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98. AOSIMACT~1ArSsem omn
"rhe Naval Air Systems Command Contract N00019-7>-C-0299 for investi-

gation of ceramic materials in rolling contact bearings, was carried out
with high strength silicon nitride, silicon carbide and aluminum oxide.

Screening rolling contact fatigue testing on silicon nitride with con-
ventional lubricants showed excellent life, greater than MS0 steel, -t
comparable load.

The friction and wear properties were determined for silicon nitride,
silicon carbide and steel. The coefficient of friction and wear rates
are nearly the same for steel-steel and steel-siilicon nitride combina-
tions.

The corrosion resistance of silicon itirride is excellent in hoit Type
II turbo oil.

... densional stahilit-is of silicon, ,itride ,And s,1ilicon carbide
are excellent and (1o not present a problem in designing bearing
clearances.

hill scale test bearing rollers made from silicon nitride fractured
during final shaping by grinding and new grinding techniques are being
developed for additional roller manufacture.

An extensive investigation into surface damage by grinding indicates
srfacc preparation techniques are important.
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FORMWORD

This report covers activities carried out by Norton Company,
Worcester, Masiichusetti, 01606, under Naval Air Systems Command
Contract N00019-/2-C-0299, initiated to "invcztigate the itility
of ceramic materials in rolling contact bearings". The work was
administered under the direction of Mr. Charles F. Bersch, NAVAIR,
Washington, D.C.

The following Norton oersonnel were major contributors to
the program in the -apacit,- noted:

W. M. Wheildon - - Principal Investigator
H. R. Baumgartner - Failure Analyses
M. L. Torti - Technical Management

Bearing design and testiig facilities were supplied by
Federal Mogul Corporation, Ani Arbor, Michigan, 48104, under
subcontract to Norton Company,

D. V. Sundberg - - rincipal Investigator
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AiBSTRACT

The Naval Air Systems Commind Contract N00019-72-C-0299 for
investigation of ceramic materials in rolling contact bearing
was carried out primarily with high strength silicon nitride and
to a lesser degree assessment; were made of silicon carbide and
aluminum oxide.

Screening rolling contact fatigue testing on silicon nitride
with conventional lubricants showed excellent life, greatcr than
MSO steel, at comparable loads. Rolling contact fatigue tests of
silicon carbide and aluminum oxide did not show as much promise
as silicun nitride.

The friction and wear properties were determined for silicon
nitride, silicon carbide and steel. The coefficient of friction
and wear rates are nearly the same for steel-steel and steel-
silicon nitride combinations. Based on these results, excessive
wear is not expected in a full scale bearing with ,ilicon nitride
rollers.

The corrosion resistance of silicon nitride is excellent in
hot Type II Turbo oil.

The dimensional stabilities of silicon nitride and silicon
carbide are excellent and do not present a problem in designing
bearing clearances.

Full scale test bearing rollers made from s'1,i.con nitride
fractured during final shaping by grinding and new grinding tech-
niques are being developed for additional roller manufacture.

Rolling contact fatigue tests carried out on the billets
from which the roller blanks were taken failed to duplicate the
original results. An extensive investigation of this discrepancy
led to the coficlusion that subiurfact damage caused by a change
in surface preparation techniques was responsible.

Bill-cs of a newer still higher purity silicon nitride. h-ave
been pressed as stock for additional roller manufacture. Rods
cut from these billets with surfa'es prupared by the original
diamond grinding techniques have given initial ralling contact
fatigue life results that support the original te5'..ng.

viii
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This investigation car, he divided into two principal activi..
ties; (1) ceramic bearing materia;l selection, screening and
characterization relying principally upon rolling contact fatigue
testing of rod specimens and (2) high speed roller bearing design
(ceramic rollers with metal races), component fabrication, and
analyses.

7he materiels selectcd for screening were hot pressed silicon
nitride and silicon carbide and dense high p-arity alumina, based
primflarily on high strength, low porosity and high hardness con-
siderations. The silicon nitride and silicon carbide test rods
were cut from billets hot pressed by Norton Company. Tie aluminum
oxide was supplied to the final test configuration by Coors
Porcelain Company.

The Rolling Contact Fatigue (RCF) test machine is a rapid
method of evaluating heai-ing materials under load. A small rod
specimen is loaded between 'wo relatively large diameter opposing
crowred wheels that apply i.ssure while the specimen is driven
at 10,000 rpm. The specimen receives two stress cyc:--s per r-,o-
lution rcsulting in 1.2 x 106 test cycles per hour. ý11 testing
was carried out with conventional lubrication.

A condensed table of the most significant rolling contact
fatigue screening test results is given below:

Rolling Contact Fttigue
800,000 psi calculated I1ertz stress

Material No. of tests Cycles to Failure
10 percentil e me d'an

(Llo)

Silicon nitride HSIiOA 26 5,690,000 30,650,000

Silicon nitride HS130 5 5,119,000

Silicon carbide HX294 1 <1,000

Aluminum oxide Testing limited to
Coors AD999 700,000 psi a.i,-mi;i HIertz stress

M-50 *CVIM 34 1,820,000 3,660,00G

*Bearing steel control - c-,rried out at the loe lead
as the silicon nitride resulting in a calculated Hertz
stress of 700,000 psi.

Hot .ressed silicon nitride (IISllOA process) performed signif-
icantly bctter than the M-50 bearing steel control material. In
addition silicon nitride failures were characterized by the appear-
ance of a small spall very similar to that encountered with the



bearing steel. Limited testing of H.S130 prouuczd results compzr-
able to those obtained on the bearing stccl.

Hot pressed silicon carbide did not generally faiI by spalling
but had a tendency to massive brittle fractur.e and attempt: to
operate at 800,COO psi Hertz calculated stress resulted in rod
breakage at less than 1000 cycles. A reduction to 700,000 psi
Hertz stress allowed operatien up to 17,S00,000 cycles although
the rod did fracture upon removal. A further reduction in stress
to 600,000 psi extended life -Lo 24,000,000 cycles.

Aluminum oxide wa; tested at calculated Hcrtz stresses from
S00,000 to 700,000 psi but cannot be compared cc) other roller
materials as it wears continuously and excessively by crushing
under all loads applied and has no ty;'ical spalling end point.

Consequently HSl1OA silicon nitride was selected as the
prime candidate for further environmenL'al testing and for roller
fabrication for testing in an actual roller bearing (with M-S0
steel races). Howeer, some further environmental testing was
also carried out on hot-pressed silicon carbide.

A limited amount of four ball testing was cartied out on
HSll0B silicon nitride with generally peOr results compared to
M-S0 steel. Since, in this case, both ball dkmensional and
starting material quality was suspect it is not felt that these
results were definitive.

Friction and wear properties were determinei for silicon
nitride, silicon carbide and steel combinations. The coefficient
of friction and wear removal rates are rea iy the same as for
steel-steel and steel-silicon nitride coribinations. Based on
these results, excessi,,c wear should not be encountered in a
bearing containing silicon nitride rollers.

The corrosion resiistance of silicon nitride is excellent in
hot Type II turbo oil. Patigue results before and after exposure
are inconclusive becaus;e of the short duration of the iAitial
tests. The dimensional stability of silicon nitride and silicon
carbide is excellent and does not present a problem in designing
bearing clearances.

A test ,ulier bearing was designed baed upon a high speed
aircraft quality steel bearing. The test bearing has twenty
ceramic rollers 0.345 inch diameter and length. T~h M-SO steel
races have a 2.25 inch bore and 3.740 inch outer diameter.

Plates, 6" x 6" x 5/8" ci IISli0A hot pressed silicon nitride
were sectione.d and 130 roller blanks 0.356 x 0.356 inch were
diamond ground.

It was planned to apply the final dimensional accuracies and
contour to these by standard bearing grinding procedures using

X



silicon carbide wheels. An irnadvertent error in wheel 3cl:ctior
in the bearing plant damaged or destro,,'ed these Tollers..

Rolling contact fatigue (RCF) test rods cut from tle same
billets the rollers were taken were tested yielding live. an order
of magnitude poorer than the screening test results. Thi-s shortei
life triggered an extensive investigation into botA! the surface
finish and material qualities of the two groups of material. It
was concluded that the premature failure of the second group was
linked to rapid surface pit formation during RCF testing leading
to a spalling type failure. It is felt that this capid pit forma-
tion was caused by surface damage not removed in the final ;od
preparation. The grinding practice for •he first set of rods con-
tained a finish grind with a 320 grit dia.7,ond wheel followed by
611 diamond hanid lapping. In the second group this 320 grit finish
grinding step was omitted prior to a final mechanical lapping with
61; diamond.

Preliminary test results (to be reported in the next period)
on RCF rods of the replacement material with surfaces prepared in
the original manner are more in line with the initial results.



I. INTRODUCTION

Ceramic materi21: offer imany interesting properties which
suggest their use in b.-arings. Among these are; light weight,
high mechanical strength in compression, resistance to corrosion,
low coefficient of friction, dimensional stability, and high
hardness over a wide temperature range. In addition they are
generally further characterized by high resis.t:ance to wear, low
coefficient of thermal expansion, very high mEilting point, and
the ability to hold close tolerances and fine finishes. Because
of the desirability of many of these properties, extensive studies
have been conlucted with both solid ceramic and ceramic coatings
for sliding and plain bearings. This work has lead to w..ide use
of ceramaic containing plain bearings in industry.

Though numerous studies have been conducted and others are
continuing with ceramics for plain and gas bearings, limited work
has been devoted to ceramics for rolling contact (hall and/or
roller) bearings. More importantly, even less work has been done
with what might be termed advanced ceramics. Advanced ceramics
would include those materials having very high cross-bending
strengths, very fine grain sizL, high density, and a very homo-
geneous structure. For background, Appendix I summarizes much of
the work to date with ceramics in rolling contact.

These properties plus stable characteristics at elevated
temperatures has identified advanced ceramics as excellent poten-
t~al candidate materials for applications involving rolling contact
environments at elevated temperatures such as aircraft engine
roller beariags.

