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The lubrication methods and material characteristics of high-speed rolling bearings significantly impact the vibration and
temperature of motorized spindles in high-speed machine tools. This study focuses on replacing traditional metal bearings
with full ceramic ball bearings and analyzes three different types of bearings: Si;N,-SizNs, ZrO,-SizNy, and GCr15-GCr15.
Based on the quasi-static and oil film thickness theory of bearing, the influence of rotational speed on the centrifugal force
of bearings of different materials and the oil film thickness of the raceway center of inner and outer rings was analyzed.
According to different lubrication methods, the vibration and temperature rise characteristics of motorized spindle bearing
systems under high-speed working conditions are analyzed in experiment. The results indicate that Si;N,-Si;Ns bearings
exhibit lower centrifugal force and thicker oil films than the others. The experimental results show that the vibration-effective
value of the Si;N,-Si;N, bearing is lower than that of the other two materials when the speed is higher. Grease lubrication
slightly reduces vibration acceleration compared to oil-air lubrication. The temperature rise difference of motorized spindle of
oil-air lubricated full ceramic bearings is smaller than that of grease lubrication, and the average temperature rise difference
is 4°C. Full ceramic bearings outperform steel bearings in all aspects under the same working conditions, and the Si;Ns-Si;N4
bearing embodies the advantages of dynamic and thermal performance.

Keywords: Full ceramic ball bearings, High-speed motorized spindle, Lubrication methods, Vibration characteristics,
Temperature rise characteristic.

Introduction to evaluate the performance of the motorized spindle
system, directly affects the stability and fatigue life of
With the rapid development of the advanced machinery the motorized spindle [7, 8]. Therefore, it is particularly
manufacturing industry, the products processed by high- important to monitor the vibration and temperature rise
speed motorized spindles have been widely used in the of motorized spindle bearings.
fields of machinery, electronics, chemical industry, When the traditional steel ball bearing runs at high
military, aerospace and bioengineering and other high- speed, it produces enormous centrifugal force and gyro
precision processing fields due to their high processing torque, sharply increasing the contact stress between
accuracy and efficiency [1-3]. As the core structural unit the rolling body and the bearing's outer ring. The steel
of advanced CNC machine tools, the motorized spindle's material is affected by thermal expansion and cold
operation accuracy determines the machined parts' contraction, and the bearing hardness is difficult to
accuracy, and the machining accuracy represents the maintain, resulting in increased bearing deformation.
development direction of future advanced manufacturing Due to the extrusion of the internal lubricant, the oil
technology [4]. As a key core supporting component of the film thickness decreases, the oil film carrying capacity
spindle of CNC machine tools, rolling bearings, whose decreases, and it is more likely to lead to the failure
DN value of the product of the bearing pitch diameter of lubricating oil. The increase in friction coefficient
and speed is mostly more than 1x10° mm-(r/min), can generates a large amount of friction heat, aggravates
be called high-speed bearings [5]. Bearing failure under bearing vibration and temperature rise, and the bearing
high-speed conditions is the main form of vibration is prone to fatigue failure, which will exacerbate the
and temperature rise [6], which, as an important index failure of the bearing. Therefore, steel ball bearings are
no longer the best choice to be applied to the motorized
*Corresponding author: spindle under high-speed working conditions [9, 10].
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self-lubrication, engineering ceramic materials have
excellent performance when applied to rolling bearings
at high speed and high-temperature conditions, reducing
the centrifugal force and gyroscope moment of the
ball, significantly improving the speed, stiffness, and
life of the motorized spindle [11]. Therefore, studying
the vibration and temperature rise of full ceramic ball
bearings under different speed and lubrication methods
is of great significance.

Many scholars have recently conducted research
on motorized spindle bearing systems' vibration and
temperature rise from different angles according to the
actual working conditions. Cao et al. [12-14] concluded
that bearing vibration is related to the interaction
between various components and is affected by working
condition parameters. Jamadar et al. [15] studied the
influence of grease viscosity on mechanical vibration
related to bearings when they are damaged, and the
results showed that when the grease viscosity was high,
the bearing amplitude was lower, thus improving the
service performance of bearings. Wang et al. [16, 17]
established a thermo-mechanical fully coupled bearing
model, calculated and analyzed the temperature and
axial deformation of bearings at different rotational
speeds, and then obtained the change law of dynamic
and thermal characteristics of bearings. Hao Xu et al.
[18] built a test bed for a single-disc rotor-bearing
system with two fulcrum, measured and analyzed
the displacement and acceleration of the support end
of cylindrical roller bearings with eddy current and
acceleration sensors, and studied the vibration response
of the rotor during the process of bearing heat balance
and under different lubricating oil temperatures. Wu
Yuhou et al. [19] conducted lubrication vibration
characteristics experiments on full ceramic bearings by
changing preload forces and oil supply. They established
a dynamic model of full ceramic deep groove ball
bearings under lubrication conditions. Zhang Ke et al.
[20] established a dynamic thermal coupling model of a
ceramic motorized spindle bearing system to determine
the optimal preload at different speeds and studied the
effects of speed, preload, and thermal deformation on
bearing vibration characteristics. Bai Xiaotian et al. [21,
22] established an full ceramic bearing model considering
ball diameter difference. They later studied the vibration
characteristics of full ceramic bearings under oil absence.

