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1. Introduction

T h i s  report presents the results of an analytical and exper-
imen t a l  s tudy  conducted by SK F Technology Services , a d i v i s i o n

V of SKF Industries , Inc . located in King of Prussia , Pa. for US
Naval Air Systems Command , Wash ing ton , D.C. 20361 under contract
N 0 0 0 l 9 - 5 - C - 0 3 0 3 .  T h i s  is the final technical report issued onr I i  thi s program which w a s  conducted during the period extending from

ii A pril , 1978 to A u g u s t , l9~~~ .

~~~‘

-

~ 
I u 

1 . 1 } k g i o t nd

Typicall y , the overall efficiency of a gas turbine engine
i~ directly related to the rotating speed of the shaft and the
t e m p e r a t u r e  a t t a i n a b l e  in the combustion chamber. Material
properties and system operating characteristics produce practical
l imitations on the allo w able levels of these parameters , and
t h u s  l i m i t  power u n i t  e f f i c ie n c .

The rolling cont act bearings which are used to support the
t u r b i n e  s h a f t  h a v e  been one area where such l i m i t s  have been
e x p e r i e n c e d . B e a r i n g  s t e e l s  and l u b r i c a n t s  have f i n i t e  hi gh
temperature limit s  w h i c h  mus t  be respected if acceptable bearing
p e r f o r m a n c e  and l i f e  a r e  to  be ach ieved . Furthermore , the
inc rea sed  c e n t r i f u g a l  f o r c e s  expe r i enced  at h i g h speeds produce
loads ofl the outer ring which can  produce si g n i f i c a n t  r educ t ions  =
in  b e a r i n g  l i f e . To d a t e , advances in bea r i ng  technology have
k e p t  pace w i t h  t u r b i n e  deve lopmen t  so t h a t  the  b e a r i n g s  have not
been a key l i m i t  i n c  f a c t o r .  However , i f  t h i s  trend is to continue ,
i t  w o u l d  a p p e a r  t h a t  nove l  approaches  w i l l  be required to over -
come the ht -i ring dt .~ . i g n  l i m i t a t i o n s

One new approach which has been considered as a solution to
these problems is the switch to c e r a m i c  bea r ing  m a t e r i a l s .  A
p r i m e  c i n d i d i t e  for  thi s application is hot pressed silicon nit-

~
= - Li ride which is characterized by a 1 w  mass , a resistance to

extreme temperatures , a low coefficient of sliding friction , and
hi gh wear r e s i s t a n c e .  A significant amount of effort has been
expended d u r i n g  the past decade to show that hot pressed silicon

Ii nitride i s  su it ihi e for use as a bearing material (l~~3*), devel-
op i ng fin ishing techniques which will provide surface textures

F’ 
accep tab le  for r o l l i n g  bea r ing  operat ion on ceramic components
(4-8), evaluating the performance characteristics of hybrid
s t e e l / c e r a m i c  h e a r i n g s  ~~ - l l ) ,  an d accumu la t i ng l i fe  da t a on
ceramic components (12-14). The results of these programs have
been positive and effort is now underway to develop the manu-
facturing technology to fabricate all ceramic bearings (15).

*Numbers in parenthesis refer to references listed in Section 10
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To t a k e  f u l l  a d v a n t a g e  of t he  improved pe r fo rmance  p o t e n t i a l
of ceramic bear ings , it will be necessary to design systems
spe cific a ll y f o r  th i s purpose. However , si gnificant performance

— improvements can he achieved in current systems without exper-
iencing this t o tal cost i m p a c t  by using hybrid bearin g assemblies
comprised of steel ri n gs and ceramic rolling elements. The

- ‘ feasibili t y of using hybrid assemblies had previously been
~~

‘ established and it remained t o  genera te  an e n g i n e e r i n g  da ta  base
to enable system desi~zners to sp e c i f y  bearing ci :e s  and c o n f i g -
ura tions wh ich would i i i ~ u r e  adequate hybrid bearing performance
and life i n  specific app li~~ations . Specifically, data was

1 r e q u ir e d  w h i c h  w o u l d  d e m o n s t r a t e  how the internal design geometry
- 

- 
‘
~~~ of the h e a r i n g  s h o u l d  b . opt imi :ed to take advantage of the lower

- ~ densit y and i n c re as e d  hardness of the ceramic material; the
1 specific load -li !e r e l a t i o n s h i p  needed to be defined so that

v a l i d  p r e d i c t i o n s  of bearing life could be achieved ; and da ta
establishing the e f f e c t s  of vari ations in lubricant flow rate

1’i on the p e r f o r m a n c e  c h a r a c t e r i s t i c s  of a hybrid bearing assembly
U w ere n e c e s s a r y .

The a n g u l a r  c o n t a c t  b a l l  b e a r i n g s  used to support the shaft
of an aircraft .~ i s  t u r ~’ine engine arc subjected to hi gh speed ,
hi gh temperature , and m o d e r a t e  loads . Since this is the primary

• appl ication consi !Icred for a hybrid steel/ceramic bearing, it
would be dcsi rahle t o  compile the requisite test data under these

.j cond itions. However , an endurance test sequence sufficient to
establish a load-life relationship is quite extensive . The
accumul ation of t h i s  l a r c e  amount of data in a reasonable time

U frame requ i res t h e  use of h i g h loads to limit individual test
dura t ion and mu 1 ti~~le t e s t  machine s to limit the total calendar

. - 
time . These p r a c t i c a l  considerations result in the basic life

H da t a  b e i n g  a c c u m u l a t e d  on standard endurance test machines which
H run at moderate speeds and temperatures.

- •
- The procedures necessary to extrapolate these test results

to gas turbine conditions are well established for all steel rol-
ling bearings . It is however uncertain that these are equally
applicable to steel/ceramic hybrid bearings. Thus , it was consid-
ered to be necessary to provide an experimental reference point
at hi gh speed , hi gh temperature conditions . A two phase program
was planned to accomplish these tasks: Phase I was aimed at
accumulating the basic life data on a specific hybr id bear ing
desi gn , and Phase II would accumulate comparative life and per-

L:. formance data under application simulative conditions on. the
same hybrid bearing and a base line all steel bearing.
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The program described in this report and funded by the US
Navy under Contract N000l9-78-C-0304 , was the first phase of
the multiyear program planned to generate the engineering da ta

IT base. Originally structured , th is effort included the conduc t
of p a r a m e t r i c  compu te r  s t ud ie s  to o p t i m i z e  the desi gn of a hy-
br id  a n g u l a r  c o n t a c t  ba l l  bear ing  for operat ion at projected

- • 
~~
, turbine speeds , the fabrication of a large group of hybrid

11 bearings to this desi gn , the endurance testing of three lots of
these bearings at  mode ra t e  speeds and temperatures  u s i n g  three

- vary ing load levels , and the analys is of the data to generate
I f  the desired lo a d - life data and the magnitude of the a2 material
t i  factor for use in the hearing life formulation . Events exper-

ienced dur i ng th~. condu ct of the effort necessitated the modif-
i ca t  ion of th e  p r o g ram activities. These modifications and the

H details of conducted effort are described in the following
s e c t i o n s .