High rotational speeds developed in modern jet -ngines have
changed the conunon failure mode of both roller and ball bearings
to the outer race instead of the inner rac. The high centrifugal
forces of the rol).crs developed by the increased speeds have
loaded the outer races to the point where they must endure higher
stresses than thQ inner races. Hollov steel balls have been in-
vestigated but fabrication problems influencing balance limits
thei- usefulness at high speeds. Light weight ceramics with
spccific gravities two-fifths that of steel would greatly reduce
centrifugal loading even when used in the solid form.

The present progrrm was undertaken to investigate high
strength ceramics as rolling contact bearing for airc.'aft engine
applications. The program is broadly divided into two phases:
(1) materials investigationi and evaluation and (2) full bearing
fabrication and testing.



II. MATERIALS ShE.ECTION AND CHARACTERIZATION

Four materials were selected for screening evaluation based
primarily on their strcngth, density and hardness characteristics.
These are two forms of hot-pressed silicon nitride, hot-pressed
silicon carbide and a dense sintered aluminum oxide. Typical
properties and chemical anal)rses are given in Tables I and II.

The hot-pressed silicon nitride and silicon carbide were
supplied to the program in the form of hot pressed plates pre-
pared from Nortcn synthesized starting materials.

The aluminum oxide rods were rurchased from the Coors
Porcelain Company in the finished fDmtn.

I11. SCRlEEN1NG TESTS

A. RCF (Rolling Contact Fatigue)

1. Description of Equipment - The Rolling Contr~ct
Fatigue (RCF) test machine developed by General Electric Cmpany
and marketed by Polymet Corporation was the primary means of
evaluating material fatigue life throughout the program, ,'igure 1.
Two discs, seven inches in diameter and one-half inch thick, are
hold against the rotating test specimen. The discs have a crown
radius of 0.250 inches. The test -necimen is a straight cylinder
three inches long with a diameter of G.'S1z 1,.ches. Witi this
geometry configuration, the contact stresses can be calc ulated
(in the non-lubricated condition) as shown in Appendix iI. The
example of thi's calculation in the appendix shows for a. load of
325 pounds, the maximum Hertz compressive stress is 700,000 psi
for steel wheels and a steel test specimen. The load necessary
to produce this stress in the ceramic materials tested is less
than 325 pounds because of their higher moduli of elasticity.

The FCF machine provides a means of rapid testing in pure
rolling contact. Since the specimen receives two stress cycles
for each revolution, 10,OuO rpm of the specimen gives 1.2 x'-0'
cycles per hour. The average NI-S0 test is about 3.5 x 10' cycles
so an average test lasts three hotr•. In contrast, the average
"accelerated" full scale bearing test has " &liration of abcut
500 hours.

The loading d*scs see i. comparuale stress to the test speci-

men,but their relatively large diameter provides a longer life
than the sI.ecimens. Ho,.;ever, they require refinishing when they
spall or flatten, usu.illy after 20-30 tests on steel. The discs
are requalified after grinding using a controlled group of M-SO
steel specimen-,.

The test conditions on the RCF machines used throughout this
program were:



TABLE I

Typical Physical Properties

Si3N sic l
S A&B HS--- HX-294 AD9 99

F~exural Strength psi
1/8xl/8 rods 3 point bend

@ 750F 120,000 130,000 o0,000 105,000(2)
@ 2500OF 25,000 50,000 70, 000 -

Compressive Strength psi
@ 75 0 F 500,000 500,000 500,000 650,000

Modulus of Elasticity psi
(Sonic) @ 75 0 F 45x,0 6  46x10 6  64x10 6  56x106

Coefficient of Linear
Thermal Expansion 1.8x10"6  1.8Z0-6 2.7x0- 6  3.8x10-6

75 - 300OF /OF

Thermal Conductivity
BTU/hr ft 0 F @ 75'F 18 47 18

Spcific- H~ t 75°F 0.17 0.17 0.15 0.21

Electrical Resistivity
ohm-cm @ 75OF 1011 i011 I0-l-I i1015

Hardness Knoop Kl00 2200 2200 2500 -

R45N - - 90

D)ensity gm/cc 3.15 3.18 3.30 3.90

(1) Coors Porcelain Company, Bulletin No. 953.
(2) Tested per ASTM C-369-66T

3



TABLE II

Typical Met.illic Constituents Analysis
weight percent

Si3N4 SiC Al 0
HS-!IOA HS-110B HS-130 HX-94 AD99

Aluminum 0.6 0.6 0.2 2 Nominal

Iron 0.5 0.5 0.3 0. 99.9%

A1203

Ca 0.25 0.25 0.08 <0.05

Mg 0.6 0.6 0.6 40.05

W <0.01 1., 1.4 2.5

4
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FIGURE 1 -Rolling Contact Fati~;uv Test M~achines



Load: 09 lbs. to 325 lbs

TemperatiLre: 70 0 F to 80OF

Speed: 10,000 rpm

Lubricant: HIumble Enco 2380 Type 11 Turbo
Oil (MIL-L-23699B)

Specimen Germetry: 0.375 ±0.0002" diameter x 3"
long. Surface finish les.; than
4 rms. Roundness within
100 x 10'6 inches.

2. Materiil Preparation - All RCIF specimens were
sliced from largerit pressed b-ilets and machined -ound with
exception of the AD999 which was purchased in the finished
geometry.

'Three typos of finishing procedures were used on RCF test
specimens in the program to bring them to the surface finish and
dimensions required.

The procedures employed are as follows:

(1) The RCF rods are roughed out from square bar5
betw.een centers using a 100 grit diamond wheel (ASCO00S-R751169
specification). Then a 320 grit diamond whsei (ASD320-N7SB69
specification) is used to finish to final dimcnsions.

Machine conditions employed are; wheel speed 5500 sfpm, work
speed 600 rpm, aoad traverse speed 0.001 inch p&r rcvoLution.
Both operations a'e lone with a fluid coolar. and grinding aid
(Norton Wheelmate 02.03 ,which is a rust inhibitor soluble oil).

Careful control of finish stuck removal rate (0.0005 inch per
pass) brings the .,urface fiilish down to between S and 8 micro-inch
finish.

Final fini.•h is achieved by hand lapping at 200 tfpln with a
leather lap charged w:th 6 micron diamond paste to produce less
than 5 micro-irch stiri&ace %Ash. Rods finished by this method
have an FM prefix in the numbering sequence.

(2) The second procedure eliminates the 320 grit dia-
mond grind of the firs't procedure and zsubstitutes a mechanical
lapping system to achieve final dimensions, roundness, and micro-
inch finish. The mechanical lap was constructed for the purpose
and utilizes a twelve specimen slotted carrier disc between two
approximately twelve inch diameter cast iron hori7ontal lap discs.
The bottom disc rotates about a fixed axis but the top disc nas an
oscillating axis to produce a more heterogeneous scratch pattern.

S~6



The top disc is also counterbalanced to achieve very light loading
on work pieces.

The carrier slots poiition the specimen rods in 1:he rotating
disc at a slight angle to the radii.

The cast iron laps are charged with 6-8 micron diamond paste.

This system achieves excellent surface finish and dimensional
tolerances. Silicon nitride rods produced in this manner werc
round to within 25 x 10- inches, were uniform in diameter to with-
in 15 x 10-c inches and had a finish of 2.5 micro-inches or better.
Rods finished by this procedure have a single numberin•, seqhence.

(3) The third procedure involves either #3 or #2 plus
a burnishing step with a silicon carbide wheel and a maximum stock
reAioval of 0.001 inch.

This last procedure was carried out to assess the feasibility
of eventually utilizing a silicon carbide wheel to apply the crown
to the ceramic rollers in the fuli roller bearing as a formed
diamond wheel cannot be made or trued to the accuracy required.

3. Results - The bulk of the screening phase RCF
testing on silicon nitride was carried out at the same loading
325 pounds, as for the M-50 control. because of differences in
elastic raoduli, this load will induce a maximum calculated Hertz
stress of 700,000 psi when steel is tested and 800,000 psi when
silicon nitride is tested.

Table III gives the results for the hot-pressed silicon
nitride. Der,,ities and three-point flexural strengths taken on
billers from which the rods were cut are also 4ncluded. Chemical
analysis and hardness of several rods is given in Table IV. The
HS-11OA and Lucas materials show the best fatigue prcperties. A
Weibull distribution of 26 out of the 30 total tests for HS-lIOA
is shown in Figure 2. Four data points were eliminated due to
faulty steel test wheel geometry measured at the test completion.
The Weibull plot shows the HS-11OA to have nearly three times
the 10 fatigue life of 114-50 CVM steel at the same load but with
100,000 psi higher Hertz stress. The ninety percent confidence
bands for each material are included in Figure 2.

HS-11OB performed poorly perhaps due to material inconsistency.
As this material was produced by a discontinued processing variant
no extensive analysis of the failure mechanism was attempted.

HS-110C performed creditably giving lives similar to the
M-SO control. The HS-130 rod, FM-Il, -ave a similar life. How-
ever, the results on rols #9 and #10 which had the second finishing
procedure gave poor or inconsistant performance. This effect was
encouTitered on other rods indicating that this finishing procedure
was detrimental to rod life. Consequently the results from rod
!'M-ll are taken as more Tepiresentative of IHS-]30 performance.

