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Abstract
This study designed a method to determine the relationship between axial preload, temperature, and dynamic characteristics. 
The ball-bearing dynamic model analyzed the dynamic characteristics of a ball bearing subjected to axial preload and ther-
mal expansion based on the Hertz contact and gyroscopic moments. By increasing the temperature, the inner contact state 
of the ball bearing was altered, resulting in reduced vibration of the rotor system and increased stiffness of the rotor system. 
Simulation data indicated that at a temperature of 40 °C, the corresponding loads of both the inner and outer rings exhibit 
an increase of 5.2% and 5.1%, respectively. Experimental data suggested that as the temperature increased, both the peak-
to-peak and root-mean-square values of the rotor vibration decreased, while the rotor stiffness exhibited a linear increase 
with rising temperature. This study provided a real-time temperature control method for vibration control of rotor system.
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List of Symbols
D	� Ball diameter (mm)
Dt	� Sphere’s actual size (mm)
dm	� Pitch diameter (mm)
r	� Curvature radius of the raceway of the bearing (mm)
f	� Coefficient of curvature radius of the raceway of the 

bearing
Z	� Ball number
E	� Young’s modulus of elasticity (MPa)
μ	� Poisson ratio
αb	� Coefficient of thermal expansion (1/°C)
ΔT	� Temperature rise (°C)
nm	� Ball speed (rpm)
Fa	� Axial preload force (N)
δ	� Raceway deformation (mm)
δa	� Inner raceway axial displacement (mm)
δr	� Inner raceway radial displacement (mm)
α	� Contact angle (°)

αo	� Initial contact angle (°)
αp	� Preload contact angle (°)
Q	� Ball raceway contact force (N)
T	� Frictional force (N∙mm)
J	� Moment of inertia of the bearing roller (kg∙m)
Mg	� Gyroscopic moment (N∙m)
P1	� Interference load of shaft on inner ring (N)
P2	� Centrifugal force of the bearing roller (N)
β	� Pitch angle of the bearing roller (°)
φ	� Ball position (°)
ω	� Angular velocity of bearing inner ring (rad/s)
ωR	� Spin velocity of the bearing roller (rad/s)
ωm	� Angular velocity of the bearing roller revolution 

(rad/s)
K	� Load deflection parameter (N/mm1.5)
Ka	� Axial stiffness of the bearing (N/m)

Subscripts
i	� Inner raceway
o	� Outer raceway
j	� The j-th ball

1  Introduction

Angular contact ball bearings (ACBB) are commonly used 
as core components in spindle systems and play a vital 
central role, with excellent properties such as low friction 
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coefficient, simple structure, high operating accuracy and 
cost effectiveness [1, 2, 29]. Its dynamic characteristics 
directly affect the machining accuracy of the spindle sys-
tem, so it is of great significance to analyze and evaluate 
the dynamic characteristics of the bearing to improve the 
accuracy and stability of the spindle system [3]. However, 
under high-speed conditions, the internal temperature of 
the bearing increases significantly, resulting in thermal 
expansion of the internal components and affecting the 
contact state between the inner ball of the bearing and the 
inner/outer raceway [4, 5, 9, 21]. The thermal expansion 
generated by this temperature rise will not only change 
the dynamic characteristics of the bearing system, but also 
affect its vibration behavior, and further affect the machin-
ing accuracy of the spindle system [6, 7]. Therefore, it is 
imperative and crucial to investigate the impact of temper-
ature on the dynamic characteristics of ACBB and develop 
a control strategy for bearing thermal properties in order to 
regulate the vibration state of the spindle system.

By applying a preload force to the spindle system, the 
internal clearance and elastic deformation can be effec-
tively reduced, thereby enhancing its stability and mitigat-
ing vibration behavior [8]. Under high-speed conditions, 
the thermal induced preload [5, 9, 21] caused by spindle 
system thermal expansion due to temperature rise will 
interact with the initial preload, thereby affecting load dis-
tribution, stiffness, and bearing vibration characteristics 
[5, 6, 9, 10, 21]. According to the preload mechanism of 
the spindle system, [11, 13] found that the thermal induced 
preload caused by thermal expansion has an important 
influence on the dynamic and thermal characteristics of 
the system. Sun et al., [12] found through research that 
the temperature of the inner ring of the spindle bearing is 
higher than that of the outer ring, and the heat generation 
of the inner ring is significantly affected by the preload 
force and speed. Li et al., [11, 13] analyzed the influence 
of temperature on the dynamic characteristics of the spin-
dle system, and obtained the influence law that with the 
increase of temperature, the preload caused by the ther-
mal deformation of the bearing also increased correspond-
ingly. Zhang et al., [14] proposed a method to control the 
initial axial preload in real time by changing the control 
structure of the preload by using the preload mechanism 
of piezoelectric actuators (PEAs). Li et al., [15] inves-
tigated the dynamic behavior of an electric spindle sys-
tem under varying temperature conditions, computed the 
thermal-induced preload of the spindle bearing at different 
temperature levels, and determined its impact on bearing 
stiffness.

