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KEY CONCEPTS

e For nearly three decades many experts in the rolling
bearing community have advocated the notion of a
fFatigue limit.

However, this article’s author believes data does not
support the concept of a fatigue standard, which is a
crucial part of the 150 281: 2007 standard.

e The author believes the IS0 281: 2007 is a mistake
and should be withdrawn.




In Part Il of our debate, a leading figure in the
bearings community presents his case that the new
standard should be withdrawn.

S0 Standard 281:2007 is based on a mistake. It is a disser-
vice to the technical and industrial communities around
the world. A fatigue limit should not have been includ-
ed in the standard based on available data. I recommend
that ISO withdraw Standard 281:2007.

WHAT’S THE PROBLEM?

ISO Standard 281: 2007 incorporates the concept of a fatigue
limit within its bearing life calculation method. Further-
more, this standard assumes that the bearing is made from
AISI 52100 bearing steel, is lubricated with mineral oil and
has values for raceway and ball finishes that are not stated.

It is based on work first published by Stathis Ioannides
and the late Tedric A. Harris at the SKF Engineering and Re-
search Centre in Nieuwegein, The Netherlands, in 1985, as
well as later work published by Ioannides together with G.
Bergling, and A. Gabelli, also of SKE in 1999. The fatigue
limit used in ISO Standard 281:2007 is a Von Mises stress of
900 MPa (130,500 psi), which corresponds to a maximum
Hertz contact stress of 1500 MPa (217,500 psi). To many
bearing companies and some engineers, it is the preferred
method to predict ball and roller bearing lives under load
and speed. However, what if a fatigue limit does not exist for
high hardness alloy steels such as AISI 52100? Is a fatigue
limit for through hardened bearing steels a reality or a prod-
uct of imagination? Where is the data?

The standard is a disservice
to the technical and industrial
communities around the world.

WHAT IS A FATIGUE LIMIT?

Before we begin our search for this fatigue limit, we should
understand what it is that we are looking for so that we can
recognize it.

To begin, it is generally accepted that the life of a compo-
nent in terms of repeated stress cycles is inversely related to
a critical shearing stress, T, to a power where

L~1/t" [1]
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A fatigue limit should not have been included in the standard
based on available data.

The critical shearing stress, T, can be the orthogonal shear,
maximum shear or octahedral shear stress. Some investiga-
tors have also used the Von Mises or effective stress as the
decisive stress. This relation when plotted on log-log graph
paper will plot as a straight line, as illustrated in Figure 1(a)
and referred to as Case 1. The slope or tangent of the line is
the value of the stress life exponent, n.

The classic Wohler curve illustrated in Figure 1(b) in-
troduces the concept of a fatigue limit where the stress-life
relation is that of Equation [1] until the stress reaches the
value of the fatigue limit, T, at approximately 10° to 10’
stress cycles, where the life is considered infinite. That is,
no fatigue failures would be expected to occur. This will be
referred to as Case 2.

In practice, fatigue data for material types that have fa-
tigue limits do not manifest a linear line on an log-log S-N
plot but a curved line, as illustrated in Figure 1(c). This will
be referred to as Case 3. The apparent relation between life,
shearing stress T and fatigue limit, 1 , is

L~1/(t—1) 2]

From Equation [2], for an applied stress and the pres-
ence of a fatigue limit, the resultant life will be longer than
that from Equation [1] with a fatigue limit. ISO Standard
281:2007 with a fatigue limit takes the form of Case 3, Figure
1(0).

WHAT ABOUT OTHER STANDARDS?

The American Standards Institute (ANSI)/American Bearing
Manufacturers Association Standards 9 and 11 are used for
the load ratings and life prediction of ball and roller bearings,
respectively. These standards with various updates through
the years were adopted by the ABMA in 1953. ABMA change
its name from the Anti-Friction Bearing Manufactures Asso-
ciation (AFBMA) in 1993.

