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FOREWORD

This report covers activities carried out by Norton Company,
Worcester, Massachusetty, 01606, under Naval Air Systems Command
Contract N00015-/2-C-0299, initiated to "investigate the utility
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 »ersonnel were major coatributors te
the program in the capacity noted:

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

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

D. V. Sundberg - - - °rincipal Iuvestigator
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ABSTRACT

The Naval Air Systems Command Contract N0O0Q19-72-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 assessmen*; were made of silicon carbide and
aluminum cxiae.

Screening rolling contact fatigue testing on silicon nitride
with counventional iubricants showed excellent life, greatcr than
MS0 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 un these results, excessive

wear is not expected in a full scale bearing with silicon nitride
rollers.

The corrosion resistance of silicon nitride is excellent in
hot Type IT 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:iicon nitride
fractured during final shaping by grinding and rew 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 conclusion that subsurfac: damage caused by & change
in surface preparation techniques was responsible,

Billevs of a newer still higher purity silicon nitride have
been pressed as stock for additional roller manufacture. Rods
cut from these billets with surfazes prupared by the original
diamond grindinyg techniques have given initial ro¢lling contact
fatigue life results that support the original tes<ding.

viii
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SUMMARY ‘

This investigation car. be divided into two principal activi-
ties; (1) ceramic bearing materiil selection, screening and
characterizaticn relying principally upon rolling contact fatigue
testing of rod specimens and (2) high speed roller bearing design
(ceramic rollers with metal races), component fabprication, and
analvses.

The materiels selected for screcning were hot pressed silicon
‘ nitride and silicon carbide and dens» high purity alumina, based
primarily on high strengta, low porosity and high hardness con-
siderations. The silicon nitride and silicon carbide test rods
were cut from billets hot pressed by Nortoan Company. Tie aluminum
oxide was supplied to the final tes*t configuration by Coors
Porcelain Comnmpany.

The Rolling Cnntact Fatigue (RCF) test machine is a rapid
method of evaluating hearing meterials under load. A small reod
snecimen is loaded Letween two relatively large diameter opposing
crowred wheels that apply ; vssure while the specimen is driven
at 10,000 rpm. The specimen rcceives two stress cyc’=s per revo-
lution resulting in 1.2 x 10% test cycles per hour. WNl11 tresting
was carried out with conventional lubrication.

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

Rolling Contact Fatigue
800,000 psi cdlculated liertz stress

Material No. of tests Cycles to Failure
10 percentile medlan
(L10) ‘
Silicon nitride HS110A 26 £,690,000 30,650,000 ‘
Silicon nitride HS130 S - 5,119,000
Silicon cerbide HX294 1 - <1,000
Aluminum oxide Testing limited to
Coors AD999 700,000 psi maxirum lertz stress

M-50 *CVM 34 1,820,000 3,660,000

*Bearing steel control - carrvied ovut at the same load

as the silicon nitride resulting in a calculated Hertz <

stress of 700,000 psi.

Hot ,_ressed silicon nitride (HS110A process) perfovmed signit-
icantlv better than the M-50 becaring steel control material. Tn
addition silicon nitride failures werec characterized by the appear-
ance of a small spall very similar to that encountered with the

1X




bearing steel. Limited testing of HS130 prouucad results compar-
able to those obtained on the bearing stecl.

Hot pressed silicon «carbide did not generally f{ail by spalling

but had a tendency to massive brittle fracturz and atrempts to
operate at 800,000 psi Hertz calculated stress resulted in rod
breakage at less than 1000 c¢ycles. A reduction to 700,000 psi
Hertz stress allowed operaticen up to 17,500,000 cycles aithcugh
the rod Jdid fracture upon remcval. A further reduction in stress
to 600,000 psi extended lifa (o 24,000,000 cycles.

Aluminum oxide was tested av calculated Hestz stresses fron
£00,000 to 700,000 psi but cannot be compared to other roller
materials as it wears continuously and excessively by crushing
under all loads applied and has no typical spalling end point,

Consequently HS110A silicon nitride was selected as the
prime candidate for further environmental testing and for 1oller
fabrication for testing in an actnal roller besring (with M-50
steel races). Howerer, some further environmental testing was
alsc carried out on hot-pressed silicon carhide.

A limited amount of four ball testing was carried out on
HS110B silicon nitride with generally pror resuits compared to
M-50 steel. Since, in this case, both ball dimensional and
starting material quality was suspect it is not felt that these
results were definitive.

Friction and wear properties were determined for silicon
nitride, silicon carbide and stecl combinations. The coefficient
of friction and wear removal rates are rea 1y the samne as for
steel-steel and steel-silicon nitride coribinations. Based on
these results, excessive wear should not be encountered in a
bearing containing silicon nitride rollers.

The corrosion resistance of silicon nitride is excellent in
hot Type Il turbo o0il. Fatigue results before and after exposure
are inconclusive because 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 .alier bearing vias desiyned based upon a high speed
aircraft quality steel bearing. The test bearing has twenty
ceramic rollers 0.345 inch diameter and length. Thz M-50 stee]
races have a 2.25 inch bore and 3.740 inch outer diameter.

Plates, 6" x ©'" x 5/8'" ur HS11CA hot pressed silicon nitride
were sectioned and 130 roller blanks 0.356 x C0.356 inch were
diamond ground.

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

ECEST WSV SRR T - R S




silicon carbide wheels. An inadvertent error in wheel sclaction
ih the bearing plant damaged or destroied these rollers.

Rolling contact fatigue (RCF) test rods cut from the same
billets the rollers were taken were tested vielding lives an order
of magnitude poorer than the screening test results. This shorte:
li1fe triggered an extensive irvestigation into both 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 Jod
preparation. The grinding practice for (he first set of rods con-
tained a finish grind with a 320 grit diamond wheel followed by
6u diamond hand lapping. In the second group this 320 grit finish
grinding step was omitted prior to a final mechanical lapping with
6k 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.
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I. INTRODUCTION

Ceramic materici:c offer many interesting properties which
suggest their use in b2arings. Among these are; light weight,
high mechanical streagth in compression, resistance to corrosion,
low coefficient of friction, dimensional stability, and high
hardness over a wide temperature range. In addition they are
gencrally further characterized by high resisiance to wear, low
cnefficiunt of thermal expansion, very high melting point, and
the ability to hold close tolerances and fine finishes. DBecause
of the desirability of many of these propertics, extensive studies
have been conlucted with both solid ceramic and ceramic coatings
for sliding and plain bearings. This work has lead to wide use
of ceramic containing plain bearings in industry.

Though numerous studies have been conducted and others arc
continuing with ceramics for plain and gas bearings, limited work
lias been devoted to ceramics for rolling contact (ball and/or
roller) bearings. More importantly, even less work has been done
with what might be termed advanced ceramics. Advanced ceramics
would include those materialc haviag very high cross-bending
strengths, very fine gvain sizc, 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-
t31al 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 commoen failure mode of both roller and ball bearings
to the outer race instead of the inner race. The high centrifugal
forces of the rollecrs developed by the increased speeds have
loaded the outer races tc the point where they must endure higher
stresses than the inner races. Hollow stecl balls have been iwn-
vestigated but fabrication problems influencing balance limits
thei~ usefulness at high speeds. Light weight ceramics with
specific gravities two-fifths that or steel would greatly reduce
centrifugal loading even when used in the solid form.

The present progrom was undertaken to investigate high
strength ceramics as 70lling contact bearing for airc.aft engine
applications. The program is broadly divided into two phases:
(1) materials investigation and evaluatjon and (2) full bearing
fabrication and testing.




IT. MATERIALS SELECTION AND CHARACTERIZATION

Four materials were selected for screening evaluation based
primarily on their strength, density and hardness characteristics.
These are two forms of hot-pressed silicon nitride, hot-pressed
silicon carbide and a densc¢ sintered aluminum oxide. Typical
preperties and chemical analyses are given in Tables I and II.

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

The aluminum cxide rods were nurchased from the Coors
Porcelain Company in the finished form.

iI1. SCREENING TESTS

A. RCF (Rolling Contact Fatigue)

1. Description of Equipment - The Rolling Countrct
Fatigue (RCF) test machlnegaeveqopea by General Electric Company A
and marketed by Polymet Corporation was the primary means of

evaluating material fatigue life throughout the program, figure 1. 1
Two discs, seven inches in diameter and one-half inch thick, are ;
held against the rotating test specimen. The discs have a crown !
radius of 0.250 iuches. The test <necimen is a straight cylinder

three inches long with 2 diameter of G.3%7% itches. With this

geometry configuration, the contaci stresses can be calrulated

(in the non-lubricated condition) as shown in Appendix LI. The

example of this calculation in the appendix shows for a load of

325 pounds, the maximum Hertz compressive stress is 700,000 »nsi

for steel wheels and a steel test specimen. The load necessary

to produce this stress in the ceramic materials tested is 1less

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, 10,000 rpm of the specimen gives 1.2 x 10°
cycles per hour. The average M-50 test is about 3.5 x 10° cycles
so an averdge test lasts three hours, 1In contrast, the average
"accelerated" full scale bearing teSt has a Jduration of abcut
500 hours.

