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Rolling Bearing Performance
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Nomenclature

A Constant, [-]

A, Constant, [-]

B, Constant, [-]

a Hertzian semi-width, rolling direction, [mm]

asso, asie Life modification factors, [-]

b Hertzian semi-width, axial direction, [mm|]

b,. Rating factor for contemporary, commonly used high
quality hardened bearing steel in accordance to good
manufacturing practices, the value of which varies with
the bearing type and design, [-]

¢ Stress-life exponent, [-]

C Dynamic load rating of a bearing, [N]

C, Static load rating of a bearing, [N]

d, Mean diameter of the bearing, pitch diameter of rolling
elements set, [mm]

D, Rolling element diameter in a bearing, [mm)]

e Weibull slope, [-]

E’ Combined elastic modulus in a EHL contact, [MPa]

E Complete elliptical integral of the second kind, [-]

F, Radial load in the bearing, [N]

g Gap function, [mm]

h Exponent, [-]

i Number of rows in the bearing, [-] / index in the FFT con-

tact algorithm, [-]

K Complete elliptical integral of the first kind, [-]

k Modulus of the elliptical integrals, [-]

I, Effective length of the roller, [mm]

L Bearing life in millions of revolutions, [Mrevs|

L, Domain length in the rolling direction for the FFT algo-
rithm, [mm)]

L, Domain length in the axial direction for the FFT algo-
rithm, [mm)]

N Life in number of load cycles, [-]

n, Number of points along the rolling direction, [-]

n, Number of points along the axial direction, [-]

p Pressure, [MPa] / exponent in the life equation, [-]

P Equivalent load in the bearing, [N]

po Maximum Hertzian pressure in the contact, [MPa]

P, Fatigue load limit, [N]

Q Contactload, [N]

r Groove radius, [mm]

R Radius, [mm]

u Surface displacements in z direction, [mm]/constant to

convert cycles to revolutions

S Areain the contact algorithm, [mm?]

w Exponent

x Rolling direction coordinate, [mm]
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y Axial direction coordinate, [mm]

z Depth direction coordinate, [mm]

Z Number of rolling elements in a bearing row, [-]

a Contact angle, [deg]

p Curvature, [1/mm]

¢ Eccentricity, [-]

x Viscosity ratio, [-]

7xz Orthogonal shear stress in the plane x, z, [MPa]

on. Fatigue limit expressed as maximum Hertzian pressure
in contact, [MPa]

Subscripts
i Innerring
e Outer ring
1 Surface 1, rotating
2 Surface 2, stationary
u Related to fatigue limit

Introduction

The main function of rolling bearings is to support load and
transmit rotational movement with minimum energy loss. In
order to achieve this, bearings are manufactured with par-
ticularly good quality fatigue resistance materials, proper de-
sign and tight manufacturing tolerances. Particular emphasis
is put in both the macro, and micro geometry of the working
shapes and surfaces of the raceways. Rolling bearings come
in many types and sizes as ball and roller bearings for radial
and thrust loads. For many years, the selection of the proper
bearing for an application has relied on the matching of two
main aspects:

1. An adequate definition of the performance rating
parameters related to the actual manufacturing process
and quality of the bearing, usually performed by the
bearing manufacturer.

2. An adequate definition of the operating conditions and
of the safety factors of the particular application, usually
performed by the application engineer.

The first aspect requires: i) a quality control and assurance
system during manufacturing process, and ii) a methodol-
ogy for the assessment and validation of the performance
parameters that are applied to bearing products. Usually this
is done using load rating models that are validated by dedi-
cated tests of the product.

The second aspect requires measurements, experimenta-
tion and good engineering knowledge of the specific applica-
tion. This includes: i) dynamic load variations and transient
conditions, and ii) the effect of the environment that may in-
fluence the performance of the bearing in use.

The current paper focuses on the first aspect of the
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engineering selection process, critically reviewing the meth-
odologies that are applied in bearing performance rating and
their relation to bearing manufacturing quality and experi-
mental validation.

International standards are very important here. A fre-
quently employed standard is the ISO281 (Ref. 1) which es-
tablishes the definitions of the dynamic load ratings of roll-
ing bearings. This standard provides the methodology for the
simple calculation of dynamic load capacity of rolling bear-
ings based on the main geometrical parameters of the bear-
ing and standard high quality material.

However, the standard has important limitations that users
often overlook. The standard applies only to good quality
bearings. In other words, bearings that represent the “status
of the art” of rolling bearing manufacturing technology. In
practice, this means, by quoting the standard: “rolling bear-
ings manufactured from contemporary, commonly used, high
quality hardened bearing steel, in accordance with good man-
ufacturing practices.” Unfortunately, no quantitative measure
of this definition of bearing quality is given in ISO 281. This, in
turn, let the undifferentiated application of ISO performance
parameters and dynamic load ratings to the large variety of
rolling bearings that are produced today.

Verification of the ISO 281 dynamic load ratings would re-
quire the use of proper, statistically meaningful, endurance
testing of rolling bearings population samples to determine
the life L,,. However, standards of bearing endurance testing
for the verification of dynamic load ratings of rolling bear-
ings are not part of ISO or any other standard. This leads to
the present situation in which bearing manufacturers typi-
cally apply ISO ratings to describe the performance of their
products. However, only very few, generally well-established
companies with a long tradition in quality and testing, actu-
ally verify the performance parameters of their products by
means of dedicated endurance testing (Ref. 2).

Today mechanical engineers have to decide choosing a
bearing among different manufacturers. In some cases, sig-
nificantly different load ratings for seemingly similar bear-
ings type and size are given without a clear explanation of
the reasons behind the applied load ratings or whether or
not these values are routinely supported with a quality con-
trol system and endurance testing practices. This situation is
further complicated by the fact that, given the very high costs
involved in bearing fatigue life testing, the results of endur-
ance testing are usually proprietary information of the bear-
ing manufacturer that is not released into the public domain.