Zheng et al. [23] established a thermal expansion
load balance model of angular contact ball bearings to
calculate bearing load changes and study the relationship
between heat generation and heat transfer in the rotating
shaft, considering the constraints of coolant, radial, and
axial structure. Wu Li et al. [24] established the heat
transfer model of angular contact ball bearing by finite
element method based on the bearing pseudo-static
method and bearing heat generation theory, explored the
influence of temperature rise on the heat displacement
of bearing components, and analyzed the variation law

between different speed, load and bearing temperature
field. Wu et al. [25] established angular contact ball
bearings' differential sliding heat generation based on
Elastohydrodynamic Lubrication (EHL) theory. The study
takes into account the asperity elastic-plastic deformation,
establishing an improved model with high accuracy in
verifications with experimental data and existing model.
Other aspects, such as bearing structure size, surface
waviness, number of rolling elements, backlash, and
cage [26-30], have also been extensively studied on the
influence of bearing load, oil-air lubrication flow field,
rotation accuracy, friction and other fields on the bearing
thermal characteristics [31], and practical conclusions
have been drawn.

To sum up, the current research on the factors affecting
vibration and temperature rise of motorized spindle bearing
systems has achieved extensive and in-depth research
results and has achieved many valuable results. There are
some research results have been obtained at high speed
on the vibration and temperature rise characteristics of
motorized spindle systems equipped with metal bearings.
However, the research on the effects of vibration and
temperature rise on motorized spindle systems equipped
with different materials is still in its infancy in related
fields, and experimental research is lacking. Starting with
the full ceramic bearing motorized spindle, this paper
uses the bearing quasi-static theory and the oil film
thickness theory to obtain accurate numerical solutions
through Newton's method to analyze the influence of
rotational speed on the centrifugal force and the oil film
thickness of the center of the raceway of the inner and
outer rings of the bearing. In addition, the dynamic and
thermal performance tests of the full ceramic bearing
motorized spindle of different materials are carried out at
different speeds and under different lubrication methods
under high-speed working conditions. The test results
verify the service performance advantages of the full
ceramic bearing under high-speed conditions, improve
the comprehensive performance of the motorized spindle,
and the results of the vibration and temperature rise of
the full ceramic bearing have guiding significance for
the design theory of the full ceramic bearing motorized
spindle. They can effectively promote the development
of the national equipment manufacturing industry.

Experimental Research

Experimental motorized spindle bearing selection
and assembly

The motorized spindle-bearing system adopted in this
experiment is based on the high-speed motorized spindle
model SJZU170-30/15, and the performance parameters
are shown in Table 1. Before conducting the experiment,
the motorized spindle needs to be mounted with bearings
made of three different materials, respectively. The
bearings used in the test are full ceramic angular contact
ball bearings (model: 7009C, rolling body material is
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Table 1. Performance parameters of the spindle

Parameters Values
Rated speed (1/min) 30000
Rated voltage(V) 350
Rated frequency(Hz) 500
Rated current (A) 19
Rated power (kW) 15
Pole logarithm 4

Si3N,, inner and outer ring material is SizNi, ZrO,) and
steel angular contact ball bearing (model: 7009C, the
rolling body and the inner and outer rings are GCrl5),
the cage is made of PEEK composite material for
comparison, the bearings are located at both ends of the
motorized spindle, the motorized spindle is placed on the
test bench, the inner ring rotates with the rotating shatft,
the outer ring is fixed with the bearing seat, the bearing
accuracy is P4, the ball accuracy reaches G3.

As can be seen, due to the relatively complex structure
of the motorized spindle, in order not to affect the
operation accuracy of the motorized spindle after bearing
assembly, each component of the motorized spindle
needs to be cleaned with gasoline and dried naturally
before assembling. The assembly sequence is as follows:
first, the large front cover of the motorized spindle is
used, and then the front and rear bearings are installed.
The bearings are installed in pairs with their faces facing
each other, and lubricating oil is evenly applied to each
bearing prior to installation. The interference between
the steel bearing and the rotating shaft is small, it can

Zr0;-SiN

Tested fore bearings
- Rotor

The Lion SEA-5 motorized

be assembled by direct pressing, which will affect the
rotation accuracy of the bearing, so the ceramic bearing
needs to be installed in liquid nitrogen cold state.The
interference amount is approximately 1-2 micrometers,
and then the linear bearing and the bearing seat are
installed, and the six springs are installed at the same
time. The rear end lock cap and the rear cover are
installed. The assembled high-speed motorized spindle
and bearing test bench are shown in Fig. 1.

In this paper, angular contact ball bearing 7009C
is been used as an example, also the performance of
bearing in different materials is analyzed. The bearing
structural parameters and material characteristics are
shown in Table 2 and Table 3.

