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Peeling, which consists of spalls and cracks of about 10 µm in size, is one of the common failure modes 
of rolling bearings. Peeling is known to occur under poor lubrication conditions which result in direct 
contact of surface roughness asperities. However, the initiation mechanism of peeling is not yet completely 
understood. In this study, we investigated the peeling formation mechanism by observation of rolling 
contact surfaces, surface topography measurements, residual stress measurements, and contact analysis. 
These results clari�ed that initial peeling cracks arose from notches which formed due to plastic contact of 
surface roughness asperities. 

We also developed a peeling life estimation method based on the above formation mechanism. The 
method can estimate peeling life under pure rolling and boundary lubrication conditions.

peeling life is also required. The authors developed a 
life estimation method based on the above peeling 
mechanism7). Chapter 3 of this paper describes this 
method for estimating peeling life.

2. Peeling formation mechanism
2.1 Two-cylinder test

The two-cylinder type tester shown in Fig. 1 
was used to reproduce peeling. A driving cylinder 
attached to a motor is put in contact with a driven 
cylinder, both of which are rotated under a pure rolling 
condition without slippage. Lubrication was provided 
through an oil saturated felt pad in contact with the 
test pieces. The test pieces were both 40 mm OD and 
12 mm in length, with a 60 mm crown radius placed  
axially along  the outer diameter surface of the driving 
cylinder. The material of the test pieces is JIS-SUJ2 
with ordinary quenching and tempering. A ground 
�nish was applied to the outer diameter of the driving 
cylinder while super�nishing was applied to the driven 
cylinder. Two types of driving cylinders were prepared, 
one with black oxide treatment (Test No. 2) and 
the other without such treatment (Test No. 1).  The 
purpose is to examine how the reduction of surface 
roughness (hereafter, “running-in”)8) progresses due to 
black oxide treatment a�ects the formation of peeling. 
The condition of the black oxide treatment was set 
based on DIN 509389). Table 1 shows the surface 
roughness, hardness and thickness of the black oxide 
layer and Table 2 shows the test conditions. The 
test was interrupted after each loading cycle, with 
analysis to be described later taking place, then the 
test continued until the total number of loading cycles 
reached 5.0 x 105.

1. Introduction
In order to reduce friction, the recent trend has 

been towards the use of low viscosity oil lubrication. 
The chance that rolling bearings (hereafter, “bearings”) 
are used in thin lubricating conditions is therefore 
increasing. Thus, clarifying the damage mechanism 
of bearings under such conditions has become an 
important engineering task. 

Peeling is one type of failure experienced by 
bearings operating under thin lubricating conditions 
and is indicated by dense area of spalls and cracks  
approximately 10μm in size1). Peeling is likely to 
occur when the surface roughness is high and the 
oil �lm parameter Λ  (ratio between the minimum 
oil �lm thickness obtained from the EHL Theory and 
the square root of the square sum of the root-mean-
square roughness of two surfaces) is low2). Therefore, 
repeated stress applied on the direct contact 
area (hereafter, “real contact area”) of the surface 
roughness is the cause of peeling. Although, the 
peeling mechanism is roughly understood, the details 
remain unclear3) 4). The authors studied the formation 
mechanism of peeling in detail by reproducing peeling 
with a two-cylinder type testing machine, observing 
the rolling contact surface, and conducting various 
analyses5). In addition, the mechanism of crack 
formation during peeling was quantitatively examined 
by estimating the repeated stress applied to the real 
contact area using the surface topography and the 
measurement of residual stress6). Chapter 2 of this 
paper explains the peeling formation mechanism 
obtained from this study. 

In order to examine the reliability of bearings 
under thin lubricating conditions, a tool to estimate 
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Fig. 1 Two-cylinder type rolling contact fatigue tester

2.2  Observation of rolling contact surface, 
measurement of shape and analysis of 
surface roughness

Under the conditions shown in Table 1, peeling 
is likely to form on the driven cylinder with lower 
surface roughness. Therefore, peeling formation was 
examined by observing the rolling contact surface of 
the driven cylinder with an optical microscope and 
scanning electron microscope (hereafter, “SEM”). For 
observation of the crack section of peeling, a focused 
ion beam (FIB) system was used to prepare the test 
pieces. 

