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In this paper, we capture the evolution characteristic of interior crack initiation and early growth of a bearing
steel (GCr15) with tensile strength bigger than 2000 MPa in very high cycle fatigue (VHCF) regime by variable
amplitude loadings. The traces left on the fracture surface suggest that the equivalent crack growth rate in crack
initiation and early growth stage is of the magnitude 10721071 m/cyc. Transmission electron microscopy
(TEM) observation further shows that there are discontinuous refined grain regions beneath the fracture surface
in the crack initiation and early growth region. Moreover, the compressive fatigue test is performed on the
specimen of a martensitic stainless steel (AISI630) with a pre-crack, and no grain refinement phenomenon is
observed in the vicinity of the crack tip and beneath the crack surface by the electron backscatter diffraction
(EBSD). The present results support the mechanism of the crack initiation and early growth of high strength steels
in VHCF regime: the crack initiation and early growth is attributed to the grain refinement caused by the
dislocation interaction over a number of cyclic loadings followed by micro cracks along with the formation of

micro cracks irrespective of the grain refinement during the cyclic loading.

1. Introduction

Very high cycle fatigue (VHCF) (fatigue failure beyond 10 loading
cycles) has become a new field of fatigue research due to the urgent
demand of ultra-long life in safe service [1-6]. For high strength steels,
the fatigue crack usually initiates from the interior of the specimen, and
a fish-eye pattern with fine granular area (FGA) morphology presents in
the vicinity of the crack origin in most cases [7-11], which is quite
different from the low cycle fatigue. It has been shown that the FGA
consumes more than 90% of the fatigue life [12-14] and that the stress
intensity factor range of FGA is almost a constant close to the threshold
value of crack propagation AKy, [15-17]. Hence, the formation of FGA
plays a crucial role in understanding the crack initiation and early
growth of high strength steels in VHCF failure.

It has been shown that the microstructure beneath FGA could be a
thin layer of nano-grains [18-21], a discontinuous gradient layer
composed of coarse and refined grains [22], and no refined grain feature
[23]. Moreover, the results by Hong et al. [19] and Kovacs et al. [24]
showed that the grain refinement presented at negative stress ratios and
no grain refinement was found at positive stress ratios. The existing
models for the formation of FGA, such as the “hydrogen assisted crack

growth” model [4,25], “decohesion of spherical carbide” model [12],
“polygonization and micro-debonding” model [23], “local grain
refinement at the crack tip” model [18] and “numerous cyclic pressing”
model [19,26], could not explain well all the observed experimental
results [22,27]. Further, there is the fact that the fracture surfaces of
some high strength steels present no FGA morphology surrounding the
crack origin for the fish-eye mode failure in VHCF regime [28,29].
Therefore, it is very essential to explore the mechanism of crack initia-
tion and early growth not only for the formation of FGA in VHCF regime.

The interior crack initiation and very small size of FGA (usually
about 10-80 pm [15,17]) make the direct observation very difficult to
explore the evolution process of the early crack. Recently, Sun et al. [22,
30] captured the evolution characteristic of FGA for a martensitic
stainless steel (AISI630) in VHCF regime by using the repeated two-step
fatigue test, and estimated the equivalent crack growth rate in FGA by
the “tree ring” patterns left on the fracture surface.

In this work, the specially designed variable amplitude loadings are
performed on the specimens of a bearing steel GCr15 (a type of high
strength steel widely investigated in VHCF regime) with the tensile
strength bigger than 2000 MPa, and the compressive fatigue test is
carried out for the specimen of a martensitic stainless steel (AISI630)
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with a pre-crack. The aim of the paper is to explore the mechanism of the
crack initiation and early growth in VHCF regime. Based on the obser-
vations by the scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and electron backscatter diffraction (EBSD), the
mechanism of the crack initiation and early growth is developed for the
high strength steels in VHCF regime.

2. Materials and methods
2.1. Materials

Two materials are used in this paper. One is a high carbon chromium
bearing steel GCr15. The chemical compositions are 1.0 C, 1.52 Cr, 0.31
Mn, 0.21 Si, 0.016 S and 0.0086 P in weight percent (Fe balance). The
other is a martensitic stainless steel Ocrl7ni4cu4nb (AISI630). The
chemical compositions (wt.%) are 0.047C, 15.58 Cr, 3.65 Ni, 3.11 Cu,
0.74 Mn, 0.18 Nb, 0.16 Mo and Fe balance. For the bearing steel, the
machined specimens are at first heated for 1h at 850°C in vacuum
furnace. Then, they are oil-quenched and tempered for 2 h at 200 °C in
air. The tensile strength of the bearing steel is 2375 MPa. For the
stainless steel, the specimens are at first heated for 1h at 1050 °C and
cooled in air. Then, they are heated for 3 h at 850 °C and oil-quenched.
Finally, they are tempered for 4 h at 470 °C in air. The tensile strength of
the stainless steel is 1161 MPa. The microstructures of the bearing steel
and the stainless steel are shown in Fig. 1a and b, respectively.

