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Fatigue tests of a high carbon chromium steel were performed using rotating bending and ultrasonic axial
cycling. Fatigue crack initiated at specimen interior for very-high-cycle fatigue (VHCF) with fish-eye pat-
tern embracing fine-granular-area (FGA) originated from inclusion. The fatigue life from FGA to fish-eye
and from fish-eye to the critical crack size was respectively calculated, so as to estimate the fatigue life
contributed by FGA. The crack extension rate within FGA was also estimated. Our results demonstrated
that the formation of FGA is responsible for a majority part of total fatigue life.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction [6,8,13,16–18], with the latter comparable to the threshold value of
The topic of very-high-cycle fatigue (VHCF), i.e. the process of
fatigue failure beyond 107 cycles of loading, has attracted an
increasing number of investigations in recent years. The progress
of the research on this topic has been summarized in the recent re-
views [1–5]. On one hand, this trend is driven by the modern engi-
neering requirement that the design lifetime of many components
exceeds 107 loading cycles. On the other hand, the behavior of
VHCF process, especially the propensities of crack initiation and
early growth, differs from what prevail in low-cycle and high-cycle
fatigue regimes, and has yet to be clearly understood.

It is known that for VHCF of high strength steels, cracks are
prone to initiate at specimen subsurface or interior with a distinct
feature of so-called ‘‘fish-eye’’ embracing ‘‘fine-granular-area
(FGA)’’ [6–8] (also called ‘‘optical-dark-area’’ [9] or ‘‘granular-
bright-facet’’ [10]) originated from an inclusion. (Acronym FGA is
used in what follows.) The formation of FGA and fish-eye, i.e. the
stage of crack initiation and early growth of VHCF, almost domi-
nates the fatigue life [11–15]. During this ultra-long period of
cycling, the crack extension rate at its initiation and early growth
is estimated as the order of magnitude between 10�11 and
10�12 m/cycle [9,12].

Based on the premise that the fracture mechanics parameter of
stress intensity factor is applicable for fish-eye and FGA, there is an
interesting tendency that the values of stress intensity factor range
for fish-eye and FGA almost keep constant for high strength steels
fatigue crack initiation [6,17,18].
The investigations of VHCF behavior were therefore based on the

essential characteristics related to fish-eye and FGA so as to explain
the dominative mechanism of VHCF damage, and to predict the fati-
gue strength and fatigue life for the fatigue process containing VHCF
regime [11,19–24]. Some models have correlated the fatigue
strength to the sizes of FGA and inclusion from which the crack orig-
inates [11,19,20], some have taken into account the plastic zone size
at the front of initial crack [21,22] and some have been based on the
probability or cumulative concept for the simulation [22–24].
Although these models were empirical, they reflected, to some ex-
tent, the mechanism of crack initiation and early growth for VHCF.

In this paper, fatigue tests on a high carbon chromium steel
were performed with rotating bending and ultrasonic fatigue test-
ing methods for the further investigation on the propensities of
crack initiation and early growth for high cycle and VHCF. The frac-
tography of broken specimens was examined via scanning electron
microscopy, showing that fatigue crack initiated at specimen inte-
rior for VHCF with fish-eye pattern embracing FGA originated from
inclusion. The fatigue life from FGA to fish-eye and from fish-eye to
the critical crack size was respectively calculated, so as to estimate
the fatigue life contributed by FGA. The values of stress intensity
factor range at FGA and fish-eye were calculated, and the crack
extension rate within FGA was estimated. Combined with our pre-
vious results [8,17,21,22,25] and those available in literature
[13,16,20,26], we explained that the crack growth process in the
early stage of VHCF, namely the formation of FGA, is responsible
for a majority part of total fatigue life. The very small value of crack
extension rate within FGA was further discussed in the light of
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Tanaka–Mura model [27]. Lastly, the large scattering of fatigue life
was also discussed.
2. Experimental procedure