Topography of the rolling contact surface of both 
cylinders was measured by confocal laser scanning 
microscopy and used in the estimation of repetitive 
stress on the rolling contact surface, as described 
later. In addition, the relationship between the change 
of surface topography on the driven cylinder and 
formation of peeling was investigated. Furthermore, 
to study the relationship between the degree of 
running-in and the formation of peeling, two types of 
3-dimensional roughness parameters on the surface 
topography of the driving cylinder (standard deviation 
σ* of height of protrusions and arithmetic mean 
curvature Spc) were analyzed. Based on the theory 
of rough surface contact of Greenwood, etc.10), the 
severity of contact at the real contact area decreases 
as the product of σ* and Spc (σ*・Spc) is reduced. In 
section 2.5.2, the relationship between σ*・Spc and the 
progress of peeling will be discussed.

2.3 Estimation of repeated stress of rolling 
contact surface

Triaxial stress components of contact stress that act 
on the real contact area were estimated during the 
test by elastic analysis using the boundary element 
method11). In this analysis, the oil �lm parameter 
during the test was low (Λ  ≈ 0.10), so we assumed 
there was no load supported by the oil �lm. The subject 
area of the analysis was set to the area surrounding 
the center of the contact ellipse where the apparent 
contact pressure is relatively large. The details of the 
analysis are discussed in reference 6). 

Furthermore, under the condition that the oil 
�lm parameter is low, plastic deformation occurs in 
the contact region and residual stress is produced 
on the rolling contact surface. In this study, triaxial 
stress components of the residual stress on the 
driven cylinder were measured with the X-ray stress 
measuring method12) and the area detector method. 

The triaxial stress components that actually acted 
on the rolling contact surface can be estimated with 
the following equation (1) by adding the results 
from the above contact analysis and X-ray stress 
measurement.

  （1）

Where, the subscripts ‘con’ and ‘res’ indicate contact 
stress and residual stress, respectively. As discussed 
later, plastic deformation of the rolling contact surface 
is involved in the formation of the initial cracks in 
peeling. Therefore, in the study of the formation 
mechanism of peeling, the discussion uses von Mises 
stress (hereafter, “Mises stress”) which indicates the 
yield condition of the material. Mises stress σvm can be 
obtained by the following equation (2) by using the 
triaxial stress components obtained in equation (1).

（2）

Table 1 Surface roughness, hardness and thickness of the black oxide layer for test cylinders

Test No.

Surface roughness (Ra) μm Hardness Thickness of black oxide layer μm

Driving 
cylinder

Driven
cylinder

Driving
cylinder

Driven
cylinder 

Driving
cylinder

Driven
cylinder

1 0.75
0.02 61.5 HRC

-
-

2 0.70 2.0
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Table 2 Test conditions of the RCF testing

Items Conditions

Lubricant poly-α -ole�n, VG5

Rotational speed min-1 2,000

Load kN 2.25

Maximum contact pressure 
GPa 2.3

Oil �lm parameter Λ 0.09 - 0.11 (at 40 ℃ )

Total number of
loading cycles 5.0× 105

2.4 Results of experiment and analysis 
2.4.1  Observation of rolling contact surface 

of the driven cylinder
Fig. 2 shows optical micrographs of the rolling 

contact surface on the driven cylinder. Test No. 1 
shows crack-like damage at 0.1 × 105 loading cycles. 
At 2.5 × 105 loading cycles, the damage increased, 
then at the 5.0 × 105 cycles, several small spalls 
approximately 10 μm in size are also observed. On 
the other hand, no damage formed on No. 2 even 
after 5.0 × 105 loading cycles. 

Fig. 3 shows the topography of the rolling contact 
surface on the driven cylinder. Fig. 3 (a) shows the pre-
test surface topography created by super�nishing. In 
Fig. 3 (b) Test No. 1 at the 1.0 × 105 loading cycles, 
the wavy pattern indicates a larger amplitude and 
period than before the test, as well as multiple small 
protrusions. These protrusions matched the location 
of the damage seen in Fig. 2 (b). On the other hand, 
Fig. 3 (c) Test No. 2 at 1.0 × 105 loading cycles shows 
a wavy pattern, however, its amplitude is small and no 
small protrusions are observed.

