Fatigue Considerations of High Strength Rolling
Bearing Steels

Gabriel F. Dambaugh, P.E.

gabe@feaservices.net
www.feaservices.net

Abstract:Since the 1946 issuance of the ASTM bearing steel specification, A295, the research and

dewelopment of bearing steels has resulted in substantially improved fatigue and wear

performance of rolling bearings across the entire industry. This is not only the case with higher

end Aadvancedd materials and pr olueaseswtlsthesuch as cer a
more economic material selection of bearing quality steels.

The bearing quality steels are characterized primarily, though not exclusively, by high hardness,
very high static strength, fine grained microstructures, and lowmetallicinclusion content.
Although developed to perform under cyclic rolling contact and slippage loads, these steels are
alsoat timesconsidered for usage in structurapplications, such as shaftingVhen used in a
structural manner, the design engineers adeised to consider unique fatigue related attributes
of rolling bearing steels, such as the concept of 0

The main point presenteaslthat bearing grade stls in structural applicationare expected to
realize a wide range of cyclesfailure in a group of seemingly identical part8lso discussed
are some related experiences witintual Product Development activities at INBchaefflerlUSA
with bearing/structural components using a combination of FE analitisABAQUS fatigue
asessmenand validation testing.

1. ROLLING BEARING STEEL FATIGUE BASICS

1.1 INTRODUCTION

In making fatigue endurance considerations with high strength rolling bearing steels for use as a
potential material for structural applications, it is worth exang the wealth of experience found

from the theory and practice of using these steels in their native application. Thus, a short
background regarding the mechanics of bearing fatigue, the materials used, and some common key
effects on the fatigue life ablling bearings is provided.

For the purpose of this paperdefinedasdinewhereat ur al 06 type
mechanical membesuch as a shaft, supports cyclic bending/or shear loads. This is important

to note since we are drawiggnnections to the fatigue life of rolling bearings, which see mainly

only compressive load cycles, to the fatigue life of those same steels when used under tensile and
shearing conditions. For the bal anbeasedof t he paper,
interchangeably with Beadinggsthbearshgor anpgeditriovel ng
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It is assumed for this paper that the reader has some knowledge of the assemblycdunddbiasi

of a rolling bearing.An importantconsideratiorof the fatigugprocess is that the bearing loads are
transmitted through one or more of fdling elementsand the two adjacenices The purpose

of a rolling bearing is to eliminate friction between machine components that move or rotate in
relative motion under ld. For an introduction or a study of bearing design aatysis, the

reader may consult Harris (1991) or Eschmann (1985)

1.2 A PRIMER ON BASIC ROLLING BEARING FATIGUE MECHANICS

A starting point in understanding the mechanics of bearing fatigue t®tioept of susurface
stress due to contact of curved surfaces.
denting, false bnnelling, or a host of others (Tallian, 1999)n occur in a bearing application,
classical material fatigue craclg typically developator beneaththe surface of the loablearing
rolling elements and thedontacting raceways as shown in Figure 1.

surface crack

cracks due to
sub-surface
stress

L
{ ).H;

PR

Figure 1. Sub-surface fatigue cracking. Etched, note tempered martensite
microstructure. Reprinted (Tallian, 1999) with permission granted by ASME Press.

Contact pressure, which is defined as the normal stress into the surface at the point of contact, is

developed between the curved surfaces ategito the theories of Hertz (1896tress tensors in
the volume beneath the surfaces in contact are derived from the pressure, areaedeagldp
material in contact (Jones, 1946)

Some of the basic analytic equations for contact involving cylindrical roller, needle roller, and ball

bearings as extended frafertzian theory (Hertz 1896 and Jones, 194@)ovide a means of basic
mechanical analysis. The derivation and assumptions used to arrive at the basic equations long
used for analysis by bearing engirgeare provided by Harris (199X onsidering for now a

i proti 0 | o a dbetdeerctwonsblid spheres, (FiguietfZe resulting basic egtions

(Shigley, 1989)f interest include:
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e Width of contact area:

8 1/d, +1/d,
e Maximum contact pressure:
3F
— 2
Po 2r a’ @)
e Coordinate stresses on the normal axis: (Figure 3)
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where F = appliedload, v = Poissorsratio, E = elasticmodulus,
d = diamete, z = depthinto surface.

F
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diameter = d1

T N diameter = d2
F

Figure 2. Contact area (2a) developed between spherical surfaces with diameters
dl and d2, under load. FEM view on right shows pressure at small contact area.
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Figure 3. Sub-surface coordinate and shear stress relationship for loaded spheres.
(e.g. ball bearing) Note that pmax, U, lUx a n dy ate all in compression.

Thecoordinate stressgwhich are all compressivdefine the stress state at any point bentegh
surface of contactlorg the axis of applied load, Frigure 3shows a plobf these coordinate

stresses as well #ise calculated maximum shear stress,, , as a function of the distance

beneath theurface. Itis seen in Figuretl@at the maximum value of, .. lies beneath the

surface. Although not shown above, the maximunodisin energy (also known as Védvises)
stress is also located beneath the surface, at a depth very close to the depth of maximum shear.