Experimental scheme and process

As shown in Fig. 2, the high-speed motorized spindle
bearing test bench is composed of four parts: control
system, detection system, water cooling system and

Table 2. Structure parameters of 7009C bearing

Bearing type 7009C
Bearing bore diameter d/mm 45
Contact Angle 15°
Number of balls Z/n 17
Bearing outside diameter D/mm 75
Bearing width B/mm 16
Ball diameter Dy/mm 8.731
Pitch diameter D,/mm 60
Curvature radius of inner ring raceway f/mm 0.515
Curvature radius of outer ring raceway f./mm 0.525
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Fig. 1. Schematic of the test bench composition.
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Table 3. Material parameters of the 7009C bearing

Bearing Material SN, ZrO, GCrl5
Elastic Modulus(GPa) 310 195 207
Poisson’s Ratio 026 03 0.3
Density(g/cm’) 324 588 7.85
Coefficient of thermal expansion (k') 3.2  8.75 3
Termal conductivity (w m 'k ") 35 3 45

lubrication system. The test bench is operated by the
motorized spindle bearing performance test system. The
spindle speed is controlled by conputer, also the loading
load can be setted.. By changing those two parameters,
a series of tests are conducted on the motorized spindle.
The detection system utilizes the OFV-5000 Xtra high
performance laser Vibration meter of German POLYTEC
and the MLV-I-120 Xtra optical head. This device uses
non-contact sensor to collect vibration signals at the
spindle end, which can realize the simultaneous output of
vibration displacement, speed and acceleration signals in
multiple channels. Time domain and frequency domain
analysis, measuring distance range 0.5~100 m, maximum
speed £25 m/s, available frequency range 0.5~5 kHz.
The temperature sensors are placed on the front and rear
bearing housing of the high-speed motorized spindle, the
temperature distribution of the outer ring of the bearing
is detected by Lion SEA-5 motorized spindle error
analyzer.

The experiment was conducted in a dust-free laboratory
with an ambient temperature of 25°C+2°C and humidity
no greater than 75%. The test was conducted under no-
load conditions. The lubrication conditions included
oil and gas lubrication as well as grease lubrication.
The model of the oil and gas lubrication system was

Bl hind view

Motorized spindle performance
testing system

blﬂlwr

v, 3 ' Temperature
L oil
lubrication mmp"m"r

Motorized
\ spindle

\.é

The Lion SEA-5 motorized
spindle error analyzer

MIXAIR2, and the compressed air pressure for the
lubrication system was maintained at a constant 0.36
MPa during the experiment. The water cooling system
maintained a constant water temperature of 18°C, with
a flow rate of 170 ml/s.

The vibration and temperature rise of the bearing were
studied using the control variable method. The speed
of the motorized spindle was altered while maintaining
constant lubrication methods, unchanged bearing material,
and a preload of 400N. High-speed bearings generally
refer to bearings with a speed value greater than 1x10°
r/min. In the case of 7009C bearings with d,=60, the
required speed must exceed 16666 r/min. Since the
speed starts from a high level, before reaching the test
speed, the spindle speed is gradually increased to the
tested speed, with each increment of 1000 r/min. The
test starts at 18000 r/min and continues up to 30000
r/min. After each group reaches the target speed, the
motorized spindle maintains the speed for 1 hour. Due
to the large number of experimental groups, 7 groups
of effective vibration values and 5 groups of vibration
frequency domain and temperature rise speed conditions
were selected for further analysis. The experimental flow
chart is shown in Fig. 3, and the experimental scheme
is shown in Table 4.

Theoretical Model of Full Ceramic Ball
Bearing

Geometry of internal deformation of full ceramic
ball bearing elements

Figure 4 shows the structure diagram of the full
ceramic ball bearing. The full ceramic ball bearing
consists of an inner and outer ring, a cage, and rolling
elements. During the working process of the bearing,

High performance laser vibrometer  HIOKI data storage recorder

%-

Non-contact optical head

|)etecl.‘mu
if equipment

water-cooling
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Fig. 2. High speed motorized spindle-bearing test bench.
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Table 4. Experimental scheme for the effect of lubrication methods on the performance of bearings made of different materials

under high-speed working conditions

gr::tsltp Bearing material Rotational speed(r/min) Preload(N) Lubrication method Test time(min)
! SN-SENs 18000-30000 Oil-air lubrication
2 Z10--Si;N, . ' 400 o 60min
3 GCr15-GCrl5 (The value increases by 1000r/min) Grease lubrication

the inner ring is installed on the rotating shaft, and the
outer ring is installed in the bearing seat. Usually, the
inner ring and the rotating shaft have an interference fit;
the outer ring and the bearing seat have a gap fit, so the
inner ring rotates, and the outer ring remains stationary.
Meanwhile, B represents the bearing width, ¢ and D are
the diameters of the inner and outer rings of the bearing,
respectively, d; and D, are the bottom diameters of the
inner and outer rings of the bearing, respectively, d,, is
the diameter of the bearing pitch diameter, D, is the
diameter of the ceramic ball, o, is the initial contact
angle, C, is the radial clearance of the bearing.

