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Abstract

Surface waviness is one of the most important factors affecting bearing vibration. How to
effectively control waviness in actual production is a technical challenge in bearing mass
production at present. This study established a ball bearing vibration analysis model based
on the relationship between raceway waviness and bearing vibration, analyzed the contact
between bearing balls and raceway waviness, studied the influence of waviness amplitude
A, order nv, ball diameter Dw and rotational speed v on rolling bearing vibration, and
given a bearing vibration prediction method and optimization control model based on
waviness amplitude and order. Taking the angular contact ball bearing 7008/P4 as an
example, experimental verification was carried out with different waviness states in four
processes: coarse grinding, fine grinding, ultra-precision and polishing. The error between
the model calculation results and the actual test results does not exceed 5%, which had
good accuracy and practicality. The results shown that the amplitude of waviness had the
greatest influence on vibration, followed by the order of waviness, and the influence was
more significant with the increase of rotational speed.

Keywords: surface waviness; precision ball bearings; vibration; machining accuracy

1. Introduction

As an extremely important key basic component, rolling bearings are widely used in
important fields such as aerospace, large wind power equipment, weapons and equipment,
high-speed railways and buses, automobile industry, industrial equipment, and precision
machine tools, with a global annual output value of approximately US$50 billion [1-4]. Its
operating state has a significant impact on the accuracy, reliability and lifespan of the entire
mechanical system [5-8]. Surface waviness is an important index to reflect the microscopic
geometry error of part surface. As a key component of mechanical equipment, rolling
bearings directly affect the working performance of the entire mechanical system [9,10].
Although the processing technology and accuracy of bearings have been greatly improved,
the influence of factors such as machine tool accuracy, fixture positioning error and vibration
inevitably leads to shape errors such as waviness on the raceway surface of bearings [11,12].
Therefore, the study of bearing vibration characteristics based on bearing waviness models
under actual working conditions is of great significance [13].

Lubricants 2026, 14, 431

https://doi.org/10.3390/lubricants14110431


https://crossmark.crossref.org/dialog?doi=10.3390/lubricants14110431&domain=pdf&date_stamp=2026-11-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://doi.org/10.3390/lubricants14110431

Lubricants 2026, 14, 431

2 of 22

Fan et al. [14] investigated the relationship between the waviness observed on the
surfaces of bearing raceways and rollers and electrical erosion corrosion. Lou et al. [15]
revealed the microscopic characteristics and formation mechanism of bearing waviness
damage to the entire machine. Studies have shown that waviness with alternating “bright”
and “dark” shapes are produced on GCr15 bearing housings. Garnham et al. [16] studied
the relationship between waviness and vibration coefficient of rolling bearings in dry wear
tests. Pan et al. [17] established a dynamic model that considers the waviness parameters of
the inner and outer rings for the vibration characteristics caused by bearing waviness and
local defects and proposed a time-varying displacement excitation local defect model based
on piecewise functions. The results show that the proposed model can effectively identify
waviness characteristic frequencies (such as ball passage frequency and its harmonics)
and local defect impact signals. Harder et al. [18] studied the relationship between the
performance of thrust ball bearings under continuous mechanical loads at multiple stages
and the degree of waviness. The critical points of gray matte and corrugated surfaces are
defined. Song et al. [19] studied the basic manifestations of electrical bearing damage,
especially the formation of waviness on the bearing raceway surface and the transformation
process of martensite to ferrite. When the current density exceeds 0.95 A/mm?, the wear
morphology of the bearing can be observed on the study surface. Zhou et al. [20] analyzed
the evolution of contact load and corrugated surface stress during wear failure of cylindrical
roller bearings. The results show that the contact stress in the inner raceway is greater than
the contact stress in the outer raceway, and the contact stress in both the inner raceway and
the outer raceway increases with the increase of the bearing wear level, with the increase
in the inner raceway being greater than the increase in the outer raceway. Graf et al. [21]
studied the results of durability tests of thrust bearings. Changes in surface waviness
were analyzed using the Abbott-Firestone curve. These findings indicate that testing with
additional electrical loads resulted in a significant reduction in roughness peaks. Correlation
with acceleration measurements is performed. Furthermore, it is indicated that electrical
loads may have an effect on light load stiffness. Tauvigirrahman et al. [22] proposed a new
concept of the change in waviness on the raceway surface of a bearing after applying a load.
The aim is to reduce bearing noise and improve load support without affecting friction.
Simulation calculations show that the proposed improved bearing can significantly reduce
bearing noise, enhance bearing capacity, and reduce friction. Narwat et al. [23] investigated
the effects of bearing surface waviness orientation, turbulence (Reynolds number), and
fluid flow coefficient on bearing film pressure, minimum film thickness, frictional torque,
and stiffness coefficient. The results indicate that the waviness on the bearing surface tends
to provide high film thickness values, but also enhances frictional torque. Litwin [24]
studied that the surface waviness of the journal and bushing has an important impact on the
performance of bearings. The results show that the waviness height has a great influence
on the movement resistance and working performance of bearings. Yunlong et al. [25]
established a dynamic model of angular contact ball bearings to study the influence of
raceway surface waviness on ball movement and subsurface stress, in which the friction
coefficient between the balls and the raceway is evaluated by an engineering method that
considers surface waviness and slip-induced temperature rise.

