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SUMMARY
Nearly four decades of research in bearing steel metallurgy and
processing has resulted in improvements in bearing 1ife by a factor of 100
over that obtained in the early 1940's. For critical-applications such as .
aircraft, these improvements have resulted in lonéer 1ived, more reliable
commercial ajrcraft engines. Material factors such as hardness, retained
austenite, grain size and carbide size, number, and area can influence
rolling-element fatique 1ife. Bearing steel processing such as double vacuum
melting can have a greater effect on bearing 1ife than material chemistry.
The selection and specification of a bearing steel is dependent on the
integration of all these considerations into the bearing design and
application. The paper reviews rolling-element fatigue data and analysis
which can enable the engineer or metallurgist to select a rolling-element

bearing steel for critical applications where long 1ife is required.



INTRODUCTION

Through the use of improved technology, rolling-element bearing 1ife and
reliability has increased dramatically over the last four decades. A chart
showing the major advances contributing to these 1ife improvements is shown in
Fig. 1 [1]). The major reason for these advances has been the rapidly
increasing requirements of aircraft jet engines from the early 1950's to the
present.

Starting in the early 1940's, new developments in the making of bearing
steels began. The improved steel-making developments. were primarily initiated
by the acceptance of a comprehensive material specification for AMS 6440 and
AISI 52100 steel (A, Fig. 1). New heat-treatment equipment became avajlable
in 1941 which incorporated improved temperature controls and recorders. The
use of neutral atmospheres during heat treatment eliminated, for all practical
purposes, surface decarburization (8, Fig. 1).

As the requirement for bearing steel increased, large electric arc
furnaces were installed which produced larger size billets. These larger
billets necessitated working the material to reduce the billets to size for
tubing or individual forgings. The working of the bearing steel refines the
steel grain and carbide size and reduces the size of the materials inclusions
and segregates (C, Fig. 1). This trend toward larger furnace size has
continued to this time [1].

Major advances in melting practice evolved over a period covering 1952 to
the early 1970's. Immersion thermocouples were introduced in 1952
(D, Fig. 1). These thermocouples permitted better control of steel melting [1].

Some significant manufacturing process changes were made in the 1950's.
Shoegrinding (E, fig. 1) was introduced about 1953. This method improved race

surface quality and tolerance. With this grinding method, 1t is practically




impossibie to g
the transverse radii of the races, controlled by the grinding wheel dresser,
are more consistent [11].

Thé vacuum degassing and vacuum melting processes were introduced to the
bearing industry in the late 1950's. Consumable-electrode vacuum melting was
one such process (F, Fig. 1). Vacuum melting releases entrapped gassés and
reduces the quantity and alters the type of inclusions and trace elements
present in the steel.

In order to assure clean steel with the vacuum-melting processes,
nondestructive testing, using eddy current and ultrasonic methods, was applied
to b111ets,-bars, and tubing (G, Fig. 1). This assured the quality of the
steel for the bearing manufacturing process.

In rolling-element bearings the elastically deformed rolling-element
surfaces are separated by a thin lubricant fiim referred to as an
elastohydrodynamic fiim [2]. The concept of elastohydrodynamic (EHD)
1ubr1caf1on while recognized in 1949 [3] was further recognized as a
significant factor in affecting bearing fatigue life and wearv(H, Fig. 1). By
controiling the EHD film thickness through Tubricant selection and control of
operating conditions together with the improvements in surface finish,
rolling-element bearings were able to operate at higher temperatures and for
longer times [4].

In the 1960's, argon atmosphere protection of the molten steel during
teeming was introduced (I, Fig. 1). Drastic improvement in micro- and

macroscopic homogeneity and cleanliness with a resultant improvement in

fatigue was realized [1].




Prior to the 1950's as-ground races were hand polished to improve finish
and appearance. Overly-aggressive polishing could create a thin layer of
plastically displaced or smeared material which was softer and more prone to
fatigue failure. This manual process was replaced by mechanized honing 1in
which all parts are smoothed in a more uniform manner (J, Fig. 1).

In 1958, NASA published their results of controlled fiber or grain on the ;
effect of bearing 1ife [5,6]. Controlled fiber can be obtained by forging to
shape the raceway of angular-contact ball bearings. Forged raceways with
controlled fiber orientation was introduced in 1963 (I, Fig. 1). This
innovation improved the 1ife of angular-contact ball bearings.

Work performed by NASA beginning in the late 1950's on material hardness
effects cutminated with the discovery of the differential hardness principle
or controlled hardness (J, Fig. 1) [7]. Prior to this time, significant
variations between rolling-element and race hardnesses could result in
significant reduction in bearing life.

Combining improved surface finishes obtained by honing, improved
Tubricants whose selection was based upon elastohydrodynamic principles,
controlled fiber and hardness, consumable-electrode vacuum melted (CEVM)

AISI M-50 steel, as well as improved nondestructive inspection of the steel
billet, relative bearing 1ife of approximately 13 times the 1940 standard was
achieved in 1975 [4]. The NASA research culminated by using, for the first
time, vacuum-induction melted, vacuum-arc remelted (VIM-VAR) AISI M-50 (K,
Fig. 1) demonstrating 1ives in excess of 100 times the 1940 standard at speeds
to three million DN [8]. The improvement in lives with the VIM-VAR process
was accompanied by improved product consistency by reducing human element

variability through better process controls and audits (L, Fig. 1) [1].
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In 1983, Bamberger [9] seneral Electric Co. developed a
significantly improved AISI M-50 steel which he called M-50N1L which was
capable of being case hardened and exhibited l1ives in excess of through
hardened VIM-VAR AISI M-50 (M, Fig. 1).

The steel technology for ]ong-]ife bearing application has, over the last
20 years, reached a 20-fold increase in life potential. The object of this
paper is to review rolling-element fatique data and analysis which can enable
the engineer or metallurgist to select and specify a rolling-element bearing
steel for critical application where long life is required.

MATERIAL CLEANLINESS

Rolling-element fatigue is a mode of failure that occurs in
rolling-element bearings such as ball and roller bearings. It is a
cyclic-dependent phenomenon resulting from repeated stresses under
rolling-contact conditions. Fatigue can be affected by many variables, such
as rolling speed, load, material, siiding within the contact zone,
temperature, contact geometry, type of lubricant, and others. The fatigue
failure man1fests itself initially as a pit which, in general, is limited in
depth to the zone of resolved maximum shearing stresses and in diameter to the
width of the contact area (Fig. 2).

Research performed by Bear, Butler, Carter, and Anderson [5,6,10]
substantiated the early findings of Jones [11] that one mode of
rolling-element fatique is due to nonmetallic inclusions. These inclusions
act as stress raisers similar to notches in tension and compression specimens
or in rotating beam specimens. Incipient cracks emanate from these
inciustons, enlarge ahd propagate under repeated stresses forming a network of
cracks which form into a fatique spall or pit. 1In general the cracks

propagate below the rolling-contact surface approximately 45° to the normal;



i.e., they appear to be in the plane of maximum shearing stress (Fig. 3).
Carter [10] made a qualitative generalization that the location of an
inclusion with respect to the maximum shearing stress is of prime importance.
Based on observations of inclusions in SAE 52100 and AISI M-1 steels, Carter
concluded that:

(1) Inclusion location is of primary importance

(2) Size and orientation are also important

(3) The oxides and larger carbides are more harmful than the softer
sulfide inclusions, and

(4) Inclusions, carbides, and irregular matrix conditions appear
slightly less harmful to fatigue 1ife in SAE 52100 than in AISI M-1.

Carter's conclusions were substantiated by Johnson and Sewell [12]. The
results of their work are summarized in Fig. 4. They show that as the total
number of alumina and silicates increase, fatigue life decreases. However,
they indicate that the increase in sulfides may have a positive effect upon
fatigue life. 1In addition to inclusions, material defects such as
microcracks, trace elements, or unusual carbide formations present in the
material can contribute to failure. An attempt was made by NASA in the early
1960's to manufacture 12.7 mm (0.5 in.) diameter AISI 52100 steel balls with
increased sulfur content. This effort resulted in balls having incipient
cracks in their matrices.