What if a fatigue limit does not
exist for high hardness alloy steels
such as Al51 521007

ANSI/ABMA Standards 9 and 11 are based on the Lun-
dberg-Palmgren theory published in 1947. However, this
theory of Gustaf Lundberg and Arvid Palmgren dates back to
1924. At that time, Palmgren who had been working at SKF
in Sweden since 1917 published a paper in Germany outlin-
ing his approach to bearing life prediction. He presented an
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empirical formula based on the concept of an L, life, or the
time that 90% of a bearing population would equal or exceed
without rolling-element fatigue failure. This 1924 paper by
Palmgren is the first time in the literature that a probabilistic
approach to life prediction of a machine element was formu-
lated.
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Figure 1 | Stress-life [S-N] curves illustrating concept of fatigue
limit. (a) Case 1, no Fatigue limit. [b) Case 2, classic Wohler curve
where life is infinite below Fatigue limit tu. (c] Case 3, life
approaches infinity as applied stress T approaches fatigue limit
Tu, as asymptote.
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Vacuum processing resulted in bearing steels that were relatively free of

hardened inclusions and resulted in significantly longer bearing lives than
were achieved with air-melted steels.

Assuming that a ball or roller bearing was properly de-
signed, manufactured, installed, lubricated and maintained,
rolling-element fatigue would limit the useable life of the
bearing. In the life equations that Palmgren presented, he in-
corporated a fatigue limit or load below which no failure will
occur as well as a time or location parameter before which
time no failure should occur. This fatigue limit is represented
by Equation [2], Case 3 of Figure 1(c).

Over the next 12 years, Palmgren evolved his bearing life
prediction formulae. In 1936 Palmgren published the fol-
lowing:

“For a few decades after the manufacture of ball bearings
had taken up on modern lines, it was generally considered
that ball bearings, like other machine units, were subject to
a fatigue limit, i.e., that there was a limit to their carrying
capacity beyond which fatigue speedily set in but below
which the bearings could continue to function for infinity.”

“Systematic examination of the results of tests made in
the SKF laboratories before 1918, however, showed that no
fatigue limit existed within the range covered by the compar-
atively heavy loads employed for test purposes. It was found
that so far as the scope of the investigation was concerned,
the employment of a lighter load invariably had the effect
of increasing the number of revolutions a bearing could ex-
ecute before fatigue set in.”

“It was certainly still assumed that a fatigue limit coex-
isted with a certain low specific load, but tests with light
loads finally showed that the fatigue limit for infinite life, if
such exists, is reached under a load lighter than all of those
employed and that in practice the life is accordingly always
a function of load.”

In other words, Palmgren in 1936 concluded that for
bearing steels, and more specifically for AISI 52100, no fa-
tigue limit existed as a practical matter. His conclusion is
represented by the stress-life relation of Equation [1], Case
1 of Figure 1(a).

HOW DID LIFE FACTORS EMERGE?

The life equations were further empirically refined by
Palmgren until 1947 when he and Lundberg published their
life theory based on the Weibull distribution function and
life theory. The foundation of the Lundberg-Palmgren theo-
ry and the ANSI/ABMA and later the ISO (International Or-
ganization for Standardization) Standards are based on three
variables and three exponents. These are as follows:
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1 % 1 VA y
LNH H E1 [3]

where L = life; T = critical shear stress; V = stressed volume; 2
=depth to critical shear stress; ¢ =shear stress-life exponent; e
= Weibull slope or modulus; and h = exponent relating depth
to the maximum shear stress to life. This formula becomes

p

Lyg=| == [4]

Feq

where L = life at a 90% probability of survival or a 10%
probability of failure; Cpy = dynamic load capacity or the
theoretical load on the bearing that will result in an L | life
of one million inner-race revolutions; ch radial load on the
bearing and p = load-life exponent.

Equation [4] is identical to that proposed by Palmgren
in 1924. From the 1947 Lundberg-Palmgren theory, the
load-life exponent, p, equals 3 for ball bearings and 4 for
roller bearings. However, Lundberg and Palmgren in 1952
proposed p = 10/3 for roller bearings. These exponents were
chosen to reflect the pre 1940 SKF bearing data.

In the late 1950s and early 1960s, the steel industry intro-
duced vacuum-processed bearing steels. Vacuum processing
resulted in bearing steels that were relatively free of hardened
inclusions and resulted in significantly longer bearing lives
than were achieved with air-melted (AM) steels. These vacu-
um-processed steels, such as AISI 52100, exhibited load-life
exponents’ p of 4 for ball bearings and 5 for roller bearings,
instead of 3 and 10/3, respectively used by the ANSI/ABMA
and ISO Standards. This coupled with improved manufac-
turing techniques and lubrication technology resulted in
bearing lives significantly longer than those benchmarked
for the Lundberg-Palmgren equations.

