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Summary

Three decades have passed since the introduction of silicon nitride rollers and balls into conventional
rolling-element bearings. For a given applied load, the contact (Hertz) stress in a hybrid bearing will be
higher than an all-steel rolling-element bearing. The silicon nitride rolling-element life as well as the lives
of the steel races were used to determine the resultant bearing life of both hybrid and all-steel bearings.
Life factors were determined and reported for hybrid bearings. Under nominal operating speeds, the
resultant calculated lives of the deep-groove, angular-contact, and cylindrical roller hybrid bearings with
races made of post-1960 bearing steel increased by factors of 3.7, 3.2, and 5.5, respectively, from those
calculated using the Lundberg-Palmgren equations. An all-steel bearing under the same load will have a
longer life than the equivalent hybrid bearing under the same conditions. Under these conditions, hybrid
bearings are predicted to have a lower fatigue life than all-steel bearings by 58 percent for deep-groove
bearings, 41 percent for angular-contact bearings, and 28 percent for cylindrical roller bearings.

Introduction

In 1970, Dee (ref. 1) first proposed hot-pressed silicon nitride for rolling-element bearings as well as
for journal bearings. A review of the development of silicon nitride for rolling-element bearing
application can be found in references 2 and 3. Rolling-element fatigue testing of hot-pressed silicon
nitride has resulted in several seemingly contradictory results.

Poor life results were obtained in the limited tests reported by Scott et al. (refs. 4 and 5) in 1971 and
1973. The results reported by Baumgartner et al. (refs. 6 to 8) in 1973 showed the rolling-element fatigue
life of hot-pressed silicon nitride to exceed that of a typical rolling-element bearing steel. Extrapolation of
the experimental results of Parker and Zaretsky (ref. 9) to contact loads that result in stress levels typical
of those in rolling-element bearing applications indicate that hot-pressed silicon nitride running against
steel may be expected to yield fatigue lives comparable to or greater than those of bearing quality steel
running against steel (ref. 10).

In an attempt to resolve these differences, concurrent with the work of Dee (ref. 1), Scott et al. (ref. 4)
and (ref. 5), Baumgartner et al. (refs. 6 to 8), and Parker and Zaretsky (ref. 9), hybrid bearings comprising
silicon nitride rolling-elements and steel races were manufactured and tested (refs. 6 to 7 and 11 to 16) as
well as all ceramic bearings comprising silicon nitride rolling elements and rings (refs. 6, 17, and 18).
From references 8, 9, and 18, the Hertz stress-life exponent n for silicon nitride ranged from 16 to
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16.2 with an average value of 16.1 (ref. 10). These values are much higher than those for steel, which
range from 9 to 12.

Morrison et al. (ref. 20) tested four groups of hybrid 45-mm-bore angular-contact ball bearings
having vacuum induction melted-vacuum arc melted (VIM—VAR) AISI M—50 steel races and silicon
nitride balls. The bearings were tested at four thrust loads. The loads produced inner-race maximum Hertz
stresses of 1.95, 2.0, 2.17, and 2.44 GPa (283, 290, 315, and 354 ksi), respectively. All of the failures for
each thrust load were spalling of a silicon nitride ball. There were no failures of the steel raceways. The
life and dynamic capacity of the hybrid bearing were less than the theoretical life and capacity of all-steel
AISI M-50 steel ball bearings.

Morrison et al. (ref. 20) reported that the load-life exponent p for the hybrid bearings was 4.29 with
95 percent confidence limits of 3.16 and 5.42. Based upon a load-life exponent of 4.29, the Hertz stress-
life exponent n for these ball bearings is approximately 13, which is solely a function of the failure of the
silicon nitride balls. From the experimental data, the actual Hertz stress-life exponent n of this silicon
nitride hybrid bearing was approximately 14. These values are not significantly less than those obtained in
references 8, 9, and 19.

In 1986, Komeya and Kotani (ref. 21) concluded that “silicon nitride (hybrid bearings) retains a
rolling life equivalent to or better than that of conventional bearing steel.” Subsequent work reported by
Tanimoto and lkeda (ref. 22) and Tanimoto, Kajihara and Yanai (ref. 23) concluded that the rolling-
element fatigue life of silicon nitride was over two times that of bearing steel and that the life of hybrid
bearings was five times that predicted. These results suggest significantly higher lives are obtained than
those predicted for these hybrid bearings.

These apparent differences in the literature are not totally contradictory. For a given applied load the
contact (Hertz) stress in a hybrid bearing containing silicon nitride rolling elements and steel races will be
higher than in an all-steel rolling-element bearing where all the components are manufactured from
hardened bearing steel. This is because the modulus of elasticity of the silicon nitride is approximately
1.5 times that of a typical bearing steel.

