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Full ceramic bearing can work under a wide range of temperatures, but the thermal deformation difference between the ceramic
outer ring and steel pedestal has a great increase with the rise of temperature and leads to obvious impact and friction. In this
paper, the thermal deformation difference is considered and the fit clearance is taken as the boundary condition of the dynamic
model. Investigations on the dynamic response of the outer ring are conducted, and the effect of thermal-related fit clearance is
analyzed at different working temperatures and rotation speeds through parametric study and experiments. Results show that the
vibration of the outer ring grows with the temperature and shows different changes with rotation speed as the temperature
changes. ,e variation of working temperature brings difference in the interactions between the outer ring and the pedestal, and
the trends of vibration with rotation speed also change at different temperatures. Impact and friction make great contributions to
the interactions between the outer ring and the pedestal and show different changes with temperature. ,is study puts forward a
method for the calculation of bearing vibration at variable temperatures and provides theoretical basis for the application of the
full ceramic bearings.

1. Introduction

,e rolling bearing is one of the most common components
in mechanical equipment, and the demand for bearing
performance also rises at the complex conditions. In many
fields such as aerospace and nuclear industry, good thermal
shock resistance is essential for bearings as they work at a
high temperature and a large temperature range. ,e full
ceramic ball bearings compose of ceramic rings and ceramic
balls, and the thermal deformations of the components are
smaller than those of traditional steel bearings. ,erefore,
the full ceramic bearing has a more stable performance at a
high temperature and a large temperature range and is
widely applied in aerospace and nuclear industry fields.
However, the pedestals are mostly made of steel and have
obvious deformations at a large temperature range. ,e
different deformations bring about the change of fit clear-
ance between the outer ring and pedestal and lead to the fault

of outer ring looseness. As a result, the change of fit clearance
with temperature determines the vibration of the full ce-
ramic bearing and needs to be studied in detail.

,e vibration of the bearing comes from the interactions
between the components and can be derived through the
dynamic models of the bearing. Many researchers have
focused on the dynamic models of rolling bearing, and the
factors affecting the vibration were obtained [1]. Gupta first
put forward the dynamic model of rolling bearing, and the
contact between cages, roller, and raceways were explained
based on dynamic theory [2–5]. Wang et al. carried out
several studies on the effect of raceway conformity and shape
errors and found that the surface roughness of raceways
made great effects on the motion state of balls and lubri-
cation performance [6, 7]. Li et al. studied the effect of
contact angle and load distribution and found that the
contact angle and load distributions had significant impact
on the contact between the balls and inner ring [8]. Zhang
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et al. presented a model to study the effect of axial preload on
an angular contact ball bearing with positive clearance and
the influence of rotation speed and external loads were also
taken into account.,e results indicated that a small preload
led to the decrease of the loaded ball number, and a high
preload also produced additional loads on balls; both
conditions had negative effects on bearing service life [9].
Bizarre et al. derived a complete nonlinear model of an
angular contact ball bearing with the effect of elastohy-
drodynamic lubrication and proposed the equivalent pa-
rameters for stiffness and damping [10]. Kerst et al. proposed
a semianalytical bearing model addressing flexibility of the
bearing outer race structure and found that the effect of
flexibility affected the dynamic response of the bearing by
changing the shape and stiffness of the bearing [11]. Han
focused on the skidding behavior of the rolling bearings and
pointed out that the skidding behavior varied periodically
and led to the change of slipping frequencies. ,e radial and
axial load had obvious impact on the skidding situations and
should be considered carefully in the design of rotating
machinery [12, 13]. Other factors such as lubrication con-
ditions [14–16], cage shape [17, 18], and other structural
parameters [19–21] were also investigated and proved to
have effects under specific working conditions.

