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SUMMARY 

Near ly  f o u r  decades o f  research i n  bea r ing  s t e e l  m e t a l l u r g y  and 

p rocess ing  has r e s u l t e d  i n  improvements i n  bea r ing  l i f e  by a f a c t o r  o f  100 

over t h a t  ob ta ined i n  the e a r l y  1940's. For c r i t i c a l . a p p l i c a t i o n s  such as 

a i r c r a f t ,  these improvements have r e s u l t e d  i n  longer  l i v e d ,  more r e l i a b l e  

commercial a i r c r a f t  engines. M a t e r i a l  f a c t o r s  such as hardness, r e t a i n e d  

a u s t e n i t e ,  g r a i n  s i z e  and ca rb ide  size, number, and area can i n f l u e n c e  
a3 
a3 
cu rn r o l l i n g - e l e m e n t  f a t i g u e  l i f e .  Bearing s t e e l  p rocess ing  such as double vacuum 
I 

w 
I m e l t i n g  can have a g r e a t e r  e f f e c t  on bear ing  l i f e  than m a t e r i a l  chemis t ry .  

The s e l e c t i o n  and s p e c i f i c a t i o n  o f  a bea r ing  s t e e l  i s  dependent on t h e  

i i n t e g r a t i o n  o f  a l l  these cons ide ra t i ons  i n t o  t h e  bear ing  des ign  and 

a p p l i c a t i o n .  The paper reviews r o l l i n g - e l e m e n t  f a t i g u e  da ta  and a n a l y s i s  

which can enable t h e  engineer o r  m e t a l l u r g i s t  t o  s e l e c t  a r o l l i n g - e l e m e n t  

b e a r i n g  s t e e l  f o r  c r i t i c a l  a p p l i c a t i o n s  where l ong  l i f e  i s  requ i red .  



INTRODUCTION 

Through the use of improved technology, rolling-element bearing life and 

reliability has increased dramatically over the last four decades. 

showing the major advances contributing to these life improvements is shown in 

Fig. 1 [l]. The major reason for these advances has been the rapidly 

increasing requirements of aircraft jet engines from the early 1950's to the 

present. 

A chart 

Starting in the early 1940's, new developments i n  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 

A I S 1  52100 steel ( A ,  Fig. 1). New heat-treatment equipment became available 

in 1941 which incorporated improved temperature controls and recorders. The 

use of neutral atmospheres during heat treatment eliminated, for all practical 

purposes, surface decarburization . (E ,  Fig. 1). 

A s  the requirement for bearing steel increased, large electric arc 

furnaces were installed which produced larger size billets. These larger 

billets necessltated 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 thls time [l]. 

Major advances i n  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 [l]. 

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, it is practi.ca11y 
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the transverse radii of the races, controlled by the grjnding wheel dresser, 

are more consistent [l]. 

The vacuum degassing and vacuum melting processes were introduced to the 

Consumable-electrode vacuum melting was bearing industry in the late 1950's. 
\ one such process (F, Flg. 1). Vacuum melting releases entrapped gasses and 

reduces the quantity and alters the type of inclusions and trace elements 

present in the steel. 

In order t o  assure clean steel with the vacuum-melting processes, 

nondestructive testing, using eddy current and ultrasonic methods, was applied 

to billets, 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 film referred to as an 

elastohydrodynamic film [2]. The concept o f  elastohydrodynamic (EHD)  . 

lubrication while recognized in 1949 [3] was further recognized as a 

significant factor in affecting bearing fatigue life and wear ( H ,  Fig. 1). By 

controlling the E H D  film thickness through lubricant selection and control o f  

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 o f  the molten steel during 

teeming was introduced (I, Fig. I ) .  Drastic improvement in micro- and 

macroscoplc homogeneity and cleanliness with a resultant improvement in 

fatigue was realized [ l ] .  
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Prior t o  the 1950's as-ground races were hand polished to improve finish 

and appearance. 

plastically displaced or smeared material which was softer and more prone to 

fatigue failure. 

which all parts are smoothed in a more uniform manner (J, Fig. 1). 

Overly-aggressive polishing could create a thin layer of 

This manual process was replaced by mechanized honing in 

In 1958, NASA published their results Of controlled fiber or grain on the 

effect of bearing life [5,6]. 

shape the raceway of angular-contact ball bearings. 

controlled fiber orientation was introduced i n  1963 (I, Fig. 1). This 

innovation improved the life o f  angular-contact ball bearings. 

Controlled fiber can be obtained by forging to 

Forged raceways with 

Work performed by NASA beginning in the late 1950's on material hardness 

effects culminated 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 i n  

significant reduction in bearing life. 

Combining improved surface finishes obtained by honing, improved 

lubricants whose selection was based upon elastohydrodynamic principles, 

controlled fiber and hardness, consumable-electrode vacuum melted (CEVM)  

AISI M - 5 0  steel, as well as improved nondestructive inspection of the steel 

billet, relative bearing life of approximately 13 times the 1940 standard was 

achieved in 1975 [ 4 ] .  

time, vacuum-induction melted, vacuum-arc remelted ( V I M - V A R )  A I S I  M-50 (K, 

Fig. 1 )  demonstrating lives i n  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 )  [l]. 

The NASA research culminated by using, for the first 
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In 1983, BambPrgPr [ 9 j  a t  t h e  Genera! E!ectr!c co.  dpvp!qeC! a 

significantly improved AISI M-50 steel which he called M-SONIL which was 

capable of being case hardened and exhibited lives in excess of through 

hardened VIM-VAR AISI M-50 (M, Fig. 1). 

The steel technology for long-life bearing application has, over the last 

20 years, reached a 20-fold increase In life potential. The object of this 

paper is t o  review rolling-element fatigue 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, sliding within the contact zone, 

temperature,,contact geometry, type of lubricant, and others. The fatigue 

failure manifests 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 [ l l ]  that one mode of 

rolling-element fatigue 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 

inclusions, enlarge and propagate under repeated stresses foriiilng a nettjork o f  

cracks which form into a fatigue spa11 or plt. In general the cracks 

propagate below the rolling-contact surface approximately 4 5 "  to the normal; 
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i.e., they appear t o  be in the plane of maximum shearing stress (Fig. 3). 

Carter [lo] 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 i n  SA€ 52100 and AISI M-1 steels, Carter 

concluded that: 

(1) 

(2) 

(3) 

Inclusion location is of primary importance 

Size and orientation are also important 

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 life in SA€ 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 i n  sulfides may have a positive effect upon 

fatigue life. 

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 i n  their matrices. 

In addition to inclusions, material defects such as 

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 ( C V M )  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. 

performed effectlvely by the carbon. 

a deoxidizer are gaseous, and thus are drawn off in the vacuum. 

these techniques permit extremely close control of chemistry and also permit 

production of varia’tions in chemlcal analysis which was at one time 

impractical. 

Exposing the melt to a vacuum permits deoxidation to be 

The products formed when using carbon as 

Further, 

Fatigue tests of 6309-size deep-groove ball bearings made from two heats 

of AIS1 M-50 steel produced by the consumable-electrode vacuum-melting (CVM) 

process resulted in an average 10,percent life ( L  ) of 4.2 times the 

catalog life 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 life of only 0.4 times the catalog rating [13]. 

10 

The improvement in life of bearings made of vacuum-melted steels does not 

appear to be commensurate with the improvement i n  cleanliness. This, of 

course, upholds the long-held theory that cleanliness is not the only factor 

involved i n  bearing fatigue. Even In exceptlonally clean materials, 

nonmetalllcs are present to some degree and, depending on the magnltude and 

location in relation to the contact stresses, can be the nucleus of fatlgue 

cracks as previously discussed. 

52180 .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 flftb remelt 

A single heat of primary air melted AISI 
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ingots for evaluation; they were then heat treated and manufactured as a 

single lot to avoid group variables. 

reduction of nonmetallic content occurred. Endurance results, summarized in 

Flg. 5 ,  show that the 

remelting with the fifth remelt material reaching a life approximately four 

times that o f  the air melt group [14]. 

With each remelt, a progressive 

Ll0 life appears to increase for successive 

Based upon the above, it becomes apparent that significant increases in 

rolling-element fatigue life and, thus, bearing life and reliability can be 

achieved through the use of successive remelting of the bearing steel. 

Recognizing this fact, Bamberger, Zaretsky, and Signer [8] had 120-mm bore 

angular-contact ball bearlngs 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 comprlslng thirty of these 

bearings, were endurance tested at a speed of 12 000 and 25 000 rpm 

(1.44~10 and 3.0~10 

multiplying the bearing bore in millimeters by the bearing speed in rpm), 

6 6 DN, where DN is a speed parameter determined by 

respectively. 

1.44x1.0 and 3.0~10 DN, 84 483 and 74 800 bearing test hours were 

accumulated, respectively. The results o f  these tests are shown in Fig. 6 and 

summarized in Table 1. Bearing lives at speeds of 3x10 DN with the VIM-VAR 

AISI M-50 were nearly equivalent to those obtained at lower speeds. 

test results were compared with similar bearings made from CVM AISI M-50 steel 

run under the same conditions. At 3.0~10 ON, the life was in excess of 44 

times that predicted on the basis of alr-melt steel, approximately 23 times 

that using CVM steel (151 and 7.6 tlmes that uslng the ASME life adjustment 

factors 1161 based upon CVM AISI M-50 steel (see Fig. 6). Further work 

Test conditions for these tests are given in Table 1. At 
6 6 

6 

These 

6 
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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 10 N/m (700 000 psi) and others of a 

similar nature tend t o  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 5.52~10’ N/m (800 000 psi) with 

12.5 mm (0.500 in.) diameter balls made from V I M - V A R  AMS 5749 and VIM AMS 5749 

resulted In the VIM-VAR material have a life 14 times the VIM AMS 5749 [18] .  

