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BEARING FATIGUE INVESTIGATION 

BY 

E .  N. Bamberger 

ABSTRACT 

A research program has been performed t o  

operat ing l a rge  diameter r o l l i n g  element 

e s t a b l i s h  the f e a s i b i l i t y  of 

bearings a t  600F under condi- 

t i o n s  of load and speed approximating those experienced by main s h a f t  

bearings i n  j e t  engines.  Two bearing mate r i a l s  (CVM M-50 and WB-49) 

and three  advanced l u b r i c a n t s  were inves t iga ted .  The l u b r i c a n t s  were: 

a) syn the t i c  p a r a f f i n i c  o i l ,  Mobil XRM-l77F, b) polymeric perf luor ina ted  

f l u i d ,  DuPont PR-143, and c )  inh ib i t ed ,  mixed isomeric 5- ring polyphenyl 

e t h e r  5Pm, Monsanto MCS-354. Over 54,000 hours of bearing t e s t i n g  

were accumulated. Addit ionally,  a l a rge  number of bench type r o l l i n g  

contac t  f a t igue  tests were conducted, as w e l l  as extensive lubr i can t  

and meta l lurgica l  a n a l y s i s ,  The d a t a  shows t h a t  the  p a r a f f i n i c  o i l  w i l l  

provide s a t i s f a c t o r y  hydrodynamic l u b r i c a t i o n  at  600F i n  an ine r t ed  

atmosphere. The polyphenyl e t h e r  and the  polymeric f l u i d  are marginal 

i n  t h e i r  l u b r i c a t i n g  c a p a b i l i t y  a t  the  600F temperature. Bearing 

f a i l u r e s  a t  600F a re  similar t o  those observed a t  lower temperatures. 

CVM M-50 is  s u i t a b l e  f o r  bearing qpp l i ca t ions  up t o  and including 600F. 
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1 . 0  Summary and Conclusions 

A research program has been conducted t o  e s t a b l i s h  the  f e a s i b i l i t y  of 

operat ing l a rge  diameter r o l l i n g  element bearings a t  600F under condit ions 

of load and speed approximating those experienced by main s h a f t  bearings 

i n  j e t  engines.  Two major bearing mate r i a l s  and three  f l u i d s  were evaluated.  

Over 54,000 hours of bearing t e s t i n g  were accumulated, 27,000 of which 

were a t  600F. Addit ionally,  a considerable number of  bench type (RC Rig) 

r o l l i n g  contac t  f a t igue  t e s t s  were conducted, as wel l  as extensive lubr i can t  

and meta l lurgica l  analyses.  The major conclusions are: 

A syn the t i c  p a r a f f i n i c  o i l  w i l l  provide s a t i s f a c t o r y  bearing operat ion 

a t  GOOF under a n i t rogen atmosphere 

Using the syn the t i c  p a r a f f i n i c  o i l  there  appears t o  be no s i g n i f i c a n t  

e f f e c t  of temperature on bearing operat ion i n  the range 400F-600F. 

Bearing f a i l u r e s  a t  600F are  s i m i l a r  t o  those experienced a t  lower 

temperatures, i .e .)  sub-surface i n i t i a t e d  s p a l l i n g  f a t i g u e .  

O A t  600F, with  the syn the t i c  p a r a f f i n i c  o i l  and M-50 bearings,  bearing 

l i f e  i s  over 2 times computed l i f e  or 12 times ca ta log  l i f e .  

O A t  600F i n  an a i r  atmosphere a modified polyphenyl e t h e r  does not  

provide s a t i s f a c t o r y  l u b r i c a t i o n ,  r e s u l t i n g  i n  considerable component 

wear and surface  d i s t r e s s .  

O A t  600F, using M- 5 0  bearings,  a polymeric perf luor ina ted  f l u i d  genera l ly  

provides adequate lubr i ca t ion ,  although the adequacy of the  lubr i can t  

f i l m  i s  not  cons i s t en t .  

WB-49, an a l t e r n a t e  high temperature bearing material, is  s i g n i f i c a n t l y  

i n f e r i o r  t o  M-50 when compared a t  600F and w i t h  the  syn the t i c  p a r a f f i n i c  

o i l  as a l u b r i c a n t .  

O S-Monel r e t a i n e r s  are  h ighly  s a t i s f a c t o r y  f o r  600F opera t ion .  

1 
d 



2 . O  In t roduct ion  

The phenomenal growth of the a i r c r a f t  indus t ry  i n  the l a s t  decade, spurred 

on pr imar i ly  by the  rapid advancement i n  propulsion systems,  has placed 

unprecedented demands on mate r i a l s  and lubr i can t s  engineering Tradit ion-  

a l l y ,  bearing operat ing temperatures were d i c t a t e d  by the thermal c a p a b i l i t y  

of the l u b r i c a t i n g  f l u i d .  Bearing s t r u c t u r a l  materials such as M- 50,  M-1 ,  

44OC, etc .  had temperature c a p a b i l i t i e s  exceeding avai lable  syn the t i c  

l u b r i c a n t s  such as the  d i e s t e r s  and po lyes te r s .  Within the l a s t  few years,  

however, a number of new f l u i d s  have been developed which show promise 

of a breakthrough i n  terms of increas ing the usable temperature range of 

l u b r i c a t i n g  o i l s .  Among these are  the  polyphenyl e t h e r s ,  the syn the t i c  

o i l s  and the  polymeric pe r f luor ina ted  f l u i d s  

One of the c r i t i c a l  problems foreseen i n  the operat ion o f  supersonic and 

hypersonic a i r c r a f t  w i l l  be the  high ambient temperature t o  which the  

engine and gearbox bearings w i l l  be exposed. These components a r e  normally 

lubr i ca ted  by o i l  which a l s o  a c t s  a s  an e f f e c t i v e  heat  t r a n s f e r  medium, 

passing much of the heat  generated by the bearings t o  an ava i l ab le  heat  

s ink  such as the f u e l  With increased speeds, however, and p a r t i c u l a r l y  

i n  the Mach 3+ regime, the hea t  t r a n s f e r  capaci ty  decreases due t o  the 

inherent ly  higher temperature of the  f u e l  and g r e a t e r  demands f o r  cooling 

capaci ty  elsewhere. This ,  coupled with the increased heat  generat ion by 

the  bearings due t o  higher speeds and heavier  loads ,  requi res  improved 

l u b r i c a n t s  and t o  a l e s s e r  e x t e n t ,  b e t t e r  s t r u c t u r a l  mater ia ls  f o r  the 

bear ings ,  

The formulation of advanced thermally s t a b l e  o i l s  is ,  however, only the 

f i r s t  s t e p  i n  t h i s  quest  f o r  bearing systems capable of higher tempera- 

t u r e s ,  Design d a t a  r e l a t i n g  the performance of these f l u i d s  and bearing 

mater ia ls  a t  the  e levated  temperatures must be obtained.  Relat ionships 

v i t a l  to bearing design and l i f e  p red ic t ions  such as l o a d / l i f e  and 

temperature/ l i fe  need t o  be determined. Extrapola t ion  of e x i s t i n g  d a t a  

simply is  not  good enough s ince  t o t a l l y  new fami l i e s  of f l u i d s  are  

2 



being u t i l i z e d ,  or the  more common f l u i d s  a re  being operated a t  t h e i r  

maximum capaci ty  and a re  thus i n  an a rea  of e s s e n t i a l l y  unpredictable 

performance . 

The a v a i l a b i l i t y  of these new l u b r i c a t i n g  f l u i d s ,  along with i n i t i a l l y  

encouraging b a s i c  engineering p roper t i e s  ind ica t ing  t h e i r  p o t e n t i a l  f o r  

high temperature bearing operat ion,  prompted NASA t o  undertake a study of 

these f l u i d s  under condi t ions  of load,  speed and temperature approximating 

those seen i n  main s h a f t  j e t  engine bearings.  

General E l e c t r i c ,  under con t rac t  to  NASA-Lewis Research Center,  has been 

performing a por t ion  of these s t u d i e s .  The primary emphasis of the General 

E l e c t r i c  s t u d i e s  was the determination of bearing performance i n  the  temper- 

a t u r e  range 400F-600F. The bearings used were 120 mm bore, s p l i t  i nne r  

r ing ,  angular  contac t  bear ings .  

The program a s  o r i g i n a l l y  conceived was designed t o  evaluate  three  new 

fami l i e s  of high temperature f l u i d s  i n  combination wi th  two high tempera- 

tu re  bearing s t e e l s .  Based on the r e s u l t s  of these s tud ies ,  a load- l i f e  

test  s e r i e s  w a s  then t o  be conducted with the bes t  f luid- bearing mater ia l  

combination. T h i s  l a t t e r  t e s t  sequence w a s  subsequently changed t o  the 

determination of a l i fe- temperature r e l a t ionsh ip .  The reason f o r  t h i s  

modificat ion w i l l  be explained i n  a l a t e r  sec t ion  of t h i s  r epor t .  