This paper addresses these issues by reviewing the calcu-
lation methodologies of the most relevant load rating pa-
rameters of rolling bearings. Their definition, origin and sig-
nificance in terms of fatigue life of the bearing are clarified.
Verification methods of these performance parameters are
also discussed. This includes the required endurance testing
and the basic statistics that are used in this field.

Objective of this Paper
The intent is to critically review the most important rating
parameters used in the prediction of rolling bearing perfor-
mance. To discuss their origin, definitions and significance in

terms of fatigue life of the bearing. To clarify their limitations
and applicability in bearing selection and machine design.

Bearing life rating parameters. Life in rolling bearings de-
pends on many parameters and application influence, like lu-
brication conditions, sealing effects, solid and liquid contam-
ination, variable loading and speed conditions, etc. However,
to select the size of a bearing, rating life calculations are used.
The standard ISO 281 (Ref. 1) describes the modified bearing
rating life with 90% survival probability as:

—)

Where Ly, is the bearing rating life for 90% survival proba-
bility, Cis the dynamic load rating, P is the equivalent load in
the bearing and p is a constant exponent that depends on the
bearing type (3 for ball bearings and 10/3 for roller bearings).
The life factor aso is given in (Ref. 1) in dedicated charts and
equations for the different lubrication and contamination
conditions of the bearing. However, the basic theory comes
from Ioannides et al. (Ref.3) where a more detailed descrip-
tion of this life factor is given. Therefore, herewith it will not
be denoted as a;sobut (as in (Ref. 3) as as.» to avoid confusion
with the standard:

M @
pu w\ c/e
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With, A being a scaling constant, P, is the fatigue limit load
(C. in ISO 281 nomenclature), is a stress penalty factor (en-
vironmental factor) described in (Ref.2) as 7=#.-1,-%.. In
which: 7,is a macro-scale “parasitic” stress aggravation af-
fecting the bearing. This may be originated by: i) bearing
mounting, ii) hoop tension or, iii) residual stresses from heat
treatment and manufacturing processes. The factor 7, is the
lubrication factor that depends on the lubrication quality x,
as defined in the ISO281. Finally, the contamination 7. (in
ISO 281 nomenclature e,) is the stress penalty for stress con-
centrations developed on the bearing raceways due to solid
particles contamination denting. The remaining constants of
Equation (2) are the w exponent (related to the bearing type),
the fatigue exponent c of the stress-life equation, and e that is
the Weibull exponent.

From these two equations, the main bearing life rating pa-
rameters that depend (or may be affected) by the bearing
geometry, material properties, manufacturing process and
quality are C, P, and 7,. Another important parameter, re-
lated to the maximum load safety of the bearing and its per-
formance under low cycle fatigue, is the static load rating C,
which will be discussed in detail later in this paper.

Dynamic Load Rating
This parameter (C) was originally invented by Lundberg and
Palmgren (Refs.4-5) when they introduced the equation of
the basic rating life of rolling bearings:

=(g)

Lundberg and Palmgren, in their work, refer to (C) as the
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basic dynamic capacity of the bearing. It was defined at that
time (Ref. 4) as: “the radial load (or thrust load) which 90% of
the bearings can endure for one million revolutions under cer-
tain specified conditions of operation.”

ISO281 (Ref.1) re-writes this definition, depending on
weather the bearingis radial or thrust, using the following ter-
minology: Basic dynamic radial/axial load rating: “Constant
stationary radial/concentric-axial load which a rolling bear-
ing can theoretically endure for a basic rating life of one mil-
lion revolutions.”

ISO281 (Ref.1) gives also specific equations to calculate
(G,) for each bearing type (radial or thrust, ball or roller)
which are obtained from the general methodology originally
developed by Lundberg and Palmgren (Refs. 4-5).

General methodology for the calculation of (C). Hereafter
the study follows the same methodology of the original work
of Lundberg and Palmgren (Ref.4); this is done to arrive at
an estimation of (C) before any approximations or simplifi-
cations are introduced into the equations. From the original
work of Lundberg and Palmgren (Ref.4), the dynamic load
rating (C) of a rolling bearing can be calculated directly fol-
lowing the analytical method described in the following
equations. The analysis can start by considering Equations
(47) and (48) from (Ref.4). Using the same basic nomencla-
ture as in (Ref. 4) these equations are hereafter re-written as
Equations (4) and (5).

For point contact (ball bearings).

-3(3-h) (4)
=A1§0D c-h+2

3e
c-h+2

D.L
For line contact (roller bearings).

% (c-3+5) c-h-l_ (5)
DIL c-h+1 -BiyD, c-h+1 I, c-h+1
Furthermore, with the basic notation as from (Ref.4), T=
7/ Po, €=20/a po=maximum Hertzian pressure. Ty, &, T3, ¢ are
functions of T and ¢ for a/b=0 and a/b=1, respectively (a
along the rolling direction, minor semi-width).

2c+h-2 -3 (6a)

_ TY( & h-1 (DH/Zp) 3 Dn e c-h+2

| B 2
L[ el Dby o
‘”‘[(Dwzm 2 D ]
-h-1  -(c-h-1) 2 2(h-1) c-h-1 -

B = 3 g—h+1 b1 cc—h+1 T, c—hc+1 &y \c-h+1 [ B \3(c-h+1) g%ﬁ-ﬁﬁ% (7

=2 2 T, @ 3 A

With N=ulL, 2p = curvature summation used in contact the-
ory, v, 4 Hertzian functions related to the elliptical integrals.
A, is a proportionality constant determined experimentally
from endurance testing of representative populations of roll-
ing bearing samples. A, is given in the original work (Ref.4),
with bearing loads expressed in (kg) units. For bearing loads
given in (N) and bearing dimensions in (mm), consistently
with Equation (7) of (Ref.6) (pages 8 and 11), one gets A, =
1101.87 and B,=1141.096.
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Notice that A, and B need to be further updated to account
for the factor b,, that was introduced in ISO in 1990, and is
used in the current version of ISO 281 (Ref. 1). This will be fur-
ther discussed in the next section. Detailed parameter de-
scription of Equations (6) and (7) are included in Appendix A.