9 2  

2 

Even with the best quality assurance in steel melting, it is always 

possible for large inclusions or segregates t o  be encased withjn the billet or 

in the final end product. Nondestructive testing of the billet or bearing is 

a final step to assure the life and reliability of the end product. The most 

successful use of ultrasonics as an Inspection.too1 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 life distributions for the ultrasonically-rated groups o f  

bearings are shown in Fig. 8. The three performance curves separate nicely in 

t he  same order as  t h e i r  ult rasonic  c l a s s i f i c a t i o n .  The group characterized as 

ultrasonically poor demonstrated the worst performance, average quality was 

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

9 



distribution. Thus, ultrasonic inspection has the capability of 

differentlating, on a statistical or group basts, relative material quality in 

terms of life performance. 

MATERIAL HARDNESS 

' Heat treatment can significantly influence several rolling-element 

bearing material properties. Most bearing procurement specifications do not 

designate heat treatment but rather call for certain material characteristics 

such as grain size and hardness, which are controlled by the heat treat 

cycle. Hardness is the most influential heat treat induced variable in 

rolling-element fatigue [20,21] .  In general, the higher the material hardness 

the longer the life. A relatlonship was introduced by Zaretsky [4] based upon 

the work reported in [7] which approximates the effect o f  bearing material 

hardness on fatigue life. 

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

of RcZ and Rcl, respectively, and m is a material constant which can 

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

obtained for AIS1 52100 that all components in the rolling-element bearing, 

that i s ,  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 



conf!rm these assumpt!ons. Beg!nn!ng !n t h e  early !9?Q's such 3 study was 

undertaken at NASA [23-251. 

completely changing those assumptions previously held. 

The results of this study were.most reveallng, 

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 11. 

specimens of Super Nitralloy (5Nl-2Al), AISI 8620, CBS 600, CBS 1000, and 

Vasco X-2. The results for the through hardened materials and for the case 

hardened materlals were normallzed and are shown t n  F f g s .  9 and 10, 

respectively. 

hardness, the hot hardness of the indlvldual materials shows the same 

functional dependence. That i s ,  the changes in hardness with increasing 

Measurements were also made of case-hardened 

Thes-e normallzed data show that regardless of the initial 

temperature are independent of materlal 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 line havlng the form 

(Rc)T = (RC)RT - a AT0 ( 2 )  

where 

( R c ) ~  . Rockwell C hardness at operating temperature 

( R c ) ~ ~  

AT 

Rockwell C hardness at room temperature 

change In temperature, TT - TRT, K ,  ( O F )  

operatlng temperature, K ( O F )  

temperature proportionall ty factor, K - ~  ( O F  -a) 

TT 

a 

a exponent 

Values for a and 6 for various mater'ials are given :n Table 2. 

1 1  



From equation (1), let L, be 

[26]. Hence, 

where C is the basic dynamic 

equivalent load [26]. Assume, 

the bearing life calculated according to 

L1 =(;)n ( 3 )  

load rating of the bearing and P is the 

based upon experience, that the basic load 

rating is based upon a material hardness of Rockwell C60. As a result, 

Eq. ( 1 )  can be written 

m[(Rc)T - 601 
L2 = e 

Combining E q s .  (2) and 

( 4 )  

where TRT equals 294 K (70 " F ) .  

From the above equation, the .life 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 1271. Hardness measurements 

were taken at both room temperature and the soak temperature at regular 

intervals until 1000 hr of soak tjme were accumulated. AISI 52100 was tested 

at temperatures to 478 K (400 OF), and the other bearing steels were tested at 

temperatures t o  700 K (800 OF). With the exception o f  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 OF), but it maintained its hardness during the .final 
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500 hours of soaking. 

Rockwell c 60.5 lost hardness during the first 500 hr o f  the 1000-hr soaking 

at temperatures greater than 422 K (300 OF), but it maintained its hardness 

Similarly, AISI 52100 that was initlally hardened to 

during the final 500 hr o f  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 fatigue life of AISI 

52100 rolling elements subjected to repeated stresses applied i n  rolling 

contact was studied i n  the NASA five-ball fatigue tester [7,28]. Groups of 

upper test balls (analogous 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 that, for a speclflc upper test 

ball (race) hardness, the rolling,element fatigue life and load-carrying 

capacity o f  the test system increased with increasing lower test ball hardness 

to an intermedlate hardness value where a peak life was attained. The peak 

life-hardness combination occurred for each of the three lots of upper test 

balls (races) i n  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 fatlgue 

life 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 n~rnjnal Rockwell C hardnesses of 63 and balls f rm 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. 1 1 .  Other bearing 

data taken from [30] were reanalyzed and plotted in Fig. 12. 

bearing data exhibited a maximum life at a AH of approximately 1 to 2 

points Rockwell C. 

five-ball fatigue tester. 

Both sets of 

These results correlated with those obtained with the 

The research of [7,28] was repeated by 2aretsky.for CVM AISI M-50 steel. 

The results of this research are unpublished. 

results produced increasing life with Increasing hardness and 

of AH equal zero. At values beyond zero, life remained unchanged i n  

In general, the AISI M-50 

AH to values 

contrast to the results of the AISI 52100 material where life 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 o f  the rolling 

elements and the raceways while maintaining the highest material hardness for 

all components. 

CARBIDE EFFECTS 

From the data of [31-331 summarized in Table 4, it was speculated that an 

interrelation exlsted among median residual carbide size, number of residual 

carbide particles per unit area and the percent area of residual carbides and 

rolllng-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. 

carbide precipitates, which precipitate upon aging at the tempering 

temperature. 

carbides. 

This is opposed to the hardening 

The carbides referred to in the following will be the residual 
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If t h e  ~ s r b ! d e s  i n  5 ~ate : i , a l  872 t h e  ~i;t:eattfiii s i t e  o f  a.ii i i i c i p i e n i :  

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, 351. Based upon a statistical 

analysis a carbide factor C '  can be derived where 

L3 
L2 

C' = - 

In (31-333 AISI 52100 is the material which praduced the highest life 

values. Therefore, the values for the carbide factor C' can be normalized 

with respect to the AISI 52100 material. Thus, 

I .. \ 
1 C' = (7) 

From experimental data, K1 and K4 were empirically determined to be 

1/3 and 4/3, respectively [34,35] and Co is the weight percent of cobalt i n  

the material. 

Table 4 summarizes the carbide factors for the data of (31-331. In 

lives are plotted against the carbide L1 0 Fig. 1 3  the relative material 

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

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, 

respectively. This means that the carbide factor C' can give a reasonable 

prediction of relative life under identical conditions o f  material hardness 

and lubrication mode. Thus, the carbide parameter seems to transcend such 

vartables as heat treatment, chemical composltlon, and hardening mechanism to 

predict the lives of individual lots. 

applicable to conventional fatigue (1 .e., bending, rotating-bendlng, etc.). 

The carbide parameter may also be 
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Research repo r ted  i n  [36 ]  f o r  AMS 5749 m a t e r i a l  f u r t h e r  s u b s t a n t i a t e d  t h e  

nega t i ve  e f f e c t  of l a r g e  c a r b i d e  s i z e  and banded ca rb ide  d i s t r i b u t i o n  on 

r o l l i n g - e l e m e n t  f a t i g u e  l i f e .  

s p l i t - i n n e r  r i n g  angu la r -con tac t  b a l l  bear ings  made f rom V I M - V A R  AMS 5749 

s t e e l .  The i n n e r  and o u t e r  r i n g s  were machined f rom bars.  No f o r g i n g  process 

was used. T e s t  c o n d i t i o n s  i n c l u d e d  a t h r u s t  l oad  o f  4890 N (1100 l b )  a t  a 

speed o f  42 000 rpm and an o i l  i n  temperature of 366 K (200 O F ) .  

r e s u l t a n t  10-percent f a t i g u e  l i f e  o f  t h e  bear ings  was 32 h r  as compared w i t h  a 

p r e d i c t e d  l i f e  o f  1900 h r ,  a r e d u c t i o n  i n  l i f e  o f  98.percent .  

Endurance t e s t s  were r u n  w i t h  t e n  46-mm bore  

The 

M e t a l l u r g i c a l  examinat ion  o f  t h e  raceways revealed l a r g e  s i z e  carb ides  

and severe banding o f  t h e  carb ides  i n  t h e  raceways. Also, t h e  c a r b i d e  

s t r i n g e r s  o r  g r a i n  f l o w  were o r i e n t e d  a t  an ang le  t o  t h e  c o n t a c t  sur faces,  

s ince  t h e  bear ings  were r u n  w i t h  a t h r u s t  l o a d  and t h e  b a l l s  r u n  a t  an a n g l e  

t o  t h e  b e a r i n g  a x i s .  

t h e  undes i rab le  c a r b i d e  s t r u c t u r e  and, i n  p a r t i c u l a r ,  t h e  l a r g e  c a r b i d e  

s t r i n g e r s  t h a t  were a t  o r  very  near  t h e  r o l l i n g  su r face  1361. 

p rev ious  t e s t i n g  [ l a ]  had shown AMS 5749 s t e e l  t o  have r o l l i n g - e l e m e n t  f a t i g u e  

l i v e s  a t  l e a s t  e q u i v a l e n t  t o  V I M - V A R  A S I S  M-50, t h e  presence o r  o r l e n t a t i o n  o f  

t h e  carb ides  severe ly  reduced t h e  bear ing  l i f e  [36]. 

