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DETERMINATION OF THE MAXIMUM ROLLER BEARING
LOAD WITH REGARDS TO DURABILITY THEREOF

USING FEM ANALYSIS

This paper deals with accurate geometric models of rolling bearing components in the CAD system. This model is then employed to create
a static structural analysis used to determine the size of stress between the components of a rolling bearing. Following the stress analysis, we
specify the maximum load of a rolling bearing with regards to durability thereof.
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1. Introduction

Numerical simulations of rolling bearings are currently predom-
inantly based on the Hertz theory of contact stress of two objects,
which is based on pressure calculation in areas of contact of rollers
and raceways of bearing rings. This method, however, does not
take into account the precise geometry of objects and their influ-
ence on stress distribution in rolling bearings. This article details
a method permitting the creation of a realistic model of tapered
roller bearing which will subsequently be used in a static struc-
tural analysis with the aim of determining the influence of opera-
tion process parameters under high load using the finite element
method. A tapered roller bearing with inner diameter of 460 mm
and 39 rolling elements was selected for the aforementioned analy-
sis.

2. Creation of a 3D Virtual Model of Tapered Rolling
Bearing

Pro/ENGINEER Wildfire, manufactured by PTC Corporation,
was used to create the 3D virtual model of the tapered rolling
bearing. The bearing geometry was defined so as to reflect real-life
production conditions, including all construction elements, such
as concave roller, precise radii of profile curves, etc. This was nec-
essary to assure the correct analysis of contact pressures and eval-
uate subsurface stress.

The distribution and magnitude of contact pressure depends
on the geometrical shape of contact rollers. Rolling bearing man-
ufacturers aim to optimize the shape of individual elements so as
to assure optimal contact pressure and subsurface stress distribu-
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tion. However, the manufacturers must also take into account lim-
itations pertaining to the manufacturing process and technological
possibilities. The manufacturing drawing defines the basic profile
geometry and includes geometrical and shape tolerances reflecting
the manufacturing process limitations. Fig. 1 shows a schematic
view of the profile of the analyzed bearing with inner ring diam-
eter d460, consisting of three circular arcs.
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Fig. 1 Profile curve of d460 tapered roller bearing

Static structural analysis of the tapered roller bearing was per-
formed using Ansys/Workbench, allowing the import of geometry
from the Pro/ENRINEER system. The interconnection between
Pro/ENGINEER and Ansys/Workbench is advantageous (Fig. 2),
allowing for the modification of model geometry and position by
changing relevant parameters. The Workbench environment retains
the analysis definition (definition of border conditions, load forces,
etc.) and whole post-processing process (evaluation of analysis
results).
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Fig. 2 Section of bearing model d460 constructed in CAD system ProENGINEER (left) and subsequently imported into CAE system
Ansys/Workbench (right)

3. Definition of Static Analysis of Tapered Roller
Bearing Using FEM in Ansys/workbench System

Choice of appropriate mesh element size is necessary in order
to correctly analyze the contact pressure between the rollerand
roller raceway of outer and inner ring and analysis of subsurface
stress. The FEM model mesh for contact pressure analysis should
be defined by a minimum of 5 nodes per half width of contact area
b1/2. Mesh density along contact profiles was defined as 3 times the
element size along the width of contact area in order to decrease
the finite element model computational requirements. [1].

Fig. 3 FEM mesh of section of tapered roller bearing d460

Volume meshing of imported CAD geometry was performed
in Ansys/Workbench using Solid185 element type (Fig. 3). Indi-
vidual bearing elements are in contact because forces acting upon
the bearing are transferred between rings (theirraceways) and indi-
vidual rollers. CONTA174 and TARGE170 element types were
employed in Ansys/Workbench to define areas of contact between
two rollers.

The tapered roller bearing d460 model was defined in half
symmetry of one roller section (360°/39/2) by two planes of sym-
metry defined via two coordinate systems with axis z perpendicu-
lar to the plane of symmetry.