11
ii
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~~. Bearing Desi gn Analysis

Li Since the elastic modulus and density of silicon nitride
are si g n i f i c a n t l y  d i f f e r e n t  than those of steel , the conventional

~ i n t e r n a l  geometry  of r o l l i n g  bear ings  developed over the years
for optimum life and performance of all-steel bearings must be
modified to similarly optimi:e bearings containing steel rings
and silicon nitride rollin g elements. Maximum life is attainedIi by p r o v i d i n g  large  c o n t a c t i n g  areas to minimize the magnitude of

‘a the maximu m stress. Conversely the lowest surface sliding and
heat generation rate are attained in a ball bearing by minimizing
the operating contact angle and contact length to approach aJ true rolling condition . Optimization , then , is a compromise
between these two e x t r e m e s .  Due to the low density of silicon

- 
n i t r i d e , the  e f f e c t s  of c e n t r i f u g a l  forces on the r o l l i n g  elements
at hi g h speeds are  g r e a t l y  reduced over t h a t  for steel components.a Due to the  reduced load and the  lesser d ivergence  of inner and
outer  r i n g  con t ac t ang les in opera t ion , a hyb r id  ba l l  bea r ing
has good p o t e n t i a l  for  l i f e  and performance  improvement over an

.) all -steel bearing; even discounting possible improvement in the
contact fati gue of the materials themselves.

The hybrid bearin g to be used in this program was to be
des i gne d fo r  a hypothetical aircraft gas turbine engine appli-
cation. The ba sic configuration of the bearing was thus
established to he an angular contact ball hearing. A li ght
sectioned bearing with a 45 mm (l .~~ 2 in.) bore diameter was
sel ected as b e i n g  t y p i c a l  of s m a l l  t u r b i n e s  and c o m p a t i b l e  w i t h

I existing test equ i pment. Currently, main shaft bearings in
aircraft powe r units operate at 1)N~ levels up to ~.5 x 106, so thedesi gn speed was established as S~~0 rad/s (55,000 rpm) .

To pr ovide a baseline defi nition of successfu l operation
-

- in the application , an all steel hearing design was established
using existing aircraft application experience. Most applications

L of this t~ pc would have a bearing design life of 1000 hours , and
this was assumed to be the case in this example engine . The
magn i tude of the thrust load applied on the bearing was calcul-

fl ated to provide this life level using the basic Lundberg Palm-
gren life formula and the defined capacity of the baseline

• bearing. The thrust load was established as 2.98 kN (670 lbf).

*DN is the product of shaft speed in rpm and the bearing bore
diameter in mm .
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~ Th e e x i s t i n g  computer program for the anal ysis of hi gh speed

ball bearings , B:\LPIW , was then us ed to define the operating
characteristics of the all steel bearin g in the projected appli-
cation . From these dat a , the values of the inner ring contact
angle , the differenc e between the inner and outer ring operating

[I contact angl es , i n n e r  and  outer ring contact capacities , and
spin to roll r a t i o  at the contacts were selected as target values

• (1 for the hybrid design t o  he developed. These characteristics• 
1 are listed in l a bl e I for reference along with the basic design

parameter s . It i s  inter e sting to note  at  this point that the
centrifugal l o a d i n g  experienc ed on the outer ring at the oper-

~ 
ating s peed reduced the calculated life of the bearing f rom the
1000 hour desi gn level t o  o n l y  36 hours.

• 
- The BAL PRO in al sis ~as then repeated on this basic design

wit h c e r a m i c  r o l l i n g  ~.‘lcm ents substituted for the ori ginal steel
• 

- halls. Thi s i~as followed by a series of runs where alterations
wert~ indepen ’~ent 1v made in the m aior bea r i n g  desi gn parameters ,

- i.e. outer r i n g  c o m f o r r i t v  
~o) , 

i nner  ring conformity (ft ),and diame tr il cle. *r .4n e I d ) ,  t o  establish trends for design
optimi z at i on.

U The goal  of thu h v h r i t  b e a r i n g  desi gn optimization process
• - was to a c h i e v e  the  m i x  imum pos~ I b l e  h e a r i n g  l i f e  under  the

a p p l i c a t i o n  ~. ~nditi on s i~ i t L ~~i t  si~ n i f i~ antl~ altering the maior
hearing oper .itim~ ch aracteris tics from those proven to he suc-
cesfu l in all steel bearing desi gn. However , the resultant
b e a r i n g  w a s  to  be evaluated in both hi gh and low speed , 5~60rad/s (55 ,000 r~m and l0l~ rad/c i~~ 00 rpm) , life test programs

I. under hig h lc~~t l  l o a d i  ~~~ . ihe d t ’..ign p l o L t s s  had to b e compro-
mised to ; r ’ d i i c t  a b e i r i n g  whi ch would a l s o  f u n c t i o n  e f f e c t i v e ly

•~~~ und er the se ~1i v c i ~~e co nditions . Thi s being the case , parametric
runs were als o cond~act ed under a pro iectc d endurance level load
to define o pt  i m i : a t ~ on trends a t  these condition s . I t  was noted
from the runs conducted at the endurance loads that centrifugal

1 e f f e c t s  w e r e  m i n i m i z e d  and the  sh r t  life element was the innerLi ring: at the appli ~..i t i o n  conditions , i.e. li ght load , centrifugal
r ’~ 

effects here large and the outer ring was the short life component.

ii The results of these parametric series were reviewed to
establish the be st compromise hybrid bearing design . The major

ii characteristics of this d e s i gn are shown in comparison with
those of the all steel hearing in Table I. A comparison of the
values ill us t r a t e s t h a t  under the operating conditions
of the appli ca tion the hybrid bearing matches the performance

fl characteristics of the current generation steel bearing and
- provides a better than 3X life increase. It is expected that
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TABLE 1
j  Compariso n of Baseline and Hybrid Bearing Desi gns
I Ba s ic  20 9 Conf i g u r a t i o n