As shown in Fig. 4, r;and 7. are the radius of curvature
of the inner and outer rings, respectively.

n=1D,

r.= 1., M
_D,cosa

= 2)

m

Where, v is a dimensionless geometric parameter; f;
and f; are the coefficient of raceway curvature radius of
the inner and outer rings respectively.
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Fig. 4. 7009C Structure diagram of full ceramic ball bearing.

The pitch diameter of the bearing is equal to the
average of the diameter of the inner and outer rings:

d, =0.5(d +D) 3)

The initial bearing contact Angle «, is determined
by the structural design parameters and the original
clearance:

C
= 1-—— 4
o, = arccos( > ) ( )

Where, A4 is the distance between the center of
curvature of the inner and outer ring raceway, which is
determined by the following formula:

Inner and outer raceway center of curvature locus
circle radius:

r=0.5d,+D,(f,—0.5)cosa )
r,=0.5d,-D,(f,-0.5)cosax ©6)

Calculating formula of diameter of inner and outer
raceway of ball bearing [32]:

di:dm—Dh[Zfe—(zfe—l)cosa] ™
De:dm+D,,[2fe—(2fe—1)cosa] (8)

When the full ceramic ball bearing is applied in high-
speed conditions, the centrifugal force and gyroscopic
torque generated by the high speed cause -elastic
deformation of the bearing under the combined action
of the two forces. This deformation further results in
changes to the bearing rolling center and the curvature
centers of the inner and outer ring raceways, altering their
relative positions so that they are no longer collinear.

In this paper, full ceramic ball bearings are applied
to high-speed motorized spindles. The inner ring rotates

Rl 2"

with the rotating shaft, while the outer ring is fixed
with the bearing seat. Therefore, the O. of the groove
curvature center of the outer raceway is fixed, and
the load movement relationship between the O; of the
groove curvature center of the inner raceway and the O,
of the ball is shown in Fig. 5 [33]. For the J-th rolling
element, Xj; and X5 are the relative positions of the ball
center of the rolling element, representing the axial and
radial distances between the ball center and the center of
curvature of the outer raceway groove, respectively; A;
and A, represent the axial and radial distances between
the center of curvature of the inner raceway groove and
the center of curvature of the outer raceway groove.
According to the geometric relationship shown in Fig.
5, the expressions of 4;; and A, are respectively:

A, =(f,+f,—DD,sina,+6, +r(0, sinp, -6 cosp,)
4, =(f,+f,—DD,cosa,+5 cosp, +0 sing, e

Where 0y, Jy and 6, are the translational displacement
of the inner ring along the X, Y and Z axes, respectively.
6, and 6, are angular displacements along the X and Y
axes. ¢; is the azimuth Angle of the jth ball, which is
calculated as follows:

0, =27(/-1)/2, (10)

Among them, Z, is the number of bearing rolling
elements.

When the bearing rotates at high speed, elastic
deformation occurs within the bearing due to the action
of centrifugal force and external load. The movement of
the rolling element will cause the initial contact angle a
to change. The contact angle between the rolling element
and both the inner and outer raceways will change to o
and a,; respectively. Under this working condition, the
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Fig. 5. Bearing internal components relative position change.

contact angle between the jth ceramic ball and the inner
raceway and the outer raceway can be obtained from the
position relationship in Fig. 5 [33]:

4,-X,
@, = arctan ———= (11)
b~ X

2j

X,
- (12)

2j

a, = arctan

The geometric relation of ball center position change
of ceramic bearing is shown in equation (13) and
equation (14).

(13)
(14)

(Alj _le)z +(A2j _ij)z -[(/;=0.5)D, +5ij]2 =0
X2 +X, -[(f.-05D,+5, =0

Force analysis of ceramic ball

The force and moment of the jth ceramic ball are
shown in Fig. 6. Assuming the tangential friction force
of the ceramic ball and the gyroscope moment are
balanced, the force balance equation of the rolling body
along the X and Z axes is [34]:

Q,sina, -0, sina, + F;cosa; —F, cosa,, =0
Q,cosa; =0, cosa, — F,;sina, + F, sina, + F, =

0
(15)
F,+F,~2M,/D=0

The relationship between tangential friction force and
normal contact load of ceramic balls can be approximately
expressed as follows:

(16)
Where g is the friction coefficient between the

Fyg =19y

raceway and the ceramic ball.

According to the Hertz contact theory, the contact
load between the ceramic ball and the inner and outer
raceways can be determined through the contact elastic
deformation. The process is as follows:

Qi/'/t?f =K;40

i1eOiilei

(17)

Where Kj and K, represent the load-deformation
coefficients for the ceramic ball and the inner and outer
raceways, respectively.