Here lies the importance of the concept of-sulface stress in the study of bearing mechanics: It

has been generalfgund in the studpf ductile metal failurgsuch as steel) thdeviatoric

components of the stress tensor are responsibtedoinset of metal plasticity, not by the

hydrostaticstress componen{Shigley 1989 and Stephens, 2001) has also been dely

adopted in structural metal fatigue concepts that fatigue is generated in an area of a mechanical

member that sees plasticity, or the developmestipfbandsunder cyclic loading, typically

occurring in small areasf a structure suchadias tsi s®r 0 or ot (Deterl®8b,sconti nuity
and ASM 2002 With this connection to structural fatigue in mind, it becomes easier to

understand why the origin of classic bearing fatigue begins beneathrthee; this is wherthe

shear and VoiMises streses are the greatest

Premodern bearing fatigue theory, whose roots still pervade the morermtiwtories and ISO
standards(ISO 281, 1990ronsiders the maximumaiternatingshear stress as the critical
influenceon subsurface bearing fatigug.undbeg, 1947) The shear stress parallel to the

surface,z‘zy, actually reaches a maximurm at a point near the edgf the contact area

perFigure4 and directionally cycles as the rolling element passes throudbatied contact zone.
The calculated depth diis critical point is slightlycloser to the surfag®.50avs. 0.78athan

with the maximum shedrr,; .. ) theory

Zy-max !
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Figure 4. Sub-surface shear stresses assuming zero traction forces at surface.
Reprinted, with permission, from STP 987 Effect of Steel Manufacturing Processes
on the Quality of Bearing Steels, copyright ASTM International, 100 Barr Harbor
Drive, West Conshohocken, PA 19428.

Of key importance to this background is that frorh e | at ek olLrtlifedy and w o
Palmgren, (194 7Ayre get the connection of the fundamental law of Weibull thgd¥gibull,
1939)which describes therobability of rupture due to distribution of stress over golume to a
useful bearing fatigue Eftheory. The Weibull function so noted is:

In€¢-F* =— [, n& dv (5.1)
Lundberg expanded Weibullés function to describe th

loading and combined the theoryaifernating shear stress damage through ssatface depth of
Zy into the equations to arrive at the function:

Iné:fto,N,zoj/ (5.2)

With empirical data, Lundberg et #1.947)found a relationshigo fit their real bearing test results
and arrive at a most important relationship between the probability of rolling bearing fatigue
failure, to the applied stress amolume stressedThis relationship can be written as follows:

ns- %o 'hN :
s 2z

\Y; (5.3)

where:
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F" = probability of failure , V = volumeaffectec, S= probability of survival,
7, = maximumalternatirg shearstresg(z,, in Figure4),

h, c = empiricalconstant,

e = Weibulldistribution(slope)of rolling bearindgatiguelife .

The main point to be taken from rétaship 5.3 for is that the probability of fatigue survival (of
the bearing) is inversely related to the volume stressed. As the affectedrfade stressed
volume increases, the probability of survival decreases.

Further derivation from relation 5.8 provided by Harris (1991ip the simpleuniversally used
rolling contact bearing fatigue life equation, in which the effect of volume stressed is linked via
the bearingapacity Written in the more common industry standard form, this equation is:

p
(3

L = fatiguelife of bearing,in millions of cycles,at90%r eliability (L ,,),

C = bearingcapacitydependingiponbearingsizeandgeometry1ISO281,1990),
P = appliedloadtobearing,

p = exponenperbearingtype(3for ball bearingsl 0/3for roller bearings.

where

1.3 SCATTER IN ROLLING BEARING FATIGUE RESULTS

Weibull religbility analysis (Harris, 1991, Eschmann 1985, Murthy 200@ibull, 195} is well

known in the fatigue testing world, and is a primary means of evaluating bearing fatigue results.
Weibull analysis of fatigue testing provides a wide range of relialifigssments as well as

being an economic testing method. In rolling bearings, the reliability is vital to the discussion of
how much service lifeanbe expected from a bearing design due to a wide range (scatter) of
fatigue results found from experience.

Figure 5from Eschmann (198%hows a scatter plot from a test of thirty (30) 6309 ball bearings

run until fatigue failure. These parts are said to be nearly identical, and were run under identical
conditions. From this data, it is seen that the shoniestime was about 15.e6 cycles while the
longest run time was 300.e6 cycles, a 20:1 range. This scatter is considered typical from bearing
experiencgother similar examples are provided by Harris (1991)e to the wide scatter, it is

clear that prediatg a service life for a single bearing is not possible, and that statements on
fatigue life can only be made in terms of expectdbility.

