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ABSTRACT

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.

1. Introduction

Titanium alloys are widely used in aero engines due to their
excellent mechanical properties, lightweight, high temperature re-
sistance and high corrosion resistance. Some of the components,
such as compressor blisks and blades, work in a high-temperature
environment and are subject to high cycle fatigue (HCF, 10°-107)
and very high cycle fatigue (VHCF, >107) loadings. Therefore, fully
understanding the high-temperature fatigue behavior and failure
mechanism of titanium alloys in HCF and VHCF regimes are of
great 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
tested specimens at elevated temperatures, which could produce a
hardened and brittle oxygen-rich layer (ORL). Satko et al [2]. inves-
tigated oxygen ingress behavior for a near « titanium alloy at 650
°C with various microstructures and reported that basketweave
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microstructure had the best resistance to high-temperature oxi-
dation and the highest crack nucleation strain. The capacities of
equiaxed and bimodal microstructures were weaker and colony
microstructure had the lowest resistance to the oxidation. Such
a brittle ORL reduced the crack nucleation strain [2] and was
harmful to the low cycle fatigue (LCF, <10° cycles) behavior due
to a relatively larger stress amplitude in LCF. Brittle fracture of the
oxygen-rich site became a major failure mode in LCF of titanium
alloys at high temperatures [1, 5, 6]. Although numerous studies
have been reported for the high-temperature fatigue of titanium
alloys 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
temperatures were limited [3, 4, 14, 15]. Meanwhile, these studies
mainly focused on the temperature effect on the fatigue behavior,
but less on the failure mechanisms. It was found that elevated
temperatures in HCF and VHCF tests could lead to brittle fracture
of ORL [3, 4], accelerate the crack growth behavior [3, 14, 16, 17]
and weaken the fatigue strength [3, 4, 14]. Unlike the limited un-
derstanding at high temperatures, the failure mechanisms at room
temperature have been widely investigated [18-26]. Surface crack
initiation was commonly viewed in HCF tests, and with a decrease
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of stress amplitude, internal crack initiation could compete with
surface crack initiation in HCF and VHCF regimes [19, 21, 22]. In
some cases, the internal crack initiation presented a rough area
with local refined grains [19, 27], which was caused by dislocation
interaction due to high strain localization in the microstructure
and then originating microcracks within the nanograins or along
the boundary of nanograin and coarse grain [27]. Therefore, there
is a research gap to be explored in the high-temperature situation.

Moreover, the titanium-alloy structures may contain surface de-
fects in manufacturing process or long-term usage, which can re-
duce their fatigue lifetime and accelerate structural failure. A clear
understanding of the coupled effect of high temperature and de-
fect on the fatigue behavior of titanium alloys is important. How-
ever, numerous studies for the effect of defects on titanium alloys
are at room temperature [28-32]| and the studies at high tem-
peratures are quite limited [33]. Nazmy et al. [33] tested speci-
mens of titanium alloy with a notch defect at 700 °C and 750 °C
in HCF regime, but they did not compare the results with those
at room temperature. Therefore, it is necessary to elucidate the
effect of defect on titanium alloys at elevated temperatures in
HCF and VHCF and establish a fatigue strength model for these
scenarios.

The current study aimed to explore the high-temperature fail-
ure mechanism, and the coupled effect of high temperature and
surface defect on TC17 titanium alloy in HCF regime. TC17 tita-
nium alloy with basketweave microstructure is commonly used for
compressor components in aero engines and it was selected in this
study. A series of fatigue tests for smooth specimens and notched
specimens were conducted at room and high temperatures. Effects
of high temperature and defect on the S-N data and failure modes
were examined and discussed in detail. To understand the failure
mechanisms, the crack initiation sites were investigated by multi-
scale microstructure characterization with a scanning electron mi-
croscope (SEM) and a transmission electron microscope (TEM). The
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crack behaviors of TC17 alloy were studied via SEM and electron
backscatter diffraction (EBSD). A fatigue strength model was pro-
posed for smooth and notched specimens at different tempera-
tures. The results and analysis could be helpful in the engineer-
ing design of TC17 alloy for compressor components and provide a
reference for the high-temperature fatigue mechanism of titanium
alloys.