To adapt to a wider range of working conditions, the 
spindle system must maintain high-precision rotation while 
the rotor increases stiffness and reduces vibration during 
high-speed rotation, ensuring stable operation of the spindle 

system [16]. Under practical working conditions, thermal 
expansion has emerged as a critical factor impacting the per-
formance of angular contact bearings. Maurya et al., [17] 
found that the thermal expansion of rotating ball bearings 
could not be completely eliminated by thermal compen-
sation and control. Dai et al., [18, 19] analyzed the heat 
transfer mechanism inside the high-speed motorized spin-
dle, proposes a non-uniform preload regulation method, and 
establishes an adjustable preload platform. Therefore, it is 
necessary to comprehensively consider the joint influence 
of the working state of the bearing and the thermal preload 
caused by thermal expansion on its stiffness. Truong et al., 
[6, 20] took the thermal expansion of angular contact ball 
bearings into account and calculates its stiffness matrix. The 
results show that the temperature rise has a significant effect 
on the bearing stiffness, and the thermal effect can greatly 
increase the stiffness coefficient. Dong et al., [5, 9, 21] pro-
posed an online monitoring method for the thermal stiffness 
of the spindle system based on fiber Bragg grating sensor 
network, analyzed the relationship between temperature rise, 
thermal preload force and thermal stiffness, and obtained the 
need to adopt thermal preload force to improve the thermal 
stiffness of the spindle system. Jiang et al., [22] investigated 
the impact of various preloads on the stiffness of the main 
shaft bearing and found a positive correlation between bear-
ing stiffness and preload.

In high-speed working conditions, the spindle bearing 
inevitably produces vibration phenomena. To enhance the 
machining accuracy of the spindle system, measures must 
be taken to reduce its vibrational behavior. Liu et al., [23, 
24] established the rotor-bearing system dynamics model, 
analyzed the bearing vibration signals under the vibration 
interaction, and diagnosed and identified the fault signals. 
According to the bearing dynamic model and the thermal 
effect, [23, 24] analyzed the bearing vibration response 
under different fit clearance, and the results showed that the 
bearing clearance had a strong correlation with vibration. 
The internal components of the spindle system undergo ther-
mal expansion due to temperature rise, resulting in changes 
in the internal contact state of its bearings, which in turn 
affects the vibration characteristics of the entire system [25, 
26]. Zhang et al., [27] established a thermodynamic cou-
pling model of the ceramic electric spindle, and analyzed the 
vibration characteristics of the spindle bearing, taking into 
account factors such as temperature, speed and preload. The 
results show that the vibration can be effectively inhibited by 
adjusting the bearing preload. Wang et al., [28] established 
a bearing dynamic model considering raceway defects and 
studied the influence of thermal effects on spindle bearing 
vibration characteristics based on thermal elastohydro-
dynamic lubrication. The results show that the vibration 
amplitude of bearing will increase due to thermal effect. 
By analyzing the “over-slip” behavior of bearings, [1, 29] 
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found that there is a close correlation between the vibration 
response of bearings and the behavior. Chang et al., [30] 
studied the relationship between the vibration characteristics 
of the spindle rotor and bearing temperature, and found that 
the thermal expansion inside the bearing would lead to clear-
ance changes, resulting in more complex motion phenom-
ena. In fact, the current research on the vibration characteris-
tics of spindle bearings mainly focuses on the establishment 
of bearing dynamics models [31, 32]. However, few scholars 
have established a correlation between temperature, stiffness 
and vibration and developed effective measures to mitigate 
system vibration.

In summary, the temperature significantly impacts the 
dynamic characteristics of the main shaft bearing due to 
thermal expansion inducing changes in internal contact state 
and subsequent alterations in stiffness and vibration proper-
ties. To enhance spindle system machining accuracy, effec-
tive measures must be implemented to suppress vibration 
behavior.

Therefore, to accurately assess the impact of thermal 
effects on spindle bearing dynamic characteristics, this 
paper proposes a dynamic model of angular contact ball 
bearings that takes into account temperature rise and ther-
mal expansion. Based on raceway control theory [33] and 
Newton–Raphson iterative algorithm [34], the influence of 
temperature rises on bearing internal contact and stiffness 
characteristics was analyzed, and verified by finite element 
method. The impact of temperature on spindle system rigid-
ity has been validated through a temperature rise test. Con-
currently, experimental results demonstrate that temperature 
elevation can effectively mitigate spindle system vibration. 
This approach establishes the groundwork for enhancing 
spindle machining precision.

2 � Ball Bearing Dynamic Model (BBDM)

To enhance the initial load capacity of the spindle system, 
it is imperative to apply an appropriate preload force on the 
angular contact ball bearing (ACBB) in a diagonal arrange-
ment. This preload will have a direct impact on the dynamic 
performance of the spindle system, including vibration, tem-
perature rise and stiffness. A higher preload can enhance 
stiffness and diminish vibration, whereas a smaller preload 
may impact load-carrying capacity [10, 35]. Furthermore, 
real-time axial preload and displacement are also influenced 
by external loads and thermal expansion. Thermal induced 
preload (TIP) is a result of the thermal displacement of inter-
nal bearing components due to thermal expansion, which is 
significantly impacted by initial preload [11, 13]. With an 
increase in initial preload, the TIP will experience a rapid 
rise, rendering traditional methods inadequate for precise 
stress control between bearing rings.

2.1 � Temperature‑Induced Bearing Elastic 
Deformation Analysis

In reality, the thermal expansion of bearing components can 
alter the internal state of a running bearing system [1, 29]. 
The actual size of the internal ball varies due to thermal 
expansion, which affects the contact load between the ball 
and both the internal and external raceways as temperature 
rises within the bearing. In this paper, temperature rise is a 
crucial factor that can be incorporated into analyzing contact 
deformation and load deflection parameters.

The sphere’s actual size Dt of the sphere and the thermal 
expansion εb are precisely defined as follows:

Here, αb is the ball thermal expansion coefficient, D is the 
ball diameter and ΔT is the uniform temperature of the ball.

