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Germany

Today, the service life calculation of rolling bearings is standardized in ISO 281,
based on the theory of Lundberg and Palmgren. In the standard calculation
method, material properties such as fatigue limit stress were taken into account
by introducing the fatigue limit stress proposed by loannides and Harris. This
standard calculation method provides a reasonable range of fatigue life in good
agreement with experimental results under ideal test conditions such as
constant external load. However, complex operating conditions of bearings
such as varying loads and oscillating motion are not considered. Therefore,
thereis a need for a new analytical calculation model that can predict the fatigue
life of rolling bearings operating under these complex conditions. This makes it
possible to advance the application of rolling bearings and optimize their use in
machines such as wind turbines. In the proposed approach, the fatigue life is
determined based on the Palmgren-Miner linear damage rule, evaluating the
subsurface stresses below the rolling contact using the S-N curve according to
the fatigue criterion proposed by Lundberg and Palmgren. All rolling contacts
that occur in aninternal stress cycle due to the internal dynamic behavior during
rotating operations are evaluated individually and referred to as partial damage
risks. The partial damage risks are accumulated linearly according to the
Palmgren-Miner theory to obtain the load cycle to failure. At this time, the
loaded volume is assessed along the depth from the contact area to the core of
the bearing ring, which makes it possible to indicate the depth position of
fatigue occurrence in terms of crack initiation. The material properties such as
the fatigue limit stress and the probability of failure are taken from the S-N curve
itself. To consider the residual stress, a simple link concept is suggested by using
the ratio of the maximum contact pressure to the yield criteria. The proposed
approach can be extended to calculate oscillating fatigue life regarding the
number of rolling contacts at a given oscillation amplitude. In this study, it can
be confirmed that the analytically determined fatigue lifetime according to ISO
281 is still close to the bearing life test result. In addition, it shows that the results
obtained using the proposed approach agree well with the calculation results
obtained using I1SO 281.
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1 Introduction

Material fatigue is a common phenomenon associated with
the initiation and propagation of cracks in a material due to
repeated cyclic loading. Compared to low cycle fatigue (LCF)
which is caused by irreversible plastic deformations in the
material due to high loads, the occurrence of material fatigue
can be observed even below the ultimate fatigue strength of the
material. This is called high cycle fatigue (HCF), which is
unavoidable during rolling bearing operations because of
material alterations. From the perspective of fracture
mechanics, material deformation, defined as strain caused by
high load is technically measurable. However, for low load under
the fatigue limit stress, microscale material defects such as
microcrack initiations are difficult to observe visually until
macroscale material defects occur, such as material removal
(spalling) in raceways of rolling bearings. It was observed that
the time to crack initiations is over 90% in terms of the entire
fatigue duration to material failure in the HCF region (Miller,
1984), (Voskamp, 1997). This is one of the factors where the
analytical methods for estimation of material fatigue in the HCF
region rely on experimental data such as stress-life approaches
(known as S-N curve). In fracture mechanics, this HCF fatigue
phenomenon is presumed to be caused by shear stresses that
induce the dislocation of lattices in grains, where normal stresses
lead to opening the cracks. In general, the stress state in ductile
materials such as bearing steel is evaluated according to the
maximum shear stress criterion (known as the theory of Tresca)
(Tresca, 1864) or maximum distortion energy criterion (known
as the theory of von Mises) (Mises, 1913). In rolling bearing
fatigue, the criterion for plastic deformation in the material was
adapted from the theory of Lundberg-Palmgren (Lundberg and
Palmgren, 1947), which assumed that the maximum orthogonal
shear stresses is responsible for the crack initiation. The
fundamental equation of the Lundberg-Palmgren theory is
expressed as:

1 T¢
In-~Ap N°| =2dV
nS LP J.Vzh

o
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where S is the probability of survival from subsurface-initiated
fatigue, N is the load cycle to failure, 7, is the maximum
orthogonal shear stress and z, is the depth of the maximum
orthogonal shear stress. The risk volume suggested by Lundberg
and Palmgren is shown in Figure 1.

The correction factor of Ay p, as well as the parameters of e, c,
h depend on the material, which can be determined
experimentally. Although the stress state below the rolling
contact is multiaxial, the bearing fatigue lifetime calculated
using the maximum orthogonal shear stress shows good
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agreement with the experimental results of the full-scale
bearings subjected to constant external loads in rotating
applications. The theory of Lundberg-Palmgren was extended
by Ioannides and Harris (Ioannides and Harris, 1985) to
accommodate the material property concerning the subsurface
stress distribution below the rolling contact and the fatigue limit

stress g, as a function of material conditions:

1 o c
ll’l—NA[H Nej H(O‘i—Uu)M av (2)
S \4 z h
with the step function H(x):
1 for x>0
H(x) = 0 for x<0 3)