2. Experimental program
2.1. Material and microstructure

The TC17 titanium alloy used in this study was received as a
solid bar. The heat treatment process of this material started from
beta forging, followed by solid solution at 800 °C for 4 h and wa-
ter cooling. After that, the material was under aging treatment at
620 °C for 8 h and then air cooling. The chemical composition is
4,97 Al, 419 Cr, 1.90 Zr, 412 Mo, 2.09 Sn, 0.11 O, <0.10 Fe, 0.0052
H, 0.004 C and balanced Ti in mass percent. The TC17 alloy owns
a basketweave microstructure, as shown in Fig. 1(a-d). Fig. 1(a)
shows the band contrast map observed by a field emission scan-
ning electron microscope (FE-SEM), and « phase and 8 phase have
volume fractions of 0.692 and 0.276, respectively. Fig. 1(b-d) shows
the EBSD derived inverse pole figures (IPFs). A large « cluster and
anisotropic « grains are shown in Fig. 1(c) and 1(d), respectively.
The grain sizes in TC17 alloy are not uniform.

Due to the interest of the microstructure around the surface de-
fect (i.e., small notch), a notched specimen was cut by a saw along
the axis of the specimen and the direction is perpendicular to the
notch. Its sectional view is presented in Fig. 1(e), including a phase
map and an IPF. The notch on specimens were fabricated by wire
electrical discharge machining (WEDM). It removed the material by
spark erosion and the microstructure around the notch was seri-
ously damaged. Fig. 1(e) and (f) show that the coarse surface of

Defect by WEDM

10 pm

Fig. 1. EBSD microstructural characterization of TC17 titanium alloy. (a, b) Band contrast map and IPF. (c, d) Enlarged view of box 1 and 2 in (b), respectively, showing o
cluster and anisotropic « grains. Inset in (c) the color legend for IPF. (e) Phase map (upper part) and IPF (lower part) near the defect. (f) Enlarged view of phase map (upper

part) and IPF (lower part) of box 3 in (e).
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Table 1
Mechanical properties of TC17 alloy.
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Temperature (°C)  Elastic modulus (GPa)

Yield strength (MPa)

Tensile strength (MPa)  Elongation to failure (%)

25 118 1047
200 112 920
400 103 735

1141
1054
912

11.9
11.3
12.1

the notch is an irregular layer of 8 phase in a depth of around 5
pm. The WEDM erodes the original o phase in this layer.

Considering a working environment of room temperature to
400 °C for TC17 alloy in jet engines, testing temperatures of 25
°C, 200 °C and 400 °C were selected for quasi-static tensile tests
to provide the mechanical properties of the alloy. Three cylindri-
cal specimens with gauge length of 30 mm and diameter of 5 mm
were tested at each temperature by a servo-hydraulic test system.
The strain was measured with an extensometer of 25 mm, and
the strain rate was 104 s—1. The detailed properties are given in
Table 1. This material presented yield strength oys of 735 MPa and
tensile strength oy of 912 MPa at a high temperature of 400 °C.
It was found that the elastic modulus, yield strength and tensile
strength decreased with an increase in temperature, which indi-
cated relatively weaker mechanical properties at 400 °C. The elon-
gation to failure was in a range of 11.3% to 12.1%, which did not
show a large variation at 25 °C, 200 °C and 400 °C.

2.2. Test methods

According to fatigue test standard ASTM E466 [34], hourglass-
shaped specimens with a minimum diameter of 5 mm were ma-
chined out from the TC17 alloy bar. A radius curvature of 50 mm
was designed for the arc transition zone to minimize stress con-
centration. The surface of the hourglass part of the smooth speci-
men was polished to a mirror finish before the tests to eliminate
the effect of surface scratches. To study the sensitivity of TC17 al-
loy to various defect sizes, small notches perpendicular to the axis
of the specimen were fabricated on the minimum section of the
polished smooth specimens by WEDM with a round wire of 0.2
mm diameter. The notches were 0.05 mm, 0.2 mm and 0.5 mm in
depths.