‘I All Steel Hybrid Bearing
Baseline Bearing With Ceramic Balls

i~ 11 
_ _ _ _ _ _ _ _ _ _ _ _
Design Parameters

i~ Outer Rin g Conformity (%)  52 52
Inner Ring Con formit y (U 51.5 51

U Radial Looseness (mm ) 0.069 0 .069

Operating Characte ristics at 2 .5 x 10 6 DN:

~~~ a l i ~~~~t~yust load

• Inner Ring Contact Angle (°) 44 48
4 Outer Ring Contact Angle (°) 4 8

40 40
Spin/Roll Ratio 0 88 (1 90
Theoretical I.~~ I.ives : (Revs x 106/Hrs.):

Inne r  R i n g 8000/2424 5398/1636

~
- O u t e r  R i n g  120/36.4 398/121

Bearing 119/36 379/115

LI 22 .~~ kN app l ied t h r u s t  load

•
~

-
~~ 

Inner Ring con tact An g le  (0) 21 33
Outer Ring Lont act Angle ( ) 33 4 7 . 5
A 22 14.54 - 

S p i n / R o l l  R a t i o  0 .54  0 .45
Th e o r e t i c a l  1.10 I.ives : (Revs .  x 10 6 / H r s . )

- 

I n n e r  R i n g  17 .4 / 5 . 2  11.0/ 3.3

U Outer  R i n g  2 8 . 1/ 8 .5  2 5 . 2/ 7 . 6
— 

Rearing 11.5/3.5 8.1/2.5

[1
1~1

1 6
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— t h i s  l i f e  d i f f e r e n t i a l  could  have been further improved if not• f o r  the  c o n s i d e r a t i o n s  g iven to hi gh load operation. Under the
- .  endurance  test loads , the opera t ing characteristics of the hyb r id

d esi gn are superior to that of the steel bearing, but the life

fl of the hybrid assembl y is  30% iess .  Th i s  reflects the difficulty
in developing a desi gn for diverse operating conditions and the
use of a test reg ime in which the inherant advantages of the

U 
ceramic are masked by the hi gh applied load levels.

The a n a l y t i c a l  d e s i gn g u i d e l i nes were then combined with

U cu r r en t eng inee r i n g p r a c t i c e s  for h i g h speed b e a r i n g s  to
e s t a b l i s h  the  d e t a i l e d  d e s i g n  of the  f i n a l  bea r ing  assembly.
Thi s h y b r i d  he :iring confi guration , termed a 209 VAN , is illus-
trated in the Customer [)esi gn Definition Drawing of Fi gure 1.
Detailed manufacturing drawings for the individual components

• L were  then  prepared employing standard aircraft bearing desi gn
tolerances and referring to existing aircraft bearing raw material
and processing specifi cations .

A l l  o f t h e compu te r  a n a l y s i s  work had been completed consid-
• ering a full comp l e m e n t  of rolling elements , i.e. fourteen balls.

However , as a cost savings , it was planned to conduct the l i f e
t e s t  s e r i e s  u s i n g  o n l y  h a l f  of tha t number. A comparative
analysi s wa s conducted on the hybrid bearing desi gn including

ceramic b a l l s  and reducing the magnitude of the applied thrust
load by 50%. This anal y sis confirmed that the operating charact-
eristics of t h i s  b e a r i n g  were  i d e n t i c a l  to tha t  of the f u l l  corn-

• plem ent b e a r i n g ,  v e r i f y i n g  the va l idit of the test approach.

The endur anc e test series was planned to establish the load-
l i f e  r e l a t i o n s h i p of t he  h y b r i d  bea r i n g  desi gn .  Three s p e c i f i c

— levels of app l i e d  load  were to he u t i l i z e d  w i t h  the magn i tude of
L the  loads selected to provide a reasonable dispersion of theo-

retical life valu e s without requirin g unpractically Ion? testing
p e r i o d s .  C o n s i d e r i n g  a l l  s t ee l  bearings , the test matrix would
consist of loads celected to yield C/P values of 2.15 , 3.0 and
3 . 5  where  C/P  i s  the r a t i o  of the dynamic capacity of the bear-
ing t o the e qu i v a l e n t  app l i e d  load.  The tes t  c o n d i t i o n s  to be
used in the h y b r i d  b e a r i n g  e v a l u a t i o n  were selected to provide

- the same inner ring maximum hertz stresses as would exist in all
steel bearings. The relationship between the applied load and
m a x i m u m  h e r t z  s t r e s s  for  the  a l l  steel ba se l i ne  bear ing and the
resulting hy brid design are shown in Fi gure 2 with the test
level information superimposed. The magn i tudes of the test
parameters are  then  summar i zed  in Table 2.
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1

3 •  T e s t  B e a r i n g  Pre~~~~at ion
¶ 4~ —-—-- ______________

- A to ta l  of s i x t y  h y b r i d  tool steel/ceramic angular contact
11 ball hearin gs of the 2 0 9 VAN des ign  were m a n u f a c t u r e d  for use
11 in t h i s  p rogram . The e x p e r i m e n t a l  nature of the bearing design

ari d the  use of m a t e r i a l  not  c u r r e n t l y  used in bearing manufact-
Ii uring prec l uded the use of standard production facilities for
U this effort. The manufacturing activities were primarily corn -

pleted within the facilities maintained by SKF Technology
Service s . A description of the fabrication processes is contained

— U in the follo w i ng paragrap hs

3 . 1 Stcci o~j~~~entsIi The i n n e r  and o u t e r  r i n g s  were mach ined  f rom bar s tock  of
vacuum induction mo lt ed , vacuum arc  r e m e l t e d  ( V i m V a r )  M50 tool

T I steel , a stand ard aircraft - bearing material. The raw material

LI had been source i n s p e c t ed and c e r t i f i e d  using standard procedures
for  the  a c c e p t a n c e  of m a t e r i a l  for  use in h e a r i n g s  for a i r c r a f t
a p p l i c a t i o n s .  lh t ’  ma c h i n e d  p a r t s  were heat  t r e a t e d  to produce

H a m i n i m u m  ha rdness  of lZ c t~O , by a subcontractor c e r t i f i e d  for  the
ii proce ssing of c o m p o n e n t s  for  a i r c r a f t  b e a r i n g s . The ha rdened

c omponent s  were  roug h g round on a l l  c r i t i c a l  su r f aces  to e l i m i n -
a te  the  e f f e c t s  of hea t  t r e a t  d i s t o r t i o n s  on subsequent  o p e r a t i o n s .

LI T h i s  was f o l l o w e d  with a f i n i s h  g r i n d  o p e r a t i o n  on a l l  ground
s u r f a c e s .

II Pimensional contro l cf the finished parts was m a i n t a i n e d
t h r ough  i two -stage process of s e t - u p  c o n t r o l .  I n i t i a l  s e t - u p
pieces were m e a s u r e d  u s i n g  shop w o r k i n g  gauges , preset  for  a
s p e c i f i c  p a r a m e t e r  to s t a n d a r d s  t r a c e a b l e  to the N a t i o n a l  Bureau

[.1 of S t a n d a r d s .  When shop s t a n d a r d s  i n d i c a t e d  t h a t  the  s e t - u p  was
accep tab le , a p a r t  w a s sub m i t t e d  t o the Metrology Laboratory for
v e r i f i c a t i o n  of a c c e p t a b i l i t y  and d o c u m e n t a t i o n .  The test  lot

LI was subscquentl~ processed using the ~er i fied set up

-: 
~ Final inspection of the components inc luded 100% magnaflux ,

100% n i t a l  e t ch , and 100% v i sua l e x a m i n a t i o n  of the c r i t i c a l
groove contac t  su r f aces , e m p l o y i n g  e x i s t i n g  acceptance procedures

— for aircraft bearing components. The evidence of the etch
inspection was removed by polishing , as is the standard practice ,

(J to exaggerate the appearance of any d i s c o n t i n u i t i e s  which  may
have e x i s t e d  on the  c o n t a c t  surfaces , eg.  n i c k s , dents , g r i n d i n g
furro ws , and facilitate the rejection of these rings during the

[I visual examination .
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A dimensional yadit was conducted on a five bearing samp le
to i n s u r e  t h a t  the  u e s c r i b e d  in process controls had been satis-
factory to c o n t r o l  pa r t  geometry . Measurements were made of
(1)  inne r  and o u t e r  r i n g  cross  groove r a d i u s , ( 2 )  inner  and ou ter
r i n g  c ro ss  groove p r o f i l e , ( 3 )  inner  and outer  r i n g  cross groove
su r face  roug h ne sc , and ( 4 )  a s sembl ed b e a r i n g  con tac t  ang l e .  This
audit sequence established that the dimensional quality of the
bearin gs i~as acceptable for the  conduct of a l i f e  t e s t  program .

3. 2 Cer ami c Comp onen t s

The s ilic o n nitride materia l used to manufacture the l2. mm
(0.500 inch ) diameter balls was procured from the Nor ton  Company
desi gnated as Noral ide NC-l ~~2 . The ma te r i a l  was ho t pres sed in
grap hite molds into cylindrical blanks with a diameter of 14.224
mm (0.~~ in) and 14 .224 mm (0 .Sb in) in len gth , holding a toler-

- - 
ance of ±0.5~ S mm (0 .02 in) on each dimension . Cylindrical ball
b l a n k s  of thi s size had been success fully pressed previously,
but this h a s  the first time that near net shape pressing was
attempted in quantity. The ori ginal intention was to press the
cylinders in 200 p iece lots , but due to mold breakage  the press-
i ng q u a n t i t y  w a s  l a t e r  reduced to l l~’ p ieces .

The ~ S4  ~v l i n d r i c a l  b l a n k s  wer e u l t r a s o n i c a l l y  mach ined
in to rough sp heres by Bullen U l t r a s o n i c s .  T h i s  opera t ion  was
comple ted in two separ ate lots to accelerate the ball manufact-
urin g effort with the fir st lot consisting of 230 pieces and the
second , 354 p ieces . The finished size of the rough spheres was
ori ginally spec if ied as l3 . 4~ 2 t 0.0 6 mm (0.53 ~ 0.003 in).However , it was determined that this allowed more variation in
the parts entering the finishin g operations than was desirable.
The specif ied dimensions for the second lot of balls were then
changed to 13. 4~~2 ± 0.025 mm (0.53 i 0.001 in) with a maximum
two point out-of-roundness of 0.050 mm (0.002 in).

The roug h sp heres were finish ’~d lapped u s i n g  procedures
developed through a number of prev ious silicon nitride develop-
ment and e v a l u a t i o n  programs  ( 7 ,8 ) .  The spec i f ied toleranc e
level for these components conformed with AFBMA Grade 25 quality
s p e c i f i c a t i o n s , eg. maxi !p u rn  a l lowable  2 point  ou t -of - roundness
6.35 x l0~~ mm (2 5  x 1 0°  in )  and maxi ~ um a l lowable  surface

L i  roughness 2 . 5 4  x i0~~ mm AA (1 x l 0 °  in AA).
-: 

