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ABSTRACT
Based on experimental life data on silicon nitride balls, the stress-life exponent and life constant
in the generalized ball life equation, developed earlier, are modified to better simulate the fatigue
life of silicon nitride balls in hybrid ball bearings. The modified ball life equation is then integrated
with generalized life equations for the outer and inner races to model the life of a complete
hybrid ball bearing. It is found that in view of the relatively high stress-life exponent for silicon
nitride balls, computation of hybrid bearing life with infinite ball life may not be unreasonable.
Model predictions are in good agreement with limited available experimental life data on hybrid
ball bearings.
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Introduction

It is well established that the higher modulus of elasticity of
silicon nitride, under prescribed geometry and applied load,
leads to higher contact stress between a steel race and a silicon
nitride ball, in comparison to that obtained with an all-steel
contact. Though the difference in contact life of silicon nitride
and steel rolling elements at any stress is subject to the differ-
ences in fatigue behavior of the two materials, the contact lives
of the steel races are definitely reduced with the increased
contact stress in hybrid contacts. Such a reduction in the life
of bearing races has led to a common speculation that under a
prescribed applied load, the life of a hybrid bearing is less
than that obtained with an all-steel bearing. Although for
most relatively low-speed applications such a speculation may
be valid, in general, the contact loads at the rolling ele-
ment–to-race contacts in a rolling bearing under a prescribed
applied load and speed may not be the same between the all-
steel and hybrid bearings even when the race and rolling
element geometries are identical. For example, in an angular
contact ball bearing, the reduced centrifugal forces and
increased contact stiffness with silicon nitride balls result in
altered contact angles, which lead to a change in contact loads.
Likewise, in radially loaded cylindrical roller bearings, the
increased stiffness with silicon nitride rollers alters the load
distribution in the bearing, which affects the contact loads; in
addition, the reduced centrifugal forces on silicon nitride roll-
ers alter the contact loads.

In addition to the above geometrical effects, the stress-life
exponent and base life constant in the silicon nitride rolling
element life equation may be different from those for the
steel rolling element. This impacts the rolling element life

under any stress, which in turn affects the overall bearing
life. Therefore, in lieu of simple replacement of steel rolling
elements with silicon nitride elements of identical geometry,
a thorough redesign of the internal geometry of a hybrid
bearing to optimize the contact stresses and resulting life is
necessary. Though the geometrical effects are modeled by
load–deflection analysis for the bearing, enhancement of the
life equation for silicon nitride balls for improved design
and performance simulation of hybrid ball bearings is the
primary objective of this investigation.

The majority of rolling bearing life estimates in practical
bearing designs have been based on the original Lundberg-
Palmgren (LP) model (Lundberg and Palmgren (1, 2)). This
formulation is based on unpublished experimental fatigue
life data for a large number of bearings made with the pre-
1950 AISI 52100 bearing steel. The model is based on
Weibull’s (3) fatigue hypothesis, which relates the fatigue life
to an integral of a subsurface stress function over the
stressed volume. By relating the subsurface critical failure
stress and stressed volume to the bearing geometry, the LP
life equation (Lundberg and Palmgren (1, 2)) expresses life
simply in terms of geometrical parameters of the bearing,
and properties of the AISI 52100 steel are part of the empir-
ical constant; in addition, the shear stress exponent in the
stress function is included as part of other exponents in the
life equation. In addition, bearing life is segmented into
outer and inner race lives only, with no provision for an
independent treatment of rolling element life. Because the
model constant is developed by correlating the bearing life
prediction with that obtained experimentally, the life of roll-
ing elements is implicit in the computed race lives.
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When the life equation only contains geometrical varia-
bles, modeling of bearing materials other than AISI 52100
bearing steel becomes difficult with this original form of the
life equation. Most implementations of the LP life equations
to hybrid bearings only adjust the contact stress to reflect a
steel versus silicon nitride contact. An example is the work
by Zaretsky (4), where the LP equation, with modified con-
tact stress, is used to compute the life of a 57-mm cylin-
drical hybrid roller bearing. Although the computed results
showed reasonable correlation with experimental life data
published by Baumgartner and Cowley (5) and
Baumgartner, et al (6), examination of failed bearings
revealed unusual number of roller failures with significant
roller damage, including fracture.

In order to more effectively implement the LP life model
to rolling bearings with arbitrary bearing materials, Gupta
and Zaretsky (7) have recently presented a generalized form
of the LP equation in terms of distinct material and geomet-
rical parameters, and the empirical constant, which is esti-
mated by correlation of model predictions with
experimental bearing life data, is independent of material
properties. In addition, independent life equations for the
races and rolling elements are presented, where the empir-
ical exponents and constants may be arbitrarily modified to
better model the behavior of the race and rolling element
materials. Of course, when both the race and rolling element
materials are set to AISI 52100, the life predictions obtained
with the generalized formulation reduce to those obtained
with the original LP equation.

