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In this paper, the fatigue behavior of Ti-6Al-2Sn-2Zr-3Mo-X alloy with basketweave microstructure is inves-
tigated at stress ratios R = —1, —0.5, 0.1 and 0.3 and loading frequencies f = 0.4 Hz, 4 Hz and 35 Hz. It is shown
that the Ti-6Al-2Sn-2Zr-3Mo-X alloy presents two different crack initiation mechanisms. One is due to the
cleavage of a grains and the other is due to the microstructure inhomogeneity and deformation incompatibility.
For the former case, the fracture surface exhibits facet feature in the crack initiation region. For the latter case,
the crack nucleates and initiates at o grains or interfaces and the fracture surface presents no facet feature in the
crack initiation region. The higher stress ratio and the lower frequency tend to induce the higher probability for
the occurrence of multiple crack initiation mode. Moreover, the paper indicates that the effect of stress ratio on
fatigue life could be expressed as Ny = A [(1—R)/2]10'ma, R, Where A, [ and m are material parameters. The scatter of
fatigue life is related to both the stress amplitude and the loading frequency. For relative higher stress amplitude,

the fatigue life and the frequency at R = —1 could be correlated by a linear relation in log-log scale.

1. Introduction

The fatigue behavior of titanium alloys has drawn great attention
due to their wide use in aerospace, marine engineering and so on [1-6].
Usually, the structural parts such as the blades of aero-engines and the
pressure hulls of submersibles are subjected to fatigue loadings with
different stress ratios or frequencies from the specimens tested in labo-
ratory in service. Therefore, it is an important topic for the effects of
stress ratio and loading frequency on the fatigue behavior of titanium
alloys [7-11]. The results for Ti-15Mo-5Zr-3Al alloy indicated that the
fatigue strength decreased with increasing the stress ratio (R = —1, 0,
0.5) and the crack initiation was related to the microstructure and stress
ratio [12]. The high cycle fatigue strength in terms of maximum stress of
a and g titanium alloys at R = 0.1 was shown much higher than that at R
= —1, while the high cycle fatigue strength of o+ titanium alloys at R =
0.1 exhibited very small difference with that at R = —1 [13]. For
Ti-6Al-4V  alloys, three types of crack initiation (i.e.
surface-without-facets, surface-with-facets and interior-with-facets)
were observed in high cycle and very high cycle fatigue regimes [14].

It was shown that, with increasing the stress ratio (R = —1, —0.5, —0.1,
0.1, 0.5), the number of failed specimens decreased for
surface-without-facets, increased for surface-with-facets, and increased
first and then decreased for interior-with-facets. The fatigue strength
decreased sharply for the failure types of surface-with-facets and
interior-with-facets in very high cycle fatigue regime.

Regarding to the effect of loading frequency, it was indicated that the
endurance limits for the titanium alloy VT23 [15] and the pseu-
do-o-titanium alloy [16] increased with increasing the loading fre-
quency, in which the tested frequencies were 460 Hz, 3 kHz and 10 kHz
for the titanium alloy VT23, and 30 Hz, 300 Hz and 10 kHz for the
pseudo-o-titanium alloy. However, the ultrasonic frequency fatigue test
(20 kHz) was shown no influence on the fatigue strength or fatigue life
for Ti-6Al-4V alloy [17] and TC-17 alloy [18] in comparison with the
conventional frequency fatigue test. Some other results of Ti-6A1-4V
alloy at three heats (Heats A, B and C) indicated that the frequency effect
(f = 120 Hz, 600 Hz, 20 kHz) was negligible for Heats A and B devel-
oping interior fractures, while the high frequency showed a higher fa-
tigue strength for Heat C developing only surface fractures [19]. The

* Corresponding author. State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China.

