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Abstract: This study is an analytical evaluation of contact and 

wear on ball bearings using the finite element method. Ball 
bearings are used in various sectors, such as in the automobile, 
turbine and aircraft engine industries, to reduce rotational 
friction and support radial loads. Nevertheless, ball bearings often 
experience failure due to wear as a consequence of contact 
pressure. The contact between the ball bearing components will 
affect the surface of the balls, and the inner and outer rings. 
Therefore, the main objective of this study was to examine the 
stress distribution and elasto-plastic deformation in order to 
analyse the contact between the ball bearing components. Most of 
the existing contact and wear models for ball bearings only take 
into account the elastic model. However, an analytical evaluation 
of contact and wear using an elastic model, while ignoring plastic 
deformation, is inaccurate. In this study, a contact analysis was 
performed using elasto-plastic models of a ball bearing, and the 
results were validated using data from a previous research. 
Boundary loads of between 100 N to 800 N were applied and 
plasticity values of 550 MPa, 1050 MPa, 1550 MPa and 2050 MPa 
were used to analyse the contact behaviour. As the boundary load 
increased, the maximum contact pressure and displacement of the 
ball bearing increased. As the plasticity, E2 rose higher, the 
maximum plastic strain was lowered proportionally. 
 

Keywords: Ball bearings, Contact, Elasto-plastic, Finite 
element method.  

I. INTRODUCTION 

Ball bearing is a critical component in a system that can 

reduce the rotational friction and support radial load as well as 
axial load. Ball bearing is used to ensure the transmission of 
rotational motion with lowest friction.  
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Besides, it is often used in various sectors like electric 
motor, engine, aircraft, and conveyor as a connection which 
has low friction between rotating components [9]. Ball 
bearing has three main components that are ball, inner ring 
and outer ring as shown in Fig. 1. The type of ball bearing 
used in this study is 6309 DGBB which is widely used in 
conveyors. Nowadays, the ball bearing has been optimized to 
transmit more and more power with decreasing dimensions. 
The contact surfaces between contacting pairs become 
smaller and the contact pressure increases. The high contact 
pressure threatens the bearing materials which results in 
spalling of material [5]. The cost of replacing new rolling 
bearings is around $50.5 billion worldwide and will increase 
in the next decade. The study of contact stress at ball bearing 
will definitely contribute to the world in solving a lot of 
contact problem [2]. Ball bearing experiences contact stress at 
inner ring and outer ring. The damage of contacting surfaces 
and spalling of material are difficult to predict correctly. 
Besides, the contact stress and deformation at ball bearing 
cannot be obtained through experiment. The finite element 
simulation can be used to obtain the contact stress and 
deformation at the ball bearing [11]. A number of journals 
have been studied in to order to carry out a research that can 
contribute to the society. Researches about contact behavior 
on ball bearing have carried out by many researchers. In 
previous studies, Tang et al. 2011 [16], Guo et al. 2012 [4] 
and S. Li 2018 [6] have conducted contact simulation by 
using full geometry of ball bearing. The simulations focused 
on the contact between ball, inner ring, and outer ring. Tang et 
al. 2011 have studied the stress distribution at ball and inner 
ring of a ball bearing. Besides, Guo et al. 2012 [4] also used a 
full geometry of ball bearing but only focused on the ball 
component while S. Li 2018 [6] studied the stress distribution 
of the full geometry. Yang et al. 2016 [21] also have studied 
the contact simulation at ball bearing by using full geometry. 
The simulation focused on the inner ring and outer ring of the 
ball bearing. All these simulations have been carried out with 
only considering the elastic property of the material. A full 
geometry of ball bearing simulation takes a longer time 
compared to a simulation that uses a portion of the ball 
bearing geometry. Contact simulations focusing on the ball 
and inner ring were carried out by Shan et al. 2009 [12], Shan 
et al. 2009 [13], Zhou et al. 2011 [26], Londhe et al. 2018 [7], 
and Wang et al. 2011 [20]. The simulations of contact 
between ball and inner ring were often carried out because 
failure and spalling of material normally happen at the ball 
and inner ring.  
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The contact simulation between ball and inner ring that 
only used a portion of a full geometry of ball bearing and this 
used less time to carry out the simulation but all the 
simulations were carried out by using elastic model. Most of 
the studies on contact analysis only used the elastic model and 
only a few studies by Massi et al. 2014 [8], Tonnazi et al. 
2017 [17] and Viellard et al. 2016 [18] used the elasto-plastic 
model to carry out a simulation at ball bearing. The 
aforementioned studies used elasto-plastic model for wear 
simulation but not contact simulation. Therefore, only a few 
number of researches that studied about the contact behavior 
on ball bearing with considering the plasticity of the material.  