The e a r l y  f a i l u r e s  i n  these bear ings were a t t r i b u t e d  t o  

Hence, w h i l e  

There appear t o  be two d i s t i n c t  c r i t e r i a  i n  t h e  s e l e c t i o n  of a 

through-hardened r o l l i n g - e l e m e n t  b e a r i n g  s t e e l .  F i r s t ,  r o l l i n g - e l e m e n t  

f a t i g u e  l i f e  i s  a f u n c t i o n  o f  m a t e r i a l  hardness. Second, l i f e  i s  a f u n c t i o n  

o f  c a r b i d e  s i z e ,  area,  and number as represented  by t h e  c a r b i d e  f a c t o r .  These 

two c r i t e r i a  can be combined t o  b o t h  determine and eva lua te  w i t h o u t  e x t e n s i v e  

t e s t i n g  t h e  f a t i g u e  l i f e  o f  a b e a r i n g  m a t e r i a l  o r  groups of  m a t e r i a l s .  

Combining E q s .  (5), ( 6 ) ,  and ( 7 ) ,  d ropp ing  t h e  subsc r ip t s  2 and 3, and 
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letting LA = L3 where LA is the expected bearing life at a 

90-percent probability of survival 

where k is a factor which combines processing and environmental factors 

which can affect bearing life [ 3 5 ] .  The values of m can reasonably be 

assumed to be equal to 0.1. Values for a and B can be obtained from 

Table 2. For ball and roller bearings n is 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 ausforming 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 fatigue 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 i s  superior t o the normally processed AISI 

M-50.  Additionally, a relation exists between the amount of deformation 

during ausforming and fatigue life. 

bore, single-row radial ball bearings 1381 having 80-percent deformation 

produced fatigue lives approximately eight times conventionally forged AIS1 

M-50 bearings. 

Tests with ausformed AISI M-50,  35-mm 
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Ausformed b a l l s  were f a b r i c a t e d  f rom A I S 1  M-50 bar  m a t e r i a l  which was 

ex t ruded t o  a c ross -sec t i ona l  a rea  20 pe rcen t  of t h e  o r i g i n a l  a rea  (80-percent  

r e d u c t i o n  i n  c ross -sec t i ona l  area)  w h i l e  t h e  m a t e r i a l  was i n  a me tas tab le  

a u s t e n i t i c  c o n d i t i o n .  The 10-percent  f a t i g u e  l i f e  of t h i s  group o f  ausformed 

b a l l s  was t h r e e  and f o u r  t imes t h a t  o f  two groups of c o n v e n t i o n a l l y  processed 

A I S I  M-50 b a l l s  [39]. 

I t  i s  b e l i e v e d  t h a t  t h e  p r imary  mechanism causing t h e  improved f a t i g u e  

l i f e  i s  " s t r a i n  induced p r e c i p i t a t i o n . "  I n  essence, s u f f i c i e n t  energy i s  

impar ted  t o  t h e  m a t e r i a l  d u r i n g  ausforming which r e s u l t s  i n  p r e c i p i t a t i o n  o f  

t h e  ca rb ides  i n  t h e  m a t e r i a l .  Th i s  r e s u l t s  I n  smal le r  and more u n i f o r m l y  

d ispersed carb ides  because o f  t h e  a v a i l a b i l i t y  o f  a l a r g e r  amount o f  c a r b i d e  

n u c l e a t i o n  s i t e s  d u r i n g  t h e  ausforming process [37]. 

Unpublished d a t a  f rom NASA t e s t s  performed w i t h  V I M - V A R  A I S I  M-50 

120-mm-bore angu la r -con tac t  b a l l  bear ings  made by ausforming showed t h a t  

f o r g i n g  l aps  were induced i n  t h e  raceways o f  t h e  bear ing  because o f  t h e  

r e l a t i v e l y  l o w  f o r g i n g  temperature.  These f o r g i n g  l aps  ac ted  as n u c l e i  f o r  

f a t i g u e  s p a l l s  i n  a r a t h e r  s h o r t  p e r i o d  of t ime.  The conc lus ion  reached i s  

t h a t  aus forming  can r e s u l t  i n  improved r o l l i n g - e l e m e n t  f a t i g u e  l i f e ,  b u t  

problems w i t h  fo rg ing ,  p a r t i c u l a r l y  t h e  l a rge ,  massive p a r t s  and t h e  cos ts  

t h e r e o f ,  f a r  exceeded i t s  b e n e f i t s .  

CONTROLLED FIBER 

A t echn ique  which has been used t o  improve bear ing  l i f e  i s  t h e  

m a n i p u l a t i o n  o f  t h e  m a t e r i a l  f i b e r  o r i e n t a t i o n .  The races and r o l l i n g  

elements o f  most bear ings  a r e  fo rged.  

g e n e r a l l y  possesses a f i b e r - f l o w  p a t t e r n  which r e f l e c t s  t h e  f l o w  o f  meta l  

d u r i n g  t h e  f o r g i n g  opera t i on .  Carbides and nonmeta l l i c  i n c l u s i o n s  a r e  

p r o g r e s s i v e l y  and d i r e c t i o n a l l y  o r i e n t e d  d u r i n g  each fo rm ing  o p e r a t i o n , f r o m  

Any m e t a l l i c  o b j e c t  formed by f o r g i n g  
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t h e  i n g o t  t o  t h e  f i n a l  bearing-element shape. Al though t h e  des i red  

m i c r o s t r u c t u r e  i s  ob ta ined  by heat t rea tment ,  t h e  carb ides  and i n c l u s i o n s  

g e n e r a l l y  r e t a i n  t h e i r  processing- induced d i r e c t i o n a l i t y .  

f i b r o u s  i n  appearance when t h e  p a r t  i s  macro-etched, hence t h e  t e r m  

" f i b e r - f l o w  l i n e s . "  

o r i e n t e d  i n  t h e  same manner. 

Th is  p a t t e r n  i s  

I n  a d d i t i o n ,  t h e  e n t i r e  g r a i n  p a t t e r n  i s  p r e f e r e n t i a l l y  

The t y p e  o f  f o r g i n g  used t o  produce r o l l i n g - e l e m e n t  bea r ing  components 

w i l l  determine t h e  f i b e r  p a t t e r n  which e x i s t s  i n  these bear ing  p a r t s .  S t e e l  

b a l l s  a r e  u s u a l l y  f a b r i c a t e d  by u p s e t t i n g  between hemispher ica l  d ies .  This  

f a b r i c a t i o n  techn ique  produces a f i b e r - f l o w  p a t t e r n  w i t h  t w o  d i a m e t r i c a l l y  

opposed areas hav ing  f i b e r s  o r i en ted  approxqmately pe rpend icu la r  t o  t h e  

su r face  as i l l u s t r a t e d  i n  F i g .  15.  These areas a re  commonly known as t h e  

po les .  The excess meta l  ex t ruded from between the  t w o  d i e s  produces a t h i n  

band o f  p e r p e n d i c u l a r l y  o r i e n t e d  f i b e r  when t h e  f l a s h i n g  a t  t h e  d i e  p a r t i n g  

l i n e  i s  removed. Th is  l i n e ,  when present ,  i s  commonly termed t h e  "equator . "  

Thus, a t y p i c a l  b a l l  has seve ra l  sur face  areas w i t h  v a r y i n g  f i b e r -  

o r i e n t a t i o n .  The i n i t i a l  e f f e c t  o f  f i b e r  o r i e n t a t i o n  on f a t i g u e  l i f e  was 

repo r ted  i n  [ 5 , 6 ] .  Two l o t s  o f  AIS1  52100 b a l l s  were m o d i f i e d  d u r i n g  

manufacture t o  p redetermine t h e  ax is  of r o t a t i o n  and t o  enable one l o t  t o  be 

run  over t h e  po les  and t h e  o t h e r  l o t  over the equator. The r e s u l t s  ob ta ined  

i n d i c a t e d  a s i g n i f i c a n t  lmprovement i n  f a t i g u e  l i f e  when t h e  t e s t  t r a c k  passed 

over areas o t h e r  than  t h e  po les .  

Fa t i gue  d a t a  ob ta ined  w i t h  ten d i f f e r e n t  b a l l  m a t e r i a l s  was a l s o  examined 

w i t h  respec t  t o  t h e  l o c a t i o n  o f  s p e c i f i c  s p a l l s  on t h e  b a l l  t e s t  specimens. 

Each o f  t h e  b a l l  specimens was d e s t r u c t i v e l y  etched a f t e r  t h e  t e s t  t o  i n d i c a t e  

t h e  l o c a t i o n  o f  t h e  f a i l u r e  r e l a t i v e  t o  t h e  p o l e  areas. These d a t a  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 i n  the polar areas or regions where fiber is 

essentially perpendicular to the test surface. 

Attempts were made to control fiber flow i n  balls [40], but these were 

either unsuccessful or did not produce any significant improvement in fatigue 

life. 

While the feasibility of controlling fiber flow i n  balls is questionable, 

the opposite appears to be true in bearing races. Additional research [lo] 

with controlled fiber flow was performed by machining race cylinders from a 

billet of AIS1 T-1 steel at various angles to the direction of farging as 

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

parallel to, at 4 5 "  to, and perpendicular to the direction of fiber flow. 

first cylinder (race) had fiber flow parallel to the test surface, the second 

The 

had fiber orientation ranging continuously from parallel to 45" to the test 

surface, and the third had fiber orientation ranging continuously from 

parallel to perpendicular to the test surface. The 0" cylinder (race) had the 

best life while the 0" to 45" and the 0" to 90" cylinder (race) indicated that 

five of the six lowest lived failures occurred in the 81" to 90" zone. The 

10-percent life 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 life 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 t o  the running track. 

the same heats of steel which gave poor life when forged with end grain in the 

race performed very creditably when forged with side grain in the race. 

life of parts seemed less sensitive to steel quality variations when forged 

with the fiber flow parallel to the race. 

It was also determined that 

The 

If bearings with side grain (parallel fiber flow) were radially loaded, 

no difference in life would be expected between these bearings and those 

conventionally forged. The reason for these results is that the 

conventionally forged bearing will generally produce parallel fiber flow in 

the portion of the race groove whlch 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 llfe [36]. 

