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Abstract. Ball bearings are crucial components in various machinery and mechanical systems,
finding applications across numerous industries such as automotive, aerospace, manufacturing,
robotics, and household appliances. Minimizing friction and wear in the bearings is essential to
enhance the efficiency, reliability, and lifespan of equipment. Friction moments in ball bearings occur
due to rolling-sliding motion at the ball-race contact and sliding between the ball and cage. The
magnitude of these friction moments depends on factors such as surface topography, load, and speed.
Understanding how surface topography influences the friction moments in these bearings is crucial.
This paper investigates the effect of surface roughness on the friction moment between the ball and
race contact, as well as between the ball and cage contact. An analytical model is employed to
estimate the friction torque within ball bearings, considering the total friction torque generated at the
contact points between the balls and the race, as well as at the ball-cage interface. A mixed
elastohydrodynamic lubrication model is used to estimate the friction coefficient at these contact
points.

Introduction

Bearings are commonly used in automobiles, industry and energy. Single-row ball bearings are
especially favoured for their simple design, ability to run at high speeds, and low maintenance costs.
However, heat resulting from the power loss due to internal friction in these bearings can affect
running torque, which in turn reduces the performance and reliability of systems [1]. Load, speed,
and surface roughness are some parameters that influence friction torque, making it crucial to
understand and predict it accurately to improve system efficiency and optimize bearing performance.

In ball bearings, there are contacts at the ball-race interface and ball-cage interface. Due to this,
there is a generation of friction moments. At the ball-race contact, rotational resistance is primarily
caused by microslip, which results due to conformity or spin [2]. Additionally, there is a hysteresis-
induced resistance torque in ball bearings [3]. However, in the event of ball-cage contact, the skidding
between the balls and cage creates a friction moment. [4].

Several research works are done in the past to understand the influence of surface topography and
texture on friction moment for such contacts. Under lubricated conditions, surface roughness has been
shown to significantly affect the interaction between balls and screws, as it plays a key role in forming
and stabilizing the lubricating film, which reduces direct asperity contact [5, 6]. This can also be
observed in the case of cylindrical roller bearings [7]. Gouda et al. [8] studied the effects of micro-
texture placement on the inner race on radial ball bearing tribodynamic performance. Han et al. [9]
explored the impact of groove factor and surface roughness on tribological behavior and instability
in dry contact.

In ball bearings, the impact of surface roughness on friction torque has not been thoroughly
investigated. An analytical model for calculating the frictional moment generated due to contacts
between the ball and cage and the ball and race in a low-speed, lubricated ball bearing is presented in
this study. The model estimates the friction coefficient at the contact locations using a mixed
elastohydrodynamic lubrication (EHL) technique. Ball-race and ball-cage friction moments are
examined in relation to surface roughness and speed. This analysis also looks at how these parameters
affect the contact force between the ball and the cage.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/p-GzP1hK

116 Engineering Innovations Vol. 19

Theoretical Model

An analytical framework of the schematic shown in Fig. 1 for calculating the friction moment in
a lubricated ball bearing is explained in this section. The model is composed of three elements: ball-
race interaction, ball-cage interaction, and a mixed EHL model. The friction torque at the ball-race
contact (T, ) is analyzed under static conditions, whereas the friction moment at the ball-cage contact
(Tep) is assessed dynamically. A mixed EHL model is employed to calculate the friction coefficient
at these contact points.

Total frictional moment (Ty},) in ball bearings is the combined result of the frictional torques
generated at the ball-race contact and the ball-cage contact [10], expressed in Eq. 1:

Top = Trp + Tep (D

This study makes some assumptions to streamline the modeling process and remove less important
aspects. First, friction moments due to dust covers and seals are excluded in this model since it is
made for open bearings. Secondly, it ignores frictional moments due to lubricant drag losses,
churning, and splashing. Lastly, it is assumed that the contact patch at the site of contact follows the
Hertzian contact principle and that the bodies undergo local elastic deformation.

