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Abstract: Cage stability directly affects the dynamic performance of rolling bearing, which, in turn,
affects the operating state of rotating equipment. The random collision between the rolling elements
and the cage pocket is the main reason for cage instability. In this paper, from the perspective of the
relative sliding velocity between the rolling elements and the bearing raceway, the interactions of
the rolling elements and the cage pockets were analyzed, and the four zones with different collision
features were defined. On this basis, and on the basis of the bearing dynamics model, the interaction
of two adjacent rolling elements and the cage pockets in the a’-b” area is discussed, and the peak
impact force of the adjacent two balls and the cage pockets was investigated in terms of the rotation
speed, radial load, acceleration/deceleration, and materials. When the ball runs close to the loaded
zone, the probability of multiball random collision increases, which leads to an increase in the cage
instability. At the entrance of the loaded zone, the peak impact force has the greatest impact on the
cage stability during the acceleration process. Compared to the radial load applied to the bearing, the
peak impact force is more sensitive to the bearing speed changes. The multiball collision analysis
method provides a new idea for the research of cage stability.

Keywords: cage instability; multiball random collision; bearing dynamic model; peak impact force

1. Introduction

Rolling bearing has been widely applied to high-speed rotating systems, such as
aeroengines, high-speed precision spindles, etc. The main reasons for bearing failure
are cage instability and the frictional heating induced by the sliding between the rolling
elements and the raceway [1]. The cage instability may cause large fluctuations in the
bearing torque and can increase the impact force between the cage pocket and the rolling
elements, which finally results in excessive wear, and even in the direct breakage of the
cage and the bearings [2,3].

According to relevant statistics, up to 25% of the bearing failures of aeroengines are
caused by sliding and cage instability [4]. At present, more in-depth research is being
conducted on sliding, while there are few investigations on the dynamic performance of
the cage in terms of the intermittent collision between the rolling elements and the cage
pocket. In the early stages, because of a lack of pertinent theories and immature simulation
technology, cage stability was mainly studied through experiments. First, Kingsbury [5,6]
found that there is a relationship between the cage motion and torque fluctuation in the
instrument bearing, and that cage whirling is mainly caused by the friction between the
balls and the cage. Stevens [7] experimentally analyzed the effects of different lubricants and
cage structural parameters on the cage stability, and found that the cage instability mainly
presented as a radial high-frequency vibration. On the basis of previous experiments,
Genfle [8] found that there are many factors affecting the bearing cage stability, such as the
viscous resistance of the lubricants, the amounts of the lubricants, the cage geometric size,
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and the bearing operating temperature. In the above experimental investigations, it was
observed that some of the structure parameters and operating conditions have a certain
relationship with the bearing cage stability, but the rules of the influence of these factors on
the stability need to be studied further.