Li et al. [26] studied wheel wear and rolling contact fatigue of subway vehicles under
corrugation. Through statistical analysis of field data, the characteristics of ripples under
service conditions are determined, and the ripples are applied to the established vehicle-rail
coupling dynamics model. Then, the wear index and friction work were studied as wheel
wear indexes. The results shown that the increase of surface fatigue index and cumulative
fatigue in the wavelength range of 30-90 mm was 1.52 times and 6.16 times that in the
wavelength range of 90-210 mm, respectively. Liu et al. [27] studied the friction and wear
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performance of bearing roller raceway surfaces under different textures in order to improve
tribological performance and service life. The results show that the bearing capacity of
oil film is obviously improved under cavitation conditions. An increased textured area
fraction reduces the coefficient of friction and improves the wear resistance of the contact
pair, while an increased texture orientation angle leads to a deterioration in lubrication
performance. Yue et al. [28] investigated the friction and wear characteristics of lubricants
used in steel and ceramic bearings. The frictional behavior of aerospace lubricants was
evaluated in four material pairs over a temperature range from ambient temperature to
170 °C. Meanwhile, the friction characteristics of waviness were studied. The results show
that aerospace lubricants exhibit excellent tribological properties in Si3N4-based systems
compared to steel/steel systems, characterized by lower friction coefficients and less wear.
Hu et al. [29-32] conducted a comprehensive study on the waviness, vibration and wear
characteristics of bearings. The bearing characteristics were comprehensively analyzed
through design, manufacturing and service experiments. The results show that the wear of
the inner ring is greater than that of the outer ring, and the corrugated surface layer belongs
to the nanocrystalline layer, which is about 400 nm. Yin et al. [33,34] used fault diagnosis
methods to identify bearing lifespan. At the same time, the algorithm and experimental
verification were carried out according to the basic error parameters of bearings (roughness
and corrugation), and the basic characteristic signals of bearing life were obtained. In
addition, many scholars have conducted detailed research on surface waviness, surface
properties, simulation methods [35,36] and surface microscopic changes [37-39].

Most of the above references have studied the influence of corrugation on bearing
vibration. However, for actual working conditions, ripple degree is a non-directly observable
parameter. For example, reference [14] clearly states that the ripple degree is related to
electrical erosion corrosion, but it cannot be directly observed in time work. For example, in
references [16,21], the authors used corrugation and bearing vibration models to explore
the influence between them, and also analyzed the changes in bearing corrugation observed
through durability experimental data. But that is just a brief discussion. In order to deeply
study the relationship between bearing corrugation and vibration influence, this paper
deeply analyzes and constructs the relationship between channel corrugation and bearing
vibration and establishes a theoretical model of ball bearing vibration. Meanwhile, based on
the contact between bearing balls and raceway corrugations, the influence of the amplitude,
order, ball diameter and rotational speed of bearing raceway corrugations on rolling bearing
vibration is studied. Through the establishment of bearing vibration prediction method
and optimization control model for corrugation amplitude and order, the accuracy of the
model is verified by simulation and experiment. This model has high accuracy when
studying angular contact ball bearings, and its main range is similar to that of bearings of
size 7008. During the experiment, the high-end bearing 7008 was used as the carrier to
conduct experiments and verifications on different corrugation states from the processing
technology and procedures (four procedures: coarse grinding, fine grinding, ultra-precision,
and polishing). The influence factors between bearing manufacturing performance and
experimental scheme on bearing vibration and ripple degree are repeatedly explained. This
is also the main academic contribution and innovation of this study.

2. Theoretical Model Analysis
2.1. Mathematical Model of Surface Waviness

The shape of the surface waviness of the rolling bearing raceway can be assumed to be
a sinusoidal waveform, and the wavelength of the waviness is assumed to be much larger
than the size of the Hertz contact area between the rolling body and the raceway [40-42].
Here, only a single sinusoidal signal is used to simulate and analyze the influence of
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surface waviness on contact vibration, assuming that surface roughness is described by
Equation (1).

x(t) = Rwt

{ 1)

y(t) = Asin(n,x)

where t is time, s. w is the rotational angular velocity of the bearing, rad/s. n is the order
of the surface waviness, x; is the axial coordinate of a point on the corrugated surface, R
is the radius, y ;) is the longitudinal coordinate of a certain point on the waviness surface,
which is the waviness value of the ferrule surface, and A is the amplitude of the ripple.
Figure 1 is a corrugated surface topography of Equation (1).

Figure 1. Schematic diagram of bearing groove surface waviness.

2.2. Ripple Excitation Model

During bearing movement, the longitudinal vibration caused by the waviness degree
has its vibration displacement, vibration velocity, and acceleration set to v, y,, and y,,
respectively. Vibration displacement is the change in the displacement of the spherical center
in the Y-axis direction. Vibration velocity and acceleration can be obtained by calculating the
first and second derivatives of Y ;) respectively according to the general curve Equation (2)
of the spherical center trajectory to obtain Equation (3).

