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3 p.31 ADDENDUM -

Data in Table 9 tabulates maximum tensile stresses at failure vod
load resulting from the Hertzian contact. The average compressive i
stresses at failure (tensile failure), failure TGEH_g_contact area, P
: are: NC-132 - 10.3 GN/m?; SiyN,/Zr0; - 10.9 GN/m?; and SijsNu./Y.0, - L
; 13.4 GN/m?.
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0. ABSTRACT (continued)

aterials resulting in development of machining techniques to
produce bearing quality silicon nitride surfaces without ¥super-
finishing?. Static Hertzian indentation of silicon nitride
surfaces, fracturevoner%y measurements, and radioactive gas
penetrant tracers were found to be potentially valuable evalua-
tion techniques for ceramics in the rolling contdéct environment.
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SUMMARY ;

To date, the evaluation of hybrid rolling contact bearings
‘has been carried out under "accelerated" test conditions or on
a marginally significant statistical sample. The objective of
this program was to initiate testing on a significant pcpulation
to determine life-factors in a loading environment more closely 1

simulating an actual application. Subtasks under this objective
were to:
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1. Design and build 60 mm bore, 20 roller complement
hybrid Si N,/M-50 and all steel M-S0 bearings.

: 2. Initiate "slightly accelerated" testing.

3. Bxperiment with static Hertzian indentation as &
qualification tool.

4. FWvaluate SiyN,-Y,0, hot pressed ceramics.

sk C Rt e Lol i e e

Because of complications encountered in the rolling contact
fatigue qualification of the silicon nitride roller stock, con-
siderable effort was expended to study the techniques used from
the standpoints of specimen preparation, evaluation, and testing.
This delay resulted in not completing bearing fabrication; nor
initiating testing. A fcllow-on program is currently underway :
to complete these objectives. :
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A design study aimed at reducing the higher relative contact g
stresses in the hybrid bearing was carried out. The resulting ,
analysis required geometries impractical to manufacture and were

not pursued further. At the close of this contract all materials

for bearing fabrication have been procured, qualified, and accep-

ted. The retainers for the 20 roller complement bearings are

complete. All tooling for testing the hybrid and all-steel

bearings is oa hand.

i A major effort was made to clarify the variables associated ; :
with the RCF qualification of hot-pressed silicon nitride mater- !

ials. The material properties, specimen fabrication techniques,

and test methods all contribute equally to the data generated in

G el

the RCF test. In this program, the recurring anomalous data ob- 3
! tained was directly related to the techniques used to prepare
1 specimens. The honing and lapping techniques previously used
; for final finishing of RCF rods imparted a degree of variability 1
3 to the surface properties of the material. Once this had been 1

] determined, alternate finishing techniques were sought that

3 would yiela uniform surface properties. Systematic studies to
prepare bearing quality finishes by grinding resulted in uniformly
fine, damage-free surfaces that yielded acceptable RCF behavior
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allowing material qualification. It is felt that the machining
sequence developed can yield an optimized surface compared to
carlier work and is applicable to bearing production as well as
test specimen preparation.

Experimental study of static Hertzian indentation of silicon
nitride surfaces has demonstrated the technique 1s seonsitive to
both machining variables and material properties; it is of use
for ranking materials with regard to tracture energy, surface flaw
distributions, and stress corrosion rates. Evaluation of both
SiyNy/21r0, and SiiNy/Y20s hot pressed ceramics have shown them
both superior to NC-132 (Si,N,/!g0) in terms of resistance to
static Hertzian stresses. The rolling contact fatiguo behavior
remains to be determined. Fracture energy messurements did not
differentiate between NC-132 Si.N, and SisN./Y;0; materials.
Efforts to characterize machining damaged surfaces in the RCF
studies inciuded evaluation by radicactive gas pemetrarxs.

The KET®* technique resclved surface structures not otherwise
detectable, but, as yet, no clear correlation between these struc-
tures and RCF performance exists.

The evaluation of RCF specimen surfaces delayed bearing fab-
rication btut also resulted in closer control o this qualification
technique and the optimization of machining methcds for finishing
SisNy ceramics in bearing applications. Test tooling ~nd some
component fabrication are complete. No new impediments to the
development of ceramic rolling contact boarings were discovered.

*QUAL-X, Inc. Hilllard, Ohio
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FOREWORD

This final report describes offorts at the Norion Company {
under contract to Naval Air Systems Command for the period 14 :
June 1376 through 19 DRecember 1978 on Contract N00019-76-C-025i.
The objective of this program was to investigate the behavior ?
of ceramic materials in rolling contact environments. 1

This program was administered by botk Mr. C. Bersch and Mr.
P. Weinberg, NAVAIR, Washington, DC. The program was initiated
by Dr. H. R. Baumgartner, Norton Company, who was grincipai in- |
vestigator through 20 December 1976. For the remaining portion
of the program, Mr. J. W. Lucek served as principal investigator;
technical management was provided by Dr. M. L. Torti. Bearing
design, matorial qualification, and component manufacturc efforts
were carried out by the Baaring Research Group of Federal-Mogul
Corporation, Ann Arbor, Michigan 48104; Mr. P. Cowley was pria-
: cipal investigator at that facility.
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The authors wish to thank the research support groups at
both the Norton Company and Federal-Mogul Corporatiun., They wish
to ucknowledge the consultation time provided by Dr. Baumgartner
throughout the prograw. The authors also wish to thank the NAVAIR
administrators for their cooperation.
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1. INTRODUCTION

Hot-pressed silicon nitride has been 3hown tn b¢ a viadle
material for use in rollint contact beariags. Programs under the
sponsorship of the Naval Alr Systems Command have shown that
s;saorlg machined silicon nitride surfaces are supsrior ro AlSI

N-350 steel in terms of rolling contact fatigus life.! Hybrid,
as well as all silicon nitride test bhearings have deen manufac-
tured and successfully tested under accelerated life conditions .??
High speed rig tests (2.5 million DN) of hybrid silicor nitride
ball bearings have demonstrated that such bearinge® generate less
heat than an equivalent steel bearing.' Hybrid roller bearings
performed acceptably in a similar environment.! A contract to the
Army Materials and Mechanics Research Center o develop final
finishing techniques for silicon nitride components® has shown
that diamond honing as well a3 silicon cardbide and diamond grind-
ing can produce long contact fatifuo 1ife surfaces. A recent all
silicon nitride baaring test carried out under a joint Navv/Army
contract has demonstrated the feasibility of operating ceraaic
roller beerings both with minimal lubrication and without lubri-
cation for sustained periods oi time in a J402 gas turbine engine.’