The depth of the fatigue, which corresponds to the position of
the crack initiation, is replaced by introducing the stress-
weighted factor z' since the distribution of subsurface stress
below the rolling contact is considered. According to the
Lundberg-Palmgren theory (Lundberg and Palmgren, 1952),
the orthogonal shear stress is preferred to be concerned for
evaluating the subsurface stress state of rolling contacts with
respect to the risk volume under the bearing raceway
accompanied by material alterations due to alternating shear
stresses (Voskamp, 1997). Harris and Kotzalas (Harris and
Kotzalas, 2006) mentioned that the subsurface stress state can
also be assessed according to the distortion energy criterion
accompanied by the range of the material alteration below the
rolling contact. The distortion energy criterion assumes that the
yield of ductile materials occurs when the maximum distortion
strain energy exceeds a certain shear stress level. From the
classical fracture mechanic point of view, plastic deformations
of steel materials are caused only by the deviatoric stress
components, which lead to a shape change of a loaded body.
It is generally believed that the hydrostatic stress component
obtained from the average of the three principal stresses induces
only the volumetric change. Hence, the stress deviator of the first
stress invariant J; is equal to zero, which means that the influence
of the hydrostatic stress state is completely neglected:

O'VMZ%\/(OH —02)2"' (02—03)2"' (01—03)2 (4)
- % \/(ax - ay)z + (ay - 02)2 + (0, — ax)2 + 6(1’§y + 72, + Tf,z)
(5)

where 0}, 05, and 03 are the principal stresses. Since the distortion
energy by loading must be larger than zero, stress components of
a loaded volume element can be expressed as a positive scalar
value representing the von Mises equivalent stress oy
According to the von Mises theory, the equivalent stress state

frontiersin.org


https://www.frontiersin.org/journals/manufacturing-technology
https://www.frontiersin.org
https://doi.org/10.3389/fmtec.2022.1010759

Hwang and Poll

Lundberg-Palmgren \
stressed volume \

Vv~aZol2arr} \

FIGURE 1

Risk volume of a deep groove ball bearing during rotating
operations of rolling bearings suggested by Lundberg and
Palmgren (Lundberg and Palmgren, 1947) (taken from (loannides
and Harris, 1985)).

is found on oblique planes, which is defined by the angle between
the normal stress vectors (normal to the plane) and the principal
axes. The stress vector always has the same angle in all three
principal axes. In this case, the yielding can be described by the
maximum of the shear stresses on this octahedral plane:

V2

Toct = TUVM (6)

The octahedral shear stress criterion is used in classical
fracture mechanics since fatigue behavior for ductile materials
is mainly determined in uniaxial loading. Fatigue behavior of
metallic materials is derived from an S-N curve (known as
Wohler curve) determined by applying cyclic load with
constant amplitude such as tension-compression, rotating-
bending or alternating torsion, which are standardized in DIN
52100 and ISO 1099. The S-N curve proposed by Wohler
(Wohler, 1863) was a single log-scale plot of the cycle number
to failure depending on load amplitudes. Later, the fatigue test
results were suggested by Basquin (Basquin, 1910) to be plotted
in a double logarithmic scale, in which the test results can be
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simplified as a linear approximation (called the Basquin line), as
shown in Figure 2.

According to the work of Basquin, the relationship of the
experimental results to the simplified straight Basquin line is

el
O,

where m is the slope of the Basquin line. The standard regression

expressed as:

@)

error is used to calculate the statistical scatter of fatigue life which
may be affected by many factors such as test environment,
specimen conditions, and residual stresses. In general for
metallic materials, the S-N curve is represented by the static
strength R,,, endurance limit o and the corresponding edge
number of cycles Np. In the HCF region of rolling bearings, the
endurance limit is known as the fatigue limit stress o,,, as shown
in Eq. 2. Below the fatigue limit stress value, the material should
undergo infinite load cycles without fatigue failure (Ioannides
and Harris, 1985). For various load amplitudes, Miner tried to
apply the 1924)
mathematically, in which the risk of damages caused by

hypothesis of Palmgren (Palmgren,
different load amplitudes will be accumulated linearly with
respect to energy absorption in the loaded volume (Miner, 1945):
m ny

n3 n;
LI I N
N, N, N;

= i ﬁl (8)

where n denotes the number of applied load cycles for the
number of applied loads i. The ratio between the applied load
cycles and the corresponding number of cycles to failure is
considered individually as the partial risk of damages d. The
material failure is assumed to occur if the sum of the partial
damages reaches a certain limit value. According to the
Palmgren-Miner linear damage rule, the yielding will occur,
when:

dy+dy+ds =) di>kpy 9)

where kpy is the limit risk value that was originally chosen as
1 for the aircraft skin material made of aluminium alloy (Miner,
1945). However, as this theory becomes more widespread, it is
argued that this limit value may vary depending on the materials
(Walla et al,, 1990). According to the Palmgern-Miner theory, the
maximum number of cycles to failure N, can be expressed by the
ratio of the collective load cycles of all given stress levels to the
sum of damage risks:

X Xm
Ny = FARET
Xidi X

(10)

where the index p denotes the probability of failure in this study.
The Palmgren-Miner theory is adopted in ISO 281 to take into
account the rotational operating conditions of a rolling bearing
subjected to various external load magnitudes when evaluating
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FIGURE 2