In addition to generalization of the LP life equation,
Gupta and Zaretsky (7) have introduced a new life model
based on earlier work of Zaretsky (8). This newly introduced
model makes three fundamental modifications to the LP
equation: first explicit life dependence on subsurface depth
of the failure stress is eliminated; secondly, the maximum

subsurface orthogonal shear stress used by Lundberg and
Palmgren is replaced by the maximum subsurface shear
stress; and, finally, data variability in the stress-life exponent
is eliminated. With these modifications, the new Gupta-
Zaretsky (GZ) model better conforms to the original
Weibull postulation (Weibull (3)). The first two of these
modifications have also been implemented by Yu and Harris
(9), who presented a generalized life model for a ball bearing
in terms of a numerically rigorous integration of the stress
function over the stressed volume, similar to the one devel-
oped by Ioannides and Harris (10). However, the empirical
constant in the life equation is still estimated by correlation
of model prediction against experimental bearing life data.
Gupta and Zaretsky (7) have demonstrated that when the
empirical model constant is estimated by correlation of
model prediction with the experimental life data, a numeric-
ally intensive integration of the stress function over the
stressed volume does not provide any greater precision in
life prediction over the simple product of constant stress
function and the applicable stressed volume, as used by
Lundberg and Palmgren (1, 2).

Because life models for both ball and roller bearings are
based on the fundamental Weibull hypothesis (Weibull (3)),
the empirical constants in the dynamic stress capacity equa-
tions for ball and roller bearings may be related to the fun-
damental proportionality constant in the Weibull hypothesis,
as suggested by Gupta and Zaretsky (7). Thus, unlike the
original LP formulation, where the empirical constants in
dynamic load capacity equations for ball and roller bearings
are independently determined, the applicable constant for
roller bearings in the newly developed generalized life equa-
tion may be readily derived from the one estimated for ball
bearings. In view of these generalities and relatively easy
implementation, the generalized life equations (Gupta and
Zaretsky (7)) provide a viable starting point for the present

Nomenclature

AGZ Empirical constant in GZ dynamic stress capacity equa-
tion. Units depend on exponent c; ¼ Default value for all
steel bearings ¼ 6.4229� 108 N/m1.777

ALP Empirical constant in LP dynamic stress capacity equa-
tion. Units depend on exponents c and h; ¼ Default value
for all steel bearings ¼ 1.4599� 109 N/m1.933

a Major contact half width (m)
a� Dimensionless major contact half width for point contact
b Minor contact half width (m)
b� Dimensionless minor contact half width for point contact
c Shear stress-life exponent. Default value ¼ 31/3
D Rolling element diameter (m)
E Modulus of elasticity (Pa)
E0 Effective elastic modulus parameter for contact surfa-

ces (Pa)
G Geometric parameter in dynamic stress capacity equation.

Units depend on exponents c and h
h Subsurface shear stress depth exponent. Default value ¼

7/3
L Fatigue life (h)
m Weibull modulus or slope
pH Applied Hertzian contact stress (Pa)
pHc Dynamic stress capacity (Pa)

u Number of stress cycles of revolution of rotating race
f Ratio of critical failure stress to maximum Hertzian con-

tact stress
g Ratio of effective contact width to major contact

half width
_h Rolling element orbital velocity (rad/s)
j Model constant
kE Material parameter (ratio of E0 to E052100)
t Poisson’s ratio
n Ratio of depth of critical failure stress to contact minor

half widthP
q Curvature sum of contacting surfaces (1/m)

so Maximum orthogonal shear stress (Pa)
sm Maximum shear stress (Pa)
U Dynamic stress capacity adjustment factor
X Race angular velocity (rad/s)
xb Rolling element angular velocity (rad/s)

Subscripts
GZ Gupta-Zaretsky model
LP Lundberg-Palmgren model
10 10% failure probability (90% survival probability)
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investigation, where the objective is to enhance the life equa-
tion for the silicon nitride ball in a hybrid ball bearing.

The experimental data on the fatigue behavior of silicon
nitride balls generated by Parker and Zaretsky (11) are per-
haps the only available experimental data suitable for the
development of independent life equation for a silicon
nitride ball in a hybrid ball bearing. This work used a
unique five-ball tester to generate rolling contact fatigue fail-
ure data on a silicon nitride ball in contact with four AISI
M50 steel balls. For comparison purposes, the tester was
also used to generate life data for AISI 52100 and AISI M50
balls (Parker and Zaretsky (12, 13)). These experimental
data provide a baseline for the enhancements of shear stress
exponent and empirical constant in the silicon nitride ball
life equation in the present investigation.

Once an independent life equation for the silicon nitride
ball is established, life prediction of a hybrid ball bearing
still requires validation against experimental fatigue life data
obtained with full-scale hybrid bearings. Unfortunately, such
experimental investigations are still in the development
stages. The very recent data presented by Trivedi, et al. (14)
only provide a starting point. Therefore, in the present
investigation these data only provide an initial validation of
model predictions. As additional life data on hybrid bearings
become available, continued updates of model constants and
stress-life exponents may be necessary. Such updates are
readily facilitated in the generalized models presented in
this article.

Rolling element life model enhancement

Both the generalized LP and the newly introduced GZ mod-
els, as presented by Gupta and Zaretsky (7), permit inde-
pendent variations in the geometrical and material
parameters for the races and rolling elements. Whereas the
geometrical parameters permit a change in the operating
geometry of bearing elements as a function of operating
speed and temperature, the material parameters permit arbi-
trary selection of materials and facilitate modeling of prop-
erty variation as a function of operating temperature for
each of the bearing elements. Thus, these generalized models
provide a technically sound baseline for the development of
life equations for silicon balls in hybrid bearings.