In order to account for these technological achievements,
I was invited by Dr. Robert L. Adamczak, chairman of the
ASME Lubrication (now Tribology) Division to chair a Life
Factors Committee for the ASME Lubrication Division in
1969 to codify these improvements. The committee was
comprised of prominent engineers and scientists from in-
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dustrial users, the bearing companies and government. The
results of the committee’s work were published in September
1971 by ASME in Life Adjustment Factors for Ball and Roller
Bearings—An Engineering Design Guide.

There were five life factor categories. These categories
were: Material, Processing, Lubrication, Speed and Misalign-
ment. Nineteen sets of supporting bearing and specimen
rolling element fatigue data also were published in the guide.
From these data, the ASME committee concluded that, for
a specific material and heat treatment, the life factors were
independent of each other. The material and processing
life factors were benchmarked to air-melt (AM) AISI 52100
steel.

Six years after publication of the ASME design guide, the
concept of life factors was adopted by ANSI, ABMA and ISO
in their bearing life standards. Instead of the five life fac-
tor categories of the ASME, the standards used three. These
were: a,, Reliability; a,, Material and Processing Properties;
and a3, Operating Conditions. The ASME categories became
subcategories under Categories a,, Material and Processing
Properties; and a,, Operating Conditions. The individual
bearing company and/or user could choose the life factors
they think were appropriate for their application. Equation
[5] can now be written as:

P
CD

L, =a a,a,
eq

[5]

In the early 1970s after the ASME publication, Eric Bam-
berger, Hans Signer and I, under NASA sponsorship, were
the first to design and test bearings that we had manufac-
tured from double-vacuum melted (VIM VAR) AISI M-50 at
elevated temperatures. This was the first time double-vac-
uum melted AISI M-50 was used. We tested at speeds to 3
million DN (DN is a speed parameter, the bore of the bearing
in millimeters multiplied by its speed in RPM) and tempera-
tures of 218 C (425 F). These new test data represented ap-
proximately 150,000 bearing test hours. The bearing lives
were over 100 times that predicted by the unfactored Lund-
berg-Palmgren equations. This bearing technology has been
incorporated into most, if not all, commercial and military
aircraft flying today.

Since the ASME publication, much additional bearing
fatigue data have been generated. Improvements have been
made in bearing manufacture, heat treatment and raceway
surface finish. Better quality control techniques have been
instituted by the bearing companies. There was also the in-
troduction of hybrid bearings. Bearing rework became an
acceptable procedure. As a result of these changes, it be-
came apparent that the 1971 ASME life factors needed to be
updated.

In 1985 I was invited by STLE to form a Life Factors
Committee to update the life factors that were published by
the ASME in 1971. A thorough search of the literature and
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inquiries to researchers in the field at that time revealed no
data to support a fatigue limit for through-hardened bear-
ing steels. STLE published Life Factors for Rolling Bearings
in 1992.

HOW DID A FATIGUE LIMIT RE-EMERGE?

In 1982 H.K. Lorosch of FAG Bearing Co. (now part of INA-
Schaeffler KG) published results of fatigue tests on three
groups of vacuum-degassed 7205B-size AISI 52100 inner
races at maximum Hertz stresses of 2.6, 2.8 and 3.5 GPa
(370, 406 and 500 ksi), respectively. These were very highly
loaded bearings. From these tests, Lorosch concluded that,
“Under low loads and with elastohydrodynamic lubrication,
there is no material fatigue, thus indicating that under such
conditions bearing life is practically unlimited.”

O. Zwirlein and H. Schlicht, also of FAG Bearing Co.,
in a companion paper published concurrently in 1982 with
that of Lorosch and using the same 7205B-size bearing inner
races, reported large amounts of compressive residual stress
due to the transformation of retained austenite into martin-
site. Bearing research performed at the General Motors Re-
search Center in Warren, Mich., in the 1950s and early 1960s
showed that these compressive residual stresses can signifi-
cantly increase bearing life.

My colleagues and I performed an analysis in 1965 at the
NASA Lewis Research Center in Cleveland. We superimposed
compressive residual stresses on the principal stresses in a
ball or roller race contact. This reduced the critical shearing
stress in the bearing raceway, thus increasing bearing life. As
an example, a 10% reduction in the shearing stress due to the
imposition of a compressive residual stress can result in a life
increase of approximately 160%.