E-mail address: scq@Inm.imech.ac.cn (C. Sun).

https://doi.org/10.1016/j.msea.2020.140265

Received 12 June 2020; Received in revised form 1 August 2020; Accepted 8 September 2020

Available online 10 September 2020
0921-5093/© 2020 Elsevier B.V. All rights reserved.


mailto:scq@lnm.imech.ac.cn
www.sciencedirect.com/science/journal/09215093
https://http://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2020.140265
https://doi.org/10.1016/j.msea.2020.140265
https://doi.org/10.1016/j.msea.2020.140265
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2020.140265&domain=pdf

C. Sun et al.

Fig. 1. EBSD picture of microstructure for the present Ti-6Al-2Sn-2Zr-3Mo-
X alloy.
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Fig. 2. Local stress amplitude versus fatigue life at different stress ratios, in
which the lines denote the linear regression results of the fatigue life with the
local stress amplitude in log-log scale.

frequency effect (f = 70 Hz, 400 Hz, 1800 Hz) was also shown to be
related to the stress ratio for high cycle fatigue of Ti-6A1-4V alloy [20].
At low stress ratio, the fatigue strength increased with the increase of
frequency.

The existing results indicate that the types of titanium alloy and their
microstructures play important role in the effects of stress ratio and
loading frequency on fatigue behavior. Ti-6Al-2Sn-2Zr-3Mo-X is a high
strength titanium alloy with high fracture toughness, which has poten-
tial applications in structural components of marine engineering such as
the pressure hulls of deep-sea submersibles and might subject to fatigue
loadings in service. In this paper, axial loading fatigue tests are per-
formed on Ti-6Al-2Sn-2Zr-3Mo-X with basketweave microstructure at
different stress ratios (R = —1, —0.5, 0.1, 0.3) and loading frequencies (f
= 0.4 Hz, 4 Hz, 35 Hz), and the effects of stress ratio and loading fre-
quency on crack initiation mechanism and fatigue life of
Ti-6Al-2Sn-2Zr-3Mo-X are investigated. It is observed that the crack
initiation regions could exhibit facet feature or no facet feature at the
tested stress ratios and frequencies. Then, the cross-section samples
parallel to the loading direction are further prepared for the crack
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initiation regions by focused ion beam (FIB) technique and the mecha-
nism of crack initiation are investigated by the scanning electron mi-
croscope (SEM) and electron backscatter diffraction (EBSD)
observations. The effects of stress ratio and loading frequency on the
fatigue life are also modeled and discussed.

2. Materials and methods
2.1. Materials

The material wused is a high strength titanium alloy
Ti-6Al-2Sn-2Zr-3Mo-X cut out from a forged flat plate parallel to the
rolling direction. The tensile strength is 1072 MPa and the yield strength
is 978 MPa. The microstructure of the material is basketweave consist-
ing of o phase lamella and Biyans, as shown in Fig. 1.

2.2. Fatigue tests

The fatigue test is conducted on a servohydraulic test system at room
temperature in air. Four stress ratios R = —1, —0.5, 0.1 and 0.3 are tested
at the frequency f = 35 Hz, and three frequencies f = 35 Hz, 4 Hz and 0.4
Hz are performed at the stress ratio R = —1. The hourglass specimen
with the minimum diameter of 5 mm is used [11]. The diameter of the
parallel segment is 10 mm, and the total length of the specimen is 100
mm. The elastic stress concentration factor is 1.05, which is defined as
the ratio of the maximum principal stress at the notch root to that of the
smooth specimen with the same minimum diameter under the identical
axial loading. The surface of the hourglass part of the specimen is ground
and polished before fatigue test.

2.3. Observation methods

The fracture surfaces of failed specimens are observed by SEM.
Moreover, several cross-section samples parallel to the loading direction
are prepared for typical crack initiation regions by FIB technique on
commercial crossbeam 540 FIB-SEM systems and then observed by SEM
and EBSD on Nordlys of Oxford Instruments. The fracture surfaces of the
cross-section samples are protected by a thin coating layer of platinum
during the cutting process by FIB technique.