Symbolically, for a point contact configuration in ball
bearings, the generalized equations for ball life at each ball-
to-race contact in a ball bearing are summarized below.

LP Model: The generalized LP stress-life relationship is
summarized as

LLP ¼ pHcLP
pH

� �cþ2�h
m

[1a]

pHcLP ¼ ULPALPj
� 1

cþ2�h
LP k

2�h
cþ2�h
E G

� 1
cþ2�h

LP u�
m

cþ2�h [1b]

Constant, jLP ¼ gfcLPn
1�h
LP

a1
[1c]

Reliability factor, a1 ¼
ln 1

S

ln 1
0:90

[1d]

Shear stress ratio, fLP ¼ so
pH

¼ 0:25 defaultð Þ [1e]

Shear stress depth ratio, nLP ¼ zo
b
¼ 0:50 defaultð Þ [1f]

Contact width ratio, g ¼ contact width
a

¼ 2 defaultð Þ [1g]

Material parameter, kE ¼ E'

E'52100
[1h]

Geometrical parameter,GLP ¼ D
1P
q

� �2�h

a�3�hb�3�2h

[1i]

Cycling frequency, u ¼
����xb� _h

Xr

����: [1j]

Here E' is the commonly used composite elastic proper-
ties parameter for the two interacting elastic solids,
1=E' ¼ ð1� t21Þ=E1 þ ð1� t22Þ=E2. The factor ULP, presently
set to 1 (one), is for future use when the empirical constant
is modified for further customization of the model.
Lundberg-Palmgren (1, 2) have proposed values of 31/3, 7/3,
and 10/9, respectively, for the exponents c, h, and m. These
values have been effectively used in virtually all life model-
ing efforts and they are well established as acceptable values
in all rolling contact fatigue life equations. Because the expo-
nent c defines the primary stress function, it is perhaps the
most dominant input in the life equation. Therefore, for
modeling of ceramic materials, the applicable value of c is
altered while h and m are assumed to stay at default values.
An acceptable change in the empirical constant ALP is then
computed by fitting the model predictions to experimental
ball life data.

GZ Model: Similar to the LP equation, the ball life equa-
tion in the newly introduced GZ model is expressed as

LGZ ¼ pHcGZ
pH

� �cmþ2
m

[2a]

pHcGZ ¼ UGZAGZj
� 1

cmþ2
GZ k

2
cmþ2
E G

� 1
cmþ2

GZ u�
m

cmþ2 [2b]

Constant, jGZ ¼ gfcmGZnGZ
a1

[2c]

Shear stress ratio, fGZ ¼ sm
pH

¼ 0:30 defaultð Þ [2d]

Shear stress depth ratio,
zm
b

¼ nGZ ¼ 0:786 defaultð Þ [2e]
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Geometrical parameter, GGZ ¼ D
a�b�ð Þ3P

qð Þ2 : [2f]

Again, the empirical constant AGZ is determined by cor-
relating model predictions to experimental life data.
Similarly, the factor UGZ, presently set to 1 (one), is for
future customization of the empirical constant. The material
parameter kE and the contact cycling frequency u are the
same as those defined in Eqs. [1h] and [1j], respectively, for
LP model.

In both the LP and GZ life models, the values of all
exponents and empirical constant, as already established for
all steel bearings (Gupta and Zaretsky (7)), are retained in
the race life equations, and the applicable values in the ball
life equations are modified in the present investigation to
better fit the available experimental life data for silicon
nitride balls.

Silicon nitride Hertz stress-life relation

Perhaps the only available experimental data on rolling con-
tact fatigue of silicon nitride balls are due to Parker and
Zaretsky (11), who used the National Aeronautics and Space
Administration’s five-ball fatigue tester to investigate the
fatigue life of silicon nitride balls as a function of contact
stress. The observed lives are compared with those obtained
earlier with other materials. The results are redrawn from
the original data in Fig. 1.

Figure 1 presents silicon nitride ball life data for the hot-
pressed HS-110 and NC-132 materials. These are early
1970s vintage materials. The HS-110 silicon nitride balls are
from a billet of an earlier grade of hot-pressed silicon nitride
material and the NC-132 is a later grade of silicon nitride
material that is denser and more homogeneous and has a
higher flexural strength than the earlier material HS-110.
Intuitively, the NC-132 silicon nitride material would be
expected to have a longer fatigue life than the HS-110
material. Indeed, this is the case, as seen in Fig. 1. The NC-
132 silicon nitride material is more representative of those
silicon nitride materials used in rolling element bearings
today. This material is therefore considered in the current
life model enhancement effort. Life differences in the two
values for the CVM AISI 52100 balls are related to the

variance between material batches. The Parker and Zaretsky
CVM AISI 52100 data (Parker and Zaretsky (12)) have a
greater number of test points and better define the stress-life
relationship. By comparing the CVM AISI 52100 and NC-
132 data in Fig. 1, it is clear that the two sets of data have
different stress-life slopes and the two lines intersect at a
stress point of 5.516GPa (800 ksi). Thus, the lives of AISI
52100 and NC-132 balls are equal at this stress. Further ana-
lytical evaluation of these data leads to the following two
significant findings related to the fatigue lives of silicon
nitride balls:

1. The LP Hertz stress-life exponent for a silicon nitride
ball is 16.

2. At a contact stress of 5.516GPa (800 ksi), the lives of
silicon nitride and AISI 52100 balls are equal.

There is indeed a question about relating contact lives
observed with circular ball-to-ball contacts to actual bearings
with an elliptical or line contact in ball and roller bearings,
respectively. The current subsurface fatigue life models are
based on an integral of a critical stress function over the
stressed volume, irrespective of the contact geometry. Thus,
though the life results obtained with a circular contact may
be applied to actual bearing with elliptical contacts, the
model constants should truly be derived by first formulating
a model with circular contacts. However, at the National
Aeronautics and Space Administration from 1979 to 1984, a
large number of five-ball test runs were correlated to full-
scale bearing tests, including extensive testing with 120-mm
bore angular contact ball bearings as used by Gupta and
Zaretesky (7). These results have shown good correlation
with those obtained with the five-ball tester. It should also
be noted that analytically, because the stress-life exponent
and model constant are derived by correlating the actual
bearing contact lives to the observed circular contact lives,
most of the variations between the circular and elliptical
contact are included in the computed regression coefficients.
Therefore, application of experimental data shown in Fig. 1
for the development of life models for actual bearings is
well justified.

The findings from the five-ball test results, as docu-
mented above, may be applied to derive the shear stress
exponent, c, and the applicable model constant for silicon
nitride balls. First, by equating the stress-life exponent in
Eq. [1] to the observed stress-life exponent value of 16, the
applicable shear stress exponent c may be computed by the
relation

cþ 2�h
m

¼ 16: [3]

Substitution of the default LP values of h¼ 7/3 and
m¼ 10/9 in Eq. [3] yields a shear stress exponent c¼ 18.11
for the silicon nitride balls. This value of c may be used in
Eq. [2] to compute the GZ value of the applicable stress-life
exponent of 19.91 for the silicon nitride balls. Using the
second of the above two experimental findings, the rolling
contact fatigue lives of silicon nitride and AISI 52100 steel

Figure 1. Experimental data on life of individual ball contacts, reproduced from
the original data published by Parker and Zaretsky (11).
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balls are equated, at a maximum Hertzian contact stress of
5.516GPa (800 ksi), to determine the empirical constant in
stress capacity equation for the silicon nitride balls. This is
done for both LP and GZ models. The computed results for
silicon nitride balls, along with the defaults values for steel
races, as developed by Gupta and Zaretsky (7), are summar-
ized in Table 1.

Although the present investigation is directed toward ball
bearings, the relationship between point and line contact
constants, as developed by Gupta and Zaretsky (7), may be
used to estimate the applicable line contact constant. Thus,
lives of silicon nitride rollers in hybrid roller bearings may
also be modeled.

For parametric evaluation of life of a hybrid ball bearing,
the above ball life equations along with the base formula-
tions for the races, as developed by Gupta and Zaretsky (7),
are implemented in the ADORE bearing dynamics computer
code (Gupta (15)). The predicted hybrid bearing lives are
then validated against the recent experimental data pre-
sented by Trivedi, et al. (14). However, before presenting
these validations, the predicted ball life is validated against
the Parker and Zaretsky (11) silicon nitride ball life data, as
presented in Fig. 1. For this purpose, the 40-mm bore angu-
lar contact ball bearing, also used by Trivedi, et al. (14) in
their full-scale hybrid bearing tests, is considered as an
example. The bearing geometry is documented in Table 2.

In complete conformance to the contact configuration in
five-ball tester used by Parker and Zaretsky (11), individual
ball contact lives for the ball-to–inner race contact in the
40-mm bore angular contact ball bearing are computed both
with the ball material set as AISI 52100 steel and silicon
nitride; the race material is set as AISI 52100 steel in both
cases. The LP and GZ lives of silicon nitride and AISI 52100
balls are then plotted as a ratio, as a function of the inner
race contact stress. The results are shown in Fig. 2.

These results are in complete conformance to the find-
ings of Parker and Zaretsky (11), as documented in Fig. 1.
Similar results are also obtained with AISI M-50 steel races
and other bearing geometries and operating speeds. In each
case, the results are closely coincident with those shown in
Fig. 2. Therefore, these results should be applicable to all
bearing geometries and race materials. Higher lives at lower

stresses with the GZ model compared to the LP model are
associated with the higher stress-life exponent in the
GZ model.

Life modeling for complete hybrid bearing

Once the contact life of a silicon nitride ball is validated, as
presented above, the enhanced bearing dynamics code,
ADORE, is used to model life of a complete hybrid bearing.
ADORE runs corresponding to the experimental hybrid
bearing data for the 40-mm angular contact ball bearing,
described in Table 2, are made and the model predictions
are validated. As a starting point, two sets of parametric
runs are made, the first one with VIMVAR AISI M-50 races
and balls and the second one with VIMVAR AISI M-50
races and silicon nitride balls. For the all-steel bearing oper-
ating at 10,000 rpm, the lives of the ball, races, and complete
bearing, as modeled by the generalized LP life model, are
plotted in Fig. 3a as a function of inner race contact stress
for the 40-mm ball bearing operating at 10,000 rpm. The fig-
ure includes the corresponding applied load axis so that the
results may also be interpreted as a function of applied load.
Because the bearing life is a statistical combination of the
lives of the outer race, inner race, and balls, it is lower than
the lowest of the individual bearing element lives.

