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Abstract

Based on outer raceway control theory and considering the effects of elastic deformation, centrifugal
force, and gyroscopic moment between the rolling elements and raceways, a geometric and force
analysis of angular contact ball bearings is conducted. A five-degree-of-freedom theoretical model
capable of accounting for the combined action of radial force and moment is established. The accuracy
of the model is verified through numerical calculations and experimental results from existing
literature. Upon validation of the theoretical model, a modified Archard model is employed to
develop a wear volume model for the bearing raceways. The influence of both single and combined
loads on sliding wear in the bearing raceways is systematically analyzed.

Keywords: rolling bearing; joint load; wear model; numerical calculation

1. Introduction

Angular contact ball bearings (ACBBs) are critical components in precision rotating machinery.
Under combined loads, the dynamic parameters of the raceway exhibit complex nonlinear behavior,
which influences slow sliding wear during long-term operation.

Jones[1] first proposed a theoretical model for ACBB analysis and introduced raceway control
modes for low- and high-speed conditions. Harris[2] analytically investigated the effects of axial force
and rotational speed on the dynamic parameters of precision bearings. DE et al.[3] developed a
pseudo-static model for ACBBs and studied their dynamic parameters analytically, though without
considering gyroscopic moments on the rolling elements. Jiang, Guo et al.[4,5] incorporated
gyroscopic moments and preload into quasi-static models to analyze bearing dynamics. Based on
force equilibrium, Gunduz et al.[6] derived a theoretical model for typical bearing mounting
configurations and compared the effects of axial load on dynamic behavior. Wang et al.[7]
investigated the influence of speed and radial force variations on dynamic parameters. He et al.[8]
examined dynamic changes under pure axial load, accounting for centrifugal force and thermal
expansion. Zhang et al.[9] validated a pseudo-static method for ACBBs and studied the effect of load
variation on raceway dynamics.

In terms of wear modeling, EL-THALJI et al.[10] simulated the wear process in rolling bearings
and correlated vibration characteristics with wear progression. ALFARES M A et al.[11] studied the
influence of preload on wear rate and suggested optimal preload levels to minimize wear. LIU CH et
al.[12] applied the Archard model to estimate wear life in ACBBs. Similar approaches were adopted
by Olofsson, Janakiraman et al.[13,14] and Liu et al.[15]. Yang et al.[16,17] focused on the effect of
torque on spindle bearing wear.

While extensive research has been conducted on the theory and wear dynamics of ACBBs, most
studies on dynamic parameters and wear have considered limited load conditions, such as single
axial, radial, or torque loads, or combinations of two, which do not fully represent complex multi-
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axis loading scenarios in practical applications. Moreover, few investigations have addressed
raceway wear-related dynamic parameters under combined loads, despite their critical importance
for bearing reliability and lifespan. In this paper, a theoretical model and wear dynamics model for
ACBBs are developed to examine the variation in dynamic parameters and raceway wear under
combined loading conditions, providing insights for more accurate life prediction and maintenance
strategies.

2. Theoretical Model of Angular Contact Ball Bearing

2.1. Geometric Analysis

Figure 1 shows the static state geometric structure of the bearing. the center of the ball Ohis in

0, 0,

i and outer curvature centers ~¢ . The inner and

O

the same straight line as the inner curvature centers

outer contact angles Qi @ are the same with the initial contact angles @ The distance between

and @»is BD , and the component of the distance between O the bearing center in the radial plane is
Ri
BD=(fi+f,—-1)D (1)
R =0.5d,, +(fi —0.5)D, cos o )
The inner curvature radius coefficient isﬁ =n/D b the inner curvature radius is’’; the outer
curvature radius coefficient isf" =7,/ D, b the outer curvature radius is’ ; the ball’s diameter is D, ,
the pitch circle diameter is du, =Dy I,
V
2%
K 444/
O, 0\ A
A
I O,
A
R
dm
vy v

Figure 1. Angular contact ball bearing geometry.