The loading dlsc¢s see =z comparable stress to the test speci-
men,but their relatively large diameter provides a longer life
than the spzcimens. However, they require refinishing when they ‘
spall or flatten, usnually after 20-30 tests on stecel. The discs
are requalified after grinding using a controlled group of M-50
steel specimens.

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

Typical Physical Properties

Flexural Strength psi

SiiaN ) sic
HS110RA&B HS-130 HX-294

1/8x1/8 rods 3 point bend

@ 75°% 120,000 130,000 110,000
@ 2500°F 25,000 50,000 70,000

Compressive Strength psi
@ 75°F 500,000 500,000 500,000

Modulus of Elasticity psi
(Sonic) @  75°F 45x106 46x106 64x106

Coefficient of Linear
Thermal Expansion
75 - 300°F /°F

Thermal Conductivity
BTU/hr ft°F @ 75°F

Specific Heat @ 75°F

Electrical Resistivity
ohm-cm @ 75°F

Hardness Knoop Kjgg
Rysn

nensity gm/cc

(1} Coors Porcelain
{2) Tested per ASTM

1.8x107% 1.8x10-6 2.7x10°6

18 47

0.17 0.17 0.15
1011 1011 1071108
2200 2200 2500
3.15 3.18 3.30

Company, Bulletin No. 953.
©-369-66T

105,000 @)

650,000
56x109

3.8x10-6

b o . e



TABLE II

Typical Metallic Constituents Analysis
welght percent

!
» SijNg SicC
' HS-110A HS-110B  HS-130 HX-294
) Aluminum 0.6 0.6 0.2 2
)
‘ Iron 0.5 0.5 0.3 0.2

Ca 0.25 0.25 0.08 €0.05
[ Mg 0.6 0.6 0.6 <0.05
k W <0.01 1.4 1.4 2.5
}

4

/L

1-0
Aohoe

Nominal

99.,9%
Al203




T T T

FIGURE 1 - Rolling Contact Fatijue Test Machines
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Load:
Temperature:
Speed:

Lubricant:

Specimen Gecmetry:

69 1bs. to 325 1lbs
70°F to 80°r
10,000 rpm

flumble Enco 2380 Type 11 Turbo
01l (MIL-L-23699B)

0.375 £0.0002" diameter x 3"
long. Surface finish les.: than
4 rms. Roundness within

100 x 10°% inches,

2. Materiil Preparation - Ali RCY specimens were

sliced from larger hat pressed billets and machined Tound with

exception of the AD9Y9 which was
geometry.

purchased 1in the finished

Three types of finishing procedures were usaed on RCF test
specimens in the program to bring them to the surface finish and

dimensions required.
The precedures employed are
(1) The RCE rods
betwren centers using a 100 grit
specification). Then a 320 grit
specification) is used to finish

Machine conditions employed

as follows:

are roughed out from square bars
diamond wheel (A8SC100S5-R75869
diamond whzel (ASD320-N75B69

to finzl dimcnsions.

are; wheel speed 5500 sfpm, work

speed 600 rpm, and traverse speed 0.001 inch per revolution.
Both operations ave dJdone with a fluid coolan. and grinding aid
(Norton Wheelmate #203 which is a rust inhibitor soluble o0il).

Careful control of finish stock removal rate (0.0205 inch per
pass) brings the surface finish down to between 5 aund 8 micro-inch
finish,

Finual finish is achieved by hand lapping at 200 sfpm with a
leathey lap charged with 6 micron diamond paste to produce less
than S micre-irch suriaCe %iuwlsh. Rods finished by this method
have an IM prefix in the numbering sequence.

(23 The second procedure eliminates the 320 grit dia-
mond grind of the first procedure and cubstitutes 3 mechanical
lupging 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 horizontal lap discs.
The bottom disc rotates about a fixed axis but the top disc nas an
oscillating axis to produce a more heterogenieous scratch pattern.
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The top disc is also counterbalanced to achieve very light loading
on work pieces.

The carrier slots position the specimen rods in the 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 were
round to within 25 x 10-% inches, were uniform in diameter to with-

in 15 x 10°¢ inches and had a firnish of 2.5 micro-inches or vetter.
Rods finished by this procedurc have a single numbering sequence,

(3) The third procedure involves cither #) or #2 plus
a burnishing step with a silicon carbide wheel and a maximum stock
re.ioval of 0.00)1 inch.

This last procedure was carried our to assess the feasibility
of eventually utilizing 4 silicon carbide wheel to apply *the crown
to the ceramic rollers in the fulli roller bearing as a formed
diainond 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 luading
325 pounds, as for the M-S0 control. Because of differences in
elastic moduli, this load will induce a maximum calculated Hert:
stress of 700,000 psi when steel is tested and 800,00C psi when
silicon nitride is tusted.

Table ITI gives the results for the hot-pressod silicon
nitride. Deprvities and three-point flexural strengths taken on
billets from which the rods were cut are also included. Chemical
analysis and hardness of several rods is given in Table IV. The
HS-110A and Lucas materials show the best fatigue prcperties. A
Weibull distribution of 26 out of the 30 total tests for HS-110A
1$ 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 HS5-110A to have nearly three times
the L10 fatiguo life of M-50 CVM steel at the same load but with
100,000 psi higher Hertz stress. The ninety percent confidence
bands for each material arvre included in Figure 2,

HS-110B 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.

H5-110C performed creditably giving lives similar to the
M-50 control. The HS-130 rod, FM-11, -ave a similar life. How-
ever, the results on rods #9 and ¥#¥10 which had the second finishing
procedure gave poor or inconsistant performance. This cifcct was
encountered on other rods indicating that this finishing proccdure
was detrimental to rod life. Consequently the results from rod
%M-11 are tuken as more Tepresentative of HS-130 performance.

2




TABLE IXI

Rolling Contact Fatigue Life
Hot Pressed SiaNg

Calc
Material Red Test Hertz Median
Deésignation Numbe x Load Stress Life Life
(Density 1bs pPsSi 1000 —71000
gm/cc) cycles cycles
(Ple- aral (Lgg)
Straflgtn pui)
b M-50 CVM - 325 700,000 3,660
control Results of 34 tests
HS-110A FM-4! 325 800,000 80,3355 30,650
3.15 gm/cc 20,061
16,509
16,800
v 37.3978
! FM-5 325 800,000 52°
3.15 am/cc 35,468
34,9495
T 56 ,658S
{ 41,89928
49,7821%s
37,316
L} v 10,492
FM-6 325 800,000 31,977
3.15 gm/cc ¢ y 9,4052%s
FM-1C 325 800,000 457%v
3.11 gm/cc 1,09273
112,359 psi 306%v®
20,813
47,921:
29,806
51,704°
23,2260 ,
22,600
2,868
1,207
ik | 13,631 <
1. Unles. noted rods finished by | 10,877
procedure #1
2. Test wheels failed
3. Values not used in weibull plot s -denotes suspended tesc
4. Rod finished by procedure #l v - " wheels gqualified
except final lapping omitted wn - " ‘heels not
5. Rod finished by procedure *2 qualified

\continuer)
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TABLE III {continued)

Calc
Materijial Rod Test Hertz Madian
Designation Number Load Stresy Life Life
(Density Ibs™ pS1
m/cc) cycles cycles
(l:c ural (Lso)
Strength psi)
HS-110B FM-3 328 800,000 650 80
3.18 gm/cc 60
122,688 psi 418
12,603
5 |
5
6
@ & 100
HS-110C FM-7 325 800,000 225¥n 4,553
3.20 gm/cc 4,100
128,571 psi 4,729
1,770
28,218
FM-8 15,247
3.20 gm/cn 3,576 i
136,571 psi 6,273
v v 4,377
Lucas FM-1* 325 800,000 34,065
b d 55,411
HS-130 FM~11 325 800,000 5,119 5,119
3.19 gm/cc 44wvn
130,R81 psi 2,968
14,4684
4,334
J, ¢ 49,871s f
98 325 800,000 9,170 132 ;
3.18 gm/cc 147 1
137,400 gasi 110
{ 094 l !
. ¢ : 132
10 325 800,000 365
3.18 gm/cc 220 700,000 7.742 ‘
137,430 psi- 220 700,000 461 ‘
220 700,000 2,706
220 700,030 06(C

156 610,000 46.2:78 '
i50 610,000 44,7518 ‘




TABLE TV

Cl.emical analyses and Hardnesses

Rod . Elemental Composition(%)
Identity Al Fer _Ca Mg
FM-1 0.74 0.44 0.20 0.50
FM-4 0.60 0.46 0.36 0.76
FM-10 0.62 0.42 0.26 0.73
FM-11 ¢.22 0.30 0.12 0.66

PRSP e—

10

DBH13gg
(kg/min?)
2282
2350
2304
2337
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An important observation in all the fatigue testing of
silicon nitride is that it fails by spalling and not by cata-
strophic means as might be expectcd 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
magrification.