It has been proved by Chen and Qu in their work that the
fit clearance led to the friction and impact between the outer
ring and pedestal and the existence of clearance caused the
rotor to be periodically lifted by the unbalanced force [22].
,e fit clearance changes with working temperatures, and
the contact between outer ring and pedestal was crucial for
the bearing performance. However, the working tempera-
ture is set as constant in most of the studies, and the thermal
effect also needs to be considered in precision equipment.
Zhou et al. developed a calculation method for the bearing
temperature, and the temperature distribution is used to
obtain the thermal deformation of the inner and outer rings
[23]. Neisi et al. presented a dynamic and thermal model of a
touchdown bearing and calculated the heat generation with
surface waviness. ,e result indicated that the amplitude of
the waviness has a great effect on contact forces between
balls, rotor, and inner race, thus affecting the temperature
rise [24]. Nevertheless, the heat and temperature rise con-
sidered merely came from the friction between the bearing
components while running. ,e temperature rise for full
ceramic ball bearing is usually 60–70 degrees centigrade, and
the difference in the contact between the components is
almost negligible as the thermal deformation is small for
ceramic materials. On the other hand, the working ambient
temperature range can reach 400–500 degrees centigrade,
and there is a big difference between the thermal de-
formation of the outer ring and pedestal. As a result, the fit
clearance varies obviously and brings about the problem of a
loose outer ring. In previous studies [25, 26], the dynamic
model of full ceramic bearing has been established, but the
thermal deformation in a large temperature range is not
included. ,erefore, a precised model with the effect of fit
clearance change at working conditions of large temperature
range is quite essential for the prediction of full ceramic ball
bearing dynamic characteristics. In this paper, the thermal

deformations of the outer ring and pedestal are obtained
through the thermal model and the fit clearances at different
temperatures are set as boundary conditions to derive the
vibration of full ceramic ball bearing. ,en, the dynamic
characteristics at different temperatures are obtained, and
the effect of thermal deformations on the vibration of full
ceramic bearings is analyzed and discussed at last.

2. Dynamic Model of the Bearing and Pedestal

2.1. Contact Model of the Bearing. In actual working con-
ditions, the inner ring of the bearing has a tight fit with the
shaft and the outer ring is mounted in the pedestal. As the
pedestal is connected with the foundation and is of high
stiffness, the outer ring is often considered as a rigid body,
and the coordinate system of the outer ring is regarded as a
reference one.,e contact model between the balls and rings
is shown in Figure 1.

As shown in Figure 1, the coordinate system {Oo; Xo, Yo,
Zo} shows the position of the outer ring and {Oi; Xi, Yi, Zi}
shows the position of the inner ring. e is the eccentricity of
the inner ring, and the cage is not shown here for clarity.
{Obj; Xbj, Ybj, Zbj} shows the position of the jth ball, and the
direction of ObjZbj is along the direction of OoObj. Qij is the
contact force between the inner ring and the jth ball, andQoj
is the contact force between the outer ring and the jth ball.
FRξij and FRηij are the friction forces between the jth ball and
the inner ring in the planes XOZ and YOZ, respectively, and
FRξoj and FRηoj are the friction forces between the jth ball and
the outer ring. Tξij is the traction force given by the inner
ring, and Fa is the axial preload. αij and αoj are the contact
angles between the jth ball and the rings. As has been proved
in the previous work [25], the diameter differences between
the balls of full ceramic bearing make significant impact on
loading conditions of the balls, and the ball can be regarded
as in contact with the inner ring when

OiObj ≤ Ri −
ri − Dj

2
 cos αij, (1)

where OiObj is the projection of the distance of Oi and Obj in
the plane XiOiZi and Ri is the distance from Oi to the
curvature center of the inner raceway. ri is the radius of inner
raceway, and Dj is the diameter of the jth ball. OiObj can be
expressed as

OiObj �

���������������������������������

e2 + OoObj

2
− 2e · OoObj · cos ϕj − ϕe 



, (2)

where ϕj and ϕe are the azimuth angles of the jth ball and
inner ring in {Oo; Yo, Zo}, and the distance OoObj can be
expressed as

OoObj � Ro +
ro − Dj

2
 cos αoj, (3)

where Ro is the distance from Oo to the curvature center of
outer raceway and ro is the radius of outer raceway.

2.2. Contact Model between the Outer Ring and Pedestal.
It can be inferred from equations (1)–(3) that the position of
the loaded balls is related with the ball diameter and the
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position of the inner ring relative to the outer ring.When the
temperature is fixed and the thermal deformation of the
pedestal can be ignored, the outer ring can be regarded as a
rigid body. However, when the temperature has a large
range, the fit clearance between the outer ring and pedestal
tends to be influential, and the contact model between the
outer ring and pedestal with the effect of fit clearance is
shown in Figure 2.