The test material of this investigation is a high carbon chro-
mium steel with the main chemical compositions of 1.06%C and
1.04%Cr (Fe balance). Two types of hour-glass shape specimens
were machined from the annealed material bar. The dimensions
of the specimens are shown in Fig. 1. The hour-glass shape speci-
mens enable the calculation and the control of the applied stress
at the minimum section where the fatigue failure is always located.
Such specimens were heat-treated: austenitized at 845 �C for 2 h in
vacuum, then oil-quenched and tempered for 2.5 h in vacuum at
150 �C and 180 �C, respectively. The two groups of specimens are
named as TT150 (tempered at 150 �C) and TT180 (tempered at
180 �C). The surface of the diameter reduced part for each speci-
men was ground and polished to a smooth finish in order to elim-
inate the machining scratches. The average ultimate tensile
strength is 2163 MPa for TT150 and 1849 MPa for TT180, which
were obtained from the tensile tests on four specimens (Ø5 mm)
per group with the same heat-treatment procedure.

Fatigue tests were performed with two loading schemes,
namely rotating bending (RB) and ultrasonic axial cycling (UL).

TT180 specimens were tested via RB method which was accom-
plished by using a ‘‘Giga-Quad’’ machine at room temperature with
the rotating speed of 3150 rpm, i.e. the loading frequency being
52.5 Hz. The machine possesses four loading ends and is capable
of allowing four specimens to be tested simultaneously. A weight
was loaded to the end of each specimen through a fixture as a can-
tilever type loading with the stress ratio of �1. The applied maxi-
mum stress (rmax) for TT180 specimens ranged from 730 MPa to
1150 MPa, so as to gain the whole spectrum of S–N data for the test
material.

TT150 specimens were tested via UL method which was con-
ducted by using a Shimadzu USF-2000 at a resonance frequency
of 20 kHz at room temperature, with a resonance interval of
100 ms per 500 ms (the testing process interrupted with an inter-
val of 100 ms for every 500 ms) and the stress ratio being �1. Com-
pressive air was used to cool specimen surface during UL testing.
The applied maximum stress for TT150 specimens was within a
small range between 860 MPa and 880 MPa. This was aimed to
examine the scattering characteristics of fatigue strength for the
test material.
Fig. 1. Shapes and dimensions (in mm) of two types of specimens for fatigue tests,
(a) for rotating bending test, the part of 52 mm for loading, and (b) for ultrasonic
axial cycling test.
Fracture surfaces of failure specimens were examined by using
a field-emission type of scanning electron microscope (SEM). Local
regions of crack initiation were carefully examined. Characteristic
dimensions for crack initiation region, i.e. sizes of inclusion, FGA
and fish-eye, were measured from SEM photos.
3. Experimental results

The SEM photos shown in Fig. 2 are an example of the typical
morphology of interior crack initiation for a TT180 specimen expe-
rienced VHCF subjected to RB loading, for which the dimensions
are: inclusion equivalent diameter 2aInc = 35.3 lm, FGA equivalent
diameter 2aFGA = 66.3 lm, and fish-eye equivalent diameter 2afish-

eye = 206.2 lm. To obtain these results, we used 2aInc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
areaInc
p

,
2aFGA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
areaFGA
p

, and 2afisheye ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
areafisheye
p

, with the values of area
being measured from SEM photos. Since RB loading leads to the
largest stress at specimen surface, the crack initiation of fish-eye
formed underneath the surface, grew towards the surface, and then
transitioned into the next stage of crack growth. For UL axial cy-
cling of TT150 specimens, the sites for interior crack initiation were
randomly distributed in the cross-section of specimen. The SEM
photos of Fig. 3 show the fractography of a TT150 specimen sub-
jected to UL cycling.