As shown in Fig. 6, the ceramic ball rotates around
the bearing axis during the working process while also
rotating around its own axis, and its rotation axis is not
parallel to the bearing's rotation axis. When the bearing
rotates at high speed, the influence of centrifugal force
F(related to the rotating motion of the ceramic ball) and

Zi Q(j

Rotation axis

Revolution axis

Fig. 6. Force analysis diagram of contact between ceramic ball
and raceway.
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gyroscopic torque M,; (also related to the rotating motion
of the ceramic ball) cannot be ignored. The calculation
formula for these forces and torques is as follows:

F,= O.Sdmmbwfj (13)
M =J,w,w, sinf3, (19)

The mass m, and the moment of inertia J of the
ceramic ball can be obtained from equation (20)

_ 3
m=prD,” /6 (20)
J =pzD,’ 160

Calculation of oil film thickness under elastohydro-
dynamic lubrication

For full ceramic ball bearings with oval point contact,
the oil film thickness between ceramic ball and inner and
outer raceway is calculated using the Hamrock-Dowson
[35] central oil film thickness formula.

h = 2.69R.U0'67M0'53Lf0‘067 1-0.61 —-0.73k
{ T enoene ey @

h, =2.69RU M S L% (1-0.61¢ ™)

Ry 1s respectively the equivalent curvature radius of
the ball in contact with the inner and outer rings along
the direction of the ceramic ball, which can be expressed
as:
ety 1

=—D (1% 22
ot 2 h( +7) (22)

R =

Ui. 1s the dimensionless velocity parameter, M is the
dimensionless material parameter, Li. is the dimensionless
load parameter, which can be expressed as:

T
U, =—— 2
g (23)
M=a'E, (24)
Li/e = E‘Q’% (25)
0% /e

Where 7, is the dynamic viscosity of the lubricating
oil under normal pressure, u is the average velocity of
the two contact surfaces, and is the viscous pressure
coefficient, which can be calculated:

u =%dm(1—;/2) (26)

1.1
+_Inn, +9.67 o wes| T—138
=——(1+5.1x10 -1
-t [< a0 p| T4 @)

n is the speed of the inner ring, r/min; 7; is the ambient
temperature; T is the actual temperature of the oil film.

E, is the comprehensive elastic modulus, and the
relationship between £, and the elastic modulus of each

rolling element is satisfied:

2 2
1 _1fl=-g +l—0'b (28)
E, 2\ E E,

0 i

Where E; and E, are elastic modulus of ceramic inner
ring and ceramic ball respectively; And Poisson's ratio
of ceramic inner ring and ceramic ball respectively; k is
the ellipticity of the contact region, k=a/b.

Results and Discussion

Analysis of influence of rotational speed on centrifugal
force of bearing

The influence of rotational speed on the centrifugal
force of bearings made from different materials is
shown in Fig. 7. With the increase in rotational speed,
the centrifugal force of bearings made from all three
materials increases. According to the centrifugal force
calculation formula in Section 3.2, the centrifugal force
of bearings of the same type is related to bearing mass
and rotational speed. The density of Si;Ni-Si;N, and
Zr0,-Si;N, bearings is significantly lower than that of
GCr15-GCrl5, resulting in much smaller bearing masses.
Consequently, with increasing speed, the centrifugal force
of Si;N4-Si;Ny and ZrO»-SisN4 ceramic bearings is much
lower than that of GCr15-GCrl5 bearings. As shown
in Fig. 7, the centrifugal force of Si;N4-SisN4 bearings
exhibits a slow growth trend and remains minimal at
different speeds. The centrifugal force of the ZrO,-Si;N,
bearing is higher than that of the Si;Ni-Si;N, bearing,
and the growth trend becomes increasingly pronounced
with increasing speed. In contrast, the centrifugal force
of GCrl15-GCrl15 bearings is significantly higher and
exhibits a linear growth trend. Due to the superior hardness
and wear resistance of ceramic materials compared to
steel, ceramic bearings undergo minimal wear during
high-speed rotation, further minimizing the wear-induced

160 | ! X
| —&— Si;N,-Si;N,
140 + ——Zr0,-5i;N,
—&— GCrl5-GCrl5

120

100

80

Centrifugal force(N)

40

20

L 1 1 1 1 1 1

18 20 22 24 26 28 30

Rotational Speed(* 10*t/min)

Fig. 7. Effect of rotational speed on centrifugal force of bearings
of different materials.
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mass increase. This maintains a low centrifugal force,
enabling Si;N4-Si;N, bearings to exhibit their performance
advantages under various lubrication conditions.

Analysis of influence of working condition on vibration

The effective value X reflects the energy of the signal,
which is more suitable for the rolling bearing detection
with random vibration. The greater the degree of wear of
the bearing, the higher the X value. The speed of the
motorized spindle ranged from 18000 r/min to 30000 1/
min. By measuring the vibration acceleration of the front
bearing at various speed conditions, we processed the
data using Fourier transform and calculated the effective
value. The effective value refers to the energy intensity
and stability of the vibration energy in a period. It can
be expressed as:

1,
X, = =D, 29
rms N;xl ( )

The experiment was repeated three times, and the
vibration effective value was obtained, as shown in
Fig. 8. When the preload force is maintained at 400N,
the bearing vibration effective values under different
lubrication methods exhibit an increasing trend with the
rise in spindle speed, as depicted in Fig. 8. The vibration
RMS of the Si;N4-Si;N4 bearing increases gradually with
increasing spindle speed, and the increase is most gradual
within the range of 20000-22000 r/min. Compared to the
Si3N4-SisNy bearing, the ZrO,-Si;N; and GCrl15-GCrl5
bearings show a more significant increase in vibration
at high speeds. From the analysis of the influence of 4.1
section speed on the bearing centrifugal force, it can be
seen that the centrifugal force has a great influence on the
bearing vibration under high speed working condition.