From the work reported by Zaretsky (refs. 10, 24, and 25) and the analysis in appendix A that
examines the effect of the modulus of elasticity and Poisson’s ratio on contact stress (these are based
upon the bearing life analysis of Lundberg and Palmgren (ref. 26), it was concluded that because of the
higher modulus of elasticity, the life of a hybrid bearing will be less than that of an all-steel bearing of the
same design and under the same load. The problem is that the Lundberg-Palmgren (ref. 26) life equation
does not consider the life of the rolling elements independent of the race lives, nor does it consider
differences in the modulus of elasticity or the Hertz stress-life exponent.

In view of the aforementioned, it is the objectives of the work reported herein to (a) account for the
differences in material properties, including the Hertz stress-life exponents, between the rolling elements
and races, (b) account for the lives of the rolling-element as well as the race to determine the resultant
bearing life, and (c¢) theoretically compare the predicted lives of hybrid silicon nitride bearings both with
that predicted for all-steel bearings and the actual lives reported in the literature.

Nomenclature
a semi-major axis of contact ellipse, m (in.)
b one-half line contact width, m (in.)
Cp dynamic load capacity, N (Ibf)
c stress-life exponent
DN speed parameter, bearing bore in mm times bearing speed in rpm
e Weibull slope
h exponent
K geometry-load constant
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L life, number of stress cycles or hr

Ly 10-percent life or life at which 90 percent of a population survives, number of stress cycles
or hr

Ly characteristic life or life at which 63.2 percent of population fails, number of stress cycles or hr

LF life factor

I race track length, m (in.)

A roller length, m (in.)

N life, number of stress cycles

n Hertz stress-life exponent

An difference in Hertz stress-life exponent n

P load, N (Ibf)

P, equivalent radial load, N (1bf)

P, normal load, N (1bf)

P load-life exponent

R radius of body, m (in.)

r Hertz contact area radius, m (in.)

S probability of survival, fraction or percent

Smax maximum Hertz stress, GPa (ksi)

V stressed volume, m” (in.’)

X ratio of load-life exponent to stress-life exponent, p/n

Y modulus of elasticity (Young’s modulus), GPa (ksi)

Z depth below surface, m (in.)

Z, depth to the maximum orthogonal shearing stress, m (in.)

Zys depth to the maximum shearing stress, m (in.)

z exponent

) Poisson ratio

v elastic constant, GPa ' (ksi ')

T, orthogonal shearing stress, GPa (ksi)

Tys maximum shearing stress, GPa (ksi)

Subscripts

a b body a or b

c ceramic

H hybrid bearing

ir inner race

LP Lundberg-Palmgren

or outer race

re rolling elements

S all-steel bearing

s steel

SN silicon nitride

52100 CVM AISI 52100 steel
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Bearing Life Analysis
Lundberg-Palmgren Equation

In probabilistic life models, the bearing physical characteristics, applied load, operating profile, and
environment determine the probability of failure, assuming that the life is represented by a known
probability function. Weibull (refs. 27 to 29) was the first to suggest a reasonable way to estimate
material fracture strength with such a probability function. Based upon the work of Weibull (refs. 27 to
29), G. Lundberg and A. Palmgren (ref. 26) in 1947 showed that the probability of survival § could be
expressed as a power function of the orthogonal shearing stress 7,, life IV, depth to the maximum
orthogonal shear stress Z,, and stressed volume V. That is,

e
I~ Ty Nh
S V4

4 (M

From equation (1) and for some constant .S,

Lo (1) H e o
- T V ¢

where for ball bearings,

V=al,Z, 3)
and for roller bearings,

V=011,Z, 4

The resultant variables in equations (3) and (4) are defined in figure 1(a) and (b).

Lundberg and Palmgren (ref. 26) incorporated into their analysis a method and distribution function
for statistically describing the fatigue life of materials developed by Weibull (ref. 27) referred to as the
two-parameter Weibull distribution function:

1nlnl= e 1n(£), where 0 < L <o0; 0< S <1 ®)
S Ls

From equation (5), Lundberg and Palmgren (ref. 26) first derived the relationship between individual
component life and system life. A bearing is a system of multiple components, each with a different life.
As aresult, the life of the system is different from the life of an individual component in the system. The
system life can be expressed to a first order as

1 1 1
e - e + e
L10 LlOir LlOor

(6)
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Figure 1.—Schematic of contact profile of rolling
element on raceway. (a) Ball on raceway. (b) Roller
on raceway.

where the life of the rolling elements, by inference, is incorporated into the life of each raceway tacitly
assuming that all components have the same Weibull slope e. In properly designed and operated rolling-
element bearings, fatigue of the cage or separator should not occur and, therefore, is not considered in
determining bearing life and reliability.