With the development of quasidynamics and the dynamics analysis of rolling bearing,
the analytical model has been constantly improved, which provides the possibility for an
analysis of the bearing cage stability. Walters [9] first established the bearing dynamic
model and obtained cage instantaneous speed. Although there was no profound study
on the motion of the cage, the research provided a basis for the development of bearing
dynamics analysis. On the basis of this, many scholars have been studying the factors that
affect cage stability, from different viewpoints. Kannel [10] established a dynamic model
with a low-DOF cage by refining the contact model between the ball and the cage pocket,
and qualitatively analyzed the influence of the cage-land clearance, the ball-cage pocket
clearance, and the lubricant viscosity on the cage stability. Gupta [11-14] established a
6-DOF complete dynamic model, and the influence of the cage-land clearance, the ball-cage
pocket clearance, and the lubricating oil parameters on the cage stability were systematically
studied. By simplifying the dynamic model, Meeks et al. [15,16] improved the model
solving speed. On the basis of the peak impact between the rolling element and the cage
pocket, the structural parameters of the cage were optimized. On the basis of a numerical
simulation model of bearing, the contact state and the deformation between the rolling
element and the cage is discussed in-depth by Houpert [17-20]. In order to analyze the
instability of the cage, Rivera [21] established a simplified mechanical model and compared
the influencing factors on the cage stability, including the sliding velocity between the
rolling elements and the cage, and the sliding velocity between the guide ring and the
cage. In addition, on the basis of a simplified lubricant drug model, Boesiger et al. [22]
established a dynamic model with 2-DOF cage, and a new integral algorithm was employed
to solve it. Through the combination of simulation and experimental analyses, it was found
that the cage instability was highly sensitive to the friction between the rolling element
and the cage pocket. By setting up a simple cage instability model, based on the previous
work, Takashi Nogi et al. [23] further found that the increase in the cage friction coefficient
may cause unstable motion. In addition to the purely rigid bearing dynamic model, a few
scholars have used the commercial dynamic software, ADAMS, to carry out cage dynamic
analysis, and some establish dynamics to analyze the stability of the cage by making the
cage flexible. Sakaguchi et al. [24,25] analyzed the force between the cage pocket and the
rolling elements by using the commercial software, ADAMS, and found that the interaction
force has a large influence on the trajectory of the cage in the export of the loaded zone.
Weinzapfel [26] and Ashtekar [27] established a dynamic model of ball bearing with a
flexible cage by dispersing the cage into a flexible body composed of finite elements, which
showed that the flexible cage significantly reduced the ball-cage pocket force and the time
needed for the bearing to reach a steady state of operation.

From the perspective of experiments and theory, the abovementioned scholars have
carried out relevant investigations into the cage instability under different structural param-
eters and operating conditions, and the rules of the influence of some of the parameters on
the instability were obtained, which is of significance to understanding the cage instability.
However, the current work mainly analyzed the impact factors on the cage stability, while
a further discussion on the cage instability mechanism is lacking. The reason for this is
that the turbulent collision between the rolling elements and the cage pocket presents a
certain degree of complexity and randomness, due to the change in the relative velocity
between the rolling elements and the raceway. To this end, from the perspective of the
relative sliding velocity between the rolling elements and the raceway, the mechanism
of the collision between the rolling elements and the cage pocket was analyzed. Taking
the deep-groove ball bearing as the research object, a dynamic model with a low-DOF
bearing was established. For the collision of the two rolling elements, the cage rotation was
divided into four stages, in which the peak impact force has an important influence on the
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cage stability when the ball enters the loaded zone. Taking the peak impact force near the
entrance of the loaded zone as the object, the influence of the operating parameters on the
cage instability, such as the rotational speed, radial load, acceleration and deceleration, and
the material of the rolling elements, were all analyzed.

2. Bearing Dynamic Model

In order to establish the cage dynamics model for multiball collision simulation, this
paper simplifies the complex contact and motion relationship of the deep-groove ball
bearing during actual operation, and some assumptions are made, as follows:

1.  The motions of the rolling elements, cage, and inner ring are limited to the radial
plane of the bearing, without considering the axial movement;

2. The contact between the rolling elements and the other parts satisfies the Hertz contact
theory without considering plastic deformation;

3. All parts are treated as rigid bodies, and the center of mass coincides with the centroid
during service;

4. The center of the outer ring coincides with the bearing center, which is the coordinate origin;

5. A spring model is set between the rolling element and the cage pocket [19], and the
inner ring rotational acceleration is always constant (100 rad/ s%);

6.  Only one rotational degree of freedom of the cage is considered. The contact force
between the ball and the pocket is considered, and the friction is ignored;

7. The gap between the ball and the pocket is ignored, and the contact deformation
coefficient between them is treated as a constant value.

2.1. Interaction Force between Bearing Components

The relationship among the bearing’s internal components is described by Figure 1.
The outer ring is fixed, the inner ring rotates at a constant speed, w;, and w, denotes the
angle velocity of the cage. The revolution and rotational speed of the jy, rolling element are
wy,j and wy;. Moreover, d; is the diameter of the inner groove bottom, while the diameter of
the outer groove bottom is d,. The pitch diameter of the bearing is d,,,, which is the mean of d;
and d,. D, represents the diameter of the ball. ¢; is the orbital angle of the jy, rolling element,
and 9, is the orbital angle of the cage pocket corresponding to the jy, rolling element.
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Figure 1. The mutual positions between the rolling element and the rings: (a) no loading; (b) loading.