Table 1 lists the measured data of the characteristic dimensions
for crack initiation of the two groups of specimens together with
the values of the applied maximum stress and the fatigue life
(Nf). The fatigue life is defined as the number of loading cycles to
the complete failure of the specimen. Fig. 4 shows the results of
S–N data for the two groups of specimens, in which the symbol
styles indicate the crack initiation mode at surface or from interior
of specimen. It is shown in Table 1 and Fig. 4 that, for TT180 spec-
imens subjected to RB cycling, the fatigue life ranged from 104 to
4 � 108; the S–N data present a duplex or step-wise tendency. It
is noted that the stress concentration factor is 1.06 at the minimum
section of the specimens used for the rotating bending test, and
this value is included in the calculation of applied maximum stress
for such specimens. For TT150 specimens subjected to UL cycling at
almost the same level of the maximum stress (860–880 MPa), the
results show a very large scattering of data distribution. The differ-
ence of the fatigue life is as large as three orders of magnitude,
ranging from 105 to 108. The large scattering of fatigue life from
this test has been specifically investigated in our recently pub-
lished paper [28].

Fig. 5 shows the measurements of both FGA and fish-eye sizes
as a function of the applied maximum stress. It is shown from Ta-
ble 1 and Fig. 5 that the FGA sizes are within a relatively small
range between 40 and 100 lm and the fish-eye sizes are distrib-
uted in a large range between 100 and 300 lm.

The values of stress intensity factor range at the periphery of
inclusion (DKInc), FGA (DKFGA) and fish-eye (DKfisheye) are calcu-
lated by using the following equation [10]:

DK ¼ 0:5rmax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
ffiffiffiffiffiffiffiffiffiffi
area
pq

ð1Þ

where rmax is the maximum applied stress and
ffiffiffiffiffiffiffiffiffiffi
area
p

is the equiv-
alent size of inclusion, FGA or fish-eye. For the inclusion on the frac-
ture surface of the specimen experienced rotating bending test, the
maximum applied stress was calculated via rmax(1 � dInc/R), where
R is the radius of the cross section, dInc is the depth of the inclusion
from the surface of specimen, and rmax is the maximum stress at
specimen surface. The values for FGA and fisheye were calculated
via the same procedure. The calculated values of DKFGA are shown
in Fig. 6, in which most data are between 5 and 6 MPa m1/2. The val-
ues of DKInc are also shown in Fig. 6, which are below that of DKFGA,
displaying a slightly decreasing trend with respect to failure life.



Fig. 2. SEM photos showing fractography of a TT180 specimen (RB-4, rmax = 808 -
MPa, Nf = 1.79 � 107); (a) crack initiation underneath specimen surface with whole
fish-eye morphology, (b) enlargement of fish-eye region and (c) enlargement of
central region of fish-eye showing FGA surrounding the crack origin.

Fig. 3. SEM photos showing fractography of a TT150 specimen (UL-6, rmax = 860 -
MPa, Nf = 2.81 � 106); (a) crack initiation in specimen interior with whole fish-eye
morphology, (b) enlargement of fish-eye region and (c) enlargement of central
region of fish-eye showing crack origin.
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The values of DKfisheye are shown in Fig. 7, which maintain constant
around 10 MPa m1/2.
4. Discussion

4.1. Stress intensity factor range for FGA

The present results show that the sizes of FGA distribute within
a given range and the values of DKFGA are converged to the magni-
tude between 5 and 6 MPa m1/2 (Fig. 6). This is consistent with our
previous result that the values of DKFGA maintain constant with the
average value close to the crack growth threshold (DKth) [21].

Here, we added additional data from our previous results ob-
tained from a similar steel [21] and others obtained also from sim-
ilar steels in literature [13,16,20,26] to demonstrate the
relationship between DK and rmax, and the results are shown in



Table 1
Measurement results of crack initiation parameters with the data of applied maximum stress and fatigue life for TT150 (UL-1–UL-13) and TT180 (RB-1–RB-8) specimens.

