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Abstract. The flaking failure in rolling contact fatigue (RCF) results from crack initiation and propagation has 
been believed to originate from non-metallic inclusions located beneath the surface. With conventional 
microscopies, however, damage process in the internal region of materials could not be observed, then RCF crack 
initiation and propagation behaviours were observed by using synchrotron radiation computed laminography 
(SRCL) in the brightest synchrotron facility in Japan, and the effect of the inclusion orientation on the RCF 
property was examined. In our previous studies, crack initiation and propagation behaviours caused by extended 
MnS inclusions distributed in depth or transverse (width) direction was observed by the SRCL. In the present
study, the fracture mechanism under RCF was discussed on specimens with MnS inclusions distributed in the 
rolling direction. As a result, vertical cracks were initiated on the surface, parallel to the ball-rolling direction in 
specimens. The crack propagation direction was then changed perpendicular to the rolling direction. Thereafter, 
similar with our previous studies, vertical cracks caused the horizontal cracks beneath the surface, when the 
vertical cracks reached to a critical length. The ratio of the vertical crack initiation life to the flaking life was
higher than specimens with other inclusion orientation.

1 Introduction
Roller bearings are used in various machinery such 

as cars, air planes and electrical appliances.   In order to 
improve bearing life, it is necessary to investigate the 
rolling contact fatigue (RCF) mechanism.  Bearings are 
generally applied under a pure rolling contact condition 
with oil lubrication without macroscopic slip, and RCF 
is a crucial factor for bearings.  Since non-metallic 
inclusions are known to have a detrimental effect on the 
fatigue strength of high-strength steels, the effects of the 
composition (chemical/mechanical properties), shape, 
and orientation of inclusions on RCF should be clarified 
and controlled.

It has been recognized that flaking starts from 
inclusions beneath the surface where the ball track is 
located and the shear stress is greatest, and the cracks 
grow from them to the surface [1, 2].  Martin et al. dealt 
with microstructural alterations, which develop with 
cyclic stressing under rolling contact, and attempted to 
define their nature and formation mechanisms [3].  In 
many cases, ‘winglike’ structural alterations, commonly 
called ‘butterflies’, were associated with the inclusions, 
as were microcracks [4-7].  Nagao et al., however, 
reported that the mechanism depended on the shape of 

the inclusions [8].  From spherical inclusions, shear-type 
cracks parallel to the rolling direction and surface were 
formed, while vertical cracks perpendicular to the rolling 
direction were first formed from stringer-shaped 
inclusions.  In this case, shear-type cracks were formed 
after the formation of the vertical cracks. The formation 
and propagation of vertical cracks were considered to be 
controlled by the normal stress, while the propagation of 
horizontal cracks were controlled by the shear stress.  
Tsuchida and Tamura observed that horizontal cracks 
were formed from spherical inclusions, however, they 
considered that the crack initiation was controlled by the 
normal stress [9].

Since these phenomena occur beneath the surface, 
observations have been conducted destructively by 
cutting samples.  Thus, successive observations of RCF 
have not been conducted.   Synchrotron radiation micro 
computed tomography imaging (SRCT) has been applied 
for the non-destructive observation of the RCF process.  
Stiénon et al. calculated the stress field around non-
metallic inclusions in bearing steels in RCF tests using 
three dimensional (3D) shapes obtained by SRCT and at 
the European Synchrotron Radiation Facility (ESRF) 
[10,11].  Shiozawa et al. [12] and Makino et al. [13] used 
SRCT imaging to observe samples exhibiting flaking 
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damage and RCF-induced cracks.  In their studies, 
samples were cut from normal-size RCF specimens so 
that they included damaged areas, and the 3D imaging of 
the damage before flaking provided useful information 
on the RCF crack initiation and propagation processes.  
To investigate the effect of the shape of inclusions on the
crack initiation, artificial defects that simulate stringer-
shaped inclusions were introduced into the specimens, 
and the crack initiation and propagation from the 
artificial defects were observed.  For the successive 
SRCT imaging of the RCF process, samples must be 
sufficiently small to allow the transmission of X-rays, 
and the cross section must be smaller than 500 μm × 500 
μm for steels.  Shiozawa et al. showed that the 
mechanism of RCF in a thin sample is different from that 
in a bulk sample [14].  Then, Nakai et al. [15] used 
synchrotron radiation computed laminography (SRCL) 
[16], which allows the high-resolution, non-destructive 
imaging of thin plates, to perform successive 
observations of the flaking process in RCF.  

Nakai and others examined the effects of size and 
orientation of S-Type and T-Type samples those are 
designated in Figure 1 [17]. In most of previous RCF 

studies, thrust type machines with rotation of samples,
shown in Figure 2, have been employed. Using this type 
machine, pure S-Type RCF test can be conducted.   Pure 
T-Type or L-Type tests, however, cannot be performed 
because the rolling direction of each inclusion changes 
during the rotation of the sample.  To accomplish pure 
T-Type RCF test, RCF tester with reciplocal motion has 
developed in our previous study [14,15].