This study was carried out by using elasto-plastic model to 
study contact behavior on ball bearing with consideration of 
both elastic and plastic behavior of bearing material. The 
objectives of this research were to examine the stress 
distribution and effect of elasto-plastic deformation for 
contact analysis at ball bearing.  

 
Fig. 1.Structure of a ball bearing [9]. 

II.  LINEAR AND NONLINEAR CONTACT 

MODEL 

An understanding of contact simulation between the ball 
and inner ring begins with a study of contact mechanics 
between two solids. The theory that can help researcher in 
understanding the contact mechanisms in a ball bearing is 
Hertz theory. The Hertz theory was introduced by Hertz in 
1895 which is a linear contact model and also widely used to 
solve contact problem between two objects. Linear contact 
model is valid in a model with linear stress-strain relationship 
without exceeds the yield stress limit. In reality, the contacts 
between two or more objects result a dramatically change in 
stress and strain which is a nonlinear contact. The structures 
with behaviors of large plastic deformations, viscoelastic 
properties, time-dependent fatigue and failure progression 
can be considered as nonlinear contact model. These 
behaviors are difficult to be analyzed by using linear contact 
model due to the nonlinear relationship of stress-strain [19]. 
The contact area dimension is also one of the main criteria 
that can be obtained through Hertz theory [10]. Several 
assumptions of this theory are (i) the two contacting objects 

must be homogeneous and isotropic, (ii) applied load must be 
perpendicular to the contact surface, (iii) object can only have 
elastic deformation and (iv) contact surface size is small 
compared to the contact surface of radius of curvature [22]. 
Fig. 2 shows a contact of sphere on a plate. The sphere 
represents the ball while the plate represents the inner ring in 
the simulation. The reduced radius of curvature, R’ of the 
contact model can be calculated by:  
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where Rx is the radius of sphere and plate at x- axis and Ry is 
the radius of sphere and plate at y- axis. The reduced Young’s 
modulus, E’ is then calculated by: 
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where vA is the Poisson’s ration of ball while vB is the 
Poisson’s ratio of the inner ring. The EA and EB are the 
Young’s modulus of ball and inner ring material. The contact 

area dimension, a of the ball at sphere is written as:  
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W is the load applied. The maximum contact pressure can 
be calculated by using the contact area dimension, a that 
obtained from (3). The maximum contact pressure, Pmax can 
be written as:  
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3

a

W
P




                              
(4) 

The maximum contact pressure at the ball bearing can be 
calculated by using (4) when the load applied and contact area 
dimension are known [15].  

 

 
Fig. 2.Contact between sphere and plate. 

III. FINITE ELEMENT ANALYSIS AND MODEL 

DESCRIPTION  

Contact simulations were performed to study the stress 
distribution at ball bearing by using ABAQUS finite element 
software. The contact analysis schematic diagram is shown in 
Fig. 3. The boundary load,  
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F was applied at the ball to obtain the stress distribution. 
The explicit finite element simulation was carried out for the 
contact simulation. Diameter of the ball was 12.7 mm while 
the length and width of the inner ring were 12 mm and 3 mm 
as shown in Table I. The material used for the ball bearing 
was bearing steel with Young’s modulus 200 GPa, Poisson 

ratio of 0.3 and density of 7.90 g/cm3. The material property 
of the model is shown in Table II. The interaction property 
between the ball and inner ring was surface-to-surface. The 
simulation time for the contact analysis was 0.13 s. The 
bottom surface of the inner ring was fixed for all direction of 
motion and the ball surface is fixed for X direction and 
rotation. The boundary load was applied at the top surface of 
the ball. The mesh of the 2 dimensional model is shown in Fig. 
4. The high number of element was located at the contact 
region of the ball bearing. This is to ensure the accuracy of the 
result and reduce the simulation time. The number of element 
for the contact analysis was 9522 and the element type used 
was CPE4R and plane strain.  