One method for increasing rolling-element reliability and load capacity
is to eliminate or reduce nonmetallic inclusions, entrapped gases, and trace
elements. Improvements in steel-making processing, namely melting in a
vacuum, can achieve this. These vacuum-melting techniques include vacuum
induction melting (VIM) and consumable-electrode vacuum melting (CVM) or

vacuum-arc melting (VAR) as well as vacuum degassing.
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a lower inclusion content than air-melted material, particularly those
inclusions which are generally considered to be more injurious, such as
oxides, silicates, and aluminates.  These inclusions are, in part, the result
of standard air melt deoxidation practice which involves the use of silicon
and aluminum. Exposing the meit to a vacuum permits deoxidation to be
performed effectively by the carbon. The products formed when using carbon as
a deoxidizer are gaseous, and thus are drawn off in the vacuum. Further,
these techniques permit extremely close control of chemistry and also permit
production of variations in chemical analysis which was at one time
impractical.

Fatigue tests of 6309-size deep-groove ball bearings made from two heats
of AISI M-50 steel produced by the consumable-electrode vacuum-melting (CVM)
process resulted in an average 10-percent life (L10) of 4.2 times the
catalog 1ife of 10 million revolutions. Additional fatigue tests of the:same
type of bearings made from a single heat of air melted AISI M-50 steel
resulted in a 1ife of only 0.4 times the catalog rating [13].

The improvement in 1ife of bearings made of vacuum-melted steels does not
appear to be commensurate with the improvement in cleanliness. This, of
course, upholds the long-held theory that cleanliness is not the only factor
involved in bearing fatigue. Even in exceptionally clean materials,
nonmetallics are present to some degree and, depending on the magnitude and
Tocation in relation to the contact stresses, can be the nucleus of fatique
cracks as previously discussed. A single heat of primary air melted AISI
52100 steel was processed through five successive consumabie-electrode vacuum
remelting cycles. Groups of 6309-size bearing inner-races were machined from

material taken from the air-melt ingot and the first, second, and fifth remelt




ingots for evaluation; they were then heat treated and manufactured as a
single lot to avoid group variables. With each remelt, a progressive
reduction of nonmetallic content occurred. Endurance results, summarized in

Fig. 5, show that the L 11fe appears to increase for successive

10
remelting with the fifth remelt material reaching a 1ife approximately four
times that of the air melt group [14].

Based upon the above, it becomes apparent that significant increases in
rolling-element fatigue 1ife and, thus, bearing life and reliability can be
achieved through the use of successive remelting of the bearing steel.
Recognizing this fdct, Bamberger, Zaretsky, and Signer [8] had 120-mm bore
angular-contact ball bearings manufactured from a single heat of
vacuum-induction melted, vacuum-arc remelted (VIM-VAR) AISI M-50 steel. This
was perhaps the first time this double vacuum melting process was used for
aircraft quality bearings. Two groups, each comprising thirty of these
bearings, were endurance tested at a speed of 12 000 and 25 000 rpm

6 DN, where DN is a speed parameter determined by

(1.44x10% and 3.0x10
multiplying the bearing bore in m1111meters py the bearing speed in rpm),
respectively. ’Test conditions for these tests are given in Table 1. At
1.44x10% and 3.0x10°% DN, 84 483 and 74 800 bearing test hours were
accumulated, respectively. The results of these tests are shown in Fig. 6 and
summarized in Table 1. Bearing 1ives at speeds of 3x106 DN with the VIM-VAR
AISI M-50 were nearly equivalent to those obtained at lower speeds. These
test results were compared with similar bearings made from CVM AISI M-50 steel

6 DN, the 1ife was in excess of 44

run under the same conditions. At 3.0x10
times that predicted on the basis of air-melt steel, approximately 23 times
that using CVM steel [15] and 7.6 times that using the ASME 1ife adjustment

factors [16] based upon CVM AISI M-50 steel (see Fig. 6). Further work
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tester which compared air melted and vacuum arc remelted (AM-VAR), double .
vacuum arc remelted (VAR-VAR), and VIM-VAR AISI M-50. The results of these
tests are shown in Fig. 7. The VIM-VAR material produced average 10-percent
lives 1.9 and 1.5 those of the AM-VAR and VAR-VAR materials, respectively.
These tests which are run at 4.83 x 109 N/m2 (700 000 psi) and others of a
similar nature tend to compress life differences because of the high Hertz
stress at which they are run. However, rolling-element fatigue tests run in
the NASA five-ball fatigue tester at S.52x109 N/m2 (800 000 psi) with

12.5 mm (0.500 in.) diameter balls made from VIM-VAR AMS 5749 and VIM AMS 5749
resulted in the VIM-VAR material have a life 14 times the VIM AMS 5749 [18].

Even with the best quality assurance in steel melting, it is always
possible for large inclusions or segregates to be encased within the billet or
in the final end product. Nondestructive testing of the billet or bearing is
a final step to assure the 1ife and reliability of the end product. The most
successful use of ultrasonics as an inspection ‘tool was reported by Koved and
Rospond [19]. Roller bearings made of AISI 8620 were arranged into three
groups based on differences in the size and the frequency of ultrasonic
indications. The individual bearings were rated by a method that assigned a
numerical value to their ultrasonic pattern. The number was based on the
frequency of indications and included a weighting factor for size. These
numerical ratings were subsequently converted into qualitative ratings.

The fatigue 1ife distributions for the ultrasonically-rated groups of
bearings are shown in Fig. 8. The three performance curves separate nicely in
the same order as their ultrasonic ciassification. The group characterized as
ultrasonically poor demonstrated the worst performance, average quality was

intermediate, and good quality clearly exhibited the best fatigue-life



distribution. Thus, ultrasonic inspection has the capability of
differentiating, on a statistical or group basis, relative material quality in
terms of 1life performance.
MATERIAL HARDNESS

" Heat treatment can significantly influence several rol]ing-e1ement
bearing material properties. Most bearing procurement specifications do not
designate heat treatment bqt rather call for certain material characteristics
such as grain size and hardness, which are contfo11ed by the heat treat
cycle. Hardness is the most influential heat treat induced variable in
| rolling-element fat%gue [20,21]. 1In general, the higher the material hardness
the longer the life. A relationship was introduced by Zaretsky [4] based upon
the work reported in [7] which approximates the effect of bearing material
hardness on fatigue life.

L m(R - R..)
Eg - e 92 ¢l (1)
1 .

where L] and L2 are the bearing 10-percent lives at bearing hardnesses

of RC2 and RC],

be taken as 0.1. It is assumed for the purpose of this relationship which was

respectively, and m 1s a material constant which can

obtained for AISI 52100 that all components in the rolling-element bearing,
that is, the rolling elements and races, are of the same hardness. It was
further assumed that this equation can be extended to other bearing steels.
In the 1960's, it was assumed by the bearing industry that materials
which had higher amounts of alloying elements would have a better hardness
retention at elevated temperature. It was reasoned that this would also
result in a higher ambient temperature hardness as well as longer bearing

life. However, no systematic study was performed and published which would
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confirm these wtions. Beginning in the early 1970's such a study was
undertaken at NASA [23-25]. The results of this study were most revealing,
completely changing those assumptions previously held.

Short term hot hardness measurements were made for groups of through
hardened specimens of AISI 52100, AISI M-1, AISI M-50, Halmo, WB-49, AISI
440C, WD-65 and Matrix II. Measurements were also made of case-hardened
specimens of Super Nitralloy (5Ni-2A1), AISI 8620, CBS 600, C8S 1000, and
Vasco X-2. The results for the through hardened materials and for the case
hardened materials were normalized and are shown in Figs. 9 and 10,
respectively. Theé? normalized data show that regardless of the initial
hardness, the hot hardness of the individual materials shows the same
functional dependence. That is, the changes in hardness with increasing
temperature are independent of material composition or room temperature
hardness.