The explanation for the wide scatter is that
manufactured staces, and in the base material. With few weak points present in the components

September 20, 2006, Gabriel F. Dambaugh, P.E.
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from which stress risers (however small) could deve
crack will develop very seldom, and in a random fashion such as (pethepsgrt that ran only

15.e6 cyles per Figure 5 Longer running parts likely have their own weak points in areas of

lower stress; fatigue is still developed in these regions, but over more cycles. How the condition

of the base material can affect thesetved scatter range will be discussed in later sectionssof thi

paper. It should be notedowever that this wide scatter is one of the main considerations when

using high strength bearing grade steelgnncsural fatigue applications.

300;
108 revs, |

250t

200t

-

0 15 20 25 30

Bearing number

Figure 5. Scatter plot of 6309 bearing fatigue results under identical test
conditions. From Eschmann (1985) Copyright John Wiley & Sons, Ltd.
Reproduced with permission.

As noted above, a widely used tool for bearing reliability is Weibull analysis. In the badialWei
form, data points (fatigue failuspare plotted on a log scale for the run time on the abscissa, with
the ordinate representingetifiailure probability as log I4f(1 7 F(t))] for the failure probability

F(t) =1-exp[-(t/T)¥] )

where T is the point which 63.2% of the samples have failed and k corresponds to the gradient of
the plotted straight line. A large k indicates less scatter while smaller k values indicate more
scatter. For rolling bearings, & slightly above 11.117 1.35)depending on the bearing type
(Eschmann, 1985)Each running time, t, is plotted accordingly to develop the finaibll plot

as shown in Figure.6
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Figure 6. 6309 test results charted with Weibull parameters. From Eschmann (1985)
Copyright John Wiley & Sons, Ltd. Reproduced with permission.

As asidenoteg instead of evaluating scatter on the basis of the Weibull slope, one can also
compare the iy (median life) to the Ly (90% reliable) results of a fatigue test. Falling
bearings, the standaexkpected_ s, is 5 times greater thang, or a 5:1 ratiqHarris, 1991) The
6309 parts noted abovmda Lsoto Lig ratio of 70e6/17e6 = 4.1:1.

The experiences of very wide bearing fatigue scatter, greatly due to theafaheanaterial, is
something to be considered when using the same materiatachkine componestructuraltype
application. The nature of these bearing quality steels is discussed in the following section.

1.4 DISCUSSION OF ROLLING BEARING STEELS

The basis of the high load carrying capability and reliable function of rolling bearings is the steel
from which they are produced-rom a mechanical viewpoint, bearing grade steels are mainly
charaterized by high hardness (HB&65) andvery high tensilestrengh. Excellent wear

properties andolling contact fatigue endurance with reasonable impact resistance can also be
expected It is the final manufactureahicrostructureof the steel that ultimately provides the
necessary mechanical properties delsioe rather required. Note that for the remairafehis

paper, we will mainly considdrigh-carbon througthardening Boyed steel, SAB2100 and its
equivalents, as it is still the most widely used beagiragle steel across the indugtirlarris 1991,
Voscamp 1988, Pearson 1988).

Now considering the microstructure from the metallurgic point of view, bearing grade steel
microstructures in an optimal catidn are characterized by (Voscamp, 1988, Pearson, 1988,
Carpenter, 2006, ASTM A2988 and A48594):

e BCT tempered m@rtensite microstructure (Figurg
e Fine gran size: ASTM 8 or finer (ASTM E1126)

e Fine and uniform distribution of carbides

September 20, 2006, Gabriel F. Dambaugh, P.E.
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e High degr ee of ighiyconadeddonmetalicsnolysion conent t

With a fine grain size, is expected that the 52100 should exhibit high static strength. It has long
been understood that finer grains in ferrous metals producertstgtic and fatigue strengths
(Dieter 1986, Hertzberd 996, Socie, 2000)It must also be emphasizéthat the hjh strength of
martensitas due to several mechanisms (Hertzberg, 1886)that for the purpose of this paper

we will mainly considerthe end results. With tensile strengthSor example, it has been found
that strengths of up to 2550 MPa (370 ksih be realized for 52100 with the proper combination
of austenitzing and tempering temperatuf@wirlein, 1976 and Stangner, 198GNA USA

testing has verified these strengths using similar heat treatmeinationsThis high strength is
indeed indcative of relatively long expected rumgj times of a rolling bearing.

77400000 um

Figure 7. Micrograph of a typical tempered martensite microstructure showing fine
and uniform carbides. Photo by INA USA.

In the previous section, data pertaining to beaiifiegstatterwas discussed. The main reason
the bearing fatigue scatterdim the microstructure, or rather, randathomogeneities the
microstructure. Some forms of inhomogensitieclude pores and banding (Harris, 198dth of
which are causkby improper solidification processesidthus can be controlled during steel
processing. The mercommon known sources of artiomogenous local volume in the
microstructure are nemetallic inclusions. The content of these inclusions are tightlyaibed

in bearing grade steels (ASTM A298 and A48594) yet they still exist with present technology,
however small in number and size.