RESIDUAL STRESSES 

An analysis presented in 1421 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 critical 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 t o  t h e  following equation: 

(9) 
1 

(Tmax) = -T max - T (fSr) 
r 

where T~~~ is the maximum shearing stress, ( T ~ ~ ~  ) is the maximum shearing 

stress modified by the residual stress, and 

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 life according to the inverse 

relation of life and stress to the 9th power where 

Sr is the residual stress, the 

Compressive residual stresses Induced beneath the surface of ball-bearing 

race grooves were found beneficial to rolling-element fatigue life [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 

beneficial to the fatigue life 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 compressive 

residual stress In the surfaces of AISI 52100 steel rolling-element specimens 

by austenltizlng 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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2 (0.012 i n . )  hav ing  a maximum compressive residual s t r e s s  of 0.6 N/m 

(87 k s i ) .  

f r a c t i o n  of primary carbides,  more retained' aus ten i te  and was s l i g h t l y  harder 

than t h e  core.  
9 2  maximum Hertz s t r e s s  of 5 .03~10 N/m (729 k s i )  having a depth t o  the 

maximum shearing s t r e s s  of 0.015 mm (0.006 i n . )  resulted i n  the AISI 52100 

which was t rea ted  i n  the  carburizing atmosphere having a l i f e  approximately 

1-1/2 times g r e a t e r  than the untreated AISI 52100 [52]. This increase i n  l i f e  

can be a t t r i b u t e d  t o  the induced residual s t resses  i n  the region of resolved 

maximurn shearing s t r e s s e s  i n  s p i t e  of the  increased presence of carbides a t  or 

near the surface.  From [52]  i t  i s  apparent t h a t  the d i s t r i b u t i o n  of the 

induced compressive residual s t resses  i s  a f rac t ion  of the carbon poten t ia l .  

For ba l l  and r o l l e r  bearings the zone of maximum resolved shearing s t resses  

due t o  Hertzian loading occur a t  a depth from 0.10 t o  0.25 mm (0.004 t o  

0.010 i n . )  below the surface.  W i t h  a carbon potential  of 0.9 u t  % carbon i n  

i ron,  e f f e c t i v e  compressive residual s t r e s s e s  were avai lable  t o  a depth of 

The carburized case (surface layer)  contained a larger  volume 

Rolling-element fa t igue t e s t s  i n  the R C  fa t igue  t e s t e r  a t  a 

0.3 mm (0.012 i n . ) .  T h i s  depth was s u f f i c i e n t  t o  have a beneficial  e f f e c t .  

For the carbon poten t ia l s  l e s s  than 0.7 w t  X carbon h i g h , ' t e n s i l e  residual 

s t r e s s e p w e r e  present a t  depths t o  0.2 mm (0.008 i n . ) .  

due care ,  i t  i s  a l s o  possible t o  reduce the fat igue l i f e  potent ia l  using the 

carburizing process t o  induce residual s t r e s s e s .  

Hence, w i t h o u t  taking 

Compressive residual s t resses  can be induced as a r e s u l t  of the cycl ic  

concentrated contact  i n  rolling-element bearings [46,53-561. These s t r e s s e s  

depend on p l a s t i c  deformation o f  the microstructure. 

maximum a t  a d e p t h  of several mils beneath the ro l l ing  surface corresponding 

approximately t o  e i ther  the  depth of the  maximum shearing s t r e s s  [43,55,56] or 

the  depth o f  the maximum orthogonal shearing s t r e s s  [46]. 

They tend t o  reach a 

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. 

reported in [53] indicated a threshold load below which significant residual 

stresses are not induced except for very long running times. 

Research 

Changes in microstructure (phase transformations) have been reported to 

occur in the same areas as the maximum induced residual stress [ 5 3 , 5 5 ] .  Under 

some conditions of very high contract stresses, no microstructural alteration 

was apparent where significant residual stresses were induced in a few cycles 

[53]. The correlation of induced residual stress with these microstructura 

alterations is not clear. In [ 5 6 ] ,  they are proposed to be independent 

phenomena. However, it is probable that some or all of the induced residua 

stress may be attributed to the transformation of retained austenite to 

martensite. 

It was reported in 1461 that.there were significant effects o f  residual 

stress Induced during fatigue testing on rolling-element fatigue life. 'In 

this work, maximum compressive residual stresses were induced and maximum 

fatigue life 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. 

nominal service loads, would then be expected to experience a longer fatigue 

life. 

The bearing, when subsequently run under more 
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In order to confirm the above hypothesis, residual stress rneaturprnpnts 

were made on several 207-size deep-groove ball bearings that were run for 

different time periods to determine a prestress cycle suitable for inducing 

significant compressive residual stresses in the inner-race-ball groove [ 5 7 ] .  

The results of this prestressing are shown in Fig. 20. Compressive residual 
9 stresses in excess of 0.69~10 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 3.3~10 

2750 rpm. 

and fatigue tested at a maximum Hertz stress of 2.4~10 

The results of these tests are shown in Fig. 21. The results of these tests 

9 
N/m2 (480 k s i )  and a shaft speed of 

Twenty-seven bearings were prestressed f o r  25 hr at this condition 
9 2  n/M (350 ksi). 

are compared with results of baseline tests without a prestress cycle at 

identical test conditions. The 10-percent fatigue life of the prestressed 

ball bearings was greater than twice that of the baseline bearings. 

Additionally, from Fig. 22 the differences between the measured residual 

stress, is in the prestressed bearings and in the baseline bearings after 

3000 to 4000 hr of testing are small [ 5 7 ] .  

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 o f  

retained austenite will be present in the case. It is well known that 

retained austenite will transform t o  martensite under Hertzian cycllc stress 

conditions and even at no load ambient conditions resulting in dimensional 

instability of the bearing component. For this reason, a low level of 
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r e t a i n e d  a u s t e n i t e  i s  d e s i r a b l e  f o r  c r i t i c a l  bea r ing  a p p l i c a t i o n s .  T y p i c a l  

maximum l e v e l s  a re  i n  t h e  range of  2 t o  5 percent .  The e f f e c t  o f  r e t a i n e d  

a u s t e n i t e  cannot be  e a s i l y  separated from t h e  e f f e c t  o f  m a t e r i a l  hardness. 

For t h i s  reason, l i t t l e  work has been d i r e c t e d  toward s t u d y i n g  t h e  e f f e c t  o f  

r e t a i n e d  a u s t e n i t e  on r o l l i n g - e l e m e n t  f a t i g u e .  

I t  had been specu la ted  t h a t  inc reased amounts o f  r e t a i n e d  a u s t e n i t e  can 

r e s u l t  i n  inc reased l i f e  if m a t e r i a l  hardness was main ta ined a t  a r e l a t i v e  

cons tan t  l e v e l .  AMS 5749 s t e e l ,  because of  i t s  a l l o y  con ten t ,  tends t o  r e t a i n  

h i g h e r  l e v e l s  o f  r e t a i n e d  a u s t e n i t e ,  b u t  l e v e l s  as l o w  as 5 percen t  a r e  

a t t a i n a b l e  w i t h  s u i t a b l e  hea t  t rea tmen t .  Th i s  c h a r a c t e r i s t i c  a l l o w s  f o r  

development o f  t e s t  m a t e r i a l  w i t h  v a r i e d  r e t a i n e d  a u s t e n i t e  w h i l e  o t h e r  

c h a r a c t e r l s t i c s  such as hardness remain cons tan t  [58]. 

Rol l ing-e lement  f a t i g u e  t e s t s  were conducted i n  t h e  NASA f i v e - b a l l  

f a t i g u e  t e s t e r  with t h r e e  l o t s  of.VIM-VAR AMS 5749 12.7-mm (1 /2  i n . )  d iameter  

b a l l s  a t  a maximum Her tz  s t r e s s  o f  5 . 5 2 ~ 1 0  N/m (800 k s i ) ,  a c o n t a c t  

ang le  o f  30°, and a s h a f t  speed o f  10 000 rpm a t  339 K (150 O F ) .  

t h e  AMS 5749 had a d i f f e r e n t  amount of r e t a i n e d  aus ten i te .  7he r e s u l t s  o f  

these t e s t s  a r e  summarized i n  F i g u r e  23 [58]. A comparison o f  t h e  10-percent  

l i v e s ' o f  t h e  t h r e e  l o t s  o f  V IM-VAR AMS 5749 does n o t  p resen t  a c l e a r  e f f e c t  o f  

r e t a i n e d  a u s t e n i t e  on f a t i g u e  l i f e .  The i n t e r m e d i a t e  l e v e l  ( l o t  B ,  11.1 

pe rcen t )  gave the  l onges t  l i f e  w i t h  apparent  s t a t i s t i c a l  s i g n i f i c a n c e  when 

compared w i t h  t h e  h i g h e s t  l e v e l ,  where t h e  conf idence number i s  97  percent ,  o r  

g r e a t e r  t han  2a conf idence.  For t h e  l owes t  l e v e l  o f  r e t a i n e d  a u s t e n i t e  

( l o t  C ) ,  t h e  conf idence number i s  87 percent .  Thus, i t  i s  apparent  t h a t  t h e  

h i g h  l e v e l  o f  r e t a i n e d  a u s t e n i t e ,  14.6 pe rcen t  ( l o t  A ) ,  i s  s i g n i f i c a n t l y  

d e t r i m e n t a l  t o  the  10-percent f a t i g u e  l i f e .  Therefore,  an optimum l e v e l  o f  

r e t a i n e d  a u s t e n i t e  i s  suggested f o r  maximum f a t i g u e  l i f e .  However, because o f  

9 2 

Each l o t  o f  
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t h e  l i m i t s  Imposed by d imensional  s t a b i l i t y ,  such l ~ v e l r  are p r ~ b a b l y  n o t  

p r a c t i c a l  f o r  bea r ings  f o r  C r i t i c a l  a p p l i c a t i o n s  such as i n  a i r c r a f t  t u r b i n e  

engines.  

