) 

here A and B are fitting coefficients and they are determined to 

e A = 643 MPa and B = 0.567 MPa/ °C, temperature t has been vali-

ated in a range of 25 °C to 400 °C in this study. 

To establish a fatigue strength model for the specimens with 

mall defects (i.e., small notches), the fatigue strengths correspond- 

ng to the defect sizes are plotted as solid symbols in Fig. 11 in

 log-log scale. The fatigue strengths of smooth specimens at 25 

C, 200 °C and 400 °C are labeled with hollow symbols, the hor- 

zontal coordinate of which are taken as around 1 μm in Fig. 11 .

efect sizes were determined by 
√ 

area , where area was the pro- 

ection area of the defect perpendicular to the principal stress. 

he parameter 
√ 

area was proposed by Murakami [43] to corre- 

ate the fatigue strength and defect size at room temperature and 

t has been widely used for the influence of defect in literature 
138 
 28 , 29 , 31 , 44]. The current study expanded its application in the

resent material at high temperatures. Defect size 
√ 

area for differ- 

nt depths of notches are shown in Table 3 , which are calculated 

hrough the notch depths and the radius of the smallest section 

f the specimens. It is seen from Fig. 11 that the experimental fa- 

igue strengths of notched specimens at 25 °C and 200 °C are re- 
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Table 3 

The notch depth and defect size √ 

area of notched specimens. 

Depth (mm) 
√ 

area ( μm) 

0.05 182 

0.2 513 

0.5 1011 
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uced with larger defect sizes and the decrease trends of fatigue 

trengths at both temperatures are similar. The notched specimens 

ith a defect size of 182 μm at 400 °C present a higher fatigue 

trength than those at 25 °C and 200 °C. At a defect size of 1011

m, the fatigue strengths at different temperatures are close. Gen- 

rally, the temperature effect on the fatigue strength of notched 

pecimens was minor and the defect size dominated its perfor- 

ance. 

Based on the experimental results in Fig. 11 , the fatigue 

trength σfs incorporating both the temperature and the defect size 

ould be expressed as follows: 

o g 10 σfs = 

{
lo g 10 σfs 0 , 0 ≤ √ 

area ≤ √ 

are a 0 
−n lo g 10 

√ 

area + lo g 10 C, 
√ 

area > 

√ 

are a 0 
(2) 

here n and C are fitting coefficients, 
√ 

are a 0 denotes the critical 

ize of defect less than which the defect does not affect the fatigue 

trength and it is determined by 
√ 

are a 0 = 10 ( 
lo g 10 C−lo g 10 σfs 0 

n ) . 

Substituting Eq. (1) in Eq. (2) , a fatigue strength model is ob- 

ained as Eq. (3) : 

o g 10 σfs = 

{
lo g 10 ( A − Bt ) , 0 ≤ √ 

area ≤ √ 

are a 0 
−n lo g 10 

√ 

area + lo g 10 C, 
√ 

area > 

√ 

are a 0 
(3) 

In this study, coefficients n and C are fitted by the fatigue 

trength associated with the defect size at different temperatures, 

nd the results indicate weak dependence of the fatigue strength 

f notched specimens on the temperature. The values of n and C 

re determined to be 0.518 and 3418, respectively. The model re- 

ults are shown in Fig. 11 , and they correlate well with the exper-

mental fatigue strengths for the range of the present test condi- 

ions. Fig. 11 also indicates that the critical defect size is increased 

t high temperatures. It might be attributed to surface hardened 

xide which could restrain the crack nucleation. 

. Conclusion 

The high-temperature fatigue behavior and failure mechanism 

f TC17 alloy have been investigated in HCF and VHCF regimes. 

 new failure mechanism was observed for titanium alloy at high 

emperature in HCF regime. Additionally, the notched specimens 

ere examined at room and high temperatures to study the cou- 

led effect of temperature and defect on the fatigue behavior of 

C17 alloy. Based on these results and analysis, the main conclu- 

ions of this study are as follows: 

1) The tensile strength and fatigue strength of smooth specimens 

decreased with an increase of temperature. The ratios of the 

fatigue strength to the tensile strength were distributed in a 

range of 0.46 to 0.55. However, the fatigue strengths of the 

notched specimens were not sensitive to the temperatures but 

the defect size. 

2) Three failure mechanisms were found for the smooth speci- 

mens at 400 °C, including brittle fracture of surface oxygen- 

rich site, oxide shedding induced fracture, and internal crack 

induced fracture. The competition between surface and internal 

crack initiations was noticed in HCF regime. At a high stress 

amplitude, both surface and internal crack initiations could 

happen. When the stress amplitude was lower and the fatigue 
139 
life was longer, the hardened surface might not fracture. The 

internal microstructure showed lower resistance to dislocation 

at high temperatures, and the slip or strain localization could 

nucleate cracks at the interior of specimens. 

3) The failure mechanism of the notched specimens was not af- 

fected by the temperature and the specimens failed by cracks 

initiating from the notch root. It could be attributed to that 

the stress concentration at the notch root resulted in ini- 

tial cracks and this failure mode remained at room and high 

temperatures. 

4) A linear relation was found between the fatigue strength of 

smooth specimens and the temperatures in the range of 25 °C 

to 400 °C. Based on this relation and 

√ 

area parameter, a fatigue 

strength model considering the coupled effect of temperature 

and defect was proposed for smooth and notched specimens. 

The model has been validated in the range of the present test 

conditions. 
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