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Abstract: The very high cycle fatigue (VHCF) property of TC21 titanium alloy blunt-notched
specimens were investigated by using an ultrasonic fatigue test machine with a frequency of 20 kHz.
S–N of blunt-notched specimens illustrated a continuous decrease characteristic with a horizontal
line over the 105–109 cycle regimes. However, the fatigue life showed a large scatter for blunt-notched
specimens. Blunt-notch significantly reduced the fatigue property in the high cycle and very high
cycle regimes compared with that of smooth specimens. The crack initiation modes for blunt-notched
specimens in the very high cycle regime can be divided into three types: (i) surface initiation,
(ii) subsurface with flat facet, and (iii) subsurface with “facet + fine granular area”. The crack initiation
mechanism of blunt-notched specimens is discussed in view of the interaction of notch stress gradient
distribution and heterogeneous microstructure. Furthermore, the fatigue limit model based on the
theory of critical distance (TCD) was modified for the very high cycle regime, and the scatter of the
fatigue property of the blunt-notched specimens were well predicted by using this model.
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1. Introduction

Titanium alloys are widely used for aeronautical structures because of their high specific strength,
toughness, and damage tolerance [1]. Due to the very high vibration frequency of aeronautical
structures, their fatigue failure occurs in the very high cycle fatigue (VHCF, i.e., more than 107 cycles)
regime, and fatigue cracks are inclined to initiate at the subsurface of high strength titanium alloys [2,3].
In practice, notches in aeronautical structures are a common problem resulting from the sharp change
of a complex geometry, such as a screw thread, groove, scratch, and foreign object damage (FOD).
A notch in a component can produce a local stress concentration at the notch root, consequently leading
to the crack initiation from the notch root [4]. Therefore, it is a great concern to investigate the VHCF
crack initiation mechanism due to the interaction between the notch stress gradient and microstructure
for aeronautical structures applications.

Recently, the notch effect on very high cycle fatigue has attracted much attention. Qian [5] and
Schwerdt [6] reported that the crack initiation sites of the notched specimens were always at the root
of the notch independent of the number of cycles, and the notches remarkably decreased the VHCF
property. However, the investigation by Akiniwa [7] and Yang [8] showed that VHCF crack can initiate
from the subsurface for some high-strength steel and titanium alloy specimens where a fine granular
area was observed at the crack initiation site. However, the fatigue crack initiation mechanism of
notched titanium alloys is not well understood in the very high cycle regime.
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In sharp notches (with high stress concentration factor Kt), the stress concentration is the
determining factor, and VHCF cracks initiate from the notch root due to its experiencing high enough
stress [5,6]. However, a blunt notch (small Kt) exhibits microstructurally short non-propagating cracks
(crack length on the order of the microstructural dimensions). As for high cycle fatigue, the fatigue
crack that initiated from the blunt notch can overcome the strongest microstructural barrier and is
sufficient to cause continuous propagation; thus, the fatigue strength of a blunt-notched specimen is
determined by a ∆σ criterion [9]. It was reported that the stress amplitude in the very high cycle regime
was lower than that in the high cycle regime for high strength titanium alloys [8], which indicated
that very high cycle fatigue cracks may not initiate from the notch root due to the inadequate stress
drive force. Thus, fatigue crack initiation under a low stress amplitude depended on the interaction
between the stress gradient and the microstructure around the notch root, especially for high strength
titanium alloys. On the other hand, theory of critical distance (TCD) methods [10] had been proposed
to evaluate the high cycle fatigue limit of notched components, and TCD methods that are modified
for very high cycle fatigue are investigated in this paper.

The blunt-notched effect on very high cycle fatigue behavior of a TC21 titanium alloy is
investigated in this paper. The VHCF initiation mechanism of blunt-notched specimen is discussed
based on the interaction between the stress gradient effect and the microstructure. Fatigue limits of
blunt-notched specimens are also evaluated based on TCD methods.

2. Experimental Procedures

2.1. Materials

The TC21 titanium alloy that was investigated in this paper had a nominal chemical composition
of Ti-6Al-2Sn-2Zr-3Mo-1Cr-2Nb. The specimens were subjected to a double annealing treatment of
900 ◦C for 2 h, air quenching, then 600 ◦C for 4 h, and further air quenching. The alloy obtained
a double lamellar basketweave microstrucrture with mean sizes of 60 µm, and the granular α phase
was observed in the alloy (Figure 1).