Silicon nitride rollirg contact boarings are of interest in
hostile chemical arnd thermal environments for several reasons:

1. The low density of silicon nitride rolling elements,
approximately one-third that of tosl steel, allows for higher
residual bearing capacity through the reduction of centrifugal
body forces. This lower density also reduces element skidding
during rotational velocity transients,

2. The low coefficient of thermal expansion ¢f this
ceramic material, under conditions of a radisl thermal differ-

ential through a bearing, reduces skidding tendencies due to loss
of internal clearance.

3. Silicon nitride's low cnefficient of friction and
high temperature hardness potentially allow operation without
external lubrication. The response of hot pressed NC-132 sili-
con nitride *~ stress fields is essentially elastic to b: und
1000°C. This may allow relaxation of current cooling and lubri-
cation requirements in some applications.

4. The silicon nitride ceramic is essentially inert in
the bearing environment. Oxidation does not begin until 700°C
and reaction with fused salts is neglifible until 700°C also,
In Light of the above considerations, it is urlikely that ary
long term reactions with lubricents should cccur.,

- Frevious work has shown that the formaticn of Hertzian cracks
which lead to boaring component failure is highly dependent on
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the component compcslition, finishl and may be influenced by its

environment through stress corrosion mechanisms. Yttria containing
silicom nitride (Y;0,/Si:Ns) hot Krosaod materials have shown me-
chanicsl properties superior to those of current MgO/SiN, hot
pressed materisl. Initial evaluation of this material indicates
that it possesses a higher modulus of rupture, lower stremgth
variatierns, and a higher fracture energy than regular hot-pressed
silicon nitride, NC-132.°

Barlier work with silicon nitride rolilnt contact element
testing has indicated thero may be a "transition stress level"
below which silicon nitride bouriu! 1.:fe may be considerably
greater than calculated by conventional load/life formula. At
tertz stress levels of 600,000 psi, rolling contact fatigue
testing (RCP) of silicon nitrido has demvnstrated fatigue lives
ten times greater than those of N-50 tool steel.! See Table 1.
The actual advantage is not known as an insufficient number of
element failures occurred; most tests were suspensions and, there-
fore, the data is of limited use fcr life calculations. This
"transition stress level" is felt to be well above bearing de.ign
limits, but is below the stresses encountered im conventional
"asccalerated-1ife" testing. Testing of bearings under load con-
ditions mors representative of an actual application may demon-
strate the existence of such a transition lovel,

[1. BEARING DESIGN

The bcaring design intrnded for testing in this program was
a slightly modified Bower Aircraft d.sign utilized in previous
silicon nitride bearing development work.!*® It is comprised of
& 60 mm bore inner race assembly with a separable outer race, 20
rollgr complement, and a one piece silver-plated machined steel
retainer.

Two design modifications were considered for this progrum:

A. Increasing ths silicon nitride roller crown radius
to raduce the stresses in the contact zone. Silicon nitride's
high Young's modulus results in higher stresses than in an all-
steel bearing under the same conditions. This modification was
not recommended becausoc the iarger radius would be impractical
to manufacture and might comproxise the crown's capacity to ac-
comodate aisalignment.

B. Crowning of the outer riceway to bias the contact
stress to the outer race; wore closely simulating a high speed
application. This change was also not pursued because of uncer-
tain mating crown alignment effects.
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TABLE 1

Summary of RCF Tests on Silicon Nitride
and M-50 CVM Steel as a Function of Loading

- e T

L Hertz Stress

i st it P s

(psi) Silicon Nitride M-50 ;
P N :
E 600,000 16 suspensions in range of  Ljp = 2.38 million {

30.92 - 93.65 million cycles

cycles Lgg = 3.70 million !

! cycles i

' ?

700,000 6 failures in range of Ligp = 1.60 million %

3.85 - 141,54 million cycles !

cycles Lsp = 2.58 million |

cycles .

10 suspensions in range of o

l 32.57 - 113.44 million L

[ cycles ,
750,000 4 failures in range of Nc tests conducted

i 19.72 - 100,61 million 3

cycles ;

2 suspensions at 97.64 and 1

125.74 million cycles

TR I Y

i 300,000 11 failures in range of Testing csused ex-

1.35 - 47.36 million cessive deformation
cycles of the steel bars.
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111, MATERIAL QUALIFICATIONS
A. Silicon Nitride

Four billets of NC~132 sizicon nitride have been produced
for use as roller stock in this program. Standard material quali-
fications have indicated that ell of the billets provided meet the
published specifications for this material. A summary cof these
qualifications appears in Table 2. Four billets provided for roller
stack materisl all exceeded the strength density and chemical spe-
cifications of NC-132 silicon nitride. Additional testing to
determine fracture energy, also shows that the material exhibits
behavior typical of material used in past bearing programs. Based
on the poor rolling contact fatigue performance (below) of billet
300502 it has been rejected as roller stock material. This may
be due to the low concentration of the magnesium oxide/silicate
intergranular phase. The last billet, 428841, was not provided
as roller stock material; but was supplied to Federal-Mogul for
material to be used in grinding studies. The roller stock material

has been qualified in rolling contact fatigue at program completion.

B. Metallic Components

The first lot of 4340 steel for bearing retainers was judged
acceptable by the fourth month of the program and retainer fabri-
cation was initiated. The first lot of M-50 race material was
judged unacceptable by reason of Class 8 carbide segregation and
was rejected by Federal-Mogul for this program and a reorder placed.
The second 1nt of race material was accepted and reserved for fab-
rication after roller stock qualification. M-50 roller stock was
accepted by the eighth month of the program.

IV, RCF TESTING OF NC-132 SILICON NITRIDE

The billets of NC-122 silicon nitride supplied as roller
stock for this program initially exhibited highly variable rolling
contact fatigue performance. Previously qualified specimens of
silicon nitride also exhibited a larger proportion of early fa-
tigue failures than they had when originally qualified. Because
of the inability to gralify otheérwise acceptable ceramic roller
stock, or requalify r:eviously accepted specimens, an effort was

mounted to clarify t.ae RCF variables pertinent to ceramic materials.