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

Since both silicon carbide and aluminum oxide have moduli of
elasticity well above 50 miilion, significantly lower loads were
required to produce Hertz stresses comparable to those under which
the steel and silicon nitride werc tested. Even at these reduced
loads and stresses silicon carbide produced relativel; short lives
with frequent rod fractures. The only attempt at 800,000 Hertz
stress resulted in almost immediate catastreophic fracture.
Although these results could probably be improved by the use of
finishing procedure #1 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 the ceramic contact arc:, 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
were made to run aluminum oxide at 800,000 psi Hertz stress.

As a8 result of these tcests HS-110A silicon nitride was chosen
as the prvincipal material candidate for further eavironmental test-
ing and for fabrication into bearing rollers for the full scale
bearing rest. Some further environmental testing was a2lso carried
out on the silicon carbide however.

B. FOUR BALL TESTING

1. Descriptiopn of LEquipment - A small number of f{our
hall tests on silicon nitride were performed as part of the screcn-
ing program. These were run on a Federal-Mogul test unit shuwn in
Figure 7 and shown schematically in Figure 8. This unique desiga
employs three Federal-Mogul Westwind alr bearings te eliminate
external fricrich and vibration and to insure contact of the test
beail with 211 three «lave balls. Maximun Herts contact stresses
(calculated for non-lubrica cd conditinns) for the tests performed
varicc from 615,000 psi to 7%0,000 psi.




s{Teds andtied jo AJTIeTiuls FUTAOYS SPOY (S-W PUB SPTIILN UODITIS - ¢ Fa19Id

13

—_——




e e —

FIGURE 4 - Spall in Silicon Nitridc Rod #FM-35
(Norton Material D)
Life - 10.492 x 10® Cycles
Magnification - {0X
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TABLE V

Rolling Contact Fatigue Life
Hot Pressed SiC and Dense Sintered Al203

Calc
Material Rod Test Hertz )
Designation Number Load Stress Life Coiments
(Density Ibs pPS1i -
gm/cc) cycles
(Fiexural
Strength psi)
sic
HX-294 5 143 600,000 779
3.20 gm/cc 109 600,000 6,319
128,296 psi 170 700,000 10,853
17¢ 700,000 4,706
6 i09 630,900 1,235
3.20 gm/cc 109 €00,000 4,130
128,296 psi 170 700,000 4,186
170 700,000 2,674 {
225 800,000 < rod fractured
i during test
(] 109 600,000 20,205 suspended
109 600,000 24,270 suspended
) 170 700,000 17,718 suspended
fractured upon ‘
reiioval
2 170 706,000 966 suspended
fractured during ‘
test |
Al203 1 69 500,000 27 suspended
ADI99 69 500,C00 44 suspended
62 500,900 23,730 suspended
120 600,000 46,195 s=uspended
2 120 600,000 4,326
120 600,060 1,631
190 700,000 714 susgended

15
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MOTORIZED AIR SPINDLE
- VARIABLE SPEED
) - /1

. 7
.——\ 2 .
| , |

AIR FLOATING
TEST PLATFORM

LINEAR AIR BEARING /
]
(/
TEST LOAD
0-6001lbs
JA—
FIGURE 8

Schematic of the Four-Ball Tester
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2. Material Preparation - Balls tested were fabricated
from a single bIllet of HS~§IUB 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-
prictary ball making process. Tinished condition of balls was
requested and received as follows:

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

Surface Roughness Tolerance 1.0 microinch "AA"
Qut-of-Rcndness, Maximum 0.000010"

(B) Received

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

3. Results - The four ball test results shown in
Table VI are gencrally poor and inconsistent when compared to all
stcel balls. M-50 uand 52100 balls have a life ranpge 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 o different contuct avea of a ball which had pre-
viously worn badly. Several rcasons for the inconsistency and
poor life can be postulpted. These bulls were taken from billets
of 11$-110B, a material which gave crratic RCE test results,
Table TII. The geometry of the ball+s was not to Grade 10 specifi-
cations. Proficorder checking of the out of roundness showed wide
varidations in excess of Grado 10 specifications. The surface
finish in addition to being outside the Grade 10 specification
showed extensive pitting, Figure 9,

vor these reusons it iv felt that this tosting doos not
represent the results that would be obtained from silicon nitride
under normal conditions.

C.o FRICTION AND WEAR TESTING

The test machine veed {or weur testi determining the
coefficients of uliding Iriction was the A-G unit shown in
Figure 10,

This unit enploys the ring and flat ~oncept resulting
in 4 linc contact between the two test com s. The rings are
1.3775" OD by 0.3437" wide and the blocks U " x 0.4" x 0.250".

Test conditins were as follows:

1. Materivis: Jilicon nitride 11S-110A
Silicon carbide HX-204
AlSY 8620 and M-50 CVM
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FIGURE

9

500 SEM

2000X SEM
Surface of Silicon Nitride ball
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FIGURE 10 - Hohman A-0 Wear Test Machine
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2. Lubrication: Enco 2330 Type 11 Turbo 0il
(MIL-L-236998)

3. Temperaturc: 75°C at start of test
4, Loud: 50 pounds

5. Speed: 800 rpm

6. lLength: 5,000 revolutions

The test combinations and the results are given in Table VIT,
The ceefficients of friction were determined from the frictional
force after 2,000 revolntions and the widths of the wear scars
were measured after 5,000 revolutions,

Examination of thec results shows that, in gea.eral, steel in
contact with silicon nitride or silicon carbide produces less wear
and n lower cocfficient of [riction than when two ceramics are in
contact, This is shown particularly when comparing silicon nitride
with itself and with steel, Test 9 again displayed the brittleness
of silicon carbide when the ring cracked during the test. The
excessive wear scar width of 0,044 inch is duce to the ¢rack "knile
edype',

Comparing silicon nitride versus stecel with steel versus
stoel, it is scen from the tablo that the average cocfficients of
friction for both combinations is 0.15. Although the wear width
scars for steol versus steol are #lightly lower thun for steel
versus silicon nitride the magnitudes are such thuat oxcessive wear
should not bo encountered in a full scale bearing with silicon
nitrido rollers,

Do LENVIRONMENTAL TESTING

1. Dimengional Stubility - Boaring steels, especially
those which received an improper hoat treatment, tend to change
size when subjected to cyclic temperaturces. This change can
ulfect the dimensional characteristics of the hearing, cspecially
the diametral clearance and the amount of interfercence fit on the
shaft, Silicon nitride and silicon carbide were cycled {from -65°T
to 450°F to measure thelr stabilities., A total of cipghty c¢ycles
was performed wiveh M-50 CVM steel als» for reference. The weas-
urements ave tabuwlatod (Table VII1) showing no detcectable dimen-
sional changpes for silicon nitride and =ilicon carbide. The M-50
CVM did have o slight size change of +10 millionths of an inch in
five inches.

The set up for measurement of the five inch long rods is
shown in Fipure 11. Through the use of multiple master bars,
accuracy is t5% x J0-% inches in the five inches,

2. ¥ffects on Fatigue Lifc by Sal: Water and liot Type
11 Turbo 0il - To Jetermine If silicon nitride or silicon carbide
would B¢ chemically attached by typical bearing environments
during long term exposure, both materials weile exposed to hot
lubricant and 2 worm <alt solution for u several weck period.

24
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TABLE VII

Wear Test Results at 50 Pounds Load and 75°F

Measured Wear Scar
Coefficient Width @
Test _ Materials of Friction 5000
# _Ring Blocks @2000 Cvcles Cycles Renarks
1 Steel Si3Ng 6.16 0.0171)
{8620}
2 Steel Si3Ng 0.17 0.018"
(8620)
3 Steel Siatiy 0.12 0.018"
(8620)
4 Steel Si3Ny4 0.13 0.019"
(8620
5 Steel 31iC 0.15 0.015" 0il olack
(8620
6 Steel sicC 9.15 0.014" 0i' black
(8620)
7 SiaNy, Si3Ng 0.20 0.021"
8 Sijyuy SialNyg 0.19 0.022"
9 &iC SicC - 0.044" ring split
1n gic sicC 0.15 0.028"
11 Sisly sic 0.20 (2) ring cracked
12 Steel Stecl 0.15 0.016"
(6620) {M-50)
13 Steel Steel 0.15 0.016"
8620} (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
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TABLE VIII

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

Number of Cycles({l)

Rod 0 12 28 80
Number ~ Millionths of an inch change from initial measurement.(2)

M~50 (1) 0 +3 +7 +10 L
M~50 (2) 0 +2 +4 +6
Si3Ng (1) 0 -1 -1 -1
Si3N4 (2) 0 Q 0 0
sic (LY G -1 -1 -1
SiC (2) 0 0 -1 -1

(1) Bars cycled as follows:

A. 1 hour 450°F) _—
| B. 1 hour ~gg5°r) 1 (yeie
* C. Pepeat: A and B

12) Middionths of av «ch in five inches.
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RCF rod #19 made from HS-110A silicon nitride was fatigue tested
initially, photographed, weighed and exposed toc Enco 2280 Turbo
0il for three weeks at 450°F. At the end of the exposure the rod
was re-wecighed, photogiaphed and subjected to th~:e 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 typical for rods finished by procedure ¢
which unfortunately was used for all rods tested in this section.