Quter race

Ball-race contact

Ball-cage contact

Ball Bearing
Fig. 1 A schematic representing different contacts in a ball bearing

Ball-Race Friction Torque Model. Microslip at ball-race contacts, as explained by Mindlin et al.
[2], generates motion resistance in ball bearings. This leads to a rolling moment (M) and spin moment
(M,), as shown in Fig. 2, calculated using Eq. 2—7 based on the spin-to-roll ratio (€). Pure rolling line
positions (y; and y,) depend on €. Friction coefficient p,, is determined using a mixed EHL model.

Fig. 2 Cross-sectional view of ball-race contact
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A rolling element moving along a raceway under compressive force experiences stress relief at the
back while the front portion of the contact patch contracts in the rolling direction. A moment called
the hysteresis rolling moment is produced by such repetitive stress underneath the rolling track.
Rolling moment due to hysteresis (My,) is calculated using Eq. 8 (Ref. [11], p. 285).

3a'F,a
— 8
h e (8)

As a result, the total friction moment at the ball-race contact (T}) is the sum of all the moments
produced at this contact.

Tp = Tconformity + Tspin + Thysteresis )
where Tspin = Z X (M) sina (10)
(MsR, + M,R))
Tconformity =17 = 02 = (11)
I'p
(Mp;iR, + MyoR))
Thysteresis =17Xx 1 OZI‘b — (12)

Ball-Cage Friction Torque Model. This ball-cage friction torque model is based on Jiang et al.’s
model [4]. Fig. 3 illustrates the various reference frames utilized in the model. Frame s is the
stationary frame fixed to the bearing axis, frame c is the reference frame attached to the centre of the
cage, frame b is connected to the centre of the ball, and frame p is associated with the centre of the
pocket.

Fig. 3 Representation of different reference frames
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There are three possible contact scenarios at the ball-cage contact: single-point contact, double-
point contact, and no contact, as depicted in Fig. 4. If eV and Ax#0, there is a single-point contact,
if eV and Ax=0, there is a double-point contact, while no contact arises when e<V.

— Dp ? 2 2 y=2p _Dp
—\/(IAXI+|7—k|) + Ay? + Az2, V=2 -2 (13)
Zp Zp
(b)
Q Q2
b
X
P Op2: 0, Op1,

Fig. 4 (a) single point contact (b) double point contact

Assuming Hertzian contact, normal contact force (FEbN) at ball-cage contact is determined from
the contact deformation (8pp).

|prN| Kpb S5y (14)
P
pr |prN| pr (15)
where 8pp = € — Vand Ky, is the contact stiffness

Now, using the cage's tangential relative linear velocity and the ball-cage normal contact force,
the tangential contact force (ngT) can be calculated. The mixed EHL model is used to determine the

friction coefficient at the ball-cage contact (p.p).

P _ bT
Fobr = ~Heb pr| |av C (16)
Using Eq. 17, the ball-cage contact force is calculated.
P —FP p
F prN + prT (17)

After calculating the ball-cage contact force, total force vector (F¢) and total moment vector (M€)
in frame c are obtained by using Eq. 18-19.

FO = ) Ty, FF, (18)

Z
M€ = Z Tpe, (1B X F5,) (19)
i=1

_ -1
where Ty, = Tep,

Mixed Elastohydrodynamic Lubrication Model. In the mixed elastohydrodynamic lubrication
(EHL) model, the total load (Fr) is divided between the asperity load (F,) and the load supported by
the lubricant film (Fy,) [12]. Both asperities and the lubricant film shear, creating frictional forces at
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the contact surfaces. The asperity shear force is determined by adding the shear force from each
asperity calculated by employing the asperity contact model by Zhao et al. [13]. Nijenbanning's
numerical solution [14] for elliptical contact is employed to calculate the central film thickness. The
shear stress is then calculated using the Eyring shear stress, and the shear force within the film is
determined by multiplying the shear stress by the hydrodynamic area. The formula for determining
the total frictional force produced in contacting surfaces is given by Eq. 21. The friction coefficient
is then determined using Eq. 22.