2.2. Fatigue tests

For the bearing steel, two loading sequences are adopted for the fa-
tigue test. One is the constant stress amplitude fatigue test, and the other
is the variable (two-step) stress amplitude fatigue test. Both the fatigue
tests are performed on a Shimadzu USF-2000 machine (f=20 kHz) with
stress ratio R=—1 in air and at room temperature. The fatigue loading is
without intermittence, and the compressive cool air is used to reduce the
temperature raise of the specimens during the fatigue test. The two-step
fatigue test starts from a sequence of lower stress amplitude o
1 =800 MPa with the associated cycles n;=2 x 10%0r 3 x 106, and then is
followed by a sequence of higher stress amplitude 6, 5 =1100 MPa with
the associated cycles ny=6 x 10°. This loading sequence is repeated
until the failure of the specimen occurs or the total loading cycles of
5 x 10® is reached. The specimen geometry for the bearing steel is
illustrated in Fig. 2a.

For the stainless steel, an initial crack is at first prefabricated on a
notched specimen shown in Fig. 2b by variable stress amplitude fatigue
test at the stress ratio R=—1. Then, the notch is grounded by grade 1500
abrasive paper, and compressive fatigue test with 5 x 10° cyclic loading
cycles is performed on the pre-cracked specimen. The maximum stress is
0 MPa and the minimum stress is —430 MPa. The fatigue tests are con-
ducted by the MTS Landmark test system. The frequency is 30 Hz.

Before fatigue test, all the tested surfaces of the specimens are ground
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and polished in order to eliminate the machining scratches.
2.3. Observation and characterization

For the bearing steel specimens, all the fracture surfaces are observed
by a scanning electron microscope (SEM) JSM-IT300. By use of the
focused ion beam (FIB) technique on the commercial crossbeam 540
FIB-SEM system, several cross-section samples along the loading direc-
tion are prepared for the further observation of microstructure beneath
the crack initiation and early growth region for the bearing steel spec-
imens, and then observed by the transmission electron microscopy
(TEM) with selected area diffraction (SAD) on JEOL 2100F. The diam-
eter of the diffraction area is 170 nm, and a coating layer of platinum is
used to protect the fracture surface of the extracted samples during the
cutting process. The crack growth lengths due to the variable loading
amplitudes are measured from the SEM images by using an Image-Pro
Plus (IPP) version 5.0.

For the stainless steel specimen, the electrolytic polishing is carried
out after the fatigue test, and then the electron backscatter diffraction
(EBSD) technique on the Nordlys of Oxford Instruments is used to
observe the microstructure characteristic of the crack tip and the mated
crack surfaces.

3. Results
3.1. Fracture surface for bearing steel specimens

3.1.1. SEM observation of fracture surface under constant amplitude
loading

Most of the bearing steel specimens fail from the interior of the
specimen and the fracture surfaces present fish-eye patterns under the
constant amplitude loading. A few specimens fail from the specimen
surface. Fig. 3 shows the fracture surface morphology of several failed
specimens with typical fish-eye patterns under different stress ampli-
tudes. It is seen that, for the higher stress amplitude (e.g. 6, =1100 MPa,
and o, =1000 MPa), the FGA hardly forms or there is unclear FGA
morphology, as shown in figures A-3 and B-3 in Fig. 3. While for the
lower stress amplitude (e.g. 6, =840 MPa), the fracture surface tends to
present large and clear FGA, as shown in figure C-3 in Fig. 3.

The S-N data and the FGA size with the stress amplitude under the
constant amplitude loading are shown in Fig. 4. It is seen from Fig. 4b
that the FGA size tends to increase with the decrease of the stress
amplitude. Fig. 4a also indicates that the surface initiated failure mode
could occur for the high strength steels in VHCF regime, and the high
strength steels could fail at the fatigue life longer than 10° cycles.