Under high-speed, the inner and outer rings of the bear-
ing move freely along the axial direction and the radial size 
are small, so the thermal deformation of the inner and outer 
rings of the bearing are ignored. This paper only considers 
the effect of thermal deformation caused by thermal expan-
sion on the bearing rolling element.

2.2 � The Thermal‑Preload Controllable Method 
of ACBB

As shown in Fig. 1, under axial preload Fa, axial deviation δa 
occurs in the internal rolling ball of the bearing, and contact 
deformation δi(o) occurs between the ball and the inner and 
outer raceway, resulting in the distance between the center 
of curvature of the inner and outer raceway changing from 
BDt to s, and the initial contact angle changing from αo to αp. 
The ball-raceway contact deformation δi(o) and ball diameter 
Dt are varying with bearing temperature ΔT and the axial 
preload Fa. Bearing deformation is defined as follows:

Here, BDt and s is the distance between the center of cur-
vature of inner and outer raceway before and after dynamic 
loads, ri and ro are the curvature radius of the inner and outer 
raceway of the bearing respectively. Temperature rise can 
change the actual size Dt of the bearing ball, which in turn 
alters the internal geometric relationship of the bearing and 
affects its dynamic characteristics.

In the process of high-speed rotation of bearing, there 
are two loads and a gyroscopic moment acting on balls 
and inner ring of ball bearing as shown in Fig. 2. The 

(1)
{

Dt = D ×
(

1 + εb
)

εb =
1
2
× αb × D × ΔT

(2)
{

BDt = ri + ro − Dt

s = BDt + δi + δo
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first load P1 is due to the interference between the inner 
ring and shaft. The inner ring reduces P1 due to cen-
trifugal movement when the spindle speed is increased, 
and then the influence of the first load P1 on the bearing 
interior can be ignored [35]. The second load P2 is the 
centrifugal force generated by the centrifugal movement 
of the bearing ball. The contact load Qi (o) and frictional 
force Ti (o) are caused by the gyroscopic moment Mg 
between ball and ring of bearing.

According to loads equilibrium of bearing, the contact 
load Qij(oj) of the j-th ball has been obtained as follow by 
[35]:

(3)

⎧⎪⎨⎪⎩

Qij = P2 ×
sin αoj

sin(αij−αoj)

Qoj = P2 ×
sin αij

sin(αij−αoj)

Here, αij and αoj are the contact angles between the j-th ball 
and the inner and outer raceways respectively.

If “outer raceway control” is approximated at given 
location, the ball gyroscopic moment Mgj of the j-th ball 
is resisted by friction force Toj = 2Mgj/Dt at outer race-
way contact, and friction force Tij = 0 at inner raceway 
(Jones., 1960). For steel balls, the centrifugal force P2 
and gyroscopic moment Mgj acting on a ball is calculated 
as follows in [2]:

(4)P2 = 2.26 × 10−11 × D3

t
× n2

m
× dm

Fig. 1   Bearing with preload: 
a static state; b under axial 
preload

Fig. 2   loads equilibrium of 
bearing: a loads acting on a 
ball; b load diagram of bearing 
interface; c loads acting on 
outer ring; d loads acting on a 
ball; e loads acting on inner ring
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Here, nm is the speed of the bearing, dm is the pitch diam-
eter of the bearing, J is moment of inertia of bearing roller, 
and β is the pitch angle of the bearing roller.

(5)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Mgj = J ×
�

ωR

ω

�
×
�

ωm

ω

�
× ω2 × sin β

ωR

ω
=

−1∕(Dt×cos β∕ dm)�
cos αoj+tan β×sin αoj

1+(Dt∕ dm)×cos αoj

�
+

�
cos αij+tan β×sin αij

1−(Dt∕ dm)×cos αij

�

ωm

ω
=

1−(Dt∕ dm)×cos αij
1+cos(αij−αoj)

β = arctan

�
sin αoj

cos αoj+Dt∕ dm

�

Based on Fig. 2, considering the equilibrium of loads on the 
j-th ball in the horizontal and vertical directions:

In Fig. 3, under an axial preload Fa > 0N, the centrifugal 
force P2 >  > 0N, the contact angles αij(oj) are dissimilar and 
not col-linear with BDt in (Jones., 1960). For the ball of bear-
ing at any azimuth angle position φj, the distance between 
the final position of the center of the ball of bearing and inner 
(outer) raceway groove curvature center Δij(oj) is:

(6)

{
Qoj × sin αoj − Qij × sin αij + 2 ×Mgj × cos αoj

/
Dt = 0

Qoj × cos αoj − Qij × cos αij − 2 ×Mgj × sin αoj
/
Dt − P2 = 0

The calculation method of fi and fo is:

For the ball of bearing at any azimuth angle position φj, 
the distance between the inner and outer raceway groove 
curvature center A1j(2j) is:

Here, δa is axial deformation and δr is radial deformation.
For the sake of analysis, new variables X1j and X2j are 

defined in Fig. 3:

According to the Pythagorean theorem, the geometric 
relationship in Fig. 3, can list the equation:

In order to solve and calculate the unknowns X1j, X2j, δij, 
δoj, Mgj and P2, it is necessary to establish the equilibrium 

(7)
{

Δij =
(
fi − 0.5

)
× Dt + δij − εb

Δoj =
(
fo − 0.5

)
× Dt + δoj − εb

(8)
{

fi = ri
/
Dt

fo = ro
/
Dt

(9)
{

A1j = BDt × sin αo + �a + εb × sin αij
A2j = BDt × cos αo + δr × cosφj + εcent = BDt × cos αo + δr × cosφj − εb × cos αij

(10)