S-N Curve regarding to the Basquin theory with the slope m from (Milella, 2012); o, - fatigue limit stress.

the fatigue life of rolling bearings. Due to the geometrical
nature of the rolling bearings, an internal load history
appears even at a constant load amplitude. In this study,
this will be referred to as the internal dynamic behavior of
rolling bearings, which should depend on the bearing operating
conditions and load types. The novel approach proposed in this
study is based on the Palmgren-Miner theory, where the use of
the S-N curve is required to individually evaluate the subsurface
stress state below rolling contacts during rotating operations.
The geometrical characteristic of rolling bearings is represented
by the internal dynamic behavior accompanied by the external
load type, which acts as the most important factor in evaluating
the internal stress cycle of the rotating rolling bearing in this
proposed approach. The proposed approach will be applied to
two types of rolling bearings: cylindrical roller bearing NU 1006
(CRB NU 1006) with line contact and angular contact ball
bearing 7208 B-XL-TVP (ACBB 7208) with point contact to
evaluate the suitability of the new approach proposed in the
present paper. A schematic of both contact types is shown in
Figure 3.

2 Internal dynamic behavior of rolling
bearings

Consider that the inner ring of a rolling bearing is mounted
on a rigid shaft rotating with an angular velocity of w;. and the
outer ring is rotating with an angular velocity of w,.. The rolling
element rotates about the bearing axis with an angular velocity of
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wye, while simultaneously rotating about its own axis with an
angular velocity of wy, as shown in Figure 4.
Assuming that:

o Effects of inertial forces and centrifugal forces are
neglected.

« Contact angle « is identical at the inner and outer ring.

« Pure rolling occurs without sliding between the rolling
element and the raceways.

o Deflections at the rolling contact are small enough
compared to the contact bodies to be ignored.

The speeds of the inner and outer contact are expressed as:

dm dre

Vie = Wic Tic S5 cos a (11)
dm dre

Voe = Woe Toc > + 5 cosa (12)

where r;. and r,. are the distance of the inner and outer contact
from the bearing axis, respectively. The pitch diameter is
denoted by d,,. Hence, the speed of the rolling element
rotating about the bearing axis in the circumferential
direction is obtained from:

1
Vre = E (Vic + Vcc)

(13)
For the fixed outer ring, the speed of the rolling element is

equal to half the speed of the inner ring. Assuming the position of
the first rolling element is placed at @, = 0° as shown in Figure 5,
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FIGURE 3

Schematic of contact pressure distribution on the contact area depending on contact types; CRB NU 1006 with line contact and ACBB

7208 with point (elliptical) contact.

Bearing axis /

FIGURE 4
General observation of kinematics in rolling bearings.

and the maximum rolling element force appears at the first
rolling contact.

Note that the rolling contact refers to the contact between the
inner ring, the rolling element and the outer ring. The number of
rolling contacts that actually load the volume of the bearing rings
depends on the radial force, which indicates the load distribution
factor e. In this study, this volume is called the small stressed
volume (SSV), which corresponds to the rolling contact position.
From the Palmgren-Miner theory’s point of view, it is assumed
that each absorbed energy induced by various loads is
accumulated in one volume element. Therefore, it may be
to use the

sufficient damage accumulation theory by

considering only the SSV loaded by rolling element forces. If
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the inner ring continues to rotate, the second rolling contact
occurs at the critical angle:

720°
= 14
ecnt Z (1 + y) ( )
with
d,. cosa
= - 15
i (15)

where Z is the number of rolling elements, and the plus sign is
indicated for the inner ring and the minus sign for the outer ring.
Due to the difference in the rotating speeds between the inner
ring and the rolling element, the SSV is subjected to the rolling
element force induced by the second rolling element at @, =
O.rir. After one first complete revolution of the inner ring (or the
SSV), the position of the rolling element closest to the initial
angle of @, = 0° is displaced by a certain distance from it. The
displacement of the rolling contact changes with each revolution
and the maximum rolling element force occurs again after a
certain number of inner ring revolutions, depending on the
bearing geometry. The number of rolling contacts up to this
point can be counted regardless of external forces and defines the
internal stress cycle of the rolling bearing due to the internal
dynamic behavior. Figure 6 shows the displacement of the rolling
contact position as a function of the number of inner ring
revolutions for the example bearings.

The length of each bar represents the angular distance of the
SSV from the initial angle of @, = 0° for each rolling contact. For
the CRB NU 1006, the periodicity is found with the 97 rolling
contacts, where the first position of the rolling contact returns to
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FIGURE 5

Change of the position of the small stressed volume of the bearing inner ring due to the internal dynamic behavior during rotating operation;

CRB NU 1006.

the initial position at @, = 0°, see Figure 4A. In the case of the
ACBB 7208, the rolling contact position returns to the initial
position after the first 113 rolling contacts, which are repeated
continuously, as shown in Figure 4B The mean number of rolling
contacts during one revolution of bearing rings associated with
the SSV is expressed for the rotating inner ring with the fixed
outer ring as:

V4 dre
Mic, mean = E 1+ a cosax |, (16)
and for the rotating outer ring with the fixed inner ring as:
_Z 1 dhe (17)
Noc, mean = 2 dm cosu |.