(a) No. 1, Before testing (b) No. 1, 1.0 × 105 rev. (c) No. 2, 1.0 × 105 rev.

Fig. 3 Surface topographies of driven cylinders measured by laser microscopy

100 µm 100 µm

Rolling direction

Crack-like mark 

100 µm 100 µm

(a) No. 1, 0.1 × 105 rev. (b) No. 1, 2.5 × 105 rev. 

100 µm 100 µm

Rolling direction

Crack-like mark 

100 µm 100 µm

(c) No. 1, 5.0 × 105 rev. (d) No. 2, 5.0 × 105 rev.

Fig. 2 Optical micrographs of rolling contact surfaces
for driven cylinders
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(a) (b) (c)

Fig. 4 SEM images of the crack-like marks on the driven cylinder of test No. 1 at 0.1 × 105 rev.

Fig. 4 shows the damage seen on the Test No. 1 
driven cylinder at 0.1 × 105 loading cycles observed 
by SEM. Fig. 4 (a) - (c) show higher magni�cation 
views from di�erent observation points. In Fig. 4 (a), 
protruded areas (B and D in the �gure) exist adjacent 
to grooves on both sides (A and C in the �gure). This 
means the aforementioned wavy pattern was formed 
by plastic deformation. In Fig. 4 (b), the protruded 
area of the wave is deformed as if pressed in the 
vertical direction, from which a notch (E in the �gure) 
was formed. A notch (F in the �gure) was also formed 
in Fig. 4 (c), however, it was folded down along the 
slope of the adjacent groove. 

Fig. 5 shows the damage on the Test No. 1 driven 
cylinder at 5.0 × 105 loading cycles observed by SEM 
from the axial direction. A crack which propagated 
from the notch (area enclosed by dotted line in the 
�gure) can be seen.

Fig. 5 Cross-section SEM image of the crack-like 
mark on the driven cylinder of test No. 1 at 
5.0 × 105 rev.

2.4.2 Measurement result of residual stress
Fig. 6 shows the relationship between the residual 

stress on the rolling contact surface of the driven 
cylinder and number of loading cycles. The value of 
the vertical axis σvm,res is the Mises stress calculated 
from the triaxial stress components. The inserted 
graph in the �gure is an enlarged view during the early 
loading cycles. σvm,res of Tests No. 1 and No. 2 stabilized 
at 1,050 - 1,100 MPa after 0.1 × 105 loading cyles. 

The rate of increase of σvm,res was slightly slower for 
No. 2. Table 3 shows the triaxial stress components of 

the residual stress of the driven cylinder at 0.5 × 105  
loading cycles, at which point there was almost no 
di�erence in residual stress between Tests No. 1 and 
No. 2.

σvm,res

MPa

Number of cycles (×105)

No. 2

Test No. 1

500
0 1 2 3 4 5

700

900

1,100

1,300

500
0 0.05 0.1 0.15 0.2 0.25

700

900

1,100

1,300

Fig. 6 Relationship between residual stresses at 
rolling contact surfaces of driven cylinders 
and loading cycles 

Table 3 Tri-axial stress components of residual stresses
for driven cylinders at 0.5 × 105 rev.

Test No.
Residual stress  GPa

σx σy σz τxy τyz τzx

1 -1.53 -1.34 -0.37 -0.02 -0.01 0.00

2 -1.52 -1.43 -0.41 -0.01 0.02 0.00

2.4.3  Surface roughness parameters of 
driving cylinder

Fig. 7 shows the relationship between the surface 
roughness of the driving cylinder and the loading 
cycles. In each test, σ*・Spc decreased immediately 
after the start of testing, however, Test No. 2 
decreased more than Test No. 1. This means that the 
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severity of contact due to running-in is much lower in 
Test No. 2 when compared to Test No. 1.