Under combined load and speed, displacement vector between inner and outer ring is

8,=16.6,6.0.0,] & 6, S.

are radial displacement perpendicular to each other, “7 is axial

displacement, and 0x and Y are inclination angles generated by X , Y axes. in Figure 2, Piis the / -th

ball’s position angle along the raceway, and the ball’s number is Z , then?i = 22(j-D/Z .
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z

Figure 2. Radial and axial view of the bearing.

Under high speed, affected by centrifugal and gyroscopic effects, causing ball at each azimuth

angle to deviate from the geometric position in the static state. O , Osand 0o change from three
points and one line in the static state to the broken line state as shown in Figure 3. Under most

o,

working conditions, outer ring does not rotate in system, so ¢ is unchanged.

4

<&
<

Y

A
Y
S}

a;

Figure 3. The relationship between ball and raceway.

In Figure 3, J4is the radial component of the motion from Oit0 9 and the axial component is I
. Under the influence of elastic deformation. The distance between the ball’s center to the inner and

outer raceway’s center becomes 0,0, , 0,05 _ The radial and axial distance from @' to O becomes 44

p 45 ; The inner, outer contact angle becomes % and %o ; The radial and axial distances from O, to O; ,
Os becomes Xa , Xy )

Ji=0:sin@; +39,cos@;, f. =0.+ R(6: cosp; —0,sin ;) 3)

0,0 =(f;=0.5)-Dy + 6, 0,0, =(f, —0.5)-Dy + 5, “4)

Ay = BDcosa, + fi, Ay = 0,0, cosa,; + 0,0; cos ©)

A; = BDsinay + f., A; = 0,0, sina,; + 0,0, sin (6)

cosay; = Ay _Xd’ ssin @ :ﬁ/cosanj = Xd’ ssinay, = Xz’ 7)

Ob 0,' Ob 0,' Obol Ob Oi

According to the geometric relation of the ball’s center O in Figure 3, the displacement

coordination equation of the J _th ball can be obtained as
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(A = X4) + (45— X)) = 0,07, X4 + X = 0,0, (8)

2.2. Force Analysis of Angular Contact Ball Bearing

Figure 4 shows the ball’s state under stress, Fo is the ball’s centrifugal force, My is the gyro

moment generated by the constant change of the rolling body rotation axis. 9 , Qs is the normal

F

force acting on the ball. * ¥ and Foj are respectively the ball’s surface friction caused by inner and outer

raceway, which is used to balance the gyro-torque generated by the ball.

on Z'(e/Mg/ /Db
Qoj \E/
O, My
| \
My
Qi

O
M y1D,
-~ @
Figure 4. Force analysis of the ball.
Fy =L md, o (“’—) ©)
2 @J;

My =Ja’sin B (%), (%), (10)
05 =K;6;7, 0y = KyiSy) (11)

2(1-4;)My 24M
p -2 2l ™

In formula (9), the ball’s mass is””? , and “» /@ s the ratio of the ball’s revolution velocity to the
inner ring’s velocity, which can be calculated according to Formula (13). In formula (10),

_ 5
J = prD; /60 is the ball’s rotational inertia; The ball’s density is ¥ ; The ball’s attitude angle is B ,

which can be calculated according to formula (14); “» / @ s the ratio of the ball’s rotation velocity to

the inner ring’s velocity, which can be calculated according to Formula (15). In formula (11), K; , K.

is the contact stiffness between ball and inner, outer rings, the calculation method in reference [18]

can be referred to. The value of 4 in equation (12) is determined by the raceway integrated control
method in literature [2].

O 1-ycosay
(a))j 1+ cos(ay — ) (13)
sina,
= t —_—
[ = arctan cosa, +7 (14)
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@D\ _ -1
(w),. (Co+Cpycosf (1%
C. _Cosay +tan f; sin &, C. o8 +tan f; sin o 16
7 1+ cos e 1-ycosay (16)

When the forces acting on the ball reach equilibrium in the axial and radial directions, the ball’s
force equation are

{Qij sina,, —F, cosa, /2=0, sina, —F, cosa, /2 an

Q,cosaq, +F,cosa, /2+F,; =0, cosa, +F,sina, /2

The inner ring is balanced under axial, radial and torque loads, then the bearing five degrees of
freedom force balance equation is