Solutions corresponding to a hybrid bearing when the
AISI M50 balls are replaced by silicon nitride balls are
shown in Fig. 3b. A comparison of Figs. 3a and 3b reveals
that at a given contact stress, the life of the hybrid bearing
is higher than that of the all-steel bearing. This is primarily

Table 2. Forty-millimeter angular contact ball bearing geometry.

Bearing bore 40mm Pitch diameter 60.25mm
Bearing outer diameter 80mm Contact angle 22o

Number of balls 11 Outer race curvature factor 0.53
Ball diameter 12.70mm Inner race curvature factor 0.53

Figure 2. Silicon nitride ball life relative to the AISI 52100 ball life as a function
of stress in the 40-mm hybrid ball bearing operating at room temperature (293
K) and at a shaft speed of 10,000 rpm.

Table 1. Dynamic stress capacity constants for hybrid ball bearings.

Base Weibull slope, m¼ 1.111

Model constant LP model GZ model

Depth exponent for silicon nitride, h 2.3333 0
Stress-life exponent for silicon nitride cþ2�h

m ¼ 16 cmþ2
m ¼ 19:911

Shear stress exponent for silicon nitride, c 18.111 18.111
Empirical constant, A, for silicon nitride ALP ¼ 1.4732� 109 N/m1.962 AGZ ¼ 9.3047� 108 N/m1.864

Base depth exponent for steel, h 2.3333 0
Base shear stress exponent for steel, c 10.3333 10.3333
Base stress-life exponent for steel cþ2�h

m ¼ 9 cmþ2
m ¼ 12:133

Base empirical constant, A, for steel ALP ¼ 1.4599� 109 N/m1.933 AGZ ¼ 6.4229� 108 N/m1.777
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due to the significantly higher life of silicon nitride balls at a
given contact stress, resulting from the ball life enhance-
ments presented above. The race lives, at a given contact
stress, are almost identical between the steel and hybrid
bearings in Figs. 3a and 3b. The slight reduction in race
lives in the hybrid bearing is due to a small increase in the
effective elastic modulus applicable at the hybrid ball–-
race contacts.

Another notable observation in the hybrid bearing solu-
tion in Fig. 3b is that the bearing life is very close to the life
of the inner race. This is due to the fact that the silicon
nitride ball life is orders of magnitude greater than the race
lives. In fact, the computed bearing life is very close to that
computed by the race lives only with the assumption of
infinite ball life. However, it should be emphasized that this
observation does not imply that for hybrid bearings the gen-
eralized LP model converges to the original LP model,
which does not consider an independent ball life calculation.
The empirical model constant in the original LP model,
based on lives of AISI 52100 races only, is derived by corre-
lating life predictions to experimental AISI 52100 bearing
life data. The model constant in the generalized LP model,
which is based on independent race and rolling element
lives with arbitrary materials, is determined by correlating
model predictions to experimental bearing life data with
prescribed bearing materials. The empirical constant in the
generalized model is therefore greatly different from the

original LP constant, and it is independent of material prop-
erties. Although the two models provide identical results for
AISI 52100 bearings, the results are different for
other materials.

It should be noted that the above observations with
regard to comparison of all-steel and hybrid bearings are
specific to the present example of a 40-mm bore bearing
operating at 10,000 rpm, where centrifugal forces are small
relative to the applied loads. In high-speed turbine engine
bearings, particularly at light loads, the centrifugal forces
may result in a significant change in contact angles and
loads, which affects life. Additional parametric studies are
necessary to investigate the role of hybrid bearings in such
applications.

Solutions for the GZ model are similar, except that at
lower contact stresses the GZ lives are relatively higher due
to a higher stress-life exponent.

Experimental data and model validation

The limited experimental data recently published by Trivedi,
et al. (14) are perhaps the only experimental data currently
available in the public domain for hybrid ball bearings.
These data are used for initial experimental validation of the
proposed enhancements of life models for hybrid ball bear-
ings. The available experimental data are for the 40-mm
bore ball bearing, described in Table 2. The bearing operates
at a shaft speed of 10,000 rpm with an applied thrust load of
22,241 N (5,000 lbf). All test bearings are lubricated with the
common MIL-PRF-23699 type lubricant and the bearing
operating temperature is 400 K.

To establish a baseline, the first set of experimental data
in Trivedi, et al. (14) is for an all-steel bearing with
VIMVAR AISI M-50 races and balls, followed by a data set
for hybrid bearings with silicon nitride balls and VIMVAR
AISI M-50 races. In addition, hybrid bearings with silicon
nitride balls and races made with M50NiL and the more
recently developed case-hardened material Pyrowear 675
(P675) are considered in this experimental investigation.
Although the experimental data are limited, they include
both low-temperature-tempered (LTT) and high-tempera-
ture-tempered (HTT) P675 races against silicon nitride balls.
Because the experimental data provide actual bearing life at
prescribed operating conditions, whereas the life models pre-
sented above predict basic subsurface L10 fatigue life of the
bearing with no life modification factors, it is essential to
reduce the estimated experimental life with applicable life
modification factors for a valid comparison with the analyt-
ical predictions. For this purpose, the applicable STLE life
modification factors (Zaretsky (16)) are computed for each
test condition. The experimentally determined L10 life is div-
ided by these factors to estimate the basic experimental life.