3 Proposal a new approach

3.1 Based on the existing theories in rolling
bearings

The calculation model suggested by Lundberg and Palmgren
is mainly based on the experiment results from full-scale bearing
fatigue tests (Lundberg and Palmgren, 1947), (Lundberg and
Palmgren, 1952). Based on the work of Zaretsky et al. (1996), the
fatigue life N of rolling bearings in the Lundberg-Palmgren
theory is inversely proportional to the maximum contact
pressure pp.. at rolling contacts:

N~ (18)

Hexp
'max

where the exponent 7.y, is expressed for point contact as:
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c—-h+2
”exp,poim = f) (19)
and for line contact as:
c—-h+1
Mexp,line = i (20)

the stress criterion exponent ¢, which is related to the Wohler
tests, and the exponent h, which is related to the corresponding
depth of the maximum orthogonal shear stress, are determined
experimentally. The slope of the Weibull distribution e was
approximated as 10/9 for point contact and as 3/2 for line
contact from the full-scale fatigue tests of the rolling bearings
made of bearing steel 52100 (see Figure 7), where the exponent ¢
is suggested for 31/3 and the exponent h for 7/3 based on the
Hertzian theory.

Later, the value of e for line contact was corrected to 9/8 by
Lundberg and Palmgren. They pointed out that the applied
external load P is proportional to the maximum contact pressure:

1 1

exp
max P PEXP

N ~

@1

where the exponent pey, is known as the bearing life factor.
According to the theory of Lundberg and Palmgren, the exponent
Pexp for point contact is given by:

nexp,poim c— h +2
€x] int = = > 22
P p,point 3 3 e ( )

and for line contact by:

Hexp line c—h+1
exp,line = - =0 23
Pewl 2 2e (23)

Consequently, the bearing life exponent pe, is proposed
Pexp,point = 3 for point contact and pey, jine = 10/3 for line contact,
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FIGURE 6

Periodicity of the internal stress cycle due to the displacement of the rolling contact position corresponding the SSV position. (A) CRB NU

1006 (B) ACBB 7208.

which is still used in the standard calculation model of ISO 281.
Note that only the maximum value of orthogonal shear stresses
in the rolling contact is considered as a criterion for their
calculation model due to the proportionality to the given
external load. Furthermore, the probability of failure is taken
into account according to the Weibull weakest link theory
(Weibull, 1939; Weibull, 1951). In 1985, the calculation model
of Lundberg and Palmgren was extended by loannides and
Harris (1985) introducing the two key factors. They proposed

Frontiers in Manufacturing Technology

07

the occurrence of the bearing fatigue by considering the
distribution of subsurface stresses near the Hertzian contact
areas, which should be assessed with the fatigue limit stress o,
as a function of the material property. In addition, instead of the
depth of the maximum orthogonal shear stress, the evaluation of
the subsurface stress distribution is estimated by the stress
weighted average depth factor Z'. of
Lundberg and Palmgren were carried out under ideal test
conditions such as constant external loads for rotating

The experiments
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FIGURE 7

Weibull slope from the full-scale fatigue test results (A) bearing type of SKF 1309 and SKF 6309 (point contact); (B) bearing type of SKF [-37906

(line contact) (Lundberg and Palmgren, 1947).

operations. Later, the Ioannides-Harris calculation model is
extended by adopting the Dang Van fatigue criterion in 1999
(Toannides et al., 1999). This criterion is also used in previous
studies (Coors et al., 2019). To take the influence of varying
external loads into account, they used the Palmgren-Miner linear
damage rule in their calculation model by considering the time
ratio of each given different load magnitude. In the works of
Morales-Espejel et al. (2015), Morales-Espejel and Gabelli (2019),
an overall model for rolling bearings based on the Palmgren-
Miner damager rule is proposed. They suggested the evaluation
of the subsurface stress distribution below the rolling contact
according to the Dang Van criterion. Damage risk of each cycle
from this is accumulated linearly according to the Palmgren-
Miner theory, which affects the sliding and wear model based on
the Archard wear model (Archard, 1953). Their works provided a
lot of inspiration for this study. The main concept of the
proposed approach in this paper is that all rolling contacts,
which occur during rotating operations, will be considered
based on the Palmgren-Miner linear damage rule to consider
the internal dynamic behavior accompanying various external
load magnitudes.

3.2 General procedure

In this section, the new approach is applied to both example
rolling bearings—CRB NU 1006 as well as ACBB 7208 to
calculate the bearing fatigue life. Figure 8 introduces a general
procedure of the proposed approach for rotating applications.

