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Taking the discrete degree of bearing raceway grinding surface integrity as the research object, the or-
thogonal test based on the wheel speed, workpiece speed and grinding depth is designed. The residual 
stress, retained austenite, hardness, grinding modified layer thickness and roughness of the raceway after 
grinding test were measured, and the mean value and standard deviation of these indexes were calcu-
lated. The results show that the standard deviation of residual stress and roughness decreases with the 
increase of wheel speed, and the standard deviation of retained austenite, hardness and grinding modi-
fied layer thickness keeps stable. Finally, the optimal grinding parameters considering the scatter of sur-
face integrity are selected.
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Introduction

Bearing is an important mechanical functional
component. The raceway is the working surface of the 
bearing, and its performance usually affects the service 
condition of the bearing. Grinding is usually used as 
an important finishing method for bearing raceway. 
The grinding process of bearing raceway directly af-
fects the performance of bearing raceway. Therefore, 
it is very important to improve the grinding technol-
ogy of bearing raceway.

Guo (GUO Y, 2009) proposed a theory that the 
surface integrity of bearing raceway is an important in-
dex to evaluate grinding technology. The surface in-
tegrity of bearing raceway includes two parts: surface 
texture and surface physical properties. Surface tex-
ture refers to the geometric accuracy of the bearing 
raceway, and the main parameters are the roughness 
of the bearing raceway. The surface physical proper-
ties include residual stress, hardness, metallographic 
structure, grinding modified layer, etc.

Yuan (YUAN Z-J, 1989) studied the surface integ-
rity of bearing steel after grinding. The results show 
that the surface texture of bearing steel after grinding 
with CBN wheel is better, and the roughness of race-
way is lower; the surface physical properties are better 
after grinding, and the residual stress is compressive 
stress. Abrāo (ABRAO A M, 1996) and König 
(KONIG W 1993) have compared the surface integ-
rity of bearing steel after turning and grinding, and the 
results show that hard turning can also have good sur-
face integrity. The above research can provide theo-
retical basis for bearing raceway grinding, and is widely 
used in bearing manufacturing.

Liu et al. (LIU C R, 1989) proposed the concept of 
residual stress scatter. Liu pointed out that due to the 
influence of residual stress on the fatigue life of me-
chanical products, we should not only pay attention to 
the average value of residual stress, but also pay atten-
tion to the scatter of residual stress. The research re-
sults of Liu show that the residual stress of grinding is 
more discrete than that of turning. At present, Gao 
(GAO E-W 2008) and Zhang (ZHANG X-P, 2010)
continue to study the scatter of residual stress, study 
and compare the residual stress scatter of rough grind-
ing and fine grinding, and study and compare the re-
sidual stress scatter of rough turning and fine turning. 
Dana (DANA S, 2019) studied the implementations 
of suitable cutting parameters by grinding of titanium 
VT9 with impact on surface integrity. Martin 
(MARTIN M, 2019) studied the impact of changes in 
infeed rate on surface integrity after chrome plate 
grinding by silicon carbide.

The discreteness of residual stress is studied above, 
but there is no literature on the discreteness of bearing 
raceway surface integrity. The discrete degree of the 
surface texture of the bearing raceway determines the 
geometric accuracy of the bearing raceway, and the 
discrete degree of the physical characteristics of the 
bearing raceway surface determines the life of the 
bearing raceway.

In this paper, the concept of surface integrity scat-
ter is proposed. The research not only focuses on the 
scatter of residual stress in bearing raceway, but also 
on the scatter of all parameters related to surface in-
tegrity, such as roughness, hardness, metallographic 
structure, grinding modified layer, etc. In this paper, 
the orthogonal experiment of grinding is designed. 
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Different grinding parameters are used to grind the 
raceway. The surface integrity of bearing raceway after 
grinding is studied and the variation law of surface in-
tegrity scatter is summarized. This paper has good en-
gineering guidance significance.

Grinding experiment description

The test piece is the outer ring of the angular con-
tact ball bearing (model: 7014ac). The outer diameter 
of the ferrule test piece is 110mm, the inner diameter 
is 98mm, the width is 20mm, and the raceway width is 
7mm. The material of the ferrule is bearing steel 
GCr15. Bearing rings are hardened before grinding. 
The hardness after heat treatment is 61HRC. The ma-
chining machine tool is 3mk1420 CNC grinder, and 
the grinding wheel material is corundum, and the 
model is p80 × 10 × 20a80kv60. The grinding fluid is 
emulsion. The grinding wheel is on-line sharpened by 
a single point diamond pen dresser. After grinding the 
raceway of the ferrule every time, the diamond pen 
dresser is used to finish the grinding wheel, and the 
performance of the grinding wheel can be considered 
to be consistent. The processing equipment is shown 
in Fig. 1.