The study revealed the primary reason for fatigue life scatter
was the technique used for machining specimens. Lapping and honing
did noet provide silicon nitride surfaces with uniform properties.
Some scatter was attributed to the test equipment. Both of these
complications were resolved in this program. A method to fabricate
RCF specimens by diamond grinding was developed that resulted in
extremely uniform finisbes and acceptable geometries. Testing of
of these specimens on repaired test rigs resulted in acceptance of
the silicon nitride billet stock.

‘10

e Vb e

VAL el AU Tt Aba B oniah At LN AT e o v

'}?
i
i
!
3
]
1
!
b

B A SOV AP N PSR- TULp)




0o°¢g

002°06
000°9
00Z°z01

12°¢
8NH
+I¥882p-4

THTEETT ST S e S TP ARV S T e e DR rem, o R

P e = L T e e T o, e

At e TR N TR AN L AP e

A1ue satpnys Surpurild - uojzrsodmoo [ejuomriadxgy
(uotiearyr>ads e jou/sonyea Ted>1dA]) TIN UeHESTIIJ °S £$23IN0)

S ¢ 9 u

9°¢1 18] Z°9 9 61 - I

9°6¢< §°Z¢ $°S2 (®/1) A 6°SS - §°S7
+»mue=m ainloelq

r A 6°1 6°1 1°2 M 0°¢>

lz2°0 31°0 81°0 81°0 v S°0>

LT°0 12°9 17°0 91°0 oq SL 0>

I0°0 10°0 10°0 10°0 ) S0°0>

09°0 SL°0 SL°0 €¥°0 3N 0° 1>
(o/m) 1eEdTRMAY)

6 8 3 07 u °p g <
00.°68 005°66 20£°0TT  00£°96 5z- X 3 1sd 00008 <
00s°<I 00£°9T 00s°‘tI 009°6 “23@ ‘PIS °q
00L°9TIT 00Z°2ST 002°SST  00S°STIi YOW uUesl ‘e 1sd 000°0T1I<

qisuaa3s
¥2°¢ 9Z2°¢ S2°¢ €Z°¢ 25/8 £L31sueq urw [z7°¢
ZiNH gOTIN:I G0INH TINH 3077 13pmogd
010£ZEd +0S00zdd £0S00£¥d Z0SOOSHC 3a111d NOILVDIJID3dS

SNOILVOIJIT/ND 'TVIYILVH *N*TS Q¥VANVIS
Z T4Vl

Gl

11

]
3
i
i

Py TR




R S

A. Introduction

The rolling contsct fatigue test is a rapid meanr of eval-
ting bearing materials., The tast equipment apgl es a high ragni-
tude (700-800 KSI), cyclic contact strass to the (est sample, a
cylindrical rod, appro:imately 1 cm OD x 7.5 cm long. This rod
is rotated around its cylindrical axis gt 10,000 rpm between two
crowned steel discs which apply a contsct stress to a 0.1 cm wide
circumferential band vn the specimen. The test band undergoes
1.2 miliion stress cycles pesr hour and at the stress levels used,
several times the design stress for boarings, M-50 steels fail
reproducibly in 4-5 hours. Use of this test to qralify ceramic
materials for rolling contact tearings poses unique complications
in that ceramics do not goasess microplesticity at ambient test
tomperatures. Ceramics fail when the local siress exceeds the
inherent strength of the materiasl, Several aspects of RCF ma-
terial evaluation can resuit in magnification of the nominally
applied stress.

1. Material Flawe - inhomogeneities at or near the highly
stressed contact surface can act as stress corcentrators;
i.2., pores, or iarge inclusions.

2. Machining Flaws - on the surface, scratches or small pull-
outs have sharp boundaries and greatly multiply nominal
stresses, A uniformly fine finish, with no large "occa-
sional" flaws, is a necessity.

3. Subsurface Damage - ever though thes contact stress field's
magnitude decreases rapidly with penetration; it can inter-
sect subsurface grinding damage lieft by improper machining.
Resulting failure is net typical c¢f the material, but of the
finishing technique.

4. Tost Rig Alignment - causes additicnal strain in the
sample. Ceramic's high Young's modulus makes these strains
induce higher magnitude stresses. ‘

5. Loading Disc Condition - the roughness of the loading disc
crown can play a major role in the RCF performance of both
ceramic and metallic specimens. Line asperities from crown
grinding act as point indenters on the test surface, yener-
ating very high magnitude, localized stresses., Metallic
materials yield microstructurally to reduce these stresses;
ceramics, generally. do not. This variable is closely con-
trolled as a result,

Thus the RCF test results reflect several, interdependant
variables in addition to basic material integrity. In all cases,
metallic materials will be more forgiving of anomalies than
ceramics; reproducible test rasults on ceramics are a direct fun-
tion of the uniformity that can be maintained in sach varigble,
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The following sections discuss the RCF performance of the supplied
roller stock in light of thv above considerations.

B. Diamond Honed Specimens

The first sev of RCF specimens provided for qualificatiocn
of NC-132 billets, 300502, 300503, and 300504 exhibited only one
of ei%ht lives in excess of three times the steel Q-bar life; the
qualification standard. ™hese specimens, of marginal geometry,
and exhibiting varying degrees of longitudinal and spiral scratches
had originally been judged suitable for material qualification but
after early results a seccnd lot was prepared, This second lot of
RCE rods, also prepared by 320 grit diamond cylindrical grinding
followed bv a 400 grit diamond hone, exhibited considerably better
geometry but surface finishes were poor; in the range of 2-1/2 to
6 micro inches AA. This average roughness, in excess of that con-
sidered acceptabie, was further comnlicated by dense distributions
of fine scratches. These fine scratches are felt to contribute
heavily to poor rolling contact fatigue performance because they
act as preferential initiation sites fur Hertzian cone cracks due
to their extremely high stress concentration factor. The surfaces
of this second lot of specimens were further prepared by hand
finishing (diamond stropping) to remove visual evidence ot scratches.
RCF test results were still unacceptable, probably due to the addi-
tional finishing operation's not removing subsurface damage. Table
3 summarizes these resuits.