Specimen code rmax (MPa) Nf 2aInc (lm) 2aFGA (lm) 2afisheye (lm)

RB-1 850 5.60 � 106 38.1 45.5 160.5
RB-2 850 9.64 � 106 28.2 44.4 121.9
RB-3 808 2.09 � 107 30.1 37.8 108.3
RB-4 808 1.79 � 107 35.3 66.3 206.2
RB-5 775 2.40 � 107 46.8 78.8 160.2
RB-6 775 3.08 � 107 39.5 66.3 164.2
RB-7 750 5.08 � 107 39.9 76.9 163.6
RB-8 738 3.89 � 108 42.3 106.0 300.3

UL-1 860 4.53 � 105 41.1 43.3 208.1
UL-2 860 7.15 � 105 40.1 45.4 189.6
UL-3 860 6.06 � 105 59.5 63.2 200.8
UL-4 880 7.05 � 105 52.1 54.1 183.9
UL-5 880 1.67 � 106 48.9 55.8 138.1
UL-6 860 2.81 � 106 37.5 44.5 220.4
UL-7 860 7.20 � 106 36.7 43.7 247.1
UL-8 860 7.33 � 106 32.5 54.4 197.6
UL-9 880 1.09 � 107 29.5 37.6 197.4
UL-10 880 1.02 � 107 29.2 50.4 155.9
UL-11 880 5.54 � 107 19.9 39.6 95.5
UL-12 860 1.43 � 108 19.5 37.5 247.0
UL-13 880 1.29 � 108 30.8 52.8 151.3
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Fig. 4. Fatigue test results of S–N data for TT150 and TT180 specimens. (Sur: crack
surface initiation, Int: crack interior initiation, symbol with arrow: no broken.)
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Fig. 8. Note that the relation between DK and rmax is given by Eq.
(1) and the two curves in Fig. 8 are as the lower bound (DKFGA = 4 -
MPa m1/2) and the upper bound (DKFGA = 6 MPa m1/2). This range
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Fig. 9. Schematic of fracture surface especially showing crack interior initiation
with the morphology of inclusion, FGA and fish-eye.
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corresponds to the threshold value of crack initiation (DKth) for this
type of steels, for which the value of DKth is around 5 MPa m1/2 as
reported in Ref. [10]. It is worth noting that the lower bound value
(DKFGA = 4 MPa m1/2) and the upper bound value (DKFGA = 6
MPa m1/2) in Fig. 8 are based on the consideration that these two
bounding curves envelop more than 95% of the datum points and
with the DKth (5 MPa m1/2) as the median value. The present inves-
tigation confirms that the equivalent diameter of FGA is the intrin-
sic characteristic size of crack initiation for the fatigue crack
originating from the interior of specimen. It is proposed that for
crack interior initiation mode, there exists an intrinsic characteris-
tic size related to DKth. In some cases, the pattern of this size is
clearly observed like FGA. However in other cases, although the
pattern of this size is not clear, the size intrinsically exists. Based
on this, one is able to estimate the fatigue life contributed by crack
initiation and early growth, and to estimate the crack extension
rate in the crack initiation stage within FGA.
4.2. Estimation of fatigue life for FGA

Fig. 9 is a schematic drawing to illustrate the general picture of
fatigue crack origination from the interior of specimen as shown in
Figs. 2 and 3. As revealed by the present results together with pre-
vious ones, the value of DKFGA corresponds to that of DKth. It is as-
sumed that Paris relation is acceptable to describe the crack
growth process after DKth. Therefore, Paris equation is used to cal-
culate the fatigue life from the boundary of FGA to that of fish-eye
(N1) and the fatigue life from fish-eye to the critical boundary given
by the fracture toughness of the material (N2). The equations for N1

are:

da
dN
¼ ADKm ð2Þ
N1 ¼
2

ðm� 2ÞAYmDrm

1

aðm�2Þ=2
FGA

� 1

aðm�2Þ=2
fisheye

" #
ð3Þ

where A and m are the parameters in relation with the given mate-
rial, and Y is the related shape factor and is taken as 0:5

ffiffiffiffi
p
p

. For the
material tested in this investigation, we noticed a similar case for
the crack growth data [10] and obtained the values of
A = 1.03 � 10�12 and m = 3.28 with respect to the dimensions of
da/dN (m/cycle) and DK (MPa m1/2), which were fitted by the least
square method with the fatigue crack growth data in Paris region
for a similar type of steel in Ref. [10]. Thus, the values of A and m
were used in the fatigue life estimation.