I t  shou ld  be no ted  t h a t  an unusua l ly  h i g h  Welbu l l  s lope e x i s t s  i n  t h e  

The reason f o r  t h i s  h i g h  s lope a long  w i t h  t h e  l o t  B f a i l u r e  d i s t r i b u t i o n .  

r e l a t i v e l y  l o n g  l i f e  o f  t h i s  l o t  i s  n o t  understood; however, i t  i s  o f  i n t e r e s t  

t o  n o t e  t h a t  r e l a t i v e l y  e a r l y  f a i l u r e s  d i d  n o t  occur a t  t h e  11.1 percent  

r e t a i n e d  a u s t e n i t e  l e v e l .  l h u s ,  the  50-percent l i f e  da ta  suggest a t r e n d  

toward inc reased l i f e  w i t h  decreased r e t a i n e d  a u s t e n i t e  l e v e l .  However, where 

h i g h  r e l i a b i l i t y  i s  o f  importance, t h e  main i n t e r e s t  i s  i n  e a r l y  f a i l u r e s ,  

wh ich  i s  i n d i c a t e d  b e s t  by t h e  10-percent l i f e  da ta  [58]. 

Ro l l i ng -e lemen t  f a t i g u e  t e s t s  were conducted w i t h  two r o l l e r s  as 

specimens made f r o m  a c a r b u r i z e d  18Cr2Ni4WA (0.18 percent  C,  1.50 pe rcen t  Cr, 

4.25 pe rcen t  N I ,  and 1.0 pe rcen t  W )  a t  a maximum H e r t z  s t r e s s  o f  3x10 N/m 

(435 k s l )  [59]. The r o l l e r s  had re ta ined  a u s t e n i t e  o f  7, 12,  40, and 50 

pe rcen t  i n  t h e  r o l l e r  case. Hardness measurements were o n l y  repo r ted  f o r  t h e  

7 and 50 pe rcen t  r e t a i n e d  a u s t e n i t e  r o l l e r s .  These were maximum Vickers  

hardness o f  800 and 730, r e s p e c t i v e l y .  

were t e s t e d  a t  each a u s t e n i t e  l e v e l ,  t h e r e  was a s i g n i f i c a n t  i nc rease  i n  

f a t i g u e  l i f e  w i t h  i n c r e a s i n g  re ta ined  a u s t e n i t e .  However, a u s t e n i t e  does n o t  

appear independent o f  hardness. l h e  r e s u l t s  o f  t h i s  work shown i n  F i g .  24 

suggest t h a t  t h e  deformat ion- induced m a r t e n s i t e  t r a n s f o r m a t i o n  r e s u l t s  i n  t h e  

c r e a t i o n  o f  compressive r e s i d u a l  s t resses thus  i n c r e a s i n g  l i f e  [59]. These 

r e s u l t s  would a l s o  suggest t h a t  re ta ined  a u s t e n i t e  may p l a y  more o f  a r o l e  i n  

t h e  r e s u l t s  d iscussed p r e v i e u s l y  r e l a t i n g  hardness ti: l i f e  where in Indi iced 

compressive r e s i d u a l  s t resses  a r e  r e l a t e d  i n  whole or i n  p a r t  t o  t h e  

t r a n s f o r m a t i o n  o f  t h e  a u s t e n i t e  i n t o  mar tens j te .  These t r a n s f o r m a t i o n s  a r e  

9 2  

Whi le  o n l y  t h r e e  or  four r o l l e r  p a i r s  
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a l s o  r e l a t e d  t o  m e t a l l u r g i c a l  changes which have been p r e v i o u s l y  repo r ted  

[ l o ] .  Many i n v e s t i g a t o r s  have sought a c o r r e l a t i o n  o f  t h e  so -ca l l ed  "wh i te  

bands" i n  AISI 52100 induced d u r i n g  H e r t z i a n  c o n t a c t  w i t h  t i m e  and 

r o l l i n g - e l e m e n t  f a t i g u e .  

s t resses  p resen t  due t o  t h e  a u s t e n i t e  t rans fo rma t ion .  

The " w h i t e  bands" may be i n d i c a t i v e  o f  t h e  r e s i d u a l  

Whi le  r e t a i n e d  a u s t e n i t e  appears t o  improve r o l l i n g - e l e m e n t  f a t i g u e  l i f e ,  

i t  can a t  t h e  same t i m e  have a d e l e t e r i o u s  e f f e c t .  It was repo r ted  i n  [60 ]  

and [61 ]  t h a t  f o r  tapered r o l l e r  bear ings  made from AISI 4320 s t e e l  sha l l ow  

su r face  d i s t r e s s  was o c c u r r i n g  on t h e  raceway and r o l l e r  t a p e r  sur faces .  Th is  

t y p e  o f  d i s t r e s s  i s  c a l l e d  p e e l i n g  [61 ]  and appears as a ve ry  sha l l ow  area, 

u n i f o r m  i n  depth.  T y p i c a l  peeled areas i n  these bear ings,  approx imate ly  

0.008-mm (0.0003 i n . )  deep, a r e  shown i n  F ig .  2 5 .  The p e e l i n g  tended t o  

i n i t i a t e  a t  minor  s u r f a c e  d e f e c t s  such as deeper su r face  scra tches  o r  

i n d e n t a t i o n s  [61] .  

The p e e l i n g  a l s o  tended t o  be concent ra ted  near t h e  a x i a l  cen te r  o f  t h e  

raceways and r o l l e r  w i t h  a s l i g h t  b i a s  toward t h e  r o l l e r  l a r g e  end. Th is  

e f f e c t  may be expected s i n c e  t h e  r o l l e r s  a r e  s l i g h t l y  crowned and t h e  c o n t a c t  

s t r e s s  i s  somewhat h i g h e r  i n  t h e  c e n t e r  o f  t h e  raceway. P r o f i l e  t races  across  

t h e  raceways and a long  t h e  r o l l e r  t ape rs  o f  t h e  i n i t i a l  t e s t  bear ings  revea led  

t h a t  t h e  r o l l e r  crown r a d i u s  had been decreased t o  approx imate ly  o n e - t h i r d  o f  

i t s  o r i g i n a l  va lue.  Th is  exaggerated crown caused f u r t h e r  s t r e s s  

c o n c e n t r a t i o n  a t  t h e  c e n t e r  o f  t h e  r o l l e r  and f u r t h e r  aggravated t h e  p e e l i n g  

[611-  

Th is  exaggerated crown was a l s o  observed i n  s i m i l a r  t e s t s  repo r ted  i n  

[60]  and was a t t r i b u t e d  t o  an uneven t r a n s f o r m a t i o n  o f  r e t a i n e d  d u s t e n l t e .  

7he l e v e l  o f  r e t a i n e d  a u s t e n i t e  i n  t h e  case of t h e  AISI 4320 b e a r i n g  s t e e l  i s  

approx imate ly  30 percent .  S ince a u s t e n i t e  i s  a r e l a t i v e l y  u n s t a b l e  phase, I t  
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transforms to martensite at a rate that depends on temperature and stress 

conditions. As it transforms, 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 believed that the growth from this transformation could account 

for the exaggerated crown that was measured [ 6 1 ] .  The cup and cone raceways 

also experienced some crown increase but to a lesser extent than the rollers 

[611- 

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 o f  the 

surfaces. Even for unrun bearings made from AISI M-50, growth of the bore o f  

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 lists 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 result in fracture of the inner ring 

if through-hardened steels were used. Additionally, high thrust loads .on the 
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f lange of t h e  tapered r o l l e r  bea r ing  can r e s u l t  i n  f r a c t u r e  f a i l u r e  of t h e  

f l ange  i f  t h e  f l a n g e  were- th rough hardened. A S  a r e s u l t ,  through-hardened 

m a t e r i a l s  such as A I S I  52100 and A I S I  M-50 have been r a r e l y  used f o r  tapered 

r o l l e r  bea r ing  a p p l i c a t i o n .  

hardened m a t e r i a l s  such as A I S I  4320 and A I S I  9310 have been commonly used. 

For  temperatures under 608 K (300 O F )  case 

W i t h i n  t h e  l a s t  two decades, f o r  h ighe r  temperature a p p l i c a t i o n ,  case 

ca rbu r i zed  s t e e l s  such as CBS 600, CBS 1000M, and VASCO X-2 have been used. 

L i f e  t e s t s  were performed w i t h  120.65-mm (4.75) bore t a p e r e d - r o l l e r  bear ings 

made f rom CVM A I S I  4320 and C V M  CBS l O O O M  a t  12 500 rpm, a bea r ing  temperature 

o f  391 K (245 OF), a t h r u s t  l oad  of 53 400 N ( 1 2  000 l b ) ,  and a r a d i a l  l oad  o f  

26 700 N (6000 l b )  1611. 

7100-hr c u t o f f  t ime w i t h o u t  f a i l u r e  o f  any type.  A t  these c o n d i t i o n s  t h e  

r a t e d  c a t a l o g  l i f e  o f  t h i s  bea r ing  des ign i s  102 hr ,  so t h a t  t h e  exper imenta l  

Twelve bear ings o f  t h e  A I S I  4320 m a t e r i a l  ran  t o  a 

10-percent l i f e  i s  g r e a t e r  than 10 t imes t h e  ca ta log  l i f e  [61] .  