The data of Figs. 9 and 10, when plotted on log-log coordinates [23], can
be represented by a straight Tine having the form

(Re)T = (RS)RT - « ATB (2)
where

(Rc)T - Rockwell C hardness at operating temperature

(Rc)RT Rockwell C hardness at room temperature

AT change in temperature, TT - TRT’ K, (°F)

TT operating temperature, K (°F)

a temperature proportionality factor, K'B (°F 'B)
B exponent '

Values for « and B for various materials are given in Table 2.

1



From equation (1), let L] be the bearing 1ife calculated according to

[26]. Hence,

4 (%)n (3)

where C is the basic dynamic load rating of the bearing and P 1is the
equivalent load [26]. Assume, based upon experience, that the basic load
rating s based upon a material hardness of Rockwell C60. As a result,

Eq. (1) can be written

m[(Rc)T - 60](%>n . "

Combining Eqs. (2) and

L, =e ; (5)

m{[(Rc)ps- 60] - a(T; - TRT)}B c\"
2 (_>

where TRT equals 294 K (70 °F).

From the above equation, the .1ife of a rolling-element system can be
determined as a function of room temperature hardness and operating
temperature for a particular steel.

Long-term hot-hardness studies were performed with five vacuum-melted
steels tempered to various room-temperature hardnesses: AISI 52100 and the
tool steels AISI M-1, AISI M-50, Halmo, and WB-49 [27]. Hardness measurements
were taken at both room temperature and the soak temperature at regular
intervals until 1000 hr of soak time were accumulated. AISI 52100 was tested
at temperatures to 478 K (400 °F), and the other bearing steels were tested at
temperatures to 700 K (800 °F). With the exception of the AISI 52100, none of
the steels tempered (permanently lost hardness) during soaking. The AISI
52100 steel that was initially hardened to Rockwell C 62.5 or 64.5 lost
hardness during the first 500 hr of the 1000-hr soak tests at temperatures

greater than 394 K (250 °F), but it maintained its hardness during the .final
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500 hours of soaking. Similarly, AISI 52100 that was initially hardened to
Rockwell € 60.5 lost hardness during the first 500 hr of the 1000-hr soaking
at temperatures greater than 422 K (30O °F), but 1t maintained its hardness
during the final 500 hr of soaking. The results of these tests for AISI 52100
are summarized on Table 3. Like and similar results may be expected for other
lower tempering temperature-bearing steels.

The effect of component hardness combinations on the fatique 1ife of AISI
52100 rolling elements subjected to repeated stresses applied in rolling
contact was studied in the NASA five-ball fatigue tester [7,28]. Groups of
upper test balls (éna]ogous to the inner race of a bearing) with nominal
Rockwell C hardnesses of 60, 63, and 65 were run against lower test balls
(analogous to the balls of a bearing) of nominal Rockwell C hardnesses of 60,
62, 63, 65, and 66. These results indicated thét, for a specific upper test
ball (race) hardness, the rolling-element fatigue 1ife and load-carrying
capacity of the test system increased with increasing lower test ball hardness
to an intermediate hardness value where a peak 1ife was attained. The peak
1ife-hardness combination occurred for each of the three lots of upper test
balls (races) in which the hardness of the lower test balls was approximately
1 to 2 points Rockwell C greater than that of the upper test ball (race).
According to these results, for AISI 52100 steel, a maximum bearing fatique
1ife should occur when the balls of the bearing are 1 to 2 points harder than
the races.

Rolling-element fatigue tests were then performed on AISI 52100 207-size
deep-groove ball bearings with inner and outer races from the same heat of air
melt material tempered to nominal Rockwell € hardnesses of 63 and balls from a
second heat of air-melt material tempered to nominal Rockwell C hardnesses of

60, 63, 65, and 66 [28,29]. Subsequent to testing, the bearings were
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regrouped according to their actual values of AH for Rockwell C hardness
increments of 0.5 and 1.0, where AH is the difference between the actual
hardness of the rolling elements in the bearing and the actual hardness of the
inner race. The results of these tests are shown in Fig. 11. Other bearing
data taken from [30] were reanalyzed and plotted in Fig. 12. Both sets of
bearing data exhibited a maximum 1ife at a aH of approximately 1 to 2
points Rockwell C. These results correlated with those obtained with the
five-ball fatique tester.

The research of [7,28] was ;epeated by Zaretsky -for CVM AISI M-50 steel.
The results of this research are unpublished. In general, the AISI M-50
results produced increasing 1ife with increasing hardness and aH to values
of AH equal zero. At values beyond zero, 1ife remained unchanged 1in
contrast to the results of the AISI 52100 material where 1ife peaked at aH
values of 1 to 2 points Rockwell C and then began to decrease. Based upon
these tests, it may be reasonably concluded that, for elevated temperature
operation, care should be taken to match the hardnesses of the rolling
elements and the raceways whi]e maintaining the highest material hardness for
all components.

CARBIDE EFFECTS

From the data of [31-33] summarized in Table 4, it was speculated that an
interrelation existed among median residual carbide size, number of residual
carbide particles per unit area and the percent area of residual carbides and
rolling-element fatigue life. Residual carbides are those carbides that do
not go completely into solution during austenitizing and are a function of the
alloying elements and heat treatment. This is opposed to the hardening
carbide precipitates, which precipitate upon aging at the tempering
temperature. The carbides referred to in the following will be the residual

carbides.
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If the carbides in a material are the nucleation s
fatigue failure, then the probability of survival S for a lot of specimens
or a single specimen can be expressed as a function of three variables (1)
percent area of carbides, a, (2) median carbide size (length), m,;and (3)
total number of carbides per unit area, n [34, 35]. Based upon a statistical
analysis a carbide factor C' can be derived where

L
¢ =2 (6)

2
In [31-33] AISI 52100 is the material which praduced the highest 1ife
values. Therefqre, the values for the carbide factor C' can be normalized
with respect to the AISI 52100 material. Thus,
1

C' = K (7)
m 718 . o ‘4
K](o.zs *Th otg.sstk c°) :

from experimental data, K] and K4 were empirically determined to be

1/3 and 4/3, respectively [34,35] and Co is the weight percent of cobalt in
the material.
Table 4 summarizes the carbide factors for the data of [31-33]. In

10 lives are plotted against the carbide

factor C'. There appears to be a reasonable correlation between the carbide

Fig. 13 the relative material L

factor C' and relative life. For the individual groups of data and the
combined groups the confidence number was found to be 0.87 and 0.83,
re§pect1ve1y. This means that the carbide factor C' can give a reasonable
prediction of relative 1ife under identical conditions of material hardness
and lubrication mode. Thus, the carbide parameter seems to transcend‘such
variables as heat treatment, chemical composition, and hardening mechanism to
predict the 1ives of individual lots. The carbide parameter may also be

applicable to conventional fatigue (i.e., bending, rotating-bending, etc.).
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Research reported in [36] for AMS 5749 material further substantiated the
negative effect of large carbide size and banded carbide distribution on
roliing-element fatigue 1ife. Endurance tests were run with ten 46-mm bore
split-inner ring angular-contact ball bearings made from VIM-VAR AMS 5749
steel. The inner and outer rings were machined from bars. No forging process
was used. Test conditions incliuded a thrust load of 4890 N (1100 1b) at a
speed of 42 000 rpm and an oil in temperature of 366 K (200 °F). The
resultant 10-percent fatigue life of the bearings was 32 hr as compared with a
predicted 1ife of 1900 hr, a reduction in 1life of 98 percent.

Metallurgical éxamination of the raceways revealed large size carbides
and severe banding of the carbides in the raceways. Also, the carbide
stringers or grain flow were oriented at an angie to the contact surfaces,
since the bearings were run with a thrust load and the balls run at an angle
to the bearing axis. The early failures in these bearings were attributed to
the undesirable carbide structure and, in particular, the large carbide
stringers that were at or very near the rolling surface [36]. Hence, while
previous testing [18] had shown AMS 5749 steel to have rolling-element fatigue
Tives at least equivalent to VIM-VAR ASIS M-50, the presence or orientation of
the carbides severely reduced the bearing life [36].