As can be seen from Fig. 8(a) and (b), vibration
effective values under grease lubrication are lower
than those under oil-air lubrication on the whole. This
may be the case for full ceramic ball bearings with oil-

ok

Oil-air lubrication

20

Vibration effective value X__(m/s?)

L L " ' 1 L L 1
1.8 2.0 22 24 2.6 28 30

Rotational Speed(*10*r/min)
——Si,N,Si,N, —@—Zr0,Si,N, —o—GCrl5-GCrl5

(a) oil-air lubrication

air lubrication. During high-speed rotation, the strong
airflow from the raceway generated by centrifugal force
forms a convection with the oil-air entering the bearing
raceway, which prevents the lubricating oil-air from
entering the bearing raceway to a certain extent and
affects the lubrication of the bearing. With the increase
of the spindle speed, this influence becomes more and
more significant. It will lead to insufficient lubrication
of the bearing raceway, thus increasing the bearing
vibration. For ball bearings with grease lubrication,
due to the relatively large viscosity and poor fluidity
of grease, the lubricant loss in the raceway is relatively
small during bearing operation, and the rolling body is
sufficiently lubricated and runs smoothly. Therefore, the
vibration effective acceleration value of grease lubricated
bearings is slightly lower than that of oil-air lubricated
bearings under high-speed working conditions.

Overall, under different lubrication methods, the
vibration effective values of Si;N4-Si;N, bearings remains
relatively low at higher speeds. Under oil-air lubrication
method, the vibration effective values of bearings with
different materials exhibits the most significant variance
at 30000 r/min, which is lower than that of ZrO,-Si;Ny
bearings by 23.2% and GCr15-GCrl15 bearings by 33.9%.
Under grease lubrication methods, it is 17.9% lower than
Zr0»-SisN, bearings and 42.6% GCr15-GCrl5 bearings.
The analysis shows that the bearing rolling body, cage
and lubricant filled in the bearing raceway under high-
speed operation have a large centrifugal force, and with
the increase of the rotational speed, the centrifugal force
continues to increase, a large number of lubricants will
be emitted from the bearing raceway inside and out,
thus affecting the lubrication state of the bearing to a
certain extent. The full ceramic bearing shows excellent
performance in the case of the lack of lubricant in high-
speed working conditions, which shows that the ceramic
material has a certain self-lubricating performance to
a certain extent, and may be in low-speed working
conditions, mainly the preload force plays a role, when
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Fig. 8. Influence of rotating speed on bearing vibration under different lubrication methods.
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the speed rises to a certain extent, the role of centrifugal
force on the silicon nitride ceramic material can be
played, greater than the contact force generated by the
preload. In addition, due to the large elastic modulus of
silicon nitride ceramic material, the stiffness is relatively
large, which can effectively inhibit its vibration.

As shown in Fig. 9, the vibration acceleration effective
value of grease lubrication is better than that of oil-air
lubrication, so the bearing vibration frequency domain
under the condition of grease lubrication is analyzed.
The relation between motorized spindle speed and
rotation frequency can be expressed as:

60 f
p

Where: v is the speed, the unit is r/min; f is the

frequency, expressed in Hz; p is the number of magnetic
poles.

Expressed in the form of frequency, assuming that the

rotation frequency of the inner ring of the rolling bearing

is f;, the rotation frequency of the outer ring is f,, and

the relative rotation frequency of the inner ring and the
outer ring is f;, it can be expressed as follows.

(30)
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n
L=t (32)
The rotating frequency of the motorized spindle was
selected as 300, 350, 400, 450 and 500 Hz corresponding
to the rotating speeds 18000, 21000, 24000, 27000
and 30000 r/min for experimental data processing.
The amplitude and frequency diagram of the radial
vibration acceleration test results of the front bearing of
the motorized spindle are shown in Fig. 10. As can be
seen from Fig. 10, the rotation frequency of bearings is
the main factor in the running process. When the rotation
speed is 18000 r/min, first-order frequency (f;) has a
greater impact on the vibration of full ceramic bearing
motor spindles, followed by second-order frequency
(2f)) and third-order frequency (3f) for full ceramic
bearings of silicon nitride and zirconia. 2f; and 3f; are no
different from other vibration signals, relatively stable,
and frequency doubling is lower than zirconia ceramic
bearings, 2f; has a greater impact on the vibration of steel
bearing motorized spindle; in fact, £ and 3f;, this kind
of vibration is related to the bearing speed, the number
of rolling elements and lubrication methods, at a fixed
speed, this kind of vibration is uniform and stable. When
the speed is 21000 r/min-30000 r/min, it can be seen
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Fig. 10. Vibration frequency domain diagram of high speed bearing motorized spindle system under grease lubrication.

the frequency doubling is increased with the increase
of the speed. It can be seen that the vibration frequency
domain signal of the full ceramic bearing is relatively
stable with the increase of the speed. The vibration
frequency domain signal of steel bearing becomes stable
when the speed reaches 24000 r/min, and the vibration
frequency domain signal floats larger after 24000 r/min.
In addition, due to the misalignment of the motorized
spindle in the installation error, it will contain a small
amount of 2f; and 3f; components. Because 3/ has little
influence on the motorized spindle, the influence of f;
and 2f; is shown in Fig. 11.

