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INTRODUCTION.

The brinelling of ball bearings is a subject which hae
had co~paritively little study. Eince ball bearings have found
most of thelr applicatlions in such things as rotating shafts,
thepe has been little reason to study their action under static
leading conditions. This research wae suggested by the Fafnir
Ball Bearing Company because of the increasing uge of ball
bearings for static loads in aircraft. In the alrcraft bus-
iness the designers. because of strict weight requrirements,
have used ball bearings up to thelr rated loads. Not infreg-
uently these besrings brinelled. ( A brinelled hearing 1g one
in which a dent has been formed in one of the races by a ball)
It 18 therfore evident that more should be known about the
brinelling of bearings.

The original research on oall bearinzs was done abaut 1900
by Professor Stribeck in Germany. This research today forms
tiie foundation for most bearing design. Stribeck ﬁfoved the
validity of Hertz's original theory of the contact stressed in
bolles having the general shape of balls and races., (FRef.l)

In 1921 the Bureau of Standards concluded some tests on
the brinelling of bail bearings. (Ref. 2) These tests were
on single balls and races, and were made on balls of flalrly
large diameter. (1, 1%, 1% inches) Two methods were used in
these tegts., The first method was 1o measure the siarting
frictirn of a vall-race combination under load. The gecond
method was to measure permanent deformations in the comblnatlon,
It was shown that these deformations were in'the races and that

the balls deformed but slightly. The first of these methods



proved the most satidfactory.

Modern factory tests consist of load ing a series of ball
bearings to glven loads ani then disassembling them and measuring
the races for brinells,

All research on ball bearings, since that of Stribeck, has
tended to show the validity of his derived equaﬁions. for Max-
imum Static Non-Brinell rating Stribeck derived the now widely

used formulsa,

P = knd?
where,
P = rated load
n = number of balls in the bearing
d = dlameter of the balls
k = a constant determined from tests

This formula has proven wery satisfactory in the past.
For it to yleld good results, however, it 1s essential that
the value for "k" be determined accurately. The purpose of
this research then becomes, after a method of testing has
bgen developed, to determine accurately when bearings fall and
to see if these critical loads combine to give a constant for
the anove formula. It seems entlirelvy possible that the above
formula-is not entlrely complete, and that 1t might be mod-
ified to include other bearing dimensions. Hertz's theory
( Gef. 2, 3, and 4) indicates that all race radil have a definite

effect upon the stresces in the bearing.



SUGGESTED TEST METHODS

The modern industrial method of testing, which hag been
previously hentiened, geems to glve quite satisfactory results,
but 18 slow and subject to numerous inaccuracles.  For these
reasons one of the chief alms of this research waé to develop
a new rapld method which would give good ‘accuracy ‘and be
applicable to Industrial use. Se#eral méthods were suggested.’

The first method that is usually thought of for this sort
of work is the method of measuring deformations for various
loads. Difficulty was anticibated for this method because of
the emall dimensions of the bearings and the very smal1
deformations that were expected,.

Ag has been‘mentioned; a method in which frietidn of the
bearing underrload is measurd has been used succésgfully. In
this case, however, this offered very severe eXper;mental
difficulties and so was considerd impractical. "Anvalternative
method 1s to measure the starting frlcﬁion afterfa,load has
been applied‘and removed.

A very ellegant test method of an entirely’different nature
was also suggested. The suggestiogﬁwas that a contact microphone
be used to listen to a bearing after it had peen subjected to
8 brinellihz load. It seemed logical that the ouﬁput of the
mierophone, aftef'suitable‘amplifiaaﬁion, would give vbltmeter
readings that would be proportional to the brinell and that
this data could be exbropolated to a zero brinell }laad. This

method secmed to éffed definite admantages for industrial work.



TESTING EZUIPMENT.

For testing several testing machines were avéilable in
various sizes, so that the actual loading of the bearings
caused little worry. To firmly hold the bearing in the testing
machine a test device was designed and built. ( figure 2 )
This was designed wlth several thoughte in mind and »roved
very satlsfactory. 1In thg first place the device must not
deform to any meagurable éxtent itself. Secondly 1t must be
adaptable to various sizes of bearings. Thirdly it should be
so designed that the bearing shaft could be rotatéd under load.