σ*•Spc

Number of cycles (×105)
0 1 2 3 4 5

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Test No. 1

No. 2

Fig. 7 Relationship between the surface roughness of 
driving cylinders and loading cycles 
(σ*：Standard deviation of peak height，
Spc：Arithmetic mean peak curvature) 

2.4.4  Estimation result of repeated stress 
applied to rolling contact surface

Fig. 8 shows the pressure distribution of the real 
contact area on the rolling contact surface obtained by 
contact analysis. On the rolling contact surface of Tests 
No. 1 and No. 2 before testing, contact pressure of more 
than 10 GPa was observed. Areas of more than 10 GPa 
were found on Test No. 1 at 0.5 × 105 loading cycles, 
however most areas on the rolling contact surface were 
less than 10 GPa for Test No. 2. 

Fig. 9 shows the distribution of Mises stress acting 
on the rolling contact surface of the driven cylinder, in 

(a)
No. 1,  Before testing

(b)
No. 2,  Before testing

(c)
No. 1,  0.5× 105 rev.

(d)
No. 2,  0.5× 105 rev.

Fig. 8 Contact pressure distributions at real contact area on rolling contact surfaces
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the depth direction, at 0.5 × 105 loading cycles. In the 
�gure, Mises stress that considered the residual stress 

  and Mises stress that did not consider residual 
stress  are both plotted. The stress values 
on the vertical axis indicate the mean values of Mises 
stresses at points where the stresses are the largest 
among the neighboring stress values (within a square 
area of 6.25 μm centered on the own points) on the  
x-y plane of depth z. The area enclosed by a dotted 
line in the �gure shows the yield stress of the bearing 
steel (1.8 - 2.0 GPa13)).   in Tests No. 1 and No. 2 
exceeded the yield stress in all the areas up to  5 µm  
of depth.   in Test No. 2 was smaller than Test 
No. 1 at all depths. In addition, the maximum value of  

 occurred at about 0.5 µm for both tests.  The 
stress value for Test No. 2 at this depth was about 40 
% smaller than for Test No.1. In all tests,  was 
about 10 % smaller than   .



82　　NTN TECHNICAL REVIEW No.88

Initiation Mechanism of Peeling in Rolling Bearings, and Its Life Estimation Method

1

2

3

4

5

6

0.0 1.0 2.0 3.0 4.0 5.0
Depth μm 

○：
●：

σvm,con(z)

Test No. 1

No. 2

Yield stress of JIS-SUJ2

^

σvm(z)^

σvm(z) 
or 

σvm,con(z) 
GPa

Fig. 9 Depth dependence of von Mises stress on the 
rolling contact surface of the driven cylinder at 
0.5 × 105 rev.

2.5. Discussion 
2.5.1 Crack formation mechanism in peeling

From observation with the optical microscope 
in Fig. 2, small peeling spalls formed on the driven 
cylinder in Test No. 1 which seem to be a result of 
propagation of the damage that initiated from small 
cracks at 2.5 × 105 loading cycles (hereafter, “initial 
cracks”). Also, it is assumed that the initial cracks 
were formed from micro-scaled plastic deformation 
originating on the driven cylinder during rotation, 
based on measurement of the surface shape in Fig. 3 
and observation by SEM in Fig. 4. Based on these 
results, Fig. 10 shows a schematic diagram of the 
formation mechanism of peeling cracks. Initially, 
asperity on the rough surface of the driving cylinder 
contacts the rolling contact surface of the driven 
cylinder, which creates a wrinkle-like pattern of 
plastic deformation on the driven cylinder (Steps 
1-2). Subsequent asperities, contact the plastically 
deformed surface of the driven cylinder, �attening 
the protrusions.  Additional rolling creates notch 
folding which leads to stress concentrations and 
initial cracking (Steps 3-4). A similar phenomenon is 
also observed in a study of micro-pitting of gears by 
Mallipeddi, etc14). Based on the above mechanism, 
it can be assumed that the risk of  peeling crack 

formation  will be larger when plastic deformation on 
the rolling contact surface is high. In fact, the plastic 
deformation of the driven cylinder in Test No. 1, 
where peeling formed, was more signi�cant than on 
the driven cylinder of Test No. 2 where peeling did not 
form.

2.5.2  Relationship between repeated stress 
of rolling contact surface and peeling 
formation

It is assumed that a stress of  over the yield 
stress was applied to the driven cylinders in Tests No. 
1 and No. 2 and plastic deformation continued even 
after “running-in” and stabilization of residual stress 
(after 0.5 × 105 loading cycles) . It is also understood 
that the plastic deformation of the driven cylinder was 
more signi�cant on Test No. 1 than Test No. 2 because  

 up to 5 µm of depth was larger . From the 
above, it seems that peeling life (formation of initial 
cracks and degree of progress) should be shorter as 
the repeated stress on the rolling contact surface is 
larger and the degree of plastic deformation is greater. 