3.1.2. SEM observation of fracture surface under variable amplitude
loadings

All the seven specimens of the bearing steel under the variable
amplitude loadings fail from the interior of the specimen, and present

Fig. 1. Microstructures of the tested materials. (a) Bearing steel GCr15; (b) Martensitic stainless steel Ocr17ni4cu4nb.
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Fig. 2. Specimen geometries for fatigue test (in mm). (a) Specimen for bearing steel; (b) Notched specimen for stainless steel with a notch depth of 0.2 mm.
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Fig. 3. Fracture surface morphology of failed specimens with typical fish-eye patterns under constant amplitude loading. A-1~A-3: 6,=1100 MPa, N=3.36 x 10%
B1-B3: 6,=1000 MPa, N=3.1 x 10%; C-1~C-3: 6,=840 MPa, Nf=5.90 x 108, A-2, B-2 and C-2 are close-ups of A-1, B-1 and C-1, respectively; A-3, B-3 and C-3 are
close-ups of A-2, B-2 and C-2, respectively.
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Fig. 4. (a) S-N data under constant amplitude loading; (b) Size of FGA versus stress amplitude for interior crack initiation in (a).

Fig. 5. SEM observations of failed speci-
mens with fish-eye like patterns under vari-
able amplitude loadings. A-1~A-3: At a total
fatigue life of 1.3674 x 108 (=2 x 10°, ny
=6 x 10%); B-1~B-3: At a total fatigue life of
6.1279 x 107 (=3 x 10°, ny =6 x 10%); C-
1~C-3: At a total fatigue life of 1.8723 x 10®
(=3 x 10°, ny =6 x 10%); D-1~D-3: At a
total fatigue life of 1.3041 x 10®
(=3 x 105, ny =6 x 10®); A-2, B-2, C-2 and
D-2 are close-ups of A-1, B-1, C-1 and D-1,
respectively; A-3, B-3, C-3 and D-3 are close-
ups of A-2, B-2, C-2 and D-2, respectively. r;
and r3 in A-3, B-3 and C-3 denote the radius
of the crack after the loading sequence of the
lower stress amplitude, and r, denotes the
radius of the crack after the loading
sequence of the higher stress amplitude. The
numbers 1, 2, 3 and 4 in C-3 and D-3 denote
the locations of extracted cross-section
samples for TEM observation.
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fish-eye like patterns as those found under the constant amplitude
loading, as shown in Fig. 5. Based on the characteristic of the fracture
surface under the constant amplitude loading in Figs. 3 and 4, the
relative smooth areas between the rough areas in figures A-3, B-3 and C-
3 in Fig. 5 are caused by the higher stress amplitude o,y =1100 MPa.
Moreover, according to the present loading sequence (i.e. the lower
stress amplitude o, 1, is 2 x 106 or 3 x 10° cycles in the repeated two-step
loading sequence), the formation of FGA morphology could present for
hundreds of thousands of cyclic loadings.

3.1.3. TEM observation of crack initiation and early growth region

Four cross-section samples from the fish-eye region of the fracture
surface are prepared for the failed specimens under the variable
amplitude loadings by FIB technique. The cutting locations are shown in
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figures C-3 and D-3 in Fig. 5. Samples 1, 2 and 4 are located in the FGA (i.
e. the rough area). Sample 3 is located in the smooth area between the
rough areas.

The TEM images and SAD diffraction patterns for the extracted cross-
section samples 1-4 are shown in Fig. 6a-d, respectively. It is seen that,
for samples 1, 2 and 4 in the FGA, the SAD pattern with diffused rings or
a lot of tiny spots in locations C, N and P indicates a characteristic of
refined grains, while the SAD pattern with isolated spots in locations A
and D or discontinuous circles in locations B, F and G suggests just a few
grains, the SAD patterns with regular spots in locations E, H, M and O
implies just one grain. This indicates that the refined grains only exist in
some regions beneath FGA for the bearing steel. This result is the same as
that observed for the martensitic stainless steel (AISI630) in VHCF
regime [22]. For sample 3 extracted from the smooth area, the common

Fig. 6. (a)-(d) TEM images and SAD diffraction patterns for the extracted cross-section samples 1-4 in Fig. 5¢ and d under variable amplitude loadings, respectively,

where the circles indicate the locations of the SAD diffraction.
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grain feature (location I) and the characteristic of the refined grains
(location K) are also observed beneath the fracture surface. This phe-
nomenon might be explained that the refined grains form at first in some
local regions due to the loading sequence of the lower stress amplitude
and the following sequence of the higher stress amplitude induces the
smooth morphology.