There appear to be two distinct criteria in the selection of a
through-hardened rolling-element bearing steel. First, rolling-element
fatigue life is a function of material hardness. Second, 1ife is a function
of carbide size, area, and number as represented by the carbide factor. These
two criteria can be combined to both determine and evaluate without extensive
testing the fatique 1ife of a bearing material or groups of materials.

Combining Eqs. (5), (6), and (7), dropping the subscripts 2 and 3, and
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Tetting LA = L3 where LA is the expected bearing 1ife at a

90-percent probability of survival

L, = kC'e

A P

m{[(Rc)pr - 601 - a(T; - To0)%) o
) _(—> (8)

where k 1is a factor which combines processing and environmental factors
which can affect bearing 1ife [35]. The values of m can rgasonab]y be
assumed to be equal to 0.1. Values for « and B can be obtained from
Table 2. For ball and roller bearings n 1s equal to 3 and 10/3,
respectively. |

A method to reduce the size of the carbides in a material is called
ausforming [37]. The ausforming process consists of an isothermal "warm
working" operation performed while the material is in a metastable austenitic
condition. The austinite is subsequently transformed in either the lower
banite or the martensite transformation region of the time-temperature-
transformation (TTT) curve. If the ausformﬁng method is to be applied, the
steel must have a sluggish transformation behavior in the temperature range
where “warm working" is to take place. AISI M-50 is such a steel [37].

Initial rolling-element fatique tests were performed with cylindrical
rollers made from ausformed AISI M-50 material having 40, 70, and 80 percent
deformation [37]. The results of these tests are shown in Fig. 14. It can be
seen that the ausformed material is superior to the normally processed AISI
M-50. Additionally, a relation exists between the amount of deformation
during ausforming and fatigue life. Tests with ausformed AISI M-50, 35-mm
bore, single-row radial ball bearings [38] having 80-percent deformation

produced fatigue lives approximately eight times conventionally forged AISI

M-50 bearings.
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Ausformed balls were fabricated from AISI M-50 bar materjal which was

extruded to a cross-sectional area 20 percent of the original area (80-percent

reduction in cross-sectional area) while the material was in a metastable
austenitic condition. The 10-percent fatigue 1ife of this group of ausformed
balls was three and four times that of two groups of conventionally processed
AISI M-50 balls [39].

It is believed that the primary mechanism causing the improved fatigue
1ife is "strain induced precipitation." In essence, sufficient energy is
imparted to tﬁe material during ausforming which results in précipitation of
the carbides in the material. This results in smaller and more uniformly
dispersed carbides because of the availability of a larger amount of carbide
nucleation sites during the ausforming process [37].

Unpublished data from NASA tests performed with VIM-VAR AISI M-50
120-mm-bore angular-contact ball bearings made by ausforming showed that
forging laps were induced in the racewéys of the bearing because of the
relatively low forging temperature. These forging laps acted as nuclei for
fatique spalls in a rather short period of time. The conclusion reached is
that ausforming can result in improved rolling-element fatigue life, but
probiems with forging, particularly the large, massive parts and the costs
thereof, far exceeded i1ts benefits.

CONTROLLED FIBER

A technique which has been used to improve bearing life is the
manipulation of the material fiber orientation. The races and rolling
elements of most bearings are forged. Any metallic object formed by forging
generally possesses a fiber-flow pattern which reflects the flow of metal
during the forging operation. Carbides and nonmetallic inclusions are

progressively and directionally oriented during each forming operation, from
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the ingot to the final bearing-element shape. Although the desired
microstructure s obtained By heat treatment, the carbides and inclusions
generally retain their processing-induced directionality. This pattern is
fibrous in appearance when the part is macro-etched, hence the term
"fiber-flow lines." In addition, the entire grain pattern is preferentially
oriented in the same manner.

The type of forging used to produce'rolling-elemgnt bearing components
will determine the fiber pattern which exists in these bearing parts. Steel
balls are usually fabricated by upsetting between hémispherica} dies. vThis
fabrication technique hroduces a fiber-flow pattern with two diametrically
opposed areas having fibers oriented approximately perpendicu]ér to the
surface as illustrated in Fig. 15. These areas are commonly known as the
poles. The excess metal extruded from between the two dies produces a thin
band of perpend1cu1ar1y oriented fiber when the f]ashing at the die parting
1ine is removed. This line, when preseht, is commonly termed the "equator.“
Thus, a typical ball has several surface areas with varying fiber-
orientafion. The initial effect of fiber or1ehtat1on on fatigue 1ife was

reported in [5,6]. Two lots of AISI 52100 balls were modified during

manufacture to predetermine the axis of rotation and to enable one lot to be

run over the poles and the other lot over the equator. The resuits obtained
indicated a significant improvement in fatique 11fé when the test track passed
over areas other than the poles.

Fatfgue data obtained with ten different ball materials was also examined
with respect to the location of specific spalls on the ball test specimens.
Each of the ball specimens was destructively etched after the test to indicate

the location of the failure relative to the pole areas. These data showed
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that a small increase in failure density occurs at the equator where the thin
band of perpendicular fiber exists and that a very significant increase in
failure density occurred in the polar areas or regions where fiber is
essentially perpendicular to the test surface.

Attempts were made to control fiber flow in balls [40], but these were
either unsuccessful or did not produce any significant improvement in fatigue
1ife.

While the feasibility of controlling fiber flow in balls is questionable,
the opposite appears to be true in bearing races. Additional research [10]
with controlied fiber flow was performed by machining race cylinders from a
biilet of AISI T-1 steel at various angles to the direction of faorging as

i1lustrated in Fig. 16. Three cylinders (races) were machined with axes

parallel to, at 45° to, and perpendicular to the direction of fiber flow. The

first cylinder (race) had fiber flow parallel to the test surface, the second
had fiber orientation ranging continuou51y from parallel to 45° to the test
surface, and the third had fiber orientation ranging continuously from
para]]e] to perpendicular to the test surface. The 0° cylinder (race) had the
best 1ife while the 0° to 45° and the 0° to 90° cylinder (race) indicated that
five of the six lowest 1ived failures occurred in the 81° to 90° zone. The
10-percent 1ife for perpendicular fiber was found to be about 1.25 million
stress cycles as compared with 4.7 million stress cycles for parallel fiber.

Experiments confirming the results of [5,6] were reported in [41].
Bearings were manufactured by two methods [41] as shown in Figs. 17 and 18.
One method produced races with conventional fiber orientation (Fig. 15). The
other method incorporated forging techniques which produced parallel fiber
flow (Fig. 18). Fatigue results from these two methods show at least a

ten-fold increase in 1ife of the bearings having side grain or fiber flow
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parallel to the race as opposed to bearings made with the end grain races or
fiber nearly perpendicular to the running track. It was also determined that
the same heats of steel which gave poor 1ife when forged with end grain in the
race performed very creditably when forged with side grain in the race. The
l1ife of parts seemed less sensitive to steel quality variations when forged
with the fiber flow parallel to the race.

If bearings with side grain (parallel fiber flow) were radially loaded,
no difference in 1ife would be expected between these bearings and those
conventionally forged. The reason for these results is that the
conventionally forged bearing wi]] generally bfoduce parallel fiber flow in
the portion of the race groove which is subject to the radial load. However,
where the material is laden with large carbides, at or near the surface, the
effect of fiber orientation or orientation of the carbide bands will have an
insignificant effect on rolling-element fatigue 1ife [36].