S i x teen  bear ings  made f rom CVM CBS l O O O M  m a t e r i a l  were r u n  t o  

f a t i g u e  f a i l u r e  or  t o  t h e  1100-hr c u t o f f  t ime.  Twelve o f  t h e  bear 

1100 h r  w i t h o u t  f a i l u r e .  Three bear ings  exper ienced s p a l l s  on t h e  

raceways. One bear ing  was suspended a t  820 hours w i t h o u t  s p a l l i n g  

Based 'on t h e  t h r e e  f a i l e d  bear ings,  t h e  l i f e  o f  t he  CBS l O O O M  bear 

s p a l l i ' n g  

ngs r a n  t o  

cup o r  cone 

f a i l u r e .  

ngs was 

es t imated t o  be 600 hr, o r  about s i x  t imes t h e  r a t e d  c a t a l o g  l i f e  1611. 

A comparison o f  t h e  r e s u l t s  o f  t h e  two m a t e r i a l s  showed t h a t  t h e  CVM CBS 

1000M bear ing  l i f e  i s  l e s s  than t h e  A I S I  4320 bear ing  l i f e .  However, a 

q u a n t i t a t i v e  es t ima te  o f  t h e  d i f f e r e n c e  was n o t  p o s s i b l e  f rom these r e s u l t s  

s ince  no f a t i g u e  f a i l u r e s  occurred w i t h  t h e  A I S I  4320 bear ings .  

a n a l y s i s  o f  t h e  CBS I O O O M  bear ings  revea led  t h a t  the  cup and cone m a t e r i a l s  

had coarser  than  des i red  g r a i n  s t r u c t u r e .  

M e t a l l u r g i c a l  

These bear ings were made f rom t h e  



f i r s t  hea t  o f  t h e  m a t e r i a l  and were exposed t o  f o r g i n g  temperatures l a t e r  

found t o  be excess ive .  

ASTM 8 o r  f i n e r  and i n d i v i d u a l  g ra ins  should n o t  exceed ASTM 15 [l]. 

I n  genera l ,  p r i o r  a u s t e n i t e  g r a i n  s i z e  should be 

Ten tape red  r o l l e r  bear ings  o f  a m o d i f i e d  des ign made f rom V I M - V A R  A I S I  

M-50 s t e e l  were r u n  a t  t h e  same loads as t h e  A I S I  4320 and CBS l O O O M  bear ings  

b u t  a t  a speed o f  18 500 rpm. The r a t e d  c a t a l o g  l i f e  f o r  these bear ings  was 

46 h r .  For  v a r i o u s  reasons r e l a t e d  t o  r i g  ma l func t i on ,  t e s t i n g  o f  s i x  o f  

these 10 bear ings  were suspended be fore  t h e  c u t o f f  t ime  o f  1100 h r .  

bear ings  reached t h e  1100-hr c u t o f f  t i m e  w i t h o u t  f a i l u r e .  Two bear ings  

developed cracked cones a f t e r  188 hours. 

Two 

The average t a n g e n t i a l  t e n s i l e  hoop s t ress ,  based on t h e  assumption o f  

t h i n  r i n g s ,  was es t ima ted  f o r  t h e  18 500-rpm c o n d i t i o n  t o  be approx imate ly  

0.145x109N/m2 (21  000 p s i ) .  

o f  t h e  cone-shaf t  i n t e r f e r e n c e  f i t .  Th is  s t r e s s  i s  a t  t h e  lower  end o f  t h e  

range where c r i t i c a l  c rack  s i z e  can be r e a d i l y  reached i n  th rough hardened 

s t e e l  1611. 

Th is  c a l c u l a t e d  s t ress  a l s o  i nc ludes  e f f e c t s  

For b a l l  and c y l i n d r i c a l  r o l l e r  bear ings  through hardened s t e e l s  a r e  

commonly used. Most o f  these bearings a r e  r u n  a t  speeds l e s s  than  2 m i l l i o n  

DN w i t h  some bear ings  i n  main sha f t  t u r b o j e t  engine a p p l i c a t i o n s  runn ing  a t  

2.2 m i l l i o n  DN. A s  eng ine  speeds inc rease t o  achieve improved e f f i c i e n c y  and 

b e t t e r  s p e c i f i c  f u e l  consumption, bea r ing  speed w i l l  a l s o  i nc rease .  It i s  

expected t h a t  b e a r i n g  speeds w i l l  approach 3 m i l l i o n  i n  t h e  n e x t  decade. A t  

b e a r i n g  speeds g r e a t e r  than 2.3 m i l l i o n  DN, bear ings us ing  conven t iona l  

through-hardened b e a r i n g  s t e e l s  such as A I S I  52100, A I S I  M-50, o r  18-4-1 

( A I S I  T-1), w i l l  be s u b j e c t  t o  race f r a c t u r e  e i t h e r  independent ly  o r  as a 

r e s u l t  o f  a f a t i g u e  s p a l l .  Th is  was g r a p h i c a l l y  i l l u s t r a t e d  i n  t h e  t e s t  

repo r ted  i n  [ a ]  w i t h  a 120-mm bore  angu lar -contac t  b a l l  b e a r i n g  r u n  a t -  
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3 m i l l i o n  DN i n  which a de fec t  was induced a t  t h e  b e a r i n g  i n n e r  race  t o  cause 

s p a l l i n g .  The expected inner - race  s p a l l l n g  a t  t h e  induced d e f e c t  occur red  

a f t e r  6 h r  and 1 7  min.  T e s t i n g  was cont inued u n t i l  an obv ious severe 

f ragmen ta t i on  f r a c t u r e  occur red  t o  t h e  i n n e r  r i n g ,  t e r m i n a t i n g  t h e  t e s t ,  

7.5 min a f t e r  d e t e c t i o n  o f  t h e  s p a l l i n g  ( F i g .  26). Pos t - tes t  examinat ion  

showed t h a t  t h e  i n n e r  r i n g  had f r a c t u r e d  i n t o  e i g h t  d i s c r e t e  segments [ a ] .  

From these  t e s t s  i t  became obvious t h a t ,  as w i t h  tape red  r o l l e r  bear ings ,  

m a t e r i a l s  w i t h  improved f r a c t u r e  toughness, e.g., case c a r b u r i z e d  s t e e l s ,  must 

be used. Comparison o f  t h e  f a t i g u e  l i v e s  o f  CVM AIS’I M - 5 0 ,  CVM AISI 9310, and 

C B S  600 i n  t h e  RC f a t i g u e  t e s t e r  a t  4 . 8 ~ 1 0  N/m 

F ig .  27. 

M-50 [17] .  

hardness w h i l e  m a t e r i a l s  such as C B S  600 r e q u i r e  much more q u a l i t y  assurance 

and c o n t r o l  d u r i n g  p rocess ing  t o  ach ieve  t h e  requ i red  r o l l i n g - e l e m e n t  f a t i g u e  

l i f e .  

9 2  (700 k s i )  a r e  shown i n  

The AISI 9310 and CBS 600 had e q u i v a l e n t  f a t i g u e  l i v e s  t o  t h e  AISI 

However, m a t e r i a l s  such as AISI 9310 do n o t  m a i n t a i n  t h e i r  h o t  

F r a c t u r e  toughness o f  a m a t e r i a l  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  carbon 

conten t  and hardness. The amount o f  carbon present  a l s o  determines hardness. 

A means o f  improv ing  t h e  f r a c t u r e  toughness w i t h o u t  a f f e c t i n g  hardness i s  t o  

add n i c k e l .  When p r e s e n t  i n  high-chromium, low-carbon s t e e l s ,  n i c k e l  causes 

t h e  s t e e l  t o  become f u l l y  a u s t e n i t i c  a t  temperatures above 1359 K (1650 O F ) ,  

where t h e  s t e e l  i s  hea t  t r e a t e d  o r  ca rbu r i zed .  Th is  a l s o  i n f l u e n c e s  c a r b i d e  

s i z e  and d i s t r i b u t i o n  w i t h i n  t h e  s t e e l  which a f f e c t s  f a t i g u e  l i f e .  

Recogniz ing t h e  above, E.N.  Bamberger, a t  t h e  General E l e c t r i c  C o .  [9], 

modi f ied  t h e  chemis t ry  o f  AISI M-50 s t e e l  by decreas ing t h e  amount o f  carbon 

and i n c r e a s i n g  the  amount o f  n i c k e l  [ 9 ] .  He c a l l e d  t h i s  m o d i f i e d  m a t e r i a l  

M-SONIL ( t h e  N i  r e f e r r i n g  t o  inc reased n i c k e l  and t h e  L t o  low carbon) .  
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The M-50NIL wh ich  i s  case ca rbu r i zed  has a core  which has a f r a c t u r e  

toughness K I c  o f  ove r  60 MPa fi ( 5 0 . k s i  .+) and an average co re  hardness 

o f  Rockwell  C 43 t o  45 as compared t o  A I S I  M-50 o f  29 MPa fi (20 k s i  c) 
[62]. The c a r b i d e  s t r u c t u r e  of  M-SONIL, shown i n  F igu re  28, has f i n e  carb ides  

(compounds o f  carbon and va r ious  a l l o y i n g  elements) d ispersed even ly  w i t h i n  

t h e  s t e e l ' s  m i c r o s t r u c t u r e  as compared t o  t h e  courser  carb ides  found i n  t h e  

s tandard  A I S I  M-50 [62]. 

9 2  Compressive r e s i d u a l  s t resses  on t h e  o r d e r  o f  0 . 2 ~ 1 0  N/m ( 3 0 k s i )  a r e  

induced i n  t h e  zone o f  maximum resolved shear ing  s t resses  d u r i n g  t h e  

c a r b u r i z a t i o n  process [62 ] .  These r e s i d u a l  s t resses  combined w i t h  t h e  f i n e  

c a r b i d e  s t r u c t u r e  w i l l  improve t h e  r o l l i n g - e l e m e n t  f a t i g u e  l i f e  o f  t h e  

m a t e r i a l  over  c o n v e n t i o n a l  A I S I  M-50. Th is  i s  i l l u s t r a t e d  by t h e  

r o l l i n g - e l e m e n t  f a t i g u e  t e s t  r e s u l t s  o f  t h e  R C  f a t i g u e  t e s t e r  ( F i g .  29) which 

compares s tandard  V I M - V A R  A I S I  M-50 and V I M - V A R  M-SONIL. 