~~~~~~
- Shor t ly  a f t e r  the f i n i s h i n g  operation s were i n i t i at e d  on

the f i r s t  lot  of b a l l s , i t  was noted that the ba l l s  were incon-
sistently responding to the lapping process. Sample balls

- 11
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w i t h d r a w n  f r o m  the ma chine were of v a r y i n g  s i z e s  and con ta ined
diff e r i ng degrees of out-of-roundness. This trend was also
found t o  e x i s t  i n  t h e  second lot of balls. Normall y this is not

U the c a s e  as the h a lls being processed remain relatively uniform
in both si ze and shape . In order to obtain consistency in the
final product , it s~as necessary to segregate the balls into sub-

H lots having simil a r finishing characteristics. These sublots
produced fini she d h i l l s  of differing absolute diameters. The
~1z e  v a riation i~as  compensated for by varying the fit grinding
ope ration of the hea ri ng rin gs to match the specific ball size
to he used .

Fol loi~in 1~ the m anufa cturing process , a sample lot of balls
w a s  checked for s u r f a c e  roughness and the balls were 100%
inspected for si ze . tso point out-of-round , and 3 point 9ut-of-
round . I h e su r  f a c e  roughness was found to be 1.27 x l0~~ mm AA(0.5 x l0~~ in \ \ ~~ , i.e. within the stated tolerance limit. Balls
which ex c e d e d  the out-of-roundness specifications were rejected
from the lot and the rem aining balls were sçrted into diam~tergroups diff e ring h~ no more then ~.35 x l0~~ mm (2.5 x l0~~ in.).

There w a s  some concern tha t the variations in machining
ch aracte r istic s seen during the ball processing mi ght have been
related to vari a tions in materi al density. Approximately

U 10 balls which h a ~1 s h o w n  gross differences in machinability had
prev i ously been removed from the processing lot. These pieces

fl had subsequent lv been shown to he of low densit y material. The
ball s finished i n  the first lot , which had been divided into 3
suhlot~., were 100% checked on this parameter. Individual balls

• were wei ghed on a precis ion microbalanc e and the densities were
- c a l c u l a t e d  u - ~i n - g  the measured ball diameter for each sublot .

This pr oce ss showed that a ll of the remaining parts had densities
in ex~ecs o t h e  ~ 2 10’ kg/m 3 specified value , and that no
sy stematic v a ri a ti o ns ex is ted between balls of different sublots.

U

Balls in the second finishing lot were checked for density
following the first grinding operation . At that time , it was
noted that 15% of the pieces , 35 out of 2 8 , had densities lower - -

~

than the mini m um acceptable level. These parts were eliminated
from further processing .

LI As a final check on ball quality, the surface morphology of
six pieces from the first lot were examined using the Scanning

fl Electron Mircos cope . Detail ed examination conducted at 5000X
1J in both the norma l and hackscatter modes disclosed no evidence

of microcracking on the surfaces. Typical photomlcrographs of
the surface conditions are shown in Fi gures 3-5. A comparison
of these photoinicrographs with those shown in (10) indicate that
these surfaces are comparable co those of balls that yielded
good fat i gue live s , and superior to those that yielded poor lives.

- ~~
- I On this basis , the halls were considered to be acceptable even

though some areas of interconnected porosity were visible.
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1 4. Test Equ ipment

The test mach ines used in the experimental investi gation
were standard SKF oh-ned R2 type bearing endurance testers.

- 
~~~

- Specialized test hardware was provided to accomodate the eval-
uation of 209  s i z e angular contact ball bearings under pure
t h r u s t  load . The t e s t  arrangement is shown photographically in
Fi gure b and i l l u s t r a t e d  g r a p h i c a l l y  in the layout drawing of
Figure ..

Basically, the  machine consists of a hollow horizontal
- arbor which i5 supported on a rig id cast base by two cylindrical

-
~~~ roller bearing s . Th e a rb or i s  bel t d r i v e n  through a c e n t r a l l y

ri located pulley by a constant speed AC motor. The pulley ratio

11 w a s  establis hed to yield an arbor  r o t a t i o n a l  speed of 1016 rad/ s
- 

( 9 0 0  rpm ) -

A test b e a r i n g  i s  mounted near each end of the shaft out-
U board of the load he aring support points . Each test bearing is

enclosed in an independent  f l o a t i n g  hous ing  to m i n i m i z e  the
interaction between the bearing assemblies. The ali gnment of
the test housing, and thus the test bearing, is controlled
relative to the shaft by a s m a l l  cy l i n d r i c a l  p ilo t bearing located
at the extreme end of the arbor.

