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A B S T R A C T A cumulative fatigue damage model is presented to estimate fatigue life for high-strength
steels in high-cycle and very-high-cycle fatigue regimes with fish-eye mode failure, and a
simple formula is obtained. The model takes into account the inclusion size, fine granular
area (FGA) size, and tensile strength of materials. Then, the ‘equivalent crack growth rate’
of FGA is proposed. The model is used to estimate the fatigue life and equivalent crack
growth rate for a bearing steel (GCr15) of present investigation and four high-strength
steels in the literature. The equivalent crack growth rate of FGA is calculated to be of
the order of magnitude of 10−14–10−11 m/cycle. The estimated results accord well with
the present experimental results and prior predictions and experimental results in the
literature. Moreover, the effect of inclusion size on fatigue life is discussed. It is indicated
that the inclusion size has an important influence on the fatigue life, and the effect is
related to the relative size of inclusion for FGA. For the inclusion size close to the FGA
size, the former has a substantial effect on the fatigue life. While for the relatively large
value of FGA size to inclusion size, it has little effect on the fatigue life.

Keywords crack growth rate; fatigue damage; fish-eye fracture; high-cycle fatigue; very-
high-cycle fatigue; life estimation

I N T R O D U C T I O N

In recent years, the fatigue behaviour of metallic materi-
als in very-high-cycle fatigue (VHCF) regime has drawn
great attention1–6 because the development of modern
industry often needs metal components (such as engine
parts, axes, turbine disks in aerospace and railway wheels)
to endure 108–1010 cyclic loadings in service7. The high-
cycle fatigue (HCF) and VHCF of high strength steels
often presented a distinct feature of fish-eye mode fail-
ure. In the central region of fish-eye, a fine granular area
(FGA)8 was usually observed surrounding the inclusion of
crack origin. In the literature, FGA was also called the op-
tical dark area (ODA)9 or granular-bright-facet (GBF)10

or facet (FCT)11. For this, Murakami et al.9,12 presumed
that the formation of FGA was caused by cyclic stress
coupled with internal hydrogen trapped by non-metallic
inclusion. Shiozawa et al.13 proposed a ‘dispersive decohe-
sion of spherical carbide’ model for the formation of FGA.
Sakai8 proposed a model to explain the formation of FGA
by ‘polygonization and micro-debonding’. Although the
proposed formation mechanism of these models varied,
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they have the similarity that the formation of FGA is
caused by the irreversible localized deformation induced
by cyclic stress.

In addition to the measurements of FGA evolution pro-
cess and the understanding of FGA formation mecha-
nism, some empirical methods are also proposed to pre-
dict the fatigue strength or fatigue life in HCF and VHCF
regimes. For example, Murakami and Endo14 proposed
the

√
area parameter model to predict the fatigue strength

of high-strength steels. Tanaka and Akiniwa11 assumed
that Paris law was still suitable for FGA, and derived
a crack propagation law from S–N data in the VHCF
regime of a bearing steel. Wang et al.15 presented a model
for predicting the fatigue life of high-strength low alloy
steels by using Paris law for crack growth life and de-
veloping the dislocation model proposed by Tanaka and
Mura16 for fatigue crack initiation. Chapetti et al.17 pro-
posed an empirical relation on FGA size, inclusion size
and the number of cycles based on experimental data, and
deduced an expression to estimate the internal fatigue
limit for high-strength steels associated with a fatigue life
of 1010 cycles. Harlow et al.18 presented a simple crack
growth based probability model and used it to examine
the S–N response for high-strength steels. Liu et al.19,20
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developed a model to predict the fatigue strength at 109

cycles of high-strength steels based on the effect of hy-
drogen during the FGA formation, and then proposed an
expression in form of Basquin equation for the prediction
of S–N curves based on the prediction of fatigue strengths
at 106 cycles and at 109 cycles.