Step 1. Determination of repeated internal stress cycle

First of all, it is to examine whether the rolling bearing
exhibits an internal stress cycle and its repetition to apply the
damage accumulation theory. In general, the internal dynamic
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behavior related to the internal stress cycle is inferred as a general
phenomenon of rolling bearings, as shown in Figure 6. All rolling
contacts and their corresponding angular distances from the
initial position of @, = 0° can be found in relation to the critical
angle 0., the value of which is determined separately for a
rotating inner ring and a rotating outer ring. The internal stress
cycle depends on the bearing geometry such as the radius of the
inner and outer contact, the pitch diameter and the diameter of
the rolling element. Thus, the internal stress cycle may indicate
the type and characteristics of rolling bearings.

Step 2. Determination of load distribution

Load distribution in the statically loaded rolling bearing is
calculated for given external loads. In this study, the
calculation models are chosen as the standard calculation
approaches, which are recommended by DIN 26 281. The
layer model is used for roller bearings and the 3-DOF
ball load
distribution does not depend on the position of the rolling

calculation model for bearings. Since the
elements, the rolling element force Q for all rolling contact
positions determined in Step 1 may be obtained by

interpolating the calculated load distribution.

Step 3. Determination of the rolling contacts based on the
Hertzian theory

The calculation of the rolling contact relating to the contact
area and the contact pressure is carried out according to the
Hertzian contact theory (Hertz, 1882). It is reccommended to use
the approximated equations proposed by Brew and Hamrock
(Brewe and Hamrock, 1977) since all rolling contact must be
considered depending on the load distribution. According to the
Hertzian theory, the contact deflection § and the major semi-axis
a as well as the minor semi-axis b of the elliptical contact can be
obtained by:
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General procedure of the proposed approach to predict fatigue life in rolling bearings.
0.636
! _ RY
x =1.0339. (=X (27)
(24) R,
! RY
&' =1.0003 + 0.5968 - 2 (28)
X
(25) R,
F'=1.5277 + 0.6203 - lnR— (29)
X
31 6EQ
b= (26) with
ZpEred
1 1 1
where Yp is the sum of the curvature of the contact oyt (30)
X 1x 2x
bodies, E,.q is the reduced elastic modulus assuming both 1 1 1
contact bodies made of the same material. According to R ot (31
¥y ly ly

the Brew and Hamrock approximation, the elliptical
ratio «, the elliptical integrals £ and F can be denoted by
k', &, F
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where r;, and r,, are the radius of the contact body 1 and 2 on the
yz-plane, 1, and r,, on the xz-plane, respectively. According to
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the Hertzian theory, the contact pressure at any point in the
contact area can be determined using the following equations for
elliptical contact:

Pr (%, ¥) = Phomax - 1—<§f—<%f (32)
with
Phymax = %‘Qb (33)

For the case of line contact, it is generally assumed that the
major semi-axis a is constant for the effective contact length of
the rolling element [ Thus, the distribution of the contact
pressure for line contact is expressed as:

Y

2
Po(¥) = Prmax - \1 - (g> (34)
with
2Q
Ph,max T[leﬁfb (35)
b=2 gEred (36)
Tl

These equations are used to effectively solve the Hertzian
contact problem in rolling bearings with minimal errors (Bader,
2018).

Step 4. Determination of the distribution of subsurface stresses
using an elastic half-space model

The distribution of the subsurface stress based on the
Hertzian contact obtained in Step 3 is determined using an
elastic half-space model rather than using the finite element
method because of the computation time and efficiency. Note
that all rolling contacts must be considered in this proposed
approach. In this study, the approach proposed by Johnson
(Johnson, 1985) is recommended for line contact, and the
approach proposed by Sackfield and Hills (Sackfield and Hills,
1983) for elliptical contact. In the calculation, the half-space
model is divided into 300 elements in the rolling direction for the
distance of 60 mm, and into 200 elements in the depth for the
distance of 40 mm from the contact area to the core of the ring.
As a result, the half-space model consists of 300 by 200 elements,
where the size of one element corresponds to 0.002 mm by
0.002 mm. Note that the interval of the depth of the half-
space model plays an important role in this proposed
approach because the damage risk is evaluated along the
depth for each z-layer separately. Therefore, the interval of the
half-space model in the depth direction should be small enough.

Step 5. : Calculation of damage risk using the S-N curve

To consider the Lundberg-Palmgren theory, orthogonal
shear stress is adopted in this proposed approach as the
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fatigue criterion. The stress value along the y-axis in the
rolling direction is referred to as a z-layer. The half-space
model used in Step 4 consists of 200 elements over 40 mm,
resulting in a total of two hundred z-layers, as shown in Figure 9.
Each layer for the rolling contact is assessed with the
difference between the maximum and minimum of the
orthogonal stresses, which enables an evaluation of the
subsurface stresses that vary due to other influences such as
friction on the contact surface. This calculation is carried out for
all rolling contacts that occur during the internal stress cycle:

(37)

Tda, ij = To, max,i,j — To, min, i,

where the index i denotes the number of the rolling contacts #1¢y.
for one internal stress cycle, and the index j is the number of the
z-layers, respectively. In this study, it is assumed that the
subsurface stress distribution obtained statically using the
half-space model in Step 4 represents the state of the
subsurface stress during the rolling contact with time. This is
based on the assumption that the stress value at the beginning
and the end of the rolling during the rolling contact can be
neglected due to the occurrence of very small damage risks in
comparison to the maximum damage risk at this rolling contact
in terms of the fatigue limit stress of the bearing steel. In this way,
the time dependence of the subsurface stress in the rolling
contact can be replaced by the number of rolling contacts. In
addition, the depth parameters such as z, z' and / in the existing
calculation models are replaced by evaluating the subsurface
stress along the depth.