In the grinding process, there are many factors af-
fecting the surface integrity of the bearing raceway, 
mainly including the wheel speed, workpiece speed, 
grinding depth, wheel characteristics, coolant charac-
teristics, etc., among which the wheel speed, work-
piece speed, grinding depth are relatively important 

factors affecting the surface integrity of the raceway, 
so the above three factors are mainly considered in 
this test. In order to fully consider the influence of 
various test factors on the surface integrity of the bear-
ing raceway in a small number of tests, the orthogonal 
test method is used to determine the optimal grinding 
parameters. This test is a three factor and three level 
test problem. L9 orthogonal test table should be se-
lected to design the test. The grinding wheel speed ns, 
workpiece speed and grinding depth considered in this 
test are discharged into the orthogonal test table, and 
the final arrangement scheme is shown in Tab 1.

Electromagnetic Fixture

Grinding Wheel

Support Block

Bearing Ring

Fig. 1 The grinding equipment of bearing ring 

Tab. 1 grinding orthogonal test table

Test number
Wheel speed

ns (r/min)
Workpiece speed

nw (r/min)
Grinding depth

ap (μm)

1 5000 100 5
2 5000 150 10
3 5000 200 15
4 7000 100 10
5 7000 150 15
6 7000 200 5
7 9000 100 15
8 9000 150 5
9 9000 200 10

Test of experimental results

There are 9 groups of grinding parameters in the 
orthogonal test, each group of grinding parameters is 
used to grind 5 rings. Each ferrule measures 3 data, a 
total of 135 data. For one of the indicators of surface 
integrity, 15 data can be obtained by using each group 
of grinding parameters.

Residual stress is one of the important indexes of 
surface integrity. In this paper, x-350a X-ray diffrac-
tometer is used to detect the residual stress. The test 
results are shown in Fig. 2.

It can be seen from Fig. 2 that the residual stress 

of the raceway after 9 groups of grinding tests is all the 
residual compressive stress. In the 1~6 groups of 
grinding experiments, the residual pressure stress of 
raceway has little change, about - 200MPa. With the 
increase of grinding wheel speed, the residual pressure 
stress of raceway in 7~9 groups of grinding experi-
ments decreases gradually.

It can be seen from Fig. 3 that the residual stress 
of the raceway after 9 groups of grinding tests is both 
compressive stress and tensile stress. The residual 
stress of grinding test raceway in group 1~6 is com-
pressive stress, and that in group 7~9 is tensile stress. 
With the increase of wheel speed, the residual stress of 
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raceway changes from compressive stress to tensile 
stress. 

 

Fig. 2 Mean value of circumferential residual stress 
 

 

Fig. 3 Mean value of axial residual stress 

 

Fig. 4 Mean value of retained austenite content 
 
The content of retained austenite in microstructure 

is also one of the important indexes of surface integ-
rity. The residual austenite content can affect the bear-
ing life. In this paper, x-350a X-ray diffractometer is 
used to detect retained austenite. The test results are 

shown in Fig. 4. 
It can be seen from Fig. 4 that the content of re-

tained austenite in the raceway after grinding is about 
9%, and the content of retained austenite has little 
change. 

The hardness of raceway is one of the important 
indexes of surface integrity. The hardness of raceway 
is measured by hv-5, and then the Vickers hardness is 

converted to Rockwell hardness by hardness con-
version table. 

 

Fig. 5 Mean value of hardness 
 
It can be seen from Fig. 5 that the hardness of the 

raceway after grinding is between 62HRC and 65HRC, 
with little change. 

 

Fig. 6 Mean value of grinding modified layer thickness 
 
The thickness of the metamorphic layer in the 

raceway was measured by SEM su-8010. It is specially 
pointed out that there is no white layer in the modified 
layer of 9 groups of grinding tests. It can be seen from 
Fig. 6 that the thickness of the dark layer in group 1~3 
grinding test is about 10 microns; that in group 4~6 
grinding test is about 30 microns, and that in group 
7~9 grinding test is about 50 microns. 