10-percent  f a t i g u e  l i f e  o f  over  tw ice  t h a t  o f  t h e  s tandard A I S I  M-50 [ 9 ] .  

The M-SONIL had a 

Bear ing  t e s t s  r e p o r t e d  i n  [ S I  show t h a t  under c o n d i t i o n s  which r e s u l t e d  in 

f r a c t u r e  o f  s tandard  A I S I  M-50 inne r  races,  bea r ing  races made f rom M-5ONiL 

and se lec ted  c a r b u r i z e d  s t e e l s  d i d  n o t  show any s igns o f  i n c i p i e n t  f r a c t u r e  o r  

even a tendency t o  f r a c t u r e .  Th is  assures t h a t  bear ing  s t e e l  requi rements f o r  

t h e  n e x t  decade and beyond can be m e t  by these  most recen t  ca rbu r i zed  

m a t e r i a l s .  

CONCLUSION 

Dur ing  t h e  l a s t  f o u r  decades, s i g n i f i c a n t  t e c h n i c a l  advancements i n  t h e  

b e a r i n g  and s t e e l  i n d u s t r y  have a l lowed f o r  t h e  des ign and manufacture o f  

r o l l i n g - e l e m e n t  bea r ings  hav ing  l i v e s  over  100 t imes t h a t  which cou ld  be 

achieved i n  t h e  1940 's  and a t  speeds t o  3 m i l l i o n  DN. The r e s u l t s  o f  these 

achievements can be c a t a g o r i t e d  i n t o  improved m a t e r i a l  c l e a n l i n e s s ,  c o n t r o l l e d  
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m a t e r i a l  hardness, sma l le r  and even ly  d i spe rsed  ca rb ide  s t r u c t u r e ,  induced 

compressive r e s i d u a l  s t resses ,  and improved f r a c t u r e  toughness. Whi le  t h e  

e f f e c t  o f  m a t e r i a l  g r a i n  s i z e  was n o t  d iscussed,  i t  i s  g e n e r a l l y  accepted i n  

t h e  bear ing  i n d u s t r y  t h a t  p r i o r  a u s t e n i t e  g r a i n  s i z e  should be ASTM number 8 

o r  f i n e r  and i n d i v i d u a l  g r a i n s  should n o t  exceed ASTM number 5 .  I t  i s  f u r t h e r  

apparent  t h a t  the  chemical  compos i t ion  o f  a bea r ing  s t e e l  does n o t  have t h e  

a f f e c t  on m a t e r i a l  hot hardness o r  l i f e  t h a t  i t  once was though t  t o  have. 

What appears t o  be o f  paramount impor tance i s  t h e  s t e e l  m e l t i n g  process such 

as V I M - V A R  and an op t im ized  heat  t r e a t i n g  process, t oge the r  w i t h  i t s  r e l a t e d  

process c o n t r o l s ,  i n  o r d e r  t o  ach ieve  a u n i f o r m  and c o n s i s t e n t  end produc t .  

The v a s t  d i f f e r e n c e s  wh ich  were once thought  t o  d i s t i n g u i s h  through-hardened 

m a t e r i a l s  f r o m  case ca rbu r i zed  m a t e r i a l s  r e a l l y  never e x i s t e d  b u t  reso lves  t o  

d i f f e r e n c e s  i n  f r a c t u r e  toughness necessary f o r  e i t h e r  h i g h l y  loaded and/or 

ve ry  high-speed a p p l i c a t i o n s .  Case ca rbu r i zed  M-5ONiL appears t o  i n c o r p o r a t e  

a l l  t h e  d e s i r a b l e  q u a l i t i e s  d iscussed h e r e i n  i n t o  a m a t e r i a l  whereby op t ima l  

l i f e  and r e l i a b i l i t y  can be achieved n o t  o n l y  f o r  c u r r e n t  b e a r i n g  a p p l i c a t i o n s  

b u t  f o r  those o f  t h e  n e x t  decade and beyond. 
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TABLE 1. - SUMMARY OF ENDURANCE TESTS WITH 120-MM BORE ANGULAR CONTACT BALL BEARINGS 

[ M a t e r i a l ,  V IM-VAR A I S 1  M-50 S tee l ;  Temperature, 492 K (425 *F); Contac t  anqle, 24O.1 

Speed 

( K I T  
T h r u s t  Maximum H e r t z  P r e d i c t e d  Exper imen ta l  E x p e r i -  

s ress ,  l i f e a  l i f e ,  men ta l  
$ rev.x10-6 rev.x10-6 W e i b u l l  

l oad ,  
N ( l b )  N /m ( k s i )  

s 1 ope ( h r )  ( h r )  
I I I I n n e r  I Outer  U 

25 008 66 721  1 9 6 5 ~ 1 0 ~  2 0 9 6 ~ 1 0 ~  2 1  113 2400 
( 3 . 0 ~ 1 0  ) (5000)  (285)  (304) (14 )  (76 )  (1600)  

"Centr i fugal  e f f e c t s  i n c l u d e d .  
!Estimated. 
- I n d i c a t e s  number o f  f a i l u r e s  o u t  o f  t o t a l  number o f  t e s t s .  

+ (9687) 

F a i l u r e  
i n d e x C  

1 o u t  
o f  30 

6 o u t  
o f  30 



TABLE 2. - TEMPERATURE PROPORTIONALITY FACTORS a AND EXPONENTS 6 

FOR B E A R I N G  STEELS 

[ (Rc )T  = (RC)RT - a AT8.1 

Mater i  a1 

A I S I  8620 

CBS 600 

Vasco X-2 

CBS 1000 

CBS lOOOM 

SUPER 
N ITRALLOY 
A I S I  52100 

A I S I  M-50 
A I S I  M-1 
A I S I  M-2 
A I S I  M-10 
A I S I  M-42 

A I S I  T-1 
(18-4-1) 
Halmo 
WB-49 

WD-65 
M a t r i x  I1  
A I S I  440C 

AMS 5749 

M-50Ni L 

Temperature range 

K 

294 t o  589 

294 t o  589 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  769 

294 t o  533 

294 t o  811 
294 t o  811 

294 t o  811 
294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

294 t o  811 

70 t o  600 

70 t o  600 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  620 

70 t o  500 

70 t o  1000 

70 t o  1000 

70 t o  1000 
70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

70 t o  1000 

a 

K 

7 3 x 1 0-5 

) . 7 5 ~ 1 0 - ~  

1 . 4 ~ 1 0 - ~  

93 x 1 0-5 
3 4 0 ~ 1 0 - ~  

1 . 3 ~ 1 0 - ~  

9 2 ~ 1 0 - ~  

1 3 3 ~ 1 0 - ~  
133x1 0-5 
133 x 1 0-5 
133 x 1 0-5 

13 3 x l  0-5 

13 3 x 1 0-5 

1 3 3 ~ 1 0 ~ ~  

133x1 0-5 
1 3 3 ~ 1 0 - ~  

1 3 3 ~ 1 0 - ~  

13 3 x 1 0-5 

13 3 x 1 0-5 

133 x l  Oe5 

'F 

26 x 1 0-5 
0 . 1 8 ~ 1 0 - ~  

0 . 3 8 ~ 1 0 - ~  

3 8 ~ 1 0 - ~  

1 6 0 ~ 1 0 - ~  

0 . 3 3 ~ 1 0 - ~  

3 4 ~ 1 0 - ~  

5 4 x 1 K 5  
5 4 ~ 1 0 - ~  

5 4 ~ 1 0 - ~  
5 4 ~ 1 0 - ~  

54 x 1 0-5 

5 4 ~ 1 0 - ~  

5 4 ~ 1 0 - ~  

5 4 ~ 1 0 - ~  

54x1 0-5 

54 x 1 
5 4 x 1 K 5  

5 4 x 1 K 5  

5 4 ~ 1 0 - ~  

6 - 
K 

1.7 

2.4 

2.2 

1.5 

1.3 

2.3 

1.6 

1.4 

1.4 

1.4 
1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 
- 

- 
"F 

1.7 

2.4 

2.2 

1.5 

1.3 

2.3 

1.6 

1.4 
1.4 

1.4 
1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 

1.4 
- 



TABLE 3. - HARDNESS OF A I S 1  52100 STEEL INITIALLY HARDENED TO THREE 
HARDNESS VALUES (Rc  60.5, R c  62.5, AND R c  64.5) AFTER EXPOSURE 

TO INDICATED SOAK TEMPERATURES FOR 100 AND 500 HOURS 

K 

I Soak temperature I Time a t  soak temperature, h r  I 
O F  100 500 t o  1000 100 500 t o  1000 

Room-temperature hardness Hot hardness 
( R c  a t  297 K (75 OF)) (R, a t  soak temperature) 

450-478 350-400 60.0 58.7 58.0 56.5 



W 
c- .L 

% E  
w =  

L 

m m m m  0000 m o m m  0000 0000 o o m m  o m o m  0000 
N N N W  m m m m  N ~ N O O  m m m m  m m m m  m m ~ w  m ~ m w  m m m m  

a m w o  

Q-u-u-u- % u - % u -  %u-%% % % % %  'C'cu-u- 'C'cu-u- + c ' c ' c %  %%%u- 
0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  

c,c,c,c, * w e *  c,c,c,c, c,c,c,c, c,c,c,c, + c , * c ,  c , w * c ,  
0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0  