Supporting the  f u l l  scale bearing t e s t s  were a number of complementary 

s t u d i e s  designed t o  a i d  i n  the ana lys i s  of the bearing test data. Included 

i n  these support ing tests were r o l l i n g  contac t  f a t igue  s tud ies  (RC Rig), 

computer ana lys i s  of bearing kinematics and stresses, as well  a s  lubr i can t  

and meta l lurgica l  eva lua t ions .  
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3 . O  Lubricants and Bearing Mater ia ls  

The program was designed t o  provide an evaluat ion  of the operat ing 

c h a r a c t e r i s t i c s  of three  advanced lubr i can t s ,  a t  e levated  temperatures 

and under realist ic opera t ing  condi t ions  of load and speed. To provide 

the  g r e a t e s t  chance of achieving t h i s  prime ob jec t ive ,  the  prime bearing 

material se lec ted  was CVM M-50, a Cr-Mo-V high speed t o o l  s t e e l ,  cu r ren t ly  

used by a l l  major j e t  engine manufacturers i n  high temperature and/or 

c r i t i c a l  bearing app l i ca t ions .  In addi t ion  t o  t h i s  mater ia l ,  an a l t e r n a t e  

high temperature bearing mater ia l  w a s  included, i n  order  t o  have a back-up 

i n  the  event  the M-50 w a s  found t o  be unable t o  provide s a t i s f a c t o r y  

operat ion a t  the  proposed t e s t  temperatures of 600F. This a l t e r n a t e  

mater ia l  w a s  Crucible S t e e l ' s  WB-49, a high a l l o y  tool  s t e e l ,  s p e c i f i c a l l y  

developed f o r  high temperature bear ing  app l i ca t ions  

Spec i f i c  d e t a i l s  regarding the  t e s t  f l u i d s  and bearing mate r i a l s  a re  

presented i n  the following pages. 

3 1 Lubricants  

The three  l u b r i c a n t s  se lec ted  f o r  evaluat ion  were: 

a .  Synthet ic  p a r a f f i n i c  o i l  - Mobil XRM-177F 

b . Polymeric perf luor ina ted  f l u i d  - DuPont PR-143 

c .  Inh ib i t ed ,  mixed isomeric 5-ring polyphenyl e t h e r ,  5PG,  - Monsanto 

MCS-354 

Mobil XRM-177F i s  a 100% syn the t i c  p a r a f f i n i c  o i l  having e x c e l l e n t  high 

temperature v i s c o s i t y  c h a r a c t e r i s t i c s  A s  o r i g i n a l l y  planned, the  o i l  

t o  be used i n  the General Electric work was t o  be Mobil XFW-lOSF, which 

i s  the  same f l u i d  minus an EP add i t ive .  However, before the GE t e s t i n g  

w a s  i n i t i a t e d ,  SKF reported ")* t h a t  the  EP addi t ive  was e s s e n t i a l  t o  

achieve s a t i s f a c t o r y  l i f e  from t h i s  f l u i d .  Consequently, the XRM-109F 

on hand w a s  returned t o  Mobil O i l  Company f o r  modificat ion i n t o  the  

XRAJI-177F. Physical  property da ta  furnished by Mobil O i l  Company i s  

presented i n  Table 1 and Figure 1. 

* See Table of References. 

4 
J 



Table 1 

Kinematic Viscosity (CS) 

OF - 37,497 

loop - 443.3 

210F - 39.72 

400F - 5.83 

Viscosity Index 

Pour Point, OF 

Flash Point, OF 

Fire Point, O F  

Autogeneous Ignition, OF 

Volatility (6.5 h p .  @ 
500F) 

124 

-35 

$15 

6 0  

8 05 

14.2% 

J 

Specific Heat (See Table 3 

Thermal Conductivity (See Table 3 ) 

5 
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DuPont PR-143 i s  a polymeric perf luor ina ted  high temperature f l u i d  having 

high oxidat ive  and thermal s t a b i l i t y .  Shor t ly  a f t e r  i t s  development, the  

material w a s  evaluated by General E l e c t r i c  under r o l l i n g  contact  condi- 

t i o n s  and w a s  found t o  be capable of providing s a t i s f a c t o r y  bearing 

operat ion up t o  and inc luding 600F. ( 

documented i n  an A i r  Force repor t  ( 3 ,  and pe r t inen t  physical  property 

d a t a  of the  batch used i n  the  General E l e c t r i c  Program i s  shown i n  

Tables 2 and 3.  

This f l u i d  i s  extens ively  

Monsanto MCS-354, the  t h i r d  f l u i d  i s  an inh ib i t ed  mixed isomeric 5- ring poly- 

phenyl ether 5P4, developed f o r  use i n  high-temperature hydraulic ,  hea t  

t r a n s f e r  and l u b r i c a n t  app l i ca t ions .  The p roper t i e s  of t h i s  f l u i d  have 

been extens ively  documented. ( 4 ,  The pe r t inen t  physicaL p roper t i e s  f o r  

t h e  batch of mater ia l  used i n  the  current  program are shown i n  Tables 3 

and 4 .  

3 . 2  Bearings and Bearing Materials  

The t e s t  bearings used i n  t h i s  program are shown i n  Figure 2 (GE Dwg. 

#4012286-956). A d e t a i l e d  s t r e s s  ana lys i s  of t h i s  bearing i s  presented 

i n  sec t ion  5.0 of t h i s  r epor t ,  and the  major c r i t i c a l  dimensions, b a l l  

diameters,  contac t  angles, e t c .  a re  shown i n  Figure 2. 

The i n i t i a l  order  of bearing components f o r  t h i s  program was as follows: 

1. 

2. 

3. 

4. 

5 .  

6. 

7 .  

8. 

Component 

Outer Ring 

Outer Ring 

Inner  Ring 

Inner  Ring 

R e t  a i  ner  

Retainer  

B a l l s  

B a l l s  

Quanti t y 

158 

90 

158 

90 

130 

120 

2686 

1530 

Material 

CVM-M-5 0 

WB-49 

CVM-M-5 0 

WB-49 

S -Mone 1 

M-1 

CVM-M-5 0 

M-1 
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Table 2 

Properties PR-l43AC, Lot 5 

Density 8 75"F, g./ml. 

Viscosity, cs. 

d O°F 

d 100°F 

d 210°F 

@ 400°F 

Viscosity Index (ASTM D-567) 

Viscosity Index (ASTM D-2270) 

ASTM Slope 

Pour Point, "F 

Volatility, wt. per cent 
6 1/2 hrs. d 500°F 

Oxidation - Corrosion Data @ 650°F. 
72 hrs. with 5 liters dry air/hr: 
Metals, mg./cm.2 - day 
QQ-S -63 6 
301 SS 
M-50 Tool Steel 
440C SS 
Ti (8Mn) 

'% Fluid L o s s  

Cell 
Overall 

% Viscosity Change 

100°F 
21 0' F 

1.8798 

32,062 

298.3 

29.81 

4.55 

123 

146 

0.562 

-3 0 

18.0 

-3.15 
-2.74 
-2.67 
-3.74 
-4.61 

0 
0 

+8.0 
+3.6 

1 
8 



Table 3 

Specific Heat and Thermal Conductivity 

Of Three Test Fluids 

lOOF 

2OOF 

3 OOF 

400F 

5 OOF 

1 OOF 

2OOF 

300F 

400F 

500F 

(2) 2. Thermal Conductivity 

PR-143 

0.241 

0 260 

0 e 279 

0.279 

0.316 

52.1 

52.0 

51.8 

51.6 

51.5 

MCS-354 XRM-177 

0.35 0.475 

0.39 0.530 

0.44 0.585 

0.48 0.640 

0.53 0.695 

84.0 79.0 

81.0 77.0 

79.0 75.0 

78,O 72.0 

78.0 70.0 

(1) Specific Beat - BTU/lb/OF 
(2) Thermal Conductivity - BTU/hr/(ft) (OF/ft) x 10 

2 3 
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Table 4 

P roper t i e s  of MCS-354 

Viscosi ty (CS) 

lOOF - 358.0 

210F - 13.0  

400F - 2.1  

500F - 1 . 2  

600F - 0.85 

Pour Point ,  OF 

Vapor Pressure 

S p e c i f i c  Gravity 

Refrac t ive  Index 

Flash  Point  

Evaporation Loss 
6 1/2 h r s .  @ 500F @ 140 mm 

F i r e  Point,  OF 

+40F 

0.76 mm @ 500F 

1.200 @ 25/256 

25 1.6307 
fi! 

540F 

8.5% 

660 

Autogeneous Ign i t ion  Temp., O F  1135 

S p e c i f i c  Heat (See Table 3) 

Thermal Conductivity (See Table 3) 

1 0  
x 



4 F- Fr! 
0 al 

cu 

Fr! B 
H 
Er 
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The materials s e l e c t i o n  was made on the  premise  t h a t  the  majori ty of the  

t e s t i p g  would be performed w i t h  the  M-50/S-Monel combination. I n  the  

event t h a t  the S-Monel cages proved marginal, a s u b s t i t u t i o n  t o  M-1 

cages w a s  t o  be made. S imi lar ly ,  s u f f i c i e n t  WB-49 components were 

procured i n  the  event t h a t  the  M-50 would prove unsui table  and/or marginal, 

for t he  600F opera t ion ,  i t  w a s  a l s o  decided 

t o  o u t f i t  the  WB-49 bearings with M-1 b a l l s ,  as t h i s  l a t t e r  mater ia l  had 

provided s a t i s f a c t o r y  operat ion,  e spec ia l ly  when exposed t o  the  PR-143 

f l u i d ,  

Based on NASA experience, ( 5  

The metal lurgica l  aspect of the bearing procurement was a p a r t i c u l a r l y  

s t r i n g e n t  one, and w a s  e s s e n t i a l  t o  insure  the  r e p e a t a b i l i t y  and credi- 

b i l i t y  of the  bearing t e s t  data.  The most s a l i e n t  po in t s  of the  metal- 

l u r g i c a l  con t ro l  Wre as follows: 

1. A l l  bearing components made from the same mater ia l  were t o  be made 

from one heat  of ma te r i a l .  