It follows that if Q. is the rolling contact load for the calcu-
lation of the dynamic load rating, from the load rating defini-
tion, the life is L=1 million revolutions, then Equations (4)

and (5) yield:
For point contact (ball bearings).
2c+h-5
Qc :A1¢ch—h+2 (8)

For line contact (roller bearings).
c+h-3  c-h-1
chBlWch—hH laC-l’Hl 9)
Based on equations (89) and (95) (Ref. 4), for the inner and
outer bearing ring (inner-i, outer-e) the bearing external
load P can be related to the maximum contact load Q.as,

Ci= Q[,-Zcosa%

(10a)

CccheZcosa% (10b)

Where J, is the Sjovall’s radial load distribution integral.

Calculated values of this integral are given in Table 3 of
(Ref.4) depending on the bearing clearance parameter e.
Assuming a bearing with zero clearance, thus (¢=0.5) one
has the following values: J,=0.2288 for a single-row radial ball
bearing and J, =0.2453 for a single-row radial roller bearing.
The parameters J; and /. are load distribution factors that ac-
count for the load variation in the rings due to bearing rota-
tion. For instance, refers to the rotating ring and to the station-
ary one. Reference 4 in Table 10 gives values for these factors
as a function of the bearing clearance; for zero clearance
(¢=0.5) and single-row ball bearings /,=0.5625, /,=0.5275, and
for single-row roller bearings /;=0.5965, J,=0.6814.

Finally, from Equation (87) (Ref.4),

1 +(g)u]% G
C.

e

11
- (1)

Equation (11) represents the most general way of calculat-
ing the dynamic load rating of a bearing without using fur-
ther simplifications, as they have been used (Ref.4), or the
additional modifications formalized in the ISO281 (Ref.1)
standard.

All the equations discussed above were programmed in a
computer code. Calculations were performed to directly de-
termine the value of (C) for radial ball and radial roller bear-
ings of different size and type.

ISO methodology for the calculation of (C). The ISO 281
(Ref. 1) methodology for the calculation of the dynamic load
rating (C) also introduced further simplifications of the origi-
nal Lundberg and Palmgren (Refs. 4-5) method, as described
above; this is the most widely used methodology in industry.
The main simplifications introduced by ISO are related to the
calculation of the radial and axial Sjovall’s load distribution
integrals J.and J,. Some numerical values to the exponents c,
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h, w, e were also re-defined. Finally, the values of some com-
plex type of functions are given in the form of tabulated val-
ues, or as simple heuristic functions to achieve standard ISO
equations that can be quickly calculated.

In addition to this, the b,, multiplication factor was intro-
duced in ISO in 1990. Therefore, in order to reflect the orig-
inal model results, as given in (Refs.4-5), the multiplica-
tion b,, should be set as equal to one. This factor is defined
by ISO281:2007 (Ref.1) as: “rating factor for contemporary,
commonly used, high-quality hardened bearing steel in accor-
dance with good manufacturing practices, the value of which
varies with the bearing type and design.” This factor has been
used in the past to increase the dynamic load rating in order
to reflect technological improvements of all kinds (Ref.2)
(material, design and manufacturing) — as shown first in the
implementation of ISO281 —1977. A summary of the ISO
equations for individual radial bearings is provided below.
From now on, the focus of this paper will be on radial bear-

ings only.
Radial ball bearings.
C=b,f.(icosa)*'Z** D" VD,<25.4mm (12a)
C=3.647 b,f.(icosa)"’Z*°D,* VD, >25.4mm (12b)

Where fo=/f] ( D"';Sw) is given in Table 2 of (Ref.1), while
Table 1 of (Ref. 1) gives b, as 1.1 and 1.3.

Radial roller bearings.

C: bmﬁ(lla cos a)7/SZS/4D3}3/27 (13)

Where fo=f ( D”";:w) is given in Table 7 of (Ref.1), while
Table 1 (Ref. 1) gives as 1.1 and 1.15.

As discussed (Ref. 7) using the above equations and a sim-
ple Vernier caliper, it is possible to quickly verify the dynamic
load rating of any bearing that can be disassembled and mea-
sured. Notice that Equations (12) and (13) require all distance
in [mm] with the resulting load Cin N.

Calculation examples of dynamic load rating. In order to
show the results from Equation (11) and to compare it with
the ISO methodology, a few simple bearing cases are selected
for calculation purposes. A summary of the cases and main
geometrical parameters are summarized in Table 1.

The cases of Table 1 have been calculated using Equation
(11) and also Equations (12) and (13). The results are

compared with the catalogue values of three well-stab-
lished bearing companies; Table 2 shows this comparison.
The reader should also be aware that the values quoted by
the bearing manufacturers normally are rounded off using
Renard series, which may introduce variability of up to +4%
from the exact calculated value.

