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Abstract For the sake of exploring the thermodynamic characteristics
of hybrid ceramic bearings with metal inner rings in the application pro-
cess, we established the mathematical model of bearings with metal inner
rings based on the thermodynamics of bearings. The heat of the bearings,
inner and outer raceway, and the deformation of bearings were calculated
by the thermodynamic model. We used the bearing life testing machine to
test the bearing load and speed. The consequences indicate that the temper-
ature stability time of a hybrid ceramic bearing with the metal inner ring
is about 6 hours after loading, and its temperature is about 1-2°C higher
than that of a metal bearing. Under the condition of a certain speed, the
stable temperature of bearing operation improves with the enlargement of
the load. Under the condition of a certain load, the bearing temperature also
improves with the enlargement of bearing speed. The overall temperature
trend of the bearing outer ring is unanimous with the overall temperature
value calculated by the model. The maximum error is between 2.2 and 2.4°C.
The thermodynamic analysis of hybrid bearings with metal inner rings is
conducive to a better study of the effect of bearing material characteristics

on bearing performance.
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Nomenclature

a — bearing raceways contact along the half-shaft

Cn — sliding coefficient of friction between the cage and the inner and outer rings

di, de — bearing inner and outer ring groove diameter

D, — rolling element diameter

Dy — bearing pitch diameter

dn — bearing outer ring inner diameter

dw — bearing inner ring outer diameter

Ew) — second type elliptic integral of the raceway contact zone

F, — friction of bearing cages

fo — coefficient related to the bearing type and lubrication

fi — coefficient related to the bearing type and load

Hyi, Hpe — friction between the cage and the inner and outer ring generates heat

H, — frictional heat generation between the bearing rolling elements and the
cage pocket bore

H;, H. — heat generation in the inner and outer rings of the bearing

Hsi, Hse — heat generated in the contact zone between the inner and outer rings of
the bearing

M — frictional moment of the bearing

My — frictional moment related to the bearing designation, the speed of the bear-
ing and the lubrication medium

M, — load-related frictional moment

M;, M. — frictional torque between the inner and outer rings of the bearing

M — frictional moment generated by the spin motion of the bearing

Mg;, Ms. — friction torque concerning raceway dimensions

n — bearing speed

Tom, — rotation speed of the bearing rolling elements

P — equivalent dynamic load of the bearing

Q — normal contact load between bearing rolling elements and raceways

Qg — contact load between rolling elements and cages

We — rolling element angular velocity

Wi, We — bearing inner and outer ring angular velocity

z — number of rolling bodies

Greek symbols

n — coefficient of friction between the bearing raceway and the rolling elements
wy — coefficient of friction between the rolling elements and the cage
v — lubrication and dynamic viscosity

1 Introduction

As an important supporting component, the rolling bearing is an impor-
tant part of the high-speed spindle element, and the high-speed spindle el-
ement is a critical part of the high-speed machine tool. Its performance has
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an important impact on machining accuracy of high-speed machine tools.
At present, engineering ceramic materials such as silicon carbide (SiC),
zirconia (ZrOg), and silicon nitride (SizN4) have excellent properties such
as corrosion resistance, abrasion resistance, high-temperature resistance,
low-temperature resistance, high hardness, high strength, low density, low
expansion coefficient and good self-lubrication [1,2]. Silicon nitride (SizN4)
stands out among engineering ceramic materials due to its higher hardness,
better wear resistance, and lower weight. It is considered to be the best al-
ternative for bearing steel. Silicon nitride full ceramic ball bearings have
the characteristics of high hardness, high wear resistance, lightweight, and
high thermal steady state [3,4]. Under the conditions of the same load and
speed, the maximum contact area between the bearing rolling element and
the inner and outer rings of steel bearings is larger than that between the
bearing rolling elements and the inner and outer rings of hybrid bearings.
So the contact stress is higher than that of steel bearings. And the density
of silicon nitride material is smaller than that of bearing steels [5]. As the
rotor system of the spindle unit is mainly metal, the assembly accuracy of
full ceramic bearings is very high. Hybrid ceramic ball bearings with only
ceramic balls as rolling elements cannot fully demonstrate their pressure re-
sistance and self-lubricating characteristics. So this paper proposes a kind
of hybrid ceramic ball bearing with the outer ring and ball as silicon nitride
ceramic and the inner ring as metal. This type of bearing can reduce the
mismatch between metal and ceramic materials and can fully utilize the
performance of ceramics.