Since the middle of the 2@entury, bearing steel producers have taken steps to improve methods

for reducing the caent of nommetallic inclusions, with the result being greater and more reliable

bearing duraltity across the entire indust(reen, 1998)For exampl e, during the 196
became increasingly popular to utilize vacuum degassing and vacuum meltergsysich as

VIM and VIM-VAR processes to produce bearing quality steels aihigh degree of cleanliness

(Harris 1991, Green 1998, Zaretsky 198RBesearch on how these processes affect the quality of

bearing steels ensued, which resulted in many dostadeases of correlation between bearing

fatigue lifetime and inclusion content. It is now generally understood from these efforts that the

September 20, 2006, Gabriel F. Dambaugh, P.E.
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purity of the steels has a significant effect on fatigue life and scatter. Some of this research is
presented inhte selected refences (Schlicht, 1988, Hampshit®88, Monnot, 1988, Zaretsky,
1988, Lormand, 1998nd will be discussed further in the next section.

1.5 INCLUSION EFFECT ON BEARING LIFE

As the elastic continuum beneath the surface of a bearingsratressed by the contact pressure

in a roling bearing application (Figure) 4ny discontinuity in the otherwise homogenous structure

will result in even higher stresses, osteess riselaround that discontinuity. loal plastic

deformation is anothdikely result around such a stress riser. A-ngetallic inclusion in an

otherwise highly clean microstructure is one such discontinuityntitatally existdn bearing

steels, even after the manufacturing efforts mentioned in the previous secticedaréom

eliminate them. The research previously referenced strongly supports the common knowledge that
classic bearing fatigue often originates at an inclusion. This was actually understood by the first
half of the 28 century, prompting issuance of tA&TM specification A295 in 194@Green,

1998)

Figure8s hows a section view through a fatigue fispall
origination is suksurface at a point corresponding to a trail of alumina type inclusions. From

experience, the shapadnature of the pitting seen at the race surface is typical of cleessiing

fatigue per this photo.

40 um

Figure 8. Section through bearing fatigue spall showing inclusion trail in area of
high shear stress. Reprinted, with permission, from STP 987 Effect of Steel
Manufacturing Processes on the Quality of Bearing Steels, copyright ASTM

International, 100 Barr Harbor Drive, West Conshohocken, PA 19428.

ReviewingFigure 8and holding he fAstress riserodo concept in mind,
any industry to deduce that with a reduction of such-matallic inclusions, longer bearing life is
expected. The research indeed supportstss,data fronone such study of inclusion content

September 20, 2006, Gabriel F. Dambaugh, P.E.
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effecton life is provided in Figure @chlicht, 1988wheea | ower summati on of #Acl ear
essentially denotegfver inclusions.

75

0.5t

0 i
0 L 8 12 16 20

Cleanliness E S

Figure 9. Test results showing reduced bearing fatigue lives with increased

inclusion amounts. Reprinted, with permission, from STP 987 Effect of Steel

Manufacturing Processes on the Quality of Bearing Steels, copyright ASTM
International, 100 Barr Harbor Drive, West Conshohocken, PA 19428.

We now come to an explanation of wide bearing fatigue scatter taken from the data presented

above: Since modern bearing steels are pratiudh relatively tight yet imperfect controls on

allowableinclusion levels and sizes, (ASTM A28 and A48%94)a fAcr i tical 0o inclusi on
exi st in a dAcrit iarandoin hasisdanlyVehenssect a discohtinuityedoes o n

notexist inthecritically stressed volumeagain due to the high degree of steel cleanliness, we

often get significantly longer running times compared to thetthe bearing group. For

example, if we comparealculatedL oo versuscalculatedL ;o per Haris (1991) that ratio is

approximately 14:1.

At this point it must be duly noted that geometry and surfacati@mican also causeme

bearing satter However, the surface condition of most modern rolling elements and races in a
typical industry standard bearing)@f very high quality such that it is not expected that surface
finish variation will result in a large percentage of the scatter typically experienced. Similarly
with geometric variation, some scatter is expected, but very fine tolerances are cowithited

given manufactured lot. For example, INA produces needle roller bearingsowitiore thara

2em tot al v aanetrinaoymgivan bearimgddhse standhid. Finally, variances

in lubrication conditions, test rig setup, etc. from part to part within a given group, also play some
role regardig bearing fatigue test scatter.

One of he mainpoints presented hergthatintrinsic to the base metal and processing of the
materialitself, lies a feature (nometallic inclusions) which will often result in relatively wide
scatter in fatigue results in bearing applications. One is adigsashsider this scatter, and its
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reasons, when using high strength bearing qualiissta other types dftructuralmachine
componengapplications.

2. BRIDGING THE EXPERIENCE OF ROLLING BEARING FATIGUE TO
STRUCTURAL FATIGUE WITH HIGH STRENGTH BEARING STEELS

2.1 FATIGUE CONSIDERATIONS OF STRUCTURAL MACHINE APPLICATIONS

We shift our attention now to more general structural fatigue type applications while drawing from
some of the bearing related points as discussed in Part I. That is, what lessonsaring

technology related to fafue are most advised to takédmonsideration when using high strength
bearing quality steels as structural machine members? To provide some bridgesmaitaat
experiences from the bearing industry aosv sharedo hdp make appropriate comparisons and
connections.