PGI contact aspheric measuring instrument is used 
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to measure the roughness of bearing raceway. The 
roughness of the raceway after grinding is shown in 
Fig. 7. As can be seen from Fig. 7, the roughness is 
between 0.6μm and 0.3μm. With the increase of the 
speed of the grinding wheel, the roughness tends to 
decrease.

Fig. 7 Mean value of roughness

Fig. 8 Representative SEM micrograph showing the layer 
affected by grinding and the substrate

The roughness of the surface of the raceway was 
measured according to Form Talysurf PGI 1240.

Fig. 9 Roughness measurement results

Scatter calculation

There are range, standard deviation, coefficient of 
variation and so on. In this paper, the most common 
standard deviation is used to characterize the residual 

stress scatter.

(1)

(2)

Where.�� is the test point data, S is the standard 

deviation, �̅ is the mean value, and n is the total num-
ber of test points.

Fig. 10. Standard deviation of circumferential residual stress

It can be seen from Fig. 10 that the standard devi-
ation of circumferential residual stress decreases with 
the increase of wheel speed. The standard deviation of 
circumferential residual stress of test group No. 1~3 
is about 80MPa, that of test group No. 4~6 is about 
60MPa, and that of test group No. 7~9 is about 
30MPa.

Fig. 11. Standard deviation of axial residual stress

It can be seen from Fig. 11  that the standard de-
viation of axial residual stress decreases with the in-
crease of wheel speed. The standard deviation of cir-
cumferential residual stress of test group 1~3 is about 
75Mpa, that of test group 4~6 is about 50MPa, and 
that of test group 7~9 is about 30MPa.

1 2 3 4 5 6 7 8 9

0.15

0.20

0.25

0.30

0.35

0.40

R
o

u
g

h
n

e
s
s
 /
μ

m

Number of  test group

2( )

1

i
x x

S
n

-
=

-

å

i
x

x
n

=
å



December 2021, Vol. 21, No. 6 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

indexed on: http://www.scopus.com 785

Fig. 12. Standard deviation of retained austenite

It can be seen from Fig. 12 that the standard devi-
ation of retained austenite of test group No. 1~9 has 
little change and fluctuates around 0.9%.

Fig. 13. Standard deviation of hardness

It can be seen from Fig. 13 that the standard de-
viation of hardness of test group No. 1~9 does not 
change much and fluctuates around 0.8HRC.

Fig. 14. Standard deviation of dark layer thickness

It can be seen from Fig. 14 that the standard de-
viation of dark layer thickness of test group No. 1~9 
has little change and fluctuates around 5.5 μm

Fig. 15. Standard deviation of roughness

It can be seen from Fig. 15 that the standard devi-
ation of roughness decreases with the increase of 
wheel speed. The standard deviation of roughness of 
test group 1-3 is about 0.75μm, that of test group 4-6 
is about 0.45μm, and that of test group 7-9 is about 
0.2μm.

Scatter analysis

The standard deviation of all indexes of bearing 
raceway surface integrity can be divided into two 
groups: in the orthogonal test, the surface integrity in-
dexes with little change of standard deviation can be 
regarded as the first group, including the content of 
retained austenite, hardness and thickness of dark 
layer. In the orthogonal test, the surface integrity index 
with obvious standard deviation change can be re-
garded as the second group, including circumferential 
residual stress, axial residual stress and roughness.

In the first group of surface integrity indexes, the 
standard deviation of retained austenite content in 9 
groups of test results did not change much, floating 
around 0.9%. When the content of retained austenite 
is 8% ~ 10%, the fatigue life of bearing is the best. By 
analyzing the mean value of retained austenite and the 
standard deviation of retained austenite content, it can 
be seen that the standard deviation of retained austen-
ite content does not affect the fatigue life of the bear-
ing, that is to say, the standard deviation of retained 
austenite content in 9 groups of tests meets the re-
quirements of bearing use. In the first group of surface 
integrity indexes, the hardness standard deviation of 9 
groups of test results changed little, floating around 
0.8HRC. When the hardness is 60HRC ~ 65HRC, the 
wear resistance of the bearing is the best . By analyzing 
the hardness mean value and combining the hardness 
standard deviation, it can be seen that the hardness 
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standard deviation does not affect the wear resistance 
of the bearing, that is to say, the hardness standard de-
viation of 9 groups of tests meets the requirements of 
bearing use. In the first group of surface integrity in-
dexes, the standard deviation of dark layer thickness 
in the 9 groups of test results has little change, floating 
around 5.5 μm. As long as there is no white layer, the 
thickness of the dark layer has no effect on the fatigue 
life of the bearing [9]. By analyzing the mean value of 
the thickness of the hidden layer and combining with 
the standard deviation of the thickness of the hidden 
layer, it can be seen that the standard deviation of the 
thickness of the hidden layer does not affect the fa-
tigue life of the bearing, that is to say, the standard 
deviation of the thickness of the hidden layer in nine 
groups of tests meets the requirements of the bearing.