Both cylinders in Tests No. 1 and No. 2,  
was approximately 10 % smaller than  at 
the same depth. This indicates that the Mises stress 
acting on the rolling contact surface was reduced due 
to the impact of the residual stress, so the residual 
stress must a�ect the peeling life. However, as 
shown in Table 3, there was no di�erence between 
the  residual stresses in Tests No. 1 and No. 2, so the 
impact of residual stress was not apparent. 

In test No. 2 where black oxide treatment was 
applied to the driving cylinder, the Mises stress acting 
upon the rolling contact surface at 0.5 × 105 loading 
cycles was smaller than No. 1. This is due to the lower 
σ*・Spc on the driving cylinder in Test No. 2, indicating 
better “running-in”, was the main reason that peeling 
did not occur on the driven cylinder in Test No. 2.

Fig. 10 Formation mechanism of a crack in peeling on the driven cylinder
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3.2  Various assumptions for this life 
estimation method

It must be noted that the following are assumed in 
this life estimation method.

1)  Repeated stress that produces peeling (dominant 
stress) is Mises stress. 

2)  The relationship between peeling life and repeated 
stress follows Miner’s rule. 

3)  Loss of fatigue layer of the surface layer due to 
wear is negligible. 

4)  The relationship between peeling life Lth and 
repeated stress  can be expressed by the  
S-N curve of the double logarithmic model in the  
following equation (3). 

　（3）

Where, A, B and Sf are constants speci�c to the materials. 
 
Using Mises stress as the dominant stress of peeling 

in 1) should be appropriate considering that formation 
of peeling is a�ected by the magnitude of plastic 
deformation of the rolling contact surface. Use of 
Miner’s rule and the S-N curve of the double logarithmic 
model in 2) and 4) is generally adopted in other 
research involving rolling fatigue life estimation15) 16) and 
this method also followed that practice. The assumption 
of 3) impact of wear, should be considered appropriate 
under the conditions that the depth of wear on the 
rolling contact surface is relatively small. It should be 
noted that the scope of application of this life estimation 
method is currently limited to pure rolling and boundary 
lubrication conditions.

3.3 Validation of life estimation accuracy
The accuracy of this life estimation method was 

examined by conducting two - cylinder type tests similar 
to Fig. 1 under various test conditions. Table 4 shows 
the test conditions and Fig. 12 shows the relationship 
between the estimated peeling life (Lest) and the actual 
life (Lact). S-N curves were generated with the test data 
from Test No. 1 - 7 and the estimated life of each test 
was obtained from the stress history of up to 104 cycles. 
In the �gure, the median, minimum and maximum 
values of the life ratio (Lact/Lest) are indicated. These 
statistics values within the range of this test condition 
was 0.89, 0.49 and 1.82, respectively. This accuracy is 
the same or higher than other life estimation methods17) 
(90 % reliability interval of Lact/Lest under thin lubrication 
condition is 0.98-4.3), therefore, this life estimation 
method should be applicable as one of the peeling 
life estimation methods. The tests of No. 8 and No. 9 
were additionally conducted after generating the S-N 
curves. The life ratios of these tests were 0.61 and 1.07, 
respectively, thus, the validated life estimate of the 
same accuracy as those in Test No. 1 - 7. 

Moving forward, we plan to develop methods 
applicable to conditions with slippage and mixed 
lubrication, in order to expand the scope and 
application of this life estimation method.