Analysis of influence of rotating speed on bearing
oil film thickness

The relationship between bearing speed and oil film
thickness can be calculated in section 3.3. When the
bearing is fully lubricated, the influence of different
speeds on the oil film thickness in the center of the
contact area between the rolling element and the inner
ring race is shown in Fig. 12.

As seen in Fig. 12, the thickness of the lubricating oil
film formed between the rolling element and the inner
and outer race gradually decreases with the increase
in bearing speed. When the bearing is running at high
speed, a large amount of dense shear heat will be
generated at the entrance of the contact zone, resulting
in higher oil temperature, lower viscosity, and lower oil
film thickness. The contact stress between the rolling
body and the inner and outer raceways decreases, and the
lubricating oil's film-forming thickness increases with
the Angle between the rolling body and the maximum
stress point. As shown in Fig. 12, when the position
Angle of the rolling element is 180°, the Angle from the
maximum stress point is the largest, and the lubricating
oil film at this position is the thickest. When the bearing
speed is constant, the thickness of the lubricating oil film
formed between the rolling body and the inner and outer
ring raceways at different position angles is different.
Under high-speed conditions, the thickness of the oil film
formed by the rolling body in the outer ring is greater
than that of the inner ring raceway, because of the action
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Fig. 11. Influence of frequency doubling on vibration acceleration of ceramic bearing and steel bearing of high speed motorized

spindle under grease lubrication.

of centrifugal force, the lubricating oil will move from
the center of the bearing to the outer ring, thus forming
a thicker oil film. A thinner oil film is formed at the
inner ring. By comparing the oil film thickness of the
inner and outer raceway contact areas of the three kinds
of bearings, it can be found that the oil film thickness of
the GCr15-GCrl15 bearing is smaller than that of Si;Nu-
SizN, and ZrO»-SizN, bearing when the speed is higher,
and the oil film thickness formed by Si;N4-SizN, bearing
is the largest. The main reason is that the density of the
three materials is different; Si;N4 ceramic density is only
41% of GCr15 bearing steel, ZrO, ceramic 55%, which
leads to the centrifugal force of the ceramic bearing is
much less than that of the steel bearing at high speed, the
contact force between the rolling body and the raceway
is small, and the oil film is thicker.

Analysis of influence of working condition on temperature
rise

According to the experimental conditions in Section
2.2, the outer ring of the ceramic bearing in the motorized
spindle is equipped with a temperature sensor, and the
temperature data of the bearing outer ring is measured
and analyzed by the Lion SEA-5 motorized spindle error
analyzer. In this experiment, bearing temperature rise
was tested at a high operating speed of 18000~30000
r/min. In order to ensure the uniformity of test bearing
conditions, the test was carried out from a low speed
of 1000 r/min to the measured speed within 15 minutes
before reaching the measured temperature and speed,
and the test was continued for 1 hour at the measured
speed. After testing the cooling time of the motorized
spindle at one speed is 1 hour, and then continue to
test the next target speed. Due to the large number
of test groups, when the rotational speed is 18000,
21000, 24000, 27000 and 30000 r/min respectively, the
temperature of the outer ring of full ceramic bearing and
steel bearing changes with time under the conditions of

oil-air lubrication and grease lubrication respectively, as
shown in Figs. 13 and 14.

In the initial stage, full ceramic ball bearings and steel
bearings with oil-air lubrication or grease lubrication
have a temperature that gradually rises to about a
certain temperature to achieve thermal equilibrium. As
shown in Figs. 13 and 14, under the conditions of oil-
air lubrication or grease lubrication, with the increase
of speed, the time for full ceramic ball bearings to
reach thermal balance is shorter than that for steel ball
bearings to reach thermal balance. As shown in Figure
13, the trend of temperature rise in full ceramic and steel
bearings is similar in most initial operating conditions
under oil-air lubrication. The higher the rotational speed,
the larger the initial temperature peak, and the shorter
the time to reach thermal equilibrium. The temperature
gap gradually widened, at 27000 r/min and 30000 r/min,
the advantages of running 1000s and 750s full ceramic
bearings were reflected, and the temperature gap was
higher than the previous speed. As shown in Fig. 14,
with grease lubrication, the temperature gap between the
two kinds of full ceramic bearings becomes smaller as
the speed increases, and the full ceramic bearings have
obvious advantages over steel bearings at high speed.
When the speed below 18000 r/min, with the increase
of speed, the thickness of the lubricating oil film formed
between the rolling element and the inner and outer
ring raceway is gradually increased; However, with the
increase of rotational speed, the decrease of viscosity of
lubricating oil will lead to the increase of temperature.
The decrease of viscosity means that it is more difficult
for lubricating oil to form a stable oil film, so the
thickness of the oil film will be reduced. Because the
oil film thickness of ceramic bearings decreases less than
that of steel bearings, the oil film thickness of ceramic
bearings at corresponding high speed is larger than that
of steel bearings, so the temperature rise is more stable
than that of steel bearings, the heat generated is less,
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Fig. 13. Bearing operating temperature curve with time under oil-air lubrication.

the difference between heat release and heat output is
always small, and the bearing gradually rises to a certain
temperature to achieve thermal balance, compared with
steel bearings, full ceramic ball bearings can quickly
enter the heat balance state.