Table 2 shows that, in general, calculated values with the
equations from the ISO standard, Equations (12-13) are
slightly higher values than Equation (11) — except for case 3,
where the opposite occurs. This generally matches well the
increase in the factor by ISO over the years. For instance, at
the present time the standard (Ref. 1) gives b,,=1.3 for cases
1 and 2 and b,,=1.1 for case 3. Multiplying the values given
in Equation (11) by these factors produces very similar val-
ues as the ones given by Equations (12-13). For the case of
the roller bearing (case 3), there is a clear deviation (higher
value) when the result of Equation (11) is compared with
the results of Equations (12-13), the source of this differ-
ence is unknown, but it is suspected that it might come from
the simplifications introduced by the approximated equa-
tions. However, the general methodology for the calculation
of C remains valid in the present time when corrected with
the b, factor. When it comes to the values given by the dif-
ferent companies, bearings of similar performance class and
similar dimensions and static load rating were chosen when
possible. It can be seen that there are some significant dif-
ferences among them, and also, in some cases, with respect
to the ISO values. Inspecting the values of the dynamic load
ratings of Table 2, Company 2 seems to have applied larger
technology factor b,,than the ISO standard for all three cases
that are examined.

For practicing engineers, the comparison shown in Table 2
is both self-explanatory and revealing. As discussed (Ref.2),
some bearing companies seem to deviate from ISO when it
comes to such performance parameters as the dynamic load
rating. In those cases, engineers are entitled to ask for expla-
nations regarding the motivations that led to those devia-
tions; as, for instance, different design, tolerances, material,
and heat treatment and related confirmation of tests validat-
ing the change in load ratings. Even more important for en-
gineers is to question the dynamic load ratings applied by
recently established bearing companies which do not have
endurance testing capabilities or facilities, yet quote in their
catalogues the same (or higher) performance rating values as
the ISO 281 standard.

Table 1 Analyzed bearing cases and geometrical variables

Case Designation d,[mm] | D,[mm] I, [mm] Z[-] i[-] aldeg] |
1 6205 39 79 N.A. 9 1 0
2 7308 65 15.9 N.A. 12 1 40
3 NU 408 75 17.0 15.68 10 1 0
6205 — deep groove ball bearing N .
7308 — angular contact ball bearing NU 408 - cylindrical roller bearing

Case Bearin C[kN] C[kN] C[kN] C[kN] C[kN]
Designation |Numerical Eq. (11)| ISO Eqs. (12, 13) | Company 1 | Company 2 | Company 3
1 6205 10.13 14.0 14.0 14.9 14.8
2 7308 3235 49.3 49.0 53.0 50
3 NU 408 101.03 96.8 95.5 119.0 96.8
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Fatigue Load Limit

Another important rating parameter for bearing life is the fa-
tigue load limit, P, (or C, in the ISO nomenclature). This pa-
rameter was formalized and introduced for practical bearing
life rating in Ioannides et al. (Ref.3). This development fol-
lowed the initial consideration of the need of a fatigue limit
(stress) for bearing life calculations presented in Ioannides
and Harris (Ref. 8).

The standard ISO 281 (Ref. 1) defines the fatigue load limit
P, for a complete bearing as: “The bearing load under which
the fatigue stress limit, o,, is just reached in the most heavily
loaded raceway contact.” ISO 281 further specifies this limit-
ing condition of the rolling contact as: “For rolling bearings of
commonly used, high-quality material and good manufactur-
ing quality, the fatigue stress limit is reached at a contact stress
of approximately 1,500 MPa.”

For ball bearings, the contact stress can be accounted for
by using Hertzian contact stress theory; thus the standard in-
cludes an analytical model for the calculation of the fatigue
load limit of the bearing. In case of roller bearings, the pres-
ence of the roller profile requires the application of numer-
ical schemes for the assessment of the maximum contact
stress of the bearing; in general, a 3-D elastic contact solver is
used. Given the fact that fatigue limit of the bearing material
is standardized to a maximum contact pressure of 1,500 MPa
(Ref. 1) for small bearings, it follows that the fatigue limit load
of the bearing P, is only a function of bearing internal geom-
etry. Bearings from different manufacturers using similar,
internal geometry and similar bearing steel material should
have similar P,.

The ISO standard (Ref. 1) adopts a definition for the fatigue
limit stress of the bearing material that is expressed in term of
maximum Hertzian pressure (1,500 MPa) of the rolling con-
tacts of the bearing. The origins and validation of this value
and possible variability are discussed in Gabelli et al. (Ref.9).
In addition to this basic fixed value, the standard (Appendix
B) recognizes the need of a reduction of the fatigue load limit
of the bearing according to increasing size. Starting with bear-
ings that have mean diameter of 100 mm, for which the value
of 1,500 MPa applies up to a penalization that varies with the
rolling bearing diameter, following (100/d,,)"° and (100/d,,)*’
for ball and roller bearings, respectively. This penalization of
the fatigue load limit is introduced because bearings of large
size may suffer from less manufacturing accuracy and less ef-
fective kneading of the ingots during the rolling and forging
operations (Ref. 10). Reference 10 shows the details of this pe-
nalization in charts 28 and 29, where an asymptotic reduc-
tion of the fatigue limit load is indicated for a bearing mean
diameter larger than 100mm. In practice, some industries
also apply specific fatigue limit reductions to increase safety,
e.g.— aerospace.

General Methodology for the Calculation of P,.
As mentioned earlier, a completely general methodology
for the calculation of the fatigue load limit is pursued in this
paper. In this way the calculation can be applied to ball and
roller bearings alike — starting from the original basic defi-
nition of fatigue limit, as discussed in the previous section.
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The methodology has two main steps. The (i) pressure in the
heaviest loaded contact is calculated and set to be equal to
the fatigue limit of the standard, thus the general elastic con-
tact problem needs to be solved to find which contact load
gives the specified contact stress. And (ii), knowing the load
of the heaviest-loaded contact, the corresponding bearing ra-
dial load giving rise to that contact load is calculated provid-
ing the fatigue load limit — P, of the bearing.