3. Development of peeling life estimation
3.1 Overview of life estimation method

We have developed a peeling life estimation 
method based on the �ndings of the mechanism 
described in Chapter 27). Fig. 11 shows an overview 
of the life estimation method. First, conduct rolling 
contact fatigue tests under various operating 
conditions to obtain a peeling life and a history 
of repeated stresses acting on the rolling contact 
surface. (hereafter, “stress history”) for each test (Step 
1). The stress history changes depending on running-
in and change of residual stress. Therefore, estimation 
must be done based on the contact analysis using 
the actual measured surface topography and residual 
stress measurement. Then, obtain peeling S-N curves 
(Stress – Number of cycles to failure) by regression 
analysis by applying Miner’s rule to the data obtained 
in Step 1 (Step 2). Finally, estimate the peeling life 
under any conditions using this S-N curve. At this 
time, conduct a preliminary test simulating operating 
conditions of the subject of estimation, obtain stress 
history under those conditions (Step 3) and estimate 
the life using the S-N curve from the obtained stress 
history and Miner’s rule (Step 4). S-N curves must be 
prepared for each steel type and thermal treatment 
of the rolling elements. The preliminary tests can be 
conducted up to the loading cycles where running-in 
and residual stress become stable. In our experience, 
running-in and residual stress stabilize by 104 loading 
cycles, under the condition that the oil �lm parameter 
is lower than 1.5. 

Currently, it is di�cult to accurately simulate 
running-in and change in residual stress of rolling 
elements used in various conditions. In this estimation 
method, the impact of running-in and change of 
residual stress can be considered based on preliminary 
test that simulates the actual operating conditions. 
Impact of the materials can also be considered if S-N 
curves for each steel type and thermal treatment are 
prepared.

Stress-life data of experiment 2Stress-life data of experiment 1

Number of cycles

PeelingSt
re

ss

[Step 1 Collect data for peeling life and stress history] [Step 2 Create         curve]

Stress-life data of experiment 3

Stress-life data of experiment 4

Peeling life

St
re

ss

Obtain stress history data 
up to the limited loading cycles

Number of cycles

Assume constant stress 
after this

St
re

ss

[Step 3 Preliminary test under the conditions
of the subject for life estimation]

[Step 4 
Life calculation]

Estimated peeling life

Regression
analysis

Map with        curve
(Apply Miner’s rule)

S-N

S-N

Fig. 11 Flow of the estimation method of peeling life
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Table 4 Test conditions of the RCF testing for validation of the life estimation accuracy

Test No.
Surface roughness (Ra) µm Rotational speed

min-1
Maximum contact

Pressure GPa
Oil �lm 

parameter ΛDriving cylinder Driven cylinder

1 0.75

0.02

2,000
2.3

0.11

2 0.40 0.21

3 0.35 0.24

4 0.30 0.28

5 0.75 500 0.06

6 0.75 2,000 1.6 0.12

7 0.40 1,000

2.3

0.17

8 0.50
2,000

0.17

9 0.75 0.11

0.01
0.01

0.1 1 10

0.1

1

Es
tim

at
ed

 li
fe

 (L
es

t) 
×

 1
05  c

yc
le

s

Actual life (Lact) × 105 cycles

10

2
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5

6

8 9

7

4
Test No. 1

Lact / Lest (All test)
Median : 0.89

Min : 0.49
Max : 1.82

Fig. 12 Relationship between estimated peeling lives 
and actual peeling lives

4. Summary
In this paper, we examined the formation 

mechanism of peeling based on experiments and 
analysis. We also introduced a life estimation method 
based on the peeling formation mechanism.
1)  Initial peeling cracks are produced from the 

notches which are formed by plastic deformation of 
protrusions on the rolling contact surface. 

2)  The developed life estimation method can estimate 
peeling life under pure rolling and boundary 
lubrication conditions with the same or better 
accuracy than other life estimation methods. Moving 
forward, we also plan to develop life estimation 
methods applicable to conditions with slippage and 
mixed lubrication.

This paper is a compilation of 2 papers published 
in “The Tribologist,” the Journal of the Japanese 
Society of Tribologists, Vol. 63, Issue 8 (2018) 551 
and Issue 9, (2018) 618, “Mechanism for Initiation 
of Peeling in Rolling Contact and the E�ect of Black 
Oxide Treatment on the Suppression of Peeling (Part 
1 and 2)” and another paper published in its English 
Journal, “Tribology Online” Vol. 14, Issue 3 (2019) 
131, “Estimation Method of Micropitting Life from S-N 
Curve Established by Residual Stress Measurements 
and Numerical Contact Analysis.” We appreciate 
generosity of the Japanese Society of Tribologists, 
who permitted this publication.
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