7



TABLE III

Rolling Contact Fatigue Life
Hot Pressed Si 3 N4

Calc
Material Rcd Test Hertz Median
Designation Number Load Stress Life Life

(Density lbs psi i000 1000
gm/cc) cycles cycles(ril; iral (L50)

St -. Qtlcj pti)

M-50 CVM 325 700,000 3,660
control Results of 34 tests

HS-110A FM-4' 325 800,000 80,335s 30,650
S3.15 gm/cc 20,061

I I 16,509Jr 16,800
3 7 . 3 9 7 s

FM-5 325 800,000 523
3.15 gm/cc 35,468

34,9495
.. 56,658s

41,89928
49,7822S
37,316
10,492

FM-6 325 800,000 31,977
3.15 gm/cc 4 9,4052s

FM-10 325 800,000 457"4
3.11 gin/cc 1,092'
112,359 psi 306 wl'

20,813
47 ,9213
29, 806s
51,704023,S260

22,600
2.868S~1,207

13,631 J
I. Unles:. noted rods finished by 10,877

procedure #1
2. Test wheels failed
3. Values not used in weibull plot s -denotes suspended test
4. Rod finished by procedure #1 1 - " wheels qualified

except final lapping omitted wn - " neels not
5. Rod finished b7 procedure *2 qualified

SconiVLnue-)
8



TABLE III (continued)

CalcMaterial Rod Test Hertz MedianDesignation Number Load Stzess Life Life
D Tsit-y- pT -1 -lrOO -000gin/cc) cycles cycles

Strength psi)
HS-11OB FM-3 325 800,000 650 80

3.18 gm/cc 60122,688 psi 418
12,603

7
6+ 100

HS-II0C FM-7 325 800,000 225vn 4,5533.20 gm/cc 4,100•1. ,571 psi 4,729

1,770
28,218

15,2473.20 gmi/cr 3,57613S,571 psi 6,273
4,377

Luca) FMI 4  325 800,000 34,065
55,411

HS-130 FM-I1 325 800,000 5,119 5,119
3.19 gm/cc N14 4wfl130,R81 psi 2,968

14,468
4,334

49,871s
93 325 800,000 9,170 132

3.18 gm/cc 147

4"132
10 325 800,000 3653.18 gm/cc 220 700,000 7.742

137,4ý0 psi- 220 700,000 461
220 700,000 2,706
220 700,010 66C15G 610,000 46.2178
i50 610,000 44,7518



TABLE TIX

cMemical Analyses and Hardnesses

Rod Elemental Composition(%) DB1 3 0 0 2
Identity Al Fe Ca Mg .(kg/mm2)

FM-i 0.74 0.44 0.20 0.50 2282

FM-4 0.60 0.46 0.36 0.76 2350

FM-10 0.62 0.42 0.26 0.73 2304

FM-i.I 0.22 0.30 0.12 0.66 2337

10
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An important observation in all the fatigue testing of
silicon nitride i3 that it fails by spalling and not by cata
strophic means as might be expected of a brittle material.
Figure 3 shows a spalled silicon nitride rod and a spalled steel
rod showing the similarity in failure spalls.

Figure 4 shows a typical silicon nitride spall under higher
magnification.

The results for RCF testing of silicon carbide and alu:Linum
oxide are given in Table V. In this case the silicon carbide RCF
roms were finished by procedure #2 while the aluminum oxide rods
as purchased had a 2.5 microinch finish. No further finishing
was done on these rods and the details of the supplier's nrocedure
is unknown.

Since both silicon carbide and aluminum oxide have meoduli of
elasticity well above 50 million, significantly lower loads were
required to produce Hertz stresses comparable to those under which
the steel and silicon nitride were tested. Even at these reduced
loads and stresses silicon carbide produced relati':ely short lives
with frequent rod fractures. The only attempt at 800,000 Hertz
stress resulted in almost immediate catastrophic fracture.
Although these results could probably be improved by the use of
finishing procedure #I it is felt unlikely that this would raise
the performance level to that of silicon nitride.

The aluminum oxide tests were generally suspended due to
crushing in thie ceramic contact arT-1. Figure 5 shows a linear
proficorder chart of aluminum oxide rod #1 across the contact
area. Note the deep groove caused by the crushing. Compare this
trace with that across an M-50 steel specimen shown in Figure 6.
Because of this crushing encountered at light loads no attempts
werg made to run aluminunt oxide at 800,uOO psi Hertz stress.

As a result of these tcsts HS-110A silicon nitride was chosen
as the prinripal material candidate for further environmental test-
ing and for fabrication into bearing roller5 for the full scale
bearing test. Some further environmental testing was also carried
out on the silicon carbide however.

B. FOUR BALL, TESTING

1. Description of Efpipment - A small number of four
hall tests on s-•c--F-n n-H--- T---r eFe-re p-erormed as part of the screen-
ing program. These were run on a Federal-,Mogul test unit Shown iri
Figure 7 rnd shown schematically in Figure 8. This unique design
employs three' FPderal -Mogul Westwind air bearings to cliiinatu
extZ-rtal fricricr and vibration an-i to insure contact Of the test
bail with all three slave balls. Maximum Herts contact stresses
(calculated for non-lubrica ed conditions) for the tests performed
varicc from 615;000 psi to 7W0,000 psi.

12
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FIGtJP1 4 Spall in Silicon• Nitridc Rod #FM-S
(Norton Material DA)

Life -10.92 x 10 Cycles
Magnification - LOX
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TABLE V

Rolling Contact Fatigue Life
Hot Pressed SiC and Dense Sintered A1203

Calc
material Rod Test Hertz
Designation Number Load Stress Life -- Coi uents

(nsi ty - PT psMi ---
gm/cc) cycles

(Fiexural
St 4cength psi)

SiC
UX-294 5 i1Y 600,000 779

3.20 qmn/cc 109 600,000 6,319
128,296 psi 170 700,000 10,853

170 700,000 4,706

6 109 6J0,000 1,235
3.20 gm/cc 109 EOO,000 4,130
128,296 psi 170 700,000 4,186

170 700,000 2,674
225 800,000 -.." rod fractured

during test

0 109 600,000 20,205 suspended
109 600,000 24,270 suspended
170 700,000 17,718 suspended

fractured upon
removal

170 700,000 966 suspended
fractured during

test

A1 2 03 69 500,000 27 suspended

AD999 69 500,C00 44 suspendeO
69 500,000 33,730 ruspended

120 600,000 46,195 suspended

2 120 600,000 4,326
120 600,000 1,631
190 700,000 714 suspendc,4

i54
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2. Material Preearation - Balls tested were fabricated
from a single billet of HTST10B having a mean flexural strength of
107,917 psi and a density of 3.19 gm/cc. The billet was sliced
into 5/8 inch cubes with diamond cut-off wheels and finished into
balls at Industrial Tectonics Inc., Ann Arbor, Michigan, by a pro-
prietary ball making process. Finished condition of balls was
requested and received as follows:

(A). Requested - AFBMA Grade 10 1/2" diameter nominal

Surface Roughness Tolerance 1.0 microinch "AA"
Out-of-Re'ndness, Maximum 0.000010"

(B) Received

Surface Roughness 1.1 - 1.5 microinch "AA"
Out-of-Roundncss, Typical 0.000020"

3. Results - The four ball test results shown in
Table VI are gcner--ani" poor and inconsistent when comlpared to all
steel balls. M-SO and S2100 balls have a life range of 100 to
500 hours at a calculated Hertz contact stress of 780,000 psi. In
two cases, test numbers 8 and 10, more encouraging results were
obtained on a different contact area of a ball which had pre-
viously worn badly. Several reasons for the inconsistency and
poor life can be postull.ted. These balls were taken from billets
of IIS-TlOB, a material whlch gave erratic RCF test results,
Table III, The geometry of the ball,, was not to Grade 10 specifi-
cations. Proficordor checking of the out of roundness showed wide
variations in excess of Grade 10 specifications. The surface
finish in addition to being outside the Grade 10 specification
showed extensive pitting, Figure 9.

':or those reasons it is felt that thi.sI testing does not
rcprese:nt the results that would be obtained from silicon nitride
under normal conditions.

C. FRICTTON ANt) WEAR T'STIN(;

The test machine 1,i(.d for wear testi deterinining the
coefficients of :;Ii.di ng TTiction was the A-6 unit shown in
I:gure 10.

This unit em)loys the ring and flat I concept resulting
in a line contact between the two test cow s. The rings are
1.3775" OD by 0.3437" wide and the blocks U x 0.4" x 0.250".

Test conditi ,ns were as follows:.;

1. Materiois: os.licon nitride IIS-110A
Silicon carbide HX-294
AISI 8620 and M-S0 CVMN
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2. Lubrication: Enco 2380 Type 11 Turbo Oil
(MIL -L-23699B)

3. Temperature: 75*C at start of test
4. Load: 50 pounds
S. Speed: 800 rpm
6. length: 5,000 revolutions

The test combinations and the results are given in Table VII,
The coefficients of friction were determined from the frictional
force after 2,000 revoltions and the widths of the wear -scars
were measured after 5,000 revolutions.

Examination of the results shows that, in g ~cral, steel in
contact with silicon nitride or silicon carbide produces less wear
and a lower coefficient of friction than when two ceramics are in
contact. This is shown particularly when comparinig silicon nitride
with itself and with steel. Test 9 again displayed the brittleness
of silicon carbide when the ringg cracked during the test. The
excessive wear scar width of 0.044 inch is due to the cracl "knife
edge".

Comparing silicon nitride versus steel with stoei versus
steel, it is seen from the table that the average coefficients of
friction for both combinations is 0.15. Although the wear width
scars for steol versus steel are .<lightly lower than for steel
versus silicon nitride the magniitudes are such that excessive wear
should not be encountered in a full scale bearing with silicon
nitride rollers.

D. ENVIRONMENTAL TEST1N(;

1. llin .onal Stability - 1oaring steels, especially
those which rec 0 -an Ilmpropr Ihat treatment, tend to change
size when subjected to cyclic temperatures. This change can
affect the dimensional characteristics of the hearing, especially
the diamotral clearance and the amount of interference fit on cLie
shaft. Silicon nitride and silicon carbide were cycled from -65'F
to 4500I: to me asure their stabilities. A total of eighty cycles
was performed '%,:vh '1 -50 CVU steel also• for reference. The meas -
urements ave tai, i'atuud (Table VIII) showing ino detectable dimen-
!,ion a i changes for silicon nitride and -ilicon carbide. The M-50
CV0 did have a slight size change of +10 milliitnnths of an inch in

i. vo inches.

The oset up for measurement of the five inch long rods is
shown in Figure 11. Through the use of multiple master bars,
accuracy is 15 x 10-6 inche,; in the five inchos.

2. Effects on Patigue Life ' lSal: Water and Hot Type
II Turbo Oil - To determine -if 'Tcon n-sif7Y.hr srl- -ni AbN
wlo-uTE-U-býi---mically attached by typical bearing environments
during long term expo,;ure, both materials wei exposed to hot
lubricant aud a %jrni -ait solution for a several week period.

