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ABSTRACT The microstructural features and the fatigue propensities of interior crack initiation
region for very-high-cycle fatigue (VHCF) of a Ti–6Al–4V alloy were investigated in this
paper. Fatigue tests under different stress ratios of R =�1, �0.5, �0.1, 0.1 and 0.5 were
conducted by ultrasonic axial cycling. The observations by SEM showed that the crack
initiation of VHCF presents a fish-eye (FiE) morphology containing a rough area
(RA), and the FiE and RA are regarded as the characteristic regions for crack initiation
of VHCF. Further examinations by TEM revealed that a layer of nanograins exists in
the RA for the case of R =�1, while nanograins do not appear in the FiE outside RA
for the case of R =�1, and in the RA for the case of R = 0.5, which is explained by the
Numerous Cyclic Pressing model. In addition, the estimations of the fatigue propensities
for interior crack initiation stage of VHCF indicated that the fatigue life consumed by
RA takes a dominant part of the total fatigue life and the related crack propagation rate
is rather slow.

Keywords crack initiation; fatigue life; nanograins; Ti–6Al–4V alloy; very-high-cycle
fatigue.

NOMENCLATURE 2aFiE = equivalent diameter of FiE
2aRA = equivalent diameter of RAffiffiffiffiffiffiffiffiffi
area

p
= equivalent size of FiE or RA

A, m = material parameters
BFI = bright field image
BSE = back scattered electron (imaging)
EG = equiaxed α grain
FIB = focused ion beam
FiE = fish-eye

FGA = fine granular area
HAADF = high angle annular dark field (imaging)

ΔKFiE = range of SIF in FiE region
ΔKRA = range of SIF in RA
ΔKth = threshold of SIF
LM = lamellar structure

NCP = numerous cyclic pressing
NG = nanograin
Nf = total fatigue life
Ni = fatigue life of crack initiation
RA = rough area

SAD = selected (electron) area diffraction
SIF = stress intensity factor

VHCF = very-high-cycle fatigue
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Y = crack shape factor
σa = applied stress amplitude
σeff = effective stress

I NTRODUCT ION

The research topic of very-high-cycle fatigue (VHCF)
has attracted increasing interests for the demanding of
fatigue design in engineering applications and for the
request of understanding the related fatigue failure
mechanism.1–5 With the development of engineering
technology and the requirement of natural resource
conservation, many structural components such as high-
speed train axles6,7 and aircraft structures8 are designed
to bear the fatigue life of more than 107 cycles, which
booms the investigation on VHCF. It has been known
that a fatigue crack always initiates from the interior of
specimen for VHCF,9,10 which is different from the
surface crack initiation mechanism for low-cycle fatigue
and high-cycle fatigue.11,12 In addition, the unique
influences of stress ratio,13–15 strength level,16 loading
frequency,16,17 specimen size18,19 and environmental
condition20,21 on the behavior of VHCF have been
reported. However, the theories of physics and mechan-
ics for the explanation of VHCF experiments still need
further development.

For the VHCF behavior of titanium alloys, the S–N
curves often present a step-wise shape, and the fatigue
strength has a sharp decrease at the fatigue life between
107 and 109 cycles.17,22,23 The typical pattern of interior
crack initiation region exhibits a pattern of fish-eye
(FiE) and rough area (RA) with facets distributed
randomly.24,25 RA is the region of crack initiation for
VHCF of titanium alloys24,25 and the mechanism of
crack initiation at RA is because of the cleavage of
primary α grains at the beginning and then the
coalescence of the originated cracks (facets).26

For high strength steels, the morphology of crack
initiation for VHCF is typically a FiE containing a RA,
which is called fine granular area (FGA)27,28 and is
regarded as the characteristic region29 for VHCF. The
formation process of FGA is so important that it
consumes more than 95% of total fatigue life.29,30 Thus,
it received a number of investigations with different
explanations for its formation mechanism, including
‘hydrogen assisted crack growth’,31,32 ‘decohesion of
spherical carbides’,33 ‘formation and debonding of fine
granular layer’,27,34 ‘local grain refinement at crack tip
and debonding’,35 and ‘vortical plastic flows to produce
nanostructure layer and debonding’.36 These proposed
mechanisms encountered difficulties in the explanation
of different experimental cases including a recent result37

for a martensitic 12% Cr steel, for which the morphology

of FGA was observed in the specimens at R =�1 but
never found in the specimens fatigued at R = 0.1, 0.5
and 0.7. Recently, it was revealed that this characteristic
region of FGA is a nanograin (NG) layer of several
hundred nanometer thick on both crack surfaces for the
cases of negative stress ratios, while the NG layer
diminishes for the cases of positive stress ratios.38 Then,
the mechanism of numerous cyclic pressing (NCP)
between originated crack surfaces was proposed to
describe the formation process of FGA.38 For titanium
alloys, the formation of RA was briefly explained by the
process of cold-welding (re-bonding) because of the
contacts between crack surfaces during cyclic loading,39

although the microstructure detail was not identified.
More recently, the morphology of FiE and RA for crack
interior initiation at VHCF regime for a titanium alloy
was examined and the observations of grain refinement
at crack initiation region by electron back-scattered
diffraction gave the mean grain size in area down to
3.8μm2 for a VHCF case.40 Nevertheless, the detailed
microstructure and the grain size just underneath
the crack initiation region of VHCF for titanium alloys
are not clearly understood, which needs in-depth
investigation.