When the speed over 18000 r/min, if the running
time is calculated when the speed rises to the target
speed under different lubrication methods before running
1200s, the temperature exhibits a significant rising trend

at different speeds. The temperature difference between
Si3N4-SisN4 and ZrO»-SizN, ceramic bearings under oil-
air lubrication is small, and the maximum temperature
difference is less than 8°C compared with GCr15-GCr15
bearings. In contrast, the temperature difference between
Si3N4-SisNy and  ZrO,-SisNs ceramic bearings under
grease lubrication is gradually reduced. However, it is
also larger than the temperature gap of oil-air lubrication.
Si3N4-SisN4 has obvious advantages, and the temperature
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Fig. 14. Bearing operating temperature curve with time under grease lubrication condition.

gap with ZrO,-Si;N, is within 5°C. The temperature gap
with GCr15-GCrl5 bearing is within 10°C. Overall, the
temperature of oil-air lubrication at high speed is lower
than that of grease lubrication. The analysis shows that
grease plays a good lubrication role in the bearing.
However, the viscosity of grease is relatively large, the
shear resistance during bearing operation is high, and the
bearing components and environmental media absorb the
heat generated by the bearing during grease lubrication.
The flowing lubricating oil mainly takes away the heat

generated under the condition of oil-air lubrication in
addition to absorption and heat transfer by the bearing
elements. Hence, the oil-air lubricated bearing is lower
than the working temperature of the grease lubricated
bearing. At different speeds, the temperature rise of the
bearing of the three materials gradually tends to be stable.
With the longer running time, the high-temperature
resistance and self-lubrication of the full ceramic bearing
become more evident so that the performance of the
spindle at high speed tends to be stable and the life can
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be extended.
Conclusion

In this study, the quasi-static principle and oil film
thickness theory were used to analyze the variation trend
of centrifugal force and inner and outer raceway center
oil film thickness of bearings made of three materials,
namely Si;Nus-SizNis, ZrO, -SisNs and GCrl15-GCrl5,
and controlled variable experiments were conducted on
bearings made of the three materials. The vibration and
temperature rise of the bearing were studied by changing
the speed of the motorized spindle under the condition of
controlled lubrication and unchanged bearing material.
The following conclusions were drawn:

With the increase of speed, under different lubrication
conditions, the vibration RMS of Si3N4-Si3N,, ZrO,-Si3Ny
and GCr15-GCrl5 bearing materials generally exhibits
an upward trend. Among them, the rising trend of the
Si3N4-SisNy full ceramic ball bearing is the most gradual,
and its vibration RMS value is the lowest, displaying
apparent advantages. The calculated centrifugal force
follows the order of SizNy-SisN4 < ZrO,-SizN, < GCrl5-
GCrl5 at different speeds, indicating that the centrifugal
force is the primary factor causing vibration under high-
speed working conditions.

With the increase of speed, the vibration acceleration
of full ceramic ball bearing under grease lubrication is
lower than that of steel bearing. Meanwhile, f; exerts a
stronger influence on the vibration of motorized spindle
of Si;N4-Si3Ny and ZrO,-SizN, full ceramic ball bearing.
Among them, the higher the rotating speed of Si;Nu-
Si;Ng4, the lower the other frequency doubling is, and
the influence on ZrO,-Si;N, is 2f; and 3f; in turn, and
2f; has a greater impact on the vibration of steel bearing
motorized spindle, followed by £ and 3f.

At high speed, the temperature rise during oil-air
lubrication is lower than that of grease lubrication, with
a maximum temperature difference of less than 5°C. As
the running time increases, all three types of bearings
made of different materials gradually reach thermal
balance. Full ceramic ball bearings can achieve thermal
balance faster compared to steel bearings. Numerical
iterative analysis indicates that the gradual decrease in
oil film thickness at the raceway center is the primary
cause of temperature rise. Furthermore, the oil film
thickness of Si;N4-Si;N, bearings is the thickest among
the three materials at different speeds, leading to lower
temperatures compared to ZrO2-Si;N, and GCr15-GCrl15
bearings. These findings provide valuable insights into
the lubrication behavior and thermal performance of
different bearing materials, and pave the way for future
research on optimizing bearing design and lubrication
strategies.

Under the same working conditions, the vibration
acceleration and temperature rise of full ceramic ball
bearing motorized spindle are smaller than that of

similar steel bearings. It shows that the dynamic and
thermal performance of full ceramic ball bearings is
better than that of steel bearings. Among them, Si;Nu-
Si;N4 bearing embodies the advantages of dynamic and
thermal performance.
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