C. Lapped Rods

The third set of RCF specimens for billets 300502 thrcugh
300504 was prepared by a lapning technique. This series of test
specimens exhibited better RCF performance than thos previous to
it, but still possessel an unacceptably high percentage of very
low fatigue lives at the 800,0N0 psi stress level., In additionm,
the character of both the failure spall and the wear track re-
sulting firom the RCF evaluation differed from that observed in
previous programs. Figure 1 shows a failure spall on Rod 13,
billet 300502, in whi.h not only a spall but ar area where sur-
face material has been removed is apparent. Figur=s 2A and B,
illuminated by pularized light to highlight cracks by internal
reflection, show cracks both within and at the edges of the wear
track. The cracks within the wear track may be indicative of
either skidding or a weakened surface layer of material. A de-
tailed review of both the RCF testing techniques as well as the
specimen preparation operations was initiated.

D. Technique Investigations

Ceramic materials are brittle and highly susceptible to
point loading. An increase in the surface roughness of the steel
loading discs used in the RCF test could adversely affect the con-
tact fatigue life of the silicon nitride ceramic. Review of the
techniques used in finishing the loading discs showed that the
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; TABLE 3 o
4 RCF Data Summary - 800,000 psi Stress ' %
i , L
Axial | ]
1 Surface ‘ )
b Roughness RCF Lives : !
i Rod Billet (u"AA) [x 10% cycles) _ Comments |
1 300502 1.9 0.8 Marginal geometry, 5
{ , : originally accepted for ; 3
; Cylindrical grind/400 ; :
L 5 360503 3.0 4.5 grit diamond hone ;
1 : (probably contaminated) i :
4 4 300503 2.6 Longitudinal scratches, B 4
: 5 300504 3.2 Spical hone marks, 502 3
6 300504 3.8 7.88 showo chatter. s
; .
L 7 300502 5.7 4.15, 5.4, 0.4  Geometry acceptable,
! . honed, stropped with
' 8 300502 5.2 diamond to remove 3
, 9 3500503 2.2 scratches, probably E
] didn't remove sub- )
10 300503 3.6 surface damage. :
; 11 300504 2.8
51 12 300504 4.9 16.2
A Si,N,-Y,0, 2.5 B
._ B SigN,-Y,0, 3.9
13 200502 1.0 0.2, 0.8 Cylindrical ground 220
: ' diamond 0.00)"/pass

g 14 300502 ~1.0 0.2 infeed, cast iron ring 2
15 300503 1.0 4.3, 9.4, S% S*  1apped, light ramdom | 3
3 scratches, #13 not com- 3
E 16 300503 1.0 0.1 pletely =lean, geometry 3
i 17 300504 ~1,0 12.08, €.2, 2.6, acceptible. Definite » :
) 15.38 0.2, 8.0s subsurface damage. 1
" 18 300504 ~1.0 12.0, 13.5, 6.6 »
0002’ 8-6’ 9.8 ‘
19 <1.0 0.7, 298, 2, S*, S*,
. 252,58t .-
; 20 <1.0 2.3, 0.4, 35,55 320 Cia. cylindrical
i 111.25§ grindi. 0.0002"/psss in- :
¢ : , feed. Cast iron ring

. - > 3

: Suep;%zogoo p.i.l.s million at NAPC., Tranton lap. Geometry /snrface |
: ' A finish acceptable :
: S = Suspension + 600 XSI P

i 14
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FIGURE 1 - Rod 13 failure spall, 50X SEM
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] FIGURES 2A § B - Wear tracks Rods 13 and 14
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technique itzelf had not changed; but that it is a hand operation
and subject to operator variance. The roughness of the loading
discs used may have increased marginally during this program but,
in the final review, it was felt that this was not a major factor
in the change in RCF performance. Early in the testing of the
third series of RCF specimens, the controlled lot of steel "Q-
bars" began to show a large variability in their contact fatigue
lives. This behavior was traced to a worn set of contacts in a
balancing circuit for the load cell on the RCF tester. These worn
contacts made exact determination of the load applied to a speci-
men during testing uncertain. It is not known whether this condi-
tion existed, to a lesser degree, during the testing of the first
two logs of RCF rods. After repair of the bridge circuit testing
resumed,

Review of the machining parameters for the third lot of RCF
specimens revealed that improper final finishing operations were
used. Specimens were cylindrically ground with a 320 grit diamend
wheel to 0.005" oversize radius. An infeed of approximately 0.0002"
per pass was used in this machining operation; samples were then
delivered for lapping. Prior to this operation, however, a 220
grit diamond wheel at 0.001" per pass was used to reduce the radius
to 0.001" oversize. The specimens were then cast iron ring lapped
with 6 and 3 micron diamond paste to provide a matte finish; this
was followed bv a SnO, slurry polish to remove any very fine
scratthes. The resulting geometry and surface finish were excel-
lent; however, there was undoubtedly considerable subsurface damage
in these specimens. Investigation of these rods with the KET sur-
face characterization technique at QUAL-X Industries, Inc. did not
greatly clarify the surface characteristics of these specimens; but
did point out that the technique has potential use in ceramic sur-
face characterization. See Appendix A.

A replacement billet, 323010, was pressed after billet number
300502 was judged unsuitable. All RCF test results for 300502 had
been extremely poor and it was felt that a second lot of material
might shed further light on the RCF testing situation by sampling
silicon nitride materials from completely different lots than those
originally provided. RCF specimens from this billet were ground
with a 320 grit diamond wheel at 0.0002" per pass radial infeed to
0.001" oversizc .Jiameter. These specimens were then cast-iron ring
lapped. Both geometry and surface finish were excellent. Testing
of this billet, 3till yielded fatigue lives ranging from less than
a million stress cycles to over a hundred millicm stress cycles,
Additional testing on billet 300503 at 700,000 psi Hertz stress
rather than the customary 800,000 psi Hertz stress yielded two sus-
pensions at 43 and 58 million stress cycles. Testing of billet
300503 and 323010 at the Naval Air Propulsion Center in Trenton,
New Jersey, yielded four suspensions all greater than 115 million
stress cycles. These results cannot be compared to the Federal-
Mogul results as the test conditions differ greatly between the
two facilities. It is also disturbing that no differentiation
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hetween Rod 15 (300503, and Rod 19 (323010) was possible at NAPC

even though Rod 15 was felt to have suffered serious subsurface
machining damsge.