General elastic contact solver. There are many numerical
schemes to solve the general (3-D) elastic dry contact prob-
lem, but here the FFT methodology described in (Ref.11)
is used. Since this methodology is described in detail else-
where, only a summary is included hereafter.

Following the description (Ref. 11) for a given pressure dis-
tribution on a half-space p(x,y), the surface elastic displace-
ments u(x,y) can be calculated using Fast Fourier Transform

(FFT) by applying the following equation.
u=IFFT[w-FFT(p)] (14)

where w is a matrix containing numerical factors and is
known as the frequency response function. For the elastic
homogeneous problem, this matrix is calculated as follows:

w(1,1)=0

.. :+ .
w (1)) (i_1)2+[(],_1)l]2,‘v’1_1,...

w (i,j) =

e i ny,
' andj=1,..., 5

1 . 1, . n
,Vi=1,..., =*andj=1,...,%,..., 1
VG + (e e 2 T e T

(15)

w(if)= Vi=-*+1,.,n.andj= -r+1,.,n

U s y o ey AL Jm e
L. 1 . n . n,
w(if)= - — Vi= 41, . nandj=1,.., %
P e G- 2 J 2

with I=L,/L,

The contact problem is solved by finding the pressures that
minimize the equivalent variational statement,

(16)
min(f) =%J.pu dS+".pgdS

and

lJ' ds= >0 o
S SP —pturget; p—

Where fis the total complementary energy, gis the gap be-
tween the rigid plane, and the undeformed elastic surface.

Algorithm. The numerical algorithm employed to find the
pressures from Equation (17) is also described in (Ref.11).
Beginning with a guess for the matrix that meets the equality
and inequality constraints (a uniform pressure pra. is usually
chosen as start value of the iteration process), then —

1. Calculate a candidate pressure matrix p'=p - grad [f(p)]. In
eneral, p' will violate the constraints grad(f(p)]=u(p) +g
or fquadratic.

2. Shift p'uniformly up or down so that the sum of the
positive pressures equals the target load.

3. Truncate all p' <0 thus, p' meets all constraints.
4.Set p=p’, and repeat until convergence.
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Table3 Comparisons of fatigue load limit calculations and catalogue values of three earing companies

Case | . Bearin Critical P, [kN] P, [kN] P, [kN] P, [kN] P, [kN]
Designation| ring |Numerical, Eq.(19) |ISO Eq.(20-24)] Comp.1(*) | Company2 | Company 3
1 6205 Outer 0.383 0.358 - 041 0.335
2 7308 Inner 1.38 1.36 - 2.39 1.37
3 NU 408 Inner 11.40 11.48 - 12.7 11.6
(*) in case of Company 1 the values of fatigue load limit were not found in the company bearing catalogue.

Relationship bearing load — contact load. The relation-
ship between the bearing load (radial) E, and the heaviest-
loaded contact load is already given (Ref.4); a consequence
of this is Equations (10). Now, for most of the radial bearings
the heaviest-loaded contact is often in the inner ring, but a
check is always convenient to do. Therefore, from Equation
(127) (Ref.4):

FrZJeruxZCOStl (18)

As described above, J,=0.2288 for a single-row ball bearing
and /,=0.2453 for a single-row roller bearing, thus yields —
For ball bearings.

F,=0.2288 Q,..x Zi CcOS 0t (19a)
For roller bearings.
F,=0.2453 Q,x Zi cOS (19b)

ISO methodology for the calculation of P, .

The ISO standard (Ref. 1) includes the complete equations
for the calculation of P, for ball bearings that are based on
Equation (19a),

P,=0.2288Q,Zicosa (20)

Where

Qu=min (Quy Que) (21)

Ball bearings. Notice that the inner ring and Q,; outer ring

Q..contact loads for a maximum pressure of gy, in the heavi-

est-loaded rolling element; they can also be calculated from

Equations (8) and (9). However, here the equations given in
(Ref. 1) are used.

Qu= (m%)aﬁ(ﬂ_%r)z ( EZ(_Ipc) )2 (22)
Qu= (2| (5 ) (L) (220)

Where Xp is the sum of curvatures (reciprocal or radii); E is
the complete elliptical integral of the second kind, k=y1-M" is
the elliptical integral modulus; and M is the complementary
modulus, M=a/b. Notice that Equations (22) require all the
stress values (ou, E') in N/mm? and all distance values in mm.

Roller bearings. For roller bearings, ISO recommends
using a full numerical contact solver and does not provide an
equation. However, based on Hertzian theory for line con-
tact, an approximation can be derived for Q.,and Q..

Q _ 2r la (O'uu)2 (23‘1)
ui — Er sz
Q _ 2r lu (O']]u)z (23b)
ue — E’Zpe
Finally,
P,=0.2453Q,Zicosa (24)

Where Q,is calculated with the use of Equations (21), (23a)
and (23b). Notice that Equation (23) requires all the stress
values (o, E) in N/mm?and all distance values in mm.

Calculation examples of fatigue load limit. The same
bearing examples given in Table 1 are used for the fatigue
load limit calculation. Also, the catalogue values published
by the same three different bearing manufacturers will be in-
vestigated. The methodology described in the previous sec-
tions is applied and the results are summarized in Table 3.