RESIDUAL STRESSES

An analysis presented in [42] indicates that a compressive residual
stress that exists at the depth of the maximum shearing stress can decrease
the maximum shearing stress. A similar analysis for superimposed stresses was
subsequently reported in {43,44]. Although observations [45] would indicate
that the maximum orthogonal shearing stress is the c¢ritical stress in the
initiation of fatigue cracks, there also is evidence [10,11,46,47] that the
maximum shearing stress is the most significant stress in the. fatigue
process. Thus, if the maximum shearing stress for a given Hertz stress could
be decreased by compressive residual stresses, rolling-element fatigue life

could be increased [42].
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Residual stress can either increase or decrease the maximum shearing

stress according to the fo]1ow1ng equation:

= =T - 12. (tsr) (9)

(*max) max

r

where Tmax is the maximum shearing stress, (rmax)r is the maximum shearing

stress modified by the residual stress, and Sr is the residual stress, the
positive or negative sign indicating a tensile or compressive residual stress,
respectively [42]. Accordingly, a compressive residual stress would reduce
the maximum shearing stress and increase fatigue 1ife according to the inverse
relation of 1ife and stress to the 9th power where
I |
L a[}tmax) ] (10)
r.

Compressive residual stresses induced beneath the surface of ball-bearing
race grooves were found beneficial to rolling-element fatigue 1ife [48,49].
Ball bearing lives were increased by a factor of 2 when metallurgically
induced ("prenitrided") compressive residual stress was present in the inner
rings (group B, Fig. 19) [48]. Compressive residual stresses induced by
unidentified "mechanical processing" operations were also found to be
benef{c1a1 to the fatigue 1ife of ball bearings [49].

Koistinen [50] reported a method of producing compressive residual
stresses in the surface of AISI 52100 steel by austenitizing in an atmosphere
containing ammonia. Stickels and Janotik [51] also induced cbmpressive
residual stress in the surfaces of AISI 52100 steel rolling-element specimens
by austenitizing them in a carburizing atmosphere, even though the
austenitizing temperature was below that needed to dissolve all primary

carbides. The depth of the compressed residual surface stress was 0.3 mm
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(0.012 4n.) having a maximum compressive residual stress of 0.6 N/mz‘

(87 ks1). The carburized case (surface layer) contained a larger volume
fraction of primary carbides, more retained austenite and was slightly harder
than the core. Rolling-element fatigue tests in the RC fatique tester at a
maximum Hertz stress of 5.03x109 N/m2 (729 ksi) having a depth to the
maximum shearing stress of 0.015 mm (0.006 in.) resulted in the AISI 52100
which was treated in the carburizing atmosphere having a 1ife approximately
1-1/2 times greater than the untreated AISI 52100 {52]. This increase in life 
can be attributed to the induced residual stresses in the region of resolved
maximum shearing stresses in spite of the increased presence of carbides at or
neér the surface. From [52] it 1s apparent that the distribution of the
induced compressive residual stresses is a fraction of the carbon potential.
For ball and roller bearings the zone of maximum resolved shearing stresses
due to Hertzian loading occur at a depth from 0.10 to 0.25 mm (0.004 to

0.010 in.) below the surface. With a carbon potential of 0.9 wt % carbon in
iron, effective compressive residual stresseS were available to a depth of
0.3 mm (0.012 1h.). This depth was sufficient to have a beneficial effect.
For the carbon potentials less than 0.7 wt % carbon high, tensile residual
stressesswere present at depths to 0.2 mm (0.008 in.). Hence, without taking
due care, it is also possible to reduce the fatique 1ife potential using the
carburizing process to induce residual stresses.

Compressive residual stresses can be induced as a résu]tAof the cyclic
concentrated contact in rolling-element bearings [46,53-56). These stresses
depend on plastic deformation of the microstructure. They tend to reach a
-max1mum at a depth of several mils beneath the rolling surface corresponding
approximately to either the depth of the maximum shearing stress [43,55,56] or

the depth of the maximum 6rthogona1 shearing stress [46]. The magnitude of
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the residual stress tangential to the surface‘in the direction of rolling is
dependent on both the applied load and the number of load cycles. Research
reported in [53] indicated a threshold load below which significant residual
stresses are not induced except for very long running times.

Changes in microstructure (pha§e transfdrmations) have been reported to
occur in the same areas as the maximum induced residual stress [53,55]. Under
some conditions of very high contract stresses, no microstructural alteration
was apparenf where significant residual stresses were induced in a few cycles
[53]. The correlation of induced residual stress with these microstructural
alterations is not clear. In [56], they are proposed to be independent
phenomena. However, it is probable that some or all of the induced residual
stress may be attributed to the transformation of retained austenite to
martensite.

It was reported in [46] that. there were significant effects of residual
stress induced during fatigque testing on rolling-element fatique life. 'In
this work, maximum compressive residual stresses were induced and maximum
fatigue 1ife resulted when the ball hardness was 1 to 2 points Rockwell C
greater than the race hardness (AH = 1 to 2 points Rockwell C). An
identical effect is reported in [56].

It was hypothesized that such a beneficial compressive residual stress
could be induced by prestressing a ball-bearing inner race; for example, by
running the bearing at a load greater than the threshold load [53] for a
prescribed number of cycles. The bearing, when subsequently run under more
nominal service loads, would then be expected to experience a longer fatigue

life.
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In order to confirm the above hypothesis, residual stress measurements
were made on several 207-siie deep-groove ball bearings that were run for
different time periods to determine a prestress cycle suitable for inducing
significant compressive residual strésses in the inner-race-ball groove [57].
The results of this prestressing are shown in Fig. 20. Compressive residual
stresses in excess of 0.69x109 N/m2 (100 ksi) were included in the region

of the maximum shearing stress in the bearing inner race run for 25 hr at a

maximum Hertz stress of 3.3x109 N/m2 (480 ksi) and a shaft speed of

2750 rpm. Twenty-seven bearings were prestressed for 25 hr at this condition
and fatigue tested at a maximum Hertz stress of 2.4x109 n/M2 (350 ksi).
The results of these tests are shown in Fig. 21. The results of these tests
are compared with results of baseline tests without a prestress cycle at
identical test conditions. The 10-percent fatigue 1ife of the prestressed
bail bearings was greater than twice that of the baseline bearings.
Additionally, from Fig. 22 the d1fferen§es between the measured residuali
stress, 1s in the prestressed bearings and in the baseline bearings after
3000 to 4000 hr of testing are small [57].
RETAINED AUSTENITE

For three decades the effect of retained austenite on rolling-element
fatigue has been openly discussed at technical meetings without the
presentation of definitive data. In general, for a given through-hardened
material, the amount of retained austenite generally increases with increasing
material hardness. For case hardened materials, however, large amounts of
retained austenite will be present in the case. It is well known that
retained austenite will transform to martensite under Hertzian cyclic stress
conditions and even at no load ambient conditions resulting in dimensional

jnstability of the bearing component. For this reason, a low level of
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retained austenite is desirable for critical bearing applications. Typical
maximum levels are in the rénge of 2 to 5 percent. The effect of retained
austenite cannot be easily separated from the effect of material hardness.
For this reason, 1ittle work has béen directed toward studying the effect of
retained austenite on rolling-element fatigue.

It had been speculated that increased amounts of retained austenite can
result in increased 1ife if material hardness was maintained at a relative
constant level. AMS 5749 steel, because of its alloy content, tends to retain
higher levels of retained austenite, but levels as Tow as § pefcent are
attainable with suitable heat treatment. This characteristic allows for
development of test material with varied retained austenite while other
characteristics such as hardness remain constant [58];

Rolling-element fatigue tests were conducted in the NASA five-ball
fatigue tester with three lots of .VIM-VAR AMS 5749 12.7-mm (1/2 in.) diameter

9 N/m2 (800 ks1), a contact

balls at a maximum Hertz stress of 5.52x10
angle of 30°, and a shaft speed of 10 000 rpm at 339 K (150 °F). €Each lot of
the AMS 5749 had a different amount of retained austenite. The results of
these tests are summarized in Figure 23 [58]. A comparison of the 10-percent
lives of the three lots of VIM-VAR AMS 5749 does not present a clear effect of
retained austenite on fatique 1ife. The intermediate level (lot B, 11.1
percent) gave the longest 1ife with apparent statistical significance when
compared with the highest level, where the confidence number is 97 percent, or
greater than 20 confidence. For the lowest level of retained austenite

(1ot C), the confidence number is 87 percent. Thus, it is apparent that the
high level of retained austenite, 14.6 percent (lot A), is significantly

detrimental to the 10-percent fatigue 1ife. Therefore, an optimum level of

retained austenite is suggested for maximum fatigue life. However, because of
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the 1imits imposed by dimensional stability, such levels are probably not
practical for bearings for'cr1t1ca1 applications such as in aircraft turbine
engines.