2. Hardness requirements for the  various components were as follows: 

M-50 Rings RC 62-64 

WB-49 Rings RC 64-66 

M- 50 Balls RC 62.5-63.5 

M-1 B a l l s  RC 64.5-65.5 

S -Monel Reta iners  R c  33 k 1 

M - l  Retainers  R c  5 5 2  1 

3. Raceway surface  f i n i s h  was not t o  exceed t w o  r . m . s .  

The above condi t ions  w e r e  successful ly  met, with the  exception of 1 

t he  M-50 components i n  Item 1 (above). I n  t h i s  case, i n s u f f i c i e n t  

mater ia l  was ava i l ab le  from a s i n g l e  CVM b i l l e t  t o  produce a l l  components. 

a 12 



Consequently, t h i s  requirement was relaxed t o  allow the  M-50 balls  t o  

be made from separa te  CVM bi l l e t s ,  although these  were s t i l l  from the  

same hea t  as the  one used f o r  the  r ings .  ( I t  should be noted t h a t  the  

i n t e r p r e t a t i o n  of a material 

author would l i k e  t o  c l a r i fy  General E l e c t r i c ' s  p o s i t i o n  on t h i s  sub jec t .  

There a re  e s s e n t i a l l y  t w o  "heats" as such i n  a consumable vacuum melting 

process.  The f i r s t  of these  is  the a i r  melted master hea t  from which as 

many as s i x  CVM electrodes can be obtained t o  produce individual  CVM 

b i l l e t s .  The master heat  can be as much as 15-20,000 l b s . ,  whereas a 

CVM b i l l e t  rarely exceeds 3,000 l b s ,  Despite very c lose  cont ro l  of the 

CVM process, s u f f i c i e n t  v a r i a t i o n s  can occur during the process, so t h a t  

General E l e c t r i c  considers  each CVM b i l l e t  an individual  heat ,  and thus 

not necessa r i ly  the same a s  a s i m i l a r  b i l l e t  made from the  same master 

material, but melted a t  a d i f f e r e n t  t i m e . )  Table 5 presents  the  Chemical 

Analysis of the  ma te r i a l s  used i n  the  cu r ren t  program, To contro l  the  

hardness to lerances ,  s p e c i f i c a l l y  on the b a l l s ,  two e x t r a  b a l l s  were 

made f o r  each bearing specif  icalPy f o r  hardness checks a 

t f  heat" i s  a con t rovers i a l  subjec t  and the  

To i l l u s t r a t e  the  hardness cont ro l  achieved, a summary of hardness 

measurements is  presented i n  Tables 6 through 1 0 ,  

Addit ionally,  from each hea t  of mater ia l  with the  exception of those 

used f o r  the  r e t a i n e r s ,  RC Rig test ba r s  were made and submitted t o  

General Electr ic  f o r  evaluat ion .  These tests and t h e i r  r e s u l t s  a re  

discussed i n  another s e c t i o n  of t h i s  r epor t .  To f u r t h e r  assure the 

soundness of the  bearing mater ia l ,  X-ray d i f f r a c t i o n  measurements were 

made t o  determine re ta ined aus ten i t e  contents  ~ The following 

excerpt  from a Marlin Rockwell Bearing Company l e t t e r  descr ibes  the 

technique used by t h i s  company t o  determine re ta ined aus ten i t e .  

MR@ uses the  in teg ra ted  i n t e n s i t i e s  method of determining re ta ined 11 

aus ten i t e  on a GE XRD 5 Diffractometer  using a CA 7H X-ray tube and a 

#6 S X  counter  tube. 
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Table 5 

Chemical Analysis of Materials  Used i n  

Bearing Components f o r  NASA 3-7.261 

(1) CVM-M-5 0 
Ring Material  .802 .24 .008 .003 .18 3.95 4.36 .93 - - - Bal. 

(2)  GVM-M-50 
- Bal. 

CVM-WB-49(3) 1 .06  .44 .004 .008 .32 4.22 3.76 1.86 .08 6.82 5.29 Bal. 

.798 .28 .020 .005 .29 3.74 8.71 1.11 - 1.53 - Bal. M-1 

B a l l  Material  .802 ,24 ,008 .003 .18 3.95 4.36 .93 - - 

(4 1 

- - 65.28 - - .66 28.7E S -Mone 1 (5) .095 .74 - - 3.69 - 

(1) Allegheny Ludlum Steel Co. Heat #25431 

(2 )  CVM B i l l e t  #A - CVV B i l l e t  #B 

(3) Crucible Steel Co. Heat #07833 

(4)  Allegheny Ludlum S t e e l  Co. Heat AW81154 

( 5 )  Janney Cylinder Co. Heat #AA1(6755) 
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Table 6 

Bearing 
Number 

1. 63.0 
2 .  63.1 
3. 63.0 
4. 63.0 
5. 63.1 
6. 63.0 
7 .  63,2 
8.  63.0 
9 .  63.0 

10.  63.0 
11, 62.9 
1 2 .  63.1 
1 3 .  63.0 
14.  63.0 
15.  63.0 
16.  63.0 
17. 63.2 
18. 63.0 
19. 63.0 
20. 63.0 
21. 63,O 
22. 63.0 
23. 63.4 
24. 63.2 
25. 63.0 
26. 63.4 
27. 63.0 
28. 63 .2 
29. 63.0 
30. 63.0 
31. 63.0 
32. 63.0 
33. 63.0 
34. 63.0 
35. 63.0 
36. 63.0 

63.0 
63.0 
63.0 
63.0 
63.1 
63.0 
63.0 
63.0 
63.0 
63.1 
63.3 
63.0 
63.1 
63.1 
63.0 
63.0 
63.2 
62,7 
63.0 
63.4 
63 . 0 
63.0 
63.0 
63.2 
63,O 
63.2 
63.0 
63.3 
63.0 
63.0 
63.0 
63.1 
63.0 
63.0 
63.0 
63.0 

63.0 
63.0 
63.2 
63.0 
63.0 
63.0 
63.1 
63.1 
63.0 
63.1 
63.1 
63.1 
63.1 
63.0 
63.1 
63.0 
63.1 
63.0 
63.0 
63.1 
63.0 
63.0 
63.2 
63.1 
62.9 
63.2 
63.1 
63.1 
63.1 
62.9 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 

* 
Hardness Measurements 

Outer Riags (CVM-M-50) 

Be a r i  ng 
Number 

37. 63.0 
38. 63.0 
39. 63.3 
40. 63.0 
41. 62.9 
42. 63.0 
43. 63.0 
44. 62.9 
45. 63.0 
46, 63.0 
47. 63,O 
48. 63.0 
49. 63.0 
50. 63.0 
51. 63,O 
52, 63.2 
53. 63.0 
54. 63.0 
55. 63.0 
56. 63.0 
57. 63.0 
58, 63.0 
59. 63.0 
60. 63.0 
61. 63-0  
62. 63.3 
63. 63.0 
64. 63,O 
65. 63.0 
66. 63.0 
67. 63.0 
68. 63.2 
69. 63.0 
70. 62.9 
71. 63.0 
72. 63.0 

63.0 
63.0 
63.0 
63.0 
63 . 0 
63.2 
63.4 
62.9 
63.0 
63.0 
63 0 
63.0 
63.0 
63.0 
63.0 
63.3 
63.2 
63.0 
63.0 
63 . 2  
63.1 
63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63.0 
63.2 
63.0 
63.0 
63.1 
63.0 
63.1 
63.0 
63.0 

63.1 
63.0 
63.0 
63.1 
63.0 
63,O 
63.0 
63.0 
63.0 
62.9 
63 . O  
63,O 
63.0 
63.0 
63.0 
63.4 
63.0 
63.0 
63.1 
63.2 
63.0 
63.2 
63.0 
63.1 
63.0 
63.2 
63.0 
63 0 
63.1 
63.0 
63 0 
63.1 
63.0 
63.0 
63.0 
63.0 

Bearing 
Number 

73. 
74. 
75. 
76. 
77 n 

78. 
79. 
80. 
81 0 

82. 
83 
84. 
85. 
86 * 
87. 
88 0 

89. 
90. 
91. 
92. 
93 
94. 
95 0 

96. 
97. 
98. 
99 e 

100. 
101. 
102 * 
103, 
104. 
105. 
106. 
107. 
108. 

63.0 
63.0 
63.0 
63 -0 
63.0 
63,O 
63 0 
63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63.0 
63,O 
63.0 
62.9 
63.2 
63.0 
63.0 
63.0 
62.9 
63.0 
63.0 
63.0 
62.9 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63,O 
63.0 
63.0 
63.0 

63.2 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63.0 
63 . 0 
63 .O 
63,0 
63.0 
63.0 
63 - 0  
63.0 
63.2 
62.9 
63.1 
63.0 
63.0 
63.0 
63.0 
63 . 0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.1 
63.0 
63.0 
63.0 
63.0 
62.9 

63.0 
63.0 
63.0 
63.0 
63.0 
63.0 . 
63.0 
63.1 
63.1 
63.2 
63.0 
63.3 
63.0 
63.0 
63.0 
63.0 
62.9 
63.0 
63.0 
63.1 
63.0 
63.0 
63 . O  
63.0 
63.0 
63.0 
63.0 
63.0 
63.2 
63 6 
63.1 
63.0 
63.0 
63.0 
63,0 
62.9 

* A l l  hardness measurements i n  Rokwell  C 
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Table 7 

Bearing 
Number 

1. 
2. 
3. 
4 .  
5 .  
6. 
7 .  
8. 
9 .  