Friction between materials is a root cause of thermogenesis. The fric-
tional thermogenesis between internal components of bearings under heavy
load, high speed, and other working conditions is the main reason for the
formation of a thermal field during bearing operation [6]. The formation
of the thermal field directly affects the service performance and life of the
bearing. Because the operation state of bearings is complex, the formation
of the bearing thermal field is closely related to its operating state. The
working temperature and its distribution are important aspects of bearing
condition monitoring, which directly affects the service performance and
life of the system.

At present, many experts and scholars have conducted an in-depth study
on the performance of hybrid ceramic bearings. Ohta and Satake [7] ex-
perimentally studied the vibration characteristics of full ceramic bearings,
mixed ceramic bearings, and full steel bearings respectively. They found
that the factors affecting the vibration of full ceramic bearings, mixed
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ceramic bearings, and steel bearings were almost identical, but the over-
all vibration level of mixed ceramic bearings was larger than that of full
ceramic bearings and all-steel bearings. Wang et al. [8] built a compre-
hensive dynamic model of ball bearings with structural flexible deforma-
tion as the focus and deduced the ring flexibility caused by the assembly
state change of the bearing housing system. They analyzed the interac-
tion mechanism between the ring and other bearing components. Ma et
al. [9] proposed the dynamic model of the bearing-rotor system and es-
tablished the same motion differential equation as the bearing assembly.
They obtained the real-time coupling and synchronization solutions for
the bearing and rotor model. Fang et al. [10] improved the quasi-static
model of ball bearings and proposed a general mathematical model of DR-
ACBA in three different configurations. They compared and analyzed the
influence of preload, velocity, and load on the variation of nonlinear stiff-
ness of DR-ACBB under different configurations. Hao et al. [11] established
a new thermal mesh model for the dynamic temperature of bearings, dis-
cussed the coupling effect between lubricant characteristics, heat gener-
ation, structural parameters, and temperature during bearing operation,
and finally realized and discussed the effects of speed, load, oil tempera-
ture, and lubricant flow on the temperature rise. Zhang et al. [12] used
the Hertz theory to establish the dynamic and thermal coupling model of
ceramic bearing electric spindle, studied the influence of different temper-
atures, preload, and speed on bearing dynamic performance, and verified
the accuracy of the dynamic and thermal coupling model through the elec-
tric spindle test platform. Tian et al. [13] established a bearing heating
model based on silicon nitride material, measured the bearing temperature
by a bearing life testing machine, verified the correctness of the model,
and used the friction and wear testing machine to analyze the temper-
ature change trend between rolling elements and raceways with different
precision. Chen et al. [14] established a bearing lubrication and heat gen-
eration model under oil-air lubrication conditions based on the theory of
high-speed rolling bearings and two-phase flow, and further studied the
effects of oil supply, lubricating oil viscosity, load, and speed on bearing
temperature rise.

Currently, there is relatively little research on hybrid bearings based on
an inner ring of metal and an outer ring and balls of ceramic. To deeply
study the thermodynamic characteristics of such bearings, it is planned to
first establish a mathematical model based on the characteristics of metal
and ceramic materials, predict the temperature rise of the bearing, and
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then use the life testing machine to test the bearing, analyze the test re-
sults, finally establish a finite element simulation model suitable for ceramic
bearings, and further analyze the test results in combination with the test.

2 Model building and test methods

For the sake of better understanding the thermodynamic characteristics
of hybrid ceramic bearings during operation, a thermodynamic model of
bearings was established based on the material characteristics of ceramic
materials and metal inner rings. Bearing-related parameters are shown in

Table 1.