The first condition was met by machining the device from
13 x 5 inch cold rclled steel. The -scond desire'was fulfilled
by the use of 8liding uprights which could be locked in position
with a clamping arrangement. A system of sliding blocks was
included so that the shaft could be railsed from its Vee growves
onto small ball bearings which acﬁed ag rollers.

The houslngs for the bearinggrwers désigned s0 as to have
an excess of material, since 1t was considered un@esirable L0
have the vearlngs insufficiehtly supported. A typ;éal housing
is shown in fizure 4. All heusiﬁgs were machined'from mild
steel, 'They were bored to tightly fit the bearin@§£~and were
made with a slot that could be closed by tightening a bolt that
was threaded intoc the housing. The width of the'hbusings were
slightly larcer than the width of the bearings.

So that. slight manufacturing differences would not cause
differences in the tightness of the bearing fif, the ghafts
were ground with a slight taper. Thlis taper was such that the

aversge bearing fit tightly at the center of the shaft.



3TARTING FRICTION TESTS.

Flgure 5 showse a set-up that was used in an éttempt to
measure starting friction in a brinelled bearing as a measure
of the depth of the brihell. By paseing a measured current
through the solenold, the beam could be deflected and the
deflestion mea%}ed on the scale at the end of the boom.

| The tesﬁ procedure was to test a bearing by measuring
éhanges in deflection for a glven current. It was hoped that
a brinell in the race would decrease the deflection for the
.same current on a good bearing.

The results of thls test Aid not justify the hopes above
mentioned. No difference was shown between good or bad
bearings. In thie test the bearing was loaded to about ten
pounds by the use of boom weights ag shown in the sketch.
With the apparatus as shown it was not practical to use more
load. If this had of been done, however, some results might
havé been obtained since the frbetion is proportionate to the
load. The only other alternative 18 to increase the senslt-

ivity of the apparatus.



TESTS USING A CONTACT
FICROPHONE,

A great deal of time and effort was expended in attempting
to develop a method using a contact microphone. For these tests
I used a commerclal contact microphone, or vibration pickup,
of the crystal type. Figure 6 showa the general arrangement of
the apparatus. The bearing:was placed in the Vee grooves of
the tegt device and ralsed onto the rollers. The bearing shaft
was connected to_arsmall.motor with a length of rubber tubing.
The probe of the plckup was threaded into the bearing housing,
and the ele@trical leads from 1t were led to a filter built for
this purvccse., From the filter the leads ran to elther a volt-
meter of a commerclal osclllograph.

Tests were made using good and badly Brinelled bearings.
Various loads and shaft speeds were teled. Loads ranged up
to 50 pounds and speeds from 10 to 200 r.p.m. The filter
wag delgned to elliminate all freguencies above 50 and was
removed from time to time to note its effect. It was thought
that the ordinary race nolse would be removed by the filter,
leaving only the clicks from the brinells.

This method gave no results. The ptrouble seemed to be
that the ordinary nolse from the ball bearing is much strounger
than the nolse due to failure in the race. Another Alfficulty
with this system ig that the bearings must by absolutely clean.
The slighteét trace of dust has much more affect thanvany other
element entering. This effect of dirt seems to elliminate thls

method from the industrial class of test.



DEFORMATION METHOD.

The method which was finally accepted as the most atis-
factory was the method of measuring deformations,Atotal and
permanent, under load. The apparatus for this method was fin-
ally developed to a system that secemed completely accurate.

Flgure 2a sgshows the final form of the deformation meas-
uring device. It, as can 2e noted, consisted of a set of mul~
tiplying levers on each side of the bearing housing and fast-
ened to the housing; These levers were actuated by the rel-
ativé upward motion of the bearing sha?t refered to the housing.
These arms moved the plunger of a standard Ames gauge. (1/100mm)
The multiplication amounted to 12:1 and was considerel satlis-
Tactory. Greater magnification may be used, »ut it was found
that the accuracv so obtainesd was not warrented by the testing
machine. The arms contacted the Ames gauge through a cross bar
that was delgned to average the deflectiongg of the two arms,

It was found that it was necessary to measure the deformations
on each side of the bearing because of the tendency-of the
- bearing to $wist in the machine.