The results of N1 and N2 for each specimen of the two groups are
listed in Table 2. Therefore, the fatigue life contributed by crack ini-
tiation (Ni) is Ni = Nf � N1 � N2. The values of Ni/Nf for each specimen
of the two groups are obtained (listed in Table 2 and plotted in
Fig. 10). A group of our previous data [21] are also added to Fig. 10.
For the sake of clarity, the data of Nf are again listed in Table 2.

It is observed from Fig. 10 and Table 2 that the value of Ni/Nf in-
creases dramatically with total fatigue life (Nf). The crack initiation
life (Ni) contributed by the formation of FGA is less than 70% when
the total fatigue life is below 106 cycles. For total fatigue life be-
tween 106 and 107 cycles, the ratio of Ni/Nf increases to the range
between 70% and 95%, and for the total fatigue life beyond 107 cy-
cles, i.e. the fatigue including VHCF regime, the value of Ni/Nf is lar-
ger than 95%. Especially for the total fatigue life above 5 � 107

cycles, the value of Ni/Nf is larger than 99%. It is evident that for fa-
tigue damage including VHCF regime, the fatigue life is almost con-
sumed by the crack initiation process of FGA formation.

4.3. Estimation of crack extension rate within FGA

The values of average crack extension rate within FGA were
readily calculated from the FGA size and the fatigue life consumed
by this region, and the results are shown in Fig. 11 and Table 2. It is
observed that the values of crack extension rate within FGA, da/
dN|FGA, are between 10�11 and 10�13 m/cycle, and the value de-
creases with fatigue life, Nf. For Nf between 106 and 107 (high cycle
fatigue regime), the values of da/dN|FGA are within the range of
10�11–10�12 m/cycle. For Nf between 107 and 4 � 108 (VHCF re-
gime), the values of da/dN|FGA are in the range from 10�12 to
10�13 m/cycle.

Here, the model of blocking dislocations at an inclusion is used
to discuss the small value of fatigue crack extension rate within
FGA. For this, the model proposed by Tanaka and Mura [27] is
introduced, which takes into account the resistance effect of irre-
versible dislocations, so as to demonstrate the reduction of fatigue
strength due to the existence of inclusion and to evaluate the fati-
gue crack initiation life:

Ni ¼
2GWs

ðDs� 2sf Þ2aInc

ð4Þ

where Ni is the number of cycles related to crack initiation, G is the
bulk shear modulus of matrix, Ws is the specific fracture energy, Ds
is the range of local shear stress, sf is the friction stress that needs to
be overcome for the dislocation movement, and aInc is the radius of
inclusion. This model was once used for VHCF crack initiation with
FGA [29]. Based on the von Mises yield criterion, Ds and sf are ex-



Table 2
Results of da/dN within FGA, N1, N2, and Ni for TT150 (UL-1–UL-13) and TT180 (RB-1–RB-8) specimens.