⎧⎪⎨⎪⎩

sin αij =
A1j−X1j

Δij

, cos αij =
A2j−X2j

Δij

sin αoj =
X1j

Δoj

, cos αoj =
X2j

Δoj

(11)

{
(A1j − X1j)

2 + (A2j − X2j)
2 = Δ2

ij

X2

1j
+ X2

2j
= Δ2

oj

Fig. 3   Deformation relationship 
under loads condition between 
ball and raceway
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condition of the whole bearing. According to the “outer race-
way control”, it is believed that the outer orbit of the bearing 
is fixed, so the contact area between the rolling ball of the 
bearing and the inner raceway needs to meet the mechanical 
equilibrium conditions. As shown in Fig. 1, and Fig. 2, the 
contact area between the rolling ball and the inner raceway 
is affected by the contact force Qij of the inner raceway, the 
friction force Tij, the first load P1 and the external axial 
preload Fa. According to the “outer orbit control theory”, 
the friction force Tij is 0; The first load P1 has little effect 
on the bearing interior and can be ignored. Then the balance 
equation of the whole bearing can be written as:

Simultaneous Eqs. (3, 7, 10 and 12), then the bearing 
balance equation is:

After the ball bearing dynamic model is established, the 
Newton–Raphson method is used to solve X1j, X2j, δij, δoj, 
Mgj and P2. Simultaneous Eqs. (6–12) are solved using the 
numerical iterative algorithm flow is shown in Fig. 4, and 
obtain the contact angle αij and αoj of inner and outer race-
way. At the same time, other main parameters of bearings 
can be calculated accurately, when the bearing is subjected 
to axial preload Fa, the axial deformation δa and the axial 
stiffness Ka Ka are calculated as follows:

where, K is the equivalent load deformation coefficient, the 
value of which depends on the geometric size and material 
constant of the contact point between the rolling body and 
the inner and outer raceway.

2.3 � Simulation Analysis of Different Speed 
and Temperature

The angular contact bearing B7007C is selected as the simu-
lated object, with the dimensions is shown in Table 1. The 
Newton–Raphson method is used to research the bearing 
under 5000 rpm and 10,000 rpm with temperature rise.

As shown in Fig. 5a, b, the inner contact angle αi and the 
outer contact angle αo decrease gradually with the increase 
of the temperature rise. When the temperature rise is the 
same, with the increase of bearing speed, the inner contact 
angle αi presents an upward trend, while the outer contact 
angle αo presents a downward trend. When the bearing speed 

(12)Fa − Z × Qij × sin �ij = 0

(13)Fa − Z ×

P2 ×
sin αoj

sin(αij−αoj)
× (A1j − X1j)

(fi − 0.5) × Dt + δij − εb
= 0

(14)

⎧⎪⎨⎪⎩

�a =
K

Z2∕ 3×sin5∕ 3 αij
× F

2∕ 3
a

Ka =
�Fa

��a

=
3×Z2∕ 3×sin5∕ 3 αij×F

1∕ 3
a

2×K

is constant, the bearing inner contact angle αi and the bear-
ing outer contact angle αo present downward trend with the 
increase of bearing temperature rise.

Fig. 4   The flowchart of calculation process for model

Table 1   Basic structural parameters of B7007C bearing

Parameter Values

Ball diameter D/mm 6.500
Pitch diameter dm/mm 24.255
Initial contact angle αo/o 15.000
Numbers of balls Z 17
Inner raceway groove curvature radius ri/mm 3.705
Outer raceway groove curvature radius ro/mm 3.510
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At the same time, when the axial preload Fa is the 
same, the normal contact force Qi and Qo are proportional 
to temperature rise. In Fig. 5c, d, When the temperature 
rise is the same, with the increase of bearing speed, the 
inner contact load Qi presents a downward trend, while 
the external contact load Qo presents an upward trend. At 
5000 rpm and 10,000 rpm, the external contact load Qo 
is larger than the inner contact load Qi. With the increase 
of temperature rise, the normal contact force Qi and Qo 
increase nonlinear.

As shown in Fig. 5e, when the axial preload Fa is the 
same, the bearing stiffness is proportional to temperature 
rise. The bearing stiffness increases gradually with the 
increase of the temperature rise. When the temperature rise 
is the same, with the increase of bearing speed, the bearing 
stiffness presents a downward trend. When the bearing speed 
is constant, the bearing stiffness presents an upward trend 
with the increase of bearing temperature rise.

In this paper, the impact of temperature elevation on bear-
ing dynamic characteristics is investigated by integrating a 
theoretical model with temperature rise. However, due to 
potential limitations in the theoretical model, a thermo-
dynamic coupling model for angular contact ball bearings 
was established using finite element analysis to examine the 
effects of temperature rise on ball contact characteristics. 
The research findings presented in this paper have been 
validated by comparison with the theoretical model, thus 
ensuring their reliability.

3 � Thermodynamic Coupling Model

To validate the reliability of the theoretical model, this study 
established a thermodynamic coupling finite element model 
of angular contact ball bearing based on ANSYS Work-
bench, analyzed the change of the contact force between the 
internal ball and the raceway with the increase of the exter-
nal temperature of the bearing, and compared the results 
with the theoretical model.