In the calculation for cases 1 and 2, the radii of the inner
ring grooves are also required. This information is not avail-
able for the three selected bearing manufacturers, but based

Output Elastic Pressures

108
15

p. [Fal

0.015

0

<1073
-0.005 o

Y, [m] x, [m]

(a). Heaviest rolling element contact pressure

Orthogonal Shear Stress, 7, , [Pa]

1 05 0 0.5 1 <108
%, [m] 1073

(b). Orthogonal shear stresses

Figure 1 Contact pressure and orthogonal shear stress 1y, for the heaviest

loaded contact in the inner ring for the case 3 of Table 3.
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Table 4 Comparisons of static load rating calculations and catalogue values of three bearing companies

Case Bearin G, [kN] Numerical, G, [kN] Co [kN] Co [kN] G, [kN]
Designation Eqg.(19) 1SO Eq. (20, 23) Company 1 Company2 | Company3
1 6205 8.74 7.80 7.85 7.8 7.8
2 7308 32.36 33.18 33.0 34.5 325
3 NU 408 90.02 90.5 89.0 95.0 90.0

on ISO geometry values (Ref. 1), approximations can be used.
Thus, for cases 1 and 2, ;= 0.52D, and r.= 0.53D,,.

For case 3, a straight roller profile with rounded chamfers
is used in the calculation. For illustration purposes, the cal-
culated results of case 3 (NU 408) are depicted (Fig. 1), where
the contact pressure and sub-surface orthogonal shear stress
7. are shown.

Notice that, for all the cases of Table 3, a somehow smaller
limiting stress than the one given in ISO has been applied. The
reason is that this stress has variability—as explained (Ref.9).
Initially, it is based on a value, max(z..) =360+ 4% MPa, that cor-
responds to a maximum contact pressure of 1500+ 4% MPa thus
in order to be conservative in the calculation a minimum value
of max(t..)=346 MPa was selected, which corresponds to a
maximum contact pressure of 1,442 MPa. The maximum stress
in Fig. 1(b) is max(t..) =349+ 4% MPa, very close to 346 MPa.

Another observation from the results of Table 3 is that only
open information for 2 of the 3 companies was found for P.,.
It can be seen that Company 3 agrees somewhat well with
the numerical and ISO methodologies, while Company 2
has substantially higher values. It is true that some compa-
nies have “higher-performance” bearings (reduced manu-
facturing tolerances, higher geometrical precision, improved
surface finish, etc.) resulting in longer fatigue life which, in
a way, could be considered as an increase of the value. But
this would be non-conformal with ISO, since the value of the
fatigue limit in ISO has been fixed and it is standardized to a
mean of value of 7, =1500 MPa with +4%.

Therefore the only feasible way to affect the fatigue perfor-
mance of the bearing in a way that is consistent with the ISO
requirements would be to use Equation (2) and modify the
penalty factor 7, by redefining the value of the macro-scale
stress factor . In this way it is clear that the fatigue limit of the
bearing material is not affected by technological manufac-
turing improvements, and the progress in the bearing qual-
ity is indeed represented by rating factors that are designed
expressly for that end. Load rating practices that simply in-
crease the value of the fatigue load limit of the bearing P, to
reflect technological improvements are non-conformal with
ISO281. This may generate misperception in bearing users
and distrust in the applied rating system as a whole. Thus
these practices should be avoided.

Static Load Rating

The static load rating G, is a performance parameter that does
not enter directly in the rating life estimation of the bearing.
However, it is a parameter related to maximum load bearing
safety and its performance under low cycle fatigue. It is used in
the estimation of the safety factor of the bearing regarding ex-
treme loading conditions. Thus, it is important to discuss it here.

1SO:76:2006 (Ref.12) defines the static load rating as:
“Experience shows that a total permanent deformation of
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0.0001 of the rolling element diameter, at the center of the most
heavily loaded rolling element/raceway contact, can be tol-
erated in most bearing applications without the subsequent
bearing operation being impaired. The basic static load rating
is, therefore, given a magnitude such that, approximately, this
deformation occurs when the static equivalent load is equal to
the load rating.”

And it goes on as indicated by the different nominal max-
imum contact pressures that can be used in practice for a
quick determination of this rating:

“Tests in different countries indicate that a load of the mag-
nitude in question can be considered to correspond to a calcu-
lated contact stress of
o 4,600 MPa for self-aligning ball bearings
¢ 4,200 MPa for all other ball bearings
¢ 4,000 MPa for all roller bearings

at the center of the most heavily loaded rolling element/
raceway contact. The equations and factors for the calcula-
tion of the basic static load ratings are based on these contact
stresses.”

Therefore, the numerical calculation of the static load rat-
ing follows a very similar process as the fatigue load limit, but
using different stress levels when it comes to individual bear-
ings. For standard static rating values, ISO76 (Ref.12) pro-
vides all the equations needed for the calculation of the static
load rating — as shown below:

For ball bearings.

Co=fiD:Z icosa (24a)

With the f; constants given in Table 1 of the ISO document
(Ref. 12).
For roller bearings.

(24b)
Cy=44 (1 -@) 1.D.Z icosa

In the above equations, all units of length are in mm and
calculated loads C, are in N.

Calculation examples of static load rating. The same
examples are considered. Table 4 shows the results and
comparison with values given by the three main bearing
manufacturers. It can be seen that in general there is good
agreement between the calculated values and reported val-
ues from different manufacturers. The numerical method
shows also minor deviations. Taking the ISO values as refer-
ence, the maximum deviation is of 5% observed for Company
2; but this is to be expected since the exact details of the bear-
ing internal geometry are unknown and approximated here.
This can introduce the observed variation.

For practicing engineers, the comparison of C, values can
be a good reference point when bearings of very similar inter-
nal geometry and material hardness are compared. It can be
seen that there is more consistency among different bearing
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manufacturers with this load performance parameter than
with any of the others.