The flaking process in S-Type and T-Type samples is 
summarized in Figure 3 [17]. First a crack perpendicular 
to the rolling surface and the rolling direction forms 
from an inclusion that is adjacent to the rolling surface.  
Then the crack propagates vertically in the depth 
(thickness) direction.  After the vertical crack propagates 
to a critical depth, a horizontal crack forms, which is 
parallel to the rolling surface.  The horizontal crack 
propagates to form flaking.

In the present study, the RCF crack initiation and 
propagation in L-Type samples are examined on the 
basis of the observations obtained using SRCL.

2 Experimental procedure

2.1. Material

The material for the present study is a bearing steel 
(modified JIS SUJ2), whose chemical composition (in 
mass %) is as follows: 1.00C, 0.35Si, 0.47Mn, 0.006P, 
0.017S, 1.50Cr, and balance Fe.  The material has 
intentionally contained high concentration of sulfur for 
the observation of the crack initiation from MnS 
inclusion.  It was forged from an ingot with diameter of 

Figure 1.  Orientation of inclusion.

Figure 3. Models of flaking mechanism for S-Type and T-Type samples.

Figure 2. Thrust type rolling contact fatigue tester.
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Figure 4. Schematic illustration of compact 
rolling fatigue testing machine.

(a) Shematic illustration of SRCL imaging

(b) SRCL imaging apparatus at SPring-8

Figure 5. SRCL imaging apparatus.

65 mm, and inclusions are intergranular with a 
preferential alignment along the forging direction.  After 
the spheroidizing annealing of cementite particles,
specimens were cut from the forged bar, where the 
longitudinal direction of the bar corresponds to the 
rolling direction.  The specimen was quenching at 1103 
K for 0.5 h and tempered at 453 K for 2 h.  The 
dimension of the specimen for SRCL imaging was 10 
mm in width, 24 mm in length and 1 mm in thickness.  
The thickness of the specimen was determined to allow 
transmitted X-ray with enough intensity for imaging.

2.2. Rolling contact fatigue test

To conduct RCF test for thin plate nearby the 
experimental hatch of beam lines of the synchrotron 
radiation facility, SPring-8, a special testing machine 
was developed.  The schematic illustration of the new 
RCF testing machine is shown in Figure 4.  The 
developed testing machine is boll-on-disk type contact 
tester.  In this testing machine, reciprocal sliding motion 
is generated by a liner guide and an eccentric cam, and 
then the ceramic ball with diameter of 6.0 mm and 
Young’s modulus of 300 GPa rolls on the specimen 
linearly and reciprocally in napthenic lubricant oil with
kinetic viscosity of 8.46 mm2/s, unlike the thrust type 
rolling contact fatigue testing machine in which rolling is 
in a single direction, and the direction relative to the 
inclusions is changed during the rotation of specimen.

All RCF tests were conducted at the maximum Hertz 
stress of 5.39 GPa, where the sliding distance of this 
testing machine was 3.0 mm. For observations of the 
crack initiation and propagation behaviours, fatigue tests 
were interrupted to conduct SRCL imaging.  In this 
developed testing machine, a sample can be attached and 
removed easily. 

2.3. Laminography setup

The measurement of SRCL imaging was carried out 
at BL46XU beam lines of Spring-8, which is the 
brightest synchrotron radiation facility in Japan.  The 
method and apparatus of SRCL is shown in Figure 5.
The axis inclination angle for the laminography, ϕ, was 
30°, and a monochromatic X-ray beam with 37 keV was 
employed which was generated by undulator source. In 
the present study, the effective voxel size in the 
reconstructed 3D image was 0.74 μm.  For 3D 
reconstruction, a set of 720 radiographs of a specimen 
were recorded over 360° rotations, where each rotation 

angle was 0.5°.  The exposure time for each angle was 4
s, and 1.5 h for one rotation including rotation of stage.
To utilize the refraction contrast effect [18], the X-ray 
area detector was set by 0.35 m behind the sample.  
Once reconstructed, the 3D images have been visualized 
using software, Image-J and Amira.  For 3D 
representation of inclusions and cracks, region growing 
method was employed to segment them [19], where gray 
value threshold between matrix and air was employed to
produce binarized 3D images.