et =l

Final finishing of this third lot of RCF specimens oy ring
lapping was chosen as the most expedient wmethod of obtaining an
acceptable surface finish and geometcy. Final finishing of RCF
specimens by honing did not provide acceptable specimens. To
some degree, the variability noted in the testing of the lapped
specimens can he justified on a historic basis. A previnrus pro-
gram, dedicated to investijating finishing techniques for silicon
nitride, noted that honing 8s a final finishing operation provided
sgecimens which gave regraducibly long contact fatigue lives.®
RCF specimens final finished by lapping techniques, from the same
material and the same program, e¢xh:-bited considerably lower lives ;
and much more scatter. See Table 4. For axample, a specimen of ' E
acceptable silicon nitride material finished by lapping plus a !
Sn0 slurry polis. gave rolling contact fatigue lives ranging from
0.5 to 88 million stress cycles at the Federal-Mogul test facility.
Rod 20, from this program and finished by the same technique

-y

yielded lives ranging from C.4 million tc 111 million stress

e

RIS AP A I P

R Tl L, e M e

{
: cycles; also at the Federal-Mogul facility. Accordingly, some ; 3
; of the variability noted in this program may be traced to the ; §
; finishing technique used. g
] b
3 i i
2

: TABLE 4
] RCE Life Versus Finish for NC-132*

; Finish ' RCF Life (cycles x 10%)
320 Diamond Cyiindrical Grind 165, 24, 5

e i e R Bl

320 Diamond Cylindrical Grind 77, 71, 34, 62, 12, 10, i1,

plus 400 grit hone 11, 11, 12, 11, 10, 10, 11 |
3 320 Dismond Cylindricel Grind 121, 52, 51, 11, 11, 11, 9, ]
plus 600 grit hone 11, 10, 12, 11 :

320 Diamond Cylindrical Grind 5, 3, 11, 2, 8
plus 6u dismond lap

e g

R S WY S

320 Diamond Cylindrical Grind 30, 88, 0.6, 3, 12, 11, 11 : i
plus 6y diamond lap 5 3
plus SnO2 slurry polish . j

e

220 Diamond Cylindrical Grind 50, 40, 3 1 ;
plus 600 grit hone |
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An additional component of variability may “e attributed to
the RCF testing equipment itself. Coincident wich the testing of
the lapped silicon nitride rods from this program, several tests
were run on RCF specimens from other bearing programs that had been
used to gualify silicon nitride stock based on uniformlg acceptable
fatigue performance. These specimens now yielded variable fatigue
lives ranging between 0.7 and 55 million stress cycles; similar to
the results currently being obtained on roller stock supplied.

E. Conclusions

A review of these results indicated that RCF rods ficm
Lots A and B, both honed, gave highly variable and unacceptable
contact fatigue performonce primarily because of surface scratches
caused by a contaminated diamond hone. The variability exhibited
by Lot C is attributed to several scurces; machining damage is a
certainty, load celi variability noted previously, and that lepped
specimens have historically exhibited wider scatter thaun properly
hcned specimens. Given that some scatter was expected from the
lappei rods and that the RCF testers were yleiding more variable

results than usual it was decided that either or both factors were
affecting the RCF lives,

Withir programs constraints, an effort was mounted at Federal-
Mogul to eliminrte the effect of machiuing variables in RCF per-
formance by systuma*ic grinding studies. These efforts are dis-
cussed it Sec*jor. V of this report. The resitlt of this study was
taat excellznt surface properties ware obtained without resorting

to either lapping or honing as final finishing steps. RCF testing
data on these rods are presented in Table 5.

TABLE §

RCF Lives of Diamond Ground NC-132
at 800,000 psi Contact Stress

Surface Roundness RCF Lives*
Billet/Rod Finish u" AA _ " AA x 10* cycles
300503/1T 1.5 18 6.3, 6.4, 6.6
300503/1h 1.5 20-30 15.9, 16.3, 6.2
300504/27 1.8 25 6.4, 6.8, 7.8
300504/2H 1.5 15 6.8, 3.8, 6.7
323010/3T 1.5 20 6.7, 8.7, 7.2
323010/3H 1.5 30-50 7.3, 7.3, 6.7

*A11 tests were suspended after exceedirg Q-bar lives ranging

from 4.5-6.7 x 10* cycles € 700 KSI with an average life of
5.6 x 10% cycles
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RCF testing of specimens fabricated by the develoged grinding
techriques was carried out only to detect the early fallures that
had been experienced previously. It was decided that if no failures
occurred before the M-50 qualification bar life limit (5-6 x 10¢
stress cycles) was reached, the material would qualify as roller
stock., This premise is based on the fact that occasional long
lives were noted in the dana¥ed bars. If the low lives were eli-

minated by a machining techn auo; sufficient data existed on the
longex lives normally expected.

Table 5 shows thst all testing carried out on the ground
specimens was susgended at a level higher than the M-50 Q-bar life.
There were no sarly failures. This data, combined with the occa-
sional long lives exhibited dy machining damaged specimens, quali-
fied billets 323010, 200503, and 300504 as roller stock. The data
also stiongly highlighted that uniformity of finish is a prime
consideration in these specimens. Lapoed rods from bDillat 323010
were, by averaging profilometry, smonther than ths Federal-Mosul
greund specimen:, but at 80C KSI contucit ctress levels yielde
4 of 6 1lives lower than the M-50 Q-bar. 1.:e role of sub-surface

damage in RCF life variability is also clear from comparison of
lapped and ground data.

V. RCF SPECIMEN PRODUCTION DEVELOPMENT

The variability noted in RCF testing of current NC-132 billet
stock material necessitated the development or a machining tech-
nigue providing suitable specimens. Efforts carried out by
Federal-Mogul were aimed at eliminating the final honing or
lapping operation and veproducidbly producing specimens by diamond

gr%nding only. A thres phase effort was conducted as outlined
below:

+ BEstablish conditions and parameters required to produce
the desired uniform finish and geometry.

* Froduce six RCF specimens from previously qualified
silicon nitride stock and conduct RCF tests to
demonstrate the finisiing technique's suitadbility.

* Produce six RCF specimens from curreant billets (2 from
each) and conduct sufficient tests to qualify material.

The finished RCF specimen is a right cylinder, approximately
3 inches long and 0.3750 inches (+0 -0.0002) in diameter. The
rcundness is controlled to less than 50 microinch and the surface
finish is normally 4 microinch AA or better. The material blank
form is typically 6 inches iong with a8 0.4 inch square cross sec-
tion and is sliced from the material to be qualified.