Ry’ (t)
X(t) = x(t) — —1—2—
) = x(t) Faryo 2
Y(t) =y(t) + —T;Sw
Y() =y,
Y' ) =y, (3)
Y' () =y,

The vibration displacement is shown in Equation (2).
The vibration acceleration formula is expanded to Equation (4).
2R 4IA75 2
Y, = AR, W? cos(ny W;) - AnV2W2 sin(nyW,)—
(Aznvzwzcos(nth)2+wz)2 (4)
AR, AWSsin(n, W,)? n 3A%R, S W cos(ny W,)? sin(ny, W,)?

3 5
(AZMVZW2 cos(nyW,) 2+ Wz) 2 (AZnVZW2 cos(nVW,)2+Wz) 2

Equation (5) for finding the derivative of vibration acceleration.

dy _ 9A*R,WEcos(nyW,) sin(nyW,)  4A2R,,SWE cos(1, W,) sin (12, W,)

a

5 3
(A2, 2W2 cos(ny W) +W?) 2 (A2, 2W2 cos (11, W)+ W?2) 2

4p  7TIN8 ] 3
+9A R,/ W8 cos(ny,W,) sin(ny,W,) _ ATlV3W2 COS(TZVWt)-i- (5)

5
(AZnVZW2 cos(nVWl)2+W2) 2
15A6R,,* W0 cos(n, W,)? sin (1, W, )?

7
(AZnVZW2 cos(nVW,)2+W2) 2

In Equation (5), when x is an integer multiple of 7t/2, the formula value is 0. That
is, the maximum value of vibration acceleration occurs at the integer multiple of 7t/2.
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Figure 2 is a schematic diagram of the vibration displacement of single-point and two-
point contact. Figure 3 is a schematic diagram of the contact velocity between the ball and
the waviness of single-point and two-point contact. Figure 4 is a schematic diagram of
the contact acceleration between the ball and the waviness of single-point and two-point
contact. Figure 5 is a partially enlarged schematic diagram of the ball and the waviness of
single-point and two-point contact.
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Figure 2. Vibration displacement in the time domain.
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Figure 3. Time-domain of the contact vibration velocity between the ball and the waviness.
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Figure 5. Local amplification time domain of vibration parameters in contact between a ball
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2.3. Excitation Sensitivity Model

Because vibration acceleration can more accurately reflect the influence of surface
waviness, this study focused on analyzing the relationship between vibration acceleration
and surface waviness and vibration. From the vibration acceleration Equation (4), the
waviness amplitude 4, the waviness order n,, and the spherical radius R all have an influence
on the vibration acceleration [43-45].

By calculating the partial derivative of vibration acceleration Equation (4) relative to
ripple amplitude A, we can obtain the sensitivity of ripple amplitude A to the influence of
vibration acceleration (Equation (6)) [46—-48].

AA = 2AR, AW cos(ny, W,)? _ 3A3R,, W7 cos(ny, W,)?

3 5
(AZnVZW2 cos(nVW,)erWz) 2 (AZHVZW2 cos(nVWl)2+Wz) 2

. 2AR,* W sin(11, W,)?
I’ZVZWZSII’I(?IVWt) _ ny (ny W) §+ (6)
(A2, 2W2 cos(ny W) +W2) 2
15A3R ;S W7 cos (1, W,)? sin(ny W,)? 15A5R,,, S WP cos(ny W,)* sin(n, W,)?

5 A
(A2, 22 cos(nVWt)2+W2) 2 (AZnVZW2 cos(nVW,)2+W2) 2

In the same way, the partial derivatives n,, R, and W can also be calculated for the
vibrational acceleration to obtain the sensitivity coefficients of the influence of #,, R, and W
on the vibrational acceleration. It is worth noting that the mode approximates a sinusoidal
waveform and does not take into account multiple harmonic components, random ripples,
load distribution, clearance, lubrication, cage dynamics, and installation errors. Actual
bearing surface corrugation usually contains multi-order harmonics, random components,
and local inhomogeneity. A single sine wave cannot fully represent the real topography,
but it can be used as the smallest explainable unit of corrugation excitation for mechanism
analysis and parameter sensitivity research.

2.4. Vibration Test System

According to the industry standard of rolling bearing vibration measurement, during
the measurement, the inner ring of the bearing under test rotates with the main shaft, while
the outer ring remains macroscopically stationary. Under the condition of applying a certain
external load, the radial vibration value of the outer ring of the bearing was picked up
by a speed or acceleration sensor. The vibration sensor was fixed on the measuring rod
through bolt connection, one end of the measuring rod was connected with the spring, and
the other end was in contact with the outer ring of the bearing being measured. During
measurement, the vibration of the outer ring excited the measuring rod, thus forming a
mass-spring-contact pair system with sensors [49-53]. Figure 6 is a schematic diagram of
the principle of bearing contact vibration detection.