10.  
11. 
1 2  9 

13. 
14 
15.  
16. 
17 e 

18.  
19 .  
20, 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 

63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63.5 
63.0 
63,O 
63.0 
63.0 
63 .O 
63.0 
63.0 
63.0 
63.2 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.1 
63.0 
62.9 
63.0 
63.0 
63.2 
63.0 
63.1 
63.0 
63.0 
63.0 

63.0 63.0 
63.0 63.0 
63.0 63.2 
63.0 63.2 
63.2 63.5 
63.0 63.1 
63.4 63.0 
63.5 63.2 
63.0 63.4 
63.0 63.0 
63.2 63.1 
63.0 63.0 
63.0 63.0 
63.0 63.0 
63.5 63.2 
63.2 63.0 
63.0 63.0 
63.0 63.0 
63.0 63.5 
63.0 63.0 
63.0 63.5 
63.0 63.0 
63.Q 63.1 
63.0 63.0 
63.3 63.1 
63.0 63.0 
63.0 63.0 
63.0 63.3 
63.0 63.2 
63.4 63.1 
63.0 63.4 
63.0 63.0 
63.0 63.0 
63.2 63.0 
63.0 63.0 
63.0 63.0 

* 
Hardness Measurements 

Balls . -, (CVM-M-50) 

Bearing 
Number 

37. 
38. 
39. 
40. 
41. 
42. 
43 D 

44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 

63 .O 
63.5 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.5 
63.0 
63 0 
63.4 
63.0 
63.0 
63.0 
63.0 
63.0 
63.5 
63.0 
63.2 
63.2 
63.1 
63.0 
63.0 
63.0 
63.5 
63.0 
63.0 
63.2 
63.5 
63.2 
63.3 

63.2 
63.5 
63.4 
63.0 
63.0 
63 . 0 
63 ,O 
63.1 
63.0 
63.0 
63.0 
63 .O 
63.0 
63.4 
63.1 
63.0 
63.0 
63.0 
63.0 
63.3 
63.1 
63.5 
63 . 0 
63.3 
63.0 
63.0 
63.5 
63.0 
63.0 
63.4 
63.0 
63.4 
63.0 
63.1 
63.0 
63.0 

63.0 
63.1 
63.5 
63.5 
63.0 
63.0 
63.0 
63.0 
63.3 
63.2 
63.0 
63.5 
63.0 
63.0 
63.2 
63.0 
62.9 
63.0 
63.1 
63.0 
63 - 5  
63.2 
63 .O 
63.3 
63.4 
63,0 
63.1 
63,0 
63.0 
63.5 
63.0 
63.1 
63.0 
63.0 
63.0 
63.0 

* A l l  hardness measurements i n  Rockwell C 
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Table 8 

* 
Hardness Measurements 

Bearing 
Number 

1. 
2.  

‘>3. 
4. 
5. 
6. 
7 .  
8. 
9. 

10.  
11 n 
1 2  * 
13 
14 e 

15 
16. 
17 e 

18,  
19 0 

20. 
21 0 

22. 
23. 
24 
25 
26. 
27 
28. 
29 e 

30. 
31 e 

32. 
33. 
34. 
35 * 
36. 
37 0 

63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63.2 
63.0 
65.5 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63 0 
63,O 
63.0 
63.0 
63.0 
63.0 
63,O 
63.0 
63.1 
63.0 
63.0 
63.0 
63.2 
63.0 
63.0 
63.0 
63.1 
63.0 
63.0 

63.5 
63.0 
63.0 
63.0 
63.5 
63 0 
63.2 
63.2 
63.0 
63.2 
63.0 
63.0 
62.9 
63.1 
62,9 
63.0 
63.0 
63.2 
63.0 
63.5 
63.0 
63.0 
62-9 
63.0 
63 . O  
62.9 
63.3 
63 . 0 
63,O 
63.0 
63.2 
63.0 
63.2 
63.2 
63.0 
63.0 
63.2 

P u l l e r  Grooved Inner  Rings 

(CVM M-50) 

63.1 
63.2 
63.0 
63.0 
63.0 
63.4 
63.0 
63.0 
63,O 
63.0 
63.3 
63.0 
63.2 
63.4 
63.1 
63.0 
63 0 
63.1 
62.9 
63.2 
63 0 
63 0 
62.9 
63.0 
63.0 
62.9 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63.1 
63.1 
63.4 
63.0 
63.1 

Bearing 
Number 

38. 
39 e 

40. 
41. 
42. 
43. 
44 D 

45. 
46 
47. 
48. 
49 0 

50. 
51. 
52 e 

53. 
54. 
55. 
56. 
57 
58 e 
59. 
60 e 

61. 
62 a 

63 
64 e 

65. 
66 
67. 
68 
69 
70. 
71. 
72 
73 D 

74 0 

62.9 
63.2 
63.0 
63.2 
63.0 
63.0 
63.1 
63.0 
63.0 
62.9 
63.2 
63.0 
63.0 
63.0 
63.0 
63.2 
63.0 
63.0 
63.0 
63 - 2  
63.0 
63 0 
63 0 
63.0 
63.0 
63.2 
63.2 
63.5 
63 0 
63.2 
63,O 
63.0 
63.0 
63.0 
62.9 
63.0 
63.0 

63.0 
63.0 
63.0 
63.3 
63.0 
63.0 
63.0 
63.0 
63.0 
62.9 
63.0 
62.9 
63.1 
63.0 
63.0 
63.5 
63.0 
63,O 
63.1 
63.0 
63.0 
63.0 
63.5 
63.0 
63.0 
63.2 
63.0 
63.1 
63.0 
63.4 
63.0 
63.0 
63 .O 
63.0 
62.9 
63.0 
63.1 

62.9 
63.0 
63.2 
63.0 
63.0 
63.0 
63.4 
63,3 
63,O 
6 3 , l  
63,O 
63 - 3  
63.0 
63.0 
62.9 
63.3 
63 0 
63.0 
63 . O  
63 - 0  
63,2 
63.5 
63.2 
63.0 
62.9 
63.0 
63.0 
63.2 
63.2 
63.1 
63.0 
62.9 
63.0 
63.0 
63.0 
63.1 
63 - 2  

Bearing 
Number 

75. 
76. 
77. 
78 e 

79. 
80. 
81 
82 
83 
84. 
85. 
86 e 
87 e 

88. 
89. 
90 0 

91 s 
92 
93 0 

94 a 

95 0 

96. 
97 m 
98. 
99 

100 
101. 
102. 
103 a 

104. 
105 
106. 
107 a 

108 ~ 

109 
110. 
111. 

63.0 
63.0 
63,O 
63,O 
63.2 
63.0 
63.0 
63.0 
63.0 
63.0 
63 0 
63.0 
63.0 
63.. 0 
63.1 
63.0 
63.0 
63.0 
63.0 
63.0 
63.0 
63,O 
63.0 
62.9 
63.0 
63.0 
63.0 
63.0 
63.4 
63.4 
63.2 
62.9 
63.1 
63.3 
63.2 
63.0 
63 e 0 

63.0 
62.9 
63 .O 
63.2 
63.4 
63.0 
63 0 
63.0 
63 a 0 
63.0 
63 0 
63.0 
63,O 
63.0 
63.0 
63.0 
63.0 
63 0 
63.0 
63.0 
63 2 
63.0 
63.0 
63.0 
63.0 
63 . O  
63.0 
63.0 
63.0 
63.0 
63.2 
63 e 0 
63.0 
63.0 
63 . 0 
63.0 
63.2 

63.0 
63.0 
63.0 
63.0 
63.2 
63.1 
63.0 
62.9 
63.3 
63.0 
63 e 0 
63.0 
63.5 
63.0 
63,0 
63.0 
63.5 
63.4 
63 -1 
63.3 
63.2 
63 0 
63.0 
63.0 
63.3 
63.0 
63.2 
62.9 
62.9 
63,3 
63.0 
62.9 
63.2 
63.0 
63.3 
63.0 
63.0 

* A l l  hardness measurements i n  Rockwell C! 
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Table 9 

Hardness Measurements 

Inner Rings (WB-49) 

Bearing 
Number 

1. 
2. 
3. 
4 .  
5 .  
6. 
7 .  
8. 
9 .  

10.  
11. 
12 * 
13 
14.  
15 .  
16 .  
17 
18 
19. 
20. 
21. 
22. 
23 
24. 
25. 
26 
27 e 

28 
29 
30. 
31 a 

32 

64.9 65.0 64.9 
65.0 64.9 65.0 
65.0 65.0 65.0 
65.0 65.0 64.9 
65.0 65.0 65.0 
65.0 65.0 65.0 
65.0 65.0 64.9 
65.0 65.0 65.0 
65.0 65.0 65.0 
65.0 64.8 65.0 
65.0 65.0 65.0 
64.9 64.8 65.0 
65.0 64.9 65.0 
65.0 65.0 65,O 
64,8 65.0 64.8 
64.9 65.1 65.0 
65.0 64.9 64.7 
65.0 64.8 65.0 
65.0 65.0 65.0 
65.0 65.0 65.0 
65.0 65.0 64.8 
64.9 64.9 65.0 
65.0 64.9 65.0 
65.0 65.0 65.0 
65.0 6 5 , l  65.0 
65.0 65.0 64.9 
65,O 65.0 64.9 
65.0 65.0 65.0 
65.0 65.0 65.0 
65.0 65.0 64.8 
65.0 65.0 64.9 
64.9 65.0 64.9 

Bearing 
Number 

33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47 * 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60 
61. 
62. 
63. 
64. 