24



TABLE VII

Wear Test Results at 50 Pounds Load and 750 F

Measured Wear Scar
Coefficient Width @

Test Materials of Friction 5000
Ring Blocks @2000 Cycles Cycles Remarks

1 Stil Si 3 N4 0.16 0.017d(1)
(8620)

2 Steel Si 3 N4 0.17 0.018"
(8620)

3 Steel Si 3 'i 4  0.312 0.018"
(8620)

4 Steel Si 3 N4  0.13 0.019"
(8620

5 Steel iiC 0.15 0.015" oil ilatk
(8620)

6 Steel siC 0.15 0.014" oil black

(8620)

7 Si 3 N4  Si 3 N4  0.20 0.021"

8 Si3P 4  Si3N4  0.19 0.022"

9 siC SiC -- 0.044" ring split

10 SiC SiC 0.15 0.028"

11 Si 3P 4  SiC 0.20 (2) ring cracked

S12 Steel Steel 0.15 0.016"
(G620) (M-50)

13 Steel Steel 0.15 0.016"
'86201 (M-50)

14 Steel Steel 0.15 0.016"
(8620) (M-50)

(1) - Wear width @ 10,000 cycles
(2) - Ring cracked at 3,975 cycles - uneven scar

2(l



TABLE VIII

Dimensional Stability of Silicon Nitride and Silicon Carbide
Compared to 14-50 CVM

Number of Cycles(l)
Rod 0 12 28 80
Number Millionths of an inch change from initial measurenment.(2)

M-50 (1) 0 4-3 +7 +10

M-50 (2) 0 +2 +4 +6

Si 3 N4 (1) 0 -1 -1 -1

Si 3 N4 k2) 0 0 0 0

sic (12 ( -1 -1 -1

SiC (2) 0 0 -1 -1

(1) Bars cycled as follows:

A. I hour 4500F)
B. I hour" . 2 Cycle

C. Repeat&. A azici B

'•2) Mi~cnt~h:' u. & ;,ch in five inches.

2 u,
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RCF rod #19 made from HS-11OA silicon nitride was fatigue tested
initially, photographed, weighed and exposed to Enco 2380 Turbo
Oil for three weeks at 4500 F. At the end of the exposure the rod
was re-weighed, photogiaphed and subjected to th'ýe additional
fatigue tests. The rod did not change in appearance or weight,
indicating inertness to the environment The fatigue tests results
were inconclusive (Table IX) due to the short duration of the ini-
tial tests. This was typiLal for rods finished by procedure 2
which unfortunately was used for all rods tested in this section.

RCF rod #22 made from HS-1lOA silicon nitride was fatigue
tested initially, photographed, weighed and exposed to n 3.5 per-
cent sodium chloride solutien at 200*F for three weeks. At the
end of the exposure, the rod was again weighed, photographed and
tested. The rod did not change in appearance or in weight, .-'ndi-
cating it did not react with the salt solution. As can be seen
in Table IX the fatigue lifc again was low and inconsistent before
and after exposure.

3. Lubricant Shut. Off and Entrained Particles -
HS-11OA silicon nitride rod #21 was run for two tests intially
then for one test with the lubricant shut off after starting.
The results are shown in Table IX. Although no catastrophic or
varying failure modes occured without lubrication, the results are

.inconclusive due to the short duration of the initial tests.

Rod #21 was also tested with an abrasive in the lubricant.
Four tests were performed with 5 micron Arizona road dust (FM AC
#1543094) entrained in the Enco 2380. The results shown in
Table IX are also inconclusive due to the short lives of The
initial tests.

IV. FULL SCXJ Trý hATNG

A. Design

The bearing selected for testing with silicon nitride
rcl~irng elements, M-50 steel races and an AISJ 4340 steel retainer
.'s a modification of a Bower Aircraft bearing. The drawings of
the races and rollers are shown in Figures 12 and 13. These are
slight modifications of the original bearing incorporating the
latest design criteria fo- high speed use. Typical engine op2rat-
ing conditions for the original bearing are as follows:

Load Radial only 265# to 380#

Speed 37,000 rpm
Temperature 250OF to 400%F
Calculated Life 10,000 hours L1 0

With the design modification and with silizon nitride rollers,
the bearing is expected to perform up to 65,009 rpmI.

m4
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TABLE IX

Rolling Contact Fatigue Life - HS-11OA Silicon Nitride

Environmental Exposure Tests

Flexural

Rod Density Strength Load Hertz Life

Identification gm/cc- psi lbs Ps 1000 Cycles

13 3.14 115,097 325 800,000 38

Initial Test

After 3 Weeks @ 325 800,000 212

450*F in Enco 325 800,000 524

2380 4 325 800,000 113

22 3.14 117,118 325 800,000 630

initial Test

After 3 Wee4A @ 325 800,000 116

200OF in Salt 325 800,000 326

Water J 325 800,000 2,645

21 325 800,000 40

Initial Tests 325 800,000 34

Lube Shuc-Off 325 800,000 72

5 Micron Arixona 325 800,000 168

.-Ro.d Dust in Enco 325 300,000 26

2380 
325 %Q0,000 298

325 800,000 260

29
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Extremely close tolercnces are required for bearings of this
type. For instance, roller diameter variation including taper and
out of round must not exceed 0.000050 inch for any individual
roller in the bearing.

B. Test equipment and procidures

Tho test rig shown in Figure 14 will be used for the
full bearing tests. In the rig, the outer race is stationary and
the inner race can rotate up to 10,000 rpm with the shaft. The
I)N value would then be 0.5 x 10'. The load will he varied during
the tests and be applied radially only (maximum 4000 pounds).
Lubricant will be a Type TI turbo oil. Because of the relatively
low rotational speed and loads, it is expected that operating
temperature of the bearing will be on the order of 100 0 F. adaptors
to hold the test bearing and support hearings for operation have
been designed and fabricated. 'rho adaptors and support bearings
are pictured in 'igure 15.

The test beuring is mounted on shaft (1) and placed inside of
,:ollar (2) through which the radial load is applied. The ends of
the shaft are supported by conventional bearings (3).

C. Materials Fabrication

1. Metal Components

The Bearing Group of Fedural-Mogul was assigned
the fabrication (,C the races, retainers and the rollers for throe
complete bearings. The races and retainers made from standard
aircraft be arn g mate r i al s we re produced without dt ffj c1llty

2. Coramic luariaLRol ler Preparation

(a) S i I icon Carb Idu d'in ish -,rJ niý - The final
OD grinding and crowi-iiff• oa rrin'g 'ro]lTis is conventionally done
by plunge grinding using a frequently dressed silicon carbide
grinding wheel. No techurlqu,'.s nor wheols arc available to obtain
the same accuracy with diamond wheels.

The effect of a filnal s iii con car id,, f rinlding operat ion upon
rolling contact fatigue was checc!ed by taking rods FM:-7 and FM-8J
from the init.iil screninpr study LInd removing 0.001 ir.ch by silicon
carbide grinlind,, then rete,;ting. Thu results are shown in Table X.
The silicon carbide regrind in no way seemed detrimental, and If
anything, heneficial, so this route was chosen for bearing roller
fin i1is inl%..

(h) ('eram!i Roller Pr eparation - One hundred
thirty IIS- 110A s i Iico i11-tri de rTF'1iFTM• Twe re diamond ground
to 0.355 inch dkiametcr x 0.355 inch long, 0.010 inch over size
for diienasions. % Lwt..I-r v roller sample for dimensio ns is shown
in Table Xl. The finisi grinding is a three step process, (1)
Jorncr radii and rough 01), (2) end gTlndimug and end honinmg, and
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TABLE X

Effect of Silicon Cabide Grinding on Fatigue Life
of HS-110A Si3N4

Rod Load Calc i1Ov.z Life Median Life
Identification Lbs. Strodu psi 1000 cycles 1000 cycles

FM-7
As Receivad 325 800,000 225 N.G. 4,500

4,400
4,739
1,770

28,218

FM-8
As Received 15,247

3,576
6,273
4,377

FM-7
After SiC 24,711 S 24,700

grinding 31,584 8
17,515

FM-8
After SiC 421

grinding 40,865 S
28,931 S
30,651
2,705

15, 79i

N.G. - Wheels did not qualify
S - Suupended - no spell
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TABLE XI

Dimensional Characteristics o:..
Twenty SigN4 Roller Blanks

tloller O.D. Roller End Squareness Corner Rad. Runout
Numbor Size Length End 1 End 2 End 1 End 2

1 0.35598 0.35590 0.00030 0.00020 0.00050 0.00035

2 0.35597 0.35580 0.00019 0.00030 0.00030 0.00045

3 0.35606 0.35591 0.00025 *0.000'30 0.00035 0.00050

4 0.35595 0.35574 0.00019 0.00020 0.00030 0.00030

5 0.35586 0.35581 0.003O3 *0.00012 0.00040 0.00030

6 0.35592 *0.35571 0.00020 0.00027 0.00045 0.00035

7 0.35594 0.355Q2 *0.00013 0.00020 0.00030 0.00040

0 0.35596 0.35586 0.00017 0.00022 0.00040 *0.00)20

9 0.35603 0.35620 *0.00050 0.00017 0.00070 0.00090

10 0.35598 *0.35628 0.00020 0.00015 *0.00110 *0.0C120

11 0.35588 0.35575 0.00026 0.00022 0.00060 0.00045

12 0.35596 0.35584 0.00017 0.00020 0.00025 0.00035

13 0.35602 0.35608 0.00026 0.00018 0.00110 0.00100

14 *0.356{)7 0.35596 0.0001.5 0.00017 0.00040 0.00040

15 0.35592 0.35574 0.00025 0.00015 *0.00030 0.00035

16 *0.35583 0.35577 0.00025 0.00023 0.00025 0.03035

17 0.35598 0.35612 0.00022 0.00023 0.00080 0.00100

18 0.35596 0.35594 0.00018 0.00012 0.00090 0.00070

19 0.35590 0.35594 0.00027 0.00013 0.00045 0.00035

20 0.35599 0.35628 0.00014 0.0002' 0.00080 0.00070

NOTL - Denotes maximJ:x r, nii.ig value.
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(3) final OD grinding, including the crown. Silicon carbide grind-
ing wheels on a Royal Master Plunge grinder were used for stop one.
Two types of whoci bonds wore tried. A softer wheel produced only
seventeen rollers per two inch dia-moter of wheel removed. A harder
bond produced thirty three rollers for the same amount of wheel
material used. 'rho geometry of the roller corner radii was good
and well within the print limits.

lUnd grinding and honing are done on a double disc Gardner
grinder where both ends are ground. at the same time. rho plannedI
procedure had boon to use silicon carbide wheels throughout.
Honing with aluminum oxide wheels was inadvertently attempted
first however, but stock could not be removed. The op oration was
then transferred to the end grinder where aluminum oxide wheels
wore again used. On the second pass through with thirty rollers
in the magazine, cracks wore observed on the ends which progressed
to the roller OD. lxamination of the rollers that had been through
the honor and one pu)ss on the end grinder :'howed that two thirds
of those also had cracks. Of the rollers processed through the
corner radius grinder, only ono third did not have detectable
cracks. Of the 32 roller blanks not ground, 27 wore considered
good, 4 showed pinpoint defects and one showed a crack. The
number of rollers loft without. defects wore below the number needed
for propor sizo groupings to mako the three bearings.