The grinding parameters established in the first phase that
were employed in specimen preparation for subsequent work sre
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summarized in Table 6. Characteristics of specimens prepared in
the first and second phases is presented in Table 7. Prior to
cylindrical grinding, the first phase bars wore surface ground to
an octagonal cross section to reduce cylindrical grinding time.
This step was eliminated in phases two ani throe; specimens were
rough ground directly from square stock. Stecl female centers
were cemented on the bar ends as shown in Figure 3A.

Figure SB depicts the surface obtained by final §r1ndin with
a 600 grit diamond whael on a cylindrical grinder equipped with a
five micron particle filter in the grinding coolant line. This
surface exhibits no large random flaws (common without the filter)
and very little smearing. The surface finish is 1-2 wmicroinch AA.
The mottled structure evident in Figure 3B is due to a high magne-
sium silicate concentration in the test material; that the struc-
tura is clearly evident attests to the minimal surface damage
imparted in this final grinding procedure. While the surface
finish of these first phase rods ls quite acceptable, the goometry
was not satisfactery. These rods were 30-60 wicroinch out of
round and the 6 inch rods exhibit a 0.0005 inch barrel shape due
to deflection under the high finish grinding pressures,

The geometries of the second and third phase rods were im-
proved by slicing the 6 inch rods into 3 inch lengths between
rough and intermediate grinds. The roundness was improved by
improving the steel female centers used to hold the rod.

The 150 and 3520 grit diamond vheels were trued with a Norton
brake controlled truing device used with a 60 grit silicon carbide

wheel. They were dressed with fixtured Norton SiC dressing sticks.

The 600 grit wheel was trued with the fixturad dressing sticks and
cleaned with chlorethane pricr to grinding.

The 320 grit diamond wheel produced a 3-4 microinch surface
finish when the wheel was ogtinally conditioned. Freshly dressed,
the resulting finish was likely to be much rougher, perhaps 8-14
microinch. The finish with a 320 grit wheel is, thus, difficult
to control due to the critical nature of the whael conditioning.
The 600 grit wheel, consistently produced a 1-2 microin:ch finish
when the grindinf stock was 0.0002'/side or less. Finish and
geometry generally deteriorated with greater stock removal.

The grocedures outlined in Table 6 allow the production of
sound silicon nitride surfaces; possessing a urniform and repro-
ducible machining flaw size distribution. Prior to the study,
this information did not exist. Careful mounting of minimum
length specimens during final grinding operations will reduce
deflection and insure roundness is obtained.
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§ TABLE 6 |
E .
é RCF Rod Diamond Grindiag Parameters
E ‘ i
i Rough ‘Intermediate Semi-Finish Finish g
| Wheel Grit® 150 320 320 600 .
g Wheel Speed (SFPM) 6400 6400 6400 6400 g
E Wo.x Speed (RPNM) $00 500 $00 500 g
: Table Speed (IPM) 30 30 30 15 é
7~-7eed (In./Pags) 0.0005%%  0.0002$ 0.0001 0.0001 ;
; After Grind: %
| Rod Size (dia.) 0.396 0.385 0.3754 0.3780 ;
Stock (In/side) 0.01 0.00S 0.0002 -0- ;
» *Diamond Wheel Specifications i
; 150 = SD150R100B69 !
; =21 « SD320R100B69 ;
= 620 = D6OON7SB3S 5
*%0,00025 after rod is round ?
]
| TABLE 7 b
-;
Grinding Development RCF Specimens § ;
3 5 j
d {
; Surface Finish Roundness RCF Livss 2 3
: Rod Billet u" AA u" AA x 10® cycles § ]
1-6 Scrap 1.5-2.0 30-60 ND v
é 1A 428841 1.5-2.0 25 17.48, 2.9, 17.58% P
F 1D 428841 1.5-2.0 30 12.68, 12.95 |
; A 428841 1.0-1.5 20 19.7S, 16.6S ? :
; 2 428801 2.0-2.5 45 16.85 o
! 3A 428841 1.5-2.0 20 14.0S, 12.6 % :
: é
S = Suspension ; §
! *Previous lives H
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FIGURES 3A & B - RCF rod, Federal-Moguil
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Vi« COMPONENT MANUFACTURE g

Other than the material qualification difficulties discussed : |
in the previous section, metallic bearing component fabrication :
proceeded smoothly. At the close of the current contract, the
following work had been completed:

TR~ T TR ey

1. Retainers for both the metallic and hybrid bearings ?
are complete.

AT SR,

2. Endurance test tooling is complete.

3. M-50 steel roller material has been accepted.
Final machining of steel rollers will be done at !
the same time as the NC-132 rollers in order to ; ;
obtain maximum continuity. :

, 4. M-50 steel race materials for both hybrid and
; metallic bearings has been accepted and is
ready for machining.

5. Silicon nitride roller material has now been : §
qualified and accepted for fabrication. i :

¢ VII. EXPERIMENTAL MATERIALS TESTING ‘ i

A. Fracture Energy : :

R i

Fracture energiss for the three original NC-132 billets :
: and the SisN,-Y,0s (NCX-34) were determinad by the double canti- i
; lever beam technique at the Naval Research Laboratories. This
§ testing technique is believed to accurately characterize hot-
{ pressed silicon nitrides in the rolling contact environment;' but
3 it yields data with a high standard deviation. The results in- [
: dicate that there is some experimental difference between 300502 3
and 300504 but this is due to a single, unexplained, very high
value for 300504, Disregarding that one data point, there is no
statistical difference between the billets. See Table 8.

i b n e (% e

. Testing of the Sig¢Ny-Y20, (NCX-34) hot pressed material in-

: dicates its fracture emergy falls in the same range as the NC-132
3 silicon nitride and may be slightly (5 percent) higher. This is
slightly at variance with expected results based on the MOR data
on these two materials, which indicates that NCX-34 should possess
a measureably h.;hsr fracture energy.t

B S - SRR S0 v

B. Hertzian Contact Characterization

The rolling contact bearing environment is characterized
by essentially static loading to very high magnitudes. See
Appendix B. Static indentation of various silicon nitride

24
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TABLE 8
Fracture Energy Measurements

Individual Values Samplo.uenn Standard

Material - J/mr I/ Deviation
NC-132 27.8, 33.3, 23.1 »

(300502) 18.0, 19.6. 30.7 5.4 6.2
NC-132

(300503)  32.1, 40.8, 24.6 32.5 8.1
(300504)  34.5. 67.2 39.6 15.6
NCX- 34
(SisNy- 18-62 34 14

8% Y,04) -

materials, using MgO, Y,04, and Zr0, as densification aids, with
various surfacé finishes and in two environments using tungstea
carbide indenters was studied as a possible materials characteri-
zation tool. The Hertzian stress fields resulting when semi-
infinite plates are indented with spherical tools have been de-
scribed in the literature.'!’ The use of acoustic emission

equipment to detect the formation of the 'cone" crack has also
been described for glass specimens.!!