As known, for the VHCF of high-strength steels, the
process of crack initiation and early propagation
consumes more than 95% of the total fatigue life.29,30

The crack propagation rate in the crack initiation region
was estimated as the order of magnitude between 10–12

and 10–13 m/cycle.29,30 The stress intensity factor
(SIF) range at the boundary of FGA and FiE keeps
constant,29,41,42 and the SIF of FGA is comparable to
the threshold value of fatigue crack initiation. However,
the estimation of fatigue life and crack propagation rate
in the VHCF for titanium alloys is rarely reported.

In this paper, a titanium alloy of Ti–6Al–4V was used
for the investigation on crack initiation behavior for
VHCF. Fatigue tests under different stress ratios
(R =�1, �0.5, �0.1, 0.1 and 0.5) were performed with
an ultrasonic fatigue testing machine. The fractography
of failed specimens in VHCF regime was examined by
scanning electron microscopy (SEM), showing that the
crack initiation region presents a FiE pattern embracing
a RA. The microstructures of RA and FiE were observed
by transmission electron microscopy (TEM) equipped
with selected (electron) area diffraction (SAD) device.
The results indicate that nanograins formed for the cases
of negative stress ratios, but disappeared for the cases of
positive stress ratios. Further, the formation of
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nanograins is attributed to the numerous cyclic pressing
between the crack surfaces and crack closure by the
previous proposed NCP model. In addition, the values
of fatigue life from RA to the boundary of FiE and from
the boundary of FiE to critical crack size were calculated,
and the results were used to estimate the crack propaga-
tion rate within RA.

TEST MATER IAL AND EXPER IMENTAL
PROCEDURE

The test material in this research is an α–β titanium alloy
(Ti–6Al–4V) with the chemical compositions (wt. %):
5.8 Al, 4.2V, 0.12Fe, 0.03N, 0.02C, 0.005H, 0.15O
and balance Ti. Duplex microstructure consisting of
equiaxed grains and lamellar domains was obtained by
designed heat-treatments (920 °C/1 h + air-cooling and
550 °C/4 h + air-cooling).24 The volume fraction of α
phase (hcp lattice), which is the sum of the primary α
grains and the secondary α phase in lamellar domains, is
98.4%, and that of β phase (bcc lattice) distributed in
lamellar domains is 1.6%. The average diameter of the
equiaxed α grains is 5.89μm, and the width of the second-
ary α phase in the lamellar domains is about 1μm. The
yield strength and tensile strength of specimens were
812MPa and 945MPa, respectively. The micro hardness
was 310Hv. The detailed information of the material was
described elsewhere.24 Note that the heat treatment for
the specimens to be tested at R =�1 is slightly different
(920 °C/8 h + air-cooling and 550 °C/4 h + air-cooling).

The fatigue tests were conducted on an ultrasonic
fatigue testing machine (equipped with a tensile machine)
at a resonance frequency of 20 kHz at room temperature

in air and the mean stress can be adjusted so as to provide
the capability of performing fatigue tests under different
stress ratios of R =�1, �0.5, �0.1, 0.1 and 0.5. Hour-
glass shape specimens were used in the test, and the
dimensions of specimens are shown in Fig. 1a and b.
The fracture surfaces of all failed specimens were
observed by using a field-emission type scanning
electron microscope. Special attention was paid on the
observations for the regions of RA and FiE.

The characterization of microstructures in the regions
of RA and FiE is the main concern of this paper, which is
beyond traditional TEM preparation methods such as
double shear thin electrolytic method. Focused ion beam
(FIB) technique has excellent advantages on micro/nano
positioning and avoiding any damage on the sample,
which has been used in the TEM sample preparation in
this paper. Four profile samples, that is, TEM samples,
each with the size of length 10μm, width 5μm and
thickness 80 nm, were cut from fracture surfaces of three
failed specimens tested under different stress ratios via a
HELIOS Nanolab 600i FIB device. Two TEM samples,
A1-RA and A2-RA, were located in the RA region of
Specimens A1 (blue point in Fig. 1c) and A2 (red point
in Fig. 1c), and one TEM sample, A1-FiE, was located
in the FiE region outside RA of Specimen A1. Note that
the applied stress ratio for Specimens A1 and A2 was
R =�1.0 (Fig. 1c). The fourth TEM sample, B1-RA,
was located in the RA of Specimen B1 (purple point in
Fig. 1c), which was subjected to the stress ratio of
R = 0.5 (Fig. 1c). A platinum (Pt) layer was coated on
the selected fracture surfaces for preventing damages
caused by the ejective ions during FIB processing.
The profile samples were carefully examined via a
TALOS F200X TEM equipped with SAD (diffraction