Step 6. Determination of the load cycle to failure based on the
Palmgren-Miner theory

The difference in the orthogonal shear stresses for the z-layer
refers to the stress amplitude. Damage risk to failure for each
rolling contact is determined as partial damage risk using an S-N
curve based on Equation 7. To avoid any theoretical conflict by
using the orthogonal shear stress as the fatigue criterion, the S-N
curve is chosen for the bearing steel AISI 52100, which is
determined in completely reversed torsional fatigue tests
(Styri, 1951) in Figure 10.

Based on this S-N curve, a slope of m = 10.1 for the 10%
probability of failure, and the fatigue limit stress of about
380 MPa with the corresponding edge cycle number of about
10® are approximated to use for this proposed approach. Thus,
the Basquin equation can be modified for this approach as:

2T,

N,i,' :ND'
o (TaAJ)

The partial damage risk of each z-layer will be accumulated

(38)

linearly for the rolling contact n.. during one internal stress
cycle according to the Palmgren-Miner theory using Eq. 10.
Consequently, the minimum value of calculated load cycles along
all z-layer will correspond to the fatigue life of the rolling bearing:
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FIGURE 9

Elastic half-space model used in this approach to determine the distribution of subsurface stresses below the rolling contact; each z-layer is

evaluated along the depth with the fatigue criterion.

N, = MIN [z""_i] (39)

2N,

In this approach, the probability of failure of bearing fatigue
life is presumed to correspond to the probability of failure of the
S-N curve used. This means the 10% probability of failure is taken
from the slope of the S-N curve, because only the SSV that is
repeatedly loaded due to the rolling contacts must be evaluated
by using the Palmgren-Miner theory, taking the individual
rolling contacts into account. In this way, the Weibull
exponent e is replaced by using the S-N curve directly. At the
location, where the minimum load cycle appears, a macrocrack is
presumed to form with a certain physical length in terms of crack
initiations.

3.3 The simple link
concept—Consideration of residual
stresses

Since the proposed approach is based on the Palmgren-
Miner linear damage rule, the influence of residual stresses is
not taken into account analytically. However, since the
calculation of the new approach is performed based on the
subsurface stress distribution, the residual stress can be
applied. For this purpose, the measured residual stress oy
must be available. According to Melan’s theorem (Melan,
1936), the stress state remains constant in time after certain
load cycles, independent of the applied loading. This general
phenomenon is associated with material cyclic hardening
behavior (Dang Van et al, 1982), (Voskamp, 1997). At this
time, the stress state accompanied by residual stresses is the
saturation state. Hence, the residual stress o, maybe added to the
initial stress state 0i,;, which is caused by the applied load:

Otot = Oini + O7s (40)

Frontiers in Manufacturing Technology

1

N
38

8

o

8

Ry

BN

Semi-range stress, thousands of psi

” ° a\\
75 o 3 }-
(a) Torsion specimens RC 62.1 \ cﬁ
50 | | |
10° 10° 10° 108 0’ 08 10°
Cycles to failure
FIGURE 10

S-N curve of the bearing steel AISI 52100 in completely
reversed torsional fatigue (Styri, 1951).

this may represent the stress state related to the hydrostatic and
deviatoric stress components. According to the theory of Mohr
(1914), the principal stresses of the total stress state 0y, can be
obtained by:

Otot,y T Otot,z Ooty = Otot,z |2
Otot,1 = 2 - 2 + Utzot,y (41)
Utot,y + Otot, 2 atot,y — Otot,z 2
Otot,2 = 3 + 5 + otzot)y (42)
Otot,3 = Otot,x (43)
Since the stress state can be expressed by the von Mises

equivalent stress, the three principal stresses can be used to
determine the von Mises equivalent stress, which may denote
the resulting stress state. By applying Eqs 41-43 in Eq. 4, the von
Mises equivalent stress of the resulting stress state 0o,y can be
obtained, which may reflect the total stress state considering the
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residual stress. The von Mises equivalent stress of the resulting
stress state can be expressed as a new stress tensor matrix e,
relating to orthogonal shear stresses using the ratios to the
maximum contact pressure. For line contact, it was
analytically observed that the ratio of the von Mises
equivalent stress to the maximum contact pressure is about
0.57, and the ratio of the orthogonal shear stress to the
maximum contact pressure is about 0.25. Assuming that the
fatigue life must be the same for a given load regardless of
whether the stress state is evaluated by using the von Mises
equivalent stress or orthogonal shear stress, the following
relationship between both stresses may be included in the new
stress state for line contact:

1

T T (Utot,VM .