Operational Low-pass A/D

>—h w0

lic DW-P Low-pass
amplifier filtering conversion filtering

Vibration
sensor

FFT

Measured
bearing

D

Figure 6. Bearing contact vibration detection principle.
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Before measurement, the bearing to be tested was cleaned and air dried, and lubricating
oil applied. It was then mounted on the spindle of the drive device and an axial load was
applied. The position of the sensor rod was adjusted so that it was in contact with the outer
ring of the bearing. The contact point was located halfway across the width of the outer
ring cylindrical surface. During the measurement, the spindle speed was 1800 r/min and
the axial load was 200 N. The data was saved after the vibration signal stabilized.

Under high-speed conditions, the influence of vibration acceleration on bearing perfor-
mance was more significant and intuitive. Therefore, vibration acceleration was generally
used to measure the vibration performance of high-speed angular contact ball bearings. Its
calculation formula was Equation (7).

y
= 20lg 21ms 7
Ya s (7)

where y,,,; is the root mean square of the vibrational acceleration within a certain frequency
range, where the frequency range was usually 50~10,000 Hz; g is the gravitational accelera-
tion, whose value is 9.81 x 10~ m/s?. The value of y, is the comprehensive vibration level
of the bearing under test.

The bearing vibration acceleration was calculated according to Equation (4), and the
bearing vibration results measured by the vibration acceleration tester can be predicted
by incorporating it into Equation (7). Figure 7 is a schematic diagram of the vibration
acceleration test prediction for single-point and two-point contact.
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T
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| 1 I | |

1

1

1

|

0

-

.
=

0

1 2 3 4 5 6
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o o o o
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N
o
I

I ' —— Vibration acéeleratiqn dB |
V V V V

| | | | |

1 2 3

X-direction

(b) Two-point contact
Figure 7. Schematic diagram of vibration acceleration test prediction.

3. Analysis of Influencing Factors

Based on the basic parameters of angular contact ball bearing 7008/P4, the effects of
the contact between the bearing ball and the raceway waviness, the waviness amplitude A
and order n,, the rotational speed v and the ball diameter D,, on the vibration of rolling
bearings were studied. The basic parameters of the bearing 7008/P4 were shown in Table 1.
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Table 1. Basic parameters of bearing 7008/P4.

Parameter Value Unit
Outer ring diameter D 68 mm
Inner ring diameter d 40 mm
Width T 15 mm
Outer ring channel diameter D, 61.964 mm
Inner ring channel diameter d; 47.616 mm
Ball diameter D,, 6.35 mm
Number of balls Z 8
Contact angle a 15 °
Vibration measurement rotation speed n; 1800 R/min

From Equations (1) to (7), given a constant sphere diameter, the order and amplitude
of the surface waviness match when a single point comes into contact with the critical value.
Table 2 shows the matching of several important orders and amplitudes of the surface
waviness when a critical single point makes contact. Figure 8 is a schematic diagram.

Table 2. Matching of importance order and amplitude.

Order n,, 2 3 5 15
Amplitude A (pm) 78.740 34.996 12.598 1.40

3
2 /\O/\/ 2 Phase

15 Phase

5 Phase

B

3 Phase

o

4 6

(a) Matching different orders and amplitudes (b) Matching typical 5th orders and amplitudes

Figure 8. Matching ripple order and amplitude.

3.1. Impact of Amplitude
3.1.1. Influence of Amplitude on Vibration

The bearing ball diameter D,, = 6.35 mm and the waviness order n, = 10. As can be
seen from Equation (6), when the waviness amplitude A = 0.0032, the ball and the waviness
are in exact single-point contact. Therefore, values were taken on both sides of the waviness
amplitude A = 0.0032 to observe the influence of the waviness on bearing vibration. The
influence of the waviness amplitude on bearing vibration is shown in Table 3.
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Table 3. Influence of waviness amplitude on bearing vibration.

No. Amplitude A (mm) Maximum Vibration Acceleration (dB) Remark

1 0.001 53.56 Single point of contact
2 0.0015 58.06 Single point of contact
3 0.002 61.44 Single point of contact
4 0.0025 64.18 Single point of contact
5 0.003 66.5 Single point of contact
6 0.0032 67.34 Contact critical

7 0.0035 68.52 Two-point contact

8 0.004 70.31 Two-point contact

9 0.0045 71.92 Two-point contact
10 0.005 73.38 Two-point contact
11 0.0055 74.72 Two-point contact
12 0.006 75.97 Two-point contact

Spherical center vibration

Spherical center vibration Spherical center vibration

acceleration / dB acceleration / dB

acceleration / dB

40

20

Figure 9 is a schematic diagram of vibration acceleration corresponding to the case
where the amplitude A is a minimum value of 0.001 mm, an intermediate value of 0.003,
and a maximum value of 0.006, respectively.

T [ T T
0.001 mm h
1 1 | | |
0 2 4 6 8 10
Spherical center displacement / rad
0.003 mm _
! | | | 1
0 2 4 6 8 10
Spherical center displacement / rad
0.006mm

| | 1 | |

0 2 4 6 8 10
Spherical center displacement / rad

Figure 9. The influence of ripple amplitude on vibration.

To visually display the impact of different amplitudes on bearing vibration acceleration,
a trend curve of vibration acceleration as a function of amplitude A is plotted as shown in
Figure 10.