In the second group of surface integrity indexes, 
the standard deviation of residual stress in 9 groups of 
test results changed obviously. With the increase of 
wheel speed, the standard deviation of residual stress 
decreases. The residual compressive stress can im-
prove the bearing fatigue life, and the residual tensile 
stress can reduce the fatigue life. On the premise of 
meeting the requirements of the mean value of resid-
ual stress, we hope that the standard deviation of re-
sidual stress is small, which can make the bearing fa-
tigue life keep a good consistency. Considering the 
mean value of residual stress and the standard devia-
tion of residual stress, it is found that the scatter of 
circumferential and axial residual stress in test group 4 
~ 6 meets the requirements of bearing application. In 
the results of test group 4-6, the mean value of axial 
residual stress and circumferential residual stress are 
both compressive stress, and the standard deviation of 
axial residual stress and circumferential residual stress 
are small. In the second group of surface integrity in-
dexes, the roughness of 9 groups of test results 
changed significantly. With the increase of the wheel 
speed, the standard deviation of roughness decreases. 
Lower roughness can reduce the vibration and noise 
of bearing in service. On the premise of meeting the 
requirements of the mean roughness, we hope that the 
standard deviation of the roughness is better, which 
can improve the rotation accuracy of the bearing. At 
the same time, considering the mean and standard de-
viation of roughness, it is found that the scatter of 
roughness in the test group No. 7 ~ 9 meets the re-
quirements of bearing use. Among the results of test 
group 7-9, the mean value of roughness is the smallest, 
and the standard deviation of roughness is the small-
est.

Discussion

In the concept of discrete degree of bearing race-
way surface integrity, we need to put forward require-
ments for the mean value and standard deviation of 

each index of bearing raceway surface integrity. In or-
der to better study the standard deviation of each in-
dex of bearing raceway surface integrity, the above has 
been divided into two groups according to the change 
trend of standard deviation. The purpose of studying 
the standard deviation of each index is also to meet 
the requirements of bearing use. In order to meet the 
requirements of standard deviation and mean value of 
all indexes, the grinding parameters used in test group 
4 ~ 6 are better grinding process. In the grinding pro-
cess parameters of test group 4 ~ 6, considering the 
grinding efficiency, the grinding parameters adopted 
by test group 5 are the best grinding process.

The test results show that the rotation speed of 
grinding wheel is the most important grinding param-
eter affecting the surface integrity of bearing raceway. 
With the increase of wheel speed, the scatter of grind-
ing residual stress becomes smaller. This is because the 
number of grains increases in the unit time of high-
speed grinding, homogenizing the grinding residual 
stress. With the increase of wheel speed, the scatter of 
grinding roughness becomes smaller. This is due to 
the increase of the number of grains per unit time in 
high-speed grinding, which homogenizes the grinding 
roughness. Therefore, high-speed grinding has ho-
mogenization effect and can homogenize the surface 
integrity index with obvious standard deviation 
change.

Conclusion

Considering the scatter of raceway surface inte-
grity, the optimal grinding parameters of grinding ort-
hogonal test are as follows: wheel speed 7000 R / min, 
workpiece speed 150 R / min, grinding depth 15 μm.

The indexes with obvious change of standard de-
viation include residual stress and roughness, while the 
indexes without obvious change of standard deviation 
include retained austenite content, hardness and thic-
kness of grinding modified layer.

The rotation speed of grinding wheel is the main 
reason for the change of standard deviation. For the 
index with obvious standard deviation change, higher 
wheel speed has the effect of standard deviation ho-
mogenization. For the index of stable variation of 
standard deviation, higher wheel speed has no effect 
on standard deviation.
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