F. = Z(Q,-j cosay + Fy sinay; / 2)sin @;

=
Z

F, = Z(Ql-j cosay + Fy sinay / 2)cos @, (18)

J=1

F. = Z(Q,«j sinq; — F,; cos; / 2)
j=1

M, = Z((Q,-j sinay; — Fy; cos @ / 2)R; cos @, +F,;7i cos ;)

Jj=1
z (19)
M, = Z —((Qy sinay; — F,; cos a;; / 2)R; sin g, +F ;7 sin ;)
=1

2.3. Theoretical Model Solving and Verification

To test the accuracy of the numerical calculation, the rotational angular velocity *, rotational

angular velocity “» , contact Angle % and %, contact load O and % and rolling ratio of the ball were
solved by specified working conditions, the solution results of each parameter is compared with
literature [19]. The design parameters of the bearings used for numerical verification are shown in

Table 1, and their working parameters are Foy =0N , M.y =0N-m , F. =889.84N ,

@ =150007/min Table 2 shows the calculation results and errors of bearing parameters.

Table 1. The design parameter of the bearing.

D, [21)) V4 tilo dm
15.081mm 25° 19 7.8421mm 105mm

Table 2. The verification of the dynamic parameter solution.

Dynamic parameter Literature result Results of this paper error
@, / (r/ min) 57670 57716 0.079%
@y, / (¥ / min) 7255 7251 -0.055%
a; /() 37.7 37.6 -0.27%
a, /(%) 4.074 4.070 -0.098%
0 /(N) 76.57 76.73 0.21%
0,/(N) 488.97 490.76 0.37%
Spin-to-roll ratio 0.689 0.687 -0.29%
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According to the calculation results in Table 2, the parameters representing the contact,
movement and force are very similar with literature [19], and the maximum error is less than 0.4%,
which proves the accuracy of the theoretical model.

3. Sliding Wear Model of Angular Contact Ball Bearing Raceway

3.1. Raceway Wear Volume Model
Considering the non-uniform distribution of sliding speed and stress in inner and outer

raceway’s contact ellipse. Based on Archard original expressionV = KFL  the tiny contact area within
the contact ellipse dA is defined as the wear surface, 4" is the contact pressure acting on dA  The micro
sliding distance on dA jsdL ; Then the small wear volume @V on @4 is

dV = kdFdL (20)

dF = pdA p

where k stands for wear coefficient; stands for contact stress; dL = vdt ,V stands for

sliding speed, and dt s the sliding time. The calculation model of raceway wear volume of bearing
shows as equation 21.

v ={av =|[kpvdad 1)

3.1.1. Calculation and Analysis of Wear Coefficient
Considering the material hardness, the expression fork is

k=(a"xN" )/ H (22)

where, & and B are the characteristic parameters of the contact auxiliary material and lubricant;

A = Din / Piin stands for

h

min can be

2 2
is Brinell hardness of bearing material; or +0g is the oil film parameter,

o,

minimum film thickness, @, % stands for the surface roughness parameters, where

expressed as
hmjn — 3‘63U0.68G0.49W70.O73 (1 _ e70.68K)Rx (23)
G =CE gtands for viscosity parameter, S stands for oil film pressure parameters, E stands for

W=0,/(R)E Re and B

effective elastic modulus. is the dimensionless load parameter, *** and ** are the

_ L 2
contact ellipse equivalent radii. ©~ 1=/ i the eccentricity of the ellipse, ¢ ,b are the contact

Kk =1.0339(R, / R,)"** U =nou!ER,

ellipse’s major and minor axes. is the ellipticity parameter; is the

dimensionless speed parameter, o is lubricating oil viscosity parameter, and ¥ stands for rolling

speed in raceway contact ellipse. The expressions of the internal and outer raceway parameters R ,

R, and ¥ are

R, =(D,/2)(1-D,cose;/d,)

R, =D,f,1(2f;=1) (24)
u; =(w0-o,)d,—D,cose;)/2

R, =(D,/2)1+D,cose, /d,)

Rya = Dbf:) /(2f; _1) (25)
=-w,,(d,+D,cosa,)/2

Moj
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The material parameters & "and s involved in the formula are 3.433x10¥and -1.032 respectively;

H takes 8470Mpa; Or and 9% take 0.18um; S takes 2.2x10-8m?2/N; M takes 0.04pas; E takes
1.12x105Mpa.