It is felt that tie rollori fractured due to the vor:, high
compressive loading which rosultod when the rigidly mounted
opposing aluminum oxide whools did not romove any stock.

(c) Boaringj111or Billet Toesting - Rolling con-
tact fatigue rodb woe-t'1•on--F-tho t amile YFT -s its used for the
bearing roller blanks. The test results are shown in 'rable XII,
Note that the rod iduntificutlon is a simple number indicating
finish grinding by procuduro #2 which omitted the 320 grit finish
diamond gr iiding ~rior to the Final lapping 9,porution.

The initial testingl at 800,000 psi llortz stress on rods #7
and #8 (from the sameo )illot) produced reasonable values. Further
testing Lt lower Hertz loadings produced erratically low results,
in this case regrinding with s1licon carbld.e produced further
detorloration. Rods U115 and #16 from the second billet gave kni.

alatly poor results with no improvement upon silicon carbide ro-
grindinj,. An intenslvy invstlgation into the causes of these
poor and erratic re.ults %,Pas then tindorttkoen as described in the
following section.
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TABLE XII

Rolling Contact Fatigue Life of HS-llOA SaNA
Bearing roller b ilMets

Calc
Floxural Hertz Life

Rod Density Strength Load Strelss 1000 Cycles
Identification "m/co psi lbs. psi _

7 3.17 125,700 325 800,000 16,446
325 800,0(00 33,911
220 700,000 5,530
100 540,000 37,446 S
150 610,000 43,430 S
220 700,000 7,240

8 3.17 125,700 325 800,000 28,363
325 800,000 28,997
325 800,000 2,921(1)
325 800,000 1,559
325 000,000 5,530
220 700,000 628
220 700,000 1,010
220 700,000 1,270
150 610,000 50,674 S

8 325 800,000 196
Reground with 325 800,000 152
Silicon Carbide 220 700,000 1,908

220 700,000 426
150 610,000 26,368 S

11 3.14 123,200 325 800,000 259
Billet not used 325 800,010 83
for rollors

12 3.14 123,200 325 800,000 136
Billet not used 325 800,000 70
for rollore

13 3.16 118,300 325 800,000 223
Billet not used 32!, 800,000 86
for rollers 325 800,000 724

220 700,000 1,347
100 540,000 267
100 540,000 44,978

14 3.16 118,300 325 800,000 328
Billet not used 325 800,000 375
for rollers 220 700,000 590

100 540,000 16,886
220 700,000 300
150 610,000 3,146
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TABLE XII
continued

Calc
Flexural Hertz

Rod Density Strength Load Stress Life
Identification _•qcc_ psi ub.. psi 1000 Cycleu

15 3.17 124,9 n0 323 800,000 '
325 800,000 1,20i
325 800,000 3,871
325 800,000 63
220 700,000 206
22C 700,000 84
150 610,000 53,648 S
150 610,000 3,082

16 3.17 124,900 325 800,000 836
325 800,000 40
325 800,000 636
100 540,000 24,109
150 61m,000 1,189
100 540,000 1 5,029
150 610,000 28,610.5

16 325 800,000 122
Reground with 325 800,000 82
Silicon Carbide 220 700,000 64

220 700,000 230
150 610,000 750
150 610,000 752

(1) Failed through surface defect
S Denotes suspended test
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D. ANALYSIS 01: ROLLING CONTACT FATIGUE TEST P..SUL'rS

1. In7t roduction

This section will deal with the examination of
tho ACF rods after fatigue tost;:.ng. Chronologically, ¶ho RCF rods
fell into two greups. The first group is identified by the letters
FM preceding a number. The second group is designated by a straight
numbo ,r. Taken as groups, the first group performed relatively well
and the second poorly in the fatigue tests. The prime objective of
the examination wus to determine the cause(s) of the difference in
performance between the two sets of rods. It has boon found con-
vonient and nutural to reference the two groups as the first and
second throughout thig section.

The examination consisted of scanning oloctron nm¶croscopy

(SrM) of the rod surfaces, electron beam probing, bulk density
determinations of individual rods, light and scanning electron
mlcroscop.' of polished cross-sectlons. The ',xperiniezutol observa-
tions are followed by a discussion and the section ends with a
summary and conclusions.

Table X111 presents various pieces of information concerning
the rods in this section. Included are finishing data, density
values and .itrongth values.

2. 31ýxerimental Observations

a. Surfacin Characterization of thf, RCF rods with
the Sc'aning E1lectron Microscope (SEM).

Thu external surfaces of clvove of the rods usod In the
fatigue cqcriments weic examined in a combination instrument
containing an SEM and an electron probe. The surfaces wore viewed
at nmagnifJi. ations ranging from 50 to 5000 times with SOOX being a
good magnification for general compara'z.vo purposes. (When magnii -
ficatiuns are mentiollud) the horizontal magnification eQf the SUM
photographsi is b)oing referenced.)

i. Eximnination of iinJoaded Surfaces - As may be soen
from Table XIII, VUrious rods rocu lved four distinctive final
finishing operations. The,. operations and corresponding photo-
graphs of representative areas are listed below. For two of the
four finishes a second photograph was included to show typical
details not evident in the first.

(1) Rough grinding with a 100 grit diamond wheel
followed Ly finaJ finishing with a 320 grit diamond wheel. 'rhe
circumferential grinding scratches are readily visible as suen in
Figure 16.

(2) Preli minury finishing the same as (1) above
with additional finishing done b- means of a loather lap imi)reg-
iated with diamond dust while tl,.! rod rotated in a chuck. 'ho
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FIGURE 16 Surface as finished'with a 320 grit diamond
wheel Rod FIM-I . 500X SU.M

purpose of the lapping was to reduce the rms surface roughness.
As may be seen in Figures 17 and 18, this goal was achieved by
removing to a greater or lesser extent the 320 grit scratches.

(3) Regrinding with a silicon carbid& k.'heel.
This finishing, pres-ent at the time of the SElm investigation, was
done after the rods were initially fatigue tested in their original
finish. Two of the rods examined possessed this finish; F1M-7 which
was originally finished as in (2) above and 08 which was originally
finished as in (4) below. The regrind consisted of removing less
than 0.001 inch from the rod. Figure 19 shows the appearance of
this finish.

(4) The rods were rough ground to cylindrical
shape with a 100 grit diamond wheel and taken to final finish by
a machine lapping procedure using 4-8 micron diamond paste.
Figures 20 and 21 portray the appearance of this finish. Occa-
tional, fine, non-circumferential scratches, that were produced
.'. the machine lappinp, method, are visibi)e in Figure 21.

ihe above mentioned photographs were taken from areas on the
rods which were not in contact with the load-applying wheels of
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FIGURE 17 Surface as finishod with imnpregnated leather
lap on the 320 grit ground surface. Rod FM-3
SOOX SLM

FIGURE IS3 Surface a- finished with impregnate4 leather
laS) Fhowing rcsidual grinding scratches.
R. I. ýiM-4 5 X SN ,

43



Fl(IGURE 19 Surface as rog'rOUnd liightly With a S;il icon
carbi dc whoo1 Rod I NI-' / 00 SlE IM

FIGURE 20 Surface as fIi' ished by muchii uc lapping after
grinding with a 100 g~ it wheel. hij te features
are artifacts of silver paint. Rod 1.'12 SOOX SEM
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1.1 GUIW 21 Sur face as fin islhed by machilme lapp i ig lp w ,
vazidom' 1lapping Scratches. Rlod 111 S 500X SlIN

OIh: Catigut. to'; t math .1ine. ThelC10- cluc for-tey 1eresulit Lthe COnldi t iOn
of thu qurfacutý prilor to fatigue te--;t ing * The, four swparutc
f inlis hin g methods gi'Ve f1so to d Is t illct lye Stir f lieL III Iearvallcus.
I i the di f f~ 0 ren(es r .1 tu the froquen cy and o v lent lit Wio 0 f gi- r i ding
and 1lapping s cratcuhes a re negplected, the appuoarance of thle leathe r
lLIppIUd "Ind tVIO maChine Iappe)d S UrfUCCs are0 JUite S I in I a. All 111
p~uirCait c xi,..,pt. io~i to Lit I - gene rat ,, t a tumun t conc o -ins rok,11

Iligure 22 ATows anl arua from this rod which contuinis relaLtively
larger ain'A decikie pits than werec ohseorved on otlih.v rod!;

ill~~ tiela rack 1leadti to automiatic toim inant ion of tL g iveit RCF
test Tull. Vxamplvs of spll ahLI~re shown, in 1:1.grevi 23 Ui rougi, 28.
T1hc re appears; to bo th ree modes of spall f ormat iou1. in i t lat io' by
inclusions, init iation by s idmwnys hi-an-:'h jag of' a c Lrcumfe ront.',al
crack and iniiiti ation from sui face pitsý