3. Experimental results

3.1. Crack morphology at surface

Figure 6 is representative micrographs showing the 
crack profiles at the surface those are observed by SEM. 
It is clear that cracks were formed from the tip of 
inclusions because of the stress concentration.  The crack 
propagation direction depended on the orientation of 
inclusion.  For S-Type sample and T-Type sample, the 
cracks propagate perpendicular to the rolling direction, 
and zigzag.  It means that their propagations are 
controlled by the in-plane shear stress near the surface.   
For L-Type sample, however, cracks first propagated to 
the rolling direction, where the crack is almost straight.  
It means that the crack propagated by the tensile mode.  
After the crack length reached a length of 122 μm, the 
propagation direction was changes perpendicular to the 
rolling direction.  The increase of stress intensity by 
crack extension may affect this change.  After the change 
of the direction, the crack zigzag similar to S-type and T-
type inclusions.

For L-Type inclusion shown in Figure 6 (c), the 
flection of crack already occured at the first observation 
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after the start of RCF test, another observation was 
conducted, and the resuls are presented in Figure 7. In 
this observation, it is clear that the crack was initiated at 
the longitudinal tip of an inclusion, and propagated 
pararell to the rolling direction.  After the crack reached
a length of 113 μm, only the left side crack propagation 
changes perpendicular to the rolling direction between 
2.18×107 and 2.32×107 cycles. The critical length of the 
crack propagation direction from longitudinal to the 
transverse direction is almost identical to that in Figure 5
(c).

3.2. Laminography

3D images of inclusions and cracks presented in 
Figure 6 (c) observed by SRCL at N = 1.50×107,
1.53×107, and 1.58×107 cycles, and shown in Figures 8
and 9, where (A) shows top views, (B) shows views 
from the rolling direction, and (C) shows side views of 
the specimen, and inclusions are indicated in pale 
yellow.  Other color codes indicate the depth of the crack 
from the surface.  As shown in the figures, the surface 
crack in Figure 6 (c) appears to form from a stringer-
shaped inclusion with a length of about 30 μm that
adjacents to the surface, and the crack face is parallel to 
the rolling direction and vertical to the surface. At the 
first ofservation (a), however, both  vertical and 
horizontal cracks were alrady formed, then it is not clear 
from these figure whether the formation of vertical crack 
or horizontal crack was first. 

Then, the laminography of the crack shown in Figure
7 was conducted.  The results are presented in Figure 10,

where inclusions are indicated in pale yellow.  Note that 
the other color code is different from that in Figures 8 
and 9.  Those indicate the number of cycles at each 
observation in this figure. In this case also a crack was 
first initiated from a tip of a longitudinal inclusion that 
located adjacent to the surface, and propagate to the 
rolling direction and vertical to the surface.  After the 
longitudinal vertical crack propagated 113 μm, it 
changed  perpendicular to the rolling direction between 
2.18×107 and 2.32×107 cycles without forming a
horizontal crack, and still vertical to the surface.

The flaking process of L-Type sample is summarized
in Figure 11. (1) First, vertical cracks parallel to the 
rolling direction are formed and propagated until it 
reached a critical length. (2) Then, the vertical crack 
propagates perpendicular to the rolling direction.  (3)
When the vertical crack reached a critical  depth,
horizontal crack formed at the bottum of the vertical 
crack. (4) As a result of horizontal crack propagation, 
flaking is formed. Processes shown from (2) to (3) are 
similar to T-Type sample, while process (1) is an 
addition for L-Type sample.

4. Discussion

4.1. Crack paths

Figure 12 shows the potential mechanics for the 
difference of crack path between T-Type and L-Type 
samples.  The stresses under contact with spherical ball 
a r e  a l wa y s  a x i s y m m e t r i c .  B e c a u s e  o f  t h e 

(a) S-Type (b) T-Type (c) L-Type

Figure 6.  Crack initiation from inclusion and propagation at surface determined by replicas.

(a) 2.18×107 cycles                    (b) 2.32×107 cycles                       (c) 2.37×107 cycles

Figure 7. Crack initiation from inclusion and propagation at surface in L-Type sample determined by replicas..
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axisymmetry,crack can propagate to any directions, but considering the movement of rolling ball, only the 

Figure 8.  Laminographies showing flaking process for L-Type sample under pmax=5.39 GPa, where color code indicates depth of 
crack from the surface.

Figure 9. Crosssection of crack in Figure 7 (a)
where color code is identical to that for Figure 8.

Figure 10.  Laminography showing flaking process for L-Type sample,
where color code indicates the number of cycles at each observation..

Figure 11. A model of flaking mechanism for L-Type sample.
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change of the anti-plane shear stress can explain the 
difference of crack growth direction between S-Type, T-
Type and L-Type samples because only the antiplane 
shear stress has different values in Cartesian coordinate 
system fixed to the sample.  For S-Type and T-Type 
samples, the dominant stress component of the vertical 
crack propagation is acting on the plane perpendicular to 
the rolling direction.  This shear stress changes 
alternately as shown in Figure 12 (a).   Contrtary to 
them, the dominant stress component of the vertical 
crack propagation in L-Type sample is acting on the 
plane parallel to the rolling direction, and it is pulsating 
as shown in Figure 12 (b) and (c), where the stress 

amplitude is half for L-Type sample.  Although L-Type 
sample has the same antiplane shear stress component at 
the transverse side as S-Type and T-Type sample, the 
stress concentration by inclusion [20] for the direction
ma y no t  b e  eno ugh fo r  the  c rack  in i t ia t io n .