Fig. 1 Two types of specimens (dimensions in mm) used in fatigue test and S–N curves (data of R =�0.5, �0.1, 0.1 and 0.5 from Ref. 24), (a)
ultrasonic axial cycling without mean stress, (b) ultrasonic axial cycling with superimposed mean stress, and (c) S–N curves in terms of applied
stress amplitude, symbols with arrow: run out, Sur: surface crack initiation, Int: interior crack initiation, Blue point: Specimen A1, red point:
Specimen A2, purple point: Specimen B1. [Colour figure can be viewed at wileyonlinelibrary.com]
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area of 250 nm in diameter) and with high angle
annular dark field (HAADF) imaging. The fine grains
in the crack initiation region were identified from the
TEM images, and the size of such fine grains was
readily measured.

RESULTS AND DISCUSS ION

Fractography and dimensions of RA and FiE

Figure 2 presents the typical fracture surface of
interior crack initiation region in VHCF for the tested
Ti–6Al–4V. The whole region of crack initiation and
early propagation exhibited a pattern of FiE (marked by
the outer dashed circle in Fig. 2a and b). The initiation
region of RA was located generally at the center of the
FiE. This type of fracture surface prevailed for all cases
of positive and negative stress ratios, and was also
reported in the literature.43,44 No inclusions were
observed in the RA, which was different from the situa-
tion of an inclusion as crack origin for high-strength
steels.28–30

Here, RA and FiE are regarded as characteristic
regions I and II, and the sizes of equivalent diameters
for RA and FiE are regarded as characteristic dimensions
I and II for crack initiation. The equivalent diameter is
defined as the diameter of a circle, which takes the same
area with the characteristic region. Figure 3 is presented
to show the borders between different characteristic
regions. The grey level of SEM image along with the
crack propagation path helps to distinguish the borders
between the regions (Fig. 3a). A high magnification
image shown in Fig. 3b presents facet morphologies in
RA, which are the indicators of RA region and help to
distinguish the border between RA and the rest of FiE,
as no facets exist in FiE outside RA. Further, a so-called
co-measurement method was applied to identify the
borders. The co-measurement means multi observers
participating in a measuring process, which efficiently
cuts down the deviation of the RA dimensions to

Fig. 2 SEM images showing typical interior crack initiation in VHCF regime of Ti–6Al–4V (FiE: fish-eye, RA: rough area), (a) R =�1,
σ = 550MPa, Nf = 4.52 × 10

7, (b) R = 0.1, σa = 339MPa, Nf = 2.26 × 10
7. [Colour figure can be viewed at wileyonlinelibrary.com]

Fig. 3 Fracture surface of Ti–6Al–4V, R =�0.1, σa = 423.9MPa,
Nf = 1.84 × 10

7, (a) SEM image showing three regions of facet-RA (RA
containing facets), RA-FiE (RA to FiE border) and FiE-Fracture (FiE
to fracture border), and (b) High magnification SEM image showing
Facet-RA region. [Colourfigure can be viewed at wileyonlinelibrary.com]
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approximate 10%. Consequently, the sizes of equivalent
diameters (2aRA and 2aFiE) were measured from SEM
images.

Table 1 lists the measured data of 2aRA and 2aFiE for
the cases of tested stress ratios together with the values
of related applied stress amplitude (σa), effective stress
(σeff) and fatigue life (Nf). Note that the effective stress
is the stress range for R≥ 0 or the maximum stress for
R< 0, so that the effect of stress ratio is included. The
values of 2aRA and 2aFiE in Table 1 are plotted in Fig. 4a,
which presents the relationship between the characteris-
tic region sizes and the effective stresses. This result
indicates that a large size of RA does not always match
a large size of FiE. The size of RA seems to increase with
the increase of stress ratio, while the size of FiE is
insensitive to the value of stress ratio.

It is shown in Table 1 and Fig. 4a that the size of FiE
scatters in a large range from 362 to 1400μm indepen-
dent of the effective stress, and that of RA is distributed
in a relative small range between 117 and 392μm
decreasing with the increase of the value of effective
stress. This result implies that compared with FiE, the
size of RA is a more representative dimension with regard
to the crack initiation for VHCF of the titanium alloy.