 
Fig. 3.Schematic diagram of contact analysis of ball 

bearing. 

Table-I: Geometry parameter of contact model  [7], [14] 

Diameter of ball 12.7 mm 

Inner ring 12 mm × 3 mm 

Table-II: Material properties of inner ring and ball [7] 

Material 
Young’s 

Modulus 
(GPa) 

Poisson’s 

Ratio 
Density 
(g/cm3) 

Steel bearing 
(GCr15) 

200 0.3 7.90 

 

 
Fig. 4.Mesh of contact analysis. 

IV. RESULT AND DISCUSSION 

A. Model Verification  

The finite element model used has been carried out a 
convergence study. The convergence study of meshing 
converge was done to obtain more accurate results. The initial 
meshing had an element number of 314 and the maximum 
contact pressure that was obtained from simulation was 508 
MPa when the applied load was 100 N. The finite element 
model started to converge when the number of element was 
4340 with a consistent maximum contact pressure of 1750 
MPa. The Fig. 5 shows the graph of the maximum contact 
pressure versus the number of element. The amplitude of the 
load applied was 55. This was to ensure the speed of the load 
applied was same as the real case of contact at ball bearing. 

The amplitude between any two consecutive data points, 
*a  

can be calculated by: 
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where t  is total time, it is the first time data and 1it is the 

second time data. An amplitude is a differentiation of 
*a with 

respect to T that can be obtained as follows:  
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The amplitude of the applied load can be obtained by using 

(7) [1]. The high amplitude of applied load means the applied 
load speed is high. The maximum contact pressure obtained 
through the contact simulation was 1751 MPa while the 
maximum contact pressure obtained from the other journal 
was 1785 MPa. The difference in percentage was 1.90 %. The 
maximum contact pressure obtained through analytic 
calculation was 1800 MPa and the difference in percentage 
between analytic calculation and simulation was 2.72 %. It 
was confirmed that this model is accurate and can be used for 
related studies as the percentage differences were lower than 
5%. Therefore, the model was validated and can be used to 
carry out other simulation. Table III shows the comparison of 
the maximum contact pressure obtained from finite element 
simulation, journal, and analytic calculation. Fig. 6 shows the 
stress contour of the contact simulation with 100 N boundary 
load applied.  

Inner ring 

Ball 
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Fig .5.Graph of Maximum contact pressure vs. Element 
number. 

Table-III: Comparison of simulation results with journal 
values 

Maximum contact pressure 

Results of 
simulation 

Journal results of 
simulations [7] 

Analytical 
Calculations 

1751 MPa 1785 MPa 1800 MPa 
Percentage 
Difference 

1.90 % 2.72 % 

 

 
Fig. 6.Stress contours for contact simulation with 

applied/boundary load of 100 N. 

B. Effect of Load for Contact Behavior on Ball Bearing 

The elastic model was studied in the previous section, 
while the actual case of what occurs to a ball bearing can be 
explained more accurately using an elasto-plastic model. 
Contact simulations for the elasto-plastic model were 
performed to study the stress distribution and maximum 
contact pressure on a ball bearing. Boundary loads of 100 N, 
200 N, 400 N, 600 N, and 800 N were used for the contact 
simulations on the ball bearing by taking into account the 
effect of elasto-plastic deformation. The maximum contact 
pressure obtained through the simulations for loads of 100 N, 
200 N, 400 N, 600 N, and 800 N was 976 MPa, 1048 MPa, 
1181 MPa, 1807 MPa and 1980 MPa, respectively. The 
maximum contact pressure obtained from the analytical 
calculations was 1800 MPa, 2266 MPa, 2853 MPa, 3266 
MPa and 3595 MPa for boundary loads of 100 N, 200 N, 400 
N, 600 N, and 800 N, respectively. The graph in Fig. 7 shows 
the maximum contact pressure vs. the boundary load for the 
simulations and analytical calculations. The results obtained 