For Table 3 and Figure 10, as the amplitude of the ripple increases, the bearing vibration
intensifies, and the degree of intensification gradually becomes more moderate. This
indicates that as the amplitude increases, its influence on the vibration gradually increases,
but the degree of influence weakens. There is no change in vibration acceleration at or near
the critical point of single-point contact and two-point contact, indicating that single-point
contact and two-point contact have no influence on the maximum vibration acceleration.
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Figure 10. Influence of ripple amplitude on vibration.

3.1.2. Influence of Amplitude on the Sensitivity of Each Factor

Assuming that the bearing ball diameter D,, = 6.35 mm, the waviness order n, = 5,
and the rotation speed v = 1800 r/min remain unchanged, according to Equations (1)—(7),
the sensitivity of each factor to bearing vibration at different waviness amplitudes can be

obtained under the condition of maximum vibration acceleration. A bar comparison chart
and trend curve of the sensitivity of each factor changing with the amplitude A are drawn

as shown in Figure 11.

Corrugation amplitude sensitivity
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Figure 11. The influence trend of amplitude on the sensitivity of various factors. (a) Corrugation
amplitude sensitivity; (b) Corrugation order sensitivity; (c¢) Ball diameter sensitivity; (d) Rotation

speed sensitivity.
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For Figure 11, as the waviness amplitude increases, the sensitivity of the bearing’s
waviness amplitude A, waviness order 7, bearing ball diameter Dw, and bearing speed v
to vibration all increase. However, the sensitivity of the bearing’s waviness amplitude A,
waviness order #,, and bearing speed v to vibration remains unchanged, while the sensitivity
of the bearing’s ball diameter D,, increases with the increase in amplitude.

To more intuitively compare the sensitivity of each parameter to vibration as it changes
with amplitude, the average of the sensitivities of each parameter is calculated, and the
sensitivity of the sphere diameter is used as a reference. The sensitivity of each parameter
is divided by the sensitivity of the sphere diameter to obtain a dimensionless value for the
sensitivity comparison, as shown in Table 4.

Table 4. Comparison of mean sensitivity values of each factor with amplitude change.

The Sensitivity Corresponding to Each Parameter Changes with Amplitude

Sensitivity Amplitude A Order n, Ball Diameter R Angular Velocity w
Mean value 492,765.3 585,164 336.5 15,533.2
Dimensionless value 1464 1738 1 46

For Table 4, as the waviness amplitude increases, the influence of bearing waviness
amplitude A, waviness order 1, bearing ball diameter D,,, and bearing speed v on vibration
varies greatly. The influence of ball diameter was the smallest, and the influence of waviness
order was the greatest. The average sensitivity was 1738 times that of ball diameter; the
influence of waviness amplitude was also greater, 1464 times that of ball diameter; and the
influence of bearing speed was smaller, 46 times that of ball diameter.

3.2. Influence of Order
3.2.1. Effect of Order on Vibration

Bearing ball diameter D,, = 6.35 mm, waviness amplitude A = 0.0032, v = 1800 r/min.
For Equation (6), when the waviness order n, = 10, the sphere and the waviness were in
exact single-point contact. Therefore, values were taken on both sides of the waviness order
1, = 10, and the influence of the waviness order 7, on bearing vibration was observed. The
trend curve of vibration acceleration changing with the order 7, was plotted as shown in
Figure 12.
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Figure 12. Influence of waviness order on vibration.
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For Figure 12, as the waviness order increases, the bearing vibration intensifies, but
the degree of intensification remains basically unchanged, indicating that the degree of its
influence on vibration remains unchanged as the order increases. There was no change
in vibration acceleration at or near the critical point of single-point contact and two-point
contact, indicating that single-point contact and two-point contact have no influence on the

maximum vibration acceleration.

3.2.2. Influence of Order on the Sensitivity of Each Factor

Bearing ball diameter Dw = 6.35 mm, waviness amplitude A = 0.0032 mm, v = 1800 r/min.
According to Equations (1)—(7), the sensitivity of each factor to bearing vibration when
taking different waviness orders can be obtained under the condition of maximum vibration
acceleration. The calculation results are shown in Table 5.

Table 5. Sensitivity of each factor at different ripple amplitudes.

No. Ordern Amplitude A Order n, Ball Diameter R Angular Velocity w
v Sensitivity Sensitivity Sensitivity Sensitivity
1 5 450,892 535,211 227 14,205
2 6 934,654 770,538 471 24,543
3 7 1,730,870 1,048,562 873 38,969
4 8 2,951,428 1,369,256 1489 58,163
5 9 4,725,151 1,732,592 2384 82,805
6 10 7,197,676 2,138,543 3633 113,575
7 11 10,531,327 2,587,083 5316 151,152
8 12 14,904,960 3,078,183 7527 196,216
9 13 20,513,799 3,611,817 10,364 249,445
10 14 27,569,260 4,187,959 13,935 311,517
11 15 36,298,755 4,806,581 18,355 383,111
12 16 46,945,481 5,467,658 23,750 464,906

For Table 5, as the waviness order increases, the sensitivity of the bearing’s waviness
amplitude A, waviness order n,, bearing ball diameter D, and bearing speed v to vibration
all increase, and the sensitivity becomes greater as the order increases.