2.1.1. The Force between the Rolling Elements and the Rings

Because of the radial load at operation, the rolling element deforms, which can be
determined by the transient coordinates of the inner ring and the rolling element. Under the
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assumption, the mass center, Oy;, of the jy, rolling elements is (xy;, y3;) at a certain moment,
while the mass center, O;, of the inner ring is (x;, y;), relative to the bearing center, O.

As shown in Figure 1, the contact deformations between the rolling element and the
inner or outer rings can be expressed as Equation (1) or Equation (2), respectively.

5 = “oob]-oq

1
+30@+D0)| <1>

50]' = |:‘()()b]‘ - %(dv - Dw)] . (2)

where the subscript, ‘+’, indicates that, when the value in the bracket is greater than 0,
deformation occurs because of the contact, and when it is less than or equal to 0, it means
that no contact or collision occurs, and the deformation is set to 0.

According to the assumption, the contact between the rolling element and the rings can be
treated by the Hertz contact theory; therefore, the contact force between the jy, rolling element
and the inner or outer rings are computed as Equation (3) or Equation (4), respectively:

Qij = Kid}?® ®)

Q; = K5} 4)

where K; represents the deformation coefficient between the rolling element and the inner
ring, while K, represents the coefficient between the rolling element and the outer ring [28].

At this time, the oil film traction force between the rolling element and the inner or
outer rings are calculated by the following equations:

Tij = pijQij ©)
Toj = HojQoj (6)

where the coefficient i of the oil film traction can be calculated as follows:
p=(A+Bs)e™ +D @)

The parameters of the lubricating oil are obtained from [29], which include A, B, C,
and D; s represents the sliding-rolling ratio (the ratio of the sliding velocity to the rolling
velocity) at the contact point, s = v/u, as shown in Figure 2, which is calculated as follows:
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Figure 2. Velocity analysis between the rolling element and the raceway.
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2.1.2. The Force between the Rolling Elements and the Cage

During bearings operation, the revolution speed of the rolling element in the non-
loaded zone is slower than in the loaded zone because of the lack of an inner ring traction
force to maintain the speed. Therefore, the rolling elements need to be driven by the cage;
thus, the impact force between the rolling element and the cage pocket is negative. Since
the inner ring can provide sufficient traction in the loaded zone, the revolution speed of
the rolling element increases. At this time, the cage is driven by the rolling element, so the
impact force is positive, as shown in Figure 3.

Ve

Outer Race

/

Figure 3. Interaction between the rolling element and the cage pocket.

In this paper, the spring model is used to simulate the impact force between the rolling
element and the cage pocket [19]. The impact force between the jy, rolling element and the
corresponding pocket can be written as Equation (10):

0. = 0.5Kc (¢ — ¢¢j) dm Coliding with the front side of pocket (10)
97 0.5Kc (¢ — ¢j)dm Coliding with the rear side of pocket

where K, is the deformation coefficient between the rolling element and the cage pocket,
which can be obtained according to [30,31].

2.2. Mechanical Equilibrium Equations

As is shown in Figure 4, the inner ring mainly suffers the contact force and traction
force of the rolling elements, while the cage is mainly subjected to the impact force of the
rolling elements; thus, the quasistatic model of the bearing can be initially established.

Vi

Loaded zone

(@) (b)

Figure 4. Force diagram acting on the bearing element and the inner ring: (a) the jy, rolling element;
(b) the inner ring.
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The nonlinear equilibrium equations of the force on the rolling element can be written as:
0= Q,’j - on —Fj+ G cos P; (11)

0= T — T, — Qg + Gsing; (12)

where F; is the centrifugal force on the rolling element from [28], and G names the gravity
of the rolling element.
The nonlinear equilibrium equations of the inner ring are as follows:

Z
0= 2(_Q1] Sinl[J]' + Tl']' CcoS IP]) (]3)
=1
Z
F = Z( Ql] Ccos 1IJ] + Tij sin l/J]> (14)
=1

where F; is the radial load acting on the bearing, and Z is the number of balls.