CHECKS ON THE SYSTEM, The testing equipment has been

checked in several wags and thereis no indication that 1t is
faulty in design.

FPigure 7 1s the graphical result of tests made on a 203K
ball bearing and on a solid ring of the same dimensions. The
ring was machined from Utica,,a high grade tool steel. It may
be noted from this graph that there 1s practically no definite

relatioh between the s0lid ring and the beailng.



The other check made was to test the same bearing three
times with various srrangemente of lever mounting. The results
of these tests are plotted in figure 8 and shov no marked Aiff-
erences. The sketch indicates the warious mounting methods
tried. Sketch (a) is the actusl test set-~up and Qb) and (c)
are the check arrangements. Method (b) was desigﬁéd to remove
any angular housing defcormatlion that might affect the results,
Method (e¢) was dimiliar to (b), but was deaignedlﬂovremove the
chance of motion at the plvot polnt. It may be notéd that
the deviations in these tests are of the same ordervas the
usual experimental deviations for any one bearing and that no
change can be blamed on any of the lever mountiags.:

It 1s believed that these checks clearly indlcate that no

measurable errors were introduced by the testing equlpnent.



HERTZ'S THEORY AS FELATED
TO THIS PROBLEHM.

Table I contains the tabular calculations from whlch the
theoretical stresses in the ball bearings tested 1n this
research can be obtalned for any load. These calculatlons
make use of the Hertz theory and are calculated according to
a method gziven in reference 3 with some variations. Actually
this theory was developed for materiale which did not exceed
the elastic limit. Stribeck, however, has shown that the
theory is Wery good for normal ball bearing stresces. The
use of the theory in this paper 1g only to obtaln an app-
roximation of the actual results.

Since the exact method used 1in these celculations differs
8lightly from those given in the references, and since the
general method is not widely used, I include here a brief
diecussion of it. Another reason for discuseing it here 1s
that avallable English translatlons 4o not include numerical
values that apply to small bearings of thls type. In order
to make the calculati-ns for small bearings I have, in {igure
16, plotted the necessary numerical values as taken from refu.
erence 2. It willbe found that these values cover all ball

bearing sizes,.

.\Q\



METHOD OF CALCULATING STEESSRED IN
BALL BEAFINGS
(Feference 3 with variations)
The theory assumes that the contact area of the ball

on the race is an elllipse of the following dimenslons,
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and where m,#, and :/, are obtained from the following

formulae and from figure 16,

cont= 8

where,

1]

h/m = 2(A +B) = 1/rqy + 1/ry5 + /1y + 1/Tp,

2(A -B) = 1/rpy - l/r22 (note, this is true
only for a ball bear-
ing where riq = r15)

where,
rll = Typ ® radiug of ball
= i
Toy groove radius .
Tan = race radlus

The maximum stress 1n the contact area 1s given by,

[0



It should be noted that the stress will be largest in
the Inner race since the contact area ls here the smallest.

In my calculations, however, 1t was convenlient to sep-
arate PO from the final stress expression. If this 1e¢ done we

get an expregsion,

where,

g - 15 H o594 x 10"

T et ) m*s , ALy m 2y
Stribeck has shown, reference 1, that the load on the
uprermost ball is glven by the formula,
Py = (5/n) P
where,

}:_)

[

total radial load on ball bearing

£

n number of balld in bearing
Hence, for the final expression of stress in the inner

race,we have,



RESULTS. .

As has been mentioned, the greatest problem in this study
wag to find a good method of testing the bearings. It is
belleved that such a method has been found. It was desirable,
after the test method was develoved, to spend as much time as
remained in ®sting a series of bearings with the purpose of
checking the nresent bearing rating sgstem, Because of limited
time I was only able to test the followling bearings.

BEARINGS TESTED

Fuantity Type
2 201K
2 202K
2 203K
2 204H
2 204W

I was informed that the basic design of the K, H, and F
bearings were the same. Thig type 18 in general listed as the
K or Conrad type and is the Non-Filling B8lot Type. The W
bearing is known as the Maximum type. The difference between
a K and a W bearing of the same number is in the number of
balls and in a 1% difference in groove radits. The W bearing
hag the moest balls and the largest groove raddus. - The character-
istics of the ¥Warious bearings are listed in Table I. It can
be noted from a study of this Table that the bearings tested
formed a fairly definite series in their design dimensions,
and were chosen with this in mind.