3.2. EBSD observation of crack tip and mated crack surfaces for stainless
steel specimen

The EBSD results of the crack tip and the mated crack surfaces for the
pre-cracked specimen under the compressive fatigue test are shown in
Fig. 7. The observation region is parallel to the loading direction,
including a part of the pre-crack and the region around the pre-crack tip
(the initial pre-crack is about 190 pm), as shown in Fig. 7a. The scanning
step size is 40 nm for the EBSD images. It is seen from Fig. 7 that there is
no grain refinement in the vicinity of the crack tip and the region
beneath the crack surface. According to the results by Sun et al. [22] for
the same material under the variable stress amplitudes, the number of
5 x 10° cyclic loadings would be enough to induce the FGA morphology
(or grain refinement) for the initiated interior crack at the stress
amplitude of 430 MPa and the stress ratio R=—1. This indicates that the
grain refinement is related to the stress ratio (i.e. the loading condition)
[19], and that only a large number of cyclic compressive loadings (the
maximum compressive stress is much lower than the yield strength of
the material) might not result in the grain refinement at the crack tip or
beneath the crack surface.

Fig. 7. SEM image and EBSD result of the crack tip and the mated crack sur-
faces for the specimen under compressive fatigue test. (a) SEM image; (b) EBSD
inverse pole figure maps for the rectangle region in (a).
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4. Discussion
4.1. Crack growth rate in FGA

Based on the marks left in the fracture surface due to the high and the
low stress amplitude associated with the corresponding loading cycles,
the crack initiation rate in FGA is estimated. It is assumed that the cracks
before and after the loading sequence of the higher stress amplitude
could be seen as concentric mode-I internal penny cracks in an infinite
solid [30], as shown in Fig. 8a. For a mode-I internal penny crack with
radius a in an infinite solid under a uniform remote tensile stress o, the

stress intensify factor could be expressed as 26./a/n [31]. Taking
(ro—m1)/2+r as the radius of the penny crack after the loading
sequence of the higher stress amplitude and (r; —r2)/2 + r» as the radius
of the penny crack after the loading sequence of the lower stress
amplitude, the corresponding value of AK 1is obtained by
6au\/2(r1 +12)/m for the high stress and by o,.1/2(r2 +13)/7 for the
low stress, where r; and r3 denote the radii of the cracks after the loading
sequence of the lower stress amplitude, and ry denotes the radius of the
crack before the loading sequence of the lower stress amplitude, as also
shown in figure A-3, B-3 and C-3 in Fig. 5. The associated crack growth
rate da/dN is obtained by (rp—r1)/ng for the high stress and by
(rs —rz)/ny, for the low stress. Here, the stress amplitude is used instead
of the stress range for the stress ratio R=—1 [8,17].

The relation between the crack growth rate and the value of AK is
plotted in Fig. 8b. It is seen that the crack growth rate due to the loading
sequence of the higher stress amplitude (i.e. in the smooth area between
the rough areas in the fracture surface) is bigger than 1071°m/cyc.
While the crack growth rate in the rough area is very small and much
lower than 10719 m/cyc.

4.2. Critical size of FGA

On the critical size of FGA, several models have been proposed from
the relation between the plastic zone size of the crack tip and the size of
microstructural feature [10,16] or the increment of crack length in one
stress cycle [32]. From the view of crack propagation, the equivalent
crack growth length in FGA is much lower than one lattice spacing
(~1071%m) per cycle, i.e. FGA is formed during the process of crack
growth rate lower than 107°m/cyc. According to the results by
Marines-Garcia et al. [33], at the threshold corner location, da/dN = b
and AK.s = Evb, where E is elastic modulus and b is the magnitude of
Burger’s vector. For high strength steels, the value of AKcf is about
3.3MPam'/2, which might be regarded as the lower bounder of the
value of AKgga [17]. So, it is thought that the threshold value of the
crack propagation AKy, could be regarded as the condition that the
formation of FGA is completed. This is also consistent with that the value
of AKgga is close to AKy,.

4.3. Mechanism of crack initiation and early growth

The present EBSD results of the crack tip and the mated crack sur-
faces for the specimen of the martensitic stainless steel with initial pre-
crack under the compressive fatigue test indicate that the grain refine-
ment is formed during the crack initiation and evolution process, rather
than by a large number of repeating compressive loadings after the fa-
tigue crack initiated. This is consistent with the observation of the
refined grains in front of the crack tip for high strength steels [22,27]. It
is noted that a general idea is that the vacuum condition is important for
the formation of the FGA [10,20]. The present compressive fatigue test is
performed in air. According to the results by Tofique et al. [21], the FGA
feature and the fine grained layers could be formed on the fracture
surface in air for cold rolled stainless steels in VHCF regime. So, the air
environment is thought to be no influence on the grain refinement of the
tested stainless steel.
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Fig. 8. (a) Sketch map of concentric penny cracks under variable amplitude loadings; (b) Crack growth rate with the stress intensity factor range, in which the

symbols denote the data from different specimens.