The fatigue tests were conducted on high-frequency fatigue ma-
chines made by Sinotest and MTS with a stress ratio (R) of -1 in
air. The loading frequencies were in a range of 80 to 110 Hz. To ex-
amine the effect of temperature on the smooth and notched spec-
imens, 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
conducted for smooth specimens and notched specimens with all
three notch depths (0.05 mm, 0.2 mm and 0.5 mm). Followed by
the tests at 400 °C, smooth specimens and specimens with notch
depths of 0.05 mm and 0.5 mm were examined. After the fatigue
tests, the hardness values of the specimen surface at 25 °C, 200
°C and 400 °C were measured for the study of surface oxidation.
Specimens at each temperature were chosen and 4 mm long cylin-
ders at the minimum section of the specimens were cut out. Ten
points were tested on the surface for each specimen using a mi-
crohardness tester with a load of 50 gf and holding time of 15 s.
Besides, the hardness of the subsurface material was also tested
using the same method on cross sections of several run-out speci-
mens tested at different temperatures. The cross sections were cut
out near the minimum section of the specimens and were polished
carefully.

2.3. Fractography observation

After the fatigue tests, the fracture surfaces of the failed spec-
imens were observed by a SEM. The oxygen-rich layer for the
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specimens at high temperatures was analyzed by energy disper-
sive spectroscopy (EDS) on Zeiss GeminiSEM 300. For some speci-
mens failed by internal crack initiation, a slice in the initiation area
was extracted by focused ion beam (FIB) along the loading direc-
tion and then was observed by FEI Tecnai G20 TEM. Some run-
out notched specimens were cut along the loading direction to in-
vestigate the damage behaviors at the notch root. These sections
were polished carefully in a mirror finish and were characterized
by EBSD on Nordlys of Oxford Instruments.

3. Results and discussion
3.1. Fatigue strength and fatigue life

The S-N data of the tested specimens are shown in Fig. 2. The
stress amplitudes in this study are nominal stress amplitude and
they are calculated by the smallest net section. Run out represents
to stop loading if fatigue life is over 2.0 (or 5.0) x 107 cycles and
such samples are marked by arrows. Best-fit lines are determined
by least square method [35] and are shown in Fig. 2 to indicate
the general tendencies of each configuration. The fatigue strengths
at 2.0 x 107 cycles in this study are determined by the fitting line.
Before the regression work, an estimated fatigue strength is de-
termined by an average value of the maximum stress amplitude
among the run-out specimens and the minimum stress amplitude
among the failed specimens. The run-out specimens tested with
stress amplitude 5% lower than the estimated fatigue strength is
not considered in the regression. The smooth specimens at 25 °C
in Fig. 2(a) reach a high cycle fatigue regime (>10° cycles) at a
stress amplitude of 650 MPa and present a fatigue strength of 629
MPa with a platform. With an increase in temperature, the plat-
form is disappeared, and the fatigue strengths of the smooth spec-
imens decrease continuously, from 629 MPa at 25 °C to 416 MPa at
400 °C. The fatigue strengths (og) and the tensile strength (oys) at
elevated temperatures are compared in Fig. 2(b). Both strength val-
ues decrease with an increase of temperature, and the decreasing
gradients of the tensile strength and the fatigue strength are close.
This trend is also noticed for the TC17 alloy with bimodal mi-
crostructure [4] and the effect of temperature could be contributed
to a decrease of the resistance to the dislocation movement of
TC17 alloy at high temperatures [4]. The values of fatigue strengths
and tensile strength are given in Table 2. In fatigue research, a fa-
tigue ratio of g—fz is used to evaluate the relation between fatigue
strength and tensile strength. The strength ratios summarized in
Table 2 are distributed in a range of 0.46 to 0.55, which means
that the ratios at high temperatures are consistent with those at
room temperature [36].

Table 2
Tensile strength and fatigue strength of the TC17 alloys.
Tests Temperature (°C) o (MPa)  of (MPa) Z—f
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.
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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.