From equations (1) and (6), Lundberg and Palmgren (ref. 26) derived the following relation:

b4
L, = [C_D} (7

P,

For equation (7), the load-life exponent p equals 3 for ball bearings and 4 for roller bearings. However,

for roller bearings, Lundberg and Palmgren (ref. 30) conservatively choose to use the load-life exponent p
10

equals /3.
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Zaretsky Equation

The work of E.V. Zaretsky (ref. 31) builds upon the work of Weibull (ref. 27) and Lundberg and
Palmgren (ref. 26). Zaretsky eliminates the dependency of the stress-/ife relation on the Weibull slope e.
The dependence of the depth to the critical shearing stress Z;s is reformulated. He also uses the maximum
shear stress 7,5 instead of the orthogonal shear stress 7, as the critical shearing stress. equation (1)
becomes

ln%~rff5NeV (8)
For ball bearings, the stressed volume is
V=al, Z,; (9a)
and for roller bearings,
V=011,Z; (9b)

From equation (8), the life of each bearing component can be derived where
¢ /e
L=N~ L (iJ (10)
Tys V

Zaretsky’s Rule

To apply Zaretsky’s rule (ref. 24), equation (6) should be written as follows:

1Y (1Y (1) (1Y
LlO Lir Lre Lor
where the Weibull slope e is the same for each of the components as well as for the bearing as a system.

For radially loaded ball and roller bearings, the life of the rolling element set is equal to or greater
than the life of the outer race. Let the life of the rolling element set (as a system) be equal to that of the

outer race.
1Y (1Y 1Y
Ll() Lir Lor
where L,,= L,,

From equation (11)

For thrust loaded ball and roller bearings, the life of the rolling element set is equal to or greater
than the life of the inner race but less than that of the outer race. Let the life of the rolling element set (as
a system) be equal to that of the inner race.

From equation (11)
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1Y 1Y (1Y
— | =2 —| +|— (13)
LlO Lir Lor

where L,, = L;,

Examples for using equations (11) to (13) are given in Zaretsky (ref. 24). As previously stated, the
resulting values for L;. and L,, from these equations are not the same as those from equation (6). From the
Zaretsky analysis, equation (7) remains unchanged. However, the values of the load-life exponent p
become 4 and 5 for ball and roller bearings, respectively.

Effect of Elastic Constants

From the Hertz equations for stresses in concentrated contacts (ref. 32),

Smax ~ P (14a)

where for ball bearings (point contact) with x ="'/3,

S ~ PP (14b)

and for roller bearings (line contact) with x = '/,
S ax ~ PV (14c)

From equations (7) and (14a),
L~#~ S,,l (152)
where
n=2 (15b)
x

x=2 (15¢)
n

From equations (14b) and (15c¢), for point contact (ball bearings) n equals 9 when p equals 3, or
12 when p equals 4, and from equations (14c) and (15¢), for line contact (roller bearings) when p equals
193, 4, or 5, then n equals 6.66, 8, and 10, respectively.

From appendix A, equation (A15), the life of a hybrid bearing having a steel raceway with a ceramic
rolling element and the same normal load P, as a steel rolling element in contact with a steel raceway, the
life of the hybrid bearing raceway is
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S
Ly =Lg| 25 (162)
max H
Let:
L
Lg
From appendix A, equations (A14) and (A19),
2\ T
) Y, (1-87)
LFy = |1/2 + ————= 17
2%, (1-87)

For point contact (ball bearings) z equals */3 and for line contact (roller bearings) z equals /2.

The elastic modulus ¥ and Poisson’s ratio 8 for both bearing steel (s) and silicon nitride ceramic (c)
are given in table 1. These values are from reference 22. Table 2 summarizes the resultant life factors LFy
for point and line contact for a combination of values for n, p, and z for silicon nitride rolling elements on
a steel raceway.

TABLE 1.—MATERIAL ELASTIC PROPERTIES FOR
BEARING STEEL AND SILICON NITRIDE

Elastic constant Material®
Silicon Bearing
nitride steel

Young’s modulus of elasticity, 310 210
Y, (45x10% | (30.5x10%
GPa (psi)
Poisson’s ratio, 0.29 0.30
)

*Data from ref. 22.