0.25 (44)

1 ) 1
To,new = max “c=] nA
now = Ph 0.57) 025
This relationship must be valid for the maximum value for
line contact. However, this simple link concept may also be

applicable to all stress states.

4 Comparison of calculation results

The material property of both example bearings (CRB NU
1006 and ACBB 7208) is presumed to be made of the same
hardened bearing steel of 100Cr6 (AISI 52100), which can be
found in Table 1.

For all calculations of both example bearings, it is assumed,
that the inner ring rotates at about 3,000 rpm, and the outer ring
is stationary, in full-flooded lubrication.

4.1 The cylindrical roller bearing—CRB NU
1006 (FAG)

The load distributions of the example bearings are calculated
according to DIN 26 281. For the CRB NU 1006, the layer model
recommended for cylindrical roller bearings in DIN 26 281 is
used, where the profile of the roller is approximated by an ideal
logarithmic profile. The calculation of the load distribution in the
statically loaded CRB NU 1006 subjected to pure radial loads is
performed without tilting moment force, which can simplify the
use of the proposed approach regarding the position of the
maximum contact pressure on the raceway. This is because
the maximum contact pressure of all rolling contacts can be
assumed always to appear in the middle of the raceway during the
rotating operation regardless of the magnitude of rolling element
forces. Hence, it should be sufficient that the evaluation of the
subsurface stresses is carried out at this location. The subsurface
stress is determined according to Johnson’s approach as
recommended. The calculation of fatigue life of the CRB NU
1006 is performed according to ISO 281 as well as according to
the proposed approach, for the maximum contact pressure of
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TABLE 1 Material property of bearing steels used in this study.

Material E v P

100Cr6 (AISI 52100) 210000 N/mm* 0.30 7,810 kg/m®

254 GPa (C/P = 3.67), 3.00GPa (2.3), 3.45GPa (1.7), and
3.80 GPa (1.3). The residual
maximum contact pressure of 2.54 and 3.80 GPa are taken

stresses measured for the

into account according to the simple link concept proposed in
this study. The calculation results are compared to By, which is
obtained from the full-scale fatigue tests, as a function of the
maximum contact pressure on the inner ring in Figure 11.

The modified rating life L;,, and the nominal-reference life
Lyo, are compared to the test results By, In this study, the
nominal reference life is more conservative than the modified
rating life. Nevertheless, the good agreement with the
experimental results can confirm again that ISO 281 is a
suitable method for predicting the fatigue life of rotating
bearings for constant external loads. The calculation results
Njo obtained by using the proposed approach show a good
agreement with the nominal-reference life L, according to
ISO 281. In addition, both results show the same tendency
that the deviation of the calculation results to the test results
becomes larger by increasing the maximum contact pressure (i.e.
increasing the external load). However, it can be seen that this
tendency is reduced when the residual stress is considered. Due
to the residual stress, the fatigue life for py, max of 2.54 GPa is
increased by 1.58 times, and the fatigue life for py, max of 3.80 GPa
by 10.5 times. These results confirm a similar trend with studies
on the effect of residual stresses on the fatigue life of rolling
bearings (Pape et al., 2020). Compare to the test results By, the
simple link concept seems to overestimate the influence of the
residual stress, at least for high load magnitudes because of the
relationship between the maximum orthogonal shear stress and
the von Mises equivalent stress, which may be valid only for the
maximum value in the absence of residual stresses. Concerning
these results, if the simple connection concept is further studied
and the residual stress is properly considered, a more accurate life
expectancy prediction can be expected.

4.2 The angular contact ball
bearing—ACBB 7208-B-XL-TVP (FAG)

The load distribution in the statically loaded ACBB
7208 subjected to pure axial loads is performed according to
the 3 DOF model recommended also in DIN 26 281. The contact
angle is presumed to be the same for the inner and outer contact
by using this model. In cases of combined loads, each rolling
contact has a different contact angle, which determines the
position of the maximum contact pressure for rolling contacts
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FIGURE 11

Calculated fatigue life of the CRB NU 1006 as a function of the maximum contact pressure on the inner ring caused by pure radial loads in

comparison with the experimental results B;o provided by FVA 866-I.

accordingly. Thus, the distribution of the subsurface stresses in
the material below all rolling contacts must be considered for
combined load cases. For this purpose, the approach of Sackfield
and Hills is used to determine the distribution of subsurface
stresses. Furthermore, this approach is more suitable for the
elliptical contact area due to the consideration of the elliptical
ratio. The calculation of fatigue life of the ACBB 7208 is carried
out according to ISO 281 as well as the proposed approach, for
the maximum contact pressure of 2.46 GPa (C/P = 3.2), 2.64 GPa
(2.5), 2.80GPa (2.1), 2.94GPa (1.8), and 3.04 GPa (L.6).
Figure 12 shows the calculation results as a function of the
maximum contact pressure on the inner ring.