Surface and internal crack initiation modes at different temper-
atures are also presented in Fig. 2(a). At 25 °C and 200 °C, sur-
face crack initiation was a dominant failure mode for most spec-
imens and internal crack initiation only happened for the spec-
imens failed at around 107 cycles. These results were similar to
those room-temperature fatigue studies of titanium alloys [19, 27].
However, different from the cases at 25 °C and 200 °C, internal
crack initiation occurred for some specimens with much shorter
fatigue lives (10°-10% cycles) at 400 °C. This was a new find-
ing for titanium alloy at high temperature in HCF regime, which
indicated a different failure mechanism. The fracture morpholo-
gies and the failure mechanisms are presented and discussed in
Sections 3.2 and 3.3.
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The S-N curves of the specimens with different notch depths
at 25 °C, 200 °C and 400 °C are shown in Fig. 2(c-e), respectively.
The variation of the fatigue strengths of smooth and notched spec-
imens with temperatures is presented in Fig. 2(f). Due to the ef-
fect of surface defect, the stress amplitudes of the notched spec-
imens in all the three notch depths in Fig. 2(c-e) are signifi-
cantly lower than those of smooth specimens in Fig. 2(a). Besides,
the S-N curves by the best-fit lines of these notched specimens
present platforms. In terms of the notched specimens at 25 °C in
Fig. 2(c), the fatigue strengths decrease continuously with larger
notch depths and the results are 220 MPa, 125 MPa and 90 MPa
for specimens with notch depths of 0.05 mm, 0.2 mm and 0.5 mm,
respectively. It indicated that the larger defect led to the lower fa-
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tigue strength. The notched specimens at 200 °C in Fig. 2(d) show
similar fatigue strengths with those at 25 °C for the specimens
with all the three notch depths. The results revealed that the en-
vironmental temperature at 200 °C did not have an obvious effect
on the fatigue strength of the notched specimens. However, at 400
°C in Fig. 2(e) and (f), the fatigue strength of notched specimens
in 0.05 mm is 266 MPa, which is higher than those at the other
temperatures. The notched specimens in depth of 0.5 mm own a
fatigue strength of 99 MPa at 400 °C, which is close to the other
two configurations. This interesting difference might be attributed
to surface hardening by ORL formed at 400 °C, which is explained
in Section 3.3.1. For the specimens with a shallow notch, the hard-
ened oxide at the notch root could restrain crack nucleation and
improve the fatigue strength. When the notch was deeper, due to
the higher stress concentration at the notch root, the influence of
the hardened oxide layer became weaker and the notch dominated
the fatigue strength.

3.2. SEM observation of fracture surface

3.2.1. Smooth specimens at room temperature

Fig. 3 shows fracture surface morphologies of smooth speci-
mens, including surface and internal crack initiation modes. A typ-
ical surface crack initiation of a specimen tested at 25 °C is shown
in Fig. 3(al1-a3). The sample was tested with an amplitude of 650
MPa and failed at a fatigue life of 3.9 x 10* cycles. The crack ini-
tiation site indicates a facet with « clusters in quasi-plane orien-
tation in Fig. 3(a2) and (a3), which suggests cleavage of « grains
under the cyclic loadings.

Fig. 3(b1-b3) shows a sample tested at 620 MPa at 25 °C and
failed by internal crack initiation. The initiation site in Fig. 3(b1)
and (b2) is a rough area and is surrounded by ridge patterns.
The fracture morphology is similar to the internal crack initia-
tion of titanium alloys observed at room temperature in literature
[4, 19, 21]. Different from the regular small facets in rough area
for equiaxial and bimodal microstructures in literature [4, 37], the
facet feature is not observed in the rough area for the present TC17
alloy, as shown in Fig. 3(b3).

3.2.2. Smooth specimens at high temperatures

Fig. 3(c1-c3) presents the fracture surface morphology of a sam-
ple tested at 650 MPa and 200 °C and failed at 2.7 x 10* cy-
cles. Two surface crack initiation sites are found for this specimen
and, due to intersection of the two cracks, undulating ridges are
formed between them. Fig. 3(c2) and (c3) show the enlarged views
of the two crack initiation sites, respectively. The oxidation traces
are observed along the edge of the fracture surface in Fig. 3(c2).
This could be due to that oxygen diffused into the subsurface dur-
ing the testing process and formed an oxide layer (i.e. ORL). The
break of oxide layer would cause stress concentration and crack
nucleation. The failure mode due to oxygen intrusion was also ob-
served for TC17 alloy with bimodal microstructure at 400 °C [4].
Fig. 3(d1-d4) shows a different mechanism of surface crack initi-
ation from Fig. 3(c1-c3). The sample was tested at 520 MPa and
400 °C and failed at 7.6 x 10° cycles. The surface oxide layer is no-
ticed in Fig. 3(d2), and it is brittle and could shed during the cyclic
loadings. As shown in Fig. 3(d3) and (d4), the shedding locations
are found at the crack initiation site, and the crack could nucleate
at this site due to the stress concentration after shedding. Subse-
quently, the crack extended to the internal area of the specimen.
Fig. 3(c1-c3) and (d1-d4) present the failure modes of oxygen in-
trusion and oxide shedding at elevated temperatures in air, respec-
tively, and both surface crack modes were found in the specimens
tested at 200 °C and 400 °C.