Multiple contact types - connections between individual rollers
were defined on the finite-element d460 bearing model. Areas
between volumes, representing contact volumes of the roller with
outer and inner ring, were defined as Frictional and the coefficient
of friction was set to 0.1. The same contact type was defined between
the face of the roller and inner ring support area [2]. Forces acting
on thetapered roller bearing result in contact betweenthe face of
the rollerand surface axial force components at inner bearing ring.
Border conditions for the static analysis of d460 bearing were
defined as follows:

- removal of one degree of freedom in direction of z axis in cylin-
drical coordinate system of the front surface of inner ring (axial
force retention) - Fig. 4 - left,

- removal of one degree of freedom in direction of z axis in Carte-
sian coordinate system from the face of the roller due to roller
stabilization (Fig. 4 middle).

Bearing loadcondition was simulated by applying axial force
in the z axis direction (cylindrical coordinate system) onto the front
area of housing (Fig. 4 right) and distributed into multiple load
steps.

4. Static Analysis Results - Contact Pressure

The aim of this analysis was to determine the effect of loadon
the contact pressure at contact locations between the roller and
inner and outer bearing ring. Distribution and magnitude of contact
pressure depends on the geometrical shape of contact rollers. The
analyzed tapered roller bearding d460 consists of rollers with
a profile defined by three circular arcs. The dimensions of profile
geometry include manufacturing tolerances since even cutting edge
bearing manufacturing technologies are unable to deliver ideally
precise geometry. Numerical simulations must therefore be con-
ceived so as to take into account the said manufacturing toler-
ances.

Figs. 5 and 6 show the distribution of contact pressure at race-
ways of outer and inner ring of bearing d460 due to axial loading.
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Fig. 4 Model of tapered roller bearingd460 with defined border conditions

Fig. 5 Distribution of contact pressure at raceway of inner ring (left) and raceway of outer ring (right) - bearing d460

Contact pressure along the roller profile at raceway of outer
ring

—str
—ir
—ae
— R
—) G
—

—_—110
—130r
130

Contact pressure along the roller profile at raceway of inner
ring

—str
—ir
—ae
— R
—) G
—

—_—110
—130r
130

H{mm)

Fig. 6 Contact pressure along the roller profile at raceway of outer ring (left) and at raceway of inner ring (right) - bearing d460

The analysis result details the influence of load force size on
the distribution of contact pressure and is presented graphically.
For better representation, the value of contact pressure was sub-
tracted from nodes of the finite element mesh in locations of ma-
ximum contact pressures at raceways of bearing rings, that is from
points lying in the plane of symmetry (z = 0).

It is evident from Fig. 6 that the maximum contact pressure is
present at contact locations between rollers and inner bearing ring.

Table 1 lists the maximum values of calculated contact pressures
depending on applied load force.

When considering an equivalent load force higher than P, =
= 0.5 * C, the ISO 281 standard imposes a loading limit in the
rating life equation, because the said equation gives satisfactory
results for a wide load force, however too high a load could result
in undesirable plastic deformation of contact areas between rollers
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Maximum values of contact stress at raceways of bearing rings

Table 1

Contact pressure po (MPa)

Pe=0.5Cr |Pe=0.6Cr |Pe=0.7Cr |Pe=0.8Cr |Pe=0.9Cr [Pe=1Cr

Pe=1.1Cr |Pe=1.2Cr |Pe=1.3Cr

outerring 143811  1525.3

1619.8

1716.6] 1791.3

innerring 1548.1 1665.6| 1776.2

1882.5

1976 2072.9

and raceways of rings [3]. In view of the previous, it is necessary
to conduct a detailed analysis of subsurface stress of rollers and
bearing rings.

Radial bearings are often subjected to simultaneously acting
radial and axial loads. If the resultant load is constant in magni-
tude and direction, the equivalent dynamic bearing load P can be
obtained from the general equation

P, = XF, + YF,

where P = equivalent dynamic bearing load [kN], F, = actual
radial bearing load [kN], F,, = actual axial bearing load [kN], X =
radial load factor for the bearing, ¥ = axial load factor for the
bearing.

5. Static Analysis Results - von Mises Stress

Numerous applications require the use of rolling bearings under
load conditions exceeding 0.5 times the basic dynamic load capac-
ity. However, a loading limit exists beyond which the rolling bearing
might experience undesirable plastic deformations of raceways of
bearing rings or rollers [3]. Criterion of equivalent stress or von
Mises stress is used to ascertain whether the yield point (plastic
deformation) has been reached due to excess stress.

Fig. 7 shows the von Mises stress distribution in areas of contact
between the roller and raceways of rings of bearing d460.