On the basis of quasistatic model, the dynamic model of the bearing is established
considering the bearing dynamic information of each component.

The differential equations of the jy, rolling element are given as:

mbr] = Ql] — on — FC]' + G cos l[J] (15)
1 . 1 .
Embdiwmj = 5 (Tij - To]‘ — QC] + Gsin #)])dm (16)
1 .
=MDy = (Tij + Toj) Do (17)

where m;, is the mass of the rolling element; r; represents the vector from the center of the

. . . . _ 2 2
bearing to the jy, rolling element; and |rj| = | /x7 St Y
The differential equation of the cage is as follow:

1 . 1
Modnte = Sdn(Qer + Qe+ Qe oo +Qez) (18)

where . is the mass of the cage, and w, represents the rotational speed of the cage.
The differential equations of the inner ring can be written as follows:

Y4

ml-jéi = Z(*QU Sini,[J]‘ + Tij cos 1[]1) (19)
=1
Z

mlyl = 2( Qz] CcOs I,U] + Tl] sin lIJ]) (20)
=1

where m; is the mass of the inner ring, and x; and y; represent the displacements of the
inner ring in the x; direction and the y; direction, respectively.

2.3. Model Solution and Verification

Since the above bearing dynamic model is composed of nonlinear differential equa-
tions with strong nonlinearity, with consideration to the convergence and computational
efficiencies, the fourth-order Runge-Kutta method was employed to solve the equations.
In order to ensure the accuracy of the solution, the Newton—-Raphson iteration method
was used to solve the quasistatics model first, the results of which were input as the initial
values of the differential equations. The specific solution process is shown in Figure 5.
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Figure 5. Flow chart for the solving process.

From Figure 5, the bearing structural parameters and the working condition that
needed to be solved were input first. Then, the Newton—-Raphson iteration method was
used to solve the quasistatic equations of the bearing, namely, Equations (11)—(14). If the
error is greater than the set target value, the initial value is modified so that the equation
can continue to be solved. The result of the solution is taken as the initial value of the
dynamics equations, as long as the error is small enough. The fourth-order Runge-Kutta
method was used to solve Equations (15)—(20), and the motion state of the bearing of each
component at this moment can be obtained. Each calculated time is used to determine
whether the prescribed time was reached. If it was not reached, the solution state of each
part at this moment is taken as the initial value of the next moment. If it was reached, the
simulation analysis results are output.

In order to verify the accuracy, the mathematical results of this model were compared
with the experimental data [32]. According to the experiment conditions [32], the radial
forces were 1500 N and 2100 N, respectively, while the rotational speed of the inner ring
was gradually increased, from 4000 r/min to 10,000 r/min. Then, the correctness of the
model was verified by the sliding rate of the cage, which can be expressed as:

‘wc —wl.

Aw, = —F X 100% (21)
wc

where w!, represents the theoretical cage speed, Wl = n;-(1 — Dy /dy) /2, and w, is the actual
cage speed.

As shown in Figure 6, the sliding rate of the cage increases with the increase in
the bearing rotational speed: the greater the radial force, the smaller the sliding rate.
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The mathematical and the experimental results are basically the same, which proves the
correctness of the dynamic model proposed in this paper.

wn
I

~—e— Dynamic model
—a— Experiment

>~

The sliding rate of Cage /%
(8] w

4000 5000 6000 7000 8000 9000 10,000
Inner rotation speed /remin’
(a)
3 - —&— Dynamic model

—&— Experiment

(5]

The sliding rate of Cage /%

0
] 1 1 ] 1 1
4000 5000 6000 7000 8000 9000 10,000
Inner rotation speed /remin!
(b)

Figure 6. Comparison of the mathematical and experimental results: (a) Fr = 1500 N; (b) Fr = 2100 N.