For the sake of analysis and discussion, the interior
crack initiation sites are treated as concentric penny
cracks, and then, the values of stress intensity factor range
(SIF) at the boundary of FiE (ΔKFiE) and RA (ΔKRA) are
calculated by using the following equation:45

ΔK ¼ 0:5σeff
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ffiffiffiffiffiffiffiffiffi
area

pq
(1)

where σeff is the effective stress, which takes the value of
the stress range for R ≥ 0 or the maximum stress for R< 0,
and

ffiffiffiffiffiffiffiffiffi
area

p
is the equivalent size of FiE or RA. It is note-

worthy that the method of Eq. (1) has been used in many
other papers, e.g. Refs. 13, 14, 24, 29, 31, 32 and 42. The
results are plotted as a function of fatigue life as shown in
Fig. 4b. It is seen that the values of ΔKFiE scattering in the
range of 10–25MPa ·m1/2, while the values of ΔKRA are
within a small range of 6.2–8.69MPa ·m1/2 regardless of
fatigue life and stress ratio. The mean value of ΔKRA is
7.0MPa ·m1/2, which approximates to the threshold of
the effective stress intensity factor range for crack growth
(7.1MPa ·m1/2) in vacuum.39

NG layer formation in RA for the case of R=�1

Figure 5 presents the TEM observations with SAD
results on the sample of A1-RA cut from RA region for
the case of R =�1. Figure 5a is the SEM image that
shows the RA region (dotted curve loop) where a FIB
sample was cut (marked by a rectangle in Fig. 5a). Then,
the profile morphology of the FIB sample was carefully
examined by TEM, and the image was shown in Fig. 5b,

Table 1 Measurement results of 2aRA and 2aFiE with the data of
applied stress amplitude, effective stress and fatigue life for the
cases of tested stress ratios

R Nf

σa
(MPa)

σeff
(MPa)

2aRA
(μm)

2aFiE
(μm)

�1 1.8 × 109 450 450 251 1400
�1 4.5 × 107 550 550 139 1254
�0.1 1.8 × 107 423.9 771 129 615
�0.1 3.8 × 107 413.25 751 170 362
�0.1 3.1 × 107 392.25 713 158 1073
�0.1 1.2 × 108 370.5 674 168 599
0.1 1.2 × 107 370.5 741 117 1129
0.1 2.0 × 107 349.5 699 147 1311
0.1 6.3 × 106 355.5 711 155 1388
0.1 2.3 × 107 339 678 184 518
0.1 2.4 × 108 297 594 212 521
0.1 1.5 × 107 324 648 178 585
0.1 1.2 × 107 313.5 627 163 900
0.1 4.3 × 107 265.5 531 187 954
0.1 2.8 × 107 265.5 531 199 761
0.5 4.3 × 107 240 480 143 1182
0.5 1.5 × 107 212 424 276 937
0.5 1.8 × 108 191 382 335 788
0.5 5.2 × 108 183.7 367 392 1132

Fig. 4 (a) Sizes of RA and FiE versus effective stress for the cases of tested stress ratios, and (b) ΔK of RA and FiE as a function of fatigue life for
the cases of tested stress ratios. [Colour figure can be viewed at wileyonlinelibrary.com]
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which contains three layers, namely a Pt coating layer
(Pt), a NG layer and an equiaxed α grain layer (EG).
The Pt layer plays the role of protection, the NG layer
is of a thickness of 800–1500 nm underneath the RA
surface, and the EG layer is the original microstructure
of equiaxed α grains. SAD examinations were conducted
on the NG layer and the EG layer with the results as
shown in Fig. 5c and d, respectively. For the NG layer,
the SAD pattern of Fig. 5c shows discontinuous diffrac-
tion circles, suggesting that several grains exist within
the diffraction area of 250 nm in diameter. Whereas for
the EG layer, the pattern of isolated spots appears in
the SAD image (Fig. 5d), which is a normal diffraction
of a single grain. Therefore, we can infer that a layer of
nanograins formed in the RA from original equiaxed α
grains. Away from this narrow layer of nanograins, the
microstructure is of the feature of equiaxed α grains.

This result reveals that the grain refinement or the
nanograin formation really exists during the process of

VHCF in RA, where a predominant part of the total
fatigue life is consumed. This is comparable with the
results for the case of high-strength steels.38 A second
TEM sample (A2-RA) was cut by FIB also from the case
of R =�1. This sample was again examined by TEM and
SAD, so that to see if the NG layer underneath RA
surface is a common phenomenon. Figure 6a shows the
RA morphology and the location of FIB sampling.
Similar results with Fig. 5 were obtained by TEM
observations (Fig. 6b) and SAD patterns (Fig. 6c and d).
Figure 6b shows the presence of three layers of Pt, NG
and EG. The SAD pattern of Fig. 6c indicates the
existence of nanograins underneath the RA surface and
that of Fig. 6d shows the original microstructure of EG.
The observations of Fig. 6 confirm that an NG layer of
about 800–1500 nm exists underneath the RA surface
for the case of R =�1 of VHCF for the tested titanium
alloy. It is worth noting that the original microstructure
for this case is lamellar structure (LM), which is different