Many pieces of research have shown that the fatigue
life for VHCF regime is primarily due to the initiation
period of fatigue crack, and more than 90% of fatigue life
may be consumed to form FGA.11,13,15,21,22 According to
the results by Murakami et al.9, the crack growth rate
was much less than 10−11 m/cycle in the early stage of
the VHCF process, and one could not assume that crack
growth occurred cycle by cycle. Tanaka and Akiniwa11

also indicated that the crack propagation rate in the facet
region of a bearing steel in VHCF was smaller than 10−12

m/cycle. The length 10−12 m is far below the Burgers
vector, and the classical dislocation mechanism of crack
propagation is not applicable for the facet region. Hence,
it is very essential to develop a model for estimating the
fatigue life of FGA in order to predict reasonably the
fatigue life of mechanical components.

Fatigue is a process of damage accumulation cycle by
cycle in a material undergoing cyclic stresses and strains,
and fatigue damage is fundamentally a result of material
structural changes at the microscopic level.23 So for fish-
eye mode failure observed, it is reasonable to believe that
the microscopic parameters (such as inclusion size and
FGA size) at the fracture origin have an inherent rela-
tionship with the macroscopic quantities (tensile strength
and applied stress level) based on the continuum mechan-
ics concepts.

Motivated by these considerations, a model is presented
in this paper for estimating the fatigue life of high-
strength steels in HCF and VHCF regimes with fish-eye
mode failure from the view of cumulative fatigue dam-
age. Then, the equivalent crack growth rate of FGA is
proposed, and an approximate analytical expression is de-
rived. The effect of inclusion size is also discussed. The
results are compared with present experimental results
and previous predictions and experimental results in the
literature.

E X P E R I M E N T A L P R O C E D U R E

Testing material and specimen

The material used in the present paper is a high carbon
chromium bearing steel (GCr15), and the main chemical
compositions are 1.01C, 1.45Cr, 0.35Mn and 0.28Si in
mass percentage (Fe balance). The geometries of spec-
imens are shown in Fig. 1. Specimens were heated at
845◦C for 2 h in vacuum, then oil-quenched and tem-
pered for 2.5 h in vacuum at 300◦C with furnace-cooling.

Fig. 1 Geometries of specimens, dimensions in mm.

The tensile strength of specimens is 2150 MPa, and the
Vickers hardness is 741 kgf/mm2. Before fatigue testing,
the round notch surface was ground and finally polished
to eliminate machine scratches.

Testing methods

The fatigue tests were conducted on a Shimadzu USF-
2000 at a resonance frequency of 20 kHz at room tem-
perature in air with a resonance interval of 100 ms per
500 ms and the stress ratio R = −1. Compressive cold
air was used to cool the specimens during ultrasonic fa-
tigue testing. The fracture surfaces of all failed speci-
mens were observed and the parameters of crack ori-
gin (sizes of inclusions and FGA surrounding inclusions)
were measured by a field-emission type scanning electron
microscope.

E X P E R I M E N T A L R E S U L T S

Almost all of the specimens fail from the internal inclu-
sion with a fish-eye pattern, as illustrated in Fig. 2. The
fatigue testing data and the measurements of related in-
clusion and FGA sizes observed from fracture surfaces
are listed in Table 1. It is seen from Table 1 that the
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Fig. 2 Morphology of fracture surface for a broken specimen with a fish-eye pattern, σ = 1008 MPa, Nf = 3.50×106. (a) Low resolution for
fracture surface with fish-eye. (b) High resolution for FGA surrounding inclusion in the centre of fish-eye.

Table 1 Fatigue testing data and the data of fracture origins measured from fracture surfaces.

Specimen number σ (MPa)
√

areaIn (μm)
√

areaFGA (μm) Fatigue life

1 1148 16.82 28.41 5.75 × 105

2 1100 22.96 33.99 5.25 × 105

3 1074 20.35 32.76 1.08 × 106

4 1023 32.74 40.56 1.05 × 106

5 1008 18.49 30.68 3.50 × 106

6 1000 28.60 41.48 8.18 × 105

7 998 23.60 41.19 1.09 × 107

8 994 22.38 37.79 5.35 × 106

9 988 23.75 32.63 9.40 × 108

10 986 26.06 33.69 2.19 × 106

11 978 22.69 30.51 4.27 × 107

12 960 37.80 45.16 2.04 × 107

13 938 25.51 40.22 4.25 × 106

fatigue life is not only dependent on the stress ampli-
tude, but also on the inclusion size and the FGA size,
and the fatigue life may abnormally decrease with de-
creasing stress amplitude. This indicates that the inclusion
size and the FGA size at fracture origin have substantial
influence on the fatigue life of specimens with fish-eye
mode failure. So the model to be developed for estimat-
ing the fatigue life of high-strength steels with fish-eye
mode failure should include the inclusion size and FGA
size.