3.1 � Finite Element Model Construction

Mesh division is a key step in finite element simulation, and 
the quality of mesh division directly affects the speed of 
analysis, the accuracy of analysis results and the time spent 
in analysis. Due to the irregular geometric structure of angu-
lar contact ball bearings, it is impossible to refine the mesh 
of the contact area directly, so the three-dimensional model 
needs to be segmented. In this paper, hexahedral mesh par-
titioning method is used to segment the bearings. The bear-
ing inner (outer) raceway mesh size is 0.5 mm, the contact 
point neighborhood local mesh size is at least 0.1 mm, the 
farther away from the contact point, the mesh size gradually 
increases until the end of 0.5. The mesh size of the rolling 
body is 0.3 mm. The contact type between the rolling body 
and the inner (outer) track is selected as the face-to-surface 
contact. The contact surface of the rolling body is selected as 
the main surface, and the contact surface of the inner (outer) 

Fig. 5   Bearing variable with speed and temperature rise (Fa = 300 N) a inner contact angle; b outer contact angle; c inner contact force; d outer 
contact force; e stiffness
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track is selected as the slave surface. The elastic modulus of 
the bearing material is 206 GPa, Poisson’s ratio is 0.3, the 
density is 7850 kg/m3, and the friction coefficient is 0.03.

The constraints on each part of the bearing are as fol-
lows: (1) The outer surface of the outer raceway of the 
bearing is completely fixed, so the translational and rota-
tional degrees of freedom in the axial and radial direc-
tions are restricted; (2) When the inner track of the bearing 
rotates, it is necessary to restrict the degree of freedom 
of axial rotation; (3) Because the influence of the cage is 
ignored when the bearing is modeling, the axial degree of 
freedom of the rolling element should be limited to ensure 
that the relative position between the rolling element 
remains unchanged. After the constraints of each bearing 
component are set, set the axial preload Fa to 300N on the 
bearing inner raceway surface, and set the bearing inner 
raceway speed nm to 10,000 rpm.

As shown in Fig. 6, According to the established finite 
element model, the ambient temperature is defined as 
20 °C, and finally the contact stress analysis of angu-
lar contact ball bearing (B7007C) is obtained under the 

condition of 300 N axial preload Fa and 10,000 rpm rota-
tional speed nm.

Based on the contact stress diagram of the angular con-
tact ball bearing model, it can be seen that the contact 
stress between the rolling body and the inner and outer 
orbit contact area is the maximum, and the stress away 
from the contact area gradually decreases. According to 
the stress and contact area, calculate the inner and outer 
orbit contact force. The results are compared with those 
predicted by the theoretical model that takes into account 
thermal effects.

3.2 � Model Comparison

Based on the comparison between the results obtained 
from the thermodynamic coupled finite element model 
and those derived from the theoretical model, as shown in 
Fig. 7, it can be seen that when the axial preload is 300 N, 
the contact force of the inner and outer orbit of the angular 
contact ball bearing keeps the same trend with the tem-
perature rise. The average error of finite element solution 
of inner normal contact force is 2.7%. The average error 

Fig. 6   Contact stress of each part of bearing
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of outer normal contact force is 3.9%. The source of error 
may be due to the size of contact area in finite element 
calculation, which is greatly affected by meshing. The cal-
culated values of finite element are in good agreement with 
those of theory. Therefore, the theoretical model and finite 
element model in this paper have high reliability.

4 � Experimental System

In order to study the influence of temperature rise and 
speed on dynamic characteristics for ball bearing shaft 
system, the schematic diagram of bearing test rig is used 
as shown in Fig. 8, which mainly include shaft-bearing 
system, drive motor, CNC system, sensor system and tem-
perature control system. The experiment was completed 
under the condition that the indoor temperature was main-
tained at about 20 °C in spring. The speed of the motor 
is controlled by CNC system, and the rated speed of the 
bearing B7007C is 23,800 rpm, but the spindle does not 
need to use very high speed conditions in actual work, so 
the two speeds of 5000 rpm and 10,000 rpm are selected as 
the research conditions of the test. The heater is seated in 
the middle of bearing-shaft system and controlled by auto-
matic temperature control system. Before each test, the 
bearing area of the spindle system is heated with a heater 
for more than 8 h in advance to ensure that the system 
reaches thermal balance, and then stiffness and vibration 
tests are carried out. There are two accelerometer sensors 
and thermocouple sensors for bearing. The eddy current 
sensor can be used to measure shaft displacement and the 
PCB force hammer is used to produce a force for shaft. 
The test procedure is as follow:

The relation of shaft-bearing system’s temperature-
stiffness: when the spindle system is at rest, PCB modal 

Fig. 7   Comparison between theoretical model and finite element 
model (Fa = 300 N, nm = 10,000 rpm)

Fig. 8   Experimental system
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impact hammer is used to impose an excitation on the 
spindle end, and the vibration displacement data of the 
spindle end collected by the displacement sensor and the 
force signal collected by the force hammer are transmit-
ted to the computer through the controller, the stiffness of 
the shaft-bearing system can be calculated according to 
the ratio of the collected force data to the displacement 
data, and the stiffness data of the shaft-bearing system are 
analyzed by LabVIEW software;

The relation of shaft-bearing system’s temperature-
vibration: when the spindle operates at 5000  rpm and 
10,000 rpm, the acceleration sensor and magnetic holder 
were assembled and placed in the bearing housing. The 
eddy current displacement sensor was fixed through the 
magnetic holder bracket and placed at the front end of the 

spindle. The collected experimental data were stored and 
displayed in real time through LabVIEW software.

5 � Results and Discussion

5.1 � The Relation of Shaft‑Bearing System’s 
Temperature‑Stiffness

For different temperature rise, the normal contact force 
Qi(o) rise with the temperature increased. The purpose of 
this contact load is tuned to the stiffness, the actual relation 
temperature-stiffness was demonstrated directly by force 
hammer and eddy current sensor. The stiffness with differ-
ent temperature rise, is presented in Fig. 9. According to the 
experimental data, the finding is as follow:

Bearing temperature has an obvious effect on stiffness for 
shaft-bearing system; The stiffness of shaft-bearing system 
increased gradually with the increase of temperature rise; 
From test data, the shaft-bearing system stiffness increases 
linearly with temperature rise and the change rate ups to 
0.2 × 105 N/m °C ; When the bearing temperature increases 
by 40 °C, the shaft-bearing system stiffness increases by 
12%.