Figure 1. Basketweave microstructure of the TC21 titanium alloy: (a) optical micrograph and
(b) backscattered electron micrograph.

2.2. Surface Treatment

Electropolishing was applied for the specimens to remove the effect of the machining layers,
and the specimens underwent a 59% methanol, 35% n-butanol, and 6% perchloric acid treatment under
a −20 ◦C temperature and 20–25 V voltage in the electropolishing process.
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2.3. Ultrasonic Fatigue Test

An ultrasonic fatigue machine (20 kHz, SHIMADZU, Kyoto, Japan) was used to carry out the
very high cycle fatigue at R = −1. Detailed description of the ultrasonic fatigue machine is shown in
Reference [11]. Considering the very high test frequency, the frequency effect should be not ignored;
however, Yang [12] indicated that the frequency effect was small in the ultrasonic fatigue test due to
its small elastic deformation. In addition, a compressed air cooling gun and was used to control the
increase in temperature that was generated by the high test frequency.

Considering that the amplifier and the specimen must work at resonance, the specimen geometry
was designed using the elastic wave theory. Figures 2 and 3 showed the geometries of the smooth and
notch fatigue specimens and its dimensions, respectively. According to Peterson’s stress concentration
factors [13], the stress concentration factor Kt of the notched specimen was equal to 2.67. Furthermore,
finite element analysis (FEA) is a very useful tool to evaluate the effectiveness of the notch root stress,
and the elastic stress concentration factor can be obtained. In the following stress analysis, ANSYS
R18 software (Beijing, China) was used to calculate the elastic stress around the notch. The mesh
was refined to a node spacing of 0.05 mm, as shown in Figure 4. The FEA showed that the stress
concentration factor Kt was about 2.85, which was similar to that of Peterson’s solution.

Figure 2. Shape and dimensions of the smooth specimens (units: mm).

Figure 3. Shape and dimensions of the notch specimens (units: mm).

Figure 4. The stress concentration factor Kt was calculated using the finite element model.



Appl. Sci. 2018, 8, 1614 4 of 13

3. Results

3.1. S–N Curves

The S–N curves for smooth and blunt-notched specimens are shown in Figure 5. The smooth and
notched specimens still fail beyond 107 cycles, which corresponds to the cycle life of the conventional
fatigue limit. It is indicated that there is no tradition fatigue limit for a TC21 titanium alloy, and it is
dangerous to estimate fatigue limits using conventional fatigue strength data. As for smooth specimens,
a step-wise characteristic can be observed in S–N curves over the wide range of the 105–109 cycle
regimes. Surface cracks were initiated from the specimen surface in the regime of less than 106 cycles,
while internal crack initiation occurred in the above-106 cycle regime. The transition of the crack
initiation site existed in the plateau around 106 cycles. However, a continuous decrease in the S–N
curve with a horizontal line shape was observed for blunt-notched specimens. The fatigue crack
initiation site shifted from the specimen surface in the high cycle regime to the specimen subsurface
in the very high cycle regime. At the same stress amplitude, fatigue life for the subsurface initiation
was far higher than that for the surface initiation. It is clear that the fatigue life shows a large scatter
for notched specimens. However, Qian [5] indicated that the notched specimens of high strength
steel displays a continuous decrease in the S–N characteristic, which is owed to the crack initiation at
the surface of notch root. Furthermore, the notch significantly decreased the fatigue property in the
high cycle and very high cycle regimes, and the fatigue limit of the smooth specimen decreased from
430 MPa to 270 MPa for the notched specimen, respectively.

Considering that the smooth specimens with the diameter of 3 mm was smaller than that of
notched specimens, the specimen size effect on the decrease of fatigue strength was not neglected in
this experiment. The risk volumes of notched specimens, estimated as the region subjected to >90% of
maximal stress, was larger than that of the smooth ones. Fatigue strength decreased in proportion to
the increased risk volume [14]. On the other hand, the risk volume could be restricted at the notch root
for the notched specimens, which have a smaller risk volume than that of smooth specimens with the
same diameter. The investigation of the notch effect by using the same diameter specimens will carry
to eliminate the specimen size effect in the future.

Figure 5. S–N curves for smooth and notched specimens of TC21 titanium alloys (arrows denote the
run-out specimens).