F, =F,+F, (20)
Ff = Ff,a + Ff,h (21)
H= F, (22)
Methodology
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Fig. 5 Numerically generated rough surface of (a) Sq =1 pm and (b) Sq =0.1 pum

In this paper, the effect of surface roughness on friction torque is analyzed. For the analysis, a
6205 ball bearing is considered, with its design parameters provided in Table 1. Rough surfaces with
RMS roughness values of Sq =1 um and Sq = 0.1 pm are numerically generated under the assumption
of'a Gaussian distribution. Fig. 5 illustrates the generated rough surface. The mixed EHL model uses
these numerically produced surfaces as input to predict the friction coefficient. The analysis is
conducted under a constant axial load of 1000 N, with the outer race fixed and the inner race rotating
at speeds from 100 to 500 RPM in 100 RPM increments.

Table 1 Input parameters for the 6205 ball bearing.

Parameters Value
Number of balls, Z 9

Mass of ball, My, 2.04 [gm]
Mass of cage, m, 6.58 [gm]
Contact angle, a 0.18 [rad]
Ball diameter, Dy, 7.94 [mm]
Mass of inner race 38.63 [gm]
Mass of outer race 54.21 [gm]
Radius of inner race 15.53 [mm)]
Radius of outer race 23.48 [mm]
Groove radius of inner race 4.13 [mm]
Groove radius of outer race 4.21 [mm]
Pocket diameter 13.9 [mm]

Pocket depth 6.81 [mm]
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Results and Discussion

This section examines a 6205 ball bearing's friction moment, highlighting the impact of speed and
surface roughness. The impact of these variables on the estimated friction coefficient is also
investigated in the study. In order to comprehend its contribution to ball-cage friction moment, the
impact of surface roughness on the ball-cage contact force is also examined.

Variation of total friction moment. The variation of total friction moment (Nmm) with speed
(RPM) for a 6205 ball bearing for two different surface roughness levels (Sq = 1 pm and
Sq = 0.1 um) is shown in Fig. 6. For both surface roughness, the data indicates that friction torque
rises with rotational speed. Bearings with higher surface roughness (Sq = 1 um) consistently
demonstrate greater friction torque compared to those with smoother surfaces (Sq = 0.1 um) across
all speeds. The friction torque rises from 17.89 Nmm at 100 RPM to 25.09 Nmm at 500 RPM for the
rougher surface (Sq = 1 um). Conversely, the friction torque increases from 8.67 Nmm at 100 RPM
to 12.90 Nmm at 500 RPM for the smoother surface (Sq = 0.1 um). These results indicate that higher
surface roughness significantly amplifies frictional losses, underscoring the importance of smoother
surfaces in minimizing friction torque.
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Fig. 6 Plot of change in friction torque

Variation of friction coefficient at the contacts. The effect of surface roughness on friction
coefficient (COF) at different locations of contact in a bearing at varying rotational speeds is shown
in Fig. 7. In Fig. 7(a), the friction coefficient for the ball-outer race contact decreases with reduced
surface roughness, showing higher friction coefficient for the rougher surface as compared to the
smoother surface, with minimal impact from speed. Similarly, the friction coefficient at the ball-inner
race contact is shown in Fig. 7(b), where a lower coefficient of friction results from a decrease in
surface roughness, but speed has minimal bearing on roughness levels. The friction coefficient at the
ball-cage contact, on the other hand, is highlighted in Fig. 7(c), where speed and surface roughness
both have a substantial impact. At lower speeds, rougher surfaces exhibit higher COF, while smoother
surface shows a marked decrease in COF as speed increases, indicating that higher speeds help reduce
friction for smoother surfaces in this contact type. Overall, the results indicate that higher surface
roughness leads to consistently higher COF values across all contact points and speeds. In contrast,
smoother surfaces exhibit a slight reduction in COF with increasing speed, particularly in the ball-
cage contact, suggesting reduced frictional losses at higher speeds.
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Fig. 7 Coefficient of friction at (a) ball-outer race contact, (b) ball-inner race contact, and (c) ball-
cage contact