3. Results and discussions
3.1. Effect of stress ratio on fatigue life and crack initiation

3.1.1. Fatigue life

Fig. 2 shows the S-N data of the specimens at different stress ratios.
The detailed information of the experimental results are listed in Ta-
bles 1 and 2, in which the fatigue life data at R = —1 is also shown in
Ref. [11]. It is seen from Fig. 2 that the stress ratio has a significant
influence on the fatigue life. With the increase of the stress ratio, the
fatigue life decreases for the same local stress amplitude (the stress
amplitude at the minimum cross section incorporating the elastic stress
concentration factor 1.05).

Here, the effect of stress ratio on fatigue life is modeled. According to
the work in Refs. [21,22], the effect of stress ratio on fatigue strength of
some metallic materials (e.g. steels, aluminium alloys, magnesium al-
loys) in low cycle and high cycle fatigue regimes could be expressed as
OgR = [(1-R)/21%, where oq,r denotes stress amplitude at stress ratio R, [
is material parameter. Considering that the S-N curve is usually taken as
the form of Ny = As™, where Ny denotes fatigue life, ¢ is stress amplitude
or maximum stress, A and m are material parameters, it is assumed that
the fatigue life, stress amplitude and the stress ratio could be expressed
as:

1-R\'
Nf:A( 2 )O-ZR (1)
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Table 1
Experimental results of specimens at R = —1 and —0.5 shown in Fig. 2.
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R=-1,f=35Hz

R=-0.5,f=35Hz

04 (MPa) Ny Origin location Single or Multi-site 04 (MPa) Ny Origin location Single or Multi-site
882 8.98 x 10° Surface Single 661.5 1.44 x 10* Surface Single
882 9.40 x 10° Surface Single 661.5 1.86 x 10* Surface Single
882 9.82 x 10° Surface Single 661.5 1.47 x 10° Surface Single
819 1.79 x 10* Surface Single 614.25 1.67 x 10° Surface Single
819 2.48 x 10* Surface Single 614.25 3.08 x 10° Surface Single
819 1.82 x 10* Surface Single 614.25 3.28 x 10° Surface Single
819 1.70 x 10* Surface Single 567 3.13 x 10° Surface Multi
756 4.34 x 10* Surface Single 567 3.56 x 10° Surface Single
756 4.36 x 10* Surface Single 567 3.42 x 10° Surface Single
756 2.58 x 10* Surface Single 543.375 5.0 x 10° Surface Single
756 4.83 x 10* Surface Single 543.375 5.02 x 10* Surface Single
693 2.39 x 10° Surface Single 543.375 1.15 x 10° Surface Single
693 6.45 x 10* Surface Single

693 3.27 x 10° Surface Single

693 7.97 x 10* Surface Single

693 4.04 x 10° Surface Single

693 4.16 x 10* Surface Single

693 4.90 x 10* Surface Single

693 8.29 x 10* Surface Single

630 2.74 x 10° Surface Single

630 2.77 x 10° Surface Single

630 2.52 x 10° Interior Single

630 3.82 x 10* Surface Single

Table 2

Experimental results of specimens at R = 0.1 and 0.3 shown in Fig. 2.

R=0.1,f=35Hz

R=0.3,f=35Hz

04 (MPa) Ny Origin location Single or Multi-site 04 (MPa) Ny Origin location Single or Multi-site
425.25 3.46 x 10° Surface Single 341.775 3.07 x 10° Interior Single
425.25 2.06 x 10° Surface Multi 341.775 4.37 x 10° Surface Multi
425.25 1.22 x 10° Surface Single 341.775 3.43 x 10° Interior Single
396.9 5.26 x 10° Surface Interior Multi

396.9 3.58 x 10° Surface Single

396.9 2.28 x 10° Surface Single

396.9 4.37 x 10° Surface Single

368.55 5.66 x 10° Surface Single

368.55 6.44 x 10° Surface Single

368.55 8.89 x 10° Surface Single

340.2 9.55 x 10° Surface Single

340.2 1.94 x 10° Surface Single

340.2 1.53 x 10° Interior Single

326.025 1.60 x 10° Surface Single

326.025 3.90 x 10° Surface Single

326.025 2.14 x 10° Surface Single

Firstly, the parameters A and m are determined as A = 10°3%32 and m 073
= —11.693 by the linear regression for the fatigue life data with the local Ny = 10732 (1 - R) o118 4
. . . . a,
stress amplitude in log-log scale at the stress ratio R = —1. The linear 2

regression curve is shown in Fig. 2.
Substitution of the values of A and m into Eq. (1), we have