2.2 COMPARISON TO STRUCTURAL FATIGUE: SUB-SURFACE VS SURFACE

As discussed previously, it is well established that inclusions existing in the base material play a
vital role in the fatigue life of aolling bearing, and that these failure points usually initiate

beneath the free surfacédere then is one distinctiometween structural and bearing fatigue: In

the field of structural fatigue, it has long been accepted that fatigue cracks almost altistgs i

on the free surfacfDieter, 1986, Socie, 2000, Forrest, 196)his distinction can be exghed

by review of some factsdm the basics: With bearing loads, the highest critical strdsmisath

the surface, while with most other structural lagggions, the highest critical stressaitsthe

surface. Furthermore, crack initiation at the surface of a structural application is accelerated by
surface finish effectShigley, 1989Dieter, 1986, Juvinall, 1991inless the surface is

conditioned savellastohaveasoal | ed fAmirror polisho with zero i mpeé
a fatigue crack to nucleate from.

Thus, the next point to consider when using high strength rolling bearing steels for structural

applications is that a fatigue crack caigirate at obeneaththe surface when cyclically loaded,

for example in bending. The potential influence of-sulface inclusions must still be considered

when using bearing grade steel for a structural menib@s is in contrast to more ductile steel

since it has been found t hlaitt tfflag i gfufeeetnadd amye ei d |
(Forrest, 1962)

From a discussion on data scatter related to stru@ppdications, Juvinall (1991) statdsmt

Aféfatigue f aildcalpoes soonfgrebbei ae weaknesséo Given t
of the base microstructure, and assuming that &/fgreund or better surface is produced, the

fatigue failure mode of bearing steels in a structural application can still be fresudabe

inclusions as opposed to surface nucleates. At these stress risers, it is likely that local plasticity

develops around the edges of the inclusion, corresponding to an accepted phenomenon that

structural metal fatigue often originates from areas of localizgul $trains, often plastio nature

(Stephens, 20QBocie 2000, Juvinall, 1991)Supporting evidence from bendingifate tests of

bearing grade SAR2100 stel made at INA USAs presented here. In these tests it was found

that the bearing grade 5216teel exhibited very high fatigue strength yet was susceptible to
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random fatigue failurérom critical inclusions existing in the stressed volume. It was discovered
that the fatigue failures did not originate from surface nucleation points, but ratimesfto
surface stress risers due to aoatallic inclusions just over 1@icronsin size.

FATIGUE SAMPLES
MATL: SAE 52100 STL 52 1304011
2.0924 0051
FLAT REQUIRED

critical section only

25.400%0.130
10000 005t

i 19738

R

BREAK EDGE 2 PLS

31.750+0 130
| 1 250070051

6.350

Lo F
ZhaDRE
|

10.033*0.025
3950+ o010

25 400+0 050
1.0000% o020

,_f . | : i

12700
- 11938
127 0000 025 _ _ 000 e 700 MEF
5.0000% oot

load, sinusoidal

11.024 5 1ap
L340 o5

Figure 10. INA USA SAE52100 test sample sketch.

For these bending tests, samples from a single heat of 52100 were machined to the configuration
as $iown in the sketch per Figure 1dhd heatreated to a hardness range HRR®4. The sketch

shows a flat on the critical surface opposite of the applied load, which is centered between the
supporting 10mm pins, spaced 127mm apart. The purpose of the flat setitmin@ease the
amount of volume stressed in the critical area. The samples were loaded in bending, with a
hydraulically actuated MTS machine, such th#teoreticalsinuoidal pulsating tensile stress

from 0 t0221.5 ksi (R=0)was applied to the flarea in the center of the test bedine flat itself

was finely ground witlthe surface being controlled such that the resultingaRies were on the

order of 0.2microns

By utilizing standard textbook fatiguessessmemtrocedures, for exampéetypicalmodified
Goodman metho(Shigley, 1989)the expectedatigue approximatiomvould suggesthatthese
samplesvould notbe expected teeach 1e6 cycles before failure as a mediag) fesult.
However, the real
seerby the Weibulplot of the testesults as provided in Figure.11

September 20, 2006, Gabriel F. Dambaugh, P.E.
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Figure 11. INA USA SAE52100 bending test fatigue results from 1997-1998.
HRC60-6 4 ,nx® 221,500 psi, R = 0. Note sl ope, b

Only two of he tentested samples failed under 1.e6 cycles and ¢heekult (Figure 1lwas over
3.e6 cycles A key point is that the testing resulted in a Weibull slope of just bvil.196)

which iswhat is experienced in rolling bearitests Also note theange from high to low was
21:1 over 10 pieces, (13.1/0.62) again similar to bearing test experience and calculations, as
discussed in Part Thecommon thread in this comparisithe nature of the material.