After the discussion of surface crack initiation at high tem-
peratures, a special failure mode, i.e., internal crack initiation at
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400 °C, is presented in Fig. 3(e1-e3). The crack initiation region in
Fig. 3(e1-e3) exhibits a rough area, which is similar to that for the
internal crack initiation at 25 °C. Since the specimens shown in
Fig. 3(d1-d4) and (el-e3) were loaded with a same stress ampli-
tude of 520 MPa, the different failure modes between Fig. 3(d1-d4)
and (el-e3) indicated a competition mechanism between surface
and internal crack initiations in HCF regime at 400 °C. Some stud-
ies on nickel-based superalloys and steels [38-41] have reported
the competition mechanism between surface crack initiation and
internal crack initiation at high temperatures. They found that the
ORL tended to fracture and initiate cracks at the surface under high
stress amplitudes, but at low stress amplitudes, the crack nucle-
ation could occur at internal inclusions or defects. Since titanium
alloys normally do not contain inclusions and defects, the internal
o grain clusters and large o grains become potential crack initia-
tion sites when the surface crack initiation is suppressed.

3.2.3. Notched specimens at room and high temperatures

Unlike the smooth specimens, the fatigue crack of the failed
notched specimens all initiated from the notch root due to the
stress concentration. Fig. 4 shows the fracture surface morpholo-
gies of the notched specimens at different temperatures. Some tiny
pores and roughness are found at the notch root of the specimens
at 25 °C, 200 °C and 400 °C, as shown in Fig. 4(a3), (b2), (b3) and
(c2). They are consistent with the microstructure characteristics
around the notch in Fig. 1(e) and (f). The pores and roughness pro-
moted the crack initiation at the notch root due to the local stress
concentration, and reduced the fatigue strengths of the notched
specimens. Additionally, the oxide is also observed at the notch
root of the specimens tested at 400 °C, as shown in Fig. 4(c3).

3.3. Crack initiation mechanism

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

To study the effect of holding time on the ORL at high tem-
peratures, the hardness of specimen surface with different holding
times at 25 °C, 200 °C and 400 °C was measured by a microhard-
ness tester. The selected specimens owned fatigue cycles in a range
from 8.3 x 10% to 2.0 x 107, and the holding time was in a range
of 0.2 to 50 h which was obtained by dividing the fatigue life by
the testing frequency. The heating time for 200 °C and 400 °C be-
fore fatigue tests was about 0.5 h, and it was not included in the
holding time. The hardness values versus holding time are shown
in Fig. 5(a), and error bars in the figure indicate standard devia-
tions of the hardness. It was found that the hardness showed a
slight increase trend with a longer holding time for both 200 °C
and 400 °C. The hardness values of the specimens tested at 200 °C
were similar with those at 25 °C for a shorter holding time (e.g.,
0.2-2.4 h), while the values at 200 °C were slightly higher for a
longer holding time (~50 h). However, the hardness range at 400
°C was significantly higher than that at 200 °C even for the short
holding time (e.g., 0.28 h). The mean hardness for the holding time
of 0.28 h (1.2 x 10 cycles) at 400 °C was 502 HV, which was 19.3%
higher than the mean hardness for the holding time of about 50 h
(2.0 x 107 cycles) at 200 °C. These results indicated that the ac-
tion of the ORL on the fatigue behavior at 400 °C started at very
small loading cycles (~10° cycles). The hard ORL formed at 400 °C
could restrain the surface crack initiation and benefit a longer fa-
tigue life. It agreed with the finding in Fig. 2(a) that the internal
crack initiation was popular for the specimen with a fatigue life in
the range of 10° to 107 cycles at 400 °C.

