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Correlation of Crack Initiation Parameters with Life
Estimation for Very-High-Cycle Fatigue of High Strength

Steels
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Abstract: The researches on the behavior of very-high-cycle fatigue (VHCF) for
high strength steels have become a new branch in the field of metal fatigue since
1980s. The characteristics of crack initiation and propagation for high strength
steels in VHCF regime differ from those in low cycle regime. One of the most
distinct phenomena for VHCF regime is the interior or subsurface crack initiation
at inclusions or at other inhomogeneities. This paper attempts to further investigate
the crack initiation with the morphology of so-called fish-eye and fine granular
area (FGA) or optical dark area (ODA) for high strength steels. Fatigue tests were
carried out on a high carbon low alloy steel by using rotating bending (52.5 Hz)
and ultrasonic push-pull (20 kHz) machines and the fatigue fracture surfaces were
examined by scanning electron microscopy. The present results showed the data
of the stress intensity factor range (SIF) as a function of the dimension for FGA.
Based on the present results and the ones from literature, two models are developed.
One is to estimate the threshold value for FGA by taking into account the size of
plastic zone at crack tip in relation with the value of SIF at FGA, and the other is
to estimate the fatigue life by considering the fatigue damage cumulative process
in relation with the microscopic parameters (inclusion size and FGA size) at the
fracture region along with macroscopic quantities (tensile strength and stress level).
The estimations are in good agreement with experimental results.

Keywords: Very-high-cycle fatigue, high strength steels, crack initiation, fatigue
life estimation, FGA.

1 Introduction

The researches on the behavior of very-high-cycle fatigue (VHCF) for high strength
steels have become a new branch in the field of metal fatigue since 1980s [Naito,
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Ueda, and Kikuchi (1983, 1984); Murakami, Nomoto, and Ueda (1999, 2000);
Bathias, Drouillac, and Le Francois (2001); Paris, Marines-Garcia, Hertzberg, and
Donald (2004); Hong, Zhao, and Qian (2009); Qian, Zhou, and Hong (2011)].
Different from the low cycle fatigue, a fish-eye fracture mode often presented for
VHCF of high strength steels, and a fine granular area (FGA) [Sakai (2009)], also
called optical dark area (ODA) [Murakami, Nomoto, and Ueda (1999)] or granular-
bright-facet (GBF) [Shiozawa, Lu, and Ishihara (2001)] was observed surrounding
the inclusion at the fracture origin in most cases. Sakai, Sato, Nagano, Takeda, and
Oguma (2006) showed that the value of stress intensity factor range (SIF) at FGA
corresponded to the threshold value of the crack propagation, and the value of SIF at
the front edge of the fish-eye corresponded to the threshold value of the crack from
stable propagation to unstable propagation. Due to the difficulty in understanding
well the mechanism of FGA formation, some methods were proposed to study
the fatigue life or fatigue strength in VHCF [Tanaka and Akiniwa (2002); Chapetti,
Tagawa, and Miyata (2003); Harlow, Wei, Sakai, and Oguma (2006)]. For example,
Murakami and Endo (1994) proposed

√
area parameter model to predict the fatigue

strength of high strength steels. Wang, Bathias, Kawagoishi, and Chen (2002)
presented a model for predicting the fatigue life of high strength low alloy steels by
developing the dislocation model for fatigue crack initiation proposed by Tanaka
and Mura (1981) and using Paris law for the crack growth life.

Many researches have shown that the fatigue life of high strength steels in VHCF
is primarily caused by the crack initiation stage, and more than 90% of fatigue life
is spent on forming FGA [Wang, Bathias, Kawagoishi, and Chen (2002); Tanaka
and Akiniwa (2002); Shiozawa, Morii, Nishino, and Lu (2006)]. According to the
work by Murakami, Nomoto, and Ueda (1999), the crack growth rate was less than
10−11m/cycle in the early stage of VHCF process, and one could not assume that
crack growth occurred cycle by cycle. Hence, it is very essential to investigate
the characteristics of FGA at the fracture region and to develop a model for esti-
mating the fatigue life of FGA, in order to predict the fatigue life of mechanical
components.

In this paper, a high carbon low alloy steel was tested with rotating bending and
ultrasonic fatigue testing machines to investigate the characteristics of FGA. Based
on the present results and the ones from literature, two models are developed. One
is to estimate the threshold value for FGA, and the other is to estimate the fatigue
life of high strength steels in VHCF regime. The estimation results are in good
agreement with experimental results.
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2 Experimental material and testing methods

The material used in the present paper is a high carbon low alloy steel (equiva-
lent to AISI 5140 or SCr 440), and the main chemical compositions are 1.01C and
1.45Cr in mass percentage (Fe balance). The geometries of specimens are shown in
Fig. 1. Specimens were heated at 845◦C for 2 hours in vacuum, then oil-quenched
and tempered for 2.5 hours in vacuum at 300◦C with furnace-cooling. The ten-
sile strength of specimens is 2150 MPa, and the Vickers hardness is 741 kgf/mm2.
The elastic stress concentration factor is 1.06 for rotating bending testing speci-
mens. Before fatigue testing, the round notch surface was ground and polished to
eliminate machine scratches.