1-R\'
Nf: 1038,332( 2 ) 6;[1(1.693 (2)

Then, the linear regression analysis is performed for the fatigue life
data with the local stress amplitude in log-log scale at the stress ratio R
= 0.1 by assuming the same value of m as that obtained at the stress ratio
R =-1,i.e.

Nf — 1035.8790_;(1].1i693 (3)

The linear regression result for the fatigue life data with the local
stress amplitude at the stress ratio R = 0.1 is also shown in Fig. 2.

From Egs. (2) and (3), we have | = 7.073.

Finally, substitution of [ = 7.073 into Eq. (2), the formula for the
fatigue life, stress amplitude and the stress ratio is obtained as

From Eq. (4), for the same fatigue life, the stress amplitudes at the
stress ratios R and R satisfy

M: (1 _ R2>—0.605 (5)

Ga.Rg 1-— Rl

Especially, we have

| — RY 0605
Oy =04q,-1 <T> (6)

Fig. 3 shows the predicted median S-N curves (i.e. 50% survival
probability curves) at the stress ratios R = —0.5, 0.1 and 0.3 by using the
median S-N curve at the stress ratio R = —1. For the median S-N curve at
R = —1, it is obtained as that in literature [6,23] for the fatigue life data
at different stress amplitudes, in which the fatigue life in logarithm of
base 10 is assumed to follow the two parameter Weibull distribution. It
is seen that the predicted median S-N curves at the stress ratios R =
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Fig. 3. Comparison of predicted median S-N curves with experimental data, in
which the dashed line denotes the predicted result by the experimental data at
the stress ratio R = —1, and the solid lines denote the predicted results by the
median S-N curve at R = —1.
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—0.5, 0.1 and 0.3 are generally in the middle of the experimental data,
indicating that Eq. (1) correlates well the effect of stress ratio on the
fatigue life of the present Ti-6Al-2Sn-2Zr-3Mo-X alloy.

3.1.2. Fracture surface observation

SEM observation indicates that the specimens tested at the stress
ratio R = —1 fail from the specimen surface (Figs. 4a—-d) except one
specimen fails from the interior of the specimen (Fig. 4e and f) [11].
Moreover, it is observed that there is facet feature in the crack initiation
region for individual specimen (Fig. 4d), similar to that observed in
Ti-6246 alloy and Ti-6Al-4V [14,24,25].

The specimens tested at the stress ratio R = —0.5 all fail from the
specimen surface, and one specimen presents multiple crack initiation
sites (Fig. 5a—c). The facet feature is also found in the crack initiation
region of individual specimen at the stress ratio R = —0.5 (Fig. 5e).

Most of the tested specimens at the stress ratio R = 0.1 fail from the
specimen surface and a few fail from the specimen interior (Fig. 6¢ and
e). Two specimens exhibit multiple crack initiation sites (Fig. 6c—e).
Several specimens present facet feature in the crack initiation region at
the stress ratio R = 0.1 (Fig. 6b).

For the specimens tested at the stress ratio R = 0.3, the surface crack
initiation and the interior crack initiation are both observed at the
fracture surface (Fig. 7). The multiple crack initiation sites (Fig. 7a—c)
and the facet feature are also found in the crack initiation region

Fig. 4. Fracture surface morphology of failed speci-
mens at the stress ratio R = —1. (a) and (b): 6pax =
693 MPa, Ny = 6.45 x 10% (c) and (d): 6max = 693
MPa, Ny = 3.27 x 105 (e) and (f): 6max = 630 MPa, Ny
= 2.52 x 10°. (a), (c) and (e): Low magnification
image of the fracture surface; (b), (d) and (f) Close-
ups of crack initiation regions in (a), (c) and (e),
respectively. The lines in (b) and (d) denote the lo-
cations prepared for the cross-section samples parallel
to the loading direction. The arrows in (d) point to
the regions exhibiting the facet feature.
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(Fig. 7c) at the stress ratio R = 0.3.