The hardness of the subsurface material was also measured to
understand the oxygen ingress behavior. The run-out specimens at
each temperature were selected due to their longest exposure time
at elevated temperatures. As the microhardness tester produced an
indentation with a diagonal length of about 7 pum in this study,
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Fig. 3. Fracture surfaces of smooth specimens at different temperatures. (a1) Surface crack initiation at 25 °C (o,=650 MPa, Ny=3.9 x 10* cycles). (a2) Surface crack initiation
with facet. (a3) An enlarged view of the facet in (a2). (b1) Internal crack initiation at 25 °C (0 ;=620 MPa, N;=6.0 x 10° 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 (0 ;=650 MPa, N;=2.7 x 10* 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 (0,=520 MPa, N;=7.6 x 10° 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 (0,=520 MPa, N;=1.0 x 10°¢
cycles). (e2) Internal crack initiation with rough area. (e3) An enlarged view of the rough area in (e2).

the depth from the surface to the center of indentation no less for reference. It was found that the hardness values of subsurface
than 10 um was tested by the microhardness tester. The sketch for material at 200 °C and 400 °C were similar with those at 25 °C,
the hardness test and the hardness values at different depths are which were around 390 HV. This finding indicated that the depths
shown in Fig. 5(b). The hardness values of the surface at 25 °C in of oxygen ingress under 200 °C and 400 °C were very thin, which
Fig. 5(a) and in depth of 45 um at 25 °C are provided in Fig. 5(b) were less than 10 pm.
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4p«C

Fig. 6. Analysis of ORL by EDS. (a1) SEM image of a section on the specimen tested at 200 °C (0,=540 MPa, N;=8.4 x 10° cycles). (b1) SEM image of a section on the
specimen tested at 400 °C (0 ;=460 MPa, N;=6.2 x 10° cycles). (a2) and (b2) EDS maps of the selected zones in (a1) and (b1), respectively.

To further investigate the property of the ORL formed at high
temperatures, EDS was used to analyze oxygen distribution near
the specimen surface. The sections of specimens tested at 200 °C
and 400 °C are shown in Fig. 6(al) and (b1), respectively. The as-
sociated EDS maps are shown in Fig. 6(a2) and (b2), respectively.
In Fig. 6(a2), oxygen element is uniformly distributed from surface
to interior, which indicates a lower degree of oxidation at 200 °C.
This result is consistent with the finding in Fig. 5(a) that the hard-
ness of specimen surface at 200 °C is close to that at 25 °C. The
specimen surface for the tests at 400 °C have experienced severe
oxidation. The oxygen element in Fig. 6(b2) is concentrated at the
surface region with a depth of around 1.5 um, and it is not uni-
formly distributed in this region. It explains the higher hardness
values for the specimen surface at 400 °C than those at 200 °C in
Fig. 5(a). The results in Figs. 5 and 6 indicate that the ORL is very
thin for the specimens tested at 200 °C and 400 °C in this study.

3.3.2. Internal crack initiation mechanism at room and high
temperatures

After the discussion on surface ORL and hardness of the speci-
mens, the microstructure characteristics in the internal crack ini-
tiation zones and corresponding initiation mechanisms at room
and high temperatures (400 °C) are concerned. Fig. 7(a) shows the
rough area of the sample tested at 25 °C in Fig. 3(b3), and the sec-
tional sheets at locations b and ¢ were extracted. Fig. 7(b) is an
SEM image of the sectional plane at position b in Fig. 7(a) and lon-
gitudinal « grains are found at the fracture surface. Fig. 7(c-e) give
the IPF, phase map and TEM image of the sectional sheet at posi-
tion c in Fig. 7(a), respectively. They present a long « grain along
the fracture surface and this grain has been separated into many
small grains and nanograins. The small grains and nanograins are
discontinuously distributed along the surface, and they tend to be

135

at some local positions but become few at other locations. Fig. 7(f)
is the dark field view for the nanograins in box 1 in Fig. 7(e), and
the selected area diffraction (SAD) in the figure shows many tiny
dots placed in a ring pattern, which also suggests a polycrystalline
structure consisting of refined grains. The grain refinement could
be caused by dislocation interaction due to strain localization dur-
ing the cyclic loading process [27, 42]. A similar phenomenon was
also observed for an additively manufactured Ti-6Al-4V with bas-
ketweave microstructure [27]. When the sight moves to the mi-
crostructure below the nanograins in Fig. 7(c-e) and (g), it is clear
that the large o grains and f-phase matrix are relatively intact
with less deformation, although some dislocations are found in «
grains in Fig. 7(g). It means that the deformation is locally nonuni-
form due to the microstructure inhomogeneity during cyclic load-
ings.