 

   
(a) Rotating bending fatigue test specimen                      (b) Ultrasonic fatigue test specimen 

 

Figure 1: Geometries of specimens, dimensions in mm

Fatigue tests were carried out at room temperature in air by using a four-axis
cantilever-type rotating bending machine (52.5 Hz) and a Shimadzu USF-2000 (20
kHz) with a resonance interval of 100 ms per 500 ms, respectively. The stress ra-
tios were both R = −1, and compressive cold air was used to cool the specimens
during ultrasonic fatigue testing. The fracture surfaces of all failed specimens were
examined by scanning electron microscopy.

3 Experimental results

Most of the specimens failed from the interior-initiated fracture mode and a fish-
eye pattern was shown, as illustrated in Figs. 2 and 3. The testing data of fatigue
life with the values of inclusion and FGA observed on fracture surfaces are listed
in Tab. 1. From Tab. 1, it is seen that the fatigue life is related to the inclusion size
and the FGA size, indicating that the inclusion size and the FGA size at the fracture
region play an important role in VHCF of high strength steels. Fatigue is a process
of the accumulation of damage cycle by cycle in a material subjected to cyclic
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stress and strain. Therefore, for fish-eye mode failure observed, the microscopic
parameters (such as inclusion size and FGA size) at the fracture region should have
an inherent relationship with the macroscopic quantities (the tensile strength and
the stress level) based on the continuum mechanics concept.

             
 

(a) (b) 

Figure 2: Fracture surface morphology for a broken specimen with a fish-eye pat-
tern under rotating bending test, σ = 675 MPa, N f = 9.01×107. (a) Low magnifi-
cation for fracture surface with fish-eye; (b) High magnification for FGA surround-
ing inclusion in the center of fish-eye

            
 

(a) (b) 

Figure 3: Fracture surface morphology for a broken specimen with a fish-eye pat-
tern under ultrasonic test, σ = 988 MPa, N f = 9.40× 108. (a) Low magnification
for fracture surface with fish-eye; (b) High magnification for FGA surrounding in-
clusion in the center of fish-eye

Figure 4 shows the SIF at FGA ∆KFGA, versus the fatigue life for the experimental
results, in which ∆KFGA is calculated by ∆KFGA = 0.5σa

√
π
√

areaFGA [Murakami,
Kodama, and Konuma (1988)], where σa is the stress amplitude. It is seen from
Fig. 4 that the SIF at FGA is almost independent of fatigue life. It keeps almost
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a constant, namely that the SIF at FGA reflects the basic fatigue property of high
strength material. This result accords with the one for a high carbon chromium
steel (SUJ2) in literature [Sakai, Sato, Nagano, Takeda, and Oguma (2006); Sakai
(2009)].

     
(a) Rotating bending fatigue test                                                (b) Ultrasonic fatigue test 

 
Figure 4: SIF at FGA versus fatigue life for experimental results

4 Estimation of the threshold value for FGA

The interior crack of FGA zone is considered under plain strain condition. For
mode-I crack, the plastic zone size at the crack tip under plain strain condition is
[Fan (2003)]

rp =
(1−2ν)2

π

(
∆K
σy

)2

≈ 1
6π

(
∆K
σy

)2

(1)

According to the work by Nix and Gao (1998), the characteristic size of a material
is

lm = b
(

µ

σy

)2

(2)

where b is the Burgers vector, µ is the shear modulus, and σy is the yield strength.

In this paper, it is assumed that when the plastic zone size of a crack equals to the
width of martensite lamella (around 378 nm for the present steel) of the material,
the formation of FGA is completed. Thus we have

∆KFGA = µ
√

6πb≈ 4.342µ
√

b (3)
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For steels, the SIF at FGA is calculated as 5.54 MPa·m1/2, which is in good agree-
ment with the average value of experimental results 4.64 MPa·m1/2 under rotat-
ing bending test and 5.38 MPa·m1/2 under ultrasonic test for SIF at FGA, and the
value of SIF at FGA in the range of 4∼6 MPa·m1/2 in literature [Shiozawa, Morii,
Nishino, and Lu (2006)]. In addition, it is seen that the value of SIF at FGA by
Eq.3 is independent of the material strength and hardness.

The model can explain the morphology of FGA quite different from the conven-
tional fatigue fracture surface. In FGA zone, crack propagation distance per cy-
cle is lower than martensite lamella width, so crack propagates in all directions,
searches for the most favorable path, and leaves a rough fracture surface. In fish-
eye zone outside FGA, crack propagation distance per cycle is larger than the width
of martensite lamella, crack propagates in one direction and shows a smooth frac-
ture surface.