Fig. 9   The relation of temperature and stiffness

Fig. 10   The relation of 
temperature-vibration with dif-
ferent speed
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5.2 � The Relation of Shaft‑Bearing System’s 
Temperature‑Vibration

Considering the influence of temperature rise on rotating 
system, the vibration characteristics of rotor were changed 
by controlling the temperature rise of bearing. As shown in 
Fig. 10, the vibration of shaft-bearing system under differ-
ent speed (5000 rpm and 10,000 rpm) and temperature rise 
(20 °C and 40 °C). From test data, the vibration of shaft at 
10,000 rpm is significantly stronger than at 5000 rpm. When 
the bearing temperature rise from 20 to 40 °C, the root-
mean-square value of shaft vibration is reduced by 61.2% 
at 10,000 rpm and by 65.1% at 5000 rpm, the peak-to-peak 
value of shaft vibration is reduced by 60% at 10,000 rpm and 
by 63.1% at 5000 rpm.

It can be found from the test that the rotor vibration can be 
effectively controlled by changing the bearing temperature. 
In the machining process, the bearing contact load between 
the rolling and the raceway can be obtained according to 
the bearing dynamic model, and the bearing temperature 
can be precisely controlled according to the working condi-
tions. This phenomenon has not shown this good vibration 
elimination in previous literature.

6 � Conclusions

The paper proposes a real-time method to control bearing 
system dynamics by using temperature to influence vibra-
tion. Considering bearing thermal expansion, we studied the 
effects of temperature on contact angle, load, and stiffness 
between ball and raceway. The thermodynamic coupling 
finite element model of bearing based on ANSYS Work-
bench is compared with the theoretical model proposed, and 
the result verifies its accuracy. The following conclusions 
can be obtained:

•	 The temperature rise has a significant effect on the 
dynamic characteristics of the bearing, changing the con-
tact angle between the bearing ball and the inner/outer 
ring, as well as affecting the contact load and bearing 
stiffness. The simulation data show that with the increase 
of temperature, the contact angle between inner ring and 
outer ring decreases, while the contact load and bearing 
stiffness increase. For example, when the bearing speed 
is 5000 rpm and the temperature rise increases by 40° 
C, the contact angle of the inner ring and the outer ring 
decreases by 0.8° and 0.7° respectively, and the contact 
load of the inner ring and the outer ring increases by 
5.2% and 5.1% respectively. At the same time, bearing 
stiffness increased by 4.3%.

•	 The thermodynamic coupling finite element model was 
established and compared with the theoretical model. 

It was observed that with increasing temperature, the 
contact force between the ball and both the inner and 
outer raceway of the bearing demonstrated a consistent 
trend. The proposed model in this paper is validated with 
an average discrepancy of 2.7% and 3.9% for inner ring 
contact force and outer ring contact force, respectively, 
between the finite element solution and theoretical value.

•	 An experimental platform was established to investi-
gate how temperature affects bearing system stiffness 
and vibration. The test data showed that the stiffness 
increased linearly with the temperature rise, and the 
change rate reached 0.2 × 105  N/m  °C. Specifically, 
when the bearing temperature rose by 40 °C, its stiffness 
increased by 12%. Moreover, elevating the bearing tem-
perature from 20 to 40 °C results in a reduction of rotor 
vibration peaks by 60% at 10,000 rpm and by 63.1% at 
5000 rpm. Temperature elevation effectively enhances 
bearing system stiffness and mitigates vibration, provid-
ing a real-time temperature control approach for manag-
ing rotor system vibrations in engineering applications.

Acknowledgements  The authors are grateful for the comments and 
help of reviewers and editors.

Author Contribution  Xu Tao is the first author of this paper, and the 
main work is experimenting design and data collation. Chen Yuli is 
mainly responsible for experiments. Chen Tao is mainly responsible 
for experimental equipment design and manufacture. Zhang Shoujing 
is responsible for drawing and proofreading. Zhang Qing is mainly 
responsible for digital signal processing. Xu Tao: Supervision, Funding 
acquisition; Chen Yuli: Software, Methodology; Chen Tao: Valida-
tion, Resources; Zhang Shoujing: Supervision; Zhang Qing: Inves-
tigation, Data curation.

Funding  The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and publication of this article. This 
work was supported by the Shaanxi province natural science foundation 
general project (NO: 2024JC-YBMS-403). This work was supported 
by the Shaanxi province natural science foundation research project 
(NO: 2019JM-417).

Data Availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations 

Conflict of interests  The authors declare no conflict of interest. All 
photo, data, experiment and other work in this paper are completed 
by the authors independently. There is no plagiarism or quoting from 
others. This article can be copied and distributed.

References

	 1.	 Gao, S., Wang, L., & Zhang, Y. (2023). Modeling and dynamic 
characteristic analysis of high-speed angular contact ball bearing 
with variable clearance. Tribology International, 182, 108330.



	 International Journal of Precision Engineering and Manufacturing

1 3

	 2.	 Zheng, D., Chen, W., & Zheng, D. (2021). An enhanced esti-
mation on heat generation of angular contact ball bearings with 
vibration effect. International Journal of Thermal Sciences, 159, 
106610.