This paper explores the variation law of wear coefficient under the action of speed, radial force,
moment, combined load. The influence law of speed is shown in Figure 5, the influence law of
unilateral radial force and unilateral moment is shown in Figure 6 and 7, and the influence law of
combined load is shown in Figure 8, 9, 10.

s x 1083 Fx/y=300N&Mx/y=3N.m %1073 Fx/y=300N&Mx/y=3N.m
%2.5 r ==10000rpm ——12500rpm 15000rpm - 9 =10000rpm —12500rpm 15000rpm
l: ~~
S /\_ £
S S8 _ B
[ ] % S ~e__=---
§ 2 /\— q:g 7 e a2
— ‘; T~ — _,— = = TInner Raceway
§1 5| Inner Eac_fway Outer Raceway = 6/ Outer Raceway
Ol == S =Y _ £
= - - - = 5\/——
E - T T - ___ =
E 0 60 120 180 240 300 360 0 60 120 180 240 300 360
Rolling Element Azimuth/(°) Rolling Element Azimuth/(°)
(a) (b)
Figure 5. Effect of speed on wear coefficient and Film.
As shown in Figure 5 when radial force Foy =300N ,ng torque My =3N-M Lemain

k,

iand

h

ko are negatively correlated with speed, while "mini/o js positively correlated with
speed, The different changes of wear coefficient and oil film thickness indicate that the oil film

unchanged,

thickness of raceway increases with the increase of speed, and the formation of oil film and the
increase of thickness reduce the wear coefficient.

x10713 Fx %1073 Fy

g
IS
n
bng
-
n

I
'S
~
=

Inner Wear Coefficient
[S]
w
1]

Inner Wear Coefficient
[S]
7]
]

23¢ 23+
2.25 2.25
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Rolling Element Azimuth/(°) Rolling Element Azimuth/(°)
(@ (b)
x10™ ‘ Fx ‘ x10™ ‘ Fy
e 15 e 15
% 48 % 1.48
3 1. S 1.
b= b=
S146¢ 2 1.46
Q Q
5144 =144
v @
2142 2142
g s 1.4
2 14 £ L
= =
< 1.38 / © 1.38
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Rolling Element Azimuth/(°) Rolling Element Azimuth/(°)
(c) (d)

Figure 6. Effect of unilateral radial force on wear coefficient.
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is positively correlated with the radial force

k

2is

presents a W-shaped variation rule, and becomes

Inner Wear Coefficient

Outer Wear Coefficient

23+

2.28 ¢

p—
£
£

o o
Ry P
N w

-
N
—_

g
»

x10713 My

60 120 180 240 300
Rolling Element Azimuth/(°)
(b)

My

360

><10']3‘

——IN.m
——2N.m

3N.m
—4N.m
=——5N.m

0 60 120 180 240 300 360
Rolling Element Azimuth/(°)
(d)

Figure 7. Effect of unilateral torque on wear coefficient.

As shown in Figure 7. Under the action of torque, the inner raceway has two bearing zones.

When M, acts, the azimuth near 0°and 180°is the bearing zone; when M, acts, the azimuth near

90°and 270°is the bearing zone. In the bearing area, the wear coefficient of raceway inside and outside

is positively correlated with M andM> 1n the non-bearing zone,

k,

’is negatively correlated with M

and M» | while ko presents a W-shaped variation rule, and gradually becomes obvious with the

increase of torque.

x1073 Fx&My .
- 24 — 100N&1N.m
2 2.
3 ——200N&2N.m
2 300N&3N.m
£ 235 ——400N&4N.m
B ——500N&SN.m
= 23
g
=
7 2.25
L
=
= 22t