For the clarity of the relation between the stress am-
plitude and the FGA size at the fracture origin, Fig. 3
shows the stress intensity factor range at the front of
FGA �KFGA versus the stress amplitude for the exper-
imental results, where �KFGA is calculated by �KFGA =
0.5σa

√
π

√
areaFGA,24 with σa being the stress amplitude

under the consideration that this expression is commonly
accepted in relevant cases8,10,11,25,26. It is seen from Fig. 3
that the variation of �KFGA with the stress amplitude
is very small and the values keep almost a constant, i.e.
�KFGA is regardless of the stress amplitude, the fatigue
life and the FGA size. In other words, �KFGA reflects
the propensity of high-strength material. The result is in

Fig. 3 Stress intensity factor range at the front of FGA�kFGA
versus stress amplitude.

accordance with those for a high carbon chromium steel
(SUJ2) in the literature,8,25 which shows that �KFGA cor-
responds to the threshold value of the crack propagation
�Kth.
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M O D E L A N D A N A L Y S I S

The premise of the model is that a fish-eye mode fail-
ure presents for high-strength steels in HCF and VHCF
regimes, and an FGA appears surrounding the inclusion
at the fracture origin. According to the cumulative fatigue
damage theory, the fatigue life Nf of FGA is the minimum
of integer N that satisfies

areaIn +
N∑

n=1

Sn ≥ areaFGA (1)

where areaIn is the inclusion projection area, areaFGA is
FGA, and Sn (n = 1, 2, . . . , N ) is the irreversible fa-
tigue damage projection area occurring surrounding the
inclusion at crack initiation region due to the nth cycle.

Equation (1) can be expressed as

areaN = areaIn

N∏

n=1

(1 + pn) ≥ areaFGA (2)

where pn = Sn/arean−1, and arean is the total area of irre-
versible fatigue damage after n cycles, with area0 = areaIn,
and n = 1, 2, . . . , N .

Note that 1 + p = [
∏N

n=1 (1 + pn)]1/N; thus Eq. (2) is
changed to the following form:

areaIn (1 + p)N ≥ areaFGA. (3)

From Eq. (3), the fatigue life Nf contributed by FGA is
solved approximately as

Nf ≈ 1
log (1 + p)

log
areaFGA

areaIn
. (4)

It can be deduced that the value of p is much smaller
than unity because of the large value of the fatigue life
in HCF and VHCF regimes. Taking the Taylor series
expansion for log(1 + p) in Eq. (4), we have

Nf ≈ 1
p

log
areaFGA

areaIn
. (5)

Equation (5) shows the relation among the fatigue life
Nf , the inclusion projection area areaIn, the FGA areaFGA

and the parameter p .
As known, the traditional fatigue limit of materials is

usually proportional to the tensile strength in a wide
range of the strength level,8 and the applied stress level
is one of the uppermost factors influencing the fatigue
life. Therefore, it is reasonable to consider that the pa-
rameter p is related to the applied stress level σ and
the tensile strength σb of materials. For the validation
of this supposition, Fig. 4 plots the comparison of ex-
perimental values of log10 Nf − log10 log(areaFGA/areaIn)
as a function of the normalized stress σb/σ with the
fitting results for the present experimental results and

the ones in the literature. From Fig. 4, the relation be-
tween log10 Nf − log10 log(areaFGA/areaIn) and σb/σ can
be well approximated by a linear relation. With regard to
Eq. (5), the value of p is obtained. Thus, it is thought
that the expression of fatigue life can be written in the
following form

Nf = 10α
σb
σ log

areaFGA

areaIn
(6)

where α is readily obtained by fitting the experimental
data.