64.9 
64.8 
65.0 
65.0 
64.9 
65.0 
65.0 
65.0 
65.0 
64.9 
65.0 
65.0 
64.9 
64.9 
65.0 
64.9 
64.8 
65.0 
64.8 
64.9 
65.0 
64.9 
65,O 
64.9 
65.0 
64.9 
64.9 
64.9 
65.0 
64.8 
65 .O 
65.0 

64.9 
64.9 
65.0 
65.0 
65.0 
64.9 
65.0 
64.8 
65.0 
64.9 
64.9 
65.0 
64.8 
64.9 
64 -9  
64.9 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
64.9 
65.0 
65.0 
64.9 
64.9 
64.9 
64.8 
65.0 
65.0 

64.5 
64.8 
64.8 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
64.6 
65.0 
65,O 
65.0 
64.9 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
64.9 
64.8 
65.0 
64.9 
64.6 
64.9 
65.0 
65.0 
65.0 
64.8 

Bearing 
Number 
I 

65. 65.0 
66. 65.0 
67. 65.0 
68. 64.9 
69. 65.0 
70. 65.0 
71. 64.9 
72. 65.0 
73. 65.0 
74. 65.0 
75, 65.0 
76. 64.8 
77. 65.0 
78. 65.0 
79. 65.0 
80. 65.0 
81. 65.0 
82. 65.0 
83, 64.8 
84. 65,O 
85. 65.0 
86. 65.1 
87. 65.0 
88. 65.0 
89. 64.7 
90. 64.7 
91. 64.5 
92. 65.0 
93. 64.9 
94. 64.5 
95. 65.0 

65.0 
65.0 
65,O 
65.0 
64.9 
65.0 
64.8 
65.0 
64-8 
65.0 
64.9 
65.0 
65 .O 
64.9 
64.8 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
64.6 
64.8 
65.1 
64.9 
64.9 
64.8 
65.0 
65.0 
64.9 
65.0 

65.0 
65 -1 
65.0 
65.0 
65.0 
64.9 
64.8 
64.9 
65.0 
65.0 
65.0 
65.0 
64.9 
65.0 
65.0 
64.9 
64.8 
65.0 
65.0 
64.7 
64.9 
65 * 0 
65 . 0 
65.2 
65.0 
65.0 
64.9 
65.1 
65.2 
64.9 
65.2 

* A l l  hardnesses i n  Rockwell C 
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Table 10 

* 
Hardness Measurements 

Outer  Rings (WB-49) 

Bearing 
Number 

1. 65.4 
2 .  65.0 
3. 65.0 
4.  65.0 
5 .  65.0 
6. 65.0 
7 .  65.0 
8. 65.0 
9 .  65.0 

10 ,  64.8 
11. 65.0 
1 2 .  65.0 
13.  66.0 
14 .  65.0 
15 .  65.0 
16.  65.2 
17.  65.1 
18,  65.0 
19 .  65.1 
20. 65,O 
21. 65.2 
22. 65.0 
23. 65.0 
24. 65.1 
25. 65.2 
26. 65,O 
27. 65.2 
28. 65.0 
29. 65.0 
30. 65.0 

65.2 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65,O 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.2 
65 a 0 
65.0 
65.0 
65.0 
65.2 
65.1 
65.0 
65.0 
66.4 
6 . O  
65.0 
65.0 
65.0 
65.0 

65 , O  
65.0 
65.2 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.1 
65 e 0 
65-0  
65.0 
65.0 
65.0 
64,8 
64.9 
65.1 
65.0 
65.1 
65.1 
65.0 
65.1 
65.0 
65.1 
65.0 
65.0 
64.9 

Bearing 
Number 

31. 
32. 
33. 
34. 
35. 
36,  
37. 
38. 
39. 
40 
41 
42. 
43 
44. 
45. 
46. 
47. 
48. 
49. 
5 0. 
51 0 

52. 
53. 
54. 
55. 
56 e 

57. 
58. 
59. 
60. 

65.0 
65.2 
65.0 
65.0 
65.0 
65.2 
65.1 
65.0 
65.0 
65.0 
65.1 
65.5 
65.0 
65.0 
64.5 
65.0 
65.1 
65.0 
65.0 
65.0 
65.1 
65.0 
65.0 
65.1 
65.2 
65.2 
65.0 
65.0 
65.0 
65.1 

65.0 
65,O 
65.1 
65 , l  
65.0 
65.0 
65.2 
65.0 
65.0 
65.0 
65.0 
65.3 
65.1 
65 . 0 
64.5 
65,2 
65.3 
65.2 
65.0 
65.2 
65.0 
65.0 
65.1 
65.0 
65.2 
65.0 
65.1 
65.0 
65.0 
65.0 

65.0 
65.0 
65.0 
65.0 
65.0 
65.1 
65.2 
64.9 
65.0 
65.0 
65.3 
65.0 
65.2 
65.0 
65.0 
65.2 
65.0 
65.0 
65,O 
65.1 
65.0 
65.0 
65.0 
65.2 
65.1 
65.0 
65.0 
65 ;L 
65.0 
65.0 

Bearing 
Number 

61. 
62. 
63. 
64. 
65. 
66. 
67 
68. 
69. 
70. 
71. 
72. 
73 0 

74 0 

75 0 

76. 
77. 
78. 
79. 
80. 
81. 
82 a 
83. 
84. 
85. 
86. 
87. 
88. 
89. 

65 0 
65.0 
65.2 
65.1 
65.0 
65.1 
65.0 
65.1 
65.0 
64,8 
64 I 8 
65.0 
65.0 
64.8 
64.9 
64.8 
64,7 
64.8 
64.9 
64.7 
64.5 
64.7 
64.9 
64.8 
64.8 
65.0 
64.8 
64.8 
64.8 

65.0 
65,O 
65.0 
6 5 , l  
65.0 
65.0 
65.1 
65.1 
65.0 
64.6 
64.8 
64.8 
64.7 
64.9 
64.8 
64.8 
64.3 
64,5 
64.9 
64.7 
64.9 
64.8 
64.8 
64.8 
64.9 
64.6 
64.9 
64.9 
64.8 

65.0 
65.0 
65.1 
65.0 
65.0 
65.0 
65.1 
65.0 
65.0 
64.8 
64.8 
64.9 
64.8 
64.9 
65.0 
64.8 
65.0 
65.0 
64.9 
65.0 
64.9 
64.7 
64.8 
64.8 
65.0 
64.7 
64.9 
64.7 
64.9 

* A l l  hardnesses i n  Rockwell C 
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Surface prepara t ion  i s  p a r t i c u l a r l y  important t o  assure t h a t  no heat  

t r e a t i n g  or grinding condi t ions  a f f e c t  the  measurements. MRC e l e c t r o -  

pol ishes  a l l  surfaces  t o  be t e s t e d .  A minimum depth of .001" i s  used 

f o r  ground p a r t s ,  .020" f o r  unground surfaces .  Other methods of 

prepara t ion  are  not acceptable as  f a l s e  readings w i l l  always be found. 

P a r t s  are t e s t e d  at  the  following machine s e t t i n g s :  

Chrome Radiation 50 KVP 30 MA 

3' Medium Resolution Beam Collimator 

Medium Resolution Detector  Collimator 

,0015" Vanadium F i l t e r  

500 Count Per Second on Rate Meter 

2 Second Time Constant 

Goniometer Speed 2' pe r  Minute 

Chart Speed 60" per  Hour 

M-50 s t e e l  i s  scanned f o r  the  200 aus ten i t e  l i n e  from 20 74' through 

20 83', the  peak occurring a t  about 79.4' 20, The mar tens i te  200 peak 

i s  scanned between 20 98' and 20 114', the  peak being found a t  about 

106' 20. A f u r t h e r  scan may be made f o r  the  220 aus ten i t e  l i n e  between 

20 122' and 20 134'. 

The cha r t  i s  placed on a desk and a s t r a i g h t  l i n e  drawn through the  

background rad ia t ion .  The area  above the  l i n e  and under the  peaks i s  

measured with a planimeter  and put i n  the  formula: 

R e t ,  Aus t .  = 1 . 0  - .04 (Carbide Correct ion) 

4 - 1  ( A r e a  Martensite 200 1 
) 

x 1.74 
( Area Austenite  200 

or V = 1 
1 + 200a 

200r 
- 

* 576 
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. ’  . .  

I n  general  production, a scan for t he  aus ten i t e  200 l i n e  i s  s u f f i c i e n t  

to  determine i f  a peak i s  p resen t .  N o  peak a t  t h i s  loca t ion  i n d i c a t e s  

a re ta ined aus ten i t e  content  of l e s s  than 5%. t 1  

Using the  above technique, the re ta ined aus ten i t e  content  W a s  determined 

t o  be less than 3% i n  the  r i n g  and b a l l  material. 
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4 . 0  T e s t  F a c i l i t i e s  

To perform the  t e s t i n g  phase of t h i s  program, two major test  f a c i l i t i e s  

were required.  Of these,  the r o l l i n g  contact  f a t i g u e  t e s t e r s  (RC Rig) 

were ava i l ab le  and could be immediately u t i l i z e d .  The f u l l  scale 

bearing t e s t e r s ,  however, had t o  be designed, constructed and i n s t a l l e d  

and checked out .  Both of these f a c i l i t i e s  w i l l  be described i n  the  

following paragraphs. 

4 .1  Roll ing Contact Fat igue Test ing (RC Rig) 

To determine the  r e l a t i v e  e f f e c t s  of the  th ree  experimental lub r i can t s  

on the  se lec ted  bearing mater ia ls ,  Roll ing Contact Fatigue tests were 

performed p r i o r  t o  i n i t i a t i o n  of the  f u l l  s c a l e  bearing t e s t s .  Test ing 

was a l s o  conducted t o  determine the d i f fe rences  to  be expected between 

the  two major bearing mate r i a l s  ( M - 5 0 ,  W-49) and between the  t w o  CVM 

heats  of M-50 used i n  the  subjec t  program. 