Table 1: Material characteristics

’ Material parameter Units SigNy GCrl5
Density g-cm ™3 3.2 7.85
Coefficient of thermal expansion K1 3.5-106 3.107°
Modulus of elasticity GPa 310 207
Poisson’s ratio - 0.26 0.30
Thermal conductivity W-m— 1K1 35 45

Friction torque due to lubricant viscosity when the bearing is unloaded is
equal to

160-1077foD3,  for vn < 2000,
Mo = 7 2/3 13 (1)
10~ fo(vn)*/° Dy, for vn > 2000,
where fy is the coefficient related to the bearing type and lubrication, v
is the dynamic viscosity of the lubricant, and n is the bearing speed. The
load-dependent friction torque is

Ml = flplew) (2)

where f; is the coefficient related to the bearing type and load, and P;
refers to the bearing equivalent dynamic load. Therefore, the formula for
the bearing friction torque is

M = My + M; . (3)

During the operation process of angular contact ball bearings, the contact
status between the rolling bodies and the inner and outer rings under the
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action of centrifugal force is slightly different due to the high-speed rotation,
resulting in different friction torque between the inner and outer rings [15].
Thus, according to the difference between bearing inner raceway diameter
d; and outer raceway diameter d., the total friction torque is divided. The
friction torque of the inner ring is

MD,,

)

M; =05 (4)

and the friction torque of the outer ring is
MD,,

e

M, =0.5 (5)
Because ceramic ball bearings are mostly used in high-speed rotation con-
ditions, the spin sliding between the rolling body and the inner raceway
of the bearing is one of the main movements during the working process
of the bearing in addition to the inner ring rotation of the bearing and
the rolling body rotation movement. The friction torque generated by spin
sliding has a great effect on the total friction torque and should be consid-
ered when calculating thermogenesis. Therefore, the thermogenesis by spin
sliding friction is added based on the above formula to make the empirical
formula more accurate:
_ 3pQak,

—, (6)

where p is the friction coefficient between the bearing raceway and the
rolling body, and @ is the normal contact load between the bearing rolling
body and the bearing raceway. The thermogenesis by the inner and outer
rings and the contact area of the rolling body is related to the friction
moment of the contact area and the rotation speed of the inner and outer
rings and the rolling body. According to the diameter of the raceway, the
spin friction moments M, are divided into M. and Mg; related to the size
of the raceway.
The thermogenesis by the inner ring is

M,

H; = 1073W,.M; 4+ 1.047 - 10~ *Myin,, 2 (7)
and the thermogenesis by the outer ring is
H, = 103W,M, + 1.047 - 10~ *Menpm 2, (8)

where z is the number of rolling bodies and W, is the rolling element angular
velocity.
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Because the rolling body rotates around the centre of the bearing in the
cage pocket, the angular speed of the cage is equal to the public angular
speed of the rolling body. The friction thermogenesis between the rolling
body and the cage pocket hole is

Hg = MngWca (9)

where uy is the friction coefficient between the rolling body and the cage,
and @4 is the contact load between the rolling body and the cage. Under
high-speed rotation, the contact load Q)4 between the rolling body and the
cage is very small. So the friction thermogenesis between the rolling body
and the cage can be ignored.

The movement of the cage is mainly guided by the friction between the
cage and the rolling body or the inner and outer rings. When there is sliding
friction between the cage and the outer ring, that is when the outer ring
is guided, the thermogenesis by sliding friction between the cage and the
outer ring is

Hbe = 05ann [Cn (Wc - We)] ’ (10)

where d, is the inner diameter of the bearing outer ring, F;, is the friction
force, ¢, is the sliding friction coefficient and W, is the outer angular ve-
locity. When there is sliding friction between the cage and the inner ring,
that is when the inner ring is guided, the thermogenesis by sliding friction
between the cage and the inner ring is

where d,, is the outer diameter of the inner ring and W; is the inner angular
velocity.

The total thermogenesis in the contact area of the inner and outer rings
of the bearing is, respectively

Hy; = H; + Hy; (12)
Hse = He + Hbe .

3 Test methods

For the sake of studying the temperature variation characteristics of hy-
brid ceramic bearings during operation, we used the life testing machine
for experimental research, as shown in Fig. 1. First of all, the test bearing
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Figure 1: Life testing machine device diagram.

was soaked in the oil pollution cleaning agent to clean, to prevent pollu-
tants from the bearing assembly process, affecting the operation state of
the bearing. Then the test bearing was installed on the mandrel, and the
mandrel was placed in the cavity of the bearing life testing machine. After
the test bearing placement was completed, the bearing performance test
was executed for the test parameters gathered in Table 2.

Table 2: Experimental parameters.