For a given fatigue life, the fatigue notch factor Kf is expressed by the following equation:

K f =
σe(smooth)
σn(notch)

(1)
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The Kf values are summarized in Table 1. The fatigue notch factor tends to be almost constant
regardless of the number of cycles between the high cycle and very high cycle regime, which can be
attributed to the fact that the fatigue strength of the smooth and notched specimens continuously
decreased with the number of cycles and obtained VHCF limits above 2 × 107 cycles. However, as for
high strength steels, the very high cycle fatigue notch factor Kf can be lower than high cycle fatigue
because the VHCF strength of high steels continuously decreases with the number of cycles, while the
notched specimens obtained the VHCF limit [7].

Table 1. Fatigue notch factors in various fatigue lives.

Fatigue Life Smooth Specimens Notched Specimens

(Cycles) Fatigue Strength (MPa) Fatigue Strength (MPa) Kf

1.25 × 105 600 400 1.5
3 × 106 550 350 1.57
2 × 107 430 300 1.43

3.2. SEM Observation of the Fracture Surface

Two different types of fatigue fracture of smooth specimens were observed. In Figure 6, the fatigue
crack initiation occurs at the sample surface in the less than 106 cycles region, whereas subsurface crack
initiation was exhibited in more than 106 cycles. The fine granular area (FGA) along the α lamellar was
at the crack initiation site (Figure 7). The similar morphology of the TC21 titanium alloy was observed
in other high-strength titanium alloys [11].

Figure 6. Fatigue fracture surface of TC21 titanium alloy at σ = 550 MPa and N = 2.37 × 105 cycles:
(a) fatigue crack initiation site, and (b) high magnification morphology of crack initiation site.

The typical fatigue crack initiation models of the notched specimens are shown in Figures 8–11.
Figure 8 shows that fatigue crack initiated from the specimen surface at a stress amplitude of 400 MPa,
and multiple crack origins were displayed on specimen surface due to the high stress concentration at
the notch root.

A flat facets characteristics was observed at the crack initiation site as the stress amplitude
decreased to 350 MPa (Figure 9). Zuo et al. [15] indicated the flat facets resulted from the dislocation
arrays pile-up at the α/β interfaces for titanium alloys with a lamellar microstructure.
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Figure 7. Fatigue fracture surface of TC21 titanium alloy at σ = 460 MPa and N = 1.59 × 107 cycles: (a)
fatigue crack initiation site (remarked by red line), and (b) high magnification morphology of the crack
initiation site.

Other subsurface crack initiation characteristics with “facets + FGA” were revealed in notched
specimens under a low-stress amplitude (Figure 10). It was indicated that the flat facets were formed
by the separation of the granular α phase as the size of the flat facets were approximate to that of
the granular α phase (Figure 10b,c). Furthermore, α/β lamellar characteristics were present at the
vicinity of the flat facet where the fine grains were distributed on the α lamella (Figure 10d). A similar
characteristic at crack initiation site was observed in the notched specimen of a Ti-8Al-1Mo-1V alloy [8].
Nakamura’s investigation [16] proposed that the morphology of the FGA can be formed regardless of
materials when the next three conditions were satisfied: a vacuum environment, repeating contact of
fracture surfaces, and long term loading over about 107 cycles. Furthermore, a wear process can take
place due to the absence of oxygen, reducing the local crack closure effect. Thus, an arrested crack can
propagate at a very slow rate. FGA characteristics of the specimens can result from the wear process.

However, the surface initiation mode can also be observed at a low stress amplitude. Figure 11
shows the fatigue crack initiated from the notch surface under a 250 MPa stress amplitude, and the
crack-propagation character was associated with α/β lamellar microstructure that was generated by
the subsequent low-stress fatigue.

Figure 8. Fracture surface for the notch specimens at σ = 400 MPa and N = 1.25 × 105 cycles:
(a) macroscopic morphology, and (b) crack initiation morphology.
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Figure 9. Fracture surface for the notch specimens at σ = 350 MPa and N = 3 × 106 cycles: (a) fatigue
crack initiation site (remarked by red line), and (b) crack initiation morphology.

Figure 10. Fracture surface for the notch specimens at σ = 300 MPa and N = 2 × 107 cycles: (a) fatigue
crack initiation site (remarked by red line), (b) crack initiation morphology, (c) flat facet morphology,
and (d) distribution of fine grains on the α lamella.
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Figure 11. Fracture surface for the notch specimens at σ = 250 MPa and N = 3.8 × 105 cycles: (a) fatigue
crack initiation site, and (b) crack initiation morphology.