The RC Rig, b r i e f l y  described below, became a major t o o l  i n  the  pre- 

bearing t e s t  evaluat ion  of the  th ree  f l u i d s  and two bearing mate r i a l s .  

A view of the  RC Rig i s  shown i n  Figure 3 and a close-up of the t e s t  

bar  rol ler  geometry i s  shown i n  Figure 4 . The c y l i n d r i c a l  bar ,  t h ree  

inches long by .375" D., which i s  the  t e s t  specimen, d r ives  two hemi- 

spher i ca l ly  ground r o l l e r s .  These rollers a r e  each 7 P/2" D .  and have 

a contac t  radius  of 1/4". 

and are supported by a massive pendulum yoke. Load i s  applied by c los ing 

t h e  r o l l e r s  together  agains t  the  test  bar .  The loading t r a i n  c o n s i s t s  

of a micrometer threaded turnbuckle and a c a l i b r a t e d  load ce l l ,  The 

load c e l l  i s  a four  s t r a i n  gage bridge which feeds  i n t o  a Baldwin SR4 

s t r a i n  analyzer .  The load c e l l s  are ca l ib ra ted  using a t e n s i l e  machine 

and obta in ing a load versus micro-inch de f l ec t ion  curve. The r o l l e r s  

impinging upon the  t e s t  ba r  produce a compressive s t r e s s  p a t t e r n  (Hertzian 

s t r e s s )  very s i m i l a r  t o  t h a t  seen on the  inner  r i n g  of a b a l l  bearing.  

They are  mounted v i a  double row b a l l  bearings 

The r e s u l t a n t  s p a l l i n g  f a t i g u e  f a i l u r e  i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  

observed on ac tua l  bearing races as  shown i n  Figure 5 .  Lubricat ion i s  

by a d r i p  feed system, a needle valve being used to  con t ro l  the  flow rate 
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F I G U l U  3 .  C3NERAL ELECTRIC RC RIG ( C 6 5 0 6 2 5 1 0 )  
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FIGURF: 4 .  CLOSE-UP OF RC TEST BAR - ROLLER CfEOMETRY ( C 6 5 0 6 2 5 1 2 )  
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FIGURE 5. FAILURE SIMILARITY BETWEEN ACTUAL BEARING AND RC R I G  SPECIMEN 

TOP LEFT: FATIGUE SPALL ON INNER RING OF BEARING. 
TOP RIGHT: FATIGUE SPALzl ON RC R I G  BAR. 
BOTTOM LEFT: PHOTOMICROGRAPH OF FATIGUE SPAJL ON BEARING. 
BOTTOM RIGHT: PHOTOMICROGRAPH OF FATIGUE SPALL ON Re R I G  BAR. 
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a t  a constant  rate of 20 drops per  minute. S tud ies  have shown t h a t  t h i s  

flow r a t e  i s  s u f f i c i e n t  t o  provide adequate l u b r i c a t i o n  as evidenced by 

the  o i l  meniscus, seen i n  Figure 6 .  A ve loc i ty  type v ib ra t ion  pick-up 

i s  mounted on one of the  support yokes. This instrument a c t s  

as a f a i l u r e  sensor  and termiqates the test1 immediately 

upon occurrence of a s p a l l i n g  f a t i g u e  f a i l u r e  . 

I n  the  cu r ren t  program, the  test  ba r s  were heated v i a  a high frequency 

induction c o i l  wrapped around the  test  bar  both f o r e  and a f t  of the  

contac t ing  r o l l e r s  An "Ircon" Infra- red Pyrometer t r a ined  on the  con- 

t a c t  a rea  measures and c o n t r o l s  the  temperature e Exact temperature 

cont ro l  i s  achieved by using a pyrometer con t ro l l ed  sa tu rab le  r eac to r  

cont ro l  t o  cycle the induction h e a t e r ,  Figure 7 shows a view of the  

Pyrometer Control set-up and a close-up of the induct ion  c o i l  is  shown 

i n  Figure 8 ,  

The o i l  is  heated by passing i t  through a hot a i r  heat  exchanger p r i o r  

t o  dropping i t  onto the  bar .  A thermocouple a t  the  o u t l e t  of the  hea t  

exchanger s e c t i o n  measures the  o i l  drop p r i o r  t o  i t s  r e l e a s e ,  This i s  

shown c l e a r l y  i n  Figure 4 Las t ly ,  the  r o l l e r s  a re  heated by a hot 

a i r  manifold around a por t ion  of the  r o l l e r s .  This i s  shown i n  Figure 3 ,  

Heating the  r o l l e r s  prevents  thermal gradients  and helps t o  achieve and 

maintain, c lose  temperature c o n t r o l .  

4 .2  120 m Bearing Tes te r  

The design of the  bearing t e s t e r s  w a s  d i c t a t e d  by the  severe environmental 

condi t ions  expected during the  t e s t ,  Among these  were: 

Continued and prolonged high speed opera t ion  a t  600F, 
' Maintenance of M 2 atmosphere having less than 5 ppm of 0 2 '  

' Exposure t o  p o t e n t i a l l y  corros ive  f l u i d s ,  

The f i r s t  of the  above l i s t e d  condi t ions  required t h a t  a l l  t e s t e r  components 

requi r ing  absolute dimensional i n t e g r i t y  Over the  dura t ion  of the  t e s t  

26 



F I G U m  6. HIGH SPEED PHOTOGRAPH O F  RC R I G  T E S T  BAR AND ROLLERS. 
NOTE O I L  MENISCUS BETWEEN BAR AND ROLLERS INDICATING 
PROPER UVEL O F  LUBRICATION. 
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FIGURE 7. INFRARED PYROMETER I N  USE ON RC R I G  
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FIGURE 8. HIGH FREQUENCY INDUCTION C O I L S  ON RC R I G .  
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period had t o  be made out  of a mater ia l  having good creep p roper t i e s  i n  

t h e  temperature range of i n t e r e s t .  

hea t  t r e a t e d  t o  assure dimensional s t a b i l i t y  t o  temperatures w e l l  above 

the  expected maximum opera t ing  temperature of 600F. 

ABSI 4340 and 4140 were se lec ted  and 

The N 

the  t e s t  cav i ty .  This was achieved by using the  tandem carbon s e a l  

(Figure 9 ) used i n  the  #1  s e a l  p o s i t i o n  on the  General E l e c t r i c  J79 turbo 

j e t  engine. The N gas i s  introduced between the  two s e a l  elements and 

thus  simultaneously p ressur i zes  ?the s e a l  a s  well  as i n e r t s  the  t e s t  

cav i ty .  Since the  t e s t  cav i ty  and the  t e s t  o i l  sump are an i n t e g r a l  

sea led  sys tem,  i n e r t i o n  is  simultaneously maintained on the  t e s t  o i l  

r e s e r v o i r .  To maintain a p o s i t i v e  f l o w  a vent l i n e  from the  o i l  tank 

atmosphere was maintained by c rea t ing  a 5 p s i  p o s i t i v e  pressure  i n  2 

2 

allows overboarding of exhaust fumes, The i n e r t i n g  s y s t e m  described, 

above w a s  t o t a l l y  successful  as will be seen l a t e r  i n  the  sec t ion  on 

t e s t  r e s u l t s  a 

( 3 )  The p o t e n t i a l  corrosiveness of the  f luor ina ted  polymer had been c i t e d  

and consequently s t eps  were taken t o  negate any p o t e n t i a l  e f f e c t s  on the  

bearing t e s t s  caused by the  r eac t ion  of t h i s  mater ia l  with t e s t e r  com- 

ponents. A meta l lurgica l  inves t iga t ion  w a s  performed by the  Materials  

Development Laboratory (MCBLO) i n  which samples of  ma te r i a l s  under con- 

s i d e r a t i o n  f o r  the  bearing t e s t e r  s t r u c t u r a l  members were exposed t o  

the  PR-143 i n  a i r ,  a t  600F f o r  periods up t o  44 hours.  e r e su l t s  of 

t h i s  examination a r e  shown i n  Table BP. I n  addi t ion  t o  noting the  v i spa l  

appearance of the  test samples, metallographic examination of the  specimens 

were a l so  made and showed no evidence of subsurface and/or in te rg ranu la r  

a t t ack  on e i t h e r  the  M i  p l a t ed  mater ia ls  o r  the  Monel. 