Hertzian indentation testing of silicon nitride surfaces with
tungsten carbide balls at constant indentation rates* was carried
out to determine the technique's sensitivity to several material
variables. Failure was detected by acoustic emission equipment**
and verified by metallographic investigation.

Plates of silicon nitride materials nominally 1" x 3" x 1/8"
were indented with 0.1875" diameter WC spheres*** at a crosshead
speed of 0.02"/minute, A piezo-electric transducer was attached
to the sgecimen whose signal after amplification was integrated
electronically for display. Recording of both loxd and summed
acoustic emission was done on a dual strip chart recorder. Figures
4 and 5 show the equipment layout. Figures 6A and B show typical
load/emission plots. The large emission of sound was demonstrated
to correspond to the formation of the cone crack, the phy:ical
nature of which is depicted in Figure 7.

*Instron Mechanical Tester, Canton, MA

**Duneagan Acoustic Count Totalizer NS-1A
®***Kennemetal Inc. Latrobe, PA
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FIGURE 7 - Hertzian cone crack 50X SEM

The cone cracks are difficult to detect in an opaque material.
Dye penetration characterization of the cone cracks is possible,
but of low sensitivity. Under cr3ssed nichols in reflected light,
internal reflection of light in tha crack allows the cracks to be
detected and accurateiy messured, Figures 8A and B show both the
contact sone where the carbide ball disturbed the machined surface
(shear stress) and an arc of a cone crack under crossed nichols.

The results of the testing on standardized surfaces are pre-
sented in Table 9. The testing shows that the technique is sen-
sitive to changes in material (fracture energy, most likely); but
do2s not accurately reflec measured differences in MOR or small
measured chanzes in fracture energy in a single material. Testing
in a 100 percent humidity snvironment was carried out. NC-132
samples were loaded to 75-85 percent of their mean measured failure
load, and held for up to fifteen minutes in the saturated environ-
ment. Loading then proceeded to failure; no statistical difference
in P., the critical load, was detected. Thus, the test has not
demonstrated that stress ccrrosion mechanisms operate in NC-132.
Testing of abraded surfaces did not greatly reduce the load re-
quired for fracture; however, heavy oxidation coatings did impair
performance. The heavily vxidized surfaces do not have the inte-
grity of NC-132, most likely due to high contact stresses being

29

R YT
. g T T TR TR Y
e a1 TR T RTINS bl R k.
. o “
SR L L sl
PRI ST e

i
1

i e g .




e T
L ey miee e g T TR Sada
e ey TR TR s +
P :
I A |
. - N
‘.m'f’m. - T

i
1 !
: |
¥ ;:
, A f

Contact area
90X

el p—
Tt kb sk B

ot

T T e
I

i

-

B

Rpmm— Ll

Crack front
240X

FIGURE 8 - Hertzian contact arecas of NC-132

e T e AR e

Xi

gg

' a0
{

- v el e s e T e
O
e o dr e st




- —— s

ki chioh o i e ki w . 1
[
TABLE 9 i
Hertzian Indentation Testing
Hot-Pressed Silicon Nitride :
0.1875" WC Indenter i
Naximum Standard é
Modulus of Fracture Contact Deviation !
R\;&tuu Baorgy Stress and Sample
Material /n? J/m _NN/w? Size 3
NC-132 ae i
NC-132 :
£500508) 917 33 2580 69/33 %
C-132 ;
(300304) 910 40 2570 62/54
“yNy*5% 210, 896 87 2700 200/11 |
Noet88 Y20, 965 34 2820 160/11
1
-
set up in the Si0, layer rather than in a "crack-blunted" silicon :
nitride surface. ;
The Hertz indentation test is of sufficient sensitivity to ;
detect large changes in material behavior, It is interesting to .
note that static loading failures occurred ir the region of 400 ;
KSI Hertz stress. RCF tests are run at 800 KSI; indicating the P
large effect of the lubricant film on stress reduction. Currently Lo
the test cannot be recommended as a qualification tool for bearing .
materials, P
l
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APPENDIX A

Bvaluation of KET*
Surface Characterization Technique
for SigN4 Surfaces

prepared for
Naval Air Systems Command

April 1978

J. W. Lucek
Reasecrch Engineer
Industrial Ceramics Division

®*Registered Trademark - Qual-X, Inc.

A-1

»ullllllllk1huaa.‘_amlJmhau;a.-~‘uuamau.}Mlm-a-nn&qltAln;-lnnulnnf

S as G, ¢S L |

e Lk g

i e Yo i it ki

Vo, i,




e e —— b
g T T . b

b BEvaluation of KBT - %
Surface Characterization Techinque
For SigNyq Surfaces

SUMNARY

o™
A

KRT surface characterization of NC-132* silicom nitride

R i daacittattes ot SR

specimens with bearing quality surface finishes was carried out.

Characterization by several other techniques; fluorescent dye

PR 1T

% penetrant, SEM, Dispersive Wavelength X-ray analysis (EDAX), and

E optical microscopy failed to substantiate the surface structure
1 revealed in the KET signatures.

e it sl 7 e o A

Correlation of the KET signa-
tures to RCF data for the surfaces proved difficult.

PR PV

INTRODUCTION

B SR
G tiss  2oadk il .

The KBT surface characterization technique utilizes a surface

adsorbed radioactive tracer as a ‘"penetrant" to detect microscopi-

cally fine surface flaws. Krypton gas enriched with 36Kr35 is

T e TR T

adsorbed on surfaces and then allowed to diffuse off while exposing

photographic emulsion. Cracks and pores in the surface retain move

krypton; due to higher surface area and more tortuous diffusion

s it MBS i AN RY e At 4 et 4 M s 4

o e

paths; than a flat, smooth surface and darken the emulsion to a i f
greater degree.