4. Discussion

4.1. Fracture Mechanism of Notch Specimens

Figure 12 shows the relationship between the depth of the crack initiation site and the number of
cycles to failure for both the notched and smooth specimens. For notched specimens, the distance was
scattered over a range between 80 and 220 µm, and the fatigue life increased with the increase in crack
initiation site depth. However, the depth of the crack initiation site was independent of the fatigue life
for smooth specimens, indicating that the crack initiation site was randomly distributed under the
uniform distribution of the axial stress. Figure 13 indicates that the fatigue life increased with the size
of the FGA in both the smooth and notched specimens, ranging from 40 µm to 68 µm. As mentioned
above, the fatigue life in the very high cycle regimes may have been mainly consumed in the wear
process of the FGA.

Figure 12. Relationship between the crack initiation site depth and the number of cycles to failure:
(a) smooth specimens, and (b) notched specimens.

Based on the formula of the equivalent stress range defined by Chapetti [17], the equivalent stress
range of the subsurface crack in the range of blunt notch can be modified as:

∆σ =
kt∆σn√

1 + 4.5(a+d)
ρ

(2)
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where a is the distance from the subsurface crack initiation site to notch root surface, ρ is the radius of
notch root, and d is the subsurface crack initiation size which can be obtained by fracture observation.
According to Equation (2), the stress gradient of the blunt notch accelerated the fatigue crack initiation.
The stress range was smaller at farther distances from the crack initiation site to notch root surface,
thus resulting in the longer fatigue life.

Figure 13. Relationship between the size of the FGA and the number of cycles to failure.

Based on the SEM observation, the equivalent stress at the subsurface crack initiation site can
be calculated using Equation (2). S–N curves of smooth specimens and notched specimens for the
equivalent stress are shown Figure 14. It is indicated that fatigue life of subsurface crack initiation was
similar for both the smooth and notched specimens for equivalent stress. However, the subsurface
initiation life of notched specimens was far longer than that of surface initiation for smooth specimens
when both specimens were under the equivalent stress.

Figure 14. S–N curves of smooth specimens and notched specimens for equivalent stress.

According to the Murakami model [18], the stress intensity factor range at the FGA front can be
calculated using:

∆KFGA = 0.5∆σ
√

π
√

areaFAG (3)

where ∆σ is the stress amplitude range and areaFAGis the area of the crack initiation.
In ultrasonic fatigue with a mean load equal to zero (R = −1), ∆KFGA is estimated by substituting

the stress amplitude, σa, into Equation (3) instead of ∆σ as only the tensile part of the cycle affects the
fatigue crack propagation [19]. Figure 15 shows the both the smooth and notched specimens had the
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scattering zone of ∆KFGA value ranged from 3.8 MPa·m1/2 to 4.5 MPa·m1/2, which can be considered
as the threshold for the crack growth ∆Kth [3].

Figure 15. Relationship between the stress intensity factor range at the FGA and fatigue life.

It can be supposed that the VHCF crack initiation resulted from the interaction between the
notch stress and heterogeneous microstructure. Under a relatively high stress amplitude, the stress
that was introduced by the notch root was high enough to promote the formation of multiple cracks
(Figure 8), which was similar to the characteristics of the low-cycle fatigue. However, when the
specimens were in the elastic state under a low-stress amplitude, the VHCF crack was inclined to
initiate from the interior of the specimens due to the fact that the frequency of the heterogeneous
microstructure in the internal specimens was far higher than that of the specimen’s surface. On the
other hand, the stress gradient of the notch had a significant influence on the crack initiation. According
to Equation (2), the equivalent stress decreased with the increase in the distance to the notch root,
and the VHCF crack initiation tended to occur at the specimen subsurface due to the high equivalent
stress. When the heterogeneous microstructure, such as the coarse α/β lamellar and granular α

phase cluster was present at the subsurface specimens, the subsurface crack initiation occured owing
to the interaction between the heterogeneous microstructure and the stress gradient of the notch
(Figures 9 and 10). Thus, the subsurface initiation depth to the notch root randomly ranged from
80 µm to 220 µm (Figure 12). As ∆Kinitiation was larger than ∆Kth, the crack continuously propagated
based on Paris’ law for both smooth and notched specimens.

4.2. Fatigue Limit Prediction Based on the Theory of Critical Distance

The theory of critical distance was assumed to estimate the fatigue limit based on the stress
distribution around the notch. There are different manifestations of the TCD, such as the point method
(PM) and line method (LM), which obtain a similar fatigue strength prediction result. As for the PM,
the effective stress range ∆σeff at the critical distance around the notched specimens was equal to the
stress range in smooth specimens, ∆σ0, and the formula can be expressed as follows [20]:

∆σe f f = ∆σy(r = LPM, θ = 0) = ∆σ0 (4)

where θ, r are the polar coordinates, ∆σy is the axial stress range distribution along the x-axis and LPM
is the critical distance in the point method.