SEM observation indicates that the facet feature could present in the
crack initiation region for all the tested stress ratios R = —1, —0.5, 0.1
and 0.3. For stress ratios R = —0.5, 0.1 and 0.3, both the single and
multiple crack initiation modes are observed. While for the stress ratio R
= —1, the tested specimens just present the single crack initiation mode.
It seems that the stress ratio has influence on the crack initiation mode
and the relative higher stress ratio has the higher probability for the
occurrence of multiple crack initiation. For stress ratios R = —1, 0.1 and
0.3, both the surface and the interior crack initiation modes are
observed. While the interior crack initiation is not observed at R = —0.5.
So, it is thought that the stress ratio has no influence on the occurrence
of surface crack initiation or interior crack initiation for the present
Ti-6Al-2Sn-2Zr-3Mo-X alloy.

3.2. Effect of loading frequency on fatigue life and crack initiation

3.2.1. Fatigue life

Fig. 8 shows the S-N data of the specimens tested at different fre-
quencies, in which the lines denote the regression results of the fatigue
life with the local stress amplitude in log-log scale. The experimental
results of the specimens at the frequencies f = 0.4 Hz and 4 Hz are listed
in Table 3. It is seen from Fig. 8 that the frequency has important in-
fluence on fatigue life. At the same stress amplitude, the fatigue life
increases with increasing the frequency. It might be due to that the
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Fig. 5. Fracture surface morphology of failed speci-
mens at the stress ratio R = —0.5. (a)-(c): Multiple
crack initiation at 6pax = 756 MPa and Ny = 3.13 x
10%; (d) and (e): Single crack initiation at 6, = 819
MPa and Ny = 3.08 x 10°. (a) and (d): Low magnifi-
cation image of the fracture surface; (b) and (c) Close-
ups of crack initiation regions at A and B in (a),
respectively; (e) Close-up of crack initiation region in
(d). The line in (e) denotes the location prepared for
the cross-section sample parallel to the loading di-
rection. The arrows in (e) point to the regions
exhibiting the facet feature.

dislocations have more time to overcome obstacles under the lower
frequency than the higher one [20], which increase the local plastic
strain accumulation and lead to the shorter fatigue life under the lower
frequency. This indicates that it is dangerous for evaluating the fatigue
performance of structural components under very low frequency by the
fatigue data test at the frequency of ~10 Hz. The results in Fig. 8 also
indicate that the scatter of the fatigue life is related to both the stress
amplitude and loading frequency. At low stress amplitudes, the scatter
of the fatigue life tested at the frequency f = 35 Hz is larger than that
tested at the frequencies f = 0.4 Hz and 4 Hz.

Fig. 9 shows the variation of the fatigue life with the frequency at the
relative higher stress amplitude under which the scatter of the fatigue
life is small for all the tested frequencies f = 0.4 Hz, 4 Hz and 35 Hz. The
results are also compared with those of the same titanium alloy tested at
a higher maximum stress (0.95 of the yield stress, R = —1) and much
lower frequency under the conventional fatigue test with triangular
wave form in literature [26]. It is seen that, similar to result for the effect
of frequency on fatigue life observed in literature [26], the fatigue life
and the frequency at the same stress amplitude could be well correlated
by a linear relation in log-log scale, i.e.

1gN; =0.1395 x lgf + 3.7333 for 6, = 882 MPa 7)

IgN; =0.1995 x lgf + 3.971 for 6, = 819 MPa (€)]
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Fig. 6. Fracture surface morphology of failed specimens at the stress ratio R = 0.1. (a) and (b): Single crack initiation at s, = 819 MPa and Ny = 5.66 x 105; (c)-(e):
Multiple crack initiation at omax = 882 MPa and Ny = 5.26 x 10°. (a) and (c): Low magnification image of the fracture surface; (b) Close-up of crack initiation region
in (a); (d) and (e) Close-ups of crack initiation regions at A and B in (c), respectively. The arrows in (b) point to the regions exhibiting the facet feature.