In Figure 2, the coordinate system {O; Y, Z} shows the
position of the pedestal and _yo and _zo are the velocities along
corresponding directions. ,e dashed circle shows the inner
boundary of the pedestal before deformation, and the dot-
dashed circle has the same diameter with the outer boundary
of the outer ring.,e fit clearance between the outer ring and
pedestal is δ with a temperature range of ΔT. Assume that
the inner boundary of the pedestal has equal deformations at
all directions and the boundaries before and after de-
formation are concentric circles. As a result, the coordinate
system {O; Y, Z} can be considered as a reference, and the
outer ring moves within the boundary after deformation. eo
is the eccentricity of the outer ring relative to the pedestal
with the azimuth angle of ϕo and can be expressed as

eo �

������

y2
o + z2

o



, (4)

sinϕo �
zo

eo
,

cos ϕo �
yo

eo
.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(5)

When eo meets that

eo ≥
δ
2
. (6)

,eouter ring is in contact with the pedestal, as shown in
Figure 2. Qp shows the contact force between the outer ring
and pedestal, and Fp is the friction force and can be
expressed as

Zo
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Ybj Zbj Qij
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Figure 1: Contact model between balls and rings in the (a) YOZ plane and (b) XOZ plane.
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Figure 2: Contact model between the outer ring and pedestal.
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Qp � kp · eo −
δ
2

 ,

Fp � f · Qp ·
_yo sinϕo − _zo cosϕo
_yo sinϕo − _zo cosϕo



,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(7)

where kp is the stiffness of the pedestal and f is the friction
coefficient between the outer ring and pedestal.
( _yo sinϕo − _zo cos ϕo) shows the velocity along the tangen-
tial direction. When _yo sinϕo − _zo cos ϕo > 0, the outer ring
has a tendency of clockwise rotation and the direction of Fp
is the same as shown in Figure 2, and when
_yo sinϕo − _zo cosϕo < 0, the direction of Fp is opposite to
that in Figure 2. When eo< δ/2, the outer ring is not in
contact with the pedestal and Qp � Fp � 0. Assume that the
deformation only makes impact on the radial dimension of
the fit clearance and the axial interaction is not affected.
,en, the dynamic differential equations of the outer ring
can be expressed as


M

j�1
Qoj sin αoj + FRηηj cos αoj  � mo €xo, (8)



M

j�1
Qoj cos αoj − FRηηj sin αoj cos ϕj − FRξξj sinϕj 

− Qp cos ϕo − Fp sinϕo � mo €yo,

(9)



M

j�1
FRηηj sin αoj − Qoj cos αoj sinϕj − FRξξj cos ϕj 

− Qp sinϕo + Fp cos ϕo − mog � mo€zo,

(10)

where M is the number of balls. mo is the mass of the outer
ring, and €xo, €yo, and €zo are the accelerations along OoXo,
OoYo, and OoZo, respectively.

2.3. ;ermal Deformation of the Pedestal and Outer Ring.
,e pedestal can be regarded as a cylindrical body with a
hole, as shown in Figure 3. ,e dashed lines show the
boundaries before deformation, and the solid lines show the
boundaries after deformation. D0 and D1 show the outer
diameters of the pedestal before and after deformation, and
d0 and d1 show the inner diameters of the pedestal before
and after deformation. L0 and L1 show the length of pedestal
before and after deformation. ,e deformation contains the
gravity-induced deformation and thermal-induced de-
formation and can be expressed as

L1 � L0 + L0αpΔT −
ρgL2

0
2E0

αEΔT, (11)

where αp is the thermal deformation coefficient of the
pedestal material, ΔT is the temperature range, ρ is the
material density of the pedestal, and g is the gravitational
acceleration, E0 is the elastic modulus at the initial tem-
perature T0, αE is the temperature coefficient of elastic

modulus, and the elastic modulus at a given temperature can
be expressed as

E(T) � E0 1 + αE · ΔT( , (12)

where T�T0 +ΔT shows the temperature. ,e outer
boundary of the pedestal is supposed to have a free de-
formation, that is,

D1 � D0 1 + αpΔT . (13)