Figures (9 to 13 are the results, in graphical form, of
the tests. Two curves were obtained in each case and in general
thege curves are quite close to each other for any one type

of bearing. MNanufacturing differences probably explain most



of the differences between two bearings of the same type.

o In Table II are listed all of the permanent sets obtained
in the tests. These values are plotted in Figure 14 in
which the scale has been increased so as to better bring out
the differences in the various curves. The values in Table II
and Figure 14 are the values which are of interest in thés
problem because they are the Brinell measurments,

It is apparent from figure 14 that there is no definite
load at which brinelling actually begins. In stead the
bearings actually start to brinell at ® very small loads and
1t is only because of lack of sensitivity in the measuring gde
device that this brinelling is not found earlier in the test.
It may be noted here that the curves of flgure 14 are simlliar
in form to those recorded in Reference 3.

In theése tests the bearings were always loaded with one
ball upermost which is, of course, the eritical condition.
Permanent sets were measured at loads of from 300 to 500 pounds
in these tests as this was more satisfactory from a physlcecal
standpoint than making theggeasurments at zero load. Tests
were made which showed that there was no strange phenomens
observed between zero and gseveral humdeed pounds, so that
a sinsle measured deformation caused by the initial load was

all that wag necessary to extropolate the data to zero,



DISCUSSION OF RESULTS.

Since there does not geem to be any definite load fcor
any bearing at which brinelling starts,it becomes necesgsary to
deflne some load that wlll serve in an anslysis. Since in
the manufacture of ball bearings a tollerance of 0.0001" 1is
vractlce 1t seems loglcal that we deflne the Maximun Static
Non-Erinell

jLoad as the load that will cause o dent of C.,0001 inch to
form in the race. If we then use thls definktion, we can
obtain the critical brinell loads for the bearings tested
from Figure 14, This has been done and the loads are listed
in Table III and in Figure 17,

Ag hae been mentioned »reviously 1ln thls paper Etribeck
hag shown that ,for average bearings, the laximur Static Non-
Brinell Load bears a constant relation to the quantity ndgo
To see how well this held in our case I calculated values
for Sribecks K { which I call Kl) and have recorded thém in
Table III. The average value, 2680, was then pubt in Stribecks
formula and the expected loads calculated. These are listed
in Table III and plotted in Figure 17,

The loads calculated by Stribeck's equation present two
serious errors. For the 201K and the 202K the Knde load 1is
the same, but actually we see that the 202K bearing has a
highe® critical load. The test results show the 204H and 204W
t0o have shout the same non brinell-load, but the Stribeck
formula indicates that the 204% should brinell at a much higher

load. These difficulties seem definite even thopgh the test

data 1s not too extensive.

it



In order to try and explaln the differences encounteréd
between Stribeck's formula and experirent, I calculated the
theoretical stresses in the bearing by Hertz's method. The
stresses obtalned were exceedingly high but seemed to be
fairly constant at about 600,000 lba. per. sqg. in. OSince the
gtress shows indlcations of being constant, I examined my
calculations and was able to reduce the stress calculations
to a form containing =z constant and the bearing dimensiona.
Ag hag been mentloned, Bhe stress In a gilven bearing is ziven

by, in my notation,

g=q P
wnere,
P = (5/n)P
o]
where,
P - the radlal lead on the bearing
if we asgume that, :
‘ S = const.
then,
P =K, ( n/Q*)

In table III I have listed values zalrulated for this
Kgy and have calculated rated load from the average of thege
values. These loads are plotted in figure 17. Actually the
values obtained in thls manner do not seem to be any more
accurate than the values obtained by Stribeck's method, but
they do tend to correct the deviations mentioned before.
It ¢on be seen tnat this method predicts a higher load for
the 202K than for the 201K, and that = it indicates a slightly
lower load for the 204W than for the 204H bearings. Since the

teot data 18 so limited, very little can be sgaild about elther

0% these methods. It seems,howeveyr, thnt Stribecks eguatlion



may not be too accurate for the bearings tested.
It seems well at this »oilnt to attempt an explanation
of the deviation noted in these tests. In the past Stribeck's

3

equatlion has gilven very good results. This may be do in

part to the fact that bearings used were not loaded to the
rated values but were used with considerable margins. Another
explanation can be gilven, however. If we reduce the Hertz

equations previously glven to a convenient form, we get.