01 

a s a 3  a s 3 3  a 3 3 a  3 3 2 3  S a s a  3 a a a  s a 3 1  1 3 s a  r u  
m c  

VI 
VI 

I 

V 

V 

I 

d 

w I 

I 
c 
a ._ 

N 
N d 

z E a I I I 
d 

0 0 

I- 

m 
z z 

d 
, I  
E 

d 
P 0 

0 4 

N m 
7 

L aJ 
c, a 
E r 

VI 
W K a - 
n 
0 

3 3 N 

- 
I 

'0 c 
m - 
0 
N N 

4- 
0 

m 
W 
c, 

m c 
W 
c, c 

u 

.r 

.- 

.- 
24 a 
W 

U W c, 

L 

W c, c 

W r 
c, 

a 

m 
m 

.- 



TABLE 5. - CHEMICAL COMPOSITION OF BEARING STEELS 

M a t e r i a l  

A I S I  52100 
MHT 

HALMO 

A I S I  M-1 

A I S I  M-2 

A I S I  M-10 

A I S I  M-42 

A I S I  M-50 

T-1 (18-4-1) 

T-15 

440C 

AMS 5749 

Vasco M a t r i x  I 1  

CRB-7 

AMS 5900 

A I S I  9310 (C) 

CBS 600 ( C )  

CBS l O O O M  (C) 

Bower 315 (C) 

A I S I  8620 (C) 

A I S I  3310 (C) 

A I S I  4320 ( C )  
A I S I  4620 (C) 

A I S I  4720 (C) 

M-50 N i L  (C) 

VASCO X-2 (C) 

C 

1 .oo 
1.03 

.56 

.80 

.83 

.85 

1.10 

.80 

.70 

1.52 

1.03 

1.15 

.53 

1.10 

1.10 

.10 

.19 

.14 

.14 

.13 

.21 

.ll 

.20 

.20 

.20 

.13 
- 

P (max) 

3.025 
.025 

.003 

.030 

.030 

.030 

.012 

.030 

-030 

. O l O  

.018 

.012 

014 

.016 

.014 

.006 

.007 

.018 

.011 
_---- 
----- 
-___- 
_____ 
-_-_- 
_-___ 

.030 

A l l o y i n g  Element, Pe rcen t  b y  Weight (Balance F e l  

S(max) 

0.025 

.025 

.008 

.030 

.030 

.030 

.007 

.030 

.030 

.004 

.014 

.004 

013 

.003 

.007 

.001 

.014 

.019 

.011 
----- 
_-___ 
___-- 
___-- 
_---- 
__--- 

.030 

- 
Mn 

1.35 

.35 

.36 

.30 

.30 

.25 

.15 

.30 

.30 

.26 

.48 

.50 

.12 

.43 

.40 

.54 

.61 

.48 

.24 

.50 

.80 

.52 

.55 

.55 

.55 

.30 

__ 

- 

S i  

).30 

.35 

..12 

.30 

.30 

.30 

.17 

.25 

.25 

.25 

.41 

.30 

.21 

.31 

.30 

.28 

1.05 

.43 

.94 

__ 

-___ 
_--- 
_--- 

C r  

1.45 

1.50 

4.84 

4.00 

3.85 

4.00 

3.77 

4.00 

4.00 

4.70 

7.30 

4.50 

4.13 

4.00 

4.00 

1.18 

1.50 

1.12 

4.76 

1.55 

.50 

1.58 

.50 

__ 

.45 
4.00 

V 

____ 
____ 
1.53 

1.00 

1.90 

2.00 

1.15 

1.00 

1 .oo 
4.90 

.14 

1.20 

1.08 

1.03 

1.0 
____ 
---- 
---- 

.45 
---- 
_--_ 
-___ 

Mo 
- 
---- 
---- 
5.18 

8.00 

5.00 

8.00 

9.51 
4.25 
__-_ 

.20 

.50 

4.00 

4.80 

2.02 

2.0 

.ll 

.94 

4.77 

1.40 
5.00 

.20 
---- 

.25 

.25 

.20 

4.25 

(C) C a r b u r i z i n g  Grades 
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FIGURE 1 .- MAJOR ADVANCES CONTRIBUTING TO ROLLING-ELEMENT BEARING LIFE IMPROVEMENT OVER THE PAST FOUR DECADES. 



FIGURE 2. - FATIGUE CRACK EMANATING FROM AN INCLUSION. 
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FIGURE 3. - TYPICAL FATIGUE SPALL I N  BEARING RACE. 
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FIGURE 4.- RELATIONSHIP 3ETWEEN L I F E  
AND INCLUSION CONTENT. 
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FIGURE 5.- LIFE OF 6 3 0 9 - S I Z E  BEARING INNER RACES MADE FROM 
A I R  MELT AND SUCCESSIVE CONSUMABLE REMELTS OF THE SAME 
HEAT A I S 1  52100 STEEL. 
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FIGURE 6.- ENDURANCE CHARACTERISTICS OF 120-HN BORE 
ANGULAR-CONTACT BALL BEARINGS. 
(5000 LB): TEMPERATURE. 492 K (425 OF): MATERIAL 

THRUST LOAD. 22 241 N 

VIf l -vAR A IS1  M-50 STEEL: LUBRICANT, TETRAESTER. 



VIM-VAR 

VIR-VAR w 

$ 5  

w w 

VAR-VAR A I R-VAR 

FIGURE 7.- ROLLING-CONTACT (RC) R I G  EVALUATION OF 
A I S 1  M-50 MELTING PROCEDURES. (EACH BAR REPRESENTS 
20 TESTS).  
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FIGURE 8.- FATIGUE LIFE DISTRIBUTION OF 309-SIZE ROLLER 
BEARINGS MADE FROM AIS1 8620 STEEL GROUPED INTO THREE 
QUALITY RATINGS BASED ON ULTRASONIC RESPONSE. 
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FIGURE 9.- SUMMARY 
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BEARING STEEL. 
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FIGURE 11.- TEN-PERCENT LIFE AS FUNCTION OF AH (DIFFERENCE I N  ROCKWELL c HARDNESS BALLS AND RACES) FOR AIS1 52100 207- 
SIZE DEEP-GROOVE BALL BEARINGS. 
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FIGURE 12.- TEN-PERCENT L I F E  AS FUNCTION OF 
AH (DIFFERENCE I N  ROCKWELL c HARDNESS BE- 
TWEEN BALLS AND RACES) FOR A I S 1  52100 207-S _. 
S I Z E  DEEP-GROOVE BALL BEARINGS. 
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FIGURE 14.- EFFECT OF AUSFORMING ON FATIGUE L I F E  FOR 
A I S 1  M-50 BEARING STEEL. 



FIGURE 15.- FIBER ORIENTATION IN A BEARING BALL. 
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FIGURE 16.- T-1 TOOL STEEL CYLINDER ORIENTATION IN BILLET STOCK. 



FIGURE 17. - BEARING RACE SHOWING FIBER FLOW PRIMARILY PERPENDICULAR 

TO RACEWAY. 



FIGURE 18. - FORGED BEARING RACE SHOWING F I B E R  FLOW PARALLEL TO 

RACEWAY. 
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FIGURE 21.- RESULTS OF FATIGUE TESTS WITH 2 0 7 - S I Z E  BALL BEAR- 

INGS. RADIAL LOAD 5860 N (1320 LB): MAXIMUM HERTZ STRESS, 

2 . 4 ~ 1 0 ~  N/M9 (350 K S I ) :  SHAFT SPEED. 2750 RPM. LUBRICANT. 

REFINED NAPHTHENIC MINERAL O I L .  
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FIGURE 23.- ROLLING-ELEMENT FATIGUE LIVES OF VI\-VAR 
5749 HAVING VARIOUS AMOUNTS OF RETAINED AUSTENITE I N  
FIVE-BALL FATIGUE TESTER. MAXIMUM HERTZ STRESS, 
5 ~ 5 2 x 1 0 ~  N/M2 (800 K S I ) :  CONTACT ANGLE. 30'; 
SPEED, 10 000 RPM; RACE TEMPERATURE. 339 K (150 OF) .  

SHAFT 



c 

98 r 

10 
w 
V PI: 

W Q 

2 
.5 .6 .8 .10 2 4 6 8 1 0  20 

SPECINEN LIFE MILLIONS OF STRESS CYCLES 

FIGURE 24.- EFFECT OF RETAINED AUSTENITE ON ROLLING-ELEMENT 
FATIGUE FOR TWO DISKS I N  CONTACT. MAXIMUM HERTZ STRESS, 
3x10’ N/M2 (435 KSI): MATERIAL. 18 C R ~ N I ~ W A .  SPEED, 
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FIGURE 25. - PEELING FAILURE ON CUP RACEWAY SURFACE 

AFTER 569 HOURS WITH STANDARD DESIGN BEARING RUN 

AT 12,500 rpm. 



FIGURE 26. - FRACTURED BEARING INNER RACE CAUSED BY I N I T I A T I O N  OF A ROLLING-ELEMENT 

FATIGUE SPALL. 
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FIGURE 27.- ROLLING-ELEMENT FATIGUE L I V E S  OF CVM 
CBS 600, CVM A I S 1  M-50, AND CVM A I S 1  9310 IN,RC 
FAT GUE TESTER. 
N/M (700 K S I ) :  SPEED, 10 000 RPM: TEMPERATURE, 

MAXIMUM HERTZ STRESS. 4.8~10~ 4 
483 K (74 OF) .  
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( A )  VIM-VAR AIS1 M-50. 

( B )  VIM-VAR M-50 NIL. 

FIGURE 28. - COMPARISON OF MICROSTRUCTURE OF AIS1 
fl-50 NIL. (M-50 NIL HAS SMALLER, MORE UNIFORM 

CARBIDE STRUCTURE) 
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