Data Back-Up via Testing

Experienced rolling bearing companies should always be
backing the values of rated performance of catalogue products
using endurance testing. Of course, testing also has limita-
tions, e.g.: (i) only certain bearing sizes make economic sense
to test; (ii) tests are performed, mostly under stationary load-
ing conditions; (iii) and tests can target only rolling contact fa-
tigue — which is one of the main failure modes of rolling bear-
ings. Nevertheless, despite these limitations, fatigue testing
can provide strong statistical validation of the dynamic load
ratings that are applied to bearings, particularly in the case
where this methodology is systematically applied through the
years so that data-pooling and trend analysis can be applied,
providing an overview of the performance of the products over
the years and across different types and sizes of the products.

Endurance testing is an important instrument to reduce the
risk related to the improper application of standardized dy-
namic load ratings to lower-quality bearings. Such bearings
are, in principle, outside the scope of the ISO281 standard.
However, given the imprecise formulation of the scope of the
standard, this can be difficult to prove. The risk of an improper
use of the standard is high — especially in the case of bearing
products originated from new manufacturing companies that
are not equipped with testing facilities for the verification of
the dynamic rating of their products. Thus for new manufac-
turers, the application of ISO 281 offers a simple and ready-to-
use solution for the performance rating of their products.

Many of these companies present their products as “fully
ISO compliant” to impart a positive perception. While in re-
ality, this description is not qualified to represent either the
actual quality or actual dynamic performance.

In contrast, well-established bearing companies with a
long tradition in bearing fatigue life ratings routinely perform
endurance testing of their products to assess and verify the
C values quoted in their catalogues. In the following, typi-
cal endurance testing methods used for the assessment of C
dynamic load rating of rolling bearings are briefly reviewed.
The fatigue limit (64.) cannot be assessed via endurance test-
ing due to the extremely long testing times it would require.
However, other techniques can be applied —like ultrasound
testing of steel (Ref.2). For the static dynamic load rating C,
verification, static load testing in bearings and brinelling
measurement can be applied.

Verifying the dynamic load rating C by testing. Bearing
companies with experienced engineering generally apply
best-in-class endurance testing practices (Refs.13-14).
Endurance test results are then evaluated using rigorous
Weibull statistical analysis (Refs.15-16). Such test methods
are briefly summarized hereafter.

A common endurance-testing practice to verify the dy-
namic load rating C of a bearing is to conduct at least two full
endurance tests on a randomly selected population of bear-
ing samples. The tests are usually performed under good lu-
brication conditions (x>2). This is done to remove any sig-
nificant influence of the lubrication on the rolling contact

fatigue life of the bearing that is measured.

The load and speed of the test are chosen to minimize the
running time of the test. Typically the suspension time of test
is set to be > Ly, of the expected fatigue life under the given
test condition. This ensures that a sufficient sample size of
bearings failures are generated (> 6) during the test — thus al-
lowing for good precision of the Weibull statistics results.

In practice, this often implies running a bearing sample
population of about 20 or 30 bearings per each test under load
conditions of 1< C/P<3, depending on bearing type and size.
The test in this way will provide a good metrics of the life of the
bearings and related confidence intervals of the results. This is
particularly the case for Figure 2, i.e.— that several endurance
test results are merged into a single test data pool.

Figure 2 shows a typical example of Weibull plots from
comparative endurance tests of two bearing populations (A)
and (B). The results of the test show a clear difference in per-
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Figure2 Weibull plots of the endurance tests failures of two different
bearing populations.

formance of the two bearing populations. This can be seen
from the confidence intervals of L;, and Ls, the life of the two
test series that are clearly well apart from each other.

Reverse calculation of the bearing life, Equation (1), is used to
estimate the value that will give a calculated life below the confi-
dence interval of the measured L, life. This is needed to ensure
the strong experimental significance > 95% of the dynamic load
rating that is verified, as schematically illustrated (Fig. 3).

This set-up of the model ensures that all calculations will
result in predicted lives within the high percentile region of
the experimental significance of the measured L, life. On the
contrary, if a model is set to coincide exactly on the measured
L0 this would imply a weak experimental significance. In
other words there is a low probability that the endurance tests
are able to verify the results of the calculated life. Indeed, in
such a case about 50% of the times the calculated life could
find itself at the right-hand side of the endurance tests’ Weibull
line, thus overpredicting the fatigue life of the bearing.
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Figure 3  Simplified illustration of a Weibull plot showing the measured L, life
at different percentiles of experimental significance. The calculated
life using Equation 1 is also shown at the left of the 95% percentile
of experimental significance of the measured life, thus ensuring a
high degree of experimental verification of the fatigue life that is
calculated.

As discussed eatrlier, the dynamic load rating C can be ob-
tained from ISO281 using the bearing’s overall geometry
(Ref.7), and the constant factor b,, related to the technology
and quality of manufacturing. In some cases, bearing com-
panies use this factor to reflect some recently introduced
technological improvements in manufacturing, e.g. —high-
strength steel and heat treatment—which may surpass the
ISO standard values. This is possible and should be accept-
able when the new values are verified by proper endurance
testing practices, as discussed above. Unfortunately, rolling
bearing endurance life testing for the dynamic load ratings
of rolling bearings is not part of the ISO standard. This might
create some uncertainty in the procedures that are applied
and in the dynamic load rating in use. This is also why the
authors strongly favor the introduction of endurance testing
standards for rolling bearings in the ISO.

Discussion

The process of calculating performance rating parameters
(C,P, () in rolling bearings has been systematically reviewed
in this paper. It can be seen that, in general, advanced numeri-
cal schemes fit well with the simplified ISO equations. In the
comparison carried out with values reported by three well-
established bearing manufacturers, it is found that the perfor-
mance parameters that are affected by the largest variability
are,Cand P,. To practicing engineers, this suggests C, as a good
reference parameter to compare the real internal geometry of
bearings originated from different manufacturers. About this,
particularly significant is the case of P,, since this parameter is
derived from the same numerical scheme used to calculate C,
(the only difference is the contact stress level that is applied);
thus similar behaviors should be expected.