To more intuitively compare the sensitivity of each parameter to vibration as a function
of order, the average sensitivity of each parameter is calculated, and the sensitivity of the
sphere diameter is used as a reference. The sensitivity of each parameter is divided by
the sensitivity of the sphere diameter to obtain a dimensionless value for the sensitivity
comparison, as shown in Table 6.

Table 6. Comparison of average sensitivity values of each factor with order change.
Sensitivity Sensitivity Corresponding to Each Parameter Varies with Order
Amplitude A Order n,, Ball Diameter R Angular Velocity w
Mean value 14,562,854.42 2,611,165.25 7360.33 174,050.58
Dimensionless value 1978 354 1 23

For Table 6, as the waviness order increases, the influence of bearing waviness ampli-
tude a, waviness order #,, bearing ball diameter D,,, and bearing speed v on vibration varies
greatly. The influence of ball diameter was the smallest, while the influence of waviness
amplitude was the largest, which was 1978 times that of ball diameter. Other influences
were smaller. The average sensitivity of waviness order was 354 times that of ball diameter,
and the bearing speed was 23 times that of ball diameter.
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3.3. Influence of Ball Diameter
3.3.1. Influence of Ball Diameter on Vibration

The waviness n amplitude A = 0.0032, the waviness order #n, = 10, and the rotation
speed v = 1800 r/min. For Equation (6), when the bearing ball diameter D, = 6.35 mm, the
ball and the waviness were in exact single-point contact. Therefore, values were taken on

both sides of the ball diameter D, = 6.35 mm to see the influence of waviness on bearing
vibration. The calculation results are shown in Table 7.

Table 7. Influence of ripple amplitude on bearing vibration.

No. Ball Diameter D, (mm) Maximum Vibration Acceleration dB Remark
1 2 63.68 Single point of contact
2 3 64.67 Single point of contact
3 4 65.55 Single point of contact
4 5 66.36 Single point of contact
5 6 67.10 Single point of contact
6 6.35 67.34 Contact critical
7 7 67.78 Two-point contact
8 8 68.41 Two-point contact
9 9 69.00 Two-point contact
10 10 69.55 Two-point contact
11 11 70.06 Two-point contact
12 12 70.55 Two-point contact

To visually display the impact of different ball diameters on bearing vibration accelera-
tion, a trend curve of vibration acceleration versus ball diameter D,, was plotted as shown
in Figure 13.
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Figure 13. Effect of bearing ball diameter on vibration.

For Table 7 and Figure 13, bearing vibration intensifies as the ball diameter of the
bearing increases, but the degree of intensification remains basically unchanged, indicating
that the degree of influence on vibration remains unchanged as the ball diameter increases.
There was no change in vibration acceleration at or near the critical point of single-point
contact and two-point contact, indicating that single-point contact and two-point contact
have no influence on the maximum vibration acceleration.
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3.3.2. Influence of Ball Diameter on Sensitivity of Various Factors

The waviness amplitude A = 0.0032 mm, the waviness order n = 10, and the rotation
speed v = 1800 r/min. According to Equations (1)—(7), the sensitivity of each factor to
bearing vibration under the condition of maximum vibration acceleration can be obtained
by taking different ball diameters (set as a series of positive integers for ease of study). The
calculation results are shown in Table 8.

Table 8. Sensitivity of various factors at different sphere radii.

Ball Diameter R Amplitude A Order n,, Ball Diameter R Angular Velocity w
No. (mm) Sensitivity Sensitivity Sensitivity Sensitivity
1 3 6,800,953 2,138,797 3632 113,582
2 4 9,067,938 2,137,345 3632 113,543
3 5 11,334,923 2,135,893 3632 113,505
4 6 13,601,907 2,134,441 3632 113,466
5 7 15,868,892 2,132,989 3632 113,428
6 8 18,135,877 2,131,537 3632 113,389
7 9 20,402,861 2,130,085 3632 113,350
8 10 22,669,846 2,128,633 3632 113,312

For Table 8, as the ball diameter increases, the sensitivity of the bearing waviness
amplitude A to vibration increases, the sensitivity of waviness order 7, and the bearing
speed v to vibration both decrease, and the sensitivity of the bearing ball diameter D,, to
vibration remains unchanged.

To more intuitively compare the sensitivity of each parameter to vibration as it changes
with amplitude, the average of the sensitivities of each parameter was calculated, and the
sensitivity of the sphere diameter was used as a reference. The sensitivity of each parameter
was divided by the sensitivity of the sphere diameter to obtain a dimensionless value for
the sensitivity comparison, as shown in Table 9.

Table 9. Comparison of average sensitivity values of various factors with changes in sphere diameter.
Sensitivity . The Sensitivity Corresponding to Each Parar.neter Varies with Order .
Amplitude A Order n, Ball Diameter R Angular Velocity w
Mean value 14,735,400 2,133,715 3632 113,446.875
Dimensionless value 4057 587 1 31

For Table 9, as the waviness order increases, the sensitivity of bearing waviness ampli-
tude a, waviness order n,, bearing ball diameter D,,, and bearing speed v to vibration varies
greatly. The influence of ball diameter was the smallest, while the influence of waviness
amplitude was the largest, which was 4057 times that of ball diameter. Other influences were
smaller. The average sensitivity of the waviness order was 587 times that of ball diameter,
and the bearing speed was 31 times that of ball diameter.