The STLE life factors include life modification factors for
materials, material processing, material hardness, and lubri-
cant film thickness under pertinent operating conditions.
For all test cases, the suggested materials factor is 2, and the
materials processing factor is 6 for VIMVAR-type materials
processing. Though the hardness values for M50, M50NiL,

Figure 3. (a) Life distribution in the 40-mm bore VIMVAR AISI M-50 bearing at
room temperature (293 K) and a shaft speed of 10,000 rpm, as predicted by the
generalized LP model, (b) Life distribution in the 40-mm bore hybrid bearing
with VIMVAR AISI M-50 races and silicon nitride balls, at room temperature (293
K) and a shaft speed of 10,000 rpm, as modeled by the generalized LP model.
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and P675 LTT are similar, P675 HTT has been reported to
have a significantly higher hardness. This results in a signifi-
cantly higher hardness factor for the Pyrowear HTT mater-
ial. Lubrication factors for all test cases are similar due to
identical operating conditions; very small differences are
related to the differences in computed lubricant film thick-
ness due to small differences in elastic modulus of the race
materials at the operating temperature. It should be noted
that the life modification factors, although estimated from
experimental bearing performance data, may have significant
uncertainties. In addition to uncertainties in life modifica-
tion factors, the L10 lives, as estimated by Weibull analysis,
may be subject to significant uncertainties associated with
statistical variation in experimental data and test sample
size, as investigated by Vlcek, et al. (17).

A summary of all five data sets published by Trivedi,
et al. (14) is presented in Tables 3a and 3b. Table 3a lists
the materials used, operating inner race contact stress, and
observed failure indices, and Table 3b summarizes the
experimental lives; expected variations, per statistical proce-
dures developed by Vlcek, et al. (17); and the derived basic
lives using the applicable STLE life factors.

Note that the contact stresses listed in Table 3a are
slightly lower than those presented by Trivedi, et al. (14).
The discrepancy is related to the value of elastic modulus at
operating temperature. The current effort includes a vari-
ation in elastic modulus with operating temperature (18),
whereas Trivedi, et al. (14) disregarded this variation and
used the elastic modulus at room temperature. This is con-
firmed by performing contact stress computation at both
temperatures.

For the purpose of model validation, the estimated
experimental L10 lives are divided by applicable STLE life
factors (Zaretsky (16)) to derive the estimated basic L10 lives.
For each of the five data sets, these derived basic L10 lives
and associated statistical variations, as derived from experi-
mental L10 lives and applicable STLE life factors, are sum-
marized in Table 3b. Because the analytical model is based
on the well-established Weibull slope of 1.111, determined
from analysis of a large amount of experimental bearing life
data by Lundberg and Palmgren (1, 2), the WeiBayes

constraint is used to estimate the L10 life with a constraint
Weibull slope of 1.111.

Weibull plots of the experimental data set A with all-steel
VIMVAR AISI M-50 bearings and set B with VIMVAR
AISI M-50 races and silicon nitride balls are shown respect-
ively in Figs. 4 and 5. The dashed lines in Figs. 4 and 5 rep-
resent the expected life with the WeiBayes constraint. The
expected variations (90% confidence limits) in the estimated
L10 lives, per relations presented by Vlcek, et al. (17), are
also documented in Figs. 4 and 5.

Note that the L10 lives with the WeiBayes constraint are
quite close to those determined by the Weibull solutions
obtained by a least-squared fit to the experimental data. At
the prescribed thrust load of 22,241 N, the L10 life of the
hybrid bearing is notably lower that for the all-steel bearing.

Experimental basic L10 lives, derived from the data shown
in Figs. 4 and 5, after applying the applicable STLE life
modification factors (Zaretsky (16)) as documented in Table
3b, are compared with life predictions obtained with the
enhanced LP and GZ life models in Fig. 6. The expected
statistical variation in the estimated basic experimental lives
is also displayed in Fig. 6.

Clearly, the life predictions by both the enhanced LP and
GZ models are reasonably close to the experimental L10 life
estimated from the experimental data. In addition, at a pre-
scribed operating load, the life predictions provided by both
models demonstrate that the hybrid bearings have a lower
life in comparison to the all-steel bearings, as seen experi-
mentally. However, in view of limited experimental data,
uncertainties in the computation of life modification factors,
and uncertainties in operating variables, such as tempera-
ture, the relatively small differences between model predic-
tions and experimental observations are statistically
insignificant.

In addition to VIMVAR AISI M-50, Trivedi, et al. (14)
provided some experimental life data for hybrid bearings
with case-hardened M50NIL and Pyrowear 675 (P675) races
and silicon nitride balls. In case of P675, both the LTT and
HTT versions of the material are considered. For the LTT
version of P675 material, the material is tempered at 583 K
(600 �F) to produce a hot hardness of about 61 RC at a

Table 3b. Estimated basic L10 lives and associated statistical variation for the data sets as published by Trivedi, et al. (14).