from the analytical calculations were much higher than the 
results obtained through the simulations. Hertz’s theory was 
used to obtain the results of the analytical calculations and for 
the elastic model alone, while the simulations that were 
carried out took into consideration the effect of elasto-plastic 
deformation. According to the results obtained by both 
methods, the maximum contact pressure increased when the 
boundary load increased. Fig. 8 shows the stress contours of 
the contact analysis for the elasto-plastic deformation. The 
stress distribution for the elasto-plastic model was different 
from that of the elastic model. The stress distribution for the 
elasto-plastic model was also elliptical, but the maximum von 
Mises stress occurred from the surface to the centre of the ball 
and inner ring. The stress distribution for the elastic model 
was elliptical in shape, and the maximum von Mises stress 
occurred at the centre of the ball bearing, as can be seen in 
Fig. 9. The ball was displaced by more than 10% of 3 mm 
(thickness of the inner ring) when the boundary load reached 
800 N. The ball bearing material displayed elastic behaviour 
when the applied boundary load was less than 400 N, but 
displayed plastic behaviour when the applied boundary load 
exceeded 600 N, as shown in Fig. 8. When a boundary load of 
600 N was applied, there was a change to a very high 
displacement.  

 

Fig. 7.Graph of Maximum contact pressure vs 
applied/Boundary load. 

 
Fig. 8.Stress contours of contact analysis for elasto-plastic 

deformation with a boundary load of 100 N. 
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Fig. 9.Graph of Displacement vs. Boundary load. 

C. Effect of Plasticity for Contact Behavior on Ball 
Bearing 

Most finite element simulations are carried out using an 
elastic modulus alone, while the plastic deformation of the 
material being studied is often ignored (Zamri et al. 2013; 
2015; 2016 [23-25]). In this study, an elastic modulus of 200 
GPa, a boundary load of 100 N and amplitude of 55 were used 
for the simulations. Plastic deformation occurred when the 
stress on the material exceeded the yield stress. The yield 
stress and ultimate stress were used to study the linear 
hardening of the material. The distance between the yield 
stress and the ultimate stress points was given by the slope, 
which was used to conduct the contact simulations. Fig. 10 
shows the loading and unloading behaviour of the linear 
hardening model. The gradient, E2, between both the elastic 
stress and ultimate stress points was entered into the 
ABAQUS software as the plasticity of the material. E2 values 
of 550 MPa, 1050 MPa, 1550 MPa and 2050 MPa were used 
for the contact simulations on the elasto-plastic model. The 
equivalent maximum plastic strain for each value of E2 can be 
seen in Fig. 11. As the E2 value increased, the equivalent 
maximum plastic strain decreased. The equivalent maximum 
plastic strain decreased with an increase in E2 because an 
increase in E2 indicated a rise in the gradient between both the 
yield stress and ultimate stress points. This increase caused 
the plastic strain to drop and the elastic strain to rise. The 
equivalent plastic strain contours for the contact simulation 
with a boundary load of 100 N can be seen in Fig. 12. Fig. 13 
shows a comparison of the stress distribution between 100 N 
and 800 N for different values of E2. The maximum von Mises 
stress was 420 MPa, while E2 was 550 MPa and the load was 
100 N. The maximum von Mises stress for the simulations 
with E2 values of 1050 MPa, 1550 MPa and 2050 MPa and a 
load of 100 N was 424 MPa, 428 MPa, and 431 MPa, 
respectively. This showed that the maximum von Mises stress 
increased with an increase in the value of E2 in the contact 
simulations with a load of 100 N. The maximum von Mises 
stress for the contact simulations using all the values of E2 and 
a boundary load of 800 N was 520 MPa. With increasing 
values of E2, the area that experienced the maximum von 
Mises stress increased, as shown in Fig. 13. The maximum 
von Mises stress was propagated to the material of the ball 
and inner ring of the ball bearing. In addition, with different 
values of E2, the time when the material started to yield also 