3. Collision Characteristics between the Ball and the Cage

In order to analyze the collision characteristics between the rolling element and the
cage pocket, the deep-groove ball bearing was taken as the research object, of which the
structural parameters are shown in Table 1. The change process of the impact force between
the cage pocket and the rolling element was analyzed, and the influence of the impact force
of the adjacent two rolling elements on the cage stability was further discussed.

3.1. Interaction of a Single Ball and the Cage Pocket

In order to analyze the interaction between the balls and the bearing cage, the bearing
radial load was set as 1500 N, the inner ring initial speed was 3000 r/min, and the angular
acceleration was 100 rad/s?. By solving the dynamics model in the above Section 2, the
contact forces between the ball and the inner/outer rings, and the impact force between the
ball and the cage pocket can be obtained, respectively.
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Table 1. Structural parameters of the 6016.

Name Value
Inner diameter/mm 80
Outer diameter/mm 125
Bearing width/mm 22
Pitch diameter/mm 102.198
Cage outer diameter/mm 108.3
Cage inner diameter/mm 102.448
Cage width/mm 18.3
Number of balls 14
Ball diameter/mm 13.474

Figure 7 shows the changes in the contact forces of the rolling elements. The blue curve
represents the contact force between the ball and the outer ring, the green curve represents
the contact force between the ball and the inner ring, and the red curve represents the
impact force between the ball and the cage pocket. There are some key points on the
collision between the ball and the cage pocket, as seen in Figure 7. The a point is the stable
starting point of the collision between the ball and the rear side of the cage pocket; the
b point is located at the starting point of the loaded zone; the ¢ point is the ending point
of the collision between the ball and the front side of the cage pocket; and the d point is
the starting point of the collision between the ball and the front side of the cage pocket.
When the ball is rotating in the a-b region, the impact force between the ball and the rear
side of the pocket is stable. When the ball is running in the b—c region, the impact force
between the ball and the rear side of the pocket is gradually reduced, and is eventually
converted from the rear to the front. When the ball is located in the c—d region, the impact
force between the ball and the front side of the pocket initially increases, and then decreases.
When the ball is in the d—a region, the magnitude of the impact force between the ball and
the rear side of the pocket changes significantly.

n
~——The contact force between the ball and the outer
The contact force between the ball and the inner -~ 5
The impact force of the ball on the pocket||

]

Wi -4
Em——

pY
!

(=)}

S

The contact force /N x10°
]

(8]

o
=~
]
[3¥]
The impact force /N

0.00 0.03 0.06 0.09 0.12 0.15
The simulation time /s

Figure 7. The trend diagram of the contact force and impact.

The above phenomenon is mainly caused by the time-varying relative sliding velocity
between the ball and the raceway, as is shown in Figure 8. The impact force between
the ball and the rear side of the cage pocket is relatively stable when the ball runs in the
a-b zone. This is because, in the nonloaded zone, the contact force between the ball and
the inner raceway is slight. In addition, the interaction of the ball and the outer raceway is
enhanced because of the centrifugal force. The static outer raceway has a braking effect on
the motion of the ball, resulting in an increase in the sliding velocity between the ball and
the raceway. At this stage, the orbital speed of the ball is mainly maintained by the cage,
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which leads to a stable impact force between the rear side of the pocket and the ball. When
the ball is situated in the b—c zone, the contact position of the ball and the cage is gradually
transferred from the rear side of the pocket to the front, and the impact force decreases
as well. This is because the contact force between the ball and the inner ring recovers
and gradually increases, which inhibits the sliding between the ball and the raceway to
a certain extent, resulting in the increase in the ball orbital speed. Eventually, the impact
force between the ball and the rear side of the pocket gradually decreases. When the ball
is in the c—d zone, the impact force between the ball and the front of the pocket initially
increases, and then decreases. This is because the ball-raceway traction force produced by
the contact behavior between the ball and the inner ring inhibits the ball from sliding into
the loaded zone, but the traction force is too small to stop the sliding completely. With the
increase in the contact force, the ball-raceway traction force increases gradually on the left
side of the loaded zone, and the ball orbital speed greatly increases. On the right side of
the loaded zone, the orbital speed of the ball increases slightly because the ball-raceway
traction force decreases gradually as the contact force decreases, which leads to the change
in the impact force between the ball and the front side of the pocket in the loaded zone.
When the ball is located in the d—a zone, the impact force between the ball and the rear side
of the cage pocket changes greatly. This is because the ball-raceway traction force produced
by the contact behavior decreases gradually. Meanwhile, the ball orbital speed has been
increasing in the load region, resulting in the increased magnitude of the ball centrifugal
force, which further aggravates the sliding of the ball. Finally, the above reasons lead to the
collision with the rear side of the pocket, and the magnitude of the impact force is large.