0 60 120 180 240 300 360

Rolling Element Azimuth/(°)
(@

Inner Wear Coefficient

24+

235

23

2.25

2.2¢

x10713 , FY&MX

=—100N&1N.m
=—=200N&2N.m

300N&3N.m
=——400N&4N.m
=—=500N&S5N.m

—

0 60 120 180 240 300 360
Rolling Element Azimuth/(°)
(b)
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As shown in Figure 8. The positive direction of the torque M is the same as the radial force
and the positive direction of the

positively correlated with the combined load. In the non-bearing area,

correlated

N
n

Inner Wear Coefficient

N
%

1.4

Outer Wear Coefficient

As shown in Figure 9. The positive direction of the torque Mg opposite to the radial force

, and the positive direction of the ~

O C1
N
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F SN

—
(]
=)

o ™
N, N
w G on O

2.25¢

0 60

157

1457

0 60

x10™3 Fx&My
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===500N&5N.m
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=
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—
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»
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1.44 ¢

._. —
w = K
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Figure 8. Effect of force and torque on wear coefficient.

M

with the combined load.
x103 Fx&-My
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300N&3N.m
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120 180 240 300
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(@
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360

x10713 ,
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300N&3N.m
=—400N&4N.m
===500N&5N.m

120 180 240 300
Rolling Element Azimuth/(°)

(©)

360

xis the same as the radial force Fy . In the bearing area,

g
n

Inner Wear Coefficient
N
w

N
%

1.4

Outer Wear Coefficient

N N
w N
TR N

2.25F

157

1457

ki
ki

10713 Fy&-Mx

=——100N&IN.m |
=——=200N&2N.m

300N&3N.m |
——400N&4N.m
~——500N&5N.m |

0 60 120 180 240 300 360
Rolling Element Azimuth/(°)
(b)
x10713 , FY&'MX ‘ i
——100N&IN.m
——200N&2N.m
300N&3N.m
——400N&4N.m
——500N&5N.m

0 60 120 180 240 300 360
Rolling Element Azimuth/(°)
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Figure 9. Effect of force and torque on wear coefficient.
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x10™3 Fy&Mx
——100N&IN.m
——200N&2N.m
300N&3N.m
——400N&4N.m
~——500N&SN.m |
0 60 120 180 240 300 360
Rolling Element Azimuth/(°)
(d)

F.
ko is

' and Ko is negatively

F,

*is opposite to the radial force £ In the bearing area, the wear

coefficient of raceway inside and outside is positively correlated with the combined load. In the non-

load zone,

k

i and %o shows W-shaped change, among which the W-shaped phenomenon in inner

raceway is much obvious than that in outer raceway, and the W-shaped change is gradually obvious
with the increase of the combined load.
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Figure 10. Effect of combined load on wear coefficient.

As shown in Figure 10. When the radial force and torque act in the same direction, kiand Ko is
positively correlated with the combined load in bearing zone, and negatively correlated with

k,

combined load in non-bearing zone. When torque and radial force act in the opposite direction, “’and

ko is positively correlated with the combined load in the bearing zone, and presents a W-shaped
change in the non-bearing zone. The W-shaped phenomenon of the inner raceway is more obvious
than that of the outer raceway, and the W-shaped change is gradually obvious with the increase of
the combined load.

3.1.2. Study on the Distribution of Sliding Velocity in a Contact Ellipse

As shown in Figure 11, the differential sliding velocity Vyilo at minor axis b and spin sliding

velocity @i/o of the ball form the sliding velocity on the contact ellipse. The expressions for Vyilo | @silo

and total sliding velocity V(%X ¥)ito are shown in equations 26, 27and 28.

Ve _a
A — -
b \
N [0) (\ *a)si/oy x\
Wsifo \.y -
WsijoX

(xi/07 yi/o)

vyi/o

Figure 11. Sliding velocity distribution on contact ellipse.
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v, =-od, /2—{(;;.2 ) =7 —a))"? +[(D, /2)’ —a; ]”2} x (@, sin Bsina, —wcos a,)

(26)
vV, = {(”02 - = =a)"? +[(D, /2) —af]“z} x (@, cos(B—a,))
o, =o,sin(f-a,)+wsing,
{a)so = a)b Sin(ao _ﬁ) (27)
v(xp y)i/o = [(Vyi/o - a)si/oy)z + (a)si/ox)2 ]1/2 (28)

Under the conditions of F: = F, =300N , preload 500N, and rotational speed 10000r/min, the
ball located at 135°is selected to calculate its total sliding velocity distribution on the contact ellipse.
The calculation results is shown as Figure 12.
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Figure 12. Sliding velocity distribution in contact ellipse.