For example, if two companies have the same reported C,,
they should also have the same and similar C (within a small
variation of the application of the b,, factor). Where this is
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not the case, engineers are entitled to question the validity
of the values that are reported and to request clarification. In
general, well-established bearing companies regularly per-
form endurance testing to verify the load ratings published
in their catalogues. Typical endurance testing practices for
the verification of the dynamic load ratings of rolling bear-
ings are briefly reviewed in this paper. A sufficient number of
bearings, i.e. — population sample —need to be endurance-
tested to gather the necessary statistical data of the fatigue
performance of the bearing. Equation (1) is then applied to
calculate the Ly, life, corresponding to a given C rating. For
a positive verification of the dynamic load rating, the calcu-
lated life L,, should be located well on the left-hand side of the
Weibull line to achieve a high degree of experimental signifi-
cance. Therefore, it must always be: Lo ctcutatea < Liogsw), (Fig. 3).
In addition to this type of experimental verification, practic-
ing engineers can also check the quoted C value (Ref.7) by
simply manually measuring the bearing geometry and quan-
tities used in Equations (12) and (13). After adjustment of the
results using the corresponding ISO values for b,, the calcu-
lated C value should be a good approximation of the bearing
manufacturer’s reported value.

Due to the continuous high demand for rolling bearings,
many new bearing manufacturers are entering the market
today. It is unlikely that these new players have adequate
endurance testing capabilities for the verification of the dy-
namic load ratings that are quoted in their catalogue. Yet,
the new manufacturers take direct advantage of the ISO 281
(Ref.4) rating formulae that are valid only for: “commonly
used, high-quality, hardened bearing steel in accordance with
good manufacturing practices, the value of which varies with
the bearing type and design.” Therefore the practicing engi-
neer should question the validity of the dynamic load rating,
particularly in the case of new bearing manufacturers that do
not apply endurance testing methods for the verification of
the load ratings of their products.

Finally, it is well known that in modern applications sub-
surface failures are a rare occurrence. This is due to the good
knowledge and experience accumulated over the years — cer-
tainly reflected in the work shown in References 3-5. All three
of the discussed rating parameters refer to Hertzian stresses
or subsurface condition of the bearing. When they do occur,
most of the time an explanation related to overloading or ma-
terial defects can be found (Ref. 17). However, most issues that
rolling bearings face today are fatigue damage occurring at the
very surface of the bearing raceway, where tribological fatigue
mechanisms are playing a major role. Models to describe these
issues involve mixed elastohydrodynamic lubrication (EHL)
of the rolling contact (Refs.18-21), and not just the Hertzian
stress and general contact mechanics. The rolling contact fa-
tigue of THE raceway surface implies the combined effect of
EHL lubrication, roughness, friction and wear. This is why the
authors have developed a novel approach to bearing fatigue
life prediction that separates the surface from the sub-surface
survival of the bearing rolling contact (Refs.22-23). Therefore,
the reader should wonder if it is not the time to introduce more
suitable dynamicload rating factors for rolling bearings, as has
been suggested in the case of gears (Ref. 24).
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Conclusions

Three main performance parameters used in rolling bearing
application engineering have been methodically reviewed:
the dynamic load rating C, the fatigue load limit P, and the
static load rating C,. The ISO equations for the calculation of
these three parameters were also discussed, along with more
general numerical calculation schemes. Calculated values
using both procedures were compared. Published values of
the corresponding performance parameters quoted from
three well-established bearing companies were provided for
reference, and as examples of present day rating practices. In
the discussion, simple guidelines have been outlined to dis-
tinguish between likely and unlikely “truthful” and consis-
tent values. Finally, from this analysis the following conclu-
sions can be outlined:

1. Numerical contact mechanics schemes and analytical ISO
equations are in general agreement for all three parame-
ters, C,P,, C.

2.Reported performance parameters of three well-estab-
lished bearing manufacturers show that, (unlike the value
of P,) the static load rating C, represents the most consis-
tent factor to compare the internal geometry and design
variation among bearing manufacturers.

3.Good work practices of bearing manufacturers must in-
clude systematic verification of their catalogue load rating,
using well-established endurance testing methods. This is
true also for the application of the ISO 281 load ratings or
for the validation of rating change resulting from new tech-
nological developments.

4.The lack of a quantitative definition of the bearing quality
and quality practices in rolling bearings by ISO 281 and the
undifferentiated application of this standard by newcomer
bearing manufacturers with no testing facilities or prac-
tices to verify their ratings, call for the need of an ISO stan-
dard to describe best endurance testing practices and sta-
tistical data analysis for the rating of rolling bearings. PTE
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Appendix A — Detailed Parameter Description, Dynamic
Load Rating
The use of Equations 4-7 requires the definition of the fol-
lowing quantities:

syl 1 1 1 (A1)
P =R "Ry "R Ry

In equation (Al) the radii are negative for concave
curvatures.
The amplitude of the normalized orthogonal shear stress z..
/pois given by:
e V2t-1 (A2)
T 2t(t+1)
Where ¢ can be obtained by solving the following equation:
a (A3)
5 =V(#-1)(2t-1)

The position of the maximum shear stress is determined
by,

Zo=€a (A4)
o (A5)
“T ()21
Finally, from Equation (101) of (Ref. 4):
v={2n(a/b) E(K) (46)
v (A7)

/,t:

()

Now, the exponents are defined as follows (Ref. 4):

) S
=3 h= 3 w=pe
For point contact (ball bearing): ez%, p= c—zl:;rz

. . 9 -h+1
For line contact (roller bearings): e=—g— p= £ 5 e+ )

exponent e corrected from 3/2 to 9/8 (Ref. 5).
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