-
~ Ax ial load is applied to the two test bearings by means of

a tensioned rod pass ing through the center of the hollow shaft
Ii and connecting the floating housings. A strain gage transducer
El at one end of the rod allow s the magnitude of the applied load

to he directly measured .

11 Lubr i ca ti on is provided to the bearings from a relatively
- - large centrall y located supply system. The lubricant used in

these tests was a commercially available ester based synthetic
fluid meeting the MII- L -2~~Q9 specification . The circulating

- system is equi pped with a 25 pm full flow filter to remove any
debr i s  f rom the  f l u i d  before  i t  is del ivered to the bear in?s .

- - A water  cooled , t h e r m o s t a t i c a l l y  modulated heat exchanger  is
employed to m a i n t a i n  the  lubr ican t  supply temperature  below
311K (100°F) . The specific flow rate to each bearing is control-
led by a flow meter to control the bearing operating temperature
within a specified range .

The test machine is equipped with a vibration sensitive
11 shut-off transducer. An increase in the general bearing
L i vibration level is indicative of a spalling fatigue f ai lure of

a bear ing component. When such an increase is sensed by the

El
II 
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FIGURE 7
Schemat ic Layout of 209 Test Arrangement
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transdu cer , the test machine is shutdown automatically to pre-
vent the prog ress ion of the damage and the p o s s i b l e  loss of

11 failure initiation data .
a

Ihernocouples are located in the housings to measure the
outer ring oper ating temperature of the test bearings. The

1 analog signals from these sensors , as well as those from the
load tran sduc ers , are monitored by a Test Floor Contro l System
wh i c h  contains a N ov a 801) d i g ital computer as a central process-

1’ i n ~ un it. The contro l system is constantly scanning the 300
data input points at a rate sufficient to provide less than a
2 second interval between consecutive readings on any one point.
la ch scan , the value of every p o i n t  i s com pa re d a g a i n s t  i n d i v i d u a l
p r ee stabl ish ed limits and  i f  the point is outside this range , an
alarm message is activated . Should the va lue  excede a t h i r d

U l i m i t , the sy St em w i l l  automaticall y shut the test machine off.
In  a d d i t i o n  to these control functions , the system can accumulate
a historical r e c o r d  of the data on a point at any specified
whole minute interv a l.

Ii
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--- I I  -S. Experimen tal Results

The test plan was established to define the load-life
relationshi p of the specially desi gned steel/ceramic hybrid
~209 VAN angular contact ball bearings. This was to be accom-
pUshed by conducting endurance tests at three different load
levels. The magnitudes of the applied thrust loads were calcul-
ated to produce inner ring maximum hertz stress levels identical

U to those created in all steel bearings at C/P values of 2.15 ,
3.0 and 3 . 7 5 .  The  r e s u l t s  of these c a l c u l a t i o n s  were p rev ious ly
presented in Section 2 and summarized in Table 2. The established
test plan also would allow the definition of a preliminary value

U of the ~~~~~ m a t e r i a l  f a c t o r  for  use in c a l c u l a t i n g  the life of
hybrid bearing assemblies. This informatior~ would be availableas a f u n c t i o n  of the  r a t i o  be tween the  e x p e r i m e n t a l l y  achieved

- - 

-
~ bearing lives and the theoretically predicted values , considering

the a p p r o p r i a t e  v a l u e  of the a3 a p p l i c a t i o n  f a c t o r .

- }.ndurance testing was i n i t i a t e d  at the hi ghest  planned load
L level of 9.S~ kN (21S0 lbf). This load produces ~n inner ring
~~~~ m a x i m u m  h e r t z  s t r e s s  l eve l  of 2 . 44 cPa (3 .54  x 10 psi) and a

theoretical hearing life of 15 x 100 revo lutions. For these
H t e st s , the speed was 1016 rad/s (9700 rpm ) and the MIL-L-23699
Li lubricant was supplied at a rate sufficient to contro l the

b e a r i n g  ou ter  r i n g  o p e r a t i n g  t empera tu re  at 333 to 338K (60-65°C).
Within a short period of time , five of the nine bearings placed
Ofl test had suffered a spalling failure of one,ceramic bali.
The lives of rhese failures ranged from 7 x lou to 64 x 10

- revolutions . A statistical analysis of these failure data , l i s ted
in  T a b l e  3 , c o m p l e t e d  b y the maximum likelihood t~chn ique ,

U e s t a b l i s h e s  the  experimental L10 life as 3.3 x 10U revolutions.
Testing was suspended at this point due to the excessive failure
rate.

The tested bearing components were examined visually at

U magnifications up to 30X. The appearance of the unfailed bearings
was q u i t e  good ; the contac t  surfaces remained in excel lent  con-
d i t i o n  and the  load t r ack  was properly located . T y p i c a l l y ,
the f a i l e d  bea r ings  contained one bal l  which  was extens ive ly
spalled with the remaining balls appearing extremely good . In

U fac t , it was difficult to find any evidence of running on the
unfailed balls even though a cons iderable amount of debris would

I have been present in the bearings as a result of the sing le ba ll
failure . These observations indicated that the failure mechanism
was related to a weakness in the ball structure , and a detailed

21
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TABLE 3

720
~ 

VAN Hybrid Bearing Test Data Accumulated

L . - Under High Load

TEST GROUP A

U
SPEED: 9 rpm AXIAL LOAD: 9.56 kN (2150 lbf’)

U LUBRI CAT I~ N : Circulatin g Mobil Jet II
( M RS  L— 23699)

Li - Life
~ea rir1 t~ \ o .  10~ Revolutions Mode of Failure

U 10 1 64 Suspended

F 
102 64 2 B a l l

- 
i 103 8.2 1 Ball

1i 1~ 8.~ 1 Ball

• 105 1 . 5  1 B a l l

U 101- ’ l8 .1~ Suspended

• l~~ .0 Suspended

H los ~.o I Ball

1 109 2 . 0 Suspended

t T h e or e t i ~~.il L~~ is x io 6 revolutions

Experimental L.~~ 3.3 l0~’ revoluti ons

- 

• .

Ii 
- 

- 

• 

-

11 ,..

- ‘-~~ 

- 
-

~~

- 
.

- 

—
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failure analysis wa~ initiated on the failed ceramic balls.
(See ‘~t-c t ion 6

It was also possible to conjecture that the failure s could
have been related to the hi gher than norma l stresses produced by
the accelerated enduran ce level loading . While much hi gher
stre sses had been successf ully experienced in previous element
type tests , the stressed volume and the surface tractive forces
are sig nificantl y greater in full scale bearings. The cumula-
tiv e eff ect of the se variations could have preci pitated the early

- .  b a ll failures. It ~as decided to investi gate this pos sibility

- 
by r u n n i n g  a s e c o n d  t e s t  group at a reduced load level.

Ii The load selected for the second test group was 5.0 kN
(1l2 S ibs) which had been calculated as the lowest load to be
u s e d  in the lo a d - life series. This load pr~~uces a maximuminner rin g Hertz str ess of 2.0 GPa 12.9 ~ 10 psi) and a

~

- theor et ical b ear in g 
~~ 

equal to 3 x 10° r e v o l u t i o n s .  The
operat ing temperature ~f the bearing was reduced to 323 to 328 K

[j -~ (50-55°C) to ct-’~iip~ nsate for the lessened heat generation rate
at the lower load . The remai ning test conditions were identical

• to those usc-i in the first group. Five failures were experienced
at lives ranging from 3 to 99 x 106 revolutions with four of the
failures ~on si st in g of a sing le extensively spalled ball: the
fifth failure co n s i s ted of spalls located on the inner ring and
two balls . The st a t i st i c a l evaluation of the failure data

U d i s p layed in T a h 1~ - 4 provided an estimate of the experimental
- 1 10 e q ua l  t o  fl x 106 revo 1 u ti ons ,~~ ö0t of the theoretical value .

r The cont inued ea r l spa l li ng of i n d i v idu a l rolling elements
U is an unusual occurrance in an endurance test series. The

presence of this failure mode imp lied that the spalls were being
preci p i ta ted l~v a u nited number of defects dispersed throughou t

I~ 
the cer am i c  mat e r ia l. There was the possibility that the test-
ing had identified those balls containin g critical defects and a
legitimate life test sequence could still be completed using

- 
the remaining halls. To evaluate this possibility, two new test

U specimens were created by assembling the unfailed balls from
b e a r i n g s nu mber  125 , 1.~6 and 12 7 with new steel races , 029 and