) Several RCF test specimens of silicon nitride with various |
l surface preparation techniques and documented contact fatigue | :
: ,

behavior were surface characterized by KET. Efforts were made to

relate the KET signature to either finish technique or RCF life.

! Pores or machining flaws in HP Si3zN4 are not easily detectable
E by traditional penetration techniques.

t
{
!

3 *Norton Company
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KET CHARACTERIZATION
Four runs were made on each sanple to verify that the
signatures cbtained were due to the ssmple surface structure
and not process variables. The typical pore size of NC-132
3ailicon nitride is less than Su and the machining flaws ex-
poected ware ever finmer.
Process variables with high speed emulsion could conceivably
play an important part in the results obtained. KET signatures
similar to each other were obtained each time. It is felt that
the signatures obtained are characteristic of the surface studied
and not due to a controlled process variabl;,
Three characteristic surface signatures were obtained from
the RCF rods. The first signature is fairly uniform in density.
This type of signature would be expected from a uniform distribu-
tion of fine pores. This particular rod was ground with 150 and :
320 grit diamond wheels sequentizlly and finished with 1000 grit é
§iC. This rod had highly variable (poor) RCF characteristics. v
The second signature is one that shows varying degress of
response to KET. This density variation should represent a con-
siderable di:ference in porosity of the sample. This rod was
159 and 320 grit ground @nd then 400 grit diamond honed. Its
RCF performance was excellent. Another rod with a similar sig-
nature, 100 grit and 320 grit diamond ground with no rinal step,
also gave excellent life in RCF testing. Traditional liquid dye
penetrant, optical, and SEM characterization do not reveal any

c¢f this structure. See Figure 1.
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The third signature shows an "island" structure where the
indications are beatwesn 500 and 2000y in diameter. This parti-
culsr siguature was found on three rods. Sample 73-2S was 220
grit ground and then lapped with 6 and 3u diamond paste. Rods
15 snd 17 wers 220 grit diamond ground, lspped with successively
finer dismond to 3y diamond, and polished with CeO;. All three

- ayre felt to have suffered varying degrees of subsurface damage

in their processing. RCF performance on all three was fair to
poor. See Figures 2 and 3.

This is the most interesting structure, particularly in the
light that all these rods are felt to have some sub-surface daxage.
One of these samples was given a thornugh optical, SEM, and EDAX
characterization in efforts to relate the "island" structure to
discernable surface details. A reconstruction of the island
structure signature at 100X appears in Figure 4. Indications of
such a structure were looked for in various SEM modes. See Figures
5-8. No concentration gradients of the elements detected by dis-
persive x-ray clearly fall in a similar pattern. Figure 8, SEM
in backscatter mode 1000X, clearly shows the pores in the surface;
but scanning the surface shows that they are uniformly dispersed.
The source of the potassium in the EDAX characterization is un-
known. The potassium concentration in NC-132 silicom nitride is
considerably below the threshold of sensitivity for dispersive
x-ray analysis. Conference with both Qual-X and Kodak have not

revealed any likely source. Optical microscopy uf the same area
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with crossed nichols did not detect fine surface cracks due to
internal reflection; nor any other indications of flaws. Fluoresceat
dye penetration revealed none of the island siructure.

The KET penetration technique routinely detected the spalls
and Hertzian cracks due te RCF testing. It is interesting to note
that in most cases the test bands are lighter than the surrounding

material in the signature, perhaps indicating the surface struc-
ture is filled with wear debris from the testing.

CONCLUSIONS

The KBT signature for a very uniformly finished, high contact
fatigue life sample indicates considerable veriations in surface
porosity. Such a surface would not he expected to give good per-
formance. The KET indication of uniform porosity, a desireable
characteristic, occurred on a rod with highly variable RCF per-
formance. Rods felt to have been damaged in their near surfuce
layers with poor RCF performance gave an island structure in the
KET signature. This indication is significant; but based on the
previous two signature types this result must not be accepted as
completely reliable. If the third signature is an indication of
subsurface danage in HP SiiN4, KET is the only NDE technique to
reveal it to date. That single characteristic makes this technique

of interest for ceramic bearing surface characterization.

RECOMMENDAT IONS

Because of the technological promise of the KET characteriza-

tion technique further work on subsurface damaged materials is in

order. A-S
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1.
2,
3.

4.

Simpler specimen geometries - test bars.
Various flnishing techniquos.

T

Relate to simple strangth charactoristics - flexure.

Constant base uuterial : ' ) o

Documented control of KET ‘technique
A. film-lot |
B. emulsion contact withvsurféce
C. sample cléaning procedﬁfes

D." uniform processing techniques_ -

Once such an investigation has been made, the . known strength

and finishing ralationshipsvw1113b9§de£in§t1vely related to charac-

teristic KET usefulness of the technique can be ‘determined.
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FIGURE 3 - Rod 72-25 KET Signature 2,5X
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APPENDIX B
Semi-Static Loading on RC Environment

{ Respon#e of ceramic materials to stress fields must be treated
dygauically if the stress fronts advance at significant portion of
the velocity of sound on the material. Thus, the rate of speed
withqwhich the Hertzian contact zone advances must be considerably
less than 10’-10‘ m/s. In the RCF test; the test specimen rotates
at 1050 ;édiaﬁs/second. The calculations below justify the con-
sideration of this test as essentially static, and thus, similar
to indentationiﬂertzian testing as far as loading rate is considered.

The contact zone in the 800 KSI RCF test is an ellipse due to
the fact that the steel rollers are crowned. The major axis of the
contact area, parallel to the RCF rod axis, is the direction in
which the major stresses are applied and approximately 0.015 inches
long. Assuming the contact area to be planar, a reasonable assump-
tion, the minor axis is 0.13" long.

At a rotational velocity of 1050 radians/second the sample's
major axis will increase from 0% 0.015" in 0.005 sec. Thus the
contact major axis increases at an average rate of Z'"/second or
0.07 m/sec; considerably Iower than the acoustic velocity.

The initial increase in "diameter' of the contact area occurs
ot a rate approaching infinity in the unlubricated state. The
actual rate is much lower and the sizes are only apprcximations

because of the lubrication film present during testing.
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