N
10 The contact between the ball and the outer 18
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= i i i 7]
2 i i \ %)
i i ! -3 ﬁ
0 1 1 H H 1 | 0
0.00 0.03 0.06 0.09 0.12 0.15

The simulation time /s
Figure 8. The changes in the ball-raceway contact force and ball sliding.

3.2. Impact Force between Two Balls and the Cage

The impact force between two balls and the cage pockets is discussed in this section.
As is shown in Figure 9, the a” point occurs where the collision between the front ball
and the cage pocket is converted from the front side to the rear, and the b’ point denotes
that the collision between the back ball and the cage pocket has been converted from the
front side to the rear. The ¢’ point appears where the collision between the front ball and
the cage pocket is converted from the front side to the rear, and the d” point means that
the interaction has been converted from the front side to the rear. When both of the two
balls are running in the a’-b’ zone, the impact force between the front ball and the pocket
changes from the rear side to the front, while the back ball maintains the contact with the
rear side. The cage will suffer an impact load because of the opposite collision directions.
When the two balls are located in the b’—c” zone, the impact force between the back ball and
the pocket changes from the rear side to the front, while the front ball maintains the contact
with the front of the pocket. Meanwhile, the impact direction of the two balls is the same,
and they push the cage forward together. When the two balls are in the ¢’-d” zone, the
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impact force between the front ball and the pocket changes from the front side to the rear,
while the back ball maintains the contact with the rear side of the pocket. Although the
impact direction is opposite, the impact force of the two balls acts on the same beam of the
pocket, reducing the cage impact load. When the two balls are situated in the d’—a” section,
the impact force between the back ball and the pocket changes from the front side to the
rear, while the front ball maintains the contact with the rear side of the pocket. At this time,
the direction of the two forces is the same, which is opposite to the cage speed. In summary,
when the two balls are located in the a’-b” zone, a relatively larger collision occurs on the
cage because of the opposite impact force acting on the different beams, which may have a
significant influence on the cage stability. When the two balls are in the b’—c’ zone, the cage
is pushed by the two balls, which can help to maintain the cage stability. When the two
balls are running in the ¢’-d” zone, the impact force decreases, and the stability of the cage
is improved. When the two balls are situated in the d’-a’ zone, the cage is braked by the
two balls because of the opposite impact direction. On the basis of the above analysis, this
paper focuses on the impact force when the two balls are located in the a’-b’ zone.

5 ;
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a—b E‘ Z( _’:l The impact of the back ball on the pocket
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The simulation time /s
Figure 9. An analysis of the impact between the two balls and the cage.

4. Influencing Factors Analysis

In order to further investigate the influence of the different factors on the cage stability,
on the basis of the analysis in Section 3.2, the deep-groove ball bearing, 6016, in Section 3,
was taken as the research object. The peak impact force of the rolling elements in the a’-b’
stage was employed as the evaluation index to evaluate the cage stability. After consulting
the relevant design data of this bearing, it was discovered that the basic dynamic capacity of
a rolling element-raceway contact is 47.5 kN. The amounts of 5% and 25% of the bearing’s
basic dynamic capacity were taken as the light-load and heavy-load operating conditions,
respectively, and 1000 r/min, 5000 r/min, and 8000 r/min were taken as the low-speed,
medium-speed, and high-speed, respectively. Factors including the rotational speed and
radial load, the acceleration and deceleration of the inner ring, and the materials of the
rolling element were all analyzed.