The fivrst unodo is show~n in Figuro 24. 'Chi dpimpied region
just bolow the contv: of the photograph was found to possc-, un
inclusion rich ill My! and Al as determinge~d by tho eloctron probe.
it is maiituinud that thle cirack of the spal 1 was initi atcd Ut thle
inclusion ýIs a result of a tes colv:en trt ~iton the re. In1c 1us iow

f simil1ar ~ tinhave IWCIu foUnd inl Otherl ;tudieCS Of IIS-110
sil.icon nitriA4' '.aiterial. Iho apparfmtl poi~nt ol fracture 1initla-
tion) of thle Spal I sul-faceS, were oftenl examilh1,d w~ tile tC loctronl
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I GULJlR 1: R2L' 111 velt ' Il I A It anld ki ' 1C1 Ll V 1'u.1 ' 0(•, I d
Unl .il.1 t , U Rod U12. 500X SIM

1: 1 Gil•l; R . • 23 u~l I .Vll o1 Rod I :•kl- 7 X S 1: N1
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FIG (URE .4 WearU sI)1k1 on) rod' 1FM-3, 20OX SINM
luiu br I j~uvudl to ha~ve houl Iil I.t IutOd froml

iuIC 111,1I o1 J U~t ht' low c' C(lt l'

...... ....4 4
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probe .in an offort to detect evidence for the prisonce of inclu-
sions. In the majority of the cases an actual iticlusion was not
found. This is not an unexpected result, even if n'io inclusion
had b)oon. initially prosent and was the cause of spaliin g, because
material is lost upon sp)alling and because the rod rtcnZIns in con-
tact with the load ig whiels for a few revolutions aftir spall
formation. Occasionally, a r'ngion of" a spall was found Vo possess
a diffuse higher concentration of known impurity elements w'hich
wore not localized lit un inclusion, In those cases where an in-
clusion was found, it was not always possiblo to ascertain wiether
the inclusion nucloatod the :%pall or whether it was simply ti)-
covered by the propagation of the crock of the spell.

. 'hu second mode of spall formution is shown in Figure 20.
It is believed that circumferontial crack, which intersocts the
rods surface at the boundary of the loaded track ha; braunched
undernoath the loaded surface, ovontually producing the spall.
'rho nature of houndary cracks is more apparent in F'igure 25, where
they are seet to parallel the load track. Boundary cracking
occurs frequently but is nut always rus ponsible for a spall.
Boundary crackr, may udjoin only one or both sides of the loaded
track aud sometimes circle the rod for u substantial fraction of
Lhu circumforenco. Figure 29, which is a higher magnitfication of
the WIi Of the spall in Figure 25, shows that the boundary cracks
are often layered and Inclm•od at an acute anglo to thu cylin-
drical surface.

The rolativo Importance of this second mode of spull rorma-
tion cun not be f'ully evaluated. 1)urirlng the course of the flatiRue
experiments, some triuls wure terminated and the results not uwod
because of either known improper exporimoental to-,st conditlons or
the failure of the loading wheels to qualify. lnnsomuch as nun-
uniform loading could be uxpoctd to promote bouudary cracking,
some of" the spalls examined and shown onuld have been 'ri-.,d from
discardud test runs. Ujifort,,nately , a 1.ven, load track couid not
always bo correlated with its 1,istory rN 7.iS atlmti tit the time
the rod was subso(qItontly Oxamlnud,

The third proposed miiodo of .pul l formattion Involves the oni-
la rgomont oif surface p1t3 to anl oxtent sufficient to nucleate a
spali crack. lligurc 30, which Is an onlargument of the feature
sool ust above 'efntu i in V'; Iuro 27, shows what I- l believed to be
a o•dmryonic spall of the third mechanism. The termination of
•ie RCP trial by the formation of the bpall at the bottom of
Figure 27, is boliovod to have aborted its growth. The arets
surrounding the void and the walls of tite void, as far In a.u was
possible to roetch, wore uxtensively probed to find 0VidulmCt' 0I tian
Inclusion without succOsS.

Fhiguru 31 shows a portioh of the •wl 1. of it spiall, the central
foature of which could ho cithc.- it ,•" •a pit or pare. The fact
that tes-t Ituhrilant CallI Io .eon oozing from the reces.., even after
pr,'olonged rod cleaning il aln ilt ra,;0onical I y agitated licetone biath,
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FIGURE~ 30~ HII I a I'l.v mont U1, pit iihovo c('11tor III
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tndiaites that the feature was probably in existence during the
fatl guo test. While this location could conceivably have been the
initiation point for the spall, no fractographtc evidence is avail-
able to support (or refute) this possibility.

Aside from the evidence presented so for, direct evidence for
this third mechanism is moagcT from the oyamilnation that has been
preformod on the spalls themselves. Additional evidence for this
mechanism will be presented in the next sub-si. tion and the matter
will be renewed in the discussion section.

iii. Examination of Load Trucks - The appearance of
wunr tracks of rods having the four clusses of finishing opor..
tions arf shown in Figures 32 through 35. A comparison of these
photographs with the corresponding photographs (Figures 16 through
21) of rods having a particular finish showL the surface altora-
tions as a result of the fatigue tostiing.

IFliure 32 shows the worn track of Ilio rod whose final finish
was produced with a 320 grit wheel. As a result of the wear, the
grinding scrutches are shorter and their finite length is now
apparent at thIs magnification. Some fine scale wear has produced
a pattern of small elongated pits whose major axis is porpondicu-
lar to the diroction of rod rotation (and to the axis of the
grinding scratches). This latter structure can be seen more
clearly at the higher magnification of Figure 36. In addition to
the pits, a fino series of stops, porpondicular to the rol1ink.
direction, is also evident. A comparison of Figure 36 with
Figure 37 of an unloaded region at the same magnification suggests
that the growth of the elongated pits may have eoon assisted by
tho removal of strongly disturbed matorial between adjacent
grinding scratches.

The wear track of a rod finished with the loather lap, shown
iD Figure 33, again indicates minute wear by the almost complete
disappearance of any traces of grinding scratches. A comparison
of loaded areas (Figures 33 and 38) with unloaded areas (Figures
17 and 18) shows that little, if nny, growth of the pits has
occured as a ro,!ult of fatigue testing.

The wear track of a rod which h,:d been reground with a
,;ilicon carbide wheel is shown in Figure 34. Although the re-
grind produced the finish with the smoothest areas the smooth
areas are soon to consist of a burnished layer which is partialLy
removed by the application of a load. The removal of the surface
skin implies an alteration of the surface properties during re-
grinding, However, this treatment did not significantly affect
the performance of the so finished rods, which had boon previously
tested with their original finishes.

A very distinctive feature of wear tracks on the rods of the
second group are largo pits. An example is shown in Figure 35.
Although this area is from the same rod (#12) that had large pits
on its unloaded surfaces, the size of the load track pits arc
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was to ascortain the porosity content, the oampies were not etchod.
Examination was by optical and scanning electron microscopy.

Figures 41 through 44 wore taken by a phase interference con-
trau;t method of the four respective cross-sections. All samplos
were fotnd to contain some porosity. The porosity in the photo-

..•rphs shows, (with difficulty) as relatively large whito spots,
often with a black speck at the bottom or the pore as a result of
the light interference. Thu photographs sire not of representative
areas, as selected areas, which contained porosity, had to be
found.

Figures 45A through 48A are rarndomly, selected views of the
four sections taken in plane polarized light. Figuros 45B through
4811 wore taken with cross-polarized light of the same corrosponding
areas. As i result of tho ability of cross-Vol arized light to
penetrate the surface and render visible sub-surface detail, the
latter sorios of figures enables one to obtain un idea of the
scale of the inicrostructure and a measure of the material's uni-
fermi ty.

Due to tMe Zneral inadequacy of the 11 ht microscope plc-
turts to clearly dolinoato the porosity, an SlIM was used for this
purpose, FJgure 49A of rod #12 shows the porosity us the lurger
white specks. The contrast is obtained largely us a result of the
vrusunt:o of elements or widely difforent atomic numbers which have
different yi-lds of socondary-electron production, The .Jtlicon
nitride appears dark while locutions of heavier elomofits appear
light. Load, from a load lap used in the polishing operatl oa,"?,,i
collected in the pores and effectively serves to signal their
locution. The smaller white specks are small inclusions contain.
big primarily either tungsten or iron. Figure 4011 is an enlarged
view of the pore in the upper left corner of Viguro 49A.

Iiuureu 50,,51 and 52 show porosity in the Yemaining tbruil
Tka -sections. ''hu impactod lead has b)en removed from the pores

of tho.ie samplaii by ultrasonic cleaningi. Pore contrast is auh oeed
primartly by churtles In s urfuce contour. The pores ai ", (" e| al>'
lighter at the hottoil of- tII(: photographs than at the top. Wh Ito
specks, rprretienting Ic lslol ns of tile heavier o lemon ts, a;'e still
present.

3. 1) IsC In.s i on

Ia. Introduction - The sharp change in fatigue
life between the two main rod .roups is an experimental fact. It
I, the i)urposo cf this di:,cussion to clarify the reasons for this
observodsh 3ift. Any attempt to explain the difforcice in fatigue
iL.jo Iutwoen the two groups shculd do so on a group basis lhcause
the RCF rc.;ults varied on a group ba-is. The probability that
the relative success of each and every rod most be 'xlplained oln
the b,3s is of its Linique churucterlsti s is low. It Is nm0rU pro1..
ablo, sinmpler, and, as w, :shall st, , possible to adequatel', explain
thC faitigue l ives On It group biviis.
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FIGURER 52 Porosity in rod FM-10N 500X SiEM

There are two alternatives to do-iin so. Either the material
properties of the rods in the second grcuP were significantly in-
ferior or there was a consistent change in a variable unrelated
to the material itself. Given that there were no significant
changes in the experimental fatigue testing of the rods, the
search for the material independent variable is narrowed to a
processing step subsequent to billet manufacture. The central
questions to be answered by this discussion are: "a) Was the be-
havorial shi ft caused by a change in the basic material or by a
processing variable? and (b) What was the critical difference?

b. Lack of Evidence for a Systematic Change in
Material Characteristics of the Rods - Table XIII includes :a re-
view-.' of the bend strengths of the source billets, the billet dena
sities and individual rod densities. A comparison of billet and
corresponding rod densities leads to the conclusion that some
billets (specifically, the sources of rods #12 and FM10) possessedi
significant deiisIty variations. It is known that some early manu-
factured hillets had low densi-tv centers and presumeably the
questionabie b;.1ets are of this category.