When the temperature changes, the whole pedestal has a
deformation, leading to the change of volume from V0 to V1,
where V0 is the volume before deformation and V1 is the
volume after deformation and can be expressed as

V0 �
π D2

0 − d2
0 

4
· L0,

V1 �
π D2

1 − d2
1 

4
· L1.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(14)

For steel materials, there is
V1 − V0

V0
� 3αpΔT. (15)

So it can be derived from equations (14) and (15) that

D
2
1 − d

2
1 L1 � D

2
0 − d

2
0  · L0 1 + 3αpΔT . (16)

,en, d1 can be obtained through

d1 �

�������������������������������������������

D2
0 1 + αpΔT 

2
−

D2
0 − d2

0  · L0 1 + 3αpΔT 

L0 1 + αpΔT  − ρgL2
0/2E0(  · αEΔT




.

(17)

,e result d1 is the diameter of the boundary after de-
formation in Figure 2, and the deformation of the pedestal
can be described as

D1

D0

d1

d0

L 1 L 0

Figure 3: Deformation of the pedestal.
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δp � d1 − d0. (18)

For the outer ring, the deformation can be expressed as

δo(T) � α0ΔT, (19)

where δo is the deformation of the outer ring at temperature
T and αo is the thermal deformation coefficient of the outer
ring. ,en, the fit clearance δ can be expressed as

δ(T) � δ0 + δp − δo, (20)

where δ0 is the initial fit clearance between the outer ring and
pedestal at T0. ,e interactions between the balls, the cage,
and the inner ring can be obtained in [25], and the contact
between the outer ring and the pedestal can be obtained
through equations (1)–(10). ,e fit clearance between the
outer ring and the pedestal makes impact on the vibration of
the outer ring and leads to the change of interactions of the
bearing components. For the detailed derivation of the
interactions between the components of the bearing, please
refer to the previous work in reference [25].

3. Numerical Simulation

,e type of the selected ceramic bearing is 7009C in the
analysis, and the major geometric parameters are listed in
Table 1.

Assume that the mass centroids of the components
match with the shape centers and the bearing works with
perfect lubrication. ,e effects of the shape errors and
surface roughness are neglected. ,e size of the pedestal is
shown in Table 2.

,e thermal deformation coefficient of the pedestal is
1.25×10− 5 K− 1, and the thermal deformation coefficient of
the outer ring is 2.8×10− 6 K− 1. For the full ceramic bearings
applied in extreme conditions in aviation engines, the
working temperature can reach over 650K. As a result, the
temperature range in the analysis is set from 100K to 600K.
,e initial temperature T0 is set as 100K, and the tem-
perature coefficient of elastic modulus of the pedestal is
− 0.0002K− 1. ,e density of the pedestal is 7850 kg/m3, and
E0 is 2.16×1011 Pa. ,e initial fit clearance is 0.003mm, and
the friction coefficient between the outer ring and pedestal is
0.2. ,e change of fit clearance with the temperature is
shown in Figure 4.

In Figure 4, the lines with rectangles and circles show the
deformations of the pedestal and outer ring and the lines
with triangles show the change of the fit clearance. It can be
seen from Figure 4 that the thermal deformation of the outer
ring is much smaller than that of the pedestal and the fit
clearance has an increase of 0.38mm when the temperature
comes to 600K. Assuming that the pedestal is fixed, the
radial vibration of the outer ring is studied.,e axial preload
of the bearing is 1000N, and the radial load applied on the
inner ring is 100N. ,e responses of the outer ring can be
obtained through equations (8)–(10), and the thermal-re-
lated fit clearance derived from equations (11)–(20) can be
substituted as boundary conditions.,e velocity of the outer
ring can be used as the indicator and is expressed as

v �

������

_y2
o + _z2

o



. (21)

And the point at the 12 o’clock direction is set as the
reference point for the calculation of the outer ring vibra-
tion, as shown in Figure 5.

,e rotation speed varies from 9000 rpm to 36000 rpm
with the calculation step set as 3000 rpm, and the vibration
results at T�100K and T� 600K are shown in Figure 6.