It should be noted that an unusually high Weibull slope exists in the
lot B failure distribution. The reason for this high slope along with the
relatively long 1ife of this lot is not understood; however, it is of interest
to note that relatively early failures did not occur at the 11.1 percent
retained austenite level. Thus, the 50-percent 1ife data suggest a trend
toward increased 1ife with decreased retained austenite 1eve1.. However, where
high reliability is of importance, the main interest is in early failures,
which is Tndﬁcatéd best by the 10-percent 1life data [58].

Rolling-element fatigue tests were conducted with two rollers as
specimens made from a carburized 18Cr2Ni4WA (0.18 percent C, 1.50 percent Cr,

4.25 percent NI, and 1.0 percent W) at a maximum Hertz stress of 3x109N/m2

(435 ksi) [59]. The rollers had retaihed austenite of 7, 12, 40, and 50
percent in the roller case. Hardness measurements were only reported for the
7 and 50 percent retained austenite rollers. These were maximum Vickers
hardness of 800 and 730, respectively. While only three or four roller pairs
were tested at each austenite level, there was a significant increase in
fatigue life with increasing retained austenite. However, austenite does not
appear independent of hardness. The results of this work shown in fig. 24
suggest that the deformation-induced martensite transformation results in the
creation of compressive residual stresses thus increasing life [59]. These
results would also suggest that retained austenite may play more of a role 1in
the results discussed previocusly relating hardness to 1ife wherein induced
compressive residual stresses are related in whole or in part to the

transformation of the austenite into martensite. These transformations are
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also related to metallurgical changes which have been previously reported
[10]. Many investigators have sought a correlation of the so-called "white
bands" in AISI 52100 induced during Hertzian contact with time and
rolling-element fatigue. The "white bands" may be indicative of the residual
stresses present due to the austenite transformation.

While retained austenite appears to improve rolling-element fatigue 1life,
it can at the same time have a deleterious effect. It was reported in [60]
and [61] that for tapered roller bearings made from AISI 4320 steel shallow
surface distress was occurring on the raceway and roller tapef surfaces. This
type of distress is called peeling [61] and appears as a very shallow area,
uniform in depth. Typical peeled areas in these bearings, approximately
0.008-mm (0.0003 in.) deep, are shown in Fig. 25. The peeling tended to
initiate at minor surface defects such as deeper surface scratches or
indentations [61].

The peeling also tended to be conéentrated near the axial center of the
raceways and roller with a slight bias toward the roller large end. This
effect may be expected since the rollers are slightly crowned and the contact
stress is somewhat higher in the center of the raceway. Profile traces across
the raceways and along the roller tapers of the initial test bearings reveaied
that the roller crown radius had been decreased to approximately one-third of
its original value. T7This exaggerated crown caused further stress
concentration at the center of the roller and further aggravated the peeling
[61].

This exaggerated crown was also observed in similar tests reported in
[60] and was attributed to an uneven transformation of retained austenite.

The level of retained austenite in the case of the AISI 4320 bearing steel is

approximately 30 percent. Since austenite is a relatively unstable phase, it
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transforms to martensite at a rate that depends on temperature and stress

conditions. As it transforhs, a growth of the material occurs. Since
stresses and temperatures are higher near the center of the roller raceway
contact due to higher Hertzian loading, greater transformation, and thus
growth occurs there, and it becomes a self aggravating condition. Some
measurements of retained austenite on the rollers from the initial test
bearings indicated that nearly all of the austenite had transformed near the
center. It is beljeved that the growth from this transformation could account
for the exaggerated‘crown that was measured [61]. The cup and cone raceways
also experienced some crown increase but to a Tesser extent than the rb]]ers
[61].

Experience has shown that test rollers made from AISI 52100 of Rockwell C
hardnesses greater than 63 will have sufficient austenite transform during
rolling contact to alter the surface waviness and cause early spalling of the
surfaces. Even for unrun bearings made‘from AISI M-50, growth of the bore of
the inner ring can occur at room temperature with time where high amounts of
retained austenite were initially present to render the bearing unfit for use.

FRACTURE TOUGHNESS .

Table 5 1ists both through-hardened and case-hardened bearing materials
and their chemistry. It has been standard practice in the tapered roller
bearing industry to manufacture tapered roller bearings from case-hardened
steels. The reason for this is quite simple. Because of the higher loads
which tapered roller bearings are subjected to, higher interference fits
between the inner ring and shaft are required to prevent the ring from turning
on the shaft. These higher interference fits induce rather high hoop
(tensile) stresses in the ring which can resuit in fracture of the inner ring

if through-hardened steels were used. Additionally, high thrust loads .on the
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flange of the tapered roller bearing can result in fracture failure of the
flange if the flange were.thfough hardened. As a result, through-hardened
materials such as AISI 52100 and AISI M-50 have been rarely used for tapered
roller bearing application. For temperatures under 608 K (300 °F) case
hardened materials such as AISI 4320 and AISI 9310 have been commonly used.
Within the last two decades, for higher temperature application, case
carburized steels such as CBS 600, CBS 1000M, and VASCO X-2 have been used.
Life tests were performed with 120.65-mm (4.75) bore tapered-roller bearings
made from CVM AISI 4320 and CVM CBS 1000M at 12 500 rpm, a bearing temperature
of 391 K (245 °F), a thrust load of 53 400 N (12 000 1b), and a radial load of
26 700 N (6000 1b) [61]. Twelve bearings of the AISI 4320 material ran to a
1100-hr cutoff time without failure of any type. At these conditions the
rated catalog 1ife of this bearing design is 102 hr, so that the ‘experimental
10-percent 1ife is greater than 10 times the catalog life [61].

Sixteen bearings made from CVM CBS’1000M material were run to spaliing
fatigue failure or to the 1100-hr cutoff time. Twelve of the bearings ran to
1100 hr without failure. Three bearings experienced spalls on the cup or cone
raceways. One bearing was suspended at 820 hours without spalling failure.
Based on the three failed bearings, the 1ife of the CBS 1000M bearings was
estimated to be 600 hr, or about six times the rated catalog life [61].

A comparison of the results of the two materials showed that the CVM CBS
1000M bearing life is Tess than tﬁe AISI 4320 bearing life. However; a
quantitative estimate of the difference was not possible from these results
since no fatique failures occurred with the AISI 4320 bearings. Metallurgical
analysis of the CBS 1000M bearings revealed that the cup and cone materials

had coarser than desired grain structure. These bearings were made from the
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first heat of the material aﬁd were exposed to forging temperatures later
found to be excessive. 1In génera], prior austenite grain size should be
ASTM 8 or finer and individual grains should not exceed ASTM 15 [1].

Ten tapered roller bearings of a modified design made from VIM-VAR AISI
M-50 steel were run at the same loads as the AISI 4320 and CBS 1000M bearings
but at a speed of 18 500 rpm. The rated catalog life for these bearings was
46 hr. For various reasons related to rig malfunction, testing of six of
these 10 bearings were suspended before the cutoff time of 1100 hr. Two
bearings- reached the 1100-hr cutoff time without failure. Two bearings
developed cracked cones after 188 hours.

The average tangential tensile hoop stress, based on the assumption of
thin rings, was estimated for the 18 500-rpm condition to be approximately
0.145x109N/m2 (21 000 psi). This calculated stress also includes effects
of the cone-shaft interference fit. This stress is at the lower end of the
range where critical crack size can be feadi]y reached in through hardened
steel [61].