Data set
Estimated experimental

L10 life (h)
90% Confidence band

on L10 life (h)a
Applicable STLE

life factorb
Estimated basic

L10 life (h)
Expected variation in
basic L10 life (h)

Set A 511 53–1,468 40 13 1–37
Set B 229 54–513 40 6 1–13
Set C 422 128–1,426 38 11 3–38
Set D 1,726 0–3,829 38 45 0–100
Set E 2,472 0–9,381 61 40 0–154
aVlcek, et al. (17).
bZaretsky (16).

Table 3a. Experimental bearing life data sets published by Trivedi et al (14); 40-mm angular contact ball bearing operating with PRF-
23699 lubricant, thrust load of 22,241 N (5,000 lbf), operating temperature of 400 K, and shaft speed of 10,000 rpm.

Data set Ball/race materials Race hardness (RC) Contact stress (GPa) Failure index

Set A VIMVAR AISI M-50–VIMVAR AISI M-50 61 3.01 5/12
Set B Silicon nitride–VIMVAR AISI M-50 61 3.37 9/20
Set C Silicon nitride–M50NiL 61 3.50 8/16
Set D Silicon nitride–P675 (LTT) 60 3.43 3/14
Set E Silicon nitride–P675 (HTT) 66 3.43 2/12
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temperature of 400 K, which is comparable to the hot hard-
ness of M50NiL. A significantly higher hot hardness is pro-
duced in the HTT version of P675, where the material is
tempered at 769 K (925 �F) to produce a higher hot hard-
ness of about 65 RC at a temperature of 400 K as reported
by Trivedi, et al. (14). In addition, Klecka, et al. (19)

provided similar hardness measurements for these materials
along with the variation of elastic modulus with case depth.
Whereas the failure index of M50NiL bearings is 8/16, it is
only 3/14 and 2/12 respectively for the LTT and HTT ver-
sions of P675. Although these limited numbers of failures
yield a rather large range of statistical variation in estimated

Figure 5. Weibull analysis for experimental life data obtained with the 40-mm hybrid bearing, with VIMVAR AISI M-50 races and silicon nitride balls (data set B in
Table 3b), operating at 10,000 rpm with a thrust load of 22,241 N (5,000 lbf; Trivedi, et al. (14)).

Figure 4. Weibull plot of experimental data obtained with the 40-mm ball bearing, with VIMVAR AISI M-50 races and balls (data set A in Table 3a), operating at
10,000 with a thrust load of 22,241 N (5,000 lbf; Trivedi, et al. (14)).
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L10 life, P675 HTT does seem to provide a notably higher
life when compared to the LTT version of the material.
Such an observation supports the STLE life modification fac-
tor for hardness (Zaretsky (16)).

Case-carburized materials, such as M50NiL and P675,
contain significant compressive residual stress buildup as a
part of the manufacturing process. Trivedi, et al. (14) have
reported compressive residual stresses in the range of 200 to
300MPa for both M50NiL and P675. In addition, Rosado,
et al. (20) reported residual stresses in the range of 100 to
300MPa for M50NiL.

For realistic modeling of life in the case of hybrid ball
bearings with case-hardened materials, it is essential that in
addition to modeling the fatigue behavior of silicon nitride,

as done in the current investigation, both the effect of com-
pressive residual stress and elastic modulus variation with
case depth be considered in the life models. This has been
recently done by Gupta (21), and the resulting model
enhancements are included in the enhanced version of
ADORE used in the present investigation. Though the vari-
ation in elastic modulus with depth is modeled in terms of
an effective elastic modulus, a failure stress modification
procedure is implemented to model the effect of both
residual and hoop stresses in bearing races. In addition, elas-
tic modulus variation with operating temperature, as avail-
able in the open literature (18), has also been implemented.
In fact, ADORE implements thermal effects at two levels:
first, all material properties are temperature dependent and,

Figure 7. Life data for 40-mm hybrid ball bearing with M50NiL races and silicon nitride balls (data set C in Table 3a) operating at 400 K with a thrust load of
22,241 N (5,000 lbf) and shaft rpm of 10,000 rpm (Trivedi, et al. (14)).

Figure 6. Validation of life predictions obtained from the enhanced LP and GZ life models against experimental life data, as published by Trivedi, et al. (14), for
both the all-steel and hybrid ball bearings.
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secondly, bearing geometry is altered as a function of tem-
perature to allow for thermal distortion. The effect of initial
shrink fits and centrifugal expansion of races at the operat-
ing speed is also included while modeling the operating race
geometry at prescribed temperature.

Figures 7, 8, and 9 respectively contain the data sets for
hybrid bearings with silicon nitride balls and races made out
of M50NIL and the LTT and HTT versions of P675.

Experimental validation of basic L10 life predictions for
hybrid bearings with case-hardened race materials is

Figure 8. Experimental fatigue life data for the 40-mm angular contact hybrid ball bearing with P675 (LTT) races and silicon nitride balls (data set D in Table 3a)
operating at 400 K with a thrust load of 22,241 N (5,000 lbf) and a race speed of 10,000 rpm (Trivedi, et al. (14)).