Working condition ‘ Units ‘ Value
Rotational speed rpm 6000, 8000, 10000
Load N 0, 500, 1000, 1500, 3000, 3500, 4000
Ambient temperature °C 25
Lubrication - oil bath lubrication

As these hybrid ceramic bearings have the same inner ring as metal bear-
ings, the outer ring, and balls are made of different materials, the thermal
deformation of the shaft and the inner ring of the bearings are larger com-
pared to the outer ring and balls when these bearings are used in conjunc-
tion with metal shafts. And the volume of change between the ball and
the outer ring is relatively small. The thermal deformation of the shaft and
bearing inner ring can be compensated by bearing clearance. However, the
change of bearing clearance has a certain effect on the temperature rise
of the bearing [16-20]. For the sake of studying the form of temperature
change of hybrid ceramic bearing, the temperature rise of hybrid ceramic
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bearing and metal bearing was compared, as shown in Fig. 2. Under the
same operation condition, the initial temperature of the bearing is the same,
but with the increase of operation time, the temperature of the bearing also
rises. The temperature rise of metal bearings is lower than that of ceramic
bearings. This is due to the relatively large thermal variables of the bear-
ing inner ring and the shaft, while the thermal deformation of the ceramic
ball and the ceramic outer ring is relatively small. Then the bearing heat
dissipation space becomes smaller, and eventually, the temperature rises.
In the process of operation of the bearing, its operation time is 6 hours,
and the temperature of the bearing tends to be stable.

& Mhfetal beanng
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®
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Figure 2: Test temperature of metal bearing and mixed ceramic bearing.

For the sake of studying the influence of load on the temperature of hybrid
bearings, the speed of the life testing machine was set at 6000 rpm, and
then the load as in Table 2 was applied. For the sake of obtaining the stable
temperature of the bearings under each operation condition, each group of
tests was operated for 8 h. The test consequences are indicated in Fig. 3.
The consequences indicate that under the condition of a certain rotational
speed, during stable operation of the bearing, its temperature increases
with the increasing load. However, the heating process of the bearing is
not obvious due to the influence of loading time and frequency. At bearing
loads of 1500-4000 N, the stabilized temperature of the bearing during op-
eration does not change much as the operating time increases. However, the
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warming process of the bearing during operation is quite different. Under
the condition that the bearing load is 4000 N, the operation temperature of
the bearing rises relatively fast, and the highest temperature reaches 40°C.
When the bearing is in no-load operation, the stable temperature of the
bearing is about 37°C.

Temperatune™C

Dme/man

Figure 3: Influence of bearing load on temperature change.

To study the effect of the speed on the temperature of the hybrid bearing,
the load of the life testing machine was assumed 1000 N, and the rotational
speed was applied as in Table 2. The test consequences are indicated in
Fig. 4. The consequences indicate that under a certain load, the tempera-
ture of the bearing increases with the rise of the bearing rotational speed.
When the bearing speed is 10000 rpm, the highest temperature of the bear-
ing reaches 45°C. When the bearing speed is 6000 rpm and 8000 rpm, the
temperature changes are relatively smooth. This is because the friction fre-
quency between the bearing ball and the inner and outer rings increases
during the high-speed operation of the bearing, which makes the bearing
temperature rise faster. However, after the bearing temperature reaches
a stable value, it tends to be stable, and the temperature no longer rises,
reaching a state of thermal equilibrium. The higher the rotational speed,
the faster it takes to reach thermal equilibrium.

Since it is difficult to realize the test of bearing operation under high
speed and heavy load conditions, the temperature change of bearing was
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Figure 4: Influence of bearing speed on bearing temperature.

modelled, analyzed, and calculated. For the sake of verifying the accuracy
of the model, we selected the rotational speed of 8000 rpm, and the load
parameter as 0 N, 500 N, 1000 N, 1500 N, 2000 N, and 2500 N, and com-
pared the obtained results with the experimental data. As can be seen from
Fig. 5, the overall temperature trend of the bearing outer ring is consistent
with the overall temperature value calculated by the model. The calculated
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Figure 5: Analysis of test consequences and model consequences.
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temperature of the bearing model and the test temperature are similar un-
der the conditions of load 0 N, 500 N, 1000 N, and 1500 N. The error value
is between 1.3 and 2°C, while the error for 2000 N and 2500 N is between
2.2 and 2.4°C. The error increases as the load increases, which is because
the model has some error in calculating the amount of heat transfer in the
calculation process.