IgN; =0.233 x 1gf +4.2693 for o, = 756 MPa )

The correlation coefficients are 0.88, 0.92 and 0.83 for Egs. (7)-(9),
respectively, indicating that the correlation is highly significant for the
fatigue life and the frequency in log-log scale [27]. Egs. (7)-(9) also
indicate that the slope of the fatigue life with the frequency in log-log
scale tends to increase with decreasing the stress amplitude (the slope
is 0.0986 for the fatigue life and the frequency in log-log scale at the
stress amplitude 929.1 MPa [26]), i.e. the effect of frequency on fatigue
life seems to be related to the stress amplitude, which is a little higher for
the relative lower stress amplitude.

3.2.2. Fracture surface observation

The specimens tested at the frequencies f = 0.4 Hz and 4 Hz all fail
from the specimen surface and some specimens present multiple crack
initiation sites, as shown in Figs. 10 and 11. The facet feature is also
observed in the crack initiation region of a few specimens at the fre-
quencies f = 0.4 Hz and 4 Hz (Fig. 10d and e, Fig. 11b and e), similar to
that at the frequency f = 35 Hz and R = —1. While for the specimens
tested at the frequency f = 35 Hz and R = —1, no multiple crack initi-
ation sites are observed in the fracture surface. The percentage of

specimens with multiple crack initiation modes to the total specimens is
0, 42% and 54% at the frequencies f = 35 Hz, 4 Hz and 0.4 Hz,
respectively. This indicates that the frequecny has influence on the crack
initiation mode and the specimens at lower frequencies tend to fail with
multiple crack initiation mode.

3.3. Crack initiation mechanism

SEM observation indicates that the fracture surfaces of the present
titanium alloy exhibit two different characteristics in the crack initiation
region. One is with facet feature and the other presents no facet feature.
In order to understand the mechanism of the crack initiation especially
the facet formation, the microstructure characteristic in the crack
initiation region along with the spatial orientation and the crystallo-
graphic orientation of the facets are observed for the cross-section
samples parallel to the loading direction.

Figs. 12 and 13 show the SEM and EBSD observations of the cross-
section sample parallel to the loading direction in the crack initiation
region with facet feature in Figs. 4d and 5e, respectively. Fig. 14 shows
the SEM and EBSD results for the cross-section sample parallel to the
loading direction at the crack initiation region without facet feature in
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Fig. 7. Fracture surface morphology of failed specimens at the stress ratio R = 0.3. (a)-(c): Multiple crack initiation at 6y = 976.5 MPa and Ny = 4.37 x 10%; (d) and
(e): Single crack initiation at 6max = 976.5 MPa and Ny = 3.07 x 10°. (a) and (d): Low magnification image of the fracture surface; (b) and (c) Close-ups of crack
initiation regions at A and B in (a), respectively; (e) Close-up of crack initiation region in (d). The arrows in (c) point to the regions exhibiting the facet feature.
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Fig. 8. S-N data of specimens at different frequencies, in which the lines
denote the linear regression results of the fatigue life with the local stress
amplitude in log-log scale.

Fig. 4b. It is seen that a phase lamellas responsible for the facets in
Figs. 12 and 13 are both in relatively regular arrangement and the o
grains are generally in similar crystallographic orientation. However, for
the crack initiation region exhibiting a relative big facet region in
Fig. 4d, it consists not only o phase lamella but also the fiyans, indicating
that o grains are not the only phases responsible for the facets. While for
the case of fracture surface exhibiting no facet feature in the crack
initiation region in Fig. 14, the crack surface due to « grains are not flat
and the a grains responsible for the crack surface are not in regular
arrangement.