Porosity content and tungsten concentration account for most
of the vzriLat ionns in rod densities. An incrcasc in one volume

e t. p)oro-,iot dccreases the densi ty by approx imately 0 .03 g/cC
c a on•' i..c oh t peircent increase in tungsten content raises the



density by roughly 0.03 I,/c. No gystomutic attempt hau boon mIdl
to oxpluin ind vidu l rod donsity variations on the busts of tho
rolativo weight of the two factors. Thu limited oxaminatiun of
polished c¢ioss-aoctions in this study and other studios on iimilar
intorial indicate that the morn variable factor is tungsten con-
tont.- With the oxcoption of rod #12, tho other rods in Tabla XlI
are iolt to have accoptublo donsitlos,

Rod N12 was found to bo consistontly abnormal throughout this
invonti ation. Its density, porosity, surfaco pit donsity ,nd
scalo of microstructuro aro sufficiontly dilforont to mark41t as
a special ctsa. Rod #11 was cut from the same billet us #12, and

lthk ough n101;ncludod into present study, is Judged to be of
similar maturiul,

Tho tsurface intogrity of ti'o RCP rods, Nil and )IM-6 wits in.
vostigatod by an external laboratory with tho utio of a krypton
gas absorption tochniquo, 'Tho tochniquo conlists of promoting
thu absorlpion und mochanicul ant-aupnwont of the radioactivu gas
onto a surfaco. Surface discontinul tos, such as cracks or I)itti,
which harbor a groutor gas concontration, causo groater oxposures
Oln a contacting photographic fd ilm. ty i, mals of this tuchiL uo
the don:iity of surfaco si tot of high gas absorption was found to
bu approximately twico as groat on reJd 11 as oQi rod FNI-6. Rods
N12 and PM-4, used in the preusent study are s itur rods to tile
rod3 01 and PM.( , respectively. Thu indication of th. krypton
gas tochniquo that rod 011 had a higher density of sur ,co dhi-
ruptiuns Is in qualitative agroemont with thi findinas of this
study that (u) its sister rod Io~sosaod a highor density of i)Jts
on its us-finishod surface and (b) its sistor rod had an abnor-
mully high porosity content.

Ono criturion used to certify the acco tability of a billet
was a sampling of its bond stronjith. lo ucLovo cortlfication,
the average strength in throe pIo nt bending harl to exceed 100,000
psi. This criterion was satisfied for all billots. However,
there are some Indic ions that the samplin statistics wore
inadequate for bill. containing appruCI nble deunsity varlat ins.
In l)urticular, It alpuars that the strength values rep)orted for
the billets from which rods NI1Z and FM-10 wore removed were not
roI)rusenLatiVo of the macrlial in the rod.s themselves. It Is
1A)I1 known that ce,'uniic strength is inversely related to porosity.
The very low denasity o, rud #12 dous not square with the respect-
able strength recorded for it.- mother billet. Thu strength is
iliolo In accord with the reported densi ty of the billet, rather
than that of the ro6. Onl the oI,h,r htnd, rod( FM-10 hMd an above
average density. Trl.,L ieported strength for th, mother billet i.,
slightly below average and is more in accord .th the overall
billet density. ''ho relative porosity content of rods #12 and
FM-10 wau examined by the use of polished section•; •:nd found to be
consistent v th the relative 'rod d,.nsities.

68



The aforementioned large billet-rod density discrepancies
and the related strength variations arc exceptions rathcr than
the rule. There is no indication from the bulk of the density
or strength values that the material used in the second group of
rods was consistently inferior to that of the first grouO. The
cross-polarized light micrographs of the rod microstructutes also
fail to show a group distinction. It is therefore concluded that
the difference in group fatigue behavior is not material related.

c. Role of Surface Finishing - Attention. is now
focused on the methods used to finish the rods. The most striking
finishing difference between the two rod groups is that in only
the first group was a 320 grit diamond wheel used in an inter-
mediate step (final step for the case of FM-l) for the production
of the original finish. In the cases where the 320 grit wheel
was not used, a final lapping operation followed the rough grind-
ing with a 100 grit wheel. It is maintained that the omission
of the intermediate finishing step allowed residual grinding
damage to persist on the rods and that this damage directly led
to early fatigue failure.

Although it is generally acknowledged that ceramic strength
is strongly dependent upon surface perfection, until recently
relativ-. few studies have been published which relate strength
to surface condition for crystalline ceramics. A recommended
literature source for work in this area is the proceedings of the
1970 conference held at the National Bureu of Standaids.Z
Experimental work in this area has been hampered by (a) the com-
plexity of the damage which gives rise'to a difficulty in
characterizing it and (b) the difficulty in obtaining reproduce-
able damage. The use of grinding or other multi-body abrasion
processes to prepare the test surface significantly simplifies the
second difficulty by producing a sufficiently high density of
defects so that inter-sample variations are minimized. This ad-
vantage is partially offset by the uncertainty in the nature of
the damage.

Time and budget considerations did not permit an extensive
study of the RCF rod failures. However, an explanation for the
change in RCF behavior between the two groups of rods may be made
on the basis of the present observations, known characteristics
of the material and reports from the literature. Published studies,
relavant to the explanation, will now be discussed.

The surface roughness of ceramics, as measured by arn instru-
ment such as a profilimeter, does not correlate well with
strength 3 , 4 . There are two fundamental reasons why this is true.
Firstly, the large size of the stylus tip in relation to the size
of many strength controlling defects precludes an accurate rendi-
tion of relevrant surface features. Secondly, most roughnesses
are expressed in some averaged form. From a strength viewpoint,
a -sngle surface defect, appropriately located, on a brittle
material is essentially equivalent in severity to a high density
of similar defects. For the above reasons, it is not surprising
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that the per formance of the rod with the roughest s ur face (rod
EM-1 which was finally finished with a 320 grit wheel) was not
inferior to the majority of the other rods.

A case of the insensitivity of the strength of alumina as a
function of surface preparatio2 has been observed by researchers
at Southern Research Institute . Of particular interest is their
findings for metallographically polished, low rms finishes. The
strengths of these polished samples was very similar to that of
rough ground samples. A microscopic examination of the polished
surfaces showed remnants of prior damage. An explanation for the
insensitivity of the strength is that insufficient material had
been removed in the polishing operation to reach the roots of the
initial damage which continued to control strength.

The preparation of polished samples provides a relevant
example. The importance of removing prior surface damage before
proceeding to a successively finer scale abrasion removal process
in order to obtain high quality polishes is well known to metll-
lographers. Extra care must be taken with ceramic specimens to
prevent pull-out artifacts as a result of the inability of these
materials to relieve stress concentrations by plastic flow.
Figure 53 shows a micrograph of a scratch on polished silicon
nitride. Associated with the scratch is pitting damage initiated
by the high Hlertzian stresses when the scratching grit was dragged
across the sample's face.

FIGURE 53 Grinding scratch with associated pitting damage
on polished silicon nitride. 50OX SEM
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The difference in RCF behavior between the two rod groups is
explained as follows. Rough grinding silicon nitride with a 100
grit wheel introduces surface damage of sufficient severity that
the damage is not removed by standard lapping procedures. When
the damaged surfaces are subjected to the high stresses associated

cL ' RCl: xpc: icnt, the damage sites act ný prc -e- iting
nuclei for crack foimation. The result is early failure. The
removal of the relatively deep 100 grit damage by subsequent 320
grit grinding removes the large nuclei necessary for surface crack
formation.

Under this interpretation, the lack of a significant visual
difference betweeiý the lapped surfaces that were and were not
prefiously ground with a 320 grit wheel is attributed to the dif-
ficulty of spotting fine scale damage on a roughened surface.
The invariant RCF results obtained before and after regrinding with
a silicon carbide wheel are explained on a non-materials related
basis. For the rods which performed poorly before and after the
regrind, it is believed that the damage pre-existant to the re-
grind persisted as aresult of either (a) insufficient stock re-
moval to erase the r damage, or (b) the further propogation
of damage as a result of the rather severe grinding conditions
associated with the regrind. The ability of a crack to be con-
tinuously propagated into the work during"grinding has been
observed in grinding sensitive steels. For those rods which
performed well. after regrinding, it is believed that the regrind
was not sufficiently severe to introduce new damage onto a rela-
tively undamaged surface.

The presence of relatively large pits in the wear tracks of
the second group of rods and their absence from the first group
is believed to reflect the differences in finishing damage between
the two groups. The pits are believed to be the sites of espe-
cially severe damage. That the pits grow during loading, there
is no question. The Vroposed main method of spall formation for
the second group of rods, that is the transition from grinding
damage to pit to spall, is mechanistically different from that.
believed to be operative in the first group. If the same mechan-
ism, but with a different incubation time, were operative in the
first group, large pits should also be observed in their wear
tracks. There were none. The kinetics of spall formation for
the two groups is consistent with a two mechanism interpretation,
with a surface mechanism having the faster kinetics. The suggested
main mechanism of spall formation for the first group of rods is
crack nucleation and growth at inclusions. Although an insuffi-
cient number of spall initiation points were conclusively identi-
fied for a firm, statistically significant judgement, it is the
author's opinion that more of the spalls on the longer lived rods
were associated with inclusions than were the spalls on the
shorter lived rods.

It has been remarked thaT rod #12 was atypical as a result
of its large porosity content. The unique, large pits that were
present on the as finished surface of this rod are probably
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exposed porosity. The pores themselves are expected to act as
sources for cracks during loading. In such an event, the RCF
performance would be independent of surface finish processing.