Figure 9. Experimental fatigue life data for the 40-mm angular contact hybrid ball bearing with P675 (HTT) races and silicon nitride balls (data set E in Table 3a)
operating at 400 K with a thrust load of 22,241 N (5,000 lbf) and a race speed of 10,000 rpm (Trivedi, et al. (14)).
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presented in Fig. 10. In support of these validations, it is
essential to clarify the following:

1. Because the LP model is based on maximum subsurface
orthogonal shear stress, which is unaffected by residual
stresses, the predicted lower LP life with case-hardened
materials is not realistic. Thus, until the LP model is
further refined, only the GZ model, based on maximum
subsurface shear stress should be considered for life
modeling with case-hardened materials.

2. The predicted GZ lives in Fig. 10 are shown as a func-
tion of the level of compressive residual stress. The
main broad bar in the figure corresponds to a base
compressive residual stress of 200MPa (29 ksi), as
reported by Trivedi, et al. (14), and the added thinner
bar shows increased life as a function of increasing level
of compressive residual stress.

3. The notably increased range of statistical variation in
experimental life with the Pyrowear material corre-
sponds to greatly reduced failure indices: 3/14 for the
LTT and 2/12 for HTT versions of P675.

4. Model predictions of basic lives are identical for P675
LTT and HTT materials. This is due to the fact that the
input elastic properties for both these materials
are identical.

5. Though actual experimental life with P675 HTT is
higher in comparison to P675 LTT, the basic life shown
for the HTT material is lower than that for the LTT
material in Fig. 10. This is due to the fact the STLE life
modification factor resulting from a notably higher
hardness of the HTT material is significantly higher for
P675 HTT in comparison to P675 LTT; the basic life
plotted in Fig. 10 is actual life divided by the applicable
life modification factor.

Figure 10. Validation of basic L10 life predictions against experimental data for hybrid ball bearings, with case-hardened race materials, operating at 10,000 rpm
with a thrust load of 22,241 N (5,000 lbf) at an operating temperature of 400 K, as presented by Trivedi, et al. (14).

Figure 11. Comparison of experimental (as published by Trivedi, et al. (14)) and predicted lives for 40-mm hybrid ball bearing operating at 10,000 rpm with a thrust
load of 22,241 N (5,000 lbf) and an operating temperature of 400 K, with silicon nitride balls and races made out of the LTT and HTT versions of P675.
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Perhaps a better comparison of both the experimental
observations and model predictions for the two versions of
P675 may be presented in terms of actual observed life and
the predicted modified life as determined by application of
life modification factors on the computed basic subsurface
life. This is done in Fig. 11. Clearly, both the experimental
and predicted lives for HTT Pyrowear are higher than those
for the LTT version of the material.

In view of the limited experimental data, the current
investigation should only be regarded as initial validations
for the life models developed herein. However, the general-
ities in terms of modifications of all empirical constants and
life exponents the generalized models greatly facilitate con-
tinued enhancement as additional experimental data
become available.

Summary

Based upon the available experimental data on the rolling
contact fatigue life of silicon nitride balls, the rolling element
life model is enhanced in the generalized fatigue life models
recently developed by Gupta and Zaretsky (7). Enhancement
of the empirical constant and stress-life exponent in the ball
life equation is based on the following two experimental
findings with regard to fatigue behavior of silicon nitride:

1. The stress-life exponent for a silicon nitride ball in roll-
ing contact is 16.

2. LP lives of silicon nitride and AISI 52100 steel balls are
equal at a contact stress of 5.516GPa (800 ksi).

The enhanced ball life equation is combined with the
generalized life equations for the races to develop a life pre-
diction model for a hybrid ball bearing. Initial experimental
validations of model predictions are presented against the
available limited full-scale hybrid ball bearing test data pre-
sented by Trivedi, et al. (14) for a 40-mm angular contact
ball bearings with silicon nitride balls and the races made
out of AISI VIMVAR AISI M-50 steel and case-hardened
materials M50NiL and Pyrowear 675 (P675). Both the LTT
and HTT versions of P675 are considered. Key findings
from the model enhancement and validation tasks are
as follows:

1. For hybrid bearings, the calculated lives of silicon
nitride balls are significantly greater than those of the
steel inner and outer races. Therefore, by assuming
infinite silicon nitride ball life, the bearing life can be
reasonably well calculated by race lives only in the life
models recently generalized by Gupta and Zaretsky (7).

2. For case-hardened materials, such M50NiL and
PyroWear 675 (P675), the compressive residual stresses
have a dominant effect on bearing life. Although the
current LP model does not permit direct modeling of
these stresses, the GZ model implements an appropriate
failure stress modification to model the impact of
residual stresses on bearing life.

3. Due to significantly higher hot hardness of the HTT
version of P675 in comparison to the LTT material,
which has a hot hardness comparable to AISI M50 and
M50NiL, the hybrid bearing with P765 (HTT) races and
silicon nitride balls provides higher life in comparison
to that obtained with P675 (LTT) races and silicon
nitride balls. This provides added validation to the com-
monly used STLE hardness life factor.

4. Life predictions obtained with the enhanced model for
hybrid bearings are in good agreement with the experi-
mental findings.
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