	 3.	 Liu, H., Zhang, Y., Li, C., & Li, Z. (2021). Nonlinear dynamic 
analysis of CNC lathe spindle-bearing system considering thermal 
effect. Nonlinear Dynamics, 105(1), 131–166.

	 4.	 Zhou, C., Qu, Z., Hu, B., & Li, S. (2021). Thermal network model 
and experimental validation for a motorized spindle including 
thermal–mechanical coupling effect. The International Journal 
of Advanced Manufacturing Technology, 115(1–2), 487–501.

	 5.	 Dong, Y., Chen, F., Qiu, M., Wang, H., & Yang, C. (2022). Study 
of the contact characteristics of machine tool spindle bearings 
under strong asymmetric loads and high-temperature lubrication 
oil. Lubricants, 10(10), 264.

	 6.	 Truong, D. S., Kim, B. S., & Ro, S. K. (2021). An analysis of a 
thermally affected high-speed spindle with angular contact ball 
bearings. Tribology International, 157, 106881.

	 7.	 Hao, J., Li, C., Song, W., Yao, Z., Miao, H., Xu, M., & Liu, Z. 
(2023). Thermal-mechanical dynamic interaction in high-speed 
motorized spindle considering nonlinear vibration. International 
Journal of Mechanical Sciences, 240, 107959.

	 8.	 Wang, M., Yan, K., Tang, Q., Guo, J., Zhu, Y., & Hong, J. (2023). 
Dynamic modeling and properties analysis for ball bearing driven 
by structure flexible deformations. Tribology International, 179, 
108163.

	 9.	 Dong, Y., Chen, F., & Qiu, M. (2022). Thermal-induced influ-
ences considered spindle unit angular contact ball bearing 
preload determination using embedded fiber Bragg gating sen-
sors. International Journal of Distributed Sensor Networks, 18(3), 
15501329221082430.

	10.	 Nowak, A., Campanile, L. F., & Hasse, A. (2021). Vibration 
reduction by stiffness modulation-a theoretical study. Journal of 
Sound and Vibration, 501, 116040.

	11.	 Li, T., Kolář, P., Li, X. Y., & Wu, J. (2020). Research develop-
ment of preload technology on angular contact ball bearing of 
high-speed spindle: A review. International Journal of Precision 
Engineering and Manufacturing, 21, 1163–1185.

	12.	 Sun, Y., Zhang, C., Zhao, X., Liu, X., Lu, C., & Fei, J. (2022). 
Transient thermal analysis model of damaged bearing considering 
thermo-solid coupling effect. Sensors, 22(21), 8171.

	13.	 Li, T. J., Wang, M. Z., Zhang, Y. M., & Zhao, C. Y. (2020). Real-
time thermo-mechanical dynamics model of a ball screw system 
based on a dynamic thermal network. The International Journal 
of Advanced Manufacturing Technology, 108, 613–624.

	14.	 Zhang, G., Jin, H., & Lin, Y. J. (2021). Attaining ultraprecision 
machining by feed drive system stability control with piezoelectric 
preloading actuators. Applied Sciences, 11(18), 8491.

	15.	 Li, B., Chen, Y., Yang, X., & Zhu, L. (2022). Influence of thermal 
effect on dynamic behavior of high-speed dry hobbing motorized 
spindle system. Journal of Mechanical Science and Technology, 
36(5), 2521–2531.

	16.	 Miao, H., Wang, C., Hao, J., Li, C., Xu, M., & Liu, Z. (2022). 
Dynamic analysis of the column-spindle system considering the 
nonlinear characteristics of kinematic joints. Mechanism and 
Machine Theory, 174, 104922.

	17.	 Maurya, S. N., Li, K. Y., Luo, W. J., & Kao, S. Y. (2022). Effect 
of coolant temperature on the thermal compensation of a machine 
tool. Machines, 10(12), 1201.

	18.	 Dai, Y., Wang, J. H., Li, Z. L., Wang, G., Yin, X. M., Yu, X. Y., 
& Sun, Y. J. (2021). Thermal performance analysis and experi-
mental study of high-speed motorized spindle based on the gra-
dient descent method. Case Studies in Thermal Engineering, 26, 
101056.

	19.	 Dai, Y., Tao, X., Xuan, L., Qu, H., & Wang, G. (2022). Thermal 
error prediction model of a motorized spindle considering variable 

preload. The International Journal of Advanced Manufacturing 
Technology, 121(7), 4745–4756.

	20.	 Truong, D. S., Kim, B. S., & Park, J. K. (2019). Thermally 
affected stiffness matrix of angular contact ball bearings in a 
high-speed spindle system. Advances in Mechanical Engineer-
ing, 11(11), 1687814019889753.

	21.	 Dong, Y., Chen, F., Lu, T., & Qiu, M. (2022). Research on thermal 
stiffness of machine tool spindle bearing under different initial 
preload and speed based on FBG sensors. The International Jour-
nal of Advanced Manufacturing Technology, 119(1–2), 941–951.

	22.	 Jiang, Y., Zhu, T., & Deng, S. (2023). Combined analysis of stiff-
ness and fatigue life of deep groove ball bearings under interfer-
ence fits, preloads and tilting moments. Journal of Mechanical 
Science and Technology, 37(2), 539–553.

	23.	 Liu, Y., Yan, C., Kang, J., Wang, Z., & Wu, L. (2023). Investiga-
tion on characteristics of vibration interaction between supporting 
bearings in rotor-bearing system. Measurement, 216, 113000.

	24.	 Liu, P., Wang, L., Ma, F., Zheng, D., Wu, J., & Li, Z. (2023). 
Influence of assembly clearance on vibration characteristics of 
angular contact ball bearings in the thermal environment. Tribol-
ogy International, 181, 108317.