~~~~~~~~~
. p 034 . These bearings were then tested at the hig h lo~d cond ition ,

U i:e. 9.56 kN t21 S 0 Ibs). After accumulating 39 x 10° revolutions ,
one ball in h e a r i n g  034 suffered a spalling failure . The total

I 
-
‘ equivalent life of the failed element under the hi gh load was

approx imately SO x 106 revolut ions (47 x 106 if the failed ball
had prev iously run in bearing 126 or 53 x 106 If run in bear ing
127) .  T e st i n g  was terminated at this point.

I ~- 
- 23
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- TABLE 4

II 209 VAN Hybrid Rearing Test Data
Accumula ted Under Low Load

- TEST GROUP C

U SPEEI): 900 rpm AXIAL LOAD : 5.0 kN (1125 lhf)

LUBRICAT l~~~: Circulating Mobil Jet II
- 

- ~ t I L —  L— 23699)I

I U Life
l~t i r i n ~ \o 106 Revolutions Mode of Failure

12 1 5. Suspended

122 S.7 Suspended

[ 1 123 130.4 Suspended

12 - I 130.4 Suspended

[1 12~ 56 .5 1 Ball

121 — 56 .5 1 Ball

98.9 1 RaIl

~ q 12’~ 
gq ~ 1 Ba l l

U

- 129 54.. Suspended
~~~~~~~ (1

U 130 54 Inner Ring ~ 2 B a l l s

- Theoretical 1.10 .3 x io b revolutions

Experimenta l L10 44 x 106 revolutions‘ II
11
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6. Rolling Element Failure Analysis

The ceramic balls which had undergone life testing were

U subjected to an intensive failure analysis using the capabilities
of the scanning electron microsc ope . Failed and unfailed areas
of the balls here viewed at magnifi cations up to S000X in the

U secondary electron imag ing mode. Additionall y , the bacI~ sca tt er
mode was employed t o  further detail the elemental structure of
areas of interest and x-ray wavelength spectrometry was used to

- - identif y the elemental composition of observed defects. The
1 specific halls which were examin ed are identified in Table S and

1 ~ the extent of the typical spal ls are illustrated by the photo-
‘ 

grap hs of Fi gure 5 .

The init i a l  stc~ in the failure analysis was the optical
examination of the s p a l l e d  areas at magnifi ca tions up to 30X.
When the orig i n of the failure could be identified the ball would
~ e mounted for the direct SI-~M evaluati on of this area .

- The pho to:~icro~:r •ii~hs shown in Fi gure 9 detail the inclusion
type spall in i t i a t i o n  point that was found in the failed ball
f r om bearin 108 . the shortest lived specimen tested in the pro-
gram. The approxima te si ze of that portion of the inclusion
remainin g in the bal l after the failure occurrance was 120 pm x
1~~S pm (~~.O0S x O.000 inches). This area is clearly visible
in photomicrograp hs ~~S2 , where it is identified with arrows ,
and 7~ S . The higher magnific ation views 78S and 7792 illustrate
the coarse gr ai n structure present in this area compared to the
finer t yp ica l structure of hot pressed NC132 silicon ni tride.

An exp cr i-~ien ta1 analysis was conducted in an attemp t to
identify the inclusi on. The eir st step in this analysis is to
obtain a back scattered electron (BSE) image of the spall area

r- ) which i- chohn in Figure 10 along with the correcponding second-
arv electron HF.) image. The shades of gray in the BSE image
are descri ptive of the atomic number of the materia ls present.
In this case , silicon nitride and materials of similar density

II appear to he gray. Regions containi ng light elements , such as
- 

I
’ 
(-~I carbon , are dark while heavy metall ic ~Iement s , i.e. i ron and

tungsten , show as bright areas. After an indication of the
~~~~~

- 

E] 
elemental structure is established in comparison to the known

-‘ silicon nitride back ground with the BSE , the elemental identifi-
cation can be obtained by x-ray wavelength spectrometry using a

-
: 

~ 
crystal tuned to the characteristic energy wavelength of a

U specific element. In this manner , it was determined that the
dark areas marked “C” in 7784 were rich in carbon , and that the
br i ght areas marked with arrows were contaminant s transferred

II from the metal bearing ring. 
—
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TABLE S

Identification of Balls Subjected to SEM Analysis

L . 
Element Appli ed

Bearing Life Stress Level Failure
Number (10 6 Revolu tions) (CPa ) Status

- - 
108 .0 2.44 Spalled

L 104 8 2 2 44 Spalled

-
~~~ R 102 64 2.44 Spalled

Ii 101 ~4 2.44 O.K.

- ‘ I i1 130 S4. 2.0 Spalled(lst ball)

2 0 Spalled(Znd hail)

12~ St-p .S 2.0 Spalled

LI l .~ ~ S . 9 2.0 Spalled

- [ 1

~~EI1

I-I
[1
II

- I  
26
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FI GURE s

Ii Typical Spalls I ncountered on Tested Sili c on
N i tr ide Ba1l~
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Inclusion Type Spall Origin Found In Silicon Nitrid e Ball from Bearing 108

I
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_ _I FICW~~l0
Secondary Electron Image and Back Scattered Electron

- 
- Ima ge of Spall Origin of Ball in

U 
Bearing 108

I.

~~~Lj

S3 400X ~~R4 400X
SE BSI.