While the above discussion is valid for overall 
vertical crack path, the difference of crack morphology
observed at the specimen surface cannot be explained.  
For more precise discussion, the stress components by 
the contact stress should be considered, those are given 
by the following equations and shown in Figure 13 [21].
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This figure shows the stress distribution by 
concentrated contact point force, and the actual stress 
distribution by the distributed pressure induced by the 
ball contact should be obtained by integrating them, then 
the following discussion must be valid for the actual 
contact stress.

Figure 12. Axisymmetric stress field due to contact force.

Figure 13.  Stress distributio due to contact stress.
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Since the anti-plane shear stress indicated in Figure
13 is vanished at the specimen surface, the stress 
component which derive the crack initiation should be
the radial stress, σr, and/or the circumferential stress, σθ.
Since σr = - σθ,  pure shear stress state is achieved at the 
specimen surface.  Then the jigzag crack path induced by 
the shear stress is appeared for cracks whose face is 
perpendicular to the rolling direction.  For L-Type 
sample, however, the path whose face is parallel to the 
rolling direction, is streight indicates that the crack path 
is controlled by the positive radial stress, σr.

Beneath the surface, the anti-plane shear stress
componet controlls the crack path as shown in Figure 12,
which has a conjugate components acting on the 
horizontal plane parallel to the specimen surface, while 
those two stress component have the same amplitude.  A 
question arising here is which shear stress controlls the 
crack path. Just below the surface, this may be the stress 
actiong on the vertical plane because the normal stress 
on the plane is tension and the normal stress on the 
horizontal plane is compression.  The compression stress 
leads the friction and reduces the driving force of the 
crack extension.

In deep site, however, this is the horizontal plane 
because the amplitude of the anti-plane shear stress 
reduces with the crack extension to the depth direction.
On the other hand, the amplitude of the shear stress 
along a plane parallel to the surface keeps constant with 
crack extension to the longitudinal direction of the 
sample because of the horizontal movement of the 
contact point to the rolling direction.

The effect of the stress concentration induced by 
inclusions was not consided in the above discussion.
Makino et. al. conducted the finite element analysis of 
the stress distribution for S-Type inclusion under the 
contact surface.  Their analysis, however, the change of 
the stress component due to the movement of contact 
ball was not discussed.

4.2. Fatigue life

Weibull plot of the flaking life is shown in Figure
14. The flaking life at the probability of 50 % is almost 
the same for S-Type and T-Type samples, but L-Type 
sample has much longer life.  

To clarify which process defined in Figures 3 and 11 
is responsible for the difference, the crack propagation 
life for each process is examined. Figure 15 shows the 
comparison of the crack propagation life for each type of 
sample where the abscissa is the number of cycles up to 
the flaking. The plots show the number of cycles when 
each type of crack was observed.  Except Inclusion F in 
T-Type sample which was not cause the first flaking, the 
propagation life of the horizontal crack is almost similar 
for all types of sample because this process occured far 
away from the inclusion at their initiation site and the 
macroscopic crack propagation behavior may not be 
affected by the orientation of inclusions, then the 
difference of fatigue life between the orientation of 
inclusions should be attributed to the difference in the 
vertical crack initiation and the propagation lives. Then, 
the main difference in the flaking life for L-Type sample 
between other samples must originates from the crack 
initiation and the vertical crack propagation in the rolling 
direction.

5. Conclusions 
In the present study, 4D observations of the 

formation and propagation of cracks in the rolling 
contact fatigue (RCF) tests were performed on a high-
strength steel by combining a newly developed compact 
RCF testing machine with synchrotron radiation 
computed laminography (SRCL), and the crack 
propagation behavior and the fracture mechanism under 
RCF was discussed on specimens with MnS inclusions 
elongated in the rolling direction (L-Type). The 
following results were obtained.
(1) A vertical crack was initiated on the surface, parallel 
to the ball-rolling direction in specimens. The crack 
propagation direction was then changed perpendicular to 
the rolling direction. Thereafter, similar with S-Type or 
T-Type samples, vertical cracks then cause the 
horizontal cracks, parallel to the sample surface, when 
the vertical cracks reached a critical depth.
(2) The main difference for L-Type sample between 
other samples must originated from the crack initiation 

Figure 15. Number of ccyles for crack propagation.Figure 14.  Rolling contact fatigue life.
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and propagation in the rolling direction.  The fatigue life 
from the horizontal crack formation to the flaking is 
almost identical independent of the inclusion orientation. 
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