Further, by the consideration that the facet plane normal is almost
parallel to the x-y plane in Figs. 12b and 13b after the normal direction
of the polished surface of the cross-section sample rotates a small angle
(about 5°) around the negative direction of x axis, the angle of the facet
plane normal for the o grain with respect to the loading direction is
approximately obtained by the angle of the intersecting line of the
polished a grain and the crack surface with respect to x axis in Figs. 12b
and 13b, respectively. The angles of the facet plane normal for the «
grains numbered 1, 2 and 3 in Fig. 12c with respect to the loading di-
rection are obtained as 38°, 34° and 34°, respectively. The angles of the
facet plane normal for the a grains numbered 1, 2 and 3 in Fig. 13c with
respect to the loading direction are obtained as 41°, 39° and 40°,
respectively. This indicates that the facet plane is in high shear stress in
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Table 3
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Experimental results of specimens at frequencies f = 0.4 Hz and 4 Hz shown in Fig. 8.

R=-1,f=4Hz

R=-1,f=04Hz

04 (MPa) Ny Origin location Single or Multi-site o, (MPa) Ny Origin location Single or Multi-site
882 5.95 x 10° Surface Single 882 4.90 x 10° Surface Multi
882 5.52 x 10° Surface Single 882 6.44 x 10° Surface Multi
882 6.25 x 10° Surface Multi 882 4.0 x 10° Surface Single
819 1.09 x 10* Surface Multi 819 1.05 x 10* Surface Single
819 1.16 x 10* Surface Multi 819 7.52 x 10° Surface Multi
819 1.20 x 10* Surface Multi 819 6.65 x 10° Surface Multi
756 1.93 x 10* Surface Single 756 1.38 x 10* Surface Multi
756 3.91 x 10* Surface Single 756 1.38 x 10* Surface Multi
756 4.27 x 10* Surface Single 756 1.30 x 10* Surface Multi
693 4.01 x 10* Surface Single 693 4.13 x 10* Surface Single
693 5.11 x 10* Surface Single 693 3.84 x 10* Surface Single
693 3.60 x 10* Surface Multi 693 3.58 x 10* Surface Single
630 5.65 x 10* Surface Single

the spatial orientation.

It has been shown that the facets for titanium alloys could be formed
by slip on basal planes or prismatic planes of a grains [24,25,28]. The
results of the spatial orientation of facet planes and the crystallographic
orientation of o grains responsible for facets in Figs. 12 and 13 indicate
that the facets are not formed on basal planes or prismatic planes, i.e. the
facet formation is not attributed to the basal slip or prismatic slip of
grains for the present titanium alloy. So, it is thought that, for the case of
fracture surface exhibiting the facet feature in the crack initiation re-
gion, the facets are due to the cleavage of « grains by dislocation pile-ups
at grain boundaries or high local stress field [25,29,30]. For the case of
fracture surface exhibiting no facet feature in the crack initiation region,
Fig. 14b indicates that the cracks nucleate and initiate at a grains or
interfaces due to the microstructure inhomogeneity and deformation
incompatibility [31].

—
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Fig. 9. Variation of fatigue life with loading frequency, in which the lines
denote the linear regression results of the fatigue life with the frequency in log-
log scale.

4. Conclusions

In this paper, we investigate the effects of stress ratio and loading
frequency on the fatigue behavior of the titanium alloy
Ti-6A1-2Sn-2Zr-3Mo-X with basketweave microstructure by axial
loading fatigue test. Cross-section samples parallel to the loading di-
rection in crack initiation regions are prepared by FIB technique and
then observed by SEM and EBSD. The main results are as follows.

(1) SEM observation indicates that the fracture surfaces present two
different characteristics in the crack initiation region at all the
tested stress ratios R = —1, —0.5, 0.1 and 0.3. One has facet
feature and the other has no facet feature. SEM and EBSD ob-
servations indicate that the facets in the crack initiation region
are due to the cleavage of o grains at high shear stress in the
spatial orientation.