4. Summary and Conclusions

An investigation was undertaken to clarify the
cause(s) of variations experienced in the fatigue life of the RCF
rods. The investigation consisted of (a) surface characteriza-
tion of the RCF rods by means of a scanning electron microscope-
electron probe combination instrument, (b) a determination of
individual rod densities and (c) an examination of polished cross-
sections of selected rods by light and scanning electron micro-
s copy.

The information yielded by this study was combined with other
known information on the silicon nitride material to reach the
following main conclusions.

(1) TVie discrepancy in fatigue life between the two
chronologically separable rod groupings is believed to be trace-
able to a change in rod finishing procedures.

(2) The critical difference in finishing procedure
is believed to be the use or omission of an intermediate grinding
operation with a 320 grit diamond wheel subsequent to rough grind-
ing with a 100 grit wheel. Failure to include the 320 grit grind
leaves residual rod surface damage which then controls fatigue
life by acting as nuclei for crack formation.

(3) The reduced fatigue lives could not be explained
on the basis of a consistent degradation in material character-
istics.

(4) Excessive material porosity can result in
shortened RCF life, as was found for an anomolus rod.

(5) Insomuch as the prime failure mechanism in suf-
ficiently dense and properly finished silicon nitride RCF rods is
believed to be inclusion initiated spalling, an increased fatigue
life may reasonably be expected from rods made with a silicon
nitride material that is more free of inclusions.

E. REPLACEMENT BEARING ROLLERS

The roller grinding problem caused the testing of the full
roller bearing to be postponed. However, preparation to test
bearings is proceeding utilizing the knowledge gained in surface
studies and full bearing tests are scheduled during the next re-
portilhg period.

A new group o0 RCF test rods have been finished by procedures
wqhich include a 320 grit diamond wheel grind prior to final lap-
'i 1 ,. Very preliminary RCF tests results (falling in the next
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ropurtring, period) hid icuto. performanuce ill the range of Oleh originl.

It Js plannod to praceed with fabricationi oC noc'w voilor., by
:)h~n ii tr s tepwi so dl inntond grinding procadiwas i only tho fi nal
crowniing oIpcratti,ý 11. formced by SMC grindinp..

V. CO)NCLUIS IONS ANT) 1W (ONMUN DAT I ONS

A. Conc lus ion-,

hi1gh iitrongth fully donse silicon nitr~id appears to be
tilt muwst promillsiIng coramll e for ovtiluat~ion In~ havi ly' 2 oadd volllng
contaict ho rhig. Unide r curtnin condittions in voll1 lag contact
fiLt iguo to j til In I ye app to x iliait Iy th roo timesc- thosc for CVM, M-50S
aLre o t u la d, H owvor en*pC V CO t111f112U illhu Lill ac~tUo r o lie I bear In
has 115)t ttO 1) do to 11111 ld.

Silico II.1 iIt7\6i- ul)CoL1rt tO 110 it U1IIiqu COV31ltiC Ill that it
fuills by :4pal Iing 1.11 u niannor vor 's im-ilill to boar I ug s tee I
lull11JI 11-110101he- thian by Cl~tlA1;tl rop IC Vcrakingl,

Thu JurfacuC0 codi t-Ici of's :1 Icon 1ultridt. .ipulws kcxi tical to
iul111l ngContact f~it iglic IH O. . &,urraco 4)ropua:t ion shoul d 1.1cludo
a 320 grit, diamond grinding owra:tlIon to romwvo any suh .surfauc
damagec d-jac by coarsur gri t w ~iccls priov to any finaul lapping,
01)0 ru t i oi.

Por:os ity' mid I inchm io p 15r oy do politts of c.rIc k nuc 1elvti on
tinJ thu r .-odu t Ion Ln , 1 1.1con n~trido ý boo Id res ult, Inl increased
I) io V1,1111t c

1. Full I bear~ing.. be f'Lkircated and roun as orighinnIly
phmnclid. .;ilicull niitrlide heariLng rol lers be I'ahricautud was nuurly
:I:; puss Lb Ie by di umouid gri udiltig wi th ()fl y thei roll CromWl addeLd by
siMcll cCI :lri i( 1gr1indlug.

Th['e pos i tulaton that g z'inidi tug daOiage was. the
)r il uc i l I c lous L of* poor rolling couitvxt fat ipgut' I i fe of cert ail
rodIs be Vil id~uttd by fltiturtho testingp of rcds; withi what is beli eved
to bv the o])thimmtll sur face p r(,,pratlon )coodtirurs.
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APPEINDIX I

Coramics in Rolling Contact _•ioris Prior Work

Crystallized gllags (Pyrocoram) ceramic was oxaminld h7
Zarotsky uid Andorson° for possible uso in high tonmpuraturo
applications. While the failuro mode, a isall, was similar to
that experienced with bearing stools and the scatter 'in life
to failure was much loss than that experienced with hearing
stools, the so-called LIU of the material was lop than 10 porcent
of that of bearing .Atoolaj. Appledoorn and Royloo confirmod those
rosulta in a later publication. rhese two studios as well as
others with crystallizud ilass including that by Carter and
Zarot, ky7 indicate that I " the L1 0 wore at least equivalent to
that of hoaring stools, coramics would be dosirablu hocauuo of
the reduction in scatter of life to fait.ro (asso.';tod with
tho ub -. • of foreign inclusion) and boctuuv of the ntCol ptublu
mode of tfailure. Crystallizod glass perhaps was not u good
candidato hocauso of' its low strongth-modulus of rupture Is
loss than 40,000 psi 8 - and low hardness - approximatoly 53
Roukwell C as reported in Ref. 5. In fact tI f one can extract
one of the more basic tonots of metal bearing practico, the
crystallized glass would now not be considered becauso of its
relatively low hardness.

Parker Ut a19 conductcd studios with throo ceramics and one
cermet for rolling contact applications with the objective being
high temperature bearings. the ceramic materials wore hot-pressed
and cold-prusgod alumina, both ninety-nino porcent puro, and a
two-phase sintored silicon carbido. Thi& work was one of many
that involvoda"valuution of aluminas, and KT silicon carbide, the
lattor manufactured by the Carborundum Company. Its results were
representative of other work done and included five-ball tests at
room remperature. Once again, life to failure for ceramics was.
fotuid to have less scatter than that for bearing steels, but the
1I0 of the best material was only 7 percent of thift of' bearing
steels. The mode of failure was. a spill hut attrihutod to a
surface condition rather than subsurface stresses. 1lot-pressed
alumina performed the heot of the three, and this hotter perform-
ance was related to minimumim poros it.y, amnd thus better Sur.face
finish Lnd homogeneity.

In another study, Taylor et alI0 evaluated 1it-pressod
silicon carbide and hot-pressed alumina for service above 1000°,
well above the operating temperature of contventional liquid
lubricants. Unfortunately, rolling contact evalititions were not
conducted in "standard" bearing environment.

Afore recently, Scott et all1 conducted very preliminary
four-ball tests with silicon nitride. While the results of these
tests with the hot pressed form of silicon nitride was somewhat
disappointing, the authors concluded further work with this
material wa:. in order. There is reason to believe that hot-
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pressed silicon nitii ido tho auithors ovaluntod was substandard,
it: thuc reported liardnessos an spocimans were closo to a full
twelve hundrod points lowor onl tho Vickers scale thani that tound
withi hot premmiu sil~icon nitrido produeod h-y Norton Company In
udd!toi do, the~ iuthors f ailed to characterl zo tho grado n 1' (Iot
p~rcs-4d 41 licon tit rido testod lit terins o'* At~ronpth , donsity , nnd
uteiv.I i IIIpo rttiplit. )mI)ou rt I s .The ndlcrostrmu.turv o1' the 41)celmnens

Parikvr and Zarctsky',2 prosented prollnmlnaty IuI-oultm ovulua-
t ing sil,01con nitride at 800,000 psi Haortz stress Ill ia NASA fnyc
b)aI 1 i'i g ' The f'at i gue 4 pal 1 I n the s I II con n It r Idv rea oin bud
thoseo ill t}'p~ elk] boarltig S;toOI 'I'l a h lothd elapait ty wil Lu 1aptp rox I -
malite 1' one -th I rdl that o r typij c il hlaar I.ng is ;too I s wasi s i gn I A. cant I>'
h i ghu 01 thanl 1 ~r uv oIuus I y t veit to(I c c r a m cil it t t r i il 1 . fo r rol I 1.n g
e le 11nt 11 v 1 1 ng S

F i-oII t h oa uovt.a mo n t I o n od s4t utti I;u , on o c tit c on c I ud o thIIalt
cc ruwlic!; which p rovide l)0tt aOV L u mt~Lre thotie w1i~L0, have
vory low to zut'o pui'os it>, have a "*inge b' .i.0gunuoous I'g'v',", and
OX~lilb it a1 IIavldnl'i a.t beaSt eU(livalenlt tO 11011t trea111-Vk hoari-ng11
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APPENDIX II
RCF Stress calcuiation

u Max-. ma Cd 3/p.

L2 / 3

Whore u max. Max. Hertz Coritact Streis, ps., (not lubricated)
P Load in Pounds

L" 1 - Y1
2 +I ft Y2

2

NJ E2
Whure H1 , U2 aro MO)D of Matorialm

Y1, Y2 are Poi.tion'i Hatios

"M I + L+ L-- L_.
D1  02 DI1 U2I

Whoro D'i azvo Diametoer
Cu, Cd " Qeometria Paramuters

EXAMPL IC
7" Liame ter steul wheals, 0.50 diamoter crown0.375" DiamotQr utool bar, 00 diunotor crown

El - U2 30 x 1006 psi
Y1 2 - 0.29

a m .Co Cd 3/p

L 2/3

L - 6.16 x 10-8
M w 4.803

am w .71 x .79 pl/3
5.5 106 -6

"- 1.02 105 pl/ 3

Log a max. - Log 1.02 x 105 + 1/3 Log P

When P - ].00 Lbs. a max. - 475M psi
When P 1 1000 Lbs. a max. - 1,020M psi
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