Fig. 5Microstructure characterization of RA profile for A1-RA: (a) Fracture surface of specimen A1 with R =�1, σa = 550MPa,Nf = 4.52 × 10
7,

(b) BFI showing three layers in the profile, that is, Pt layer, NG layer and EG layer, (c) SAD pattern at a location just underneath RA surface,
showing discontinuous diffraction circles indicating several grains within the selected area, and (d) SAD pattern at a location about 2 μm away
from RA surface showing isolated diffraction spots of a single grain feature. [Colour figure can be viewed at wileyonlinelibrary.com]

984 H. SU et al.

© 2016 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct, 2017, 40, 979–993

http://wileyonlinelibrary.com


from the case above (Fig. 5b) and thus suggests that both
equiaxed and lamellar microstructures can form
nanograins. Together with the results of nanograin layer
formation in the FGA of high-strength steels38,46, we
may presume that the type of microstructure is not a
dominating factor to the process of nanograin formation
during crack initiation of VHCF.

Figure 7a and b presents the high magnification bright
field images (BFI) of the NG layer, showing a more
distinct morphology of nanograins in the NG layer of
A1-RA and A2-RA. The corresponding SAD patterns
attached to Fig. 7a and b present discontinuous diffrac-
tion circles with the calibrated indexes conforming to a
standard diffraction pattern of α phase (hcp lattice). It is
interesting that all 15 except one of the calibrated indexes
of discontinuous diffraction circles are hcp diffraction of
α phase, which is in accordance with the predominant
volume fraction of 98.4% for α phase of this titanium
alloy.

Subsequently, the grain sizes in NG layer were
measured from the BFIs. The result was based on the
measurements of 318 grains. Figure 7c shows the distri-
bution of nanograin sizes, indicating that the nanograin
sizes range from 60 to 160 nm with the average value of
105 nm. The diameter of original equiaxed α grains is
5.89μm in average, and the average width of lamellar
structure is about 1μm. The microstructure evolution
in the RA is a grain refinement process with the scale
from micrometer to nanometer. It is also seen from
Figs 5b and 6b that the nanograin cluster is more pro-
nounced close to the RA surface and the refinement
gradually diminishes towards the boundary between
NG and EG. This is reflected by the measurements of
nanograin size variation as a function of the distance away
from RA surface as shown in Fig. 7d. It is evident that the
size of nanograins increases with the increase of the dis-
tance away from RA surface, about 75nm in the location
of 0–250 nm from RA surface, 115 nm in the location of

Fig. 6 Observations for the microstructure of RA for A2-RA: (a) Fracture surface of specimen A2 with R =�1, σa = 450MPa, Nf = 1.79 × 10
9,

showing RA (dotted curve loop) and location for TEM sample cutting by FIB (marked by a rectangle), (b) BFI, LM: lamellar microstructure,
(c) SAD pattern underneath RA surface, (d) SAD pattern away from RA surface. [Colour figure can be viewed at wileyonlinelibrary.com]
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250–500nm from RA surface, 138 nm in the location of
500–750nm from RA surface and 161nm in the location
of 750–1000 nm from RA surface. This observation result
implies that during VHCF process, the microstructure
underneath crack surfaces within RA experienced
different evolution extents. The deformation of the
microstructure just underneath the fracture surface was
so severe that the grain refinement developed sufficiently
in the local area. However, this kind of process weakened
with the increase of the distance away from the fracture
surface causing a gradient feature shown in Figs 5b, 6b
and 7d, which is an interesting revelation comparable to
the cases of high-strength steels.38

Without grain refinement in FiE outside RA for
R=�1 and in RA for R=0.5

As mentioned above, nanograins are found in the samples
A1-RA and A2-RA. Then, another TEM sample A1-FiE
also from Specimen A1 located in the region of FiE but
outside RA has been prepared as shown in Fig. 8a. It

should be noted that A1-FiE was taken from the
counterpart of fracture surface of Specimen A1 from
which A1-RA was taken. BFI for the FiE region (Fig. 8b)
shows that coarse grains prevailed, that is, no nanograins
formed even just underneath the fracture surface.
Figure 8c and d is the SAD patterns detected underneath
the FiE (outside RA) surface. Both patterns of Fig. 8c and
d show isolated spots, implying just one grain in the
diffraction area, which confirms the result of coarse grain
microstructure described above. Two types of micro-
structures, equiaxed grains and lamellar domains, are
presented in the BFI (Fig. 8b), where the boundaries
between them are clearly seen. One may take the advan-
tage of this appearance to identify the NG layer and the
EG layer. The observations on the FiE region outside
RA suggest that a relatively lower level of local plastic
deformation developed and the original coarse micro-
structure maintained in this region.