It is noted that the total fatigue life is assumed to be
consumed to form FGA in the present paper and that
the experimental data are used in Fig. 4b retrieved from
the figures in the literature. For the clarity, the related
experimental data associated with the specimens in Figs.
4b–e are represented in Tables 2 & 3, and the specimens
are rearranged in numbers in terms of stress amplitude.

FGA size

The present experimental data and several previous re-
searches8,25 have already indicated that �KFGA is regard-
less of the stress amplitude and keeps almost a constant.
Therefore, it is supposed that the FGA size can be ob-
tained by the value of �KFGA and the stress amplitude for
HCF and VHCF of high-strength steels. Figure 5 shows
the value of �KFGA versus the stress amplitude for the ex-
perimental results shown in Tables 2 & 3. It is seen that,
the variation of �KFGA with the stress amplitude is very
small, which keeps almost a constant. This result further
indicates that the FGA size can be obtained by the stress
intensity factor range at the front of FGA and the stress
amplitude for HCF and VHCF of high-strength steels. In
addition, for high-strength steels, the value of the ‘critical
crack length’ at which short crack behaviour prevails is
in the order of 10 μm.30 The FGA size for high-strength
steels in the present paper (almost 20 − 45μm) is several
times larger than 10 μm, so it seems that �KFGA being
a constant of the present case is in accordance with the
crack length larger than the ‘critical size’ beyond which
long crack behaviour begins.

Inclusion size

The inclusion size can be obtained by experimental ob-
servation and statistical method. In the present model, the
average inclusion size is used for fatigue life estimation.
For example, the average inclusion size is 24.75μm for
the present specimens in Table 1.

From the above analysis, if an is defined as an = √
arean

(n = 0, 1, . . . , N ), one can define the ‘equivalent crack
growth rate’ at the nth cycle for FGA as an − an−1 (meter
per cycle). Further, if it is assumed that 1 + pn = 1 + p
(n = 1, 2, . . . , N ), an analytical formula is obtained for
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Fig. 4 Comparison of experimental values of log10Nf -log10log(areaFGA/areaIn) as a function of normalized stress σ b/σ with fitting
results.

the equivalent crack growth rate, i.e.

dan

dn
= log (1 + p)

2
an. (7)

Substitution of p = 10−α
σb
σ into Eq. (7) leads to

dan

dn
≈ 1

2
10−α

σb
σ an. (8)

D I S C U S S I O N

Fatigue life estimation

Figure 6 shows the comparison of the fatigue life esti-
mated by the present model with the present experimen-
tal results and the ones available in the literature. The

solid line denotes the fatigue life estimated by the present
model with average inclusion size, the dashed line denotes
the one estimated with minimum inclusion size, and the
dotted line denotes the one estimated with the maximum
inclusion size. It is seen from Fig. 6 that the fatigue life
estimated with the minimum inclusion size is generally
higher than the experimental results, while the fatigue
life estimated with the maximum inclusion size is gen-
erally smaller than the experimental results, namely that
most experimental datum points are within the range from
the estimated values with the maximum inclusion size to
the estimated ones with the minimum inclusion size. The
fatigue life estimated with average inclusion size is rea-
sonably in good agreement with the experimental results,
the relative error of which is within an order of magnitude
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Table 2 Related experimental data associated with Fig. 4b by Ref. [10] and Fig. 4c by Refs [27, 28]

SUJ2 by Ref. [10] GCr15 by Refs [27, 28]