The modified-reference life Ly, and the nominal-reference
life Ly, are relatively conservative compared to the calculation
results obtained by using the proposed approach. As mentioned
before, the fatigue life according to ISO 281 is generally less than
the experimental results. Therefore, it can be argued that the
proposed approach provides an adequate range of fatigue life of
the ACBB 7208 for rotating operation.

4.3 Extention of the proposed calculation
model for oscillating application

The proposed approach is based on the Palmgren-Miner

linear damage rule to predict the lifetime of rolling bearings when
exposed to various external loads and under oscillation operation
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by individually considering the subsurface stress distribution.
This means that the determination of the fatigue life is performed
by considering the number of rolling contacts experienced by the
loaded volume, ie the SSV. Based on this perspective, the
proposed approach is extended for oscillating applications by
introducing the ratio of the rolling contact numbers between
rotation and oscillation:

Mmean

Np,osc = Np . (45)

Nosc

where #1ean 1S the mean number of the rolling contact during
rotating operation, 1,5 represents the number of rolling contacts
that occur during oscillating operation. The mean number of
rolling contacts can be obtained from Eq. (16) for the rotating
inner ring with the fixed outer ring, and Eq. 17 for the rotating
outer ring with the fixed inner ring. Considering the critical angle
Ocrit 0f 44.62° obtained from Eq. 14 for the inner ring of the ACBB
7208, only one rolling contact will occur if the rolling bearing
oscillates at the double amplitude of 40°. The mean number of
rolling contacts on the inner raceway #ean, ir is calculated as
8.0673 per revolution. Thus, the oscillating fatigue life with the
given double oscillation amplitude can be obtained by:

1

Nyg, 0sc = 8.63 mio. rev. - 171“"’ = 69.62 mio. osc.

(46)

0sc.

At the Institute of Machine Design and Tribology, full-scale
bearing fatigue tests of the ACBB 7208 for oscillating operation
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FIGURE 12

Calculated fatigue life of the ACBB 7208 as a function of the maximum contact pressure on the inner ring caused by pure axial loads.

are performed within the HBDV project funded by BMWK
(Grant number: 01183488/1). The rolling bearing oscillates
with a constant double oscillation amplitude of 40° while a
constant pure axial load is applied resulting in the maximum
contact pressure of about 3.0 GPa on the inner ring. The tests are
still running over 120 million oscillations, and no fatigue is
observed yet. Considering the 10% probability of failure, an
oscillation number of about over 200 million oscillations can
be expected for 50% probability of failure approximately. This
value may become larger if the influence of residual stress is
considered regarding the high contact pressure. In order to
obtain a comprehensive probability of failure for the fatigue
life, a considerable amount of time must be required. Note that
this extended equation is examined only for cases of the
oscillating angular contact ball bearings subjected to a
constant axial load with a constant oscillation amplitude.

5 Summary and discussion

In this study, a new approach was proposed to predict the
bearing fatigue life. This approach allows to advance the
operating conditions with respect to the bearing fatigue life
and thus to improve their application. The proposed approach
is based on the Palmgren-Miner linear damage rule, and the
distribution of subsurface stresses is evaluated using the S-N
curve, adopting the orthogonal shear stress as the fatigue
criterion suggested by Lundberg and Palmgren. The material
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property that Toannides and Harris considered by introducing
the fatigue limit stress and the stress weighted factor is directly
taken into account from the S-N curve. The probability of failure
of the S-N curve is suggested to be used for the probability of
failure of the bearing fatigue life since only the loaded volume
SSV is considered. However, the S-N curve may not represent
exactly the probability of failure because it depends on many
factors such as residual stress, shape and size of specimens, load
types, and operating conditions. In terms of the fatigue criterion,
an S-N curve determined in repeated torsion or compression-
bending should be used, in which the stress state is similar to that
below rolling contact. Consequently, the proposed approach
depends mainly on the S-N curve relating to the life exponent
c. The Weibull exponent e, as well as the factors z, Z, h are not
included in this new approach. The proposed approach is
evaluated mainly by considering the number of rolling
contacts. Due to the internal dynamic behavior of rolling
bearings, which may refer to as a common phenomenon, the
occurrence of the internal stress cycle can be found depending on
the geometry of rolling bearings. Geometric bearing property is
presumed to represent the internal stress cycle. All rolling
the
individually to consider various external loads. To predict the

contacts  during rotating operation are assessed
oscillating fatigue life of rolling bearings, the proposed approach
was extended by introducing the number of rolling contacts,
which appears during the oscillating operation. The simple link
concept was introduced to consider the influence of residual

stress since the distribution of subsurface stresses is evaluated in
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this proposed approach. The simple link concept is based on the
ratio of the maximum contact pressure to the von Mises equivalent
stress as well as to the maximum orthogonal shear stress.
Considering the residual stress in this way, the orthogonal shear
stress can be used. EHD property is not yet included in this
approach, which can be taken into account further by
introducing a sliding wear model. By further studying the
proposed approach, it can be expected that subsurface stress and
stress state at the contact surface can be considered simultaneously.
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