TABLE 2.—LIFE FACTORS, LFy, FOR BEARING STEEL
RACES IN POINT AND LINE CONTACT WITH SILICON
NITRIDE ROLLING ELEMENTS

Exponent Life factor, Life reduction,
°LFy, percent
ap an bz
Point contact
3 9 */ 0.35 65
12 * 0.25 75
Line contact
", 67/ ' 0.56 44
4 8 ') 0.50 50
5 10 ') 0.42 58

*From egs. (15a) and (15b).
®From eq. (17).
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Rolling-Element Life

There are conflicting data comparing the rolling-element fatigue life of typical bearing steels and that
of silicon nitride. These data were obtained in bench type rolling-element fatigue testers under point
contact and at very high stress levels. Parker and Zaretsky (refs. 9 and 10) show a comparison of life data
for hot-pressed silicon nitride and consumable-electrode vacuum melted (CVM) AISI 52100 and CVM
AISI M—50 steels at a maximum Hertz stress of 5.52 GPa (800 ksi). The Ly life of the silicon nitride balls
was approximately '/s that of the AISI 52100 balls and '/s that of the AISI M—50 balls. Baumgartner et al.
(refs. 6 to 8) reported opposite results at a maximum Hertz stress of 4.83 GPa (700 ksi) where the life of
the CVM M—50 steel was '/s that of the silicon nitride rolling elements.

Assuming the equal validity of both tests, based upon an experimentally determined Hertz stress-life
exponent n of 16 for silicon nitride in point contact, it can be reasonably concluded that there is a
crossover between the life obtained with the silicon nitride material and the bearing steels; at the lower
stress levels where rolling bearings are usually run, the silicon nitride material will produce longer lives
than the bearing steels. Normalizing the life of silicon nitride in point contact to the Lundberg-Palmgren
calculated life Ly p from reference 23, the life factor LF for CVM AISI 52100 bearing steel is 6 where

Lsy 00 =6L1p (18a)

At a maximum Hertz stress of 5.52 GPa (800 ksi),

1
Lgy =§L52100 (18b)
Therefore,
6
Lgy :gLLP (18¢)

Based upon a Hertz stress-life exponent n for silicon nitride of 16 and from equations (15a) and (18c¢), the
life at any stress for silicon nitride normalized to a maximum Hertz stress of 5.52 GPa (800 ksi) is

16 16
Lgy =0.75L;, [wJ =0.75L, p {800 kSIJ (19a)
max max
For steel with n of 9,
5.52 GP ’ 800 ksi ’
) a si
Loy =Lip (—S J =L;p ( S ] (19b)
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To determine a life factor for silicon nitride L Fy relative to the Lundberg-Palmgren calculated life
for generic bearing steel in point contact, equation (19a) is divided by equation (19b). For a generic
bearing steel in point contact, 9 < n < 12. Where for steel let n =9,

L 552 GPa )" s52Gpa ')
LFgy =—5¥ — 75| 222202 1 _g75) 2222048
L S S

S max max

7 N7
20.75[5.52 GPaj :0.75(800 km]

max

(20)

max

If the Hertz stress-life exponent n for generic bearing steel is taken as 12, then the exponent An in
equation (20) is 4.

The relationship between Hertz stress and life also accounts for the change in stressed volume. For
point contact,

Vo~ 82 (21a)
For line contact,

(21b)

max

From the analysis in appendix B, it was determined the Hertz stress-life exponent for silicon nitride in
line contact is n = 15.5. For a generic bearing steel, in line contact, 6.666 < n < 10. Where for steel let
n=_,

L 552 GpPa " 550 Gpa |7
LFgy =—2%=0.75 (—aj =0.75 (—aJ

5.52GPa)” 800 ksi )"
=0.75('—j =0.75( J
Smux max

If n equals 15.5 for silicon nitride and 10 for steel, then the exponent An for equation (22) is 5.5.

Table 3, based on equations (20) and (22), summarizes life factor for silicon nitride L Fgy relative to
the Lundberg-Palmgren life equation for bearing steel. These factors are presented for different values of
An, the difference between the Hertz stress-/ife exponent of silicon nitride and bearing steel.
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TABLE 3.—LIFE FACTORS LFgy FOR SILICON NITRIDE
ROLLING ELEMENT IN POINT AND LINE CONTACT

Exponent, Maximum Life factor,
An Hertz stress, LFgy
GPa (ksi)
Point contact, eq. (20)
7 2.93 (425) 63
2.41 (350) 245
1.90 (275) 1322
1.38 (200) 12 288
4 2.93 (425) 9.4
2.41 (350) 20.5
1.90 (275) 54
1.38 (200) 192
Line contact, eq. (22)
8.8 2.93 (425) 196
2.41 (350) 1083
1.90 (275) 9039
1.38 (200) 149 001
7.5 2.93 (425) 86
2.41 (350) 370
1.90 (275) 2256
1.38 (200) 24 576
5.5 2.93 (425) 24.3
2.41 (350) 71
1.90 (275) 267
1.38 (200) 1536

Results and Discussion

Three decades have passed since the introduction of silicon nitride rollers and balls into conventional
rolling-element bearings. These bearings are referred to as “hybrid rolling-element bearings.” For an
applied bearing load, the resultant Hertz stress in a hybrid bearing is higher than that in an all-steel
bearing. Thus, based upon the Lundberg-Palmgren life theory, where only the life of the races are
considered, the predicted life of a hybrid bearing is less than that of an all-steel bearing under the same
conditions. However, results in the literature suggest that significantly higher lives are obtained than those
predicted for these hybrid bearings.