As shown in Figure 12, the total sliding velocity remains stable along short axis and reaches a
minimum in center. Along the long axis, the inner raceway’s total sliding velocity presents an
asymmetric distribution, while presents a symmetrical distribution on the outer raceway.

The sliding velocity at the center of the contact ellipse is studied in this paper, study condition
are rotational speed, unilateral radial force, unilateral moment, and combined load, the influence law
of rotational speed shows in Figure 13, the influence law of unilateral radial force and unilateral
moment is shown in Figure 14 and 15, and the combined load’s influence is shown in Figure 16, 17
and 18.
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0 60 120 180 240 300 360
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Figure 13. Effect of speed on sliding velocity at the center of raceway contact ellipse.

As shown in Figure 13, the raceway’s sliding velocity is positively correlated with speed, and
reaches a maximum value at the direction of the load, and the sliding velocity of the inner raceway
and its variation with the speed are greater than that of the outer raceway.
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Figure 14. Effect of unilateral radial force on sliding velocity at the center of raceway contact ellipse.

As shown in Figure 14, in the bearing zone, the sliding velocity is positively correlated with the

F,

radial force

xand £7 . In the non-bearing area, sliding velocity presents a W-shaped change law, in

which the W-shaped phenomenon of the outer raceways is more obvious than that of the inner
raceways, and the W-shaped change is gradually obvious with the increase of radial force.
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Figure 15. Effect of unilateral torque on sliding velocity at the center of raceway contact ellipse.

M, acts, the

As shown in Figure 15, there are two bearing zones when torque is applied, when
azimuth around 0°and 180°is the bearing zone; when M, acts, the azimuth around 90°and 270°is the
bearing zone. In the bearing zone, sliding velocity is positively correlated with MiandM> 1n the

non-load zone, the inner raceway’s sliding velocity is negatively correlated with M and M, while
presents a W-shaped change rule in the outer raceway, and the W-shaped change is gradually
obvious with the increase of torque.
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Figure 16. Effect of unilateral radial force and torque on sliding velocity at the center of raceway contact
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As shown in Figure 16, the positive direction of the torque M is the same as the radial force £,

and M , £y actin the same direction. In the bearing zone, sliding velocity is positively correlated with
the combined load. In the non-bearing zone, the sliding velocity is negatively correlated with the
combined load.
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Figure 17. Effect of unilateral radial force and torque on sliding velocity at the center of raceway contact
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As shown in Figure 17, the positive direction of the torque —Myis opposite to the radial force E

, and —M , Fractin opposite directions. In the bearing zone, sliding velocity is positively correlated
with the combined load, while presents a W-shaped change in the non-load zone, and the W-shaped
change is gradually obvious with the increase of the combined load.
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Figure 18. Effect of combined load on sliding velocity at the center of raceway contact ellipse.
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As shown in Figure 18, When the radial force and torque are acting in the same direction, sliding
velocity is positively correlated with the combined load in the bearing region and negatively
correlated with the combined load in the non-bearing region. When the radial force and torque act in
the opposite direction, sliding velocity is positively correlated with the combined load in the bearing
region, and presents a W-shaped change in the non-bearing region, and the W-shaped change is
gradually obvious with the increase of the combined load.
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4. Conclusions

In this paper, a five-degree-of-freedom quasi-static model of angular contact ball bearings is
established and its accuracy is verified. A modified Archard model is applied to develop wear volume
models for the inner and outer raceways. Based on the established models, the nonlinear variation
patterns of dynamic parameters related to raceway wear are investigated under rotational speed,
single loads, and combined loads.

The dynamic parameters present different change laws in the inner and outer raceway. The
centrifugal force enhances the contact between ball and outer raceway, and weakens the contact in
the inner raceway. In the bearing zone, the dynamic parameters are positively correlated with single
and combined loads, while negatively correlated or show a W-shaped change law in the non-bearing
zone, and this unique nonlinear change will gradually become obvious with the increase of the
applied load.
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