As indicated in Figure 6, the vibration results at
T� 600K have significant changes at different rotation
speeds and the peak values are related with critical speeds.
,e results at T�100K vary little with rotation speeds, and
the peak values are different from the results of T� 600K.
,e fit clearance between the outer ring and pedestal in-
creases with the temperature and the amplitudes of the

Table 1: Major geometric parameters of 7009C.

Item Value
Bearing outside diameter (mm) 75
Initial contact angle (degree) 15
Bearing width (mm) 16
Cage bore diameter (mm) 62.1
Cage thickness (mm) 1.45
Outer ring maximum thickness (mm) 4.55
Cage width (mm) 14.75
Ball diameter (mm) 9.5
Number of balls 17
Inner ring outside diameter (mm) 54.2
Inner ring bore diameter (mm) 45

Table 2: Size of the pedestal.

D0 (mm) d0 (mm) L0 (mm)
170 75 50

0.4

0.6
δ 

(m
m

)

δp
δo
δ
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100 200 300 400
T (K)

500 600

Figure 4: Change of fit clearance with temperature.
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vibration also rises. ,e increase of the fit clearance provides
larger space for the vibration of outer ring; however, the
outer ring does not move in the whole fit clearance. At the
rotation speeds when the vibration is not so severe, the
motion of the outer ring does not cover the whole inner
boundary of the pedestal and the impact between the outer
ring and pedestal varies little. At the critical speeds when
violent vibration happens, the fit clearance is fully utilized by
the outer ring to bring about continuous impact on the
pedestal. As a result, the gap between the vibration results is
obvious at critical speeds, but small at other rotation speeds.
When the rotation speed continues to increase after the
critical speeds, the change of motion areas decreases and the
vibration results tend to be stable. It can be seen through the
comparison that the vibration situations vary a lot at

different temperatures and the variation comes from the
change of fit clearance. ,e results need to be verified
through experiments, and the impact of temperature needs
to be further investigated.

4. Experimental Investigation

An experiment is conducted on the full ceramic ball bearing-
ceramic spindle test rig, and the devices of the test rig are
shown in Figure 7.

Figure 7(d) shows the assembled status of the test rig
during the experiment, and the ceramic spindle applied in the
experiment is shown in Figure 7(a). ,e full ceramic bearings
are placed at both the ends, and the oil-air lubrication strategy
is carried out through the oil lubrication device and the air
compressor shown in Figures 7(g) and 7(h), respectively. ,e
rotation speed can be adjusted manually through the con-
troller, as shown in Figure 7(c). ,e vibration signal is
measured by the sensors shown in Figure 7(f), and the data
are collected by the collector shown in Figure 7(b).

In the experiment, a temperature sensor is embedded in
the spindle near the outer ring to get the working tem-
perature of the full ceramic bearing. ,e working temper-
ature is first lowered by the liquid nitrogen to about 90K,
and then, the refrigeration process is stopped. ,en, the
ceramic spindle starts to work and the temperature gradually
rises. ,e rotation speed is set as 24000 rpm during the test,
and the ambient temperature is about 300K. ,e temper-
ature tends to be stable at about 340K after 20 minutes, and
the vibrations at 100K, 200K, and 300K are selected for
comparison. ,e sampling rate is set as 4000Hz, and the
velocities in the vertical and horizontal directions can be
collected through the measurement. ,e measuring point is
also set at 12 o’clock direction in consistent with the ref-
erence point in calculation for comparison, as shown in
Figure 7(d). ,e experimental result is calculated through
equation (21), and the calculation and experimental results
are shown in Figure 8.

In Figure 8, the dashed lines show the experimental
results and the solid lines show the calculation results. ,e
calculation results match well with the experimental results,
and the peaks are at around 400Hz, 800Hz, and 1200Hz,
which are related with the rotation speed. It is indicated that
the temperature makes impact on the vibration of the outer
ring as the amplitudes at the peak frequencies increase when
the temperature rises from 100K to 300K. According to
equation (20), the fit clearance turns from 0.003mm at 100K
to 0.1515mm at 300K. It can be inferred that as the working
temperature rises, the enlargement of the fit clearance leads
to more complicated interactions between the outer ring and
the pedestal, and more detailed studies on the vibration of
the outer ring need to be further carried out.