Three types of representative 50-mm-bore rolling-element bearings whose specifications are
summarized in table 4 are used to illustrate the analysis for hybrid bearings previously discussed. These
are a deep-groove ball bearing, an angular-contact ball bearing, and a cylindrical roller bearing. The
bearings are assumed to operate at a speed of 10 000 rpm (500 000 DN). For all the bearings the
maximum Hertz stress at the inner race for an all-steel bearing is assumed to be 1.72 GPa (250 ksi).
Accordingly, the load for each type of bearing to achieve this stress as well as the dynamic load capacity
Cp will be different.

The resultant stresses on each of the respective raceways when the steel rolling elements are replaced
with silicon nitride rolling elements is also shown in table 4. The silicon nitride balls increase the
maximum Hertz stress on each of the raceways by approximately 12.8 percent. For roller bearings, the
maximum Hertz stress increases by approximately 9.6 percent. Based upon equation (17), life factors LFy
for both ball and roller bearings are given in table 2 based upon various values the Hertz stress-life
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exponent n. When these life factors are applied against the Lundberg-Palmgren equation (equation (7)),
reductions in bearing life of 65 and 44 percent occur for ball and roller bearings, respectively. For the
three example bearings these results are summarized in table 5, where the Weibull slopes es=1.11 and
esy = 1.7. The effect of material and processing factors for CVM AISI 52100 steel and VIM—VAR AISI
M-50 steel are also shown in table 5 as applied to the basic Lundberg-Palmgren equation. This approach,
first presented by Zaretsky (refs. 10, 24, and 25), will result in values of the predicted life for the hybrid
rolling-element bearings with silicon nitride rolling elements that are lower than can be achieved in actual
application.

TABLE 4.—BEARING SPECIFICATION AND OPERATING CONDITIONS
USED FOR BEARING LIFE ANALYSIS

Bearing type Deep-groove Angular-contact Cylindrical
ball bearing ball bearing roller bearing
Bore size, mm 50 50 50
Curvatures, percent Inner race 52 52 | e
Outer race 52 D e
Ball or roller diameter, mm (in.) 8.73 (M/3,) 8.73 (M/3,) 9.92 (%/g4)
Roller length, mm (in.) | e | e 13.9 (%/g4)
Number of balls or rollers 14 19 16
Contact angle, deg 0 25 0
Load, P, N (Ib) 1 308 (294) radial 3 843 (864) thrust 19 657 (4 419) radial
Dynamic load capacity, Cp, N (1b) 16 183 (3 638) 29 661 (6 668) 79 623 (17 900)
Maximum Hertz stress, Bearing steel balls or rollers
S, Inner race 1.72 (250) 1.72 (250) 1.72 (250)
GPa (ksi) Outer race 1.21(176) 1.52 (220) 1.49 (216)
Silicon Nitride balls or rollers
Inner race 1.94 (282) 1.94 (282) 1.89 (274)
Outer race 1.37 (199) 1.71 (248) 1.63 (237)
Operating speed, rpm 10 000 10 000 10 000

The Lundberg-Palmgren analysis (ref. 26) is based on the life of the inner and outer raceways of the
bearing only. By benchmarking their analysis to a pre-1940 rolling-element bearing (unpublished)
database and incorporating empirical material-geometry factors in their analysis, their equations
incorporate the lives of the respective ball or roller sets in the calculated life of the bearing where the
rolling elements are made from the same material as the races. However, where there is variance between
the rolling-element material and the race material, the equations will yield an incorrect answer. As a
result, if the hybrid bearing life factors of table 2 are applied against the entire bearing, they are also being
inadvertently applied to steel rolling elements that are no longer component parts of the hybrid bearing.
This results in a lower calculated bearing life for the hybrid bearings (see table 5 column, Lundberg-
Palmgren life formula and rows, Basic Lundberg-Palmgren steel races, Si;Ny balls, rollers).