For ball and cylindrical roller bearings through hardened steels are
commonly used. Most of these bearings are run at speeds less than 2 million
DN with some bearings in main shaft turbojet engine applications running at
2.2 million DN. As engine speeds increase to achieve improved efficiency and
better specific fuel consumption, bearing speed will also increase. It is
expected that bearing speeds will approach 3 million in the next decade. At
bearing speeds greater than 2.3 million DN, bearings using conventional
through-hardened bearing steels such as AISI 52100, AISI M-50, or 18-4-1
(AISI T-1), will be subject to race fracture either independently or as a
result of a fatigue spall. This was graphically illustrated in the test

reported in [8] with a 120-mm bore angular-contact ball bearing run at-
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3 million DN in which a defect was induced at the bearing inner race to cause

spalling. The expected 1nnér—race spalling at the induced defect occurred
after 6 hr and 17 min. Testing was continued until an obvious severe
fragmentation fracture occurred to the inner ring, terminating the test,
7.5 min after detection of the spalling (Fig. 26). Post-test examination
showed that the inner ring had fractured into eight discrete segments [8].

From these tests it became obvious that, as with tapered roller bearings,
materials with improved fracture toughness, e.g., case carburized steels, must
be used. Comparison of the fatigque lives of CVM AIST M-50, CVM AISI 9310, and
CBS 600 in the RC fatigque tester at 4.8x109N/m2 (700 ksi) are shown in
Fig. 27. The AISI 9310 and CBS 600 had equivalent fatique 1ives to the AISI
M-50 [17]. However, materials such as AISI 9310 do not maintain their hot
hardness while materials such as CBS 600 require much more quality assurance
and control during processing to achieve the required rolling-element fatique
life. |

Fracture toughness of a material is inversely proportional to carbon
content and hardness. The amount of carbon present also determines hardness.
A means of improving the fracture toughness without affecting hardness is to
add nickel. When present in high-chromium, low-carbon steels, nickel causes
the steel to become fully austenitic at temperatures above 1359 K (1650 °F),
where the stee]lis heat treated or carburized. This also influences carbide
size and distribution within the steel which affects fatigue life.

Recognizing the above, E.N. Bamberger, at the General Electric Co. [9],
modified the chemistry of AISI M-50 steel by decreasing the amount of carbon
and increasing the amount of nickel [9]. He called this modified material

M-50NiL (the Ni referrihg to increased nickel and the L to low carbon).
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The M-50Ni1L which is case carburized has a core which has a fracture
--toughness KIc of over 60 MPa \fa'(so-ksiA\/?ET) and an average core hardness
of Rockwell C 43 to 45 as compared to AISI M-50 of 29 MPa \[ﬁ'(zo ksi in.)
[62]. The carbide structure of M-50NiL, shown in Figure 28, has fine carbides
(compounds of carbon and various alloying elements) dispersed evenly within
the steel's microstructure as compared to the courser carbides found in the
“standard AISI M-50 [62].

Compressive residual stresses on the order of 0.2x'|09N/m2 (30ksi) are
~induced in the zone of maximum resolved shearing strésses during the
carburization process [62]. These residual stresses combined with the fine
carbide structure will improve the rolling-element fatigue 1ife of the
material over conventional AISI M-50. This is illustrated by the
rolling-element fatique test results of the RC fatigue tester (Fig. 29) which
compares standard VIM-VAR AISI M-50 and VIM-VAR M-50NiL. The M-50NiL had a
10-percent fatigue 1ife of over twice that of the standard AISI M-50 [9]:
Bearing tests reported in [9] show that under conditions which resulted in
fracture.of standard AISI M-50 inner races, bearing races made from M-50NilL
and selected carburized steels did not show any signs of incipient fracture or
even é tendency to fracture. This assures that bearing steel requirements for
the next decade and beyond can be met by these most recent carburized
materials.

CONCLUSION

During the last four decades, significant technical advancements in the
bearing and steel industry have allowed for the design and manufacture of
rolling-element bearings having lives over 100 times that whiéh-cou]d be
achieved in the 1940's and at speeds to 3 m11i10n DN. The results of these

achievements can be catagorized into improved material cleanliness, controlled
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material hardness, smaller and evenly dispersed carbide structure, induced
compressive residual stressés, and improved fracture toughness. While the
effect of material grain size was not discussed, it is generally accepted in
the bearing industry that prior austenite grain size shouid be ASTM number 8
or finer and individual grains should not exceed ASTM number 5. It is further
apparent that the chemical composition of a bearing steel does not have the
affect on material hot hardness or l1ife that 1t once was thought to have.

What appears to be of paramount importance is the steel melting process such
as VIM-VAR and an optimized heat treating process, together with its related
process controls, in order to achieve a uniform and consistent end product.
The vast differences which were once thought to distinguish through-hardened
materials from case carburized materials really never existed but resolves to
differences in fracture toughness necessary for either highly loaded and/or
very high-speed applications. Case carburized M-50NiL appears to incorporate
all the desirable qualities discussed hérein into a material whereby optfmal
1ife and reliability can be achieved not only for current bearing applications

but for those of the next decade and beyond.
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TABLE 1. - SUMMARY OF ENDURANCE TESTS WITH 120-MM BORE ANGULAR CONTACT BALL BEARINGS

[Material, VIM-VAR AISI M-50 Steel; Temperature, 492 K (425 °F); Contact angle, 24°.]

Speed Thrust Maximum Hertz Predicted Experimental | Experi- {Failure
rpm load, stress, Tifed life, mental | index®
(DN) N (1b) N/mé (ksi) rev.x10- rev.x10-6 Weibull
(hr) (hr) slope
Inner Quter
race race L1o | Ls0 Lio Lso
12 000 66 721 | 2048x105 | 1731x108 | 29 | 157 | b2700 |be97s | b2.1 1 out
(1.44x106) | (5000) | (297) (251) (40) | (216} | (3750) | (9687) of 30
25 00 66 721 | 1965x106 | 2096x106 | 21 | 113 | 2400 | 6200 2.1 6 out
(3.0x106) | (5000) | (285) (304) (14) | (76)] (1600) | (4133) of 30

3Centrifugal effects included.

Estimated.

CIndicates number of failures out of total number of tests.




TABLE 2. - TEMPERATURE PROPORTIONALITY FACTORS

FOR BEARING STEELS

[(Rc)T = (Rc)pT - o aTs.]

AND EXPONENTS 8

Material Temperature range

K °F K °F K | °F
AIST 8620 | 294 to 589 | 70 to 600 | 73x10™> | 26x10™° | 1.7 | 1.7
CBS 600 | 294 to 589 | 70 to 600 |0.75x107> |0.18x1075 | 2.4 | 2.4
Vasco X-2 | 294 to 811 | 70 to 1000 | 1.4x10™> |o0.38x1075 | 2.2 | 2.2
CBS 1000 | 294 to 811 |70 to 1000 | 93x10™> | 38x107% | 1.5 | 1.5
CBS 1000M | 294 to 811 | 70 to 1000 | 340x10™> | 160x1075 | 1.3 | 1.3
SUPER 294 to 769 | 70 to 620 | 1.3x105 |0.33x10-5 | 2.3 | 2.3
NITRALLOY
AISI 52100{ 294 to 533 | 70 to 500 | 92x107™° | 34x107° | 1.6 | 1.6
AISI M-50 | 294 to 811 |70 to 1000 | 133x10™° | 54x107> | 1.4 | 1.4
AISI M-1 | 294 to 811 | 70 to 1000 | 133x10™> | s4x107 | 1.4 | 1.4
AISI M-2 | 294 to 811 |70 to 1000 | 133x10™° | 54x107> | 1.4 | 1.4
AISI M-10 | 294 to 811 | 70 to 1000 | 133x10™> | 54x107° | 1.4 | 1.4
AISI M-42 | 294 to 811 | 70 to 1000 | 133x107> | s54x107> | 1.4 | 1.4
AISI T-1 | 294 to 811 | 70 to 1000 | 133x10~® | 54x10-5 | 1.4 | 1.4
(18-4-1)
Halmo 294 to 811 |70 to 1000 | 133x107> | 54x107° | 1.4 | 1.4
WB-49 294 to 811 |70 to 1000 | 133x107> | s54x1075 | 1.4 | 1.4
WD-65 294 to 811 | 70 to 1000 | 133x107> | 54x1075 | 1.4 | 1.4
Matrix [T | 294 to 811 |70 to 1000 | 133x107> | 54x10™> | 1.4 | 1.4
AISI 440C | 294 to 811 | 70 to 1000 | 133x107> | s4x107 | 1.4 | 1.4
AMS 5749 | 294 to 811 | 70 to 1000 | 133x107> | s4x107° | 1.4 | 1.4
M-50NiL | 294 to 811 | 70 to 1000 | 133x107° | s54x107° | 1.4 | 1.4