} RCF rod #22 made from HS-110A silicon nitride was fatigue
tested initially, photographed, weighed and exposed to & 3.5 per-
cent sodium chloride soluticn at 200°F for threc weeks. At the
end of the exposure, the rod was again weighed, pliotographed and
tested. The rod did not change in appearance or in weight, indi-
cating it did not react with the salt solution. As can be secen
in Table IX the fatigue 1ifc again was low and inconsistent btefore

b and after exposure.

3. Lubricant Shut Off and Entrained Particles -
HS-110A silicon nitride rod #21 was run for two tests 1initially
then for one test with the lubricant shut cff 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 mic¢ron Arizona rovad 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 SCALR DunniING

A, Design

The bearing selected for testing with silicon nitride
rclling elements, M-50 steel races and an AIS] 4340 steel retainer
is 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 c¢f the original bearing incorporating the
latest design criteria for high speed use. Typical engine operat- {
ing conditions for the original bearing are as follows:

Load Radial only 265# to 380#
Speed 37,000 Tpm
Temperature 250°F to 400°F

Calculoted Life 10,000 hours L

With the design modification and with silicon nitride rollers,
the bearing is e¢xpected to perform up to 65,000 rpm.

a_ o M
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TABLE IX

Rolling Contact Fatigue Life - HS-110A Silicon Nitride
Environmental Exposure Tests

29

Flexural

Rod Density Strength Load Hertz Life
Identification g/ ce psi 1bs psi 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 & 325 800,000 113
22 3.14 117,118 328 800,000 630
_ Initizl Test

Afker 3 Weeks @ l 325 800,000 116
200°F in Salt 325 800,000 326
Water 4 325 800,000 2,645
21 325 800,000 40
Initial Tests 325 800,000 34
Lube Shuc-0Off 325 800,000 72
5 Micron Arixona 325 800,000 168
.Rowd Dust in Enco 325 300,000 26
2380 325 *Q0,000 298
325 800,000 260

e e
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FIGURE 13 - Ceramic Bearing Asscmbly
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Extremely close tolercnces are required for beuarings 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 cquipment and proccdures

The test rig shown in Figure 14 will be used for the
full bearing tosts. In the rig, the outer race is stationary and
the inner race can rotate up to 10,000 rpm with the shaft, The
DN value would then be 0.5 x 10%., The load will be varied ducing
the tests and be applicd radially only (maximum 4000 pounds).
Lubricant will be a Type TI turbo oil. Becausc of tho relatively
low rotational speed and loads, it is expocted that oporating
temperaturc of the bearing will be on the order of 100°F., adaptors
to hold the test bearing and support bearings for oporation have
been designed and fabricated. Tho adapters and support boarings
aro pictured in Figurc 135.

The test beuring is mounted on shaft (1) and placed inside of
collar (2) through which the radial loud is applicd. The ends of
the shaft are supported by conventional bearings (3).

C. Muaterials Fubrication

1. Mcetal Components

The Beuaring Group of Federal-Mogul wuas ussignod
the fabrication of the races, retuiners and the rollers for throe
complete bearings. Tho rvacos and retulners made from standard
alrcruft bearing materials were produced without difficulty,

2. Cervamic Beuring Roller Proparution

(a) Silicon Carbide vinishi-srindiag - Tho final
OD grinding and crowning of bouaring rollers 1s convontionally done
by plunge grinding using a frequently dressed sillcon carbhide
grinding wheel. No techningues nor wheols are available to obtuain
the same accuracy with diamond wheels,

The effect of a final silicon carbide grinding vperation upon
roJling contact fatipue was checked by taking rods FM-7 und I'M-8
from the initial screening study and removing 0.001 inch by silicon
carbide grinding then retesting. Tho results are shown in Table X.
The silicon carbide regrind in no way scemed detrimental, and if
any thirg, beneficial, so this route wus chosen for bearing roller
finishiny,

(b)Y  Ceramic Roller Preparation - (ne hundred
thirty HS-110A silicow nitride roller bBlanks weére diamond ground
to 0.355 inch ddameter x 0,355 inch loag, 0.010 inch ocver size
for Jdimensions. A twenty roller sample for dimensions is shown
in Table XI. The finisn pgrinding is a thrce step process, (1)
corner radii oand rvough 0D, (2) end grinding and end honing, and
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FLGURE 14 - Variable Speed Bearving Test Machine, Speed to
10,000 rpm, Loads to 4,000 VPounds

53

- o m  _cundl



e

- W T T e T TR, e .

FIGURE 15 - Bearing Test Adapters and Support Bearings
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TABLE X

Effoct of Silicon Carbide Grinding on Fatigue Life
of HS~110A S1i3Ng

) Rod Load Cale Hertz Life Median Life
Identification 1Lbs. Strods pai 1000 Cycles 1000 cycles
, FM=-7
L As Recoived 325 800,000 225 N.G., 4,500
' 4,100
4,739
# 1,770
28,218
]
FM-8
As Raceived S N 15,247 e .
3,576
6,273 ¢
4,377
FM-7
Aftar sicC 24,711 8 24,700
grinding 31,564 8
17,518
FM-8 .
After 3iC 421
grinding 40,865 S
28,931 §
30,651
2,705
| J 15,791 !

N.G. = Wheels did not qualify
S = Suspended - no spall




TABLE XI

Dimensional Characteristics o’
Twenty SizN4 Roller Blanks

e % D MOSTUEE SRR
1 0.35598 0.35590 0.00030 0.00020 0.00050 0.00035
2 0.35597 0.35580 ©.00019 0.00030 0.00030 0.00045
3 0.35606 0.35391 0.00025 *0.,00030 0.00035 0.00050
4 0.35595 0.35574 0.00019 0.00020 0.000130 0.00030 -
5 0.35586 0.35581 b:OOOJ:L *0.00012 0.00040 0.00030
6 0.35592 *0.35571 0.00020 0.00027 '0.00045 0.00035
7 0.35594 0.355%92 *%0.00013 0.00020 0.00030 0.00040
0 0.35596 0.35586 0.00017 0.00022 0.00040 ™*0.00920
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 0.09045
12 0.35596 0.35584 0.00017 ~ 0,00020 0.00025 0.00035
13 0.35602 0.3560¢8 0.00026 0.00018 0.00110 0.00100

14 *0.35607 0.35596 0.00015 0.00017 0.00040 0.00040

15 0.35592 0.35574 0.00025 0.00015 *D.00030 0.00035
16 *0.35583 0.35577 0.00025 0.00023 0.00025 0.03035
17 0.3559¢4 0.35612 0.00022 0.00023 0.00080 0.00100
lg 0.3559¢ 0.35594 0.00018 0.00012 0.00090 0.00070
19 0.35590 0.355914 0.00027 0.00013 0.00045 0.00035
20 0.35599 0.35628 0.00014 0.0002" 0.00080 0.00070

NOTE * = Denotes maximur =y mindayn value.
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(3) final OD grinding, including the crown. Silicon carbide grind-
ing whoels on a Royal Master Plunge grindor werc used for step one.
Two typos of whoef bonds wore triod. A softer wheel produced only
sevontecen rollers per twd inch diamoter of wheel removed. A hardoer
bond produced thirty thrco rollers for the samc amount of wheel
matorial usod. ‘The goomotry of the roller corner vadii was good
and woll within tho print limits,

End grinding and honing are done on a double disc Gardnor
grinder whoro both ends are groun? at the same time. 'The planne!
procedure had been to uso silicon carbido whools throughout. e

Honing with aluminum oxide wheols was inadvertontly attemptod RN

first howovor, but stock could not bo removed., -Tho oporation was
thon transforred to the end grinder whore aluminum oxide whools
wore again used., On tho socond pass through with thirty rollers

in tho muguzine, crucks woro obsorved on the onds which progresscd
to the roller OD. Bxaminution of the rollors thut had been through
the honer and one puss on the ond grinder showed that two thirds

of thoso also had cracks. Of the rollers processcd through tho
corner rudius grinder, onlg one third-did not have detoctablo
cracks. Of the 32 rollor blunks not ground, 27 wore considered
good, 4 showod pinpoint defects and once showed a crack., The

numboer of rolloys loft without defocts wore bolow the numbor nocded
for propor size groupings to muke the three bearings.