Based on these  r e s u l t s ,  i t  w a s  decided t h a t  a l l  p a r t s  i n  the  main t e s t e r  

body sub jec t  t o  contac t  with the  tes t  o i l  would be given a Nickel p l a t i n g  

pe r  AbllS Spec. 2404. P l a t i n g  thickness w a s  o O O 0 3 ' '  min. Furthermore, a l l  

p a r t s  which e i t h e r  because of t h e i r  u n s u i t a b i l i t y  t o  r e l i a b l e  p la t ing ,  
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Table 3.1 

Corrosion Test  of P o t e n t i a l  

Bearing T e s t  Rig Materials  I n  

DuPont PR-143 (Fluorinated Polymer) 

A t  600'F Lubricant Temperature 

Tes t  S amp1 e Mater i a1 

1. 302 S t a i n l e s s  

2.  302 S t a i n l e s s  

3 .  Monel 

4. Monel 

5.  M-50 

6. M-50 

7 .  Uncoated Low Carbon 
Steel (4340) 

(1) 

(1) 

8. Nickel Pla ted  
Low Carbon S t e e l  (4340) 

9 .  Nickel Pla ted  

Low Carbon S t e e l  (4140) 

I n i  t i a1 
Weight 

7 .a273 

7 .  8975 

27 ~ 2087 

27 3449 

5 ~ 8108 

7 e (4273 

15 5346 

1 6  a 4 63 6 

$5.9177 

F ina l  
Weight 

7,8657 * 
8,0324 * 

27.2718 * 
27.4459 * 
5.8271 * 
7,0499 * 

15,4477 ** 

16.4639 ** 

15,9177 ** 

7% Changed 

+ 1.8 

+ 1.7 

+ 0.2  

4- 0.2 

+ 0 ,2  

+ 0.3 

- 7 .  

n i l  

n i l  

Appearance 

Corroded 

Some a t t ack  

Very good 

Very s l i g h t  a t tac l  

D i  scol  ored 

Discolored 

Very corroded 
f l aky  r u s t  

Excellent  

Excellent  

The s t a i n l e s s  and M-50 samples were sanded with emery c l o t h  t o  assure complete 
contact  of a l l  surfaces  with the  PR-143. A l l  samples were then degreased with 
acetone and d r i e d  before weighing i n i t i a l l y .  The f i r s t  s i x  samples were s t a r t e d  
12:OO noon, 1/4/65, removed at  8 : O O  a . m . ,  1/5/65 cleaned with acetone, d r i ed  and 
reweighed ( in te r im weight not  shown), 

The low carbon steel samples w e r e  prepared, degreased with acetone, weighed and a l l  
nine samples were put  i n t o  the  600'F furnace @ 9: l5  a . m . ,  1/5/65. 

A l l  samples were removed from furnace @ 9 ~ 1 5 ,  1/6/65, r insed with acetone, d r i ed  
and reweighed ( f i n a l  weight column). 

(1)  .0003" min thickness,  p la t ed  p e r  AMS 2404. 

* 44 hours immersion 

** 24 hours immersion 
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such as  the  I D  of tubes and f i t t i n g s ,  or those p a r t s  subjec t  t o  wear, such 

as  pumps, would be m a d e  out  of Monel. Consequently, the  s p e c i a l l y  

designed vane lube  pump, the  o i l  tank, a l l  o i l  supply and r e t u r n  l i n e s  

were manufactured out  of Monel. 

because of repeated use would not r e t a i n  t h e i r  p l a t i n g .  This included 

s tuds ,  b o l t  heads and o t h e r  s i m i l a r  f a s t e n e r s .  

Also made out  of Monel were p a r t s  which, 

Addit ionally,  compat ib i l i ty  t e s t s  were conducted on various elastomers 

and gasketing mate r i a l s  and i t  was found tha t  both Viton A and Teflon 

were acceptable when used with the  PR-143. 

The t e s t  machine assembly i s  shown i n  Figure 10, Two s t a t i o n a r y  housings 

connected by a bellows form the  t e s t  sump. One housing i s  f ixed and 

conta ins  a s l ave  or a u x i l i a r y  r o l l e r  bearing t o  support the  test s h a f t  

a t  the  d r ive  end; the  second housing is  f r e e  f l o a t i n g  and i s  loaded by 

a sys tem containing t e n  sp r ings  of 1,000 l b .  working capacity each. The 

test bearings i n  each housing a re  a x i a l l y  loaded agains t  each o the r  by 

t h e  spr ing  sys tem.  The load path i s  from the  spr ings  t o  a c i r c u l a r  load 

p l a t e ,  through s tuds ,  strongback and force-gage t o  the forward housing. 

From the  forward housing the  load i s  t ransmit ted  through the  forward 

test  .bearing s h a f t  s leeve  and a f t  test  bearing t o  the  a f t  housing, thence 

t o  spr ings  v i a  t i e  rods which penet ra te  t h e  load p l a t e .  The two test 

bearings a r e  mounted on a test  s h a f t ,  and are separated by the s leeve  

which conducts the  axial load between inner  races .  The t e s t  bearings 

are re ta ined on the  s h a f t  by a bolted r e t a i n i n g  p l a t e ,  the  s h a f t  i s  

t he re fo re  located  by the t e s t  bearings and has a x i a l  freedom through 

t h e  s l ave  r o l l e r  bearing. Drive of the test r i g  i s  accomplished by a 

f l a t  be l t  on a c rowed  spindle  at  the r o l l e r  bearing end of s h a f t .  

I n i t i a l l y ,  two o i l  systems were provided. These were: 

1. Individual  o i l  je ts  f o r  each test  bearing i n  conjunction with a 

single axial j e t  i n t o  the: hollow s h a f t .  
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2. A s ingle  o i l  j e t  i n t o  the  hollow s h a f t  with t e s t  bearing o i l  feed 

achieved by r a d i a l  metering holes through the  Shaft  cwall t o  bearing 

inner  r i n g  s p l i t .  

I n  each sys tem approximately th ree  gpm (@ 600F) w a s  assigned f o r  maintaining 

temperatures and ex i t ed  from the s h a f t  bore, with an addi t ional  th ree  gpm 

routed through the  test  bear ings .  Gravity drainage is  provided by a 

s i n g l e  ex i t  from each sump zone outboard of the  t e s t  bearings with an 

aux i l i a ry  d r a i n  from the  sump zone between bear ings .  

I t  was found t h a t  the  o i l  j e t  i n t o  the  hollow s h a f t  was not required f o r  

good temperature cont ro l  and did i n  f a c t ,  cont r ibute  t o  a foaming problem. 

Consequently, t h i s  system w a s  e l iminated during the  check-out phase of 

the  program. 

Sealing between the  hot  o i l  sump and the  aux i l i a ry  bearing sump was 

achieved by a l abyr in th  seal and a tandem carbon s e a l ,  The l a t t e r  i s  

ni trogen pressur ized  t o  maintain a neu t ra l  atmosphere i n  the  test o i l  

system. The tandem cwbon s e a l  provides r a d i a l  sea l ing  agains t  a hollow 

s e a l  race cooled by o i l  from the  a u x i l i a r y  bearing o i l  system. 

Lubricat ion of the  a u x i l i a r y  bearing was provided by a common sys tem f o r  

the e igh t  t e s t  machines, which feeds  two double jets i n  each tester, 

1 . 0  gpm assigned t o  the  r o l l e r  bearing, 1 . 0  gpm f o r  hea t  removal from 

carbon s e a l  race .  

The hollow s h a f t  conta ins  a double bulkhead between the  hot  test sump 

zone and the  a u x i l i a r y  bearing/seal zone. The a u x i l i a r y  bearing end of 

the  bore i s  cooled by an a i r  tube p ro jec t ing  through the  d r ive  sp ind le .  

Auxil iary bearing o i l  s e a l  i s  achieved by l abyr in th  s e a l s .  

Test o i l  c i r c u l a t i o n  was accomplished by a s l inger- type  pump immersed i n  

the  t e s t  o i l  r e se rvo i r ,  discharged through a 100 mesh f i l t e r .  Figure 11 
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i l l u s t r a t e s  the  d a t a  obtained i n  evaluat ing  the  capaci ty  of $h i s  pump 

at  600F and using both o i l  de l ive ry  methods. Eventually, the  o i l  pressure  

was s e t  and maintained a t  2.7 gpm a t  26 p s i  us ing  only the  two o i l  jets  

t o  l u b r i c a t e  the  bearing. The test o i l  r e se rvo i r  i s  heated through a 

sa l t- ba th  t r a n s f e r  medium by 6KW s t r i p  heaters ,  thermosta t ica l ly  con- 

t r o l l e d .  

The t e s t  s h a f t  i s  dr iven a t  12,000 rpm by a f l a t  b e l t  from a 40 hp, 3550 

rpm motor mounted beneath the  t e s t  assembly. 

vided on each machine, ac t iva ted  by test  o i l  pressure  and temperature, 

t e s t  bearing temperature, aux i l i a ry  o i l  pressure  and temperature, test  

bearing f a t i g u e  f a i l u r e  (v ib ra t ion) ,  d r ive  b e l t  f a i l u r e ,  and l o s s  of 

n i t rogen pressure .  Figure 12 i s  a schematic of the  test stand,  d r ive  

and hot  o i l  sys tem.  Figure 13 is  an overa l l  view of the  t e s t  area.  

Sa fe ty  c i r c u i t s  were pro- 

Instrumentat ion consis ted  of: 

1. Test bearing temperature achieved by: 

Contact thermocouples a t  the  test  bearing o u t e r  races,  continuously 

opera t ive .  

Cor re la t ive  determination of bearing inner- race temperature by o p t i c a l  

pyrometer through a sapphire window i n  the  f l o a t i n g  housing, f o r  

which a sh ie ld ing  tube i n  the  sump and a c a l i b r a t i o n  thermocouple 

(on the  s h i e l d )  are provided. 

2. Vibrat ion 

3 .  O i l  Temperature 

4 .  N2 Dew Point  

5.  N Flow and Pressure 2 
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6 .  Speed 

The use of inf  ra- red pyrometry t o  measure inner  r i n g  temperatures proved 

t o  be q u i t e  e f f e c t i v e .  

po in t s  used t o  c a l i b r a t e  t h e  pyrometer. 

The testers were equipped wi th  t w o  reference  

One of these  i s  a t a r g e t  which 

is thermocoupled and i s  j u s t  i n s i d e  the  viewing p o r t .  

bearing o u t e r  r i n g  which is  a l s o  con t inua l ly  temperature monitored with 

a thermocouple a 

points ,  

of inner  r i n g  temperature could be made. 