For the purpose of microstructure examination on the
profile of crack initiation region for the case with positive
stress ratio, a TEM sample B1-RA was cut by FIB from

Fig. 7High magnification images of NG layer and the distribution of grain sizes in NG layer. (a) BFI of A1-RA and related SAD detections with cali-
brated indexes, (b) BFI ofA2-RAand related SADdetectionswith calibrated indexes, (c) nanograin sizemeasurementswith the average of 105 nanometers
and (d) variation of nanograin size with the increase of distance away from RA surface. [Colour figure can be viewed at wileyonlinelibrary.com]
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the fracture surface of Specimen B1 (R = 0.5) as shown in
Fig. 9a. The BFI of Fig. 9b just shows the Pt protection
layer and the coarse grain layer, and no evidence of
nanograins has been observed. The SAD results
underneath the RA surface (Fig. 9c) and away from the
RA surface (Fig. 9d) show the pattern of isolated spots,
which suggest that for the case of VHCF with positive
stress ratio of R = 0.5, the microstructure in the crack
initiation region is without grain refinement but remains
coarse grains.

From the two observations in this section (Figs 8 and
9) together with the two ones in the previous section
(Figs 5 and 6), it is revealed that NG layer only formed
in the RA for VHCF with negative stress ratio (A1-RA
and A2-RA). For the cases of A1-RA and A2-RA, the for-
mation of nanograins can be explained by NCP model,38

which regards that the formation of nanograins during

the crack initiation of VHCF needs two conditions, that
is, the compression loading that results in the contacting
between crack surfaces, and the sufficient number of
loading cycles that ensures the enough contacts between
the crack surfaces, and this process is associated with
the effect of crack closure and the relaxation of residual
stress.38 The cases of A1-RA and A2-RA satisfy these
two conditions, in which the microstructure underneath
the crack surface fragmented into nanograins after a huge
accumulation of cyclic pressing, with the assistance of
residual stress relaxation and crack closure effect at each
cycling. However, the number of loading cycles for
A1-FiE (the fatigue life from the boundary of RA to that
of FiE) seems not enough to cause sufficient local plastic
deformation at crack surface region and to produce the
NG layer in the FiE region outside RA. As to the case
of B1-RA, it seems to be a lack of the necessary

Fig. 8 SEM image, BFI and SAD patterns of FiE region (outside RA) for A1-FiE from counterpart fracture surface of Fig. 5: (a) SEM image
showing crack origin and RA (dotted curve loop), marking rectangle being the TEM sample location, (b) BFI under FiE region outside RA,
presenting Pt layer and coarse grain layer, (c) SAD pattern underneath the FiE surface, showing isolated spots, indicating just one grain within
the diffraction area, and (d) SAD pattern away from the FiE surface, showing the single grain diffraction pattern. [Colour figure can be viewed
at wileyonlinelibrary.com]
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contacting between originated crack surfaces because of
the state of positive stress ratio, such that the microstruc-
ture underneath the surfaces of crack initiation region
cannot be refined in the crack initiation process. Thus,
it is certain that the NCP process is the mechanism of
nanograin formation for VHCF crack initiation for the
titanium alloy. Nevertheless, it is worthwhile noting that
for the titanium alloy, the RA region is formed because of
cleavage facets from α grains, which happens in the cases
of interior crack initiation for both positive and negative
stress ratios. For the case of negative stress ratios, the
contacts between crack surfaces prevail, which leads to
the formation of NGs, whereas for the case of positive
stress ratios, the RA region remains coarse grains with
the presence of rough feature because of facet
morphology.

The characteristics of FGA in VHCF of high-strength
steels have been reported in detail by several
researchers.34,35,38,46,47 However, for the VHCF of

titanium alloys, the present paper is likely the first time
to reveal the nature of nanograins in and only in the
RA of fatigue crack initiation for the case of R =�1.
The notch effect and the size effect on VHCF behavior
for titanium alloys are also very important topics. A
recent study has elaborated the influence of severely
V-notched feature of Ti–6Al–4V specimens under
multiaxial loading conditions,48 which enlightens us
about a further investigation of the microstructure evolu-
tion for VHCF with the two effects taken into account.