It is folt that the rollory fractured duov to the very high
compressivo loading which rosulted whon tho rigidly mountod
opposing aluminum oxide whoels did not romove any stock.

(c) Boearing Roller Billet Tosting - Rolling con-
tact fatiguo rods were takon from the same b ots as usod for tho
boaring rollor blanks. ‘The test rosults are shown in Tuble XII,
Note thut the rod idoentificution is o simple number indicating
finlsh grinding by Yrouuduro #2 which omittod the 320 grit finish
diumond grinding prior to tho tinal lapplnyg vporution.

The initlal tosting at 800,000 psi lortz stress on rods #7
and #8 (from the samo b?llut) producod roasonuable valuos. Further
tosting ut lower Hortz loadings produced erratically low results,
in thls cuse regrinding with silicon carblide produced further
dotoriorutlon. Rods #15 und #16 €rom the sccond billoet guvoe ini-
tially poor rosults with no improvement upon silicon carbido ro-
grinding. An intonsive investigation into the causos of these
poor and orratic results was then undortakon as described in tho
followlng section.
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Rolling Contact Fatigue Life of HS-1102 SiaN,

TABLE XII

Bearing roller billats

Calc
Flexural Hertz Life
Rod Density Strength Load Strens 1000 Cycles
Identification g¢gm/cc s 1bs. _ psi
7 3.17 125,700 328 800,000 16,446
325 800,000 33,911
220 700,000 5,530
100 540,000 37,446 S
150 610,000 43,430 s
22¢ 700,000 7,240
8 3.17 125,700 zs 800,000 28,363
325 800,000 28,997
325 800,000 2,921(1)
325 800,000 1,559
325 600,000 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
Roground with 3256 800,000 152
Silicon Carbide 220 700,000 1,908
220 700,000 426
150 610,000 26,368 S
11 3.14 123,200 326 800,030 259
Billet not used 325 800,000 83
for rollers
12 3.14 123,200 325 800,000 136
Pillet not used 325 800,000 70
for rollers
13 3.16 118,300 325 800,000 223
Billet not used 324 800,000 86
for rollerg 325 800,000 724
220 700,000 1,347
100 540,000 267
S~ o . 100 540,000 44,978
14 3.16 118,300 325 800,000 328
Billaet 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
38




TABLE XII
continuecd

Calc
Flexural Hertz
Rod Density Strength Load Stress Life
Identification gm/cc psi 1bs. psi 1000 Cycles

15 . 3.17 124,900 325 800,000 isd
325 800,000 1,201
325 800,000 3,871
325 800,000 63
220 700,000 206
22¢ 700,000 84
150 610,000 53,648 S
150 610,000 3,082

10 3.17 124,900 325 800,000 836
325 800,000 40
325 800,000 636
100 540,000 24,109
150 611,900 1,189
100 540,000 15,028
150 610,000 28,610 5

16 325 800,000 122
Reground witbh 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



D. ANALYSI1S OJF ROLLING CONTACT FATIGUE TEST RESULTS

1. Introductiun

This soction will deal with the ecxamination of
the RCF rods after fatigue testing. Chronologically, +he RCYF rods
fell into two greups., The first group is identified by the letters
M preceding a number. The second group is designated by a struight
number. Taken uas groups, the first group performed relatively well
and tho second poorly in the fatigue tosts. Tho prime objective of
the oxamination wus to determine thoe causc{s) of the difforence in
performance between the two soets of rods. It huas boen found con-
vonient and natural to reference the two groups as the [irst und
socond throughout this section.

The oxamination consistod of scanning c¢loctron microscopy
(5EM) of tho rod surfaces, clectron boam probing, hulk donsity
dotorminations of individual rods, light and scanning clectron
microscopv of polished cross-sections. ‘The experimontal observa-
tions aro fullowed by a discussion and the scction c¢nds with a
summary and conclusions.

Table XIII preseonts vavious pieces of informution concerning
the rods in this scection. Included are finishing datu, density
values and dtrongth valuos.

Z, Experimentual Obsorvations

4. Surface Charactevrization of the RCF rods with
tho Scusaning Blectron Microscopo (SEM).

The oxtornul surfaces of cleven of the rods usod In the
fatigue cxperiments wore oxamined in uw combination instrument
contuiring un SHM and an cloctron prube. Tho surfaces woro viewed
at magnifl etions rvunging from 50 to 5000 times with 500X being a
good maugnification for goencral comparative purposcs. (When magni -
fications arc montioned, the horizontal magnification of the SUM
photographs is beivg referonced.)

i, Examination of Unloaded Surfaces - As muay be scen
from Table XI11T, vurious rods recelved four distinctive final
{finishing operations. Tha operuations and corresponding photo-
graphs of representative arcus are listed below. Fer two of the
four finishes a second photograph was included to show typical
detuils not evident in the first.

(1) Rough grinding with & 100 grit diamond wheel
followed Ly final finishing with a 320 grit diamond wheel. The
circumferential grinding scratches are readlily visible as sven in
Figure 16.

(2) Prelimingry finishing the same as (1) above
with additional finishing done by meons of a leather lap impreg-
nuted with diamond dust while the rod votated in a chuck. The
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FIGURE 16 Surface as finished'with a 320 grit diamond
wheel., Rod FM-1. 500X  S©M

purposc of the lapping was to rcduce the rms surface roughness,
As may be scen in Figures 17 and 18, this goal was achicved by
removing to u greater or lesser extent the 320 grit scratches.

(3) Regrinding with a silicon carbidé wheel.

This finishing, present at the time of the SEM investigation, was
done after the rods were initially fatipuce tested in their original
finish. Two of the rods cxamined possessed this finish; FM-7 which
was originally finished as in (2) above and #8 which was originally
finished as in (4) below. The regrind consistced 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
4 machine lapping procedurc 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
P the machine lapping method, are visibl!e in Figure 21.

The above mentionced photographs were taken from arcas on the
rods which were not in contact with the load-applying wheels of
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FIGURE 17 Surfacec as finished with impregnatced leather
lap on the 320 grit ground surfacc. Rod FM-3

) 500X SEM

FIGURE 18 Surface as finished with imprcgnated leather
lap showing residual grinding scratches.
Rod IM-4 500X SEM
43
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FIGURE 19  Surface as reground lightly with u silicon
carbide wheol, Rod FM-7 500X SEM
-, o Ve,
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"'.‘;.',.!. .~.,? . .
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FIGURE 20  Surface as fivished by machyue lapping after
grinding with a 100 g+it wheel., White features
are artifacts of silver paint. Rod #12 $00X SIEM
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FIGURE 21 Surface as {inished by mucl\iuo']uppinp, showing
random lapping scratches, Rod #1§ 0 500X SEM

the Catipue tost muchine. Thevetore chey represont tho condition
of tho surfacus prior to fatipue testing, The {our separute
finishing methods pive risce to distinctive surface appearancos.,

1{ the differences from the frequency and orvlentation of prinding
and lapping scrutches arve neglected, the appoearunce ot the leather
lapped and tho machine lapped surfaces are guite similav, An o
portant excuption to this peneral stutemont concerns vod #12,
Vigure 22 shows an arva {rom this rod which contuins rvelatively
larger una deeyer pits thun were observed on other rods.

ii. bxsmination of Spalls - rthe formatlon of o spall
in the loud truck loads to automatic termination of o given RCF
test run.  lxamples of spalls are shown in Flgures 23 throug: 28,
There appears to be three modes of spall formation: initlation by
inclusions, initiation by sidewuys branching of a ¢ircumferontial
crack and initiation from surfuce pits, <

Tho fivrst moda is shown in Figuro 24, Tho dimpied region
just below the cento: of the photograph was found to possess an
inclusion rich in Mp and Al as determined by tho celectron probe, ‘
it is maintained that the cvack of the spall was initiated at tho
inclusion as a vesult of a stvess concentsutlon there, lnclusions
Of similar cQwo  ition have been found in other studies of HS-110
silicon nitride saterial.,  Tho apparent point ot (racture initius-
tion of the spull surfaces were often cxamined with the clectron
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FLGURE 22 Relatively large and doep surtace plits on, and
unique to, Rod #12. 500X SEM ‘

FIGURLE 23 Wear spall on Rod M) 75X SEM
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F1GURE

FIGURE

24 Wear spall on rod FM-=3, 200X SHIEM
Fallure belioved to have boon
inclusion just below conter,

25

Woar spull on re
Note presence of eracks at bowmdiury of

loadod track.
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probe in an offort to detect ovidonce for the presonce of inclu-
sions, In tho majority of the cases an actual inclusion wus not
found. 'This is not an unexpoctod result, cven if an Inclusion

hud boon initially prosent and was the causc of spaliing, bocause
materiol is lost upon spalling and becauso the rod remains in con-
tuct with the loading wLocls for u few rovolutions aftar spall
formutjon, Occasionally, a ingion of u spall wuas found vo possess
4 diffuso higher concontration of known impurity olements which
wore not localizod at un inclusion, 1n those cusoes where an in-
clusion wus found, it was not always possible to ascertuln wirother
tho inclusion nucloatod tho spull or whother it wus simply up-
coverod by tho propaguation of tho crack of the spall,

Thoe socond mode of spull formuation is shown in Elgpuro 20.
1t 1s bellovod that clircumforontial crack, which intorsocts the
rods surfaco at the boundary of the louadod truck, has branchod
undernouth tho loaded surfuce, ovontuully produc{nu tho spull.
The nuture of houndary cruchks is more appavent In ligure 25, where
thoy are soon to parallel the loud track. Boundury cracking
occurs froquently but is not alwuays responsible for u spull.
Boundary cracke may udjoin only one or both sides of tho louded
track ond somotimos circlo the rod for uw substantial fraction of
tho circumforonce., UPlgure 29, which is a bipgher magnification of
tho WIS of tho spall in PFlgure 25§, shows that tho boundury cracks

are ofton layerod and inclined at an acute angle to tho cylin-
drical surfuco.