The microstructure characteristics of the internal crack initia-
tion zone formed at 400 °C are shown in Fig. 8. A sectional sheet at
position c in Fig. 8(a) has been extracted by FIB. Fig. 8(b) presents
an SEM image of the sectional plane at position b in Fig. 8(a), and
longitudinal « grains are located at the fracture surface. Fig. 8(c-e)
shows the IPF, phase map and TEM image of the extracted sheet
and lamellar « grains are laid at the observed surface in these fig-
ures. The nanograins are just observed in the « grains at the frac-
ture surface, as shown in Fig. 8(c) and (d). Fig. 8(f) is the dark field
view for the polycrystalline structure on the small hill in Fig. 8(e),
and SAD pattern on the small hill in Fig. 8(f) also shows a diffused
ring pattern, which indicates that nanograins are gathered at this
area. The grain refinement process at 400 °C should be similar to
that explained for room temperature [27]. When f phases below
the fracture surface are concerned in Fig. 8(c) and (d), it is found
that, different from the relatively intact condition at 25 °C, the 8
matrix 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 (0,=620 MPa, N;=6.0 x 10° 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).

in IPF and phase map. Additionally, in Fig. 8(g), more dislocations
are found in « grains below the fracture surface. These figures in-
dicate that the microstructure below the rough area experienced
more severe deformation at 400 °C than those at 25 °C. Since the
resistance to the dislocation movement of TC17 is reduced at 400
°C [4], it is reasonable to find more dislocations and deformation
in & and B phases around the rough area.

The competition mechanism between surface and interior crack
initiation at 400 °C is shown in Fig. 9 and it should be related to
surface ORL and dislocation movement in internal « grains at high
temperature. On the one hand, the surface of the specimen became
harder due to the ORL formed at 400 °C, which could restrain the
surface crack initiation. The internal microstructure behaved with
low dislocation resistance at 400 °C. The slip or strain localization
in the microstructure could induce the internal crack initiation. On
the other hand, the brittle fracture of oxygen-rich site or oxide
shedding could occur at the surface and induce the crack initia-
tion due to local stress concentration, as shown in Fig. 9(al) and
(b1). Therefore, when the fatigue life of the specimen by internal
crack initiation was shorter than that by surface crack initiation,
the internal failure mode would occur and vice versa. According to
the results in Fig. 2(a), both the surface and internal failure modes
could happen in fatigue life of 10°-106 cycles, but the internal fail-
ure mode became a major mode in the range >106 cycles. This
indicates that the ORL tends to restrain the crack nucleation at the
surface under a relatively low stress amplitude (i.e., longer fatigue
life), and results in the internal crack initiation.
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3.3.3. Fatigue damage of notched specimens

Fracture surface morphology of the notched specimens in
Fig. 4 presented the crack initiation at notch root and this failure
mode was commonly viewed for such specimens. Apart from SEM
observation for those fractured specimens, some run-out speci-
mens at different temperatures were cut along the loading direc-
tion to investigate the crack initiation or fatigue damage at the
notch root. A specimen with the notch depth of 0.5 mm tested un-
der a stress amplitude of 84 MPa at 25 °C was chosen and the band
contrast 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
and IPF of a specimen with the notch depth of 0.2 mm and tested
under a stress amplitude of 142 MPa at 200 °C. The band contrast
maps of the two specimens presented that the crack initiated at
the notch root and propagated for a length. According to the crack
paths in the IPFs of Fig. 10(b) and (d), the cracks extended along
or through the o grains. The crack paths were tortuous in the mi-
crostructure and this crack feature was common for the specimens
in this study. These cracks in the specimens after fatigue loadings
of 2.0 x 107 cycles reveal an ultra-slow propagation process, and
they might develop to be main cracks in VHCF regime. The spec-
imen shown in Fig. 10(e) and (f) has a notch depth of 0.5 mm
and was tested under a stress amplitude of 86 MPa at 400 °C for
5.0 x 107 cycles. The notch depth of this specimen was the same
as that at 25 °C in Fig. 10(a) and (b), and the stress amplitude was
slightly higher. However, unlike the specimen at 25 °C, there is no
obvious 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 (0 ,=520 MPa, Ny=1.0 x 10° 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).
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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
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20)um

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 IPE. (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).

micro cracks exist around the notch root in Fig. 10(f). It might be
attributed to the hardened ORL formed at the notch root at the
high temperature which inhibited the crack propagation. The ef-
fect of ORL has been discussed in the competition mechanism in
Section 3.3.1. The finding in Fig. 10(e) and (f) further suggests that
the hardened ORL could suppress surface crack initiation under a
low stress amplitude even after 5.0 x 107 cyclic loadings.