4.1. Radial Load and Rotational Speed

In order to analyze the influence of the rotational speed applied to the inner ring and
radial load on the impact force between the ball and the cage pocket in the a’-b” zone, a
dynamic simulation of the rolling bearing under different speeds and loads was carried
out. Moreover, the change in the peak impact force under the same rotational speed and
different radial loads (or under different speeds and the same radial load) was studied
while the inner ring rotational acceleration was constant (100 rad/ s?).
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The change in the peak impact force under the same radial load and different rotating

speeds is shown in Figure 10.
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Figure 10. The effect of the rotational speeds on the impact force: (a) Fr = 2375 N; (b) Fr = 11,875 N.

Under the same radial load, with the increase in the rotating speed, the peak impact
force (the impact forces between the balls and the front side of the pocket, and that of
the rear) gradually increases. This is because, with the gradual increase in the rotating
speed, the centrifugal force on the ball gradually increases, and the difference in the contact
force between the inner ring and the outer ring increases during the ball running in the
a’-b’ zone, which results in the increase in the ball sliding. The fluctuation in the ball orbital
speed will finally cause the impact force between the ball and the front side of the pocket
to increase. At the same time, the contact force between the ball and the outer ring in the
unloaded zone increases gradually and is converted into the traction force. Thus, the orbital
speed of the ball decreases in the unloaded zone, resulting in the increase in the impact

force between the ball and the rear side of the pocket.
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The rule of the peak impact force under the same rotating speed and different radial
loads is shown in Figure 11.
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Figure 11. The effect of

the radial force on the impact force: (a) n = 5000 r/min; (b) # = 8000 r/min.

Under the condition of the same rotating speed, with the increase in the radial load
applied to the inner ring, the impact force increases gradually in the early stage, and then
decreases. This is because, when the load increases in the early stage, it is not enough to
overcome the sliding of the ball in the loaded zone. As the radial load increases, the traction
force increases. Meanwhile, the increase in the radial load means an increase in the loaded
zone, and, finally, an increase in the range of the traction force, which leads to the increase

in the fluctuations of
radial load increases

the ball orbital speed and the increase in the impact force. When the
to a certain extent, it is enough to overcome the ball sliding. At this

time, with the gradual increase in the radial load, the fluctuation of the ball orbital speed
decreases, resulting in the decrease in the impact force.
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4.2. Inner Ring Speed Acceleration

In order to analyze the influence of the inner ring acceleration on the peak impact force
between the ball and the pocket, a dynamic simulation of the rolling bearing under the
different acceleration conditions was carried out. Moreover, the influence of the different
accelerations on the impact force under a light load, heavy load, and a low rotational speed
(1000 r/min) were analyzed. When the rotational speeds of the inner ring and the radial
load are constant, the speed acceleration applied to the inner ring gradually increases from
50 rad/s? to 150 rad/s?. The variation curve of the impact force is shown in Figure 12.
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Figure 12. The effect of the speed acceleration on the impact force.

When the rotational speed of the bearing is 1000 r/min, the peak impact force between
the ball and the pocket increases with the increase in the inner speed acceleration, regardless
of the light load applied to the inner ring or the heavy load. This is because the increases
in the inner ring acceleration of the inner ring increases while the contact force between
the ball and the inner ring remains unchanged, which aggravates the sliding between the
ball and the raceway. In addition, the coefficient of the traction eventually increases, and it
increases the fluctuation range of the ball orbital speed, resulting in an increase in the peak
impact force. Under a low-speed condition, the peak impact force under the heavy-load
condition is larger than under the light-load condition. This is because, with a heavy radial
load, the contact force between the ball and the raceway in the loaded zone is enough to
overcome the sliding of the ball, while it is not with a light radial load. Moreover, with the
inner speed acceleration increasing, the traction force between the ball and the raceway in
the heavy-load condition increases more than in the light-load condition, which causes a
larger fluctuation range of the ball orbital speed with heavy-load bearing. Therefore, the
peak impact force between the ball and the pocket under the heavy load is greater.