To correct this discrepancy, it is necessary to apply Zaretsky’s rule as contained in equations (11) to
(13). The results are summarized in table 5 under the column captioned, “Zaretsky’s rule.” For the deep-
groove ball bearing, the calculated life of the hybrid bearing with all steel races is increased by 20 percent
over the life calculated from Lundberg-Palmgren. The calculated life of the angular-contact bearing is
increased by 69 percent. For the cylindrical roller bearing, the calculated life of the hybrid bearing is
increased by 29 percent.
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Anecdotal field experience suggests that even when applying Zaretsky’s rule to the Lundberg-
Palmgren equations, the life of the hybrid bearings are significantly higher than that calculated for hybrid
bearings whose races are manufactured from AISI 52100 and AISI M—50 bearing steels. From table 5
under the column captioned, “Zaretsky’s rule” the hybrid bearings are predicted to have a lower fatigue
life than the all-steel bearings by 58 percent for deep-groove bearings, 41 percent for angular-contact
bearings, and 28 percent for cylindrical roller bearings. Resultant life factors LFy based upon the
Lundberg-Palmgren equations applying Zaretsky’s rule are summarized in table 6.

TABLE 6.—SUMMARY OF LIFE FACTORS LFy BASED ON LUNDBERG-
PALMGREN FORMULA AND ZARETSKY’S RULE FOR HYBRID
SILICON NITRIDE ROLLING-ELEMENT BEARINGS

Bearing type Life factor, Life reduction,”
LFy percent
Deep-groove ball bearing 0.42 58
Angular-contact ball bearing 0.59 41
Cylindrical roller bearing 0.72 28

*Reduction from life of an all-steel bearing.

Can a hybrid bearing exhibit a statistically longer life than that calculated by the Lundberg-Palmgren
equations for an all-steel bearing including life factors for material and processing? The answer must be a
qualified yes. Based upon the Zaretsky life equation (equation (10)) and a large database that is now
available (refs. 33 to 35), it can be reasonably concluded that the Lundberg-Palmgren formula
underpredicts bearing life.

As previously discussed, the Lundberg-Palmgren formula for ball bearings incorporates a value of the
load-life exponent p = 3 and for roller bearings, p = /3. These values are based on pre-1940, air-melt,
AISI 52100 steel. Based on the data base reported by Parker and Zaretsky (ref. 36) and summarized in
reference 37, for vacuum-processed post-1960 bearing steels, the value of the Joad-/ife exponent p for ball
bearings is 4 and for roller bearings, 5.

Using the Zaretsky equation, the lives of the VIM—VAR AISI M50 all-steel and hybrid bearings
were recalculated using the appropriate exponents discussed above. The results are summarized in table 7.
For both all-steel and hybrid bearing lives, the results from the Zaretsky equation are presented as a
ratio to the lives obtained from the basic Lundberg-Palmgren formula with and without life factors. A
comparison of the life results from table 5 for all-steel and hybrid rolling-element bearings using the basic
Lundberg-Palmgren equation with life factors, but without Zaretsky’s rule, and the life results from
table 7 using the Zaretsky equation are summarized in table 8. The calculated lives of the all-steel deep-
groove and angular-contact ball bearings were increased by factors of 12.4 and 7.7, respectively, with
respect to the Lundberg-Palmgren formulation. The calculated life of the roller bearing increased by a
factor of 10.2. The resultant lives of the hybrid bearings increased by factors of 8.8, 5.5, and 7.7 for the
deep-groove, angular-contact and cylindrical bearings, respectively.

What is most impressive about these calculations is that the resultant calculated lives of the hybrid
bearings are 3.7, 3.2, and 5.5 times that calculated using the Lundberg-Palmgren equations for the all-
steel VIM—VAR AISI M-50 deep-groove, angular-contact, and cylindrical bearings, respectively
(table 8). This is illustrated in the data of references 21 and 22 for 6-mm-bore hybrid deep-groove ball
bearings run at 1200 rpm and a maximum Hertz stress of 5.6 GPa (810 ksi). The resultant L life of the
bearing was 249 hr or 5.3 times that calculated. Hence, the anecdotal observations of higher life for
hybrid bearings than that calculated using the Lundberg-Palmgren equations appears merited. However,
an all-steel bearing under the same load will always have a higher life than the equivalent hybrid bearing
under nominal operating speeds and similar environments. Nevertheless, the life of high-speed hybrid
bearings needs to be reassessed relative to the life of all-steel bearings.
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TABLE 7.—PREDICTED LIVES OF ALL-STEEL AND HYBRID 50-MM BORE BALL AND ROLLER BEARINGS
CALCULATED WITH ZARETSKY LIFE EQUATION AND COMPARED WITH LIFE PREDICTION
FROM LUNDBERG-PALMGREN EQUATION

Bearing type Material Ly life, Life ratio to
hr Lundberg-Palmgren
equation
IR OR Rolling Bearing Without With life
elements® life factors factors