Arrows Indicate Metal Contamination
- From Bearing Ring

“C” Arrows Indicate Probable Carbon
- s-i Contamination

~Li
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It should be noted at this point that the use of x-ray
wavelength spec trometry to identify carbon requires special care .
The lubricants used in bearing testing produce carbon deposits
on the components as o x i d a t i o n  occurs.  Wh i l e  the bear ing  parts

• are ultrasonicall y cleaned prior to being examined in the SEM ,
some carbon will remain on the surfaces. Additionally, silicon

-~ nitride is a nonconductive material and must be coated with a
conductive layer for SIEM e x a m i n a t i o n . The most common c o a t i n g
used is gold which has a secondary energy peak very close to the
primary carbon wavelength. Thus peaks generated for carbon are

1~ 
exaggerated by emissions from these two additional sources . Two

— [ steps are utilized to insure valid carbon determinations. First- the x-ray scans a~ e conducted at a reduced power level , 5kv ,
which minimizes the gold emissiois . I n ad d i t i on , a back ground
baseline reading is established using an area of the ball away
from the point of interest. The readings from the examination
area are compared to that of the baseline scan to cancel the

- effects of the indications raised from the gold coating and
lubrication de~ radat ion products.

The spa llt ’d ball from bearing 104 which lived only sli ghtly
longer than 108 , is shown in the photomicrograp hs of Figure 11.
This  f a i l u r e  appears  to have initiated at a small void in the
material. Since voids would normally be formed by the presence
of a forei gn substance in the powder which reacts with the

- silicon nitride a t  the pressing temperature , it would be expected
that the microstructure in the area of the void would be atyp ical.

- 
‘- As can be seen from photomicrograph 780, this is indeed the case

as the grains do not have the well defined edges and hexagonal
shape seen in normal hot pressed silicon nitride.

i leinental anal ysis with the x-ray spectrometer was conducted
in an attempt to iden ti f~ the material that produced the void
Althoug h shadings are noted in the BSE image shown in Figure 12 ,( 1 it was not possible to detect any concentrations of boron , carbon ,

~~ Li oxygen , aluminum or magnesium in this area . However , this lack
of evidence is not necessarily definitive since the geometry of
a void complicates the analysis technique . It is extremely

• ri difficult to orient the specimen in a way which will allow the
-: -

- x-rays to escape from the cavity and be detected . Thus it is
~~~~~ 

possible that the elemental peak of the void orig inating material
- was masked by the edges of the void.

30
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L FIGURE 11

1 ~ 
Void Type Span Origin Found in Silicon Nitride Bal l  From Bearing 104
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_ _El FICURE 12

Secondary Electron Image and Back Scattered Electron Image of Spall
Origin of Ball From Bearing 104
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B e a r i n g  number 102 had accumula ted  64 x 106 r e v o l u t i o n s

i.e. more than 8X the lives of the previously examined failures ,
when it was termina ted with an extensive spall on a ceramic ball.

fl The examination of the primary failure was not instructive , but
Li a small spall , shown in Figure 13 , was located on a second ball.

Unlike the previous two spalls , no evidence can be seen tha t an
H extraneous factor , eg. void , inclusion , surface defect , etc. ,
LI influenced the formation of the flake. While this could very

likely be an example of the standard silicon nitride fatigue
process , it is also possible that all evidence of the failure
initiator was removed as the orig inal spall continued to grow

- under repeated stressing ccles . It can then only be positively
said that no evidence of a material defect could be noted in the

{ remainin g ball structure and the cause of the failure is open
to conjecture .

The surface in the immediate vicinity of the spall is quite
- rough and con tain s numerous metallic wear particles as can be

seen in photomi crograp hs ~~69 and 7768. Photomicrograp h ‘767
i l l u s t r a t e s  t h a t  t h i s  c o n d i t i o n  is not typical of the overall
ball surface f i n i s h .  It is l i ke l y t ha t  the damaged zone

H was created after the failure since this type of surface distress
is often noted around discontinuitie s on metal bearing c ir f a c e s .

• 

- A hail from bearing 101 was also examined to provide a
comparison with an element from a bearing which had successfully

- 
. surv i ved an ex tended operating period . As can be seen from Fig-

• ure 14 , the surface condition of the surviving ball is not si gn-
ificantly different than the typical surfaces noted on bal ls
that failed prematurely. This implies that the failures can not

I [1 be related to surface damage produced during the ball finishing
U operations.

The remaining balls that were examined came from the bearings
tes ted ~t th e lower load .  Bea r ing  130 , which accumulated almost
55 x 100 revolutions , contained two ball failures. The ori gin
of the first failure is shown in Figures 15 and 16 . The hi gh
magnification vichS illustrate the presence of a void in the
material , photomicrograp hs 7817 and 7818 , and the atyp ical grain
pattern in the void reg ion , photomicrographs 7816 and 7819.
Elemental anal ysis of this zone again failed to identify the
foreign material that had produced the void.

33
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I FIGURE 13

Spal 1 Noted on Second Ball from Bearing 102
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FIGURE 14

Surface Fin ish of Ceramic Ball From Unfail ed Bearing 101
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The ori g in of the second spall from this bearing is shown
in Figures 1 ’ and 18. This time two voids approximately 50 pm
apart are discernible , with the characteristic mlcrostructura l
changes existing in the region of the voids. It is obvious1. that both failures in this bearing were primary failures pre-
c i p i t a t e d  by m a t e r i a l  d e f e c t s .

I A spalled ball from bearing 126 which lived only sli ghtly
- longer than 130 , is shown in Fi gure 19. Some unusual particles

- 
~~~. were discovered at the failure orI g in as shown in photomicrograph

78O~ . Elemental analysis established that the particles were
rich in carbon . This coupled with the particle morphology implied

- that the contaminant was  g rap h i t e .  Gr ap h i t e is used as die
• material for the silicon nitride hot pressing operation so it is

U easy to envision that this contaminant could be introduced into
the ci li con nitride powder. Figure 20 shows a fracture surface
of the specific graphite compound used in the mold. As can be
seen , the morp hology of the particle identified with the arrow
is very similar to that seen on the foreign particles found in

- 
the ball material. Thus it would seem conclusive that the con -

- U taminant was graphite from the pressing mold.

Figure 21 shows the spalled ball from bearing 127 , one of
the two longest lived failures in the low load test group . As

- • was the case w ith the long lived failure from the high load test
group, ,i spec if ic failure origin could not be Identified. Aga in
the failure init i ator could have been destroyed by the spalling

H - 
process or thi - could he a valid fati gue spall.

j  After examination , the failed balls from bearings 104 and
I H 108 were forwarded to Norton for their evaluation . The con-

clusion s reached in this study as to the spall initiation points
- and causes are in agreement with those previously stated . In

addi tion , an energy dispersive x-ray analysis was conducted
on the material in the failure zones. This technique showed

- 
. that the inclusion had a s l i g h t l y  higher aluminum concentration

than did the s i l i c o n  n i t r i d e  m a t r i x , but no i n d i c a t i o n s  of the
presence of iron and tungsten could be found. This latter fact
is decisive since these two materials contaminate the silicon
nitride powder in small quantities during the millin g process.
The lack of these contaminants in the altered zone of the failed

I material indicates that the inclusion was introduced after the
— raw material was prepared , probably in the die filling process.