The location of the fatigue origination parih the bending tests presed is also of key interest

Wit h t he Tfatgaelsafetylfaatar beiigss than 1, we would typically expect fatigue
cracking to originatat the free surfacen a structural bendingpplication(Dieter, 1989 and

Sock, 2000) However, as noted previously, bearing grade steels are susceptible to fatigue failure
due to intermittent suburface inclusion content, even though this content is kept to a minimum

by the industry. For the INA USBAE52100 bending tests asggented here, all of the samples
were found to fail at origination points clearly beneath the surface of maximum stress, all-at a non
metallic irclusionas shown in Figure 12Hence, when using bearing grade steel in structural
applications, one must exgtethe potential for a high scatter of fatigue cycles to failurkgripe

part due to the variance of steel cleanliness in the criticalgstd volume from part to part.

Figure 12shows SEM photographs taken from the fracture surface lwhéweals a TN
(titanium carbenitride) inclusion on the ordexf 10 micronslong at the center dhe fatigue
origination point.
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crack orig_'rﬁ- ;

Figure 12. From INA USA testing, SEM photos (70x left, 200x right) showing sub-
surface origination of fatigue failure at non-metallic inclusion of 52100 sample.

Upon further inspection of the fracture surfaces per the SEM photos, it is believed that the likely
sequence of eventgasas follows:

1. The original crack developed at the edges of the TiCN inclusion, followed by

2. Crackprogression over more cyclastil a critical internal crack size is reached

3. Finally,the size of this internal crack reactzesriticallength(about1007 200microng
resulting in sudden fracture of the entire sectimuad the seemingly smalftack.

The reader my consult the references (Dieter, 1986, HertzkE9§6, Stephens 2000 the

study offracture mechanic® review how greatly a crack of the size and shape as seen in the
SEM photos above can adversely affect materials of verystighgth, i.e. those with lowK
values such as bearing gradAE52100.

In summary, the experience gained from the structural testing presented here helps to support the
main fatigue related connections between rolling bearing and structural appliedatiobsaring
grade steel

e As with bearing applications, bearing grade steel provides excellent fatigue durability
properties under fAstructural o fatigue |l oading c

e As with bearing applications, a high range of fatigue scatter, withWealopeson the
orderof], is to be expected in fistructuraldo applica

e Fatigue crack origination can develop sisface at inhomogeneities in the
microstructure, such as naonetallic inclusions. This phenomenon is seen in bearing
applications as wellsain gructural fatigue testing ancbntrass to the understanding of
the effect of similar inclusions imoreductile steels.
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2.3 HARDNESS EFFECT ON STRUCTURAL FATIGUE RESULTS

Itiswellaccepted hat a geometric disconti muintoy chmgor sucdmman
a fillet or hole, creates a stress risedgignwhen located in the load path of a structural

member. Stress risers also arise from surface imperfections assdréate discontinuities. Thus,

in a qualitative sense, the effect offage roughness and/or sehrface inclusions can be thought

to have similar relative effects on the fatigue strendth part as design notches (Dieter, 1986); in

either casdt is understood that a local plastic zone develops in a small area wheue fatig

initiated over many load cycles.

Thereduction in the material fatigue enduranioehavior, oisensitivityto notches, has been well
documented to be a function of the material tensile strength or hardness. eXgqatés the data
from Figure 13 nach sensitivity has been found to increasénwénsile strength and hardness
(Shigley, 1989Dieter, 1986, Stephens, 2001, Juvinall, 199Basically, machine elements with
higher strength/hardness will realize a more drastic reduction in fatigue ecelai@nto the
presence of notches (or similar stress risers) as compared to a more ductile material.

Notch radius 7. mm
0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

L0 00 KPSt (1L4CP
- (1.0}

Sat -
0.8 a0 0.7

0.6

Notch sensitivity ¢

0.4 :
/ ——— Steels
=== Alum. alloy
0.2
L . | H _ _ I
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Notch radius 7, in

Figure 13. Notch sensitivity (q) as a function of notch radius and strength. Higher
sensitivity relates to greater reduction of fatigue strength.

Aphysical wunderstanding of this phenomenon might be
bl unt iductdednetald (Dieter, 1986, Laid®79 Laird, 1967)and cyclic plastic zone size

(Stephens, 2001)in short, the crack tip in a stronger (more brjtléss ductile) steel would have a

smaller plastic zone thusndnotto undergo alastic blunting processuch that once a fatigue

crack is formed, it will extend intthe critical cross section frolass applied energy than a ductile

steel. Dietef198) even statesonthetogice Thus it i s possible in certain
decreasdatigue performancey increasing the hardnessr t ensi l e strength of the |

Another main point of consideration when using bearing grade steels as alipidaded
structural membein a machine componeit thatdue to tke effect of notch sensitivity is:
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e In comparison to more ductile steels, the very high hardness and strength of bearing
grade steels make it imperative to consider the potential damefints of imperfect
surfacesdesign notchesr inclusionspn fatigue endurance and scatter.

The purpose of this section is not to prove how trelihess of the steel relatedatigue results,
but rather to present test data concerning bearing gradiéostéed in a structural manner. INA
USA conduted somefatigue testindo investigate notch effect vs. hardness of a typical bearing
grade steel and to support the above mentioned point of consideratioresiTtiata presented
below is froma low carbm carburizing grade bearing steel used for drawn cup bearings.