TABLE 3. - HARDNESS OF AISI 52100 STEEL INITIALLY HARDENED TO THREE
HARDNESS VALUES (RC 60.5, RC 62.5, AND Rc 64.5) AFTER EXPOSURE
TO INDICATED SOAK TEMPERATURES FOR 100 AND 500 HOURS

Soak temperature Time at soak temperature, hr
K °F 100 500 to 1000 100 | 500 to 1000
Room-temperature hardness Hot hardness
(Rc at 297 K (75 'F)) (R¢ at soak temperature)
366 200 (a) (a) (a) (a)
394 250 b63.2 b61.5 b62.1 be1.2
422 300 61.0 60.0 60.0 58.8
450-478 350-400 60.0 58.7 58.0 56.5

aNo change from initial values.
Maximum value attainable; if initial hardness is below this value, time at
this temperature will have no effect,
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TABLE 5. — CHEMICAL COMPOSITION OF BEARING STEELS

Material Alloying Element, Percent by Weight (Balance Fe)

c P(max) { S{max) | Mn Si Cr ) W Mo Co Cb Ni | Other
AISI 52100 1.00 [0.025 | 0.025 ]0.35 [0.30 | 1.45 | ———= | ——== | === | ==== | === | ~—=— | ===~
MHT 1.03| .025 .025 L350 .35 | 1.50 | ——— | —=—= | ===~ | === [ ==—= | =——-| 1.36A1
HALMO .56 | .003 .008 .36 |1.12 | 4.84 {0.53 |——— {5.18 | ——— | ——— | ——— | ——=——
AISI M-1 .80 .030 .030 .30 .30 |{ 4.00(1.00|1.50|8.00 | ————} ——== | == | ==—=—
AISI M-2 .83 .030 .030 .30 | .30 | 3.85(1.90 (6.15 [5.00 | ——— | ~—= | ———— | ===
AISI M-10 .85 1 .030 .030 .25 .30 | 4.00]2.00 | -——{8.00 | ——— | === | === | ————-
AISI M-42 1.10} .012 .007 15 .17 | 3.77 |1.15 11.66 | 9.51 | 7.99 | ———= | ——= | ~=m——-
AISI M-50 .80 | .030 .030 .30 .25 | 4.00[1.00 | ——— [8.25 | === | === | === | —==——-
T-1 (18-4-1) .70 | .030 .030 .30 | .25 | 4.00|1.00 {18.0 | ——— | ==— | === | =—— | ==
T-15 1.52{ .010 .004 261 .25 | 4.70(4.90 |12.5] .20 |5.10 | ——— | ———= | ===
440C 1.03 ] .018 .014 .48 1 .41 117,30 .14 |—— | 50 |- || == | ————
AMS 5749 1.15¢{ .012 .004 .50 .30 {14.50 [1.20 | ===—- {4.00 | ——= | === | ==== | —————=
Vasco Matrix IT| .53 014 013 121 .21 | 4.13{1.08 |1.4014.80|7.81 | ———— [0.10 | =————-
CRB-7 1.10| .016 .003 .43 .31 [14.0011.03 | -——=[2.02 | ~~—= | 0,32 | ——— | —=———-
AMS 5900 1.10 | .0l4 .007 .40 .30 |14.00}1.0 |[-—=—— 2.0 |-~ |- |—- 25Nb
AISI 9310 (C) .10 .006 .001 54 .28 {118 ——— | = A1 |- | --—}3.15} -
CBS 600 (C) .19 | .007 .014 611,05 | 1.50 | —— |—= | 94 | —— | =—— | .18 |-——-
CBS 1000M (C) .14 1,018 .019 A8 .43 | 112 e | ——— | 477 | = | ——12.94 | ————-
VASCO X-2 (C) .14 | .011 011 240 94 [ 4,76 .45 1.40 |1.40} .03 | -—-| .10}
Bower 315 (C) B K T 50 |——— | 1,55 - | =—|5.00 | === | -——— 1 2.80 | —~———-
AISI 8620 (C) 21 | e | e .80 |—=— 50— fee—— | 20 | === [ === | .55 | -
AISI 3310 (C) B T 52 j——— [ 1.8} —— | —=— | === | === | ==—== | 3.50 | —————-
AISI 4320 (C) 20 | === | .55 |~ 50 | e [ | W25 | | ——— [ 1.82 | ————-
AISI 4620 (C) B R .55 [ = fomm— e | | 25 e | === | 1.82 | -
AISI 4720 (C) 20 e | 55 | ———- A5 e e | .20 | === | === | 1.05 | ==
M-50 Nit (C) 13| .030 .030 .30 .25 {1 4,00(1.20 {=-—- }4.25 | === | === | 3.50 | ~—~—

(C) Carburizing Grades
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FIGURE 11.- TEN-PERCENT LIFE AS FUNCTION OF AH (DIFFERENCE IN ROCKWELL C HARDNESS BALLS AND RACES) FOR AISI 52100 207-
SIZE DEEP-GROOVE BALL BEARINGS.
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FIGURE 14,~ EFFECT OF AUSFORMING ON FATIGUE LIFE FOR
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FIGURE 17. - BEARING RACE SHOWING FIBER FLOW PRIMARILY PERPENDICULAR
TO RACEWAY.
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FIGURE 18. - FORGED BEARING RACE SHOWING FIBER FLOW PARALLEL TO
RACEWAY.
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FIGURE 20.- TANGENTIAL RESIDUAL COMPRESSIVE STRESS AS FUNCTION
OF DEPTH BELOW CENTER OF INNER-RACE GROOVE FOR VARIOUS PRE-
STRESS TIME CYCLES FOR 207-S1ZE DEEP-GROOVE BALL BEARING.
RADIAL LOAD, 13 800 N (3100 LB): MAXIMUM HERTZ STRESS,

3.3x109 N/Mm (480 KSI): SHAFT SPEED, 2750 RPM.
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FIGURE 21.~- RESULTS OF FATIGUE TESTS WITH 207-SIZE BALL BEAR-
INGS. RADIAL LOAD 5860 N (1320 LB): MAXIMUM HERTZ STRESS.
2.llx109 N/M9 (350 KSI1): SHAFT SPEED., 2750 RPM, LUBRICANT,
REFINED NAPHTHENIC MINERAL OIL.
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FIGURE 23.- ROLLING-ELEMENT FATIGUE LIVES OF VIM-VAR AMS
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FIGURE 24.- EFFECT OF RETAINED AUSTENITE ON ROLLING-ELEMENT
FATIGUE FOR TWO DISKS IN CONTACT. MAXIMUM HERTZ STRESS.
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FIGURE 25. - PEELING FAILURE ON CUP RACEWAY SURFACE
AFTER 569 HOURS WITH STANDARD DESIGN BEARING RUN
AT 12,500 rpm,
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FIGURE 27.- ROLLING-ELEMENT FATIGUE LIVES OF CVM
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(A) VIM-VAR AISI M-50.

(B) VIM-VAR M-50 NIL.

FIGURE 28. - COMPARISON OF MICROSTRUCTURE OF AISI
M-50 NIL. (M-50 NIL HAS SMALLER., MORE UNIFORM
CARBIDE STRUCTURE)
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