Specimen σ
√

areaIn
√

areaFGA Fatigue Specimen σ
√

areaIn
√

areaFGA Fatigue
number (MPa) (μm) (μm) life number (MPa) (μm) (μm) life

1 1500 10.11 18.84 1.50 × 105 1 1272 21.12 39.46 1.82 × 106

2 1400 7.27 18.49 4.80 × 106 2 1201 10.44 20.47 2.83 × 106

3 1300 9.21 20.57 2.02 × 106 3 1176 22.61 46.78 5.55 × 106

4 1250 7.98 16.42 6.07 × 106 4 1174 14.32 24.70 1.90 × 106

5 1250 7.09 18.15 2.47×107 5 1174 9.43 26.29 1.63 × 107

6 1150 8.33 25.41 2.25×107 6 1159 16.12 27.07 1.21 × 107

7 1000 10.99 27.31 1.37 × 108 7 1102 20.83 34.96 2.23 × 107

8 1000 6.56 20.23 2.82×108 8 1090 19.00 35.26 1.58 × 107

9 950 8.69 40.27 6.41 × 108 9 1068 14.46 29.85 1.72 × 107

10 1063 19.26 33.48 1.81 × 107

11 1060 17.44 46.22 5.76 × 107

12 1039 15.87 40.71 1.75 × 107

13 1033 17.58 37.92 1.29 × 107

14 1028 12.69 31.94 2.25 × 108

15 1024 11.31 44.27 3.47 × 108

16 1007 16.76 43.45 3.24 × 108

Table 3 Related experimental data associated with Figs. 4d and e by Ref. [29]

50CrV4 54SiCrV6

Specimen σ
√

areaIn
√

areaFGA Fatigue Specimen σ
√

areaIn
√

areaFGA Fatigue
number (MPa) (μm) (μm) life number (MPa) (μm) (μm) life

1 800 3.28 33.58 6.56 × 107 1 825 6.73 30.83 1.24 × 107

2 785 5.05 34.64 3.57 × 107 2 800 4.70 33.58 2.47 × 107

3 785 3.99 33.31 1.32 × 108 3 775 5.76 34.64 2.24 × 107

4 775 6.91 35.44 6.69 × 107 4 775 6.02 35.44 1.77 × 107

5 755 4.70 38.19 1.72 × 108 5 775 4.61 34.82 7.56 × 107

6 755 3.28 38.10 8.98 × 107 6 750 6.47 38.72 4.21 × 107

7 740 4.61 38.19 1.48 × 108 7 750 7.44 37.03 4.04 × 107

8 740 3.01 39.78 2.23 × 108 8 735 5.14 39.96 8.81 × 107

9 740 7.89 39.78 1.74 × 108 9 730 7.18 40.76 4.24 × 108

10 725 3.28 40.76 6.36 × 108 10 725 4.25 39.34 7.31 × 108

11 725 9.30 40.67 8.23 × 107

except for one datum point in Fig. 6a. The reason why the
experimental fatigue life for this datum point (specimen
9 in Table 1) is 2 orders of magnitude larger than the
ones for the specimens (specimens 8 and 10 in Table 1)
with almost the same stress level and the same inclusion
size and FGA size is not very clear. As is known, the fac-
tors influencing the fatigue life is very complicated, e.g.
the microstructure inhomogeneity of specimen may cause
large scatter of fatigue life, which may lead to the error of
the fatigue life estimation.

The effect of fatigue strength on fatigue life is also illus-
trated in Fig. 6, showing that the fatigue strength is the
major factor influencing the fatigue life. Except for one
experimental datum point in Fig. 6a, all the experimental
datum points are within the range of plus and minus 10%

of fatigue strength. This indicates that the present model
with average inclusion size in specimens can be used to
estimate the fatigue strength of high-strength steels in
HCF and VHCF regimes, the relative error of which is
within approximately 10%.

It is noted that, for the samples with inclusion size big-
ger than the estimated FGA size under a certain stress
level, the present model is not applicable, and the re-
lated results are not included in the figure. It is also noted
that the shape of S–N curve for high-strength steels of-
ten presents a duplex pattern corresponding to surface-
initiated fracture mode and interior-initiated mode.8,10,26

In this study, we only consider the interior-initiated
mode with FGA surrounding the inclusion at fracture
origin.
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Fig. 5 Stress intensity factor range at the front of FGA �KFGA versus stress amplitude for experimental results.