- ar; (1/cosTy 1)

Top®

[( 22 + 1 ) - 1/cos‘t]

- 4

m = bl

28 % 1 T

a T T,
where,

a = rgl/rl a =2 (51% )

for W series bearings

From these equations it san be seen that for constant
ball radius ry, cosT gets larger for a decreasing vadue
of ry,, and cos T gets smaller for an increasing rone
Then for large values of the race radius r,,,we will find
our valuesg of_/mfandfﬁ on the right side of Figure 16. In
this reglon 1t can be seen that the curveg for these values

are not rapilily lncreasing. It then seems pogsesibdle that

¥% an expression such as Stribeck's equatl on would hold

in thls ranzge, which corresponds to ahe range of large bearings,

but would not heold st the other slde of the zraph which 1is

the region of small bearings.

&



The method of rsting which I have introduced here is
quite complicated to use and so will probably never be
employed. It ig put in however to indicate a line of attack
1f this work is ever continued. In the data, incomplete as
1t may be, it 1s easy to see thet the race radius L has
a very marked effect uron the critical load. The radius of
the groove,on the other hand, bears a constant relation to
the ball radius and so does not seem to be ilmportant. I
have attempted to obtaingformulas that would express the
resultes as pregsented here, but the test data 1s so incom-

plete and the acitual mathematlcs so complex that no suceess

has been enjoyved.



CONCLUZIONS. ..

The test method developsd in thls rescarch ssems to be
accurate and trustworthy. It ig a rapld method which should
lend itself to industrial use. The methéd is insxpensive and
requires 1llttle other than an Ames Gauge and an ordinary
compregsion machine. Only a short ti@e ls required to master
the experimental technic. It seems possible to obtain meas-
urments to 0.00001 inches wilth experimental errors of less
than 5 per cent.

The test data reported in thie report is wvery incomplete
and &% such con not definlitely indicate the ®alidity of any

T¥TY

reting system. "hat indicetions there are seem to be that
S¢ribeck's egustion is not accurate for bearinzs of this
gize, but that Hertz's theoretical work is good., It seems
possible to calculate the Faximum Statlc Non-5rinell Loads
from a formula based upon Hertz's work. This method is long
and not as simple as calld bs desired. Since the test method
1s fast and easy to apply, 1t seems as though the best method
of obtaining load ratings 1s from actual tesis,

Future research work could be devoted to improving the
finer features of the testing equipment, and to making extensive

teste on complete series of bearings. Only when the results Ra

of such tests are availlable »ill useful formulae be derived,
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PHOTOGRAPHS

Fig. 1
An early form of the measuyring
device, showing housing, shaft, mult-
1plving arms, and Ames gauge.
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. Fig. lan
The final measuring device. Showlng
two arms and the connecting bar for aver-
aging the two deflectlons.
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Flg. 2
Showing the measuring device in
the support, ready for testing.

Pig. @
The testing equipment in a stand-
ard testing machine.
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Fig. 4 :
A Ball Bearing in its housing
and on its shaft.
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TABLE I

Brg. 2all

D
Tyoe Size ryq r Thn m nd”~ Q n/Q3

21 22
201K 1/4  .1250 .1275 .3080 .351 .437 6.64x10% 23,

(@)Y

202K 1/4  .1250 .1275 3671 .368 .437 6.42 26

203F 5/16 .1562 .1593 .4245 .450 .662 5.60 40,
204H 11/32 .1718 .1753 .4925 .503 .826 5,21 49,3
204% 11/32 ,1718 .1787 .4925 ,496 1.18 5.93 48,

TABLE III

Brz Kl K2 Po

Tygé Load P/nd25553 Klnd2 K23§3 5P/n Stress
201K 925 2110 387x10%° 1170 1170 660 579,000
202K 1500 3430 568 1170 1290 1070 665,000
2037 1850 2710 462 1830 1960 1320 645,000
SO4H 2450 2070 497 . 2215 2410 1750 628,000
204w 2575 2180 535 3160 2360 1288 674,000

Total 12400 2449x101° *

Average o580 489x1015

7/
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