Tho relative lmportunce of this second mode of spull forma-
tion cun not bo fully evaluated. During the course of the fatigue
oxporimonty, somu triuls woro torminuted and the rosults not usoed
bocause of olthor known impropur oxporimontul tost condltions or
tho fallure of thoe louding whools to quulify. Insomuch us non-
uniform louding could be wxpoctod to promote boundury cracking,
some of thoe spulls uxumined und shown could have been formod from
ddscardod tost runs., Unfortywmatoely, a ,lven load track couid not
alwuys bu corrolutod with Ity history of Tarmmotion at tho time
the rod was subsoquontly oxumlned,

The third proposoed modoe of spull formation involves the on-
largomont of surface plts to an oxtent sufficient to nucleato a
spall crack. ligure 30, which I8 an onlargement of the featury
soon eust shove contor in ¥lgure 27, shows what 18 belleved to be
an embryonic spall ot the third mochanism., Tho terminution of

- she RCEF triual by tha formotion of tho spall at the bottom of

Flgure 27, is bolioved to have ubortoed its growth. The arcu
surrounding tho void and the walls of the void, as fav In as was
possible to rouch, wore oxtensively probod to find evidence of an
inclusion without success,

Figure 31 shows a portionh of the wall of a spall, the central
fouture of which could bo either o wefico pit or pore., The fuoct
that test lubricant can bo seen oozing from the recess, even aftor
prolonged rod ¢leaning in an ultrasonically agltated acetone bath,

18




) - FIGURE 2o Wear spall on Rod 18, 100X SEM
Fallure belteved to have been inltinted
From boundory crack,

FICURE 27 Wear spull on rvod ¥12, 40X SEM
Note pit entargement in joaded track,
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PIGURE 2B Wear spall on Rod Fs, SOX SEM
Note presence of larpe plts In the
load track,

FIGURE 29 Higher mupnification of RIS portion of
spall an Figure 25 showing structure
of boundarvy ocracks. 200X SEM
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FIGURK

30

linlargement ol pit above center in
Figure 27, belivved to be Inciplont
spall, 500X SEM

FIGURE

31

Possiblo vaposed pore or surfaco plt on wall
of spail,  Resldual lubricant vislible
Rod K15, 1000X SEM
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indicates that the featuro was probably in existence during the
fut1¥uo tost. Whilo this location could concoivably have been the
initintion point for the spall, no fractographic cvidence is avail-
uble to support (or rcfuto% this possibility,

Asido from the evidence prescented so far, diroct cvidence for
this third meachanism is meager from the oraminution that has been
proformod on tho spalls thomselves. Additional ovidonce for this
mechanism will be presented in the next sub-scction and thoe matter
will bo ronowed in tho discussion svction. '

iii. Bxamination of Load Tracks - The appecarance of
wonr tracks of rods having the four clusses of finishing opera-
tions arr shown in Figures 32 through 35. A compuarison of these
photogruphs with thoe corresponding ghotogruphs (Figuros 16 through
21) of rods having a particular finish shows the surfuco altora-
tions us a roesult of tho futigue testiug.

Piguro 32 shows the worn track of the rod whose final C[inish
wus produced with a 320 Erit whool., As u rosult of the woar, the
grinding scratchos are shorter und their finite length is now
apparont at this mugnification., Some fine scaleo wear hus produced
a pattorn of smull olongated pits whose major uxis is porpendicu-
lur to tho direction of rod rotaution (und to the uxis of tho
grinding ucrutchcs%. This luttoer structuro can be socn more
cloarly ut tho highor magnification of Flguro 36, In addition to
tho pits, u fine serios of stops, porpondiculur to the rolling
diroction, iy ulso evident., A comparison of IMiguro 36 with
ligure 37 of un unloadod rogion at the sume mugnificution suggoests
thuat tho growth of tho olonguted pits may have Loon assistod by
the romoval of strongly disturbed mutorial boetweon udjacont
grinding scrutchos.

Tho wour track of u rod finished with the loather lap, shown
i1 Figure 33, agoin indicates minute wear by the almost complete
disuppourance of uny tracos of grinding scratches. A comparison
of louded arous (Figuros 33 and 38) with unloaded urcas (lFigures
17 and 18) shows that littlo, if uny, grouth of tho pits has
occured as o rorult of futigue tosting.

Tho wour track of a rod which hed been reground with a
s1licon curbide whoeol is shown in Iigure 34, Although tho re-
grind produced the fiunish with tho smoothest uareas, the smooth
aroas aro soen to consist of a burnished layer which is partially
removud by the application of a load, The romoval of the surfuce
skin implies un alteration of the surfuco properties during re-
grinding. Howevor, this treatment did not siﬁnificuntly affect
the porformance of the so {inished rods, which had boon proviously
tosted with thoir original finishes,

A vory distinctive feature of wear tracks on tho rods of the
socond group are largo pits. An exumple ls shown in Figure 35.
Although this areu is from the same rod (#12) that had large pits
on its unloaded surfaces, the size of the load track pits are
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FIGURE 32 Appearance after fatipue testing of 325 prig
pround surface. R I'M-1 0 S00X SEM
Y L]

FIGURE

leather
SV

33 Appearance alter

Lapped surface.,

fetigue testing of
Rod I'M-3 500X
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FLGURL 34 Appearance after fatlpue testing ol surfuce
voground with SHC wheel,  Rod EM-7 500X  SLM
)

FIGURE 35 Appearance after fatlipgue testling of surface 1
machipe lapped after 10C grit prind,  Rod #12
500X SEM (
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FLGURE Su o Hipher mapntflentien of woan 324 prit pround

sy face showing elonpatod pits and steppod
appoarance,  Rod PM-L 2000X HEM

4

FIGURE 37 dlipher mapnmification of surface tinkshed
with 325 prit wheetl,  Rod EFM 1T 000X SBM




FIGURE 38 Another example ol worn rrack on a leather
Lapped surface.  Rod M-4 S00N SEM

cons bderubly larvpoer, as o comparison of Figures 35 and 22 shouws,
Nor are these tarvpe plts unique to Rod 412, Other instunces of
Tovge pit development may be seen o Flpures 27, 39 and 40, The
development ol these Jarpe plts has been observed only on the
second proup of rods and ds believed to be relatud to the tailure !
mechanlsy o this vod proup.  Thut the pits enlarpge under the

actvlion al the applled load is c¢learly shown in Figure 27, ‘

b, Rod Bensity Determinations The physical densities
of the majority of the RCEF vods was medsured by o water displace
ment method, with corrections for water tempevature,  The densities
are vecorded in Table XI11o dn addition, the densitics of three ol
the rods were remeasared by o more accurate wmethod: pyvenometry with
xyleve as the jmmersion fluid,.  The duplicated determinations
agreed to within 0.01 p/Zem?,

Is is seen that the donslty of Rod #12 waw very low,  The
average density of the blllet, from which this rod was cut, was 4
I p/cc. Unfortunately, the billet possessed a constbderable
density variation and the rod was excised from a low dopsity por-
tion of i,

¢, Examination ot Polished sectlons - Clrcular cross -
sections ol rvods w12, 48, FM-7 and FM-10 were polished for micro-
structural examination, As the primarvy purposc ol the examination
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PLOURE 38 Lxumple of development aof larvpge plts in
loadod track. Pod 413 150X SEM

FLoU, 40 Examp/fe of devoropment of larpe pits in !
louded track. Rod 4185 290X SiM
Dark streaks are artitfacts
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wus to ascortsin the porosity content, the samples warc not etched.
LExamination was by optical and scanning electron microscopy.