The magnitude of subsurface von Mises stress is different along
the line contact of two different rollers and depends on the mag-

Fig. 7 Von Mises stress distribution along the profile
of tapered roller bearing d460

nitude of contact stress between the said rollers in contact (Fig.
8). The performed analysis showed that maximum von Mises stress
is located in the plane of symmetry at a depth of 0.446 mm under
the surface. Paths were defined along the said depth and von Mises
stress was evaluated.

Von Mises stress maxima along the roller profile are located
at profile curve discontinuities. Additional paths were defined in
the symmetry plane, normal to the axis of the roller, to achieve
true analysis of the von Mises maxima (Fig. 9) due to different
depths under the surface (wherein these are present) along the
roller profile. The necessary case depth at raceways of bearing rings
and rollers is determined based on the mentioned stress analysis
and stress is evaluated at the boundary plane of base bearing mate-
rial and case depth.

Table 2 lists maximum von Mises stress values calculated for
tapered roller bearing d460 depending on the applied loading force.

von Mises stress - along the roller profile at raceway of
outer ring

Xmm)

von Mises stress - along the roller profile at raceway of
inner ring

Xmm)

Fig. 8 Dependence of von Mises stress (outer ring left, inner ring right) on equivalent bearing load
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subsurface von Mises stress - raceway of outer ring and
roller

subsurface von Mises stress - raceway of inner ring and
roller

Fig. 9 Dependence of subsurface von Mises stress (outer ring - roller lefi, inner ring-roller right) on equivalent bearing load

Maximum equivalent von Mises stress based on applied bearing load

Table 2

vonMises Stress gvonM(MPa)

Pe=0.5Cr |Pe=0.6Cr |Pe=0.7Cr |Pe=0.8Cr |Pe=0.9Cr |Pe=1Cr |Pe=1.1Cr |Pe=1.2Cr |Pe=1.3Cr
outer ring 909.24 960.47 1007.8 1050.6
roller-outer rin 898.93 954.96| 1005.3| 1048.2
roller-inner ring 965.88)| 1030.4| 1091.1] 1141.7| 1190.6
inner ring 952.33 1010 1064.3 1112.6 1164.6

6. Static Analysis Results - Shear Stress tyz

Hertz equations are predominantly used to analyze contact
stress, taking into account static pressure loading of contact areas.
However, most machine components are moving and their contact
areas are sliding or have a tendency to do so. Sliding causes fric-
tional forces which in turn cause shear stress at contact areas, in
addition to normal pressure load. This results in a complex stress
state around the contact areas.

Insufficient analysis of contact stress could lead to erroneous
design of machine components, causing component failure due to

premature material surface fatigue. This type of damage is most
commonly characterized by pitting, crumbling or flakingand dis-
rupts the machine workflow and introduces additional stress, which
can result in fractures [1].

Material fatigue in rolling bearings usually manifests itself as
pitting, observed at rollers or raceways of bearing rings. Pitting
subsequently causes shear stress due to frictional forces between
contact areas. Fatigue lifetime of rolling bearings can be determined
by analyzing shear stress (based on Wohler curves or S-N material
curves). Combined analysis of contact pressure, subsurface von

Shear stress tv: - along the roller profile at raceway of outer
ringand roller

Shear Streis Toy [MPa)

X [}

Shear stress 1+ - along the roller profile at raceway of inner
ringand roller
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Fig. 10 Distribution of shear stress tyz located in contact areas between the roller and outer ring (left)
and inner ring (right) depended on equivalent bearing load
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Fig. 11 Distribution of shear stress tyz at contact point outer ring - roller (left) and inner ring - roller (right)

Dependence of shear stress of tapered roller bearing d460 on loading force Table 3
Shear Stress tyz (MPa)
Pe=0.5Cr |Pe=0.6Cr |Pe=0.7Cr |Pe=0.8Cr |Pe=0.9Cr |Pe=1Cr |[Pe=1.1Cr |Pe=1.2Cr |Pe=1.3Cr
outer rin 371.63 391.56 406.29
roller-outer rin -371.88| -390.98| -405.17|
roller-inner ring 406.96| 435.65| 454.44| 472.85
innerring -408.97 -438| -458.36| -475.55

Mises stress and shear stress portrays the complex stress state in
contact areas between the rollers and bearing rings.