5 Fatigue life estimation

5.1 Model and analysis

It is assumed that fish-eye mode failure presents for high strength steels in VHCF
regime, and an FGA can be observed surrounding the inclusion at the fracture re-
gion. From the view of fatigue damage accumulation, the fatigue life of FGA is the
minimum of integral N that satisfies

areaIn +
N

∑
n=1

Sn ≥ areaFGA (4)

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

Since arean = arean−1 + Sn, note pn = Sn/arean−1, we have arean = arean−1(1 +
pn). Therefore, Eq. 4 can be expressed as

areaN = areaIn

N

∏
n=1

(1+ pn)≥ areaFGA (5)

where arean is the total area of irreversible fatigue damage after n cycle, with
area0 = areaIn, and n=1, 2, . . . , N.

Note that 1+ p =
[

N
∏

n=1
(1+ pn)

]1/N

, Eq.5 is changed to the following form

areaIn (1+ p)N ≥ areaFGA (6)
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From Eq.6, the fatigue life N f contributed by FGA is solved approximately as

N f ≈
1

log(1+ p)
log

areaFGA

areaIn
(7)

Note that k = 1/ log(1+ p), Eq.7 becomes

N f ≈ k · log
areaFGA

areaIn
(8)

With the consideration that the stress level is one of the uppermost factors in-
fluencing the fatigue life, thus the parameter k is thought to be related to the
stress level σ . Figure 5 plots the comparison of experimental values of lgN f −
lg log(areaFGA / areaIn) as a function of the normalized stress σb/σ with the fitting
results. It is seen from Fig. 5 that the relation between lgN f −lg log(areaFGA / areaIn)
and σb/σ can be well approximated by a linear relation. Thus, the fatigue life can
be expressed in the following form

N f = 10α
σb
σ log

areaFGA

areaIn
(9)

where the parameter α can be obtained by fitting the experimental data.

It is seen from Eq.9 that the fatigue life increases with the decrease of stress level
and with the increase of inclusion size. In addition, the fatigue life increases with
the decrease of FGA size. It is noted that the total fatigue life is assumed to be
consumed to form FGA in the present paper.

        
(a) Rotating bending fatigue test                                                (b) Ultrasonic fatigue test 

 
Figure 5: Experimental values of lgN f − lg log(areaFGA / areaIn) versus normalized
stress σb/σ with fitting results
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5.2 Comparison with experimental results

Figure 6 shows the comparison of the fatigue life estimated by Eq.9 with the
present experimental results, in which the FGA size is obtained from ∆KFGA =
0.5σ

√
π
√

areaFGA according to the work by Murakami, Kodama, and Konuma
(1988). The solid line denotes the fatigue life estimated by the present model with
average inclusion size of specimens, the dashed line denotes the one estimated with
minimum inclusion size of specimens, and the dotted line denotes the one estimated
with maximum inclusion size of specimens. It is seen from Fig. 6 that the fatigue
life estimated with the minimum inclusion size is generally higher than the experi-
mental results, while the fatigue life estimated with the maximum inclusion size is
generally smaller than the experimental results. The fatigue life estimated with av-
erage inclusion size is reasonably in good agreement with the experimental results,
and 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. This indicates that the present model reflects the effect of inclusion size, and
can be used to estimate the fatigue life of high strength steels in VHCF. Figure 6
also indicates that the inclusion size has an important influence on the fatigue life,
and that the scatter of inclusion size is one of the most important factors resulting
in the scatter of fatigue life. It is noted that, for the specimens with inclusion size
bigger than the FGA size under a certain stress level, the present model is not valid
for the estimation of fatigue life, and the corresponding results are not shown in
the figure. In this study, we only consider the interior-initiated fracture mode with
FGA observed surrounding the inclusion at the fracture region.

        
        (a) Rotating bending fatigue test                                                      (b) Ultrasonic fatigue test 

 

Figure 6: Comparison of fatigue life estimation with experimental results
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6 Conclusions

In this paper, fatigue tests were carried out on a high carbon low alloy steel by using
rotating bending and ultrasonic fatigue testing machines, and the fatigue fracture
surfaces were examined by scanning electron microscopy. Based on the experi-
mental results, the morphology of FGA is investigated, and a model is proposed
to estimate the threshold value for FGA by considering the size of plastic zone at
crack tip in relation with the value of SIF at FGA. Then, another model is devel-
oped to estimate the fatigue life of high strength steels containing VHCF regime by
considering the fatigue damage cumulative process, which takes into account the
inclusion size, FGA size, and tensile strength of materials. The estimation results
are in good agreement with the experimental results.
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