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

- .graphs shows (with difficulty) us rolntivolK large whito spots,
often with a black speck at the bottom of the pore as a rosult of
| tho light interference. Tho photograyhs are not of reprosontative

groni. as selocted arous, which containod porosity, had to be
) ound,

Figuros 45A through 48A are randomly solocted viows of the
four soctions taken in plune polarized light. Figures 458 through
488 wore takon with cross-polarizod light of the samo corrosponding
' areas. As a result of tho ability of cross<polarizod light to

ponetrate the surfacoe und rendor visible sub-surface dotail, the
luttor sories of flguros onablos one to obtain un ideu of the

] scalo of tho microstructuroe and 4 meusure of the matorial's uni-
formity, .

Duo to the genoral inadoquacy of the 1ight microscope ple-
tures to cleuarly delinoute the porusity, an SBEM was usod for this
purposo. FlJguro 49A of rod #12 shows the porosity us the lurgor
whito spocks, The contrast is obtuinoed lurgoly as a rosult of the
prosonrso of olomonts ol widoly different atomic numbors which havo
difforont yialds of socondary-eloctron production. The silicon
nitride appours durk while locutions of heavier clemonts uppour
light., Load, from u lead lup usod in the polishing operation, *».*
colloctod in the pores and offoectively sorves to s¥nnu1 thoir
locution. ‘Tho smuller white spocks are smull inclusions contain-
ing primarily olithor tungston or iron. Figure 498 is an onlarged
viow of thu pore in the upper left cornor of Yiguro 49A.

_ Figuros 50, .51 and 52 show purosltr in tho Yemalning thrw
cross ~soctions.  (he Impactod lead has boen removed from tho Yoroa
of those samplans by ultrasonlc clouning., Poroe contrast iy achloeved
primurily by churges in surfuace contour. The pores are genorally
lightor at tho bottom of the photographs thun at the top. Whlto

spocks, reprosenting Incluslons of the hoavior olomoents, uve still
prosent.

3. Qiggggsion

a, Introduction - The sharp change in fatigue
lifo between tho two main rod groups is an experimentul fact. It
{v tho purposo of this divrcussion to clarify the rcasons for this
observed shift., Any attempt to oxplain the difforcence in fatigue
idfo between the two proups sheuld do 0 on a group basis because
the RCF results varioed on a group basis. The prabability that
the rolatlve success of vach and overy rod mast be cxplalned on
the bagis of 1ts unigue characterigtics is low. It Is movoe prob-
ableo, simpler, and, os wo shall see, possible to adequatels oxplain
the fatigue lives on o group buasis,
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FLGURE 41 Poraslty fn rod #10. Phasu-Interference
contrast microscopy So0N

FIGURE 42 Porosity an rod #8.  Phasce-intoerference
contrast microscopy., 500X




FIGURIL 4% DPorosity In Rod BM-7, Phase-interfurence
ccontrast mbervseopy. 560X

PIGURE 44 Porosfity in rod FM-10, Phase-interferonce
microscopy. 500X

ol




Polishod surfuce of rod #12,. DPlune-

F1GURY 4LA
polurized light, 500X

in Figuro 45A,
560X

FIGURE A58 Samo aveoa as
Cross-polarized light,
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PLGURE 46A  Polished surtuce of rod 18, Plane-
polurized lipht, 500X

FIGURE 468 Same aveuw as in Figouve doA, Crodss-
polavized light., 5Ho00X
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PLOURE 470 Poliahed gurface ot rod BT
Plane polavizoed 1ight, 00N

FLGURE 7R Same aren i in Figure 474,
Crosns pnl.'n"\'.'.m\ Tipht, 500N

05




FIGURE 48A

FLGURLE 48R

Polishod surfuce of rod EM-10,

Plune-poir »teed 1lght,

Same arvou as in Flpure
Cross-polarlzed light.

04
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FIGURED A9A Poved ity in rod #)32, 500X ShM

FIGURE 498 Higher magnificution of pro cowards
loway left corper In Flpare 49A, 500X SEM
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] PFLGURE 50 Porosity in rod #8, 500X sB\M

FIGURE 51 Povosity in rod FM-7 500X SEM
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FIGURE 52 DPorosity in rod FM-10~ 500X SiM

There are two alternatives to dotwg so. FEither the material
propertics of the rods in the second group were significantly in-
ferior or there was a coensistent 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
secarch 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-
navorial shift 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 Chunge 1n
Material Characteristics of the Rods - Table XIIT includes a re-
view of the bend strengths of the source billets, the billet den-
sitices 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) possessed
signtficant density variations. It i1s known that somce carly manu-
factured billets had low density centers and presumeably the
questionable billets are of this category.

Porosity content and tungsten concentration account for most
of the variations in rod densities. An Incrcasce in one volume
percent porosity decreasces the density by approximately 0.03 g/cc,
witiie 4 one welpht percent increase in tungsten content ralscs the
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dengity by rourhly 0,03 ﬂ/cc. No systomatic attempt has boon mado
to oxpluin individuul rod density variations on the basis of tho
rolativo weight of thoe two facvors. The limited oxamination of
polishod cross-sections in this study und othor studies on wimilar
mutorial indicate thut tho more variuble factor is tunpgston con~
tont. With the oxcoption of rod #12, the other rods in Table X11
arc 1olt to have acceptabloe donsitiey,

Rod #12 was found to be consistontly abnormal throughout thls
investigation, Ity donsity, porosity, surfaco plt density und
sculv of microstructure aro sufficiontlr di forent to mavk it us
o spociul cuse. Rod #11 was cut from tho same billet an #12, and
ulthough nov included into presont study, is judged to be of
similur muterial,

Tho surfuce intogrity of tvo RCE rods, N1l and PM-6 was in.
vostlgntod by an oxtornal laborutory with tho uue of a krypton
ras absorptlen tochniquo., The tochniquo conunists of promoting
tho absorpeion gnd mochunical untTuymont of the vadlouctive gpun
onte u surfuce., Surfuce discontinultios, such us cruchs or plts,
which hurbor o grouter gas concontrution, cuuse grouater oxyosurus
on u contucting photogruphlic €llm, By mouns of this tochnique,
tho donsity of surfuco sitos of high yus absorption was found toe
be approximatoly twico us great on vod #ll us on vod FM-6. Rods
#12 and IFM-4, ugod in tho Trosunt study are sister rods to tho
rods #11 and M6, vospoctively. The indlcation of th- krypton
gus tochniquo thut rod #11 had o highor donsity of sur co dig-
ruptions 1s in qualltutive agreement with the findingy of this
study that (u) Its sistor rod possossod u highor donuslty of plts
on its us-~finishod surfuco and (b) 1ty sistor rod hud an abnor-
mully high porosity contont,

Ono crlitorion used to cortify the uccoktuhility of u blllet
was o sumpling of its bond strongth, To achioeve cortiflcution,
tho average strongth in three point bending had to oxcoud 100,000

psi.  This critorion was sutlsfled for all billots. Howover,
there ure some Indic ~ions that the uumplin¥ statistics woro
Inadequato for bill, contalning apprucioble denslty varlations,

In purticular, it appuars that the strongth valucgs reportod for
the blllets {from which rods K12 and FM-10 woere reomoved were not
representative of the material in tho rods themsolves., 1t s

wrll known that ceramic strongth is inversely related to poraslty.
The very low denslty oo rud #12 Jdoes not square with the respect-
able strength recordod for its mother bLillet. Thu strongth is
moro in accord wilth the reported deinsity of the billet, rather
than that of the roa. On the ovher hend, rod EM-10 had an above
svorage density. The teported stroagth for the mother billet is
slightly bolow average and is more in accord .th the vverall
billet density, Tho relative porosity content of rods #12 and
FM-10 was examincd by the use of poiished sections ond found to be
consistent ¢ th the relative rod densities.

68




The aforementioned large billet-rod density discrepancies
and the reclated strength variations are exceptions rather 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 group. The
cross-polarized light micrographs of the rod microstructures also
fail to show a group distinction. It is therefore concluded that
the difference in group fatiguc 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 cnly
the first group was a 320 grit diamond wheel used in an inter-
mediate step (final step for the case of FM-1) 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- "y few studies have been published which relate strength
to sur.ace condition for crystalline ceramics. A recommended
literature source for work in this area is the proceedin§s of the
1970 conference held at the National Bureu of Standards.
Experimental work in this area has been hampered by (a) the com-
plexity of the damage which gives rise to a difficuity in :
characterizing it and (b) the difficulty in obtaining reproduce-
able damage. The use of grinding or other multi-body abrasion
processes to preparec 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 an instru-
ment SULh as a profilimeter, does not corrblate well with
strength3s4. 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 relevant surface features. Secondly, most roughnesses
are cxpressed in some averaged form. From a strength viewpoint,
a single surface defect, appropriately located, on a brittle
material 1s essentially equivalent in severity to a high density
of similar defects. Tor the above reasons, it is not surprising
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that the performance of the rod with the roughest surface (rod
FM-1 which was [inally (inished with a 320 grit wheel) was not
inferior to the majority of the other rods,

A case of the inscnsitivity of the strength of alumina as a
function of surface preparation has been observed by researchers
at Southern Resecarch Institute”. Of particular interest 1s their
findings for mectallographically 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 cxplanation for the
insensitivity of the strength is that insufficient material had
been removed in the polishing operation to recach the roots of the
initial damage which continued to control strength.