3.4. Influence of Rotational Speed
3.4.1. Influence of Rotational Speed on Vibration

The bearing ball diameter D, = 6.35 mm, the waviness order n = 10, and the waviness
amplitude A = 0.0032. For Equation (6), when the rotation speed v = 1800 r/min, the ball
and the waviness were in exact single-point contact. Therefore, values were taken on both
sides of the rotational speed v = 1800 r/min to see the influence of surface waviness on
bearing vibration, and the trend curve of vibration acceleration changing with bearing
rotational speed v is plotted as shown in Figure 14.
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Figure 14. Effect of bearing speed on vibration.

For Figure 14, the bearing vibration intensifies as the rotation speed increases, but
the degree of intensification remains basically unchanged, indicating that the degree of
its influence on vibration remains unchanged as the rotation speed increases. There is no
change in vibration acceleration at or near the critical point of single-point contact and two-
point contact, indicating that single-point contact and two-point contact have no influence
on the maximum vibration acceleration.

3.4.2. Influence of Rotational Speed on Sensitivity of Various Factors

The bearing ball diameter D,, = 6.35 mm, the waviness amplitude A = 0.0032 mm, and
the waviness order 1, = 10. According to Equations (1)-(7), the sensitivity of each factor
to bearing vibration at different rotational speeds can be obtained under the condition of
maximum vibration acceleration. The calculation results are shown in Table 10.

Table 10. Sensitivity of each factor at different rotational speeds.

No Rotation Speed Amplitude A Order n, Ball Diameter R Angular Velocity w
’ n (rpm) Sensitivity Sensitivity Sensitivity Sensitivity
1 1200 3,198,967 632,959 1614 50,450
2 1500 4,998,386 1,237,049 2522 78,854
3 1800 7,197,676 2,138,543 3632 113,575
4 2100 9,796,837 3,396,974 4944 154,612
5 2400 12,795,868 5,071,872 6458 201,966

For Table 10, as the waviness order increases, the sensitivity of the bearing’s waviness
amplitude A, waviness order 1, bearing ball diameter D,,, and bearing speed v to vibration
all increases, and the sensitivity becomes greater as the order increases.

To more intuitively compare the sensitivity of each parameter to vibration as it changes
with amplitude, the average of the sensitivities of each parameter is calculated, and the
sensitivity of the sphere diameter is used as a reference. The sensitivity of each parameter
is divided by the sensitivity of the sphere diameter to obtain a dimensionless value for the
sensitivity comparison, as shown in Table 11.

For Table 11, as the waviness order increases, the sensitivity of bearing waviness
amplitude a, waviness order n,, bearing ball diameter D,,, and bearing speed v to vibration
varies greatly. The influence of ball diameter was the smallest, while the influence of
waviness amplitude was the largest, which was 1981 times that of ball diameter. Other
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influences were smaller. The average sensitivity of waviness order was 650 times that of
ball diameter, and the bearing speed was 31 times that of ball diameter.

Table 11. Comparison of average sensitivity values of various factors as a function of rotational speed.

Sensitivity

The Sensitivity Corresponding to Each Parameter Varies with Order

Amplitude A Order n,, Ball Diameter R Angular Velocity w
Mean value 7,597,546.8 2,495,479.4 3834 119,891.4
Dimensionless value 1981 650 1 31

4. Vibration Prediction and Model Verification

Taking 7008C /P4 as an object, five inner rings of this model of bearing were selected
for coarse grinding, fine grinding, and ultra-fine grinding, respectively. In addition, five
inner rings after ultra-fine grinding were selected for force-rheological polishing. During
the experiment, many scholars also studied various sensors [54-56], thereby analyzing the
surface roughness after final polishing. The principle of force-rheological polishing and the
comparison of the surface quality of the front and rear bearings are shown in Figure 15.

(b)

Bearing 7008 inner ring groove polished

Nanometer
thickness

.......

ey Al

(d) 200 times microscopic after polishing

Figure 15. Principle of force-rheological polishing and surface quality of front and rear bearings.
(a) Force-rheological polishing principle; (b) Bearing 7008 inner ring groove polished; (c) 200 times
microscopic before polishing; (d) 200 times microscopic after polishing.