50- mm-bore All-steel VIM-VAR | 723.6x10°> | 2.083x10° | 2.083x10° | 468.9x10° 149 12.4
deep-groove AISI M-50
ball bearing VIM-VAR AISI M- | 180.9x10°> | 520.8x10° 463%10° 141.9x10° 45 10.7
p=4n=12 50 races,

Si3N4 balls
50- mm-bore All-steel VIM-VAR | 149.4x10° | 463.1x10° | 149.4x10° 71x10° 93 7.7
angular-contact AISI M-50
ball bearing VIM-VAR AISIM- | 37.4x10° | 115.8x10° 1.79x10° 29.8x10° 39 9.3
p=4n=12 50 races,

Si3N4 balls
50- mm-bore All-steel VIM-VAR | 39.4x10? 78.8x10° 78.8x10° 21.8x10° 123 10.2
cylindrical- AISI M-50
roller bearing VIM-VAR AISIM- | 16.5x10° | 33.1x10° 3.1x10° 11.7x10° 66 9.8
p=35n=10 50 races,

Si3N, rollers

“Balls or rollers.

TABLE 8.—LIFE RATIO FOR ALL-STEEL AND HYBRID BEARINGS USING ZARETSKY EQUATION AND RESULTS
FROM LUNDBERG-PALMGREN EQUATION
[Data from tables 5 and 7.]

Bearing type Life ratio of all-steel Life ratio of hybrid VIM—VAR AISI M-50 bearings with Zaretsky equation and
VIM-VAR AISI life factors to Lundberg-Palmgren equation for:
M-50 bearings: Zaretsky | All-steel VIM—VAR AISI | Hybrid VIM—VAR AISI | Hybrid VIM—VAR AISI
equation to Lundberg- | M-50 bearings with life | M—50 bearings with life | M-50 bearings with life
Palmgren equation with factors factors factors using Zaretsky’s
life factors rule
50-mm-bore
deep-groove 12.4 3.7 10.7 8.8
ball bearing (468.9x10°+37.9x10%) | (141.9x10°37.9x10%) (141.9x10°+13.3x10%) (141.9x10°+16.1x10%
p=4,n=12
50-mm-bore
angular-contact 1.7 3.2 9.3 5.5
ball bearing (71x10°+9.2x10%) (29.8x10°+9.2x10%) (29.8x10°+3.2x10%) (29.8x10°+5.4x10%)
p=4,n=12
50- mm-bore
cylindrical- 10.3 5.5 9.8 7.7
roller bearing (21.8x10%+2.1x10% (11.7x10%+2.1x10% (11.7x10°+1.2x10% (11.7x10°+1.5x10%
p=5n=10

The silicon nitride rolling elements were the life-limiting component in early hybrid bearings. This is
illustrated in the hybrid-ball-bearing life tests of Morrison et al. (ref. 20) that resulted in fatigue spalling
of the silicon nitride balls. Yet, through process development over a period of three decades, the inherent
flaws contained in the silicon nitride material have been mitigated to produce consistently reliable
material (refs. 2 and 3). Thus, should hybrid bearings fail as a result of spalling of the silicon nitride
rolling elements prior to their calculated service life, the quality of the specific lot of silicon nitride
material should be brought into question.
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Summary of Results

Three decades have passed since the introduction of silicon nitride rollers and balls into conventional
rolling-element bearings. For a given applied load, the contact (Hertz) stress in a hybrid bearing will be
higher than an all-steel rolling-element bearing, where all the components are manufactured from
hardened bearing steel. Using the Lundberg-Palmgren equations, the life of the hybrid bearing is
predicted to be less than an all-steel bearing of the same type. However, experimental data and anecdotal
observations suggest higher lives for hybrid bearings than those calculated using the Lundberg-Palmgren
equations, even when the differences in material properties between the rolling elements and races
including the Hertz stress-/ife exponents were taken into consideration. The rolling-element life as well as
the race lives were used to determine the resultant bearing life of the hybrid and all-steel bearings. Based
upon the Zaretsky life equation, the predicted lives of hybrid silicon nitride bearings were theoretically
compared with that predicted for all-steel bearings and the actual lives reported in the literature. The
following results were obtained:

1. An all-steel bearing under the same load will have a longer life than the equivalent hybrid bearing
under nominal operating speeds and similar environments.

2. Life factors derived for hybrid bearings based upon the Lundberg-Palmgren equations are dependent
on the bearing type. The life factors for deep-groove, angular-contact, and cylindrical roller hybrid
bearings are 0.42, 0.59, and 0.72, respectively. These life factors are multiplied by the calculated life
of an all-steel bearing using the Lundberg-Palmgren formula to obtain the hybrid bearing life.