The ball of the bearing, the inner raceway of the bearing, and the outer
raceway of the bearing are difficult to measure during operation. The heat
released in the bearing is generated under the action of torque between the
ball and the inner and outer rings. To better understand the change of the
temperature of the inner and outer ring of the hybrid bearing, based on the
simulation model, the simulation analysis of the temperature change of the
bearing under the condition of speed 8000 rpm and load 0-2500 N is made.
The bearing simulation setup is shown in Fig. 6. The simulation procedure
consists of the following steps:

1) set the material properties of each part and define the bearing assem-
bly;

2) set the analysis step, power-display analysis, and turn on geometric
nonlinearity;

3) divide the grid, using the C3D8R grid type;

4) set interaction, the ball is in face-to-face contact with the inner and
outer ring and cage setting, the inner ring and the inner surface of
the cage are coupled to the bearing centre, and the reference points
RP1 and RP2 are set respectively;

Figure 6: The bearing simulation setup.
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5) apply load and boundary conditions, apply gravity as a whole, and
apply force to the inner ring reference point RP1. The outer ring is
fully fixed and angular velocity is applied to RP1 and RP2;

6) submit the job and run the analysis.

The simulation results are shown in Fig. 7. The temperature of the
bearing ball and the inner and outer raceway increases with the increase of
load. Using ABAQUS finite element analysis software, it was found that the
highest temperature occurred in the position where the sphere is in contact
with the channel — 65.61°C, as shown in Fig. 8. The high-temperature
region of the inner and outer rings of the bearing is mainly concentrated
in the raceway area. The temperature of the inner raceway is the same as
that of the ball, but with the increase in load, the temperature difference
between the ball and the inner raceway becomes larger, which is because
of collection of heat from the inner raceway and the outer raceway. The
heat generated by the ball is higher under the condition of large load. The
temperature of the inner raceway of the bearing is higher than that of the
outer raceway, and the maximum difference is 5°C. The overall simulation
analysis of the bearing is shown in the figure, and the highest temperature
point in the figure is at the position of the ball.
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Figure 7: Analysis of temperature of bearing inner and outer rings and spheres.
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Figure 8: A Simulation analysis of the overall bearing temperature change.

4 Conclusion

The thermogenesis model of a hybrid bearing with the metal inner ring
was established based on bearing thermodynamics, and the heat change of
the bearing rolling body and the inner ring was analyzed. For the sake of
studying the influence of bearing load and speed change on bearing ther-
mogenesis, a bearing life testing machine was used to analyze and confirm
the correctness of the simulation model.

1. Due to the relatively large thermal deformation of the inner ring and

shaft of the bearing, the ceramic ball and ceramic outer ring have
a relatively small thermal deformation. The clearance of the hybrid
bearing becomes smaller, and then the heat dissipation space of the
bearing becomes smaller, and finally, the temperature rises. There-
fore, the temperature rise of hybrid bearings is relatively higher than
that of metal bearings. After operation for 6 hours, the temperature
of a hybrid ceramic bearing with a metal inner ring tends to be stable.

. The stable operating temperature of the bearing increases with the

rise of load. Under the condition of bearing load 4000 N, the operation
temperature of the bearing rises relatively fast, and the highest tem-
perature of the bearing reaches 40°C. When the bearing is in no-load
operation, the stable temperature of the bearing is about 37°C.

. Under the condition of a certain load, the temperature of the bearing

rises with the rise of the bearing speed. When the bearing speed
is 10000 rpm, the highest temperature of the bearing reaches 45°C.
When the rotating speed is 6000 rpm and 8000 rpm, the temperature
change is relatively smooth.
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4. The temperature of the bearing ball is mainly focused on the contact

position between the ball and the raceway, and the highest temper-
ature is 65.61°C. The highest temperature of the inner and outer
rings of the bearing is mainly on the raceway, and the temperature
of the inner and outer raceway is the same as the temperature of the
ball. However, with the rise of the load, the difference between the
temperature of the ball and the inner raceway becomes larger. The
temperature of the inner raceway of the bearing is higher than that
of the outer raceway, and the maximum difference is 5°C.
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