It became apparent that the
1971 ASME life factors needed
to be updated.

Lorosch, Zwirlein and Schlicht failed to account for the
significantly large presence of these induced compressive re-
sidual stresses in their bearing raceways. Instead they as-
sumed that the large increases in life that they reported were
due to a fatigue limit. Zwirlein and Schlicht concluded that,
“contact pressures (maximum Hertz stresses) less than 2.6
GPa (370 ksi) do not lead to the formation of pitting within
a foreseeable period. This corresponds to ‘true endurance.’” ”
However, their observation is not supported by rolling-ele-
ment fatigue data in the open literature for maximum Hertz
(contact) stress levels under 2.6 GPa (370 ksi). If Lorosch,
Zwirlein and Schlicht were correct, no bearing in rotating
machinery applications would fail by classical rolling-ele-
ment fatigue since maximum Hertz stress levels in the range
of 1.2 GPa (175 ksi) 10 1.9 GPa (275 ksi) are typical.
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It is difficult for me to reconcile that for the same bearing steel there are
two separate fatique limits, one for ball bearings and the other for roller
bearings, that are so significantly different.

The concept of a fatigue limit made its way into the FAG
bearing catalog. In the 1995 FAG Catalogue WL 41520 ED,
every page that has bearing dimensional information and rat-
ings has a statement in the upper right-hand corner, “Rolling
bearings can be fail-safe if C /P_is equal to or greater then 8,
see page 41.” On page 41 in the section on Adjusted Rating
Life the following is stated:

“Bearings are fail-safe if there is utmost cleanliness in the
lubricating gap, full separation of the surfaces by the lubri-
cating film and load corresponding to C /P greater than or
equal to 8 where, C , is the static load capacity and, Po, is the
static load applied to the bearing.”

Based on the FAG criteria, for a ball bearing the fatigue
limit occurs at a maximum Hertz stress of 2.0 GPa (292 ksi).
For roller bearings, the fatigue limit occurs at a maximum
Hertz stress of 1.4 GPa (205 ksi). It is difficult for me to rec-
oncile that for the same bearing steel there are two separate
fatigue limits, one for ball bearings and the other for roller
bearings, that are so significantly different. It appears to me
that the FAG fatigue limit is based on the classic Wohler
curve, Case 2, illustrated in Figure 1(b).

In 1985, based on the results reported by Lorosch, Zwir-
lein and Schlicht, Stathis Ioannides and Tedric A. Harris at
the SKF Engineering and Research Centre in Nieuwegein,
The Netherlands, applied Palmgren’s 1924 concept of a “fa-
tigue limit” to the 1947 Lundberg-Palmgren equations where
Equation [3] above becomes

YT g
LN(T_TJ H [2] [6]

where, T , equal the fatigue limit in shear. Ioannides and Har-
ris do not disclose that Palmgren, also from SKE, discarded
the concept of a fatigue limit in 1936. From Equation [6],
Equation [4] can be rewritten to include a “fatigue-limiting”
load, P ,:

p
Lig=| -2 (7]

where

P, = flt,) [8]

When P, <P, bearing life is infinite and no fatigue failure
would be expected. When P = 0, the life is the same as that
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Figure 2 | Comparison of life models for rolling-element bearings
normalized to ANSI/ABMA standards where life L = 1. Fatigue-

limiting shear stress for T, assumed for loannides-Harris model,
276 MPa (40 ksi). (a) Ball bearings. (b] Cylindrical roller bearings.
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for Lundberg and Palmgren. If the fatigue limit in Equa-
tion [6] or the fatigue limiting load in Equation [8] were
to be eliminated, the Ioannides—Harris equations are iden-
tical to those of Lundberg and Palmgren. A comparison of
loannides-Harris, Lundberg-Palmgren and the ANSI/ABMA
Standards is shown in Figure 2.