3.4. Fatigue strength modeling

According to Fig. 2(b), the relation for fatigue strength of
smooth specimens oy, and temperature t could be expressed as
follows:

Ofs0 =A-Bt (1)

where A and B are fitting coefficients and they are determined to
be A=643 MPa and B=0.567 MPa/°C, temperature t has been vali-
dated in a range of 25 °C to 400 °C in this study.

To establish a fatigue strength model for the specimens with
small defects (i.e., small notches), the fatigue strengths correspond-
ing to the defect sizes are plotted as solid symbols in Fig. 11 in
a log-log scale. The fatigue strengths of smooth specimens at 25
°C, 200 °C and 400 °C are labeled with hollow symbols, the hor-
izontal coordinate of which are taken as around 1 um in Fig. 11.
Defect sizes were determined by ./area, where area was the pro-
jection area of the defect perpendicular to the principal stress.
The parameter /area was proposed by Murakami [43] to corre-
late the fatigue strength and defect size at room temperature and
it has been widely used for the influence of defect in literature
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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.

[28, 29, 31, 44]. The current study expanded its application in the
present material at high temperatures. Defect size +/area for differ-
ent depths of notches are shown in Table 3, which are calculated
through the notch depths and the radius of the smallest section
of the specimens. It is seen from Fig. 11 that the experimental fa-
tigue strengths of notched specimens at 25 °C and 200 °C are re-
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Table 3
The notch depth and defect size
J/area of notched specimens.

Depth (mm) Jarea (pum)
0.05 182

0.2 513

0.5 1011

duced with larger defect sizes and the decrease trends of fatigue
strengths at both temperatures are similar. The notched specimens
with a defect size of 182 wm at 400 °C present a higher fatigue
strength than those at 25 °C and 200 °C. At a defect size of 1011
um, the fatigue strengths at different temperatures are close. Gen-
erally, the temperature effect on the fatigue strength of notched
specimens was minor and the defect size dominated its perfor-
mance.

Based on the experimental results in Fig. 11, the fatigue
strength oy incorporating both the temperature and the defect size
could be expressed as follows:

logioots. 0 < Jarea < ,/aredg
—nlogiov/area + logioC, +area > ./aredg

where n and C are fitting coefficients, ./areag denotes the critical

size of defect less than which the defect does not affect the fatigue
log10C-log1p0¢50 )
n .

logigops = { (2)

strength and it is determined by ./ared = 10¢
Substituting Eq. (1) in Eq. (2), a fatigue strength model is ob-
tained as Eq. (3):

logio(A — Bt), 0 < ./area < ./aredy
—nlogqp+/area + logyoC, +/area > ,/areag

In this study, coefficients n and C are fitted by the fatigue
strength associated with the defect size at different temperatures,
and the results indicate weak dependence of the fatigue strength
of notched specimens on the temperature. The values of n and C
are determined to be 0.518 and 3418, respectively. The model re-
sults are shown in Fig. 11, and they correlate well with the exper-
imental fatigue strengths for the range of the present test condi-
tions. Fig. 11 also indicates that the critical defect size is increased
at high temperatures. It might be attributed to surface hardened
oxide which could restrain the crack nucleation.

logioots = { (3)

4. Conclusion

The high-temperature fatigue behavior and failure mechanism
of TC17 alloy have been investigated in HCF and VHCF regimes.
A new failure mechanism was observed for titanium alloy at high
temperature in HCF regime. Additionally, the notched specimens
were examined at room and high temperatures to study the cou-
pled effect of temperature and defect on the fatigue behavior of
TC17 alloy. Based on these results and analysis, the main conclu-
sions 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
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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.

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.

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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