Moreover, the present results for the VHCF behavior of the bearing
steel specimens show that the grain refinement only exists in some re-
gions beneath FGA. This indicates that the micro cracks might initiate
along the boundaries of refined and common grains [22], or initiate at
the interior of the common grains or the grain boundaries etc (i.e.
irrespective of the grain refinement) [34-36] due to the microstructure
inhomogeneities or the high strain localization [37].

Therefore, it is thought that the mechanism of the crack initiation
and early growth for high strength steels in VHCF regime is attributed to
the formation of grain refinement caused by the dislocation interaction
over a number of cyclic loadings followed by micro cracks and the for-
mation of the micro cracks irrespective of the grain refinement as pro-
posed by Sun et al. [22], which could be further described as follows,
and shown in Fig. 9.

Stage I: The high strain localization induced by defects or micro-
structural inhomogeneities leads to the irreversible plastic deformation
accumulation followed by the small crack nuclei at the inclusion, the

Crack propagation

Inclusion

Dislocation
Stage 1

Stage 11

interface of matrix and inclusion, the grain or grain boundaries, etc.
During the crack nuclei process, the cyclic loading might also induce the
formation of dislocation or dislocation cell in some local regions.

Stage II: Grain refinement is caused by the microstructure evolution
with the help of the dislocation interaction over a number of cyclic
loadings. Then, the micro cracks form within the refined grains or along
the boundaries of the refined grain and the common grain. Meanwhile,
the formation of micro cracks might occur irrespective of the grain
refinement under the cycling loadings, which results in no grain
refinement characteristic beneath the crack surface in some regions.

Stage III: The micro cracks coalesce during the further cyclic load-
ings. Meanwhile, some new micro cracks form or grain refinement
happens followed by the formation of micro cracks. The main crack
extends and forms parts of the crack initiation and early growth region
(FGA). The increased stress concentration due to the growing crack
initiation and early growth region causes the grain refinement or for-
mation of micro cracks again (i.e. Stage II).

Stage IV

FGA terminates '|

Fig. 9. Sketch map of the mechanism of crack initiation and early growth for high strength steels in VHCF regime.
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Stage IV: The process of grain refinement or micro crack formation
continues, and then coalesces under the further fatigue loading until the
crack initiation and early growth region (FGA) reaches the critical size,
which might be determined by the threshold value of the crack
propagation.

It is noted that the crack could initiate at the inclusion, the interface
of matrix and inclusion, the grain or grain boundaries etc [16,35], as
shown in Figs. 3 and 5. Also, the FGA (rough area) morphology or grain
refinement might not present in the crack initiation and early growth
region for VHCF of high strength steels in some cases [19,28,29]. The
sketch map in Fig. 9 just presents the case of crack initiation from the
inclusion with FGA morphology and discontinuous refined grain regions
for VHCF of high strength steels. Additionally, due to that the stress
intensity factor range at the front of FGA is close to the threshold value
of crack propagation AK, [15-17], the grain refinement should usually
occur in the grains not far from the crack initiation site and the number
of grains that the grain refinement appears depends on the stress level
and the grain size of the material.

5. Conclusions

The mechanism of the crack initiation and early growth of high
strength steels in VHCF regime is investigated by specially designed
variable amplitude loadings and compressive fatigue test. The main
results are summarized as follows:

(1) Discontinuous refined grain regions are observed beneath the
fracture surface in the crack initiation and early growth region
(FGA) for the bearing steel with tensile strength bigger than
2000 MPa in VHCF regime. The grain refinement phenomenon is
not observed in the vicinity of the crack tip and in the region
beneath the crack surface after 5 x 10° cyclic compressive load-
ings for the martensitic stainless steel specimen with a pre-crack,
indicating that the grain refinement is formed during the crack
initiation and evolution process.

(2) The traces left on the fracture surface by the variable amplitude
loadings show that the equivalent crack growth length in the
crack initiation and early growth stage (FGA) per cycle is much
lower than one lattice spacing (~10’10 m). A condition is pro-
posed for the critical size of FGA from the view of crack propa-
gation rate, namely, that the FGA developing is completed when
the stress intensity factor range of FGA reaches to the threshold
value of the crack propagation AKy,.

(3) The paper suggests that the crack initiation and early growth of
high strength steels is attributed to the grain refinement caused
by the dislocation interaction over a number of cyclic loadings
followed by micro cracks along with the formation of the micro
cracks at the interior of the common grains or the grain bound-
aries etc (i.e. irrespective of grain refinement) during the cyclic
loading. This model could explain the experimental phenomena
that the microstructure beneath the crack initiation and early
growth region could be a thin layer of nanograins, discontinuous
refined grain regions and no refined grain feature in VHCF
regime.
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