The ostensible reason Ioannides and Harris used the fa-
tigue limit was to replace the material and processing life
factors, a,, that are used as life modifiers in conjunction with
the bearing lives calculated from the Lundberg-Palmgren
equations (Equation [5]). However, I have speculated that
the reason it was done was to allow SKF to compete with the
FAG catalog life ratings. loannides and Harris made the same
mistake as Lorosch, Zwirlein and Schlicht; they mistook the
effect of compressive residual stresses in a bearing raceway
for a fatigue limit. The life equations of Ioannides and Harris
were subsequently incorporated into the SKF bearing cata-
log.

In the online June 28, 2006 issue of “The eBearing News,”
the headline reads, “ISO Adopts SKF Bearing Life Calcula-
tions.” The article goes on to say, “The International Or-
ganization for Standardization (ISO) has adopted SKF Life
Theory in its upcoming update to ISO 281. The new ver-
sion will replace ISO 281:1990 as modified in 2000. ISO
281:1990 itself replaced ISO 281:1977. SKF Life Theory has
already been incorporated in the German standard DIN ISO
281, as of 2004. The new ISO 281 incorporates a new ser-
vice life formula which, for the first time, takes into account
SKF’s work on fatigue limit, lubrication and contamination,
all as defined by fundamental SKF Life Theory, as refined and
updated.”

WHAT DOES ACTUAL BEARING DATA SHOW?

In 1995 Dr. Tedric Harris of Pennsylvania State University
and professor John McCool, under contract with the U.S.
Navy, analyzed 62 rolling element bearing endurance sets.
These data were obtained from four bearing manufacturers,
two helicopter manufacturers, three aircraft engine manu-
facturers and U.S. Government agency-sponsored techni-
cal reports. The data sets comprised deep-groove radial
ball bearings, angular-contact ball bearings and cylindrical
roller bearings for a total of 7,935 bearings. Of these, 5,321
bearings comprised one sample size for a single cylindrical
roller bearing, leaving 2,614 bearings distributed among the
remaining bearing types and sizes. Among the 62 rolling ele-
ment bearing endurance sets, 11 had one or no failure and
could not be used for the analysis. These data are summa-
rized and plotted in Figure 3.

At the NASA Glenn Research Center, Brian Vlcek, Robert
C. Hendricks and I randomly assembled and tested 340 vir-
tual bearing sets totaling 31,400 radially-loaded and thrust-
We determined the L
maximum limit and L ; minimum limit for the number of
bearings failed, r, using a Weibull-based Monte Carlo meth-
od. These limits are shown in Figure 3 together with a 90%

loaded rolling-element bearings.
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upper confidence limit using the method of Leonard John-
son at General Motors. In Figure 3, the Harris-McCool data
sets were superimposed on these plots.

Of these bearing data shown in Figure 3, 39% fall be-
tween the maximum and minimum life variations from
Monte Carlo computer simulated bearing tests performed by
us. Four bearing sets representing 8% of the bearing sets had
lives less than that predicted. Thirty bearing sets, or 59% of
the bearing sets, exceeded the maximum life variation of the
Monte Carlo simulation. Eight of these bearing sets or 16%
exceeded the statistical 90% confidence upper limit estab-
lished by Leonard Johnson. However, only one bearing set,
representing 2% of the bearing sets, fall below the lower life
limit. It can be reasonably concluded that 98% of the bearing
sets had acceptable life results using the Lundberg-Palmgren
equations with the STLE life adjustment factors to predict
bearing life.
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Figure 4 | Effect of CVD AISI 52100 steel and load-life exponent
on variation hetween actual and calculated L, bearing lives with
STLE life Factors. (a) Load-life exponent p is 3 For ball bearings
and 10/3 for cylindrical roller bearings (from Fig. 3]. (b] Load-life
exponent p is 4 fFor ball bearings and 5 for cylindrical roller
bearings.
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The data of Figure 3 were broken down and replotted by
Vlcek, Hendricks and I in Figure 4(a) for bearings made from
CVD AISI 52100 steel. These data were adjusted for a load-
life exponent p of 4 for ball bearings and 5 for roller bearings
in Equation [5] and are shown in Figure 4(b). The adjusted
life results (Figure 4(b)) correlated best with those of the
Monte Carlo tests.

Based upon these material and processing life factors and
load-life exponents, each bearing data set appears consistent
with the other. These data further suggest that the load-life
exponent, p, for ball bearings in the standards should be 4
instead of 3. And for roller bearings, the load-life exponent,
p, should be 5 instead of 3.33 or 4. However, what is most
important is that for these bearing sets, there was no fatigue
limit manifested by the data. If a fatigue limit were to be
incorporated in this data, the bearing lives would be over
predicted and/or the bearings undersized for its application.
These results were published in 2003 in STLE's peer-reviewed
journal Tribology Transactions.