According to TCD, the critical distance in the point method LPM can be estimated by a0/2, and a0

is the El Haddad parameter defined as [18]:

a0 =
1
π
(

∆Kth
Y∆σ0

)2 (5)
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where Y is the geometry factor of the internal crack, and ∆Kth is the threshold for the crack growth.
The fatigue limit stress at the 109 cycles, ∆σ0, was 430 MPa obtained by the smooth specimen

fatigue test results, and the threshold value of the stress intensity factor range could be regarded as
4.0 MPam1/2 [3]. The critical distance for the very high cycle fatigue LPM = a0/2 was equal to 23.5 µm
for the TC21 titanium alloy.

However, the VHCF crack was inclined to initiate in the subsurface of notch, and the effective
stress range ∆σeff at the critical distance should include the distance from crack initiation site to notch
root a. Thus, Equation (4) can be modified to become:

∆σe f f = ∆σy(r = a + LPM, θ = 0) = ∆σ0 (6)

Considering the effect of the stress triaxiality in the case of notched specimens, the fatigue damage
depends on the shear stress amplitude, τa, and on the maximum normal stress, σn,max, relative to the
critical plane, which is defined as the plane experiencing the maximum shear stress amplitude [21]:

τmax = τa+m1
σn,max

τa
(7)

where τa is the shear stress amplitude relative to the materials plane experiencing the maximum
shear stress amplitude, σn,max is the maximum stress perpendicular to this plane, and m1 is the
material constant.

Thus, Equation (6) can be modified as follows:

∆τe f f = ∆τmax(r = a + LPM

)
= ∆τ−1 (8)

In the above equation, the parameters m1 and ∆τ−1 can be calculated using the fatigue limits
∆σ−1 and ∆σ0 for R = −1 and R = 0, respectively [21]:

m1 = ∆σ−1−∆σ0
2

∆τ−1 = ∆σ−1 − ∆σ0
2

(9)

As for the TC21 alloy, ∆σ0 can be estimated using the Goodman equation, and was about 358 MPa
based on ∆σ−1 = 430 MPa, and the parameters of m1 and ∆τ−1 were about 36 MPa and 251 MPa,
respectively. The shear stress amplitude, τa, and the maximum normal stress, σn,max, can be calculated
using finite element methods for the notched specimens with Kt = 2.67. Considering that the subsurface
cracks may initiate at different sites, for example, the distance to the specimen surface was 0 µm,
100 µm, 200 µm, and 400 µm. According to Equation (8), fatigue limits of the notched specimen
ranged from 194 MPa to 430 MPa, which corresponded to the surface crack initiation and internal
crack initiation without the notch effect. Fatigue limits increased with the increase in the distance from
subsurface initiation site to the notch root surface. Therefore, the VHCF property displayed a large
scatter when the fatigue crack initiation site was located at different depths to the notch root surface.
However, the crack initiation was inclined to occur at the subsurface of the notched specimen, as
discussed in Section 4.1. Furthermore, Figure 10 shows that the distance from the subsurface crack
initiation site to notch root surface was about 200 µm, and the fatigue limit of the notched specimen
with Kt = 2.67 was calculated to be 263 MPa, which was consistent with the experimental result.

5. Conclusions

The conclusions are summarized as follows:

(1) The S–N curve of the blunt-notched specimens illustrated a continuous decrease characteristic
with a horizontal line over the 105–109 cycle regimes. The crack initiation modes, including
surface initiation, subsurface with flat facet, and subsurface with “facet + fine granular area,”
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were observed at a low stress amplitude for the blunt-notched specimen, which was attributed to
the interaction of the notch stress gradient and the microstructure.

(2) The notch significantly decreased the fatigue property in the very high cycle regime, and the
fatigue property showed a large scatter, as the fatigue crack initiated at the different depth site
around the notch. Fatigue life increased with the increase in the crack initiation depth. The scatter
of the fatigue property should be carefully considered in fatigue design.

(3) The fatigue fracture mechanism was discussed based on the interaction of the notch stress
gradient and the characteristic of the FGA for the notched specimens. Furthermore, the very high
cycle fatigue limits of blunt-notched specimens were predicted based on the TCD method and
the stress triaxiality effect.
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