For the outer ring, finished outer rings with basically consistent waviness accuracy
after ultra-precision were selected. High-precision steel balls (G5) were selected for the
rolling elements, and four sets of five sets of bearings each were assembled for a total of
20 sets of bearings. Because the accuracy of bearing balls is high and the accuracy of the
outer ring of the bearing is basically consistent, the influence of the surface quality of the
outer ring and the steel ball on bearing vibration was negligible. Meanwhile, in order
to reduce the workload, this paper only takes the 15th order of surface waviness and its
amplitude as an example for illustration. The detection records of the ripple amplitudes for
each group are shown in Table 12, where Av is the measured average. Figure 16a,b show
the measurement of the bearing inner ring and waviness amplitude in different processes.
Figure 16c is bearing vibration acceleration tester. Figure 16(c-1),(c-2),(c-3),(c-4) are time
domain signals for different processes.
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Table 12. Bearing waviness amplitude test record.
A15 Test Record (pm)
Process 1 2 3 4 5 A, (pm)
Coarse grinding 0.261 0.312 0.246 0.281 0.321 0.284
Fine grinding 0.156 0.183 0.149 0.211 0.168 0.173
Ultra-precision grinding 0.065 0.062 0.056 0.049 0.055 0.057
Polishing 0.008 0.011 0.016 0.009 0.012 0.011

Bearing inner
corrugation meas!

ring (e
i

od

Rough grinding process time domain signal

Fine grinding process time domain signal

La s B A R X R E SR EE RSN RS

Ultra-precision process time domain signal Polishing process time domain signal

Figure 16. Comprehensive data measurement results under different processes.

Assuming the rotation speed v = 1800 rpm, the vibration acceleration corresponding
to the waviness amplitude value detected in each process was calculated using a model, as
shown in Table 13, where G, is the average value of the vibration acceleration calculation.

Table 13. Vibration acceleration values of bearing 7008.

A15 Test Record (dB)

Process G1 G2 G3 G4 G5 Co (dB)
Coarse grinding 53.046 54.859 52.453 53.792 55.152 53.860
Fine grinding 48.009 49.545 47.571 50.934 48.719 48.956
Ultra-precision grinding 39.881 39.453 38.533 37.331 38.371 38.714
Polishing 21.339 24.124 27.409 22.369 24.886 24.025

The bearings after four processes were tested using a precision bearing vibration
accelerometer. The rotation speed v of the detector S0910C(ZYS, CHINA, group standards)
was 1800 rpm. The test results are shown in Table 14, where Gv0 is the average value of the
vibration acceleration detection.

As shown in Tables 13 and 14, as the machining precision increases and the surface
quality of the bearing ring improves; the bearing vibration value also decreases significantly,
and the deviation range of the vibration acceleration time domain signal also becomes
significantly narrower and more uniform, as shown in Figure 16(c-1),(c-2),(c-3),(c-4).
Table 15 shows the comparison and relative error between the calculated average of the
model and the actual measured average.
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Table 14. Bearing 7008 vibration acceleration values.
A15 Test Record (dB)
Process G1 G2 G3 G4 G5 Guo (dB)
Coarse grinding 54.8 56.6 54.2 55.1 58.9 55.9
Fine grinding 47.8 48.9 48.2 49.6 48.5 48.6
Ultra-precision grinding 36.4 37.2 38.5 36.8 37.4 37.3
Polishing 23.2 245 284 23.6 255 25.0
Table 15. Model calculation results and actual mean error.
Process Gv (dB) Gv0 (dB) Error (100%)
Coarse grinding 53.860 55.9 4
Fine grinding 48.955 48.6 1
Ultra-precision grinding 38.713 37.3 4
Polishing 24.025 25.1 4

For Table 15, the waviness amplitudes detected in each process and the correspond-
ing vibration model’s calculated vibration values are basically consistent with the trend
of changes in the actual detected vibration values. According to [1 — (max predicted
value/max actual value) ] x 100% = max mean error. The maximum average phase differ-
ence error does not exceed 5%, and the vibration analysis model calculation results are
correct and highly accurate.

5. Conclusions

This study conducts in-depth research on the relationship between surface waviness
and bearing vibration of angular contact ball bearings, obtains the influence law of waviness
on bearing vibration, and proposes a precision angular contact ball bearing vibration
prediction method and optimization control strategy based on the order and amplitude of
waviness. The main research conclusions are as follows:

(1) Based on the relationship between the sinusoidal wave model of corrugation and
the motion trajectory of the spherical center, this paper establishes a waviness excitation
model and analyzes the excitation mechanism. During measurement, the inner ring of the
bearing under test rotates with the main shaft, while the outer ring remains macroscopically
stationary. Under the condition of applying a certain external load, the vibration value
of the outer ring of the bearing along the radial direction is picked up by a velocity or
acceleration sensor. Meanwhile, a bearing vibration acceleration analysis model based on
waviness degree and a quantitative calculation method for the influence of the order and
amplitude of waviness degree on vibration are given.

(2) Based on the basic parameters of angular contact ball bearing 7008/P4, this paper
presents a bearing vibration prediction method and optimization control model based
on waviness amplitude and order, and studies the influence of waviness-induced contact
excitation between balls and raceway, waviness amplitude A and order 7, rotational speed
v and ball diameter D,, on rolling bearing vibration. The results show that the amplitude of
waviness has the greatest influence on vibration, followed by the order of waviness, and the
influence is more significant with the increase of rotational speed.

(3) Taking the angular contact ball bearing 7008/P4 as an example, the experiment
verified the different waviness states of the four processes of coarse grinding, fine grinding,
ultra-precision grinding and polishing. The error between the model calculation results
and the actual test results is no more than 5%, which has good accuracy and practicality.
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