1~ 
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Void Type Spall Origin Noted on Second Spalled Ball From Bearing 130
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FIGURE 18

I Secondary and Back Scattered Electron Images of Spall Origin on
• 

- - Second Ball f rom Bearing 130
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H FIGURE 19
- Inclusion Type Spall Orig in Found in Silicon Nitride Ball Front Bearing 12(
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II FIGURE 21

Spall Found in Silicon Nitride Ball From Bearing 127
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I In addition , two balls which had survived the double
running test were supplied to Norton. These elements were

r sectioned and polished as were the two failed balls . However ,
a comparative examination of the microstructures showed no
significan t differences between the long lived survivors and
the short lived failures.
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1 7 . Discussion of Results

The failure analysis conclusively established that the
-

~~~ hybrid bearing life tests had been severely foreshortened by
the presence of inclusions and voids in the ceramic material.
This being the case , the magnitude of the az material factor

r which could have been calculated from the results would not
- U be reflective of the true performance potential of silicon

nitride material.
- - F The failure analysis also indicated that the major portion

of the m a t e r i a l  problems were most likely created by the attempt to use a
multicavi -t y die to obtain hot pressed formed ceramic shapes.

-: This pressing process , termed near net shape pressing, drast i-
calls increased the amount of handling required to load the raw
powders into the mold. The increased handling created additional
opportunities for contaminants to be mixed with the raw material

I I powders. Additionally, the amount of die surface area contacted
U by the powders is drastically increased using the multicavity

die. Not only does this increase the possibility of encounter-
ing graphite contamination , the chances that this contaminant
will be located in a critical area of the finished component are
enhanced h the con formity of the pressed shape to that of the
finished part.

— ~ In addition to an increase in the opportunity to introduce
contamination of the materials , there is also a possibility that
near net shape pressing increases the detrimental effects of
contaminants. It is difficult to obtain un i form pressures
across the multicavity die during the hot pressing process , and
the incidence of si gnificant pres~~’re variations was demon-strated by the rejection of a numbed of balls due to insufficient

L density. As a contaminant reacts with the silicon nitride under
the pressing temperatures , the volume of the foreign substance

- - II is reduced creating a void in the mate rial matrix. If the
press ing press ures are high enougF , the surrounding material can
flow into the area minimizing the volume of the void and the
reducing weakening effect on the resulting structure. Thus, the
pressure variations tha t were encountered could have conceivably
magnified the detrimental effects of the contaminants on the
streng th of the resultant ceramic structure.

U The examinations conducted on the ceramic balls both
before and after testing did not locate any evidence of surface

I damage , i.e. m icrocracking, which might have been produced In
the ball finishing operations. Additionally , no indicat ions
were noted that the surfaces of the failed balls differed in

I
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fi any way from those of the unfailed elements. Thus, it is con-

cluded that the ball finishing procedure produces balls which
have a uniformly acceptable surface integrity.

While the testing failed to achieve the stated objectives
of the program , i t  did , none - the-less , establish two extremely
positive points concerning the use of silicon nitride ceramic 7

as a bearing material . During the operation of these hybrid
bear ings , spalling failures were experienced on twelve silicon
nitride balls. In some cases , the extent of the spall pro-

1 gression would indicate tha t a sign ificant period of operation
-

- 

- - had occurred subsequent to the initial flaking. Even in these
- - 

sev ere cases , there were no cases of gross ba ll failure , e.g.
— fracture or fragmentation , and no indications of cracking were

U noted which could have progressed to a catastrophic failure
mode .

Additionally, the condition of the other balls which ran
in a set containing a failure was excellent. Even though these
components had been subjected to large amounts of wear debris
and large spall fragments during operation , the surfaces
remained relatively undamaged when optically viewed at magnif-
ications up co 30X. This resistance of the surfaces to exper-
ience debris damage si gnificantly reduces the potential for

- - component failure due to surface defect ori ginated spalls.
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8. Conclusions

1. Balls manufactured from hot pressed silicon nitride have
a satisfactory resistance to the formation of catastrophic

- failure modes as demonstrated by the ability to success-
fully i’ithstand continued operation in heavily loaded
rolling contact bearings after experiencing a spalling
failure .

2. Ceramic rolling contact bearings have the potential to
U increase operating system reliability since the material

has the ability to resist the types of surface damage
preci pitated by hard contaminants or wear debris that
mi ght be introduced into the bearing. This type of
surface damage often causes the premature failure of metal
bearing components.

~s4~ ~

- -

~
— 3. The manufacturing procedures and/or controls available

for the near net shape hot pressing of ceramic forms, e.g.
the dir ect fabrication of blanks with sizes and shapes
that approximate those of the finished parts, are current-
ly inadequate to produce material of sufficient quality
for use in rolling contact bearings.

4. The ball finishin g procedures produce aircraft quality
balls with surfaces that are free from life degrading

p processing damage.

13
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9. Recommendations

While the experimental life results achieved under this
program were disappointing , the defects which precipitated the
early failures were raw mate rial process related and not inherent -

in the material or finishing procedures . Thus these results do

fl not detract from the established potential of silicon nitride for
use as a bearing material. However , the incidence of these fail-
ures has resu lted in the inability to provide the desi gn data
base which was to have been accumulated with the planned program .
The need for the data which will enable a design engineer to
select and spec i fy a hybrid steel/ceramic bearing size and config-

- urat ion to attain a reliable life in a specific application , is

U as obvious now as it was at the onset of this program . This being
- the case , it would be recommended that the planned load-life test

series be run again using ceramic balls manufactured from billet

[1 pressed silicon nitride material.
— 

The manufacture of ceramic bearing components from raw
material pressed in billet form requ i res extra processing steps

U to prepare rough blanks and consumes excessive amounts of the
ceramic material over the volume actually required for the parts.
The economics of the development of silicon nitride into a

- - - 
p r a c t i c a l  b e a r i n g  m a t e r i a l  require  t h at  si g n i f i c a n t  r educ t ions

U be made in the preparation costs of ceramic components. It
would appear that the fabrication of blanks is one area where
sizable savings can be forthcoming. Thus it is recommended
that development effort be expended into the improvement of the
manufacturing techni ques requ i red for near net shape pressing,

-

~~ 
and/or alternative methods to obtain hot pressed forms which can

7 4 be more easily converted into bearing component blanks.

The incidence of voids and inclusions in bearing material
~~~~~

- 

~j 
is not uni que , although in the case of this program, the fre-
quency of these defects was excessive . Such defects are often
found in standard metallic bearing materials and nondestructive

[3 inspection method s are routinely employed to eliminate the
- 

- acceptance of components containing critical defects for high
rel iability applications. Unfortunately, the existing inspect-

U ion techniques are not applicable to the nonconductive ceramic
- material , and new methods are not yet available to allow the

inspection of ceramics for subsurface defects, It is felt that
such inspection methods must exist before silicon nitride can
rece ive wide spread usage in critical bearing applications. It

U is, therefore , recoemended that the development of nondestructive
evaluation technique s for ceramics be continued at a significant
rate of effort .
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