The precparation of polished samples provides a relevant
example. The importance of removing prior surface damage before
proceeding to a successivelyv finer scale abrasion removal process
in order to obtain high quality polishes is well known to metol-
lographers. DIxtra care must be taken with ceramic specimens to
prevent pull-out artifacts as a result of the inability of these
materials to rclicve 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 Hertzian stresses when the seratching grit was dragged
across the sample's face.

FIGURE 53 Grinding scratch with associated pitting camage
on polished silicon nitride. 500X 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 scverity that
the damage is not removed by standard lapping procedurcs. When
the damaged surfaces are subjected to the high stresses associated
~oth ¢ RCEF xpeir ment, the damage sites act as pre-c-i~ting
nuciei for crack foxwation. The result is carly failurc. The
removal of the relatively deep 100 grit damage by subscquent 320
grit grinding removes the large nuclei necessary for surface crack
formation.

Under this interpretation, the lack of a significant visual
difference betweern 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-cxistant to the re-
grind persisted as a‘result of either (a) insufficient stock re-
moval to erase the pyior 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 thosc 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. Thec proposed main method of spall formation for
the second group of rods, that is the transition from grinding
damage to pit to spall, is mechanistically differcnt from that
believed to be operative in the first group. If the samec mechan-
ism, but with a different incubation time, werc operative in the
first group, large pits should also be observed in their wear
tracks. There werc 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-
ficd 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 spails 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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cxposed porosity. The pores themselves arc 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 compination instrument, (b) a determination of
individual rod densities and (c) an examinaticn of polished cross-
sections of selected rods by light and scanning electron micro-

scopy.

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

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

A Y

(2) The critical difference in finishing procedure
1s 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 1is
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 proceceding utilizing the knowledge gained in surface
studies and full bearing tests are scheduled during the next re-
porting period.

A new group of RCF test rods have been finished by procedures
which include a 320 grit diamond wheel grind prior to final lap-
ving., Very preliminary RCF tests results (falling in the next

)
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repurting period) indicate performance in the range of the oripinal
scereening results,

1t is plunnod to proceed with fabricution of new rollers by

ftmilor stepwise diamond grinding procadures with only tho {inal
crowning operatialn . formed by S51C grindinpg., - -

V. CONCLUSLONS AND REGOMMENDATIONS

Ao Gonelusions

igh strongth fully donse silicon nitride appeuars to Lo
the moust promising coramic for ovaluation in heavily loaded rolling
contact bearing. Under corvtnln conditions In volling contact
futlpgue testlng Hivos approximately threo times those for CVM M.50
are obtalnod.  lHowever, performance in an actuul rollor bearing
hay yet to bo doterminod,

Stlicon nitehar uppears to be a unlgue coramfce In that it
falls by apalling tn u mannor vorr similar to boaring steol
fallures rather than by catastrophice c¢rucking.,

The surface conditlon of sillcon nltride appoars critical to
rolling contaect fatigue 1i7o.  Surfaco preparation should Include
u 320 prit dlamond grinding operation to romove any sub-surfoco
damago done by convsur grit wheels priov to any {inal lapping
oporation,

Porosity nand inclusions provide polnts of cruckh nucleatlon
and tholr ceductlon n siticon nitride should yesult In incroased
porformance.

B Recommundutions

1. Full bearing: bo favricated and run as oviginnlly
planned.  Silicon nitride bearing rollers be tfabricated as ncourly
ds poussible by diamond grinding with only the roll crown added by
stllicon carbide grinding.

2. The postulation that grinding damage was the
principal cause of poor rolling contact fatigue life of certain
rods be validated by turthor testing of rcds with what is belicved
to be the optimum surface preparation procedures,
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APPENDIX 1

Coramics in Rolling Contact Poariigs - Privr Work

Crystallized glugs (Pyrocoram) ceramic was oxamined by
Zarotsky and Anderson® for Yossiblo use in high tompoeraturoe
uRplicutions. While the fullure modo, 4 spall, was similar to
that oxporienced with boaring steels and the scauttor in life
to failure wuy much loss than that experiencod with hoaring
steouls, thoe so-called Ljp of the materiul was loas than 10 porcont
of thut of bearing stnoels, Appledoorn and Royle® confirmod these
rosults in a later publication, Thoso two studios as woll as
othors wgth crystallicod §1ass including that by Curtor und
Zurotsky’ indicute thut if the Ljg wero at loast oquivalont to
that of bourlnf steuls, covemics would bo desirable bocuuse of
tho roduction In scatter of life to faiiure (assou ated with
tho ubsettwe of foroiygn incluslon) und bocnuse of tho avceptablo
modo of twiluro., Crystallized gluss porhn¥s wuy not u good
cundidato because of its low strongth-modulus of rupture s
loss thun 40,000 psi8 - und low hurdness - Yproxlmutoly 5%
Rockwoell ¢ as reported in Ref, 5. In lact, i{ onoe cun oxtract
ono of the moro basic tonots of motal bonring practico, the
crystollizod glass would now not bo considorod bocauso of its
rolatively low hardnoss,

Parker ot al? conducted studies with throo coramics and one
cormet for rolling contauct gpplications with the objective being
high tomporaturo boarings. The coramic matorials wore hot-prossed
and cold-prossod aluminu, both ninoty-nine porcent pure, and a
two-phaso sintoved silicon carbide, This work wus one of muny
that involvod ovalustion of aluminas, und KT silicon curblde, the
lattor manufuctured by the Curborundum Cumpuny. Tts rosults wero
represontative of other work dono und includod five-ball tosts at
room remperature. Onco sguin, life to failure for ccramlcs wad
found to have less scatter than that for bearing stecels, but the
Lig of the bost material was only 7 percent of that of bearing
steels. The mode of fallure was u spall but attributed to a
surfuce conditlon rathor than subsurface stressces. lot-pressod
alumina porformed the best of tho three, and this better perform-
ance was related to minimum porosity, and thus better surface
finish end homogenecity.

In another study, Taylor et a1l0 evaluated hot-pressod
sillcon carbide and hot-pressed alumina for service above 1000°F,
well above the operating temperature of conventional liquid
lubricants. Unfortunately, rolling contact evaluitions were not
conducted in "standard" bearing cnvironment.,

More recently, Scott ct al11 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 was in order. There is reason to belicve that hot-
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pressed silicon nitride the authors ovaluated was substandard,

as tho reported hardnesses on specimans were c¢loso to a full
twelve hundrod points lowor on the Vickers scale than that lound
with hot pressed silicon nitride produced by Norton Company. In
uddition, the authors falled to charactevice tho grade of Kot
pressed silicon nitride testod in terms ov stronpgth, density, and
other important Yroportics. The mlcrostructure of the specimeny
exhibited extensive porosity,

Pavker und Zavetskyl2 presented proliminarvy results ovalua-
ting sillicon nitride at 800,000 psi Hortz stross in u NASA five
ball vipg.  The fatigue spall in the silicon nitride resombloed
thosu in typical boaring scools., Tho load capaclty while approxi-
mately one-third that of typlcal boarings steels was slgnlf&cuntly
Iiighor than Yruviuusly tostod ceramic materinls for rollling
element bearings,

From thoe above montioned studies, one can conclude thut
corumles which provide botteor porformunsy are those which have
very low to zero porosity, have a single hunoponoous phese, and
oxhibit a havdness at least equevaleont to heat treated bearing
stoel,
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APPENDIX IX
RCF Utress Calculation

U Max. » ¢y Cq I/p

————

EXAMPLE ¢

_L3/3
M

Whore v max. « Max. Hertsz Contact Stress, pal (not lubricated)

P = Load in Pounds
Lwl-vy,2 Ll 7L

! k2
Whure E), ¥ are MOE of Matarials

Y1, Y2 are Poiwuon's Ratios

Mol vl v L 4
1

Dl Dz Dl 02

Whore D's are Diametors
Cor Cy » Geometrio Paramutors

7" Diameter steul wheels, 0.50 diameter orown
0.375" Diamoter staml bax, 00 diameter crown

E} = E3 = 30 x 0% pui
Y1 v Y2 < 0,29

dm - Co Cd 3/D

L 273
=
L =6.16 x 10-8
M ow 4,803
“w .71 x .79 pl/3
5.5 x 1070

= 1.02 x 105 pl/3

Log 0 max. = Log 1.02 x 10° + 1/3 Log P

When P = 100 Lbs. 0 max. = 475M psi
When P = 1000 Lbs. 0 max. = ]1,020M psi
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