differed. The time when the material started to yield for E2 
values of 550 MPa and 1050 MPa was 0.0455 s, while for E2 
values of 1550 MPa and 2050 MPa it was 0.052 s. The 
material with a high E2 value had a longer yield time. 
Materials with a high E2 value are able to last longer before 
experiencing yield compared to materials with a low E2 value. 
Fig. 14 shows the yield times for materials with different E2 
values. Fig. 15 shows the time steps for loads of 100 N and 
800 N with E2 of 1050 MPa. The yield time for the ball 
bearing was 0.0195 s for a boundary load of 800 N, while the 
yield time for the ball bearing material was 0.0455 s for a 
boundary load of 100 N. Since the boundary load of 100 N 
was a load that did not cause the material to undergo ultimate 
stress, elliptical stress contours were obtained. At 0.0715 s for 
a boundary load of 800 N, the shapes of the stress contours 
changed and were no longer elliptical. As the time increased, 
the contours became as at 0.13 s, as shown in Fig. 15. 

 
Fig. 10.Loading and unloading behaviour of linear 

hardening model [3]. 
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Fig. 11.Graph of Equivalent maximum plastic strain vs. 

E2. 

 
Fig. 12.Equivalent plastic strain for contact simulation 

with E2 = 1050 MPa. 
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Fig. 13.Comparison of stress distribution between loads 
of 100 N and 800 N for different values of E2.  
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Fig. 14.Time when material begins to yield for different 
values of E2. 
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Fig. 15. Time steps for loads of 100 N and 800 N with E2 of 
1050 MPa. 

V. CONCLUSION 

The contact simulation was performed by using finite 
element software of ABAQUS to study the ball bearing type 
of 6309 DGBB. Several methods were used to verify the 
elasto-plastic contact model used for contact simulation. A 
mesh convergence study was conducted to ensure an accurate 
results obtained from the simulations.  

The simulation result started to converge when the number 
of element was 9522.  

The other method to verify the contact analysis is to use 
amplitude. An amplitude of 55 was used to reflect the actual 
case of contact behaviour on ball bearing. A maximum 
contact pressure of 1751 MPa was obtained through the finite 
element simulation.  

This result was then used to compare with result obtained 
from the other journal. The maximum contact pressure 
obtained from Londhe et al. 2018 [7], was 1785 MPa and the 
percentage difference was only 1.90 %.  

As the percentage difference was lower than 5 %, this 
model was validated and could be used to perform other 
analysis to achieve the objective of this study.  

The effect of a load on the elasto-plastic deformation on 
contact was studied using loads of 100 N, 200 N, 400 N, 600 
N and 800 N.  
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The maximum contact pressure obtained through the 
simulations for the elasto-plastic model was much lower than 
the maximum contact pressure obtained from the Hertz theory  

because plasticity was taken into account in these 
simulations, while the Hertz theory only focused on the elastic 
model. The displacement of the ball bearing exceeded 10 % 
from 3 mm (thickness of the inner ring) when the boundary 
load reached 800 N. The effect of various values of E2 on the 
contact pressure was also studied. Equivalent maximum 

plastic strains of 8.610
310 , 8.386

310 , 8.185
310  

and 7.987
310  were obtained for E2 values of 550 MPa, 

1050 MPa, 1550 MPa, and 2050 MPa, respectively. The yield 
time for the ball bearing for E2 values of 550 MPa and 1050 
MPa was 0.0455 s, while for 1550 MPa and 2050 MPa, it was 
0.052 s. The stress distribution and elasto-plastic deformation 
were studied and obtained for the contact analysis of the ball 
bearing. 

Various suggestions can be made for improving this study. 
This study only focused on the ball and inner ring of the ball 
bearing. A 2-dimensional model was used for the contact 
analysis. The contact analysis can be performed by using a 
coating on the ball and inner ring. Most ball bearings in 
industrial applications use a coating to extend the life of the 
ball bearings as well as to save on maintenance costs. Ball 
bearings that use grease as a lubricant require regular 
maintenance, while coated ball bearings do not require 
maintenance. In addition, this study only conducted 
simulations on one part of the ball bearing. Another 
suggestion is that the simulations be conducted using the full 
model of a ball bearing and not just a part of it. A 
3-dimensional model can be used to analyse the contact 
between the ball and the inner ring as such a model will be 
almost similar to the actual ball bearing. A wear analysis can 
also be performed to study the spalling of the ball bearing 
material. Cyclic loading with sliding and rolling motions can 
be carried out to study the spalls on the ball bearing after a 
certain number of cycles. 
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