Micro-damages in RA

The crack initiation mechanism for VHCF of titanium
alloys was because of the formation of micro-damages
(facets), followed by the coalescence of the micro-
damages.25 Thus, it is reasonable to anticipate that
isolated micro-damages may exist under RA surface. A
longitudinal (profile) section sample in the center of RA

Fig. 9 BFI and associated SAD patterns of B1-RA: (a) RA (dotted curve loop) with R = 0.5, σa = 240MPa,Nf = 4.30 × 10
7, TEM sample location

marked by a rectangle, (b) BFI showing microstructure underneath RA surface, (c) SAD pattern underneath the RA surface, showing isolated
spots of a single grain, and (d) SAD pattern away from the RA surface showing isolated spots of a single grain. [Colour figure can be viewed at
wileyonlinelibrary.com]
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was prepared by FIB from the counterpart fracture
surface of Fig. 6a of Specimen A2 and the location of
the sample is shown in Fig. 10a. This longitudinal
(profile) section sample was observed by SEM with back
scattered electron (BSE) imaging, and the image is
presented in Fig. 10b. Micro-damages in the scale of
microns are observed underneath the RA surface, which
are randomly distributed close to the fracture surface.
Similar results were also reported in recent papers.23,40

Micro-damages were also seen in A1-RA by TEM as
shown in Fig. 11. HAADF was also used to observe the
morphology. As a result, a number of micro-damages
were found on the profile close to the crack surface
(Fig. 11). The sizes of micro-damages range from tens
of nanometers to hundreds of nanometers, which are
smaller than those observed in the BSE image (Fig. 10).
The different sizes of micro-damages suggest that the
observed micro-damages are in different developmental
stages and evolve with the increase of loading cycles.

Both BSE and HAADF images demonstrate that the
internal micro-damages during VHCF process really
exist, which are the precursors of fatigue crack initiation.
In fact, it is the coalescence of micro-damages that results
in the fatigue crack initiation.26,40 The micro-damages
shown in Figs 10 and 11 illustrate a clear evidence of
fatigue crack precursor existence in spite of the absence
of obvious coalescence between the micro-damages. It
is interesting that the micro-damages coexist with the
nanograins underneath the fracture surface of RA (e.g.
A2-RA of Figs 6 and 11). However, it should be
noted that the formation of micro-damages is before
crack initiation and the formation of nanograins is after
crack initiation. Thus, the NG layer appears just in the
case of VHCF of negative stress ratio with sufficient
loading cycles explained by the NCP mechanism.38 In
contrary, the formation of micro-damages is regardless
of loading type with different stress ratios, and is just
the damage result because of a large number of loading
cycles.

Estimation of fatigue life and crack extension rate
for RA

As known, the process of crack extension for the case of
interior crack initiation involves the stages of a crack
formation (RA), its extension to FiE and finally the
arrival at the position for fracture toughness. The value
of ΔKRA is regarded as that of ΔKth. In the following
estimation, crack initiation region is treated as a penny-
type crack. Here, Paris relation is considered valid to
describe the crack growth after ΔKth:

da
dN

¼ AΔKm: (2)

Then, Paris formula (Eq. (2)) is used to calculate the
fatigue life from the boundary of RA to that of FiE (N1)
and that from the boundary of FiE to the critical bound-
ary defined by the fracture toughness of material (N2)
through direct integration of Eq. (2). The equations for
N1 and N2 are:29

N 1 ¼ 2
m� 2ð ÞAYmΔσm

1

a m�2ð Þ=2
RA

� 1

a m�2ð Þ=2
FiE

" #
(3)

N 2 ¼ 2
m� 2ð ÞAYmΔσm

1

a m�2ð Þ=2
FiE

� 1

a m�2ð Þ=2
K IC

" #
(4)

where A and m are the parameters in relation with the
test material, with A = 1.0 × 10–13 and m = 4.56 obtained
by fitting the crack growth data, and Y is the related
shape factor taken as 0:5

ffiffiffi
π

p
. Further, the fatigue life for

RA (Ni) is obtained by the total fatigue life (Nf) minus

Fig. 10 Image of a longitudinal-section sample in the center of RA
from specimen A2 (counterpart fracture surface of Fig. 6a), (a) loca-
tion of the longitudinal-section sample, and (b) BSE image of the
longitudinal-section sample. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Fig. 11 HAADF images of the NG layer containing micro-damages of A1-RA, low magnification (a), and high magnification (b) and (c).
[Colour figure can be viewed at wileyonlinelibrary.com]

Table 2 Results of da/dN within RA, and N1, N2 and Ni for specimens at tested stress ratio