Specimen code Nf N2 (N2/Nf) N1 (N1/Nf) Ni/Nf da/dN (m/cycle)
afisheye to aK1c aFGA to afisheye a < aFGA a < aFGA

RB-1 5.60 � 106 5.78 � 104 (1.02%) 3.71 � 105 (6.54%) 92.5% 1.41 � 10�12

RB-2 9.64 � 106 7.18 � 104 (0.75%) 3.39 � 105 (3.51%) 95.7% 1.75 � 10�12

RB-3 2.09 � 107 9.28 � 104 (0.44%) 4.28 � 105 (2.04%) 97.5% 3.75 � 10�13

RB-4 1.79 � 107 5.55 � 104 (0.31%) 3.51 � 105 (1.96%) 97.7% 1.77 � 10�12

RB-5 2.40 � 107 7.83 � 104 (0.33%) 3.22 � 105 (1.34%) 98.3% 1.35 � 10�12

RB-6 3.08 � 107 7.68 � 104 (0.25%) 3.72 � 105 (1.21%) 98.5% 8.83 � 10�13

RB-7 5.08 � 107 8.57 � 104 (0.17%) 3.87 � 105 (0.76%) 99.1% 7.35 � 10�13

RB-8 3.89 � 108 5.37 � 104 (0.01%) 3.69 � 105 (0.09%) 99.9% 1.64 � 10�13

UL-1 4.53 � 105 4.49 � 104 (9.91%) 3.26 � 105 (72.04%) 18.1% 2.67 � 10�11

UL-2 7.15 � 105 4.85 � 104 (6.79%) 3.10 � 105 (43.45%) 49.8% 1.48 � 10�11

UL-3 6.06 � 105 4.62 � 104 (7.64%) 2.41 � 105 (39.75%) 52.6% 1.16 � 10�11

UL-4 7.05 � 105 4.61 � 104 (6.54%) 2.50 � 105 (35.44%) 58.0% 4.89 � 10�12

UL-5 1.67 � 106 5.81 � 104 (3.49%) 2.32 � 105 (13.91%) 82.6% 4.95 � 10�12

UL-6 2.81 � 106 4.27 � 104 (1.52%) 3.21 � 105 (11.46%) 87.0% 2.87 � 10�12

UL-7 7.20 � 106 3.87 � 104 (5.38%) 3.30 � 105 (4.58%) 94.9% 1.02 � 10�12

UL-8 7.33 � 106 4.69 � 104 (0.64%) 2.71 � 105 (3.70%) 95.7% 3.13 � 10�12

UL-9 1.09 � 107 4.35 � 104 (0.39%) 3.35 � 105 (3.06%) 96.5% 7.59 � 10�13

UL-10 1.02 � 107 5.28 � 104 (0.52%) 2.58 � 105 (2.52%) 97.0% 2.13 � 10�12

UL-11 5.54 � 107 7.72 � 104 (0.14%) 2.88 � 105 (0.52%) 99.3% 3.57 � 10�13

UL-12 1.43 � 108 3.87 � 104 (0.03%) 3.70 � 105 (0.26%) 99.7% 1.26 � 10�13

UL-13 1.29 � 108 5.41 � 104 (0.04%) 2.47 � 105 (0.19%) 99.8% 1.71 � 10�13
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Fig. 10. Normalized crack initiation life, i.e. the fraction of fatigue life due to crack
initiation at FGA, as a function of total fatigue life.
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pressed as the function of loading stress Dr and fatigue limit DrR

[29]:

Ds ¼
ffiffiffi
2
p

3
Dr ð5Þ

sf ¼
1
2

ffiffiffi
2
p

3
DrR

 !
ð6Þ

For a large number of data for VHCF crack initiation with FGA of
high strength steels, the fatigue strength at 107 cycles of loading is
0.468 rb [2] (rb is tensile strength), and the fraction of activated
irreversible dislocations is small during each loading cycle [30].
Thus, it is assumed that the fraction of irreversible dislocations p
is dependent on the stress level, namely:

p ¼ A0
Dr� DrR

Dr

� �a

ð7Þ

where A0 and a are the parameters fitted by experimental data. Thus
the formula for the fatigue life with inclusion initiation is written
as:

Ni ¼ A
Dr� DrR

Dr

� �a 1

ðDr� DrRÞ2aInc

ð8Þ

Eq. (8), based on the Tanaka–Mura model, conveys the variation
of fatigue crack initiation life as a function of related inclusion size.
Fig. 12 is a schematic showing that a larger value of inclusion size
aInc;2 evidently induces a shorter value of fatigue life and a faster
crack extension rate. From Eq. (8), the fatigue crack extension rate
daInc/dN for a crack with the equal length of aInc can be estimated by

daInc

dN
¼ lim

DN!0

ðaInc þ DaÞ � aInc

ðN þ DNÞ � N
ð9Þ

In fact, Eq. (9) is further derived by taking the deviation of inclu-
sion size, such that:

da
dN
¼ �1

A
Dr� DrR

Dr

� ��a

ðDr� DrRÞ2a2 ð10Þ

Eq. (10) expresses the resultant fatigue crack extension rate due
to fatigue failure originated from inclusion. Note that the minus
sign in the right hand side of Eq. (10) means a larger inclusion will



(a) (b)
Fig. 12. Schematic showing fatigue crack initiation in relation with inclusion size, for aInc;2 > aInc;1, then the fatigue life N2 induced by aInc;2 less than N1 induced by aInc;1 and
da2
dN

��� ��� > da1
dN

��� ���.
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result in a lower crack extension rate which is also referred to
Fig. 12. Note also that the value of DrR is insensitive to the result
and we take this value as 90% of the fatigue strength at the fatigue
life of 108 cycles, which is 783 MPa for TT150 specimens and
666 MPa for TT180 specimens. With the experimental data of the
maximum applied stress, fatigue life, inclusion size and the value
of DrR, the values of average crack extension rate are readily calcu-
lated. These results are also shown in Fig. 11, which are compared
with the data estimated from the present experimental results. It is
seen that the data estimated from the Tanaka–Mura model are in
fair agreement with the data from experiments except for the
two points of TT150 specimens, which suggests that the crack
extension rate in FGA region is very low by both approaches; in
other words, for VHCF regime, the values of da/dN|FGA are in the
range between 10�12 and 10�13 m/cycle.

As discussed above and illustrated by Fig. 12, the inclusion size
of crack origin has a major effect on the fatigue life. The data shown
in Fig. 4 and Table 1 display a large scattering of fatigue life at the
same stress level for TT150 specimens. The observations and mea-
surements on the inclusions from which the cracks originate show
that the range of inclusion size, 2aInc, is between 20 and 60 lm (Ta-
ble 1), and the value is inversely proportional to the fatigue life. For
Nf between 106 and 107, the value of 2aInc is ranging from 30 to
50 lm. For Nf between 107 and 4 � 108 (VHCF regime), the value
of 2aInc is ranging from 20 to 30 lm, which is substantially smaller
than the size before VHCF regime. It is evident that the inclusion
size is responsible for the large scattering of fatigue life, which is
the weakest link phenomenon. The effect of inclusion size on fati-
gue strength and fatigue life was investigated in detail in our par-
allel paper [28].

5. Conclusions

The following conclusions are drawn from the present investi-
gation on the propensities of crack initiation and early growth
for high cycle fatigue and VHCF of a high carbon chromium steel.

1. For crack interior initiation for VHCF, there exists a characteris-
tic dimension, i.e. the diameter of FGA, which corresponds to
the threshold size of crack propagation.

2. The value of DKFGA is a constant and corresponds to DKth for a
given material. The value is between 4 and 6 MPa m1/2 for the
high strength steels.
3. The crack initiation life due to FGA is larger than 95% for the
fatigue damage including VHCF regime and is larger than 99%
for Nf beyond 5 � 107 cycles.

4. Crack extension rate within FGA ranges from 10�11 to 10�12 m/
cycle for Nf between 106 and 107, and ranges from 10�12 to
10�13 m/cycle for Nf between 107 and 4 � 108.

5. Large scattering of Nf is related to the large range of inclusion
size distribution.
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