Estimation of equivalent crack growth rate

Tables 4 and 5 show the relations of equivalent crack
growth rate obtained from Eq. (8) versus the ratio n/Nf

for the present bearing steel (GCr15) in Table 1 and for
SUJ2 by Ref. [10] in Table 2, respectively. It is seen from
Tables 4 & 5 that the equivalent crack growth rate of FGA
is dependent on the stress amplitude and loading cycle. It
is in the order of magnitude 10−13 to 10−11 m/cycle for the
present bearing steel (GCr15) with the stress amplitude
ranging from 938 MPa to 1148 MPa, and is in the order of
magnitude 10−14 to 10−11 m/cycle for SUJ2 by Ref. [10]
with the stress amplitude ranging from 950 MPa to 1500
MPa. The equivalent crack growth rates for the specimens
by Refs [27, 28] in Table 2 and by Ref. [29] in Table 3
are also worked out, which are in the order of magnitude
10−13–10−12 m/cycle for GCr15 with the stress amplitude
ranging from 1007 MPa to 1272 MPa, and in the order
of magnitude 10−14–10−12 m/cycle for 50CrV4 with the
stress amplitude ranging from 725 MPa to 800 MPa and
for 54SiCrV6 with the stress amplitude ranging from 725
MPa to 825 MPa. These results accord well with the crack
propagation rate lower than 10−12 m/cycle in the facet
region of a bearing steel (SUJ2) obtained by Tanaka and
Akiniwa11 and with the crack growth rate lower than 10−11

m/cycle in FGA of a bearing steel (GCr15) obtained by Li
et al.26. The result by Murakami et al.9 also showed that
the crack growth rate was much less than 10−11 m/cycle

in the early stage of the VHCF process, and one could not
assume the crack growth occurred cycle by cycle. This is
the reason we call it ‘equivalent crack growth rate’ rather
than crack growth rate of FGA in this paper. Tables 4
and 5 also indicate that the equivalent crack growth rate
of FGA increases with increasing inclusion size, stress
amplitude and loading cycle.

Effect of the inclusion size

Figure 7 shows the variation of the dimensionless fatigue
life with the ratio

√
areaFGA/

√
areaIn, indicating that the

fatigue life increases with increasing relative size of FGA
for inclusion.12 The effect of the inclusion size on the
fatigue life is not only dependent on the inclusion size
itself, but also on the relative size of inclusion for FGA.
For the inclusion size close to the FGA size, the variation
of inclusion size has a substantial effect on the fatigue life.
While for the relative large value of FGA size to inclusion
size, the variation of inclusion size has little effect on the
fatigue life. This result indicates that it is a valid method
to prolong the fatigue life of mechanical components by
decreasing the inclusion size when the inclusion size is
near to the FGA size, while decreasing the inclusion size
for the inclusion size much smaller than the FGA size
is of little help for the mechanical components endur-
ing longer fatigue life. Figure 7 also indicates that the
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Fig. 6 Comparison of fatigue life estimation with experimental results.

scatter of inclusion size is one of the most important fac-
tors resulting in the scatter of fatigue life.

C O N C L U S I O N S

A model is developed for estimating the fatigue life of
high-strength steels in HCF and VHCF regimes with
fish-eye mode failure based on the cumulative fatigue
damage in this paper. The equivalent crack growth rate
is proposed, and an approximate analytical expression is
derived. The model is used to estimate the fatigue life
and equivalent crack growth rate for high-strength steels
by assuming that the total fatigue life is spent on the
formation of FGA, which accords well with the present

experimental data and the results available in the liter-
ature. The paper indicates that the classical dislocation
mechanism of crack propagation is not applicable for
FGA,11 for the equivalent crack growth rate of FGA esti-
mated is in the order of magnitude 10−14–10−11 m/cycle
which is much less than the lattice spacing (∼10−10 m). It
is shown that the inclusion size plays an important role in
the fatigue life of high-strength steels in HCF and VHCF
regimes, and that the effect of inclusion size on the fatigue
life is related to the relative size of inclusion for FGA. The
inclusion size has substantial influence on the fatigue life
for the inclusion size close to the FGA size, whereas it has
little effect on the fatigue life for the relative large value of
FGA size to inclusion size. The paper also indicates that

c© 2012 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 35, 638–647
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Table 4 Equivalent crack growth rate versus the ratio n/Nf for the present bearing steel (GCr15), in which the subscript of a denotes the
specimen number