(2) At the frequency f = 35 Hz, both the single and multiple crack
initiation modes are observed at the stress ratios R = —0.5, 0.1
and 0.3, while only single crack initiation mode presents at R =
—1. The relative higher stress ratio seems to have higher proba-
bility for the occurrence of multiple crack initiation mode. The
stress ratio has substantial influence on fatigue life. The fatigue
life Ny, stress amplitude o4 r and stress ratio R could be expressed
as Ny = A [(1—R)/2]lo’",1,R, where A, | and m are material
parameters.

(3) The loading frequecny (f = 0.4 Hz, 4 Hz and 35 Hz) has influence
on the crack initiation mode. The specimens at lower frequencies
(f = 0.4 Hz and 4 Hz) tend to fail with multiple crack initiation
mode. Moreover, it has important influence on fatigue life, and
the scatter of the fatigue life depends on both the stress amplitude
and the loading frequency. At relative higher stress amplitude,
the fatigue life and the frequency could be correlated by a linear
relation in log-log scale.

(4) The paper indicates that the present titanium alloy
Ti-6A1-2Sn-2Zr-3Mo-X exhibits two different crack initiation
mechanism. One is due to the cleavage of a grains by dislocation
pile-ups at grain boundaries or high local stress field. For this
case, the crack initiates following the cleavage of a grains and the
fracture surface exhibits facet feature in the crack initiation re-
gion. The other is due to the microstructure inhomogeneity and
deformation incompatibility of different phases. For this case, the
crack initiates at o grains or interfaces and the fracture surface
presents no facet feature in the crack initiation region.



C. Sun et al. Materials Science & Engineering A 798 (2020) 140265

Fig. 10. Fracture surface morphology of failed spec-
imens at the frequency f = 4 Hz and stress ratio R =
—1. (a) and (b): Single crack initiation at o, = 756
MPa and Ny = 1.93 x 10% (0)-(e): Multiple crack
initiation at o, = 819 MPa and Ny = 1.2 x 10* (a) and
(c): Low magnification image of the fracture surface;
(b) Close-up of crack initiation region in (a); (d) and
(e) Close-ups of crack initiation regions at A and B in
(c), respectively. The arrows in (d) and (e) point to
the regions exhibiting the facet feature.
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Fig. 11. Fracture surface morphology of failed spec-
imens at the frequency f = 0.4 Hz and stress ratio R =
—1. (a) and (b): Single crack initiation at o, = 819
MPa and N; = 1.05 x 10% (c)-(e): Multiple crack
initiation at 6, = 882 MPa and Ny = 6.44 x 10°. (a)
and (c): Low magnification image of the fracture
surface; (b) Close-up of crack initiation region in (a);
(d) and (e) Close-ups of crack initiation regions at A
and B in (c), respectively. The arrows in (b) and (e)
point to the regions exhibiting the facet feature.
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Fig. 12. SEM and EBSD results for the cross-section
sample parallel to the loading direction at the crack
initiation region in Fig. 4d. (a): SEM image of the
cross-section sample observed perpendicular to the
polished surface of the cross-section sample; (b):
Close-up of the cross-section sample in (a), in which
the x-y plane in the coordinate system is set to be
perpendicular to the observation direction and the
rectangle denotes the region for EBSD observation;
(c) and (d): EBSD inverse pole figure map and phase
map for the rectangle region in (b), in which the
hexagonal unit denotes the crystal orientation of the
numbered o grains.

Fig. 13. SEM and EBSD results for the cross-section
sample parallel to the loading direction at the crack
initiation region in Fig. 5e. (a): SEM image of the
cross-section sample observed perpendicular to the
polished surface of the cross-section sample; (b):
Close-up of the cross-section sample in (a), in which
the x-y plane in the coordinate system is set to be
perpendicular to the observation direction and the
rectangle denotes the region for EBSD observation;
(c) and (d): EBSD inverse pole figure map and phase
map for the rectangle region in (b), in which the
hexagonal unit denotes the crystal orientation of the
numbered o grains.
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The present results are helpful for understanding the effects of stress
ratio and loading frequency on the crack initiation mechanism and fa-
tigue life of titanium alloys.
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