4.3. Inner Ring Speed Deceleration

The influence of the inner ring deceleration on the peak impact force under different
load and inner ring speed (8000 r/min) was studied. The speed deceleration applied to the
inner ring increased gradually from —150 rad/s? to —50 rad/s?, while the rotational speed
and the radial load was constant. The variational curve of the peak impact force is shown
in Figure 13.

Contrary to the acceleration state, in the process of inner ring deceleration, the greatest
influence on the cage instability appears at the exit of the loaded zone. Because of the
effect of deceleration, the impact force between the ball and the rear side of the cage pocket
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mainly occurs in the loaded zone, while the impact force with the front side of the pocket
mainly occurs in the unloaded zone. Therefore, the peak impact force of the adjacent balls
on the cage pocket is just opposite, at the loaded zone exit, which may reduce the stability
of the cage. The peak impact force gradually decreases with the increase in the deceleration.
This is because the deceleration gradually increases, and its value gradually decreases. The
reason for the change is the same as that for the speed acceleration change in Section 4.2.
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Figure 13. The effects of the speed deceleration on the impact force.

4.4. The Different Ball Material

In order to analyze the influence of the ball material on the peak impact force between
the ball and the pocket, a dynamic simulation of the rolling bearing with different roller
materials was carried out. Ceramic material and bearing steel were the focuses of the in-

vestigation, which are widely used in bearings. The ceramic density was about 3.2 g-cm~3,

while the density of the bearing steel was 7.8 g-cm 3.

The effects of different roller materials on the peak impact force were studied under
the condition of the same radial load and different rotational speeds (or the same rotational
speed and different radial loads). The variation curves of the peak impact forces of the
bearings with different ball materials is shown in Figure 14, with the changes in the rotation
speeds and radial loads.

It can be seen that the peak impact force of the ceramic ball bearings is smaller than
that of the steel ball. This is because the density of ceramic is lower than that of bearing
steel. At the same rotational speed, the centrifugal force of the ceramic ball is smaller than
that of the steel balls. On the basis of the above analysis, small centrifugal force leads to
less contact force between the balls and the bearing raceway, resulting in a lighter sliding
of the ceramic ball. Furthermore, the smaller the fluctuations in the ball’s orbital speed,
the smaller the peak impact force. Under the condition of the same rotational speed and
different loads, the peak impact force of the ceramic ball bearing is almost unchanged. This
is because the load has little effect on the peak impact force at the same rotational speed,
while the ceramic has little effect on the peak impact force because of its low density.
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5. Conclusions

1.

This work established a dynamic model of deep-groove ball bearing, and the factors
affecting the cage stability were analyzed from the perspective of the collision between
the balls and the pockets. The phenomenon of multiball collision tends to occur when
balls near the loaded zone, which may increase the cage instability. Moreover, taking the
peak impact force near the loaded zone as the evaluation index, the influences of the radial
load, rotational speed, acceleration, deceleration, and material were investigated. The main
conclusions are presented as follows:

From the perspective of the relative sliding velocity between the ball and the raceway,
the operation of the ball is divided into four zones. When the balls run in the a’-b’ zone
and the ¢’-d’ zone, the multiball collision effect is obvious. The multiball collision can
easily increase the stage instability because of the opposite impact directions of the

adjacent two balls when the balls are in the a’-b’ zone;

Compared to the radial force, the peak impact force is more sensitive to the rotational
speed. With the increase in the rotational speed, the sliding between the balls and the
raceway becomes more serious, resulting in an increase in the peak impact force;
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3. Theinfluence of bearing inner ring acceleration and deceleration on the cage instability
is the opposite. The peak impact force on the a’-b’ zone can easily cause the cage
instability under acceleration, while the deceleration is in the ¢’-d” zone because of
the direction of the relative sliding velocity.
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