5. Analysis on the Vibration of the Outer
Ring with Different Condition Parameters

5.1. Impact of the Temperature on the Vibration of the Outer
Ring. In order to get more detailed information about the
dynamic characteristics of the full ceramic bearing, the single

T = 100K
T = 600K

1

2

3

4

5

6

7

v (
m

m
/s

)

10000 15000 20000 25000 30000 35000 400005000
Rotation speed (rpm)

Figure 6: Vibration results at different temperatures.

The outer ring

Reference point

Figure 5: Reference point for the calculation of the outer ring
vibration.
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factor analysis is conducted to analyze the vibration of the
outer ring. ,e change of the fit clearance between the outer
ring and pedestal comes from the thermal deformation
difference and is closely related with the temperature. Here,
the rotation speed is fixed at 18000 rpm, the initial tem-
perature is 100K, and the initial fit clearance is 0.003mm.
,e axial preload is 1000N, and the radial load is 100N. ,e
other parameters are the same as the above study. ,e
temperatures of 100K, 200K, 300K, 400K, 500K, and 600K
are calculated, and the results are analyzed in the frequency
domain. ,e frequency interval is set from 0 to 2000Hz, as
shown in Figure 9.

As shown in Figures 9(a)–9(f), the main frequency
components of the outer ring vibration are related with the
rotation speed. ,e rotation speed is set as 18000 rpm, and
the corresponding rotation frequency is fr � 300Hz. ,e
peak frequencies obtained in the results are fr, 2fr, 3fr, 4fr, 5fr,
and 6fr. fr and 2fr are the main components as the amplitudes
are larger, and the change of the amplitudes of fr and 2fr are
more obvious with the increase of temperature. ,e char-
acteristic frequencies remain unchanged, but the amplitudes
vary greatly. ,e changes of amplitudes of the main fre-
quency components with temperatures are shown in
Figure 10.

(a) (b) (c)

Measuring point

(d)

(e) (f ) (g) (h)

Figure 7: Experimental devices: (a) ceramic spindle; (b) data collector; (c) controller; (d) test rig; (e) water cooling system; (f ) vibration
sensor; (g) oil lubrication; (h) air compressor.
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It can be seen from Figure 10 that the amplitudes of the
character frequencies increase monotonically with the
temperature and the amplitudes of even orders are generally
larger than the odd orders. ,e increase of the amplitudes is
slow at T�100K and 200K but grows faster at T� 500K and
600K. It is clear that when the range of working temperature
exceeds 300K, the vibration amplitude of the full ceramic
ball bearing grows obviously and the rotation accuracy is
affected.,e vibration is related with the motion of the outer
ring and can be evaluated by the relative tracks. ,e relative
tracks show the positions of Oo in coordinate system {O; Y,
Z}, and the relative tracks of Oo in 0.1 s at T�100K and
200K are shown in Figure 11.

As shown in Figure 11, the relative tracks at T�100K
and 200K are close to circles, indicating that the motion of
the outer ring can cover the fit clearance between the outer
ring and the pedestal. ,e impact between the outer ring and
the pedestal is not obvious, and the forces acting on the

pedestal is mainly frictional and contact forces. ,e relative
tracks at T� 500K and 600K are shown in Figure 12.

Compared with Figure 11, the relative tracks in Figure 12
are more irregular and disordered. ,e tracks are not cir-
cular, and in the upper half, the displacement in Z direction
is small, indicating that the motion of the outer ring does not
cover the fit clearance between the outer ring and the
pedestal. ,e vibration amplitude of the outer ring is less
than the fit clearance, and the outer ring is out of contact
with the pedestal in the upper half. ,e contact situations
change periodically, thus leading to the impact between the
outer ring and the pedestal. As a result, the amplitudes of
vibration increase with the fit clearance, and the impact of
temperature cannot be ignored.

5.2. Analysis on the Dynamic Responses at Different Rotation
Speeds. As the full ceramic bearing usually works at high
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Figure 8: Calculation and experimental results at (a) 100K, (b) 200K, and (c) 300K.
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speed over 10000 rpm, the forces acting on the rings and
balls are greatly affected by the rotation speed.,e change of
forces leads to the change of vibration, and therefore, the
vibration changes obviously with the rotation speed, as
shown in Figure 6. As the fit clearance changes, the impact of
the rotation speed also changes and needs to be studied.
Here, the rotation speeds are set to vary from 10000 rpm to
40000 rpm, and the calculation step is 5000 rpm. ,e axial
and radial loads are 1000N and 100N, respectively. ,e

temperatures are set as T� 300K and 600K, and the results
of the outer ring vibration are shown in Figure 13.