n/Nf 0 0.2 0.4 0.6 0.8 1.0

da1/dn 1.26 × 10−11 1.29 × 10−11 1.31 × 10−11 1.34 × 10−11 1.36 × 10−11 1.39 × 10−11

da2/dn 6.90 × 10−12 7.15 × 10−12 7.42 × 10−12 7.70 × 10−12 7.99 × 10−12 8.29 × 10−12

da3/dn 4.86 × 10−12 5.09 × 10−12 5.34 × 10−12 5.59 × 10−12 5.85 × 10−12 6.13 × 10−12

da4/dn 2.33 × 10−12 2.49 × 10−12 2.66 × 10−12 2.84 × 10−12 3.03 × 10−12 3.23 × 10−12

da5/dn 1.85 × 10−12 1.99 × 10−12 2.13 × 10−12 2.29 × 10−12 2.46 × 10−12 2.65 × 10−12

da6/dn 1.63 × 10−12 1.76 × 10−12 1.89 × 10−12 2.04 × 10−12 2.20 × 10−12 2.37 × 10−12

da7/dn 1.58 × 10−12 1.70 × 10−12 1.84 × 10−12 1.98 × 10−12 2.14 × 10−12 2.30 × 10−12

da8/dn 1.48 × 10−12 1.60 × 10−12 1.73 × 10−12 1.87 × 10−12 2.02 × 10−12 2.18 × 10−12

da9/dn 1.34 × 10−12 1.46 × 10−12 1.58 × 10−12 1.71 × 10−12 1.85 × 10−12 2.00 × 10−12

da10/dn 1.30 × 10−12 1.41 × 10−12 1.53 × 10−12 1.66 × 10−12 1.80 × 10−12 1.95 × 10−12

da11/dn 1.14 × 10−12 1.24 × 10−12 1.35 × 10−12 1.47 × 10−12 1.59 × 10−12 1.73 × 10−12

da12/dn 8.41 × 10−13 9.22 × 10−13 1.01 × 10−12 1.11 × 10−12 1.21 × 10−12 1.33 × 10−12

da13/dn 5.71 × 10−13 6.31 × 10−13 6.98 × 10−13 7.72 × 10−13 8.53 × 10−13 9.44 × 10−13

Table 5 Equivalent crack growth rate versus the ratio n/Nf for SUJ2 by Ref. [10], in which the subscript of a denotes the specimen number

n/Nf 0 0.2 0.4 0.6 0.8 1.0

da1/dn 1.6 × 10−11 1.76 × 10−11 1.94 × 10−11 2.14 × 10−11 2.35 × 10−11 2.59 × 10−11

da2/dn 6.55 × 10−12 7.41 × 10−12 8.4 × 10−12 9.51 × 10−12 1.08 × 10−11 1.22 × 10−11

da3/dn 2.34 × 10−12 2.73 × 10−12 3.18 × 10−12 3.71 × 10−12 4.33 × 10−12 5.05 × 10−12

da4/dn 1.31 × 10−12 1.55 × 10−12 1.84 × 10−12 2.18 × 10−12 2.59 × 10−12 3.07 × 10−12

da5/dn 1.31 × 10−12 1.55 × 10−12 1.84 × 10−12 2.18 × 10−12 2.59 × 10−12 3.07 × 10−12

da6/dn 3.56 × 10−13 4.36 × 10−13 5.34 × 10−13 6.55 × 10−13 8.02 × 10−13 9.83 × 10−13

da7/dn 3.09 × 10−14 4 × 10−14 5.18 × 10−14 6.71 × 10−14 8.7 × 10−14 1.13 × 10−13

da8/dn 3.09 × 10−14 4 × 10−14 5.18 × 10−14 6.71 × 10−14 8.7 × 10−14 1.13 × 10−13

da9/dn 1.15 × 10−14 1.52 × 10−14 2.01 × 10−14 2.66 × 10−14 3.52 × 10−14 4.65 × 10−14

Fig. 7 Plots of the dimensionless fatigue life versus the ratio√
areaFGA/

√
areaIn.

the scatter of inclusion size is one of the most important
factors resulting in the scatter of fatigue life, and that de-
creasing the inclusion size in metallic materials can help
the metal components endure longer fatigue life.
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