Flat test coupons (samples) were stamped from strip stock and notched in th@eetiiersketch

shown in Figureld. All samples were made from the same low carbon steel coil in the

manufactiring run. The samples were sorted into two groups, the difference between the two

being heat treatment only. One group was heat treated (carburize, quench, and temper) to a final

surface hardness in the ggnof HRC6064; the exact hardneisnot publshed here. Group 2

was heat treated to a surface hardness of HRC48. The case depth was sufficiently deep to prevent
failure initiation from the softer fAcoredo materi al
hydraulically actuated MTS machine,den pulsation with R=0.15such that the small notched

radius was located at the poioit maximum tensile stress from the bending load.
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Figure 14. INA USA Low carbon steel notched test coupon sketch.

The results from the bending fatigue tests ofddwbdurized steedamplesare provided in the

Weibull plot per Figire 15 The Weibull slopes are 7.25 and 1.76 for the HRC48 and HRE@60
samples, respectively. This data supports the idea that with more ductile steels, as opposed to
higher hardness steefatigue data will tend to exhibit significantly less scatter since the ductile
material isess sensitive to notcheand therefore less affected by taeadomnessf

discontinuities during the first stage of fatigeeack initiation
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Figure 15. INA USA Carburized steel bending fatigue test results. HRC60-64
samples compared to HRC48, R=0.15, Note sl ope difference, b2>

Other interesting points taken frothe test data are as follows:

1. Upon inspection of the fracture surfaces of the tested samples, surface initiated fatigue is
suspected although the cross sectigeometry makes thesesppections less than
certain. No core initiated failures were observed.

2. Resulting Lo between the two hardness groups are nearly the same, around 40K cycles.

3. Median lives (ls) between the two groups differ by nearly 2.5:1. (120K for HR640
samples vs. @K for HRC48 samples)

4. Two (2) samples from the HRC@ group were suspended at 2.e6 cycles, showing a
very high range (481) of individualfatigue cycle results withhigho surface hardness.
This compares to ange of approximately 2:14 samples) fnrm the HRC48 parts.

In summary, the higher hardness (higher tensile strength) bearing grade 4R @80 sampke

did in fact show amedian fatigue life improvement compared to the softer HRC48 samples.
However, higher scatter can make the assurance lofréligbility more difficult to assess from
limited sample testing. Note that because it is difficult at best to get the surface residual stress
accuratelywithin the small notch (Figure )4ve are unable to report any potential residual stress
differencebetween the twgroups at the area of interest.

Even withoutdesignnotctes,it still makes sense that ductile steel will exhibit less fatigyate
randomness comparedhaher hardness (more brittle) stéa cycles to final fracture. This is
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duein partto the fact that during stage 2 of fatigaeack propagationa fatigue crack in nre
ductile material will require more load cycles to extenth&fi ¢ r i t igth reduiéed fordinal
fracture. One way to understand this is through the concdtacture mehanicsas mentioned
previously Since dictile steel hasignificantly higher K values as compared to bearing grade
stee] the critical crack lengtfor fracture is largefor ductilesteel. The totalfatigue cycles until
final fracture (shge 3) for ductile steel thereforerelatively dominatedy stage 2 cycles, as
compared tdbrittleo (high hardness) steel. This tendséduce the effect dbtage 1
randomnesson thetotal cycle randomness to fihfracture for ductile steel.

Convesely, the total fatigue cycles of mdilerittled steels areelatively dominatedby stage 1
initiation, thusmore total randomnesséspected since it is at or neaetburface whereariations
due tomanufacturingprocesses exist, in turn randomiziiagjgue nucleatioroccurrences

2.4 STRUCTURAL MACHINE APPLICATIONS WITH BEARING GRADE STEEL

Because of the inherent scatter and fatigue sensitivities regarding very high strength steels as

discussed thus far, it may seem clear to the reader that the hesariofy grade steel does not

appear to be a good choice compared to traditional
in a structuramachineapplication is required. In some applications, however the use of bearing

grade steel is either inealtle, or the best economic soluticBomemachine elemergxamples

from situationswherebearing steeterves asa structuraly loaded membeare listed here:

1. Shafting: Radial bearings often run directly on a shaft surfatedgaring raceway
while the shaft also simultaneously suppamyslic bending loads.

2. Cylindrical Roller Bearing Flange<Certainradial bearing mustsupport cyclic thrust
loads against a flangsuch as cylindricabller bearing equiped with opposing guide
flanges

3. Unigue EBDuyd App !l i(Zohmanyexamples)

0 The bearing race material of a universal joint beafeg Figurs 16 and 17
supporsfi n e e lwbdringipadsas well acyclic thrust loads fronthe end of the
trunnion (shaft) creating bending and shear stegthe bottom ofthefi ¢ u p 0 .

o0 The washer of an axial ball bearing whifunctionsas apiston driver in a hydraulic
pump applicatiomer Figurel8, while the race supports the bh#aringload
Bending and shednads are generatdubtween the balls.