It can be seen from Figure 13 that the trends of outer ring
vibration are different at T� 300K and 600K. When the
temperature is 300K, the change of the vibration amplitudes
is not obvious, and the peak values appear at 15000 rpm and
25000 rpm. When the temperature comes to 600K, the vi-
bration amplitudes have an obvious fluctuation from
10000 rpm to 40000 rpm, and the peak values appear at
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Figure 9: Vibration of the outer ring at (a) T�100K, (b) T� 200K, (c) T� 300K, (d) T� 400K, (e) T� 500K, and (f) T� 600K.
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20000 rpm and 30000 rpm. ,e gap between the maximum
value and the minimum value at T� 600K is much larger
than that at T� 300K, and the only difference between the
two conditions is the fit clearance caused by the thermal
deformation. ,e relative tracks of the outer ring center at
T� 300K in 0.1 s are shown in Figure 14.

As shown in Figure 14, the shapes of relative track vary
greatly with the increase of rotation speed. At 15000 rpm, the
amplitude of vibration is small and the motion of the outer
ring merely covers about half of the fit clearance between the
outer ring and the pedestal. As a result, there exists impact
between the outer ring and the pedestal. When the rotation
speed increases to 20000 rpm, the relative track is close to a
circle, indicating that the outer ring has a large vibration
amplitude and the outer ring is in contact with the pedestal
in the whole circumference. ,e impact between the outer
ring and the pedestal is not obvious, and the vibration
amplitude is smaller than that at 15000 rpm accordingly. As
the rotation speed continues to rise to 25000 rpm, the shape
of the relative track is irregular in the upper half and the
impact between the outer ring and the pedestal makes
contribution to the vibration of the outer ring. ,e impact
has more effect on the vibration, and the amplitude of vi-
bration also rises. When the rotation speed comes to
30000 rpm, the motion of the outer ring covers the fit
clearance again and the vibration amplitude decreases. It can
be inferred that the bearing system comes to the critical
speeds at around 20000 rpm and 30000 rpm, and the intense
vibration leads to the increase of range of motion. ,e range
of motion is large enough to cover the fit clearance, leading
to the decrease of vibration amplitudes at the critical speeds,
as shown in Figure 13.

When the temperature comes to 600K, the relative
tracks in 0.1 s are shown in Figure 15.

It can be seen from Figure 15 that at the temperature of
600K, the relative tracks of the outer ring have different
shapes at different rotation speeds. Compared with the
results in Figure 14, the tracks have greater amplitudes in

Figure 15. However, none of the tracks at rotation speeds of
15000 to 30000 rpm covers the whole fit clearance between
the outer ring and pedestal, thus making the effect of impact
more obvious. ,e trends of track amplitudes reveal the
impact of rotation speed without boundary restriction and
are relevant with the vibration results in Figure 13. ,e
results indicate that when the fit clearance is large enough,
the boundary of the pedestal has less limitation on the
motion of the outer ring and the impact between the outer
ring and the pedestal has more effect on the vibration.

5.3. Analysis on the Effect of Impact and Friction.
According to the dynamic model in Figure 2, the interaction
forces between the outer ring and the pedestal are mainly the
contact forces and the frictional forces, and the contact and
frictional forces lead to the vibration of impact and friction.
,e former studies have shown that the velocity of the outer
ring can be regarded as the evaluation index of the vibration
and is affected by the thermal-related fit clearance. In former
studies, the friction coefficient between the outer ring and
the pedestal is set as f � 0.2, and the effect of friction can be
neglected when f � 0. ,en, the velocities of the outer ring
with rotation speeds at different temperatures are studied,
and the results with and without the effect of friction are
shown in Figure 16.