We analyzed and evaluated shear stress in planes of maximum
shear stress [1]. The said planes are perpendicular to the cylinder
axis for the contact pair cylinder-cylinder and perpendicular to
roller axis in case of rolling bearings with line contact. Fig. 10 shows
the distribution of subsurface shear stress located in contact areas
between the roller and outer and inner bearing d460 ring. Shear
stresses creating two symmetric pairs have approximately the same
magnitude and opposite signs. Their maxima are located under the
surface and offset from plane of symmetry (Fig. 11).

‘When the roller was in contact with the outer ring, shear stress
maxima were located at a depth of 0.36 mm under the surface and
0.6 mm from the plane of symmetry. When the roller was in contact
with inner ring, maxima were located at a depth of 0.35 mm under
the surface and 0.61 mm away from the plane of symmetry.

Fig. 10 shows the dependence of two shear stresses on magni-
tude of equivalent load along the roller profile. Shear stress curves
mimic the distribution of contact pressures along the profile in
contact areas between the roller and bearing rings and maxima are
located in discontinuities of the roller profile curve.

Table 3 lists maximum values of shear stresses depending on
the magnitude of equivalent loading of bearing d460. Shear stress
analysis showed that maximum shear stress is present at contact
area between roller and inner bearing ring.

7. Load-bearing Capacity

Rolling bearings and their components can be subjected to load
stress until reaching a point where external loading forces cause
plasticity or permanent deformation. The total loading capacity of
rolling bearings depends on the geometry of individual compo-
nents, the material used, chemical and thermal treatment and dis-
tribution of subsurface stress. In order to determine the maximum
loading capacity of rolling bearings using FEM analysis, we must
employ non-linear material models for individual bearing compo-
nents. Because raceways of bearing rings and the surface of rollers
are hardened, when compared to cores of bearing components, it
is necessary to use various material models reflecting the bearing
material parameters after chemical and thermal treatment. In our
FEM model of tapered roller bearing d460, we used Bilinear
Isotropic Hardening material model, defined by Young modulus,
Poisson number, yield point and tangent modulus. Table 4 lists
values of materials models for bearing steel OVAKO 100Cr6. The
material model for hardness S8HRC corresponds to the resulting
martensitic steel structure after hardening.

Material hardness model for steel SSHRC was been used for
elements of raceways of bearing rings and surface of roller depth
2.X mm. Cores of bearing components were modeled using mode
30HRC based on production technology of the tapered roller
bearing d460.

Maximum equivalent load force P, = 1.5 * C,, was applied to
the tapered roller bearing d460 model with the aim of determining
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Values of materials models Bilinear Isotropic Hardening Table 4
for bearing FEM model

Hardness |E 1l Re Etan

HRC MPa - MPa MPa
core 30| 210000 0.3 750 3 264|
raceway 58 210000 0.3 1700 14 287'

ime [s] |F Minim... |P Muirll.,.l

0, 0,

0, 0,

0, 0,

0, 0,

0, 0,

0, 0,

s 0, 0,

3 0, 0,

X 0, 0,

0, 0, 0,

1, 0, 0,

12, 0, 0,

13, 0, 0,
1414, 0, 1,017-004
1515, 0, 1,2217e-003
16 16, 0, 2,9756e-003
17 17, 0, 5,6706-003

Fig. 12 Distribution and magnitude of Equivalent Plastic Strain of tapered roller bearing d460 for various bearing loads

the maximum permissible loadforce without permanent deforma-
tion of the bearing. Equivalent Plastic Strain (EPS) was evaluated
post-analysis and we determined that the maximum loadforce of
the tapered roller bearing under given boundary conditions is up
to an equivalent load force P, = 1.1 * C,, beyond which plasticity
of bearing components occurs (Fig. 12). Right hand side of the
table lists EPS values (mm/mm) for different loading values of
tapered roller bearing d460.

The subsequent chapters detail the analysis of surface and
subsurface stress of the FEM model of tapered roller bearing d460
depending on the applied loadforce. Based on evaluation of various
stress types, we can predict the projected service life-time of a given
rolling bearing under certain boundary conditions and optimize
construction thereof in view of extending the service life-time.

8. Conclusion

The aim of this article was to detail a method allowing the
stress analysis of rolling bearings under equivalent loads higher
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