3. The Lundberg-Palmgren equations underpredict bearing life. Under nominal operating speeds, the
resultant calculated lives of the deep-groove, angular-contact, and cylindrical roller hybrid bearings
with races made of post-1960 bearing steel increased by factors of 3.7, 3.2, and 5.5, respectively,
from those calculated using the Lundberg-Palmgren equations.
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Appendix A
Effect of Modulus of Elasticity and Poisson’s Ratio on Contact Stress and Life

Point Contact Stress and Life

The following analysis is from Zaretsky (ref. 10). From Hertz theory for two spheres of radii R, and
R in contact (ref. 32), the maximum compressive stress Sy 1S

3P,

S =
2nr?

(A1)

max

where P, = normal load and r = contact radius. For two spheres in contact, the Hertzian contact area is a
circle with radius

%
3P, (v, +v
r= o ( a b) (A2)
(2.2
Ra Rb
For two spheres of equal radius
R,=R,=R (A3)
then
’
3P,R
RELEICALY (Ada)
32
where
4(1-8;)
a Y, (A4b)
and
4(1-8)
v, E—— (Adc)
Y,

and ¥ = modulus of elasticity; &= Poisson ratio. Then
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— ]
1-82 1-8; %
r=K, E—
Ya Yb
- ) (A5a)
v, (1-02)+ v, (1-83) |
YaYb
where
1
3PR7
K, { s } (ASb)
8
Substituting equations (A5a) and (ASb) into equation (A1)
%
Y)Y,
Sacr = K = (A6a)

Y, (1-87)+ ¥, (1-8;)

where
1
p
K, =é[ "2} (A6b)
T|9R
For steel on steel
%
Y.
S =Ky | —— (A7)
. 2(1-87)

Line Contact Stress and Life

From Hertz theory for two rollers of radii R, and R; in contact, and each of length /,, the resultant
pressure (contact) area is a rectangle of width 2b and length [, (ref. 32). The maximum compressive
(Hertz) stress is

2P,
Smax =— (A8)
ok,

where from reference 32
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From equations (A4b), (A4c), and (A9),

where

For 2 rollers of equal radius

where

For steel on steel
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K3 =
maxpy :K4
S

Y, (1-83)+, (1-8;

%
)

YaYb

YaYb

Y, (1-87 )+ ¥, (1-8;)

21

(A9)

(A10a)

(A10b)

(Al11)

(A12a)

(A12b)

(A13)



Life Factor

Bearing life is related to maximum Hertz stress where

Hybrid bearing life can be expressed in terms of the all-steel bearing life where

The life factor is

In general, from equations (A6a) and (A12a) for hybrid bearings, the maximum Hertz stress is

and

L~1

n
Smax

n
Smax
maxy

Smax.
LFy =Ly /L, :[S ;

S

maxpy

YS YC

J"

maxy

max

o 2(1

4

Y

N

Tﬁ)

Combining equations (A17) and (A18) into equation (A15),

1 ¥
2 2y,

where for point contact, 7 = %/3 and line contact, z="».
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Appendix B
Determining the Hertz Stress-Life Relation for Silicon Nitride

The experimental results reported in the literature for silicon nitride in point contact reports a Hertz

stress-life exponent # of 16. However, there is no Hertz stress-life exponent reported for silicon nitride in
line contact. From the Lundberg-Palmgren equation (eqs. (2) and (15a) of the text),

e

? (BI)
1
Smax
From Hertz theory (ref. 29) for point contact
T, ~ S (B2a)
V~S2 (B2b)
Z, ~Spax (B2c)
From (B1) and (B2),
| cle 1 l/e |
L~ - (S )" ~ (B3)
Sm‘lx Smux Sr'rltax
ne c+2—h (B4)
e
For silicon nitride in point contact, from Zaretsky (ref. 10), n = 16 and e = 1.7. From Lundberg-
Palmgren, A = 2.31. Solving for ¢
c=(16)1.7)-2+23
=272-2+23 (B5)
=275
From Hertz theory for line contact,
T, ~ S (B6a)
V~ S8 (Béb)
Z,~S (B6c)
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From equation (B1),

27.5,

1
1 1.7 1 A7 2‘31_7
L~ S
(Smaxj (SmaxJ ( max)

1
S}'l

max

27.5+1-23
n=————
1.7
=154

where for convenience of illustration, # = 15.5 will be used for line contact, and 16 for point contact.
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will have a longer life than the equivalent hybrid bearing under the same conditions. Under these conditions, hybrid
bearings are predicted to have a lower fatigue life than all-steel bearings by 58 percent for deep-groove bearings, 41
percent for angular-contact bearings, and 28 percent for cylindrical roller bearings.
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