As shown in Figure 16, the trends of the results with and
without the effect of friction are similar and the gaps between
the results with and without the effect of friction become
smaller with the rise of temperature. It can be inferred that at
a low temperature, the fit clearance between the outer ring
and the pedestal is relatively small and the outer ring has a
small displacement. ,e outer ring moves along the
boundary of the pedestal, and the friction forces make a great
contribution to the vibration of the outer ring. When the
temperature rises, the fit clearance also increases to bring an
increment to the displacement of the outer ring. ,e dis-
placement of the outer ring is not large enough to keep the
outer ring moving along the boundary of the pedestal, and
the impact occurs between the outer ring and the pedestal.
,e effect of impact increases with the rise of temperature
and rotation speed, and as a result, the effect of friction
becomes less obvious.

6. Discussion

As displayed above, the vibration of the bearing system is
revealed through the velocity of the outer ring and the
relative tracks and is relevant to the temperature and ro-
tation speed. When the thermal deformation difference is
considered in the model, the calculation results match well
with the experimental results. ,e impact of the shaft vi-
bration is ignored in the model, and therefore, the ampli-
tudes of the calculation results are slightly smaller than those
of the experimental results. It is proved through the ex-
periments that the temperature range leads to the change of
fit clearance due to different thermal deformations between
the outer ring and the pedestal and thenmakes impact on the
vibration. ,e fit clearance has a remarkable increase from
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0.003mm at 100K to over 0.38mm at 600K and provides a
large space for the motion of the outer ring. At low tem-
peratures, the fit clearance is relatively small, and the
boundary can be easily reached by the outer ring. ,erefore,
the friction plays a dominant role in the interaction between
the outer ring and the pedestal, and the impact is less ob-
vious. When the amplitude of outer ring vibration is large
enough to offset the fit clearance, the inner boundary of the
pedestal acts as limitation to the vibration and the vibrations
vary little with the rotation speed. When the temperature
rises, the boundary for vibration becomes larger and the
amplitude of vibration also grows. ,e amplitude of the
outer ring vibration is not large enough to offset the fit
clearance at low speed, and the outer ring is not in contact
with the pedestal on the whole circumference. ,e effect of
impact starts to occur when the track of outer ring center is
not a circle and brings increments to the amplitudes of
vibration. As a result, the trends of outer ring vibration are
not relevant with the critical speed when the track of the
outer ring and the pedestal boundary coincides at critical
speeds but separates at other speeds. As the temperature
continues to increase and the amplitude of the outer ring
vibration is not large enough to offset at critical speeds, the
peak values of the outer ring vibration appear at the critical
speeds. ,e effects of both impact and friction make con-
tributions on the vibration of the outer ring, and the relative
contributions depend on the fit clearance.,e friction has an
obvious impact when the outer ring is in contact with the
pedestal on the whole circumference, and the effect of
impact becomes more dominant when the fit clearance
increases and is not fully covered by the motion of the outer
ring.

7. Conclusion

,is study puts forward a dynamic model with the effect of
thermal-related fit clearance between the outer ring and the
pedestal, and investigations on the influence of temperature
and rotation speed are conducted. When the working

temperature changes, the great difference in the thermal
deformation coefficients between the outer ring and the
pedestal leads to the change of fit clearance. Results of the
parametric studies show that when the working temperature
rises, the fit clearance has a significant increase and the
vibration amplitude of the outer ring also grows rapidly.
Furthermore, the trends of the outer ring vibration with the
rotation speeds also changes at different working temper-
atures. ,e change is related with the impact and friction
between the outer ring and the pedestal. When the fit
clearance is small and can be covered by the motion of the
outer ring, the motion of the outer ring is restricted by the
pedestal and the friction has an obvious impact on the vi-
bration. When the fit clearance increases and cannot be
offset by the outer ring vibration, the outer ring vibration is
affected by the critical speeds and the impact becomes the
major factor. As a result, the peaks at the critical speeds are
more obvious with the rise of the working temperature.
According to the vibration results, the thermal-related fit
clearance has an obvious impact on the vibration of the full
ceramic bearings and the vibration amplitude has large
fluctuations with temperature and rotation speed.,erefore,
when the rotation accuracy and vibration amplitudes are
crucial parameters in the full ceramic bearing system, the
working temperature range should be controlled below
300K and the critical speeds need to be avoided at high
temperatures. ,e findings provide theoretical foundations
for the application of full ceramic bearings and are of great
significance for further design.
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