R Nf

N1 (N1/Nf)
aRA to aFiE

N2 (N2/Nf)
aFiE to aKIC

Ni/Nf
a < aRA

da/dN (m/cycle)
a < aRA

�1 1.8×109 9.5×105 (0.1%) 1.2×105 (0.1%) 99.8% 1.4×10�13

�1 4.5×107 8.6×105 (1.9%) 5.5×104 (0.1%) 98.0% 3.1×10�12

�0.1 1.8×107 1.9×105 (1.0%) 2.9×104 (0.2%) 98.8% 7.0×10�12

�0.1 3.8×107 1.1×105 (0.3%) 6.5×104 (0.2%) 99.5% 4.5×10�12

�0.1 3.1×107 2.2×105 (0.7%) 2.0×104 (0.1%) 99.2% 5.2×10�12

�0.1 1.2×108 2.3×105 (0.2%) 5.6×104 (0.1%) 99.7% 1.5×10�12

0.1 1.2×107 2.8×105 (2.2%) 1.6×104 (0.1%) 97.7% 9.6×10�12

0.1 2.0×107 2.7×105 (1.3%) 1.7×104 (0.1%) 98.6% 7.4×10�12

0.1 6.3×106 2.3×105 (3.7%) 1.5×104 (0.2%) 96.1% 2.5×10�11

0.1 2.3×107 1.8×105 (0.8%) 6.5×104 (0.3%) 98.9% 8.2×10�12

0.1 2.4×108 2.6×105 (0.1%) 1.2×105 (0.1%) 99.8% 8.7×10�13

0.1 1.5×107 2.5×105 (1.6%) 6.9×104 (0.5%) 97.9% 1.2×10�11

0.1 1.2×107 3.6×105 (3.1%) 4.6×104 (0.4%) 96.5% 1.4×10�11

0.1 4.3×107 6.4×105 (1.5%) 9.1×104 (0.2%) 98.3% 4.4×10�12

0.1 2.8×107 5.5×105 (2.0%) 1.2×105 (0.4%) 97.6% 7.2×10�12

0.5 4.3×107 1.5×106 (3.5%) 1.1×105 (0.3%) 96.2% 3.4×10�12

0.5 1.5×107 9.8×105 (6.4%) 2.6×105 (1.7%) 91.9% 2.0×10�11

0.5 1.8×108 1.0×106 (0.6%) 5.2×105 (0.3%) 99.1% 1.9×10�12

0.5 5.2×108 1.1×106 (0.2%) 3.9×105 (0.1%) 99.7% 7.5×10�13

990 H. SU et al.

© 2016 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct, 2017, 40, 979–993

http://wileyonlinelibrary.com


N1 and N2 (Ni =Nf�N1�N2) and the values of Ni/Nf are
readily calculated. It is noteworthy that the parameters A
and m in Eq. (3) represent the cases in the Paris region.
Equation (4) shares the same parameters with Eq. (3),
which suggests that N2 is overestimated. Thus, Ni is
underestimated leading to a conservative result.

Table 2 lists the data of fatigue life N1, N2 and Ni for
each specimen of the test cases with tested stress ratios.
The result indicates that for 18 out of 19 points, the
fatigue life contributed by the formation of RA (Ni/Nf),
that is, the crack initiation, is more than 96% of the total
fatigue life. For a more explicit illustration, Fig. 12
presents the values of Ni/Nf and da/dN versus the
total fatigue life. Figure 12a indicates that, the values of
Ni/Nf for all data except one are between 96.1% and
99.9% with the trend of increasing with the increase of
total fatigue life, and the exceptional datum point is
outside the trend with Ni/Nf = 91.9%. Figure 12b
indicates that, the values of crack extension rate in RA
are of the orders of magnitude between 10–11 and 10–13

m/cycle with a trend of decreasing with the increase of

total fatigue life. The results of Table 2 together with
Fig. 12 confirm that the crack extension rate in crack
initiation stage is extremely slow and the fatigue life
consumed by crack initiation stage, that is, the formation
of RA, is predominantly large for the titanium alloy,
which emphasizes the importance for the investigation
of crack initiation behavior for VHCF of titanium alloys.

CONCLUS IONS

This paper investigated the behavior of crack initiation
and early propagation in the RA and FiE region for
VHCF of a titanium alloy subjected to positive and
negative stress ratios. The following conclusions are
drawn.

1 The nature of RA for VHCF under R =�1 for the tita-
nium alloy is a nanograin layer with the average grain
size of 105 nm and the thickness of 800–1500 nm. In
FiE outside RA for VHCF under R =�1 and in RA
for VHCF under R = 0.5, the microstructure remains
original coarse grains. This revelation affirms that a
nanograin layer forms only in the characteristic region
of crack initiation for the VHCF case under a negative
stress ratio, which is explained by the process of
contacting between both surfaces of an originated
crack, that is, the NCP model.

2 Micro-damages in the scales from tens to thousands of
nanometers prevail under the surface of crack initia-
tion region regardless of cyclic condition of different
stress ratios, which verifies that the micro-damages
are the precursors of fatigue crack initiation.

3 For most cases of VHCF of the titanium alloy, the
fatigue life consumed by the crack initiation stage, that
is, in the characteristic region of RA, is larger than
96% of total fatigue life. The crack extension rate
within the characteristic region of RA is rather slow
as between 10�11 and 10�13m/cycle.
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