HOW CAN | BE SO SURE?

For nearly 30 years there have been passionate advocates in
the rolling bearing community for the existence of a fatigue
limit. On the other hand, there have been those such as my-
self asking, “Where are the data to support the existence of
a fatigue limit?” There are no data! However, that made no
difference to those who wrote and had adopted ISO Stan-
dard 281:2007. People such as myself were considered ob-
structionist to technical progress. With the adoption of ISO
Standard 281:2007, we were now in the position of having
to prove a negative that a fatigue limit for AISI 52100 steel
does not exist.

Funding to run full-scale bearing tests at low enough
stress levels to prove or disprove the existence of a fatigue
limit would be extremely expensive. And who would pay for
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it or conduct the tests? Our colleagues in Japan came up
with the perfect solution.

A leader in this effort is professor Shigeo Shimizu of the
School of Science and Technology at Meiji University in Ka-
wasaki, Kanagawa, Japan. He reasoned that a material when
tested should only react to its state of stress and environ-
ment. In other words, if AISI 52100 steel had a fatigue limit,
a stress below which no failure will occur, it should exhibit
this limit no matter what type of fatigue test was performed.
A statistically significant number of fatigue tests are required
over a range of shearing stresses to assure with reasonable
engineering and scientific certainty that the steel either did
or did not exhibit a fatigue limit. And, if a fatigue limit did
exist, what is its value?

In 2008 Shimizu and his colleagues, professors K. Tosha,
D. Ueda and H. Shimoda, published a journal paper in Tribol-
ogy Transactions reporting the results of rotating beam fatigue
experiments for through-hardened AISI 52100 steel at very
low shearing stresses as low as 0.48 GPA (69.6 ksi). “The test
results produced fatigue lives in excess of 100 million stress
cycles without the manifestation of a fatigue limit.”

In order to assure the credibility of his work, additional
research was conducted and published by Shimizu together
with his colleagues, professors K. Tsuchiya and K. Tosha, in
a 2009 issue of Tribology Transactions. They tested six groups
of AISI 52100 bearing steel specimens using four-alternating
torsion fatigue life test rigs to determine whether a fatigue
limit exists or not and to compare the resultant shear stress-
life relation with that used for rolling-element bearing life
prediction.

The number of specimens in each sample size ranged from
19 to 33 specimens for a total of 150 tests. The tests were run
at0.5,0.63,0.76, 0.80, 0.95 and 1.00 GPa (75.5,91.4, 110.2,
116.0, 137.8 and 145 ksi) maximum shearing stress ampli-
tudes. The stress-life curves of these data, as shown in Figure
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5, show an inverse dependence of life on the shearing stress
as in Case 1, Figure 1(a), but do not show an inverse rela-
tion on the difference of the shearing stress minus a fatigue
limiting stress as in Case 3, Figure 1(c). The shear stress-life
exponent, n, for the AISI 52100 steel was 10.34 from the
three-parameter Weibull analysis and was independent of
the Weibull slope, e.

In 2007 Dr. T. Sakai discussed experimental results ob-
tained by the Research Group for Material Strength in Japan.
He presented stress-life rotating bending fatigue data from
six different laboratories in Japan for AISI 52100 bearing
steel. He also presented stress-life fatigue data for axial load-
ing. The resultant lives were in excess of a billion (10°) stress
cycles at maximum shearing stresses (T ) as low as 0.35
GPa (50.8 ksi) without an apparent fatigue limit.

It can be reasonably concluded from the volumes of data
from Meiji University and Dr. Sakai that the fatigue stress-life
relation that incorporates a fatigue limit for AISI 52100 steel
as in ISO Standard 281:2007 is incorrect. These data preclude
the existence of a fatigue limit to maximum shearing stresses
(t ) as low as 0.35 GPa (50.8 ksi). This is equivalent to a
maximum Hertz stress for ball bearings of 1.09 GPa (158.1
ksi) and 1.17 GPa (169.7 ksi) for roller bearings.

Arvid Palmgren got it right 74 years ago!
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