Thebearing components noted abparad othersiot cited,are manufacturedsa singlepartand
areuniformly heat treated such that the critiaad¢as irbending or sheaare of the same high
harchesssteel as the race surfaces which see the bearing lbisitsg the bearing material for two
functions is generally less expensive than having a multiple piece assembly with a varied material
selection. With shaftinghe concern is naine of considering multiple piegébut rather from the
economics okeepingthe entire shaft uniformljieattreated as compared ittduction hardening

the raceareaonly, to cite onéheat treatlternative.

September 20, 2006, Gabriel F. Dambaugh, P.E.



Fatigue Considerations of High Strength Rolling Bearing Steels 20

trunnion

Figure 16. Exploded view of universal joint bearing system with 4 full compliment
needle bearings. which see axial force (right) in addition to radial force.

Figure 17. Needle bearings in u-joint see axial force in addition to radial force.
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Figure 18. Positive Displacement Pump with axial piston drive with INA ball thrust
bearings loaded by hydraulic pistons.

2.5 FATIGUE ASSESSMENT WITH 52100 FINITE LIFE APPLICATIONS

The VPD(Virtual Product Developmentapabilities and practices of the worldwide &effler

Group areextensiver angi ng near |l y t h&nowenCAEtaolsandgnaoralrdr of t odayods
infinite life fatigue assessment with strdiés methodsthe Schaeffler Group primarily uses

standards taken frothe FKM guideline(2003) The purpose of this papdroweveris to extend

some of the VPD experiences relatedinde life fatigue analysis and testing with bearing grade

steel at INA USA. Of prticular interest is how the fafe™ program has mvided correlation

with recent fatigue testingnd validatiorat INA USA with SAE52100 bearing steel.

Two applications wittSAE52100 bearing races, loaded in a structural manner, were chosen for
fatigue analysiso test anccompare fesafé" finite life cycle results to testing data:

1. INA Tripod Rollerstested in bendingnd sheaas fatigue coupons. (Figur@)1

2. INA Axial Ball Bearings (Figure D8ested in bendingnd sheawith balls fixedin
position.

It should be noted that the testing and analysis made for this purpose represeAESRE00
capability to endure structural bending loads without rolling contact loadse taatield
applications, théearing races woultypically see rolling contacind bendingoadscombined
The data and analysis therefore becomes more valuable when conside8AdEH24 00 for
purely structural conditions. Both tifese applicationaere fatigue tested under finite life load
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conditions by a simply appliedeyl i ¢ pul sating (R & igdlyattmtadd us
MTS equipment.

2.5.1 Tripod Roller Structural Testing and Analysis:

INA Tripod Rollers as shown in Figure 1&e used in typical CV Joint type automotive
applications. Product validatiorinvolves several phases;ne phaseof the validation program is
simple fitigue testingf the auter race (roller)

Figure 19. INA USA photos of Tripod Rollers. Assembled in the bearing application
prior to CV joint assembly (right) and test setup (left) in MTS station.

The shapeand test configuration of the tripodliersare very convenienbf FE analysis and

fatigue asessment purposasd make excellent test coupons. With a basic stagaimply

applied load, the confidence in the FE stress resultsiginend the location of the most likely

area of concern for fatigue failure is evident. The spherical upper surface of the roller design also
serves to guarantee the loading pointlmnpart, even in the case of imperfect test fixtureipetr
manufactured geometry, again adding confieto the analytical results.

For the initial FE analysis of the tripod roller test, static structural FEy/sisalith ABAQUS/
Standards6.x was made In the FEM, the part is loaded on the top of the sphere with a rigid
surface ands supportel urderneath symmetrically (Figure R8s per théaboratorytest setup.

The actual FEM takes advantage of the simple roller geometry and taptteetectia the nodel

with 3 planes of symmetry, creatiadil/8 c u tegiresentation of threal part as shown in Figure

21. The ABAQUSprogram was easy to setup using surface to surface contact between the elastic
body of the tripod roller and rigid surfaces foettooling. Automatic time increments eased the
optimization of the running of the analysis through the load step.

The FEresult of interesis thetensile stresalongthe inner fiberinner diameterdf the part,
directly underneath thapplied load. Te failure origimtion of tested real pangaslikewise
found to be irthearea of theénner diametedirectly under the load pat.
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l load

Figure 20. FEM setup of tripod roller fatigue testing with load applied by rigid
surface contact on OD.

Figure 21. Final meshed FEM of tripod roller with 3 planes of symmetry.

After obtainingstatic FE stress resultinite life fatigue assessmefdr the tripod rollerwas made
using fesafe™ v5.2 from Safe Technology, LtdWith a simple sinusoidal pulsatifgad cycle,
the inputs for the fsafd" programare strightforwardusingthe software GUI.

For this example, the essentielsafd" inputsto consider are:

1. FE stress and strain result

2. Proper heory (straidife, stresdlife, Goodmaror Morrow corredion, etc.)

3. Material poperties
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