Variation of friction moment at ball-race and ball-cage contacts. The total friction torque
generated in a ball bearing is the sum of friction torque generated at the ball-race interface and the
ball-cage interface. Therefore, to understand the effect of speed and surface roughness on the total
friction torque, it’s necessary to look at how ball-race friction torque and ball-cage friction torque
change with these parameters. Fig. 8 comprises three subplots, each analyzing torque as a function of
speed for two surface roughness conditions i.e. Sq =1 um and Sq = 0.1 um. From Fig. 8(a), it can be
observed that the ball-race torque remains almost constant for Sq = 1 pm, with a value of around
17 Nmm, while for Sq = 0.1 pum, it shows a slight decrease as speed increases, starting at
approximately 8 Nmm at 100 RPM and dropping to about 7 Nmm at 500 RPM. Fig. 8(b) shows that
the ball-cage friction torque increases with speed. For Sq =1 um, the ball-cage torque starts at around
0.6 Nmm at 100 RPM and rises steeply to 8.2 Nmm at 500 RPM. Similarly, for Sq =0.1 um, the ball-
cage torque grows steadily from about 0.5 Nmm to 6 Nmm over the same speed range, although the
values remain lower than those for the rougher surface. Now, Fig. 8(c) depicts the variation of the
total friction torque, which is the combined effect of the ball-race and ball-cage torques. For Sq =
1 pm, the total torque increases gradually from 17.89 Nmm at 100 RPM to 25.09 Nmm at 500 RPM.
For Sq = 0.1 pm, the total moment starts at around 8.67 Nmm at 100 RPM and increases steadily to
approximately 12.90 Nmm at 500 RPM. Overall, the figure highlights the significant influence of
surface roughness on torque. Bearings with higher surface roughness (Sq = 1 um) exhibit consistently
higher torque values across all speed ranges. Additionally, the ball-cage torque contributes more
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significantly to the total torque at higher speeds, especially for rougher surfaces for the specified
range of speeds.

(a)

Torquey,.race (NMmM)

24 b 10
= S,=1pm ( ) #-S,=1pm
20 4 ——5,=0.1 pm —e—8,=0.1 ym |
8 - A=
16 -
g
12 4 2
3
g 41
8 — . . s
o
= 2
44
0 T T T T T 0 T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Speed (RPM) Speed (RPM)
30
(C) —#—S5,=1pm
_ §,=0.1
SR IR ——
E A
z ,./-'
© 20 - e
2 —
1
o
= 154
c
2
-g 10 - /./
s
s
A
0 T T T 1 T
0 100 200 300 400 500 600
Speed (RPM)

Fig. 8 Friction moment at (a) ball-race contact, (b) ball-cage contact, and (c) ball bearing

Variation of ball-cage contact force. Fig. 9 depicts the relationship between rotational speed and
the maximum contact force between ball and cage for surface roughness of Sq = 1 um and Sq =
0.1 um. The force is observed to increase as the rotational speed rises, regardless of the surface
roughness. For the rougher surface (Sq = 1 um), the maximum force is consistently higher than for
the smoother surface (Sq=0.1 um) at all speeds. At 100 RPM, the forces are relatively low, measuring
2.71 N for Sq =1 um and 2.08 N for Sq = 0.1 um. As the speed increases to 500 RPM, the forces rise
significantly to 27.95 N and 12.88 N for Sq = 1 um and Sq = 0.1 um, respectively. This pattern is
evident at all speeds, demonstrating that both increased speeds and surface roughness contribute to
increased contact forces. Because friction moment is directly influenced by contact force, the higher
contact force results in an increase in friction moment at the ball-cage contact.
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Fig. 9 Change in ball-cage contact force

Summary

The presented analysis highlights the significant effect of surface roughness and speed on the
friction torque of a 6205 ball bearing. Bearings with higher surface roughness (Sq = 1 pm)
consistently exhibit greater friction torque than those with smoother surfaces (Sq = 0.1 um) across all
speeds. Friction moment increases with rotational speed for both surface roughness, with rougher
surfaces amplifying frictional losses more significantly. The ball-cage contact contributes
substantially to total torque at higher speeds, especially for rougher surfaces, due to the increased
contact forces. These findings emphasize the importance of smoother surfaces in minimizing friction
torque and reducing frictional losses, particularly at higher rotational speeds.
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