	25.	 Jakubek, B., Grochalski, K., Rukat, W., & Sokol, H. (2022). Ther-
movision measurements of rolling bearings. Measurement, 189, 
110512.

	26.	 Chen, B., Guan, X., Cai, D., & Li, H. (2022). Simulation on ther-
mal characteristics of high-speed motorized spindle. Case Studies 
in Thermal Engineering, 35, 102144.

	27.	 Zhang, K., Wang, Z., Bai, X., Shi, H., & Wang, Q. (2020). 
Effect of preload on the dynamic characteristics of ceramic bear-
ings based on a dynamic thermal coupling model. Advances in 
Mechanical Engineering, 12(1), 1687814020903851.

	28.	 Wang, Y., Yan, C., Lu, Z., Liu, Y., & Wu, L. (2022). Effect of ther-
mal elastohydrodynamic lubrication on vibration characteristics 
of ball bearing with local defect. Proceedings of the Institution of 
Mechanical Engineers, 236(3), 488–500.

	29.	 Gao, S., Han, Q., Pennacchi, P., Chatterton, S., & Chu, F. (2023). 
Dynamic, thermal, and vibrational analysis of ball bearings with 
over-skidding behavior. Friction, 11(4), 580–601.

	30.	 Chang, Z., Hou, L., & Chen, Y. (2023). Nonlinear dynamics and 
thermal bidirectional coupling characteristics of a rotor-ball bear-
ing system. Applied Mathematical Modelling, 119, 513–533.

	31.	 Lu, Z., Wang, X., Yue, K., Wei, J., & Yang, Z. (2021). Coupling 
model and vibration simulations of railway vehicles and running 
gear bearings with multitype defects. Mechanism and Machine 
Theory, 157, 104215.

	32.	 Liu, J., Tang, C., & Pan, G. (2022). Dynamic modeling and simu-
lation of a flexible-rotor ball bearing system. Journal of Vibration 
and Control, 28(23–24), 3495–3509.

	33.	 Jones, A. B. (1960). A general theory for elastically constrained 
ball and radial roller bearings under arbitrary load and speed con-
ditions. Journal of Basic Engineering, 82(2), 309.

	34.	 Su, C., & Chen, W. (2022). An optimized thermal network model 
to evaluate the thermal behavior on motorized spindle considering 
lubricating oil and contact factors. Proceedings of the Institution 
of Mechanical Engineers, Part C: Journal of Mechanical Engi-
neering Science, 236, 7484–7499.

	35.	 Xu, T., Xu, G., Zhang, Q., Hua, C., Tan, H., Zhang, S., & Luo, 
A. (2013). A preload analytical method for ball bearings utilising 
bearing skidding criterion. Tribology International, 67, 44–50.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 



International Journal of Precision Engineering and Manufacturing	

1 3

manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Xu Tao   School of Mechanical and 
Electrical Engineering, Xi’an 
Key Laboratory of Modern Intel-
ligent Textile Equipment, Xi’an 
Polytechnic University, Xi’an, 
Shaanxi 710,049, P.R. China. 
School of Mechanical and Elec-
trical Engineering, Xi’an Poly-
technic University, Xi’an, 
Shaanxi 710,600, P.R. China. 
Email: shuishou2017@xpu.edu.
cn

Chen Yuli   School of Mechanical 
and Electrical Engineering, 
Xi’an Key Laboratory of Mod-
ern Intelligent Textile Equip-
ment, Xi’an Polytechnic Univer-
sity, Xi’an, Shaanxi 710,049, 
P.R. China. School of Mechani-
cal and Electrical Engineering, 
Xi’an Polytechnic University, 
Xi’an, Shaanxi 710,600, P.R. 
China.

Chen Tao   School of Mechanical 
and Electrical Engineering, 
Xi’an Key Laboratory of Mod-
ern Intelligent Textile Equip-
ment, Xi’an Polytechnic Univer-
sity, Xi’an, Shaanxi 710,049, 
P.R. China. School of Mechani-
cal and Electrical Engineering, 
Xi’an Polytechnic University, 
Xi’an, Shaanxi 710,600, P.R. 
China. 

Zhang Shoujing   School of 
Mechanical and Electrical Engi-
neering, Xi’an Key Laboratory 
of Modern Intelligent Textile 
Equipment, Xi’an Polytechnic 
University, Xi’an, Shaanxi 
710,049, P.R. China. School of 
Mechanical and Electrical Engi-
neering, Xi’an Polytechnic Uni-
versity, Xi’an, Shaanxi 710,600, 
P.R. China.

Zhang Qing   State Key Labora-
tory for Manufacturing System 
Engineering, Xi’an Jiao tong 
University, Xi’an, Shaanxi 
710,049, P.R. China.


	A Thermal Preload Analysis Method of Angular Ball Bearing Considering Temperature Rise
	Abstract
	1 Introduction
	2 Ball Bearing Dynamic Model (BBDM)
	2.1 Temperature-Induced Bearing Elastic Deformation Analysis
	2.2 The Thermal-Preload Controllable Method of ACBB
	2.3 Simulation Analysis of Different Speed and Temperature

	3 Thermodynamic Coupling Model
	3.1 Finite Element Model Construction
	3.2 Model Comparison

	4 Experimental System
	5 Results and Discussion
	5.1 The Relation of Shaft-Bearing System’s Temperature-Stiffness
	5.2 The Relation of Shaft-Bearing System’s Temperature-Vibration

	6 Conclusions
	Acknowledgements 
	References