The second i s  the  

By c a l i b r a t i n g  the  pyrometer aga ins t  these  two reference  

and then focusing on the  inner  r ing ,  a very accurate measurement 

Two methods were used to  provide continuous monitoring of test  bearing 

performance, 

of v i b r a t i o n  pick-up output  a t  each machine p lus  one 5-second spare  s t a t i o n  

and simultaneously connects the  appropriate t r i p  c i r c u i t s ,  t he  l a t t e r  

providing a means of s h u t t i n g  down individual  machines by i n t e r r u p t i o n  

of the  common holding c i r c u i t  through a l l  load con tac t s .  The v i b r a t i o n  

m i l l i v o l t  output i s  channeled t o  give a read-out of displacement and . 
a l s o  t o  energize a l i m i t  meter which w i l l  t r i p  out  the  appropr ia te  machine 

when a manually set l i m i t  i s  exceeded. A fuse  t o  ground i s  used i n  each 

t r i p  c i r c u i t  t o  i d e n t i f y  shutdowns caused s p e c i f i c a l l y  by v i b r a t i o n .  A 

s e l e c t o r  switch i n  the  temperature recorder provided t r i p  c i r c u i t  shut-  

down of individual  machines from test  bearing over- temperature, the  cycle  

providing sensing of test bearing temperatures (two bearings p e r  machine) 

on a 40-second i n t e r v a l .  

A r o t a r y  switch of 45-second cycle provides 5-second sensing 

The determination of proper bearing loading was by means of loading sp-ring 

de f l ec t ion  and a Di l lon  fo rce  gage. Ca l ib ra t ion  curves f o r  t h e  spr ings  

and the  bellows connecting the  f r o n t  and rear bearing housing a r e  shown 

i n  Figure 11. Figure 15 i s  a schematic of the  loading system and i s  

included for reference t o  the  assembling and loading procedure described 

below: 
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FIGURE 14. CALIBRATION CURVES, BEARING TESTER SPRINGS AND BELLO- 
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1 Turn = .062 
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FIGURE 15. SCHEMATIC OF BEARING TESTER LOAD STRUCTURE 
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1. With floating-housing/bellows f l ange  unbolted, a 10,000 l b .  load is 

applied through t h e  load s t r u c t u r e  and fo rce  gage t o  a l i g n  the  

f l o a t i n g  t e s t  bearing.  The bellows f lange b o l t s  are t ightened 

while t h i s  load remains applied,  so t h a t  no r a d i a l  load component 

i s  exer ted  by the  bellows i n  the  f i n a l  assembly. 

2. For 5800 l b .  f i n a l  load s e t t i n g ,  the  i n i t i a l  10,000 l b ,  load i s  

reduced t o  725 l b .  The load- plate i s  al igned p a r a l l e l  to  the  housing 

face  by adjustment of diagonally opposi te  spr ings .  The c ross  beam i s  

then al igned p a r a l l e l  t o  the  load-plate,  and is  s h i f t e d  within s tud  

clearance t o  a l i g n  the  fo rce  gage load-qxis perpendicular  t o  the  

load-block and load- plate ~ 

3 ,  The gage load i s  set a t  725 l b .  by adjustment of the  cen te r  b o l t .  

4 .  The load i s  t r ans fe r red  t o  the  jackscrews, the  gage i s  removed and 

a s t e e l  b a l l  and spacer  block are  s u b s t i t u t e d .  

5 .  Load i s  t r ans fe r red  t o  the  steel b a l l ,  

6. Working load i s  applied by torqueing the  nuts  on the  t e n  sp r ing  t ie-  

rods i n  diagonal sequence, a few t u r n s  a t  a t i m e  t o  a t o t a l  of 14  

turns/spring,  t o  give a f i n a l  load of 725 + (14) (376.5) = 5800 l b .  

7 .  Upon completion of a test  run, the  load is  checked p r i o r  t o  d i s-  

mantling the  t e s t  machine. This  is  done by t r a n s f e r r i n g  the f u l l  

load from the s t e e l  b a l l  t o  the  fo rce  gage us ing the  jackscrews and 

cen te r  b o l t ,  i . e . ,  by support ing the  load on the  jackscrews during 

removal of b a l l  by backing-off cen te r  b o l t ,  so t h a t  no displacement 

of the  load s t r u c t u r e  occurs during t r a n s f e r .  Some e r r o r  due t o  b o l t  

f r i c t i o n  i s  incurred but r e s u l t s  check4  100 I b .  and serve t o  v e r i f y  

test loads e 
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The i n e r t i n g  n i t rogen w a s  supplied through a manifold system emanating 

from a vaporizer  connected t o  a 125,000 f t q 3  capaci ty  l i q u i d  N r ece ive r .  

To check, the  q u a l i t y  of the N, being supplied t o  the test bearings, a 

Beckman Model 778 Oxygen Analyzer was used t o  perform the  O2 measurements. 

2 

The Model 778, while not as  s e n s i t i v e  as some oxygen analys is  equipment, 

was considered t o  be s a t i s f a c t o r y  f o r  t h i s  p a r t i c u l a r  appl ica t ion .  It  

i s  used t o  determine the  combined 0 content  i n  the  gas en te r ing  the  tester 2 
and the  gas escaping from the  o i l  tank vent l i n e .  The 0 content  of the  

N, en te r ing  the t e s t e r  i s  guaranteed by the  supp l i e r  t o  be l e s s  than 5 ppm. 

Consequently, i f  the  0 content  of the  N a t  the  vent l i n e  is  i d e n t i c a l  

t o  t h a t  en te r ing  the  t e s t e r ,  i t  i s  reasonable t o  assume t h a t  an atmosphere 

containing not more than 5 ppm of 0 i s  achieved i n  the  t e s t e r .  

2 

2 2 

2 

The procedure used t o  check t h i s  was as  fol lows.  The Model 778 Range 

Se lec to r  i s  s e t  on the  most s e n s i t i v e  sca le ,  which i s  I-5% O2 f u l l  band 

width. A t  t h i s  range, accuracy i s  4 1% f u l l  scale a t  constant  temperature. 

L i n e a r i t y  and r e p e a t a b i l i t y  a r e  +, Oe5% and +- 1% f u l l  sca le ,  respect ive ly .  

The Analyzer probe i s  inse r t ed  i n t o  a small-neck reagent b o t t l e  along with 

a discharge l i n e  from the  N supply manifold. The b o t t l e  is  capped with 

a top having a small hole ,  which reduces the  p o s s i b i l i t y  of an excessive 

pressure build-up i n  the  b o t t l e ,  The b o t t l e  i s  then purged for about 

10 minutes, a t  which t i m e  the  zero ad jus t  is  used t o  s e t  the  read-out 

d i a l  on the Oxygen Analyzer a t  0.5%, The reason f o r  s e t t i n g  i t  a t  t h i s  

l e v e l  r a t h e r  than 0 is  merely a matter of convenience i n  t h a t  the .5% 

po in t  is  more accura te ly  readable than the  0 po in t .  The procedure i s  

then repeated, using the  Pine from the  tester venat p o r t .  Since the  exhaust 

2 

gas conta ins  some o i l  vapors, i t  i s  necessary t o  i n s e r t  a condensator 

i n t o  the  system. This is  achieved by const ruct ing  a simple cold t r a p  

cons i s t ing  of a copper c o i l  immersed i n  a D e w a r  f i l l e d  with acetone and 

d r y  ice. In  the  measurements made on the  exhaust gas, the 0.5% l e v e l  

w a s  achieved rapidly ,  ind ica t ing  t h a t  the  0 l e v e l  of the  escaping gas i s  

e s s e n t i a l l y  the  same as t h a t  en te r ing  the  t e s t e r .  
2 
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The Oxygen Analyzer has a l s o  been used t o  obta in  a measure of the  absolute 

0 content ,  I n  t h i s  case,  the  zero oxygen l e v 4  i s  set by immersing the  

probe i n t o  a s o l u t i o n  of Na2S03 and water ,  I n  each case, the  vented gas 

caused the  i n d i c a t o r  t o  d r i v e  t o  the zero point  ind ica t ing  a low 0 

content .  The overa l l  s e n s i t i v i t y  of the  instrument was not s u f f i c i e n t  

t o  achieve a p rec i se  q u a n t i t a t i v e  measurement of the  0 l e v e l .  

2 

2 

2 

A s  with any o the r  t e s t  equipment, some modificat ions were required a f t e r  

i n i t i a l  check-out tests, although i n  the  present  case these were held 

t o  a m i n i m u m  and were r e l a t e d  pr imar i ly  t o  the  o i l  temperature c o n t r o l ,  

I n i t i a l l y ,  i t  was thought t h a t  ex te rna l  heating of both the  t e s t e r  body 

and t e s t  o i l  would be necessary t o  a t t a i n  and maintain the 600F bearing 

temperature ~ However, during the  check-out runs, the  continual  r i s e  i n  

temperature of the  l u b r i c a t i n g  f l u i d  indica ted  the  need f o r  cooling, p a r t l y  

due t o  the  f a c t  t h a t  the i n s u l a t i o n  of the  lubr i can t  tank was more e f f e c t i v e  

than o r i g i n a l l y  est imated.  Hence, the  power generated by the  bearings 

was s u f f i c i e n t  t o  maintain bearing and o i l  temperatures above 600F without 

ex te rna l  heat ing .  I n  the  check-out of the l a s t  t e s t  machine with XRM-l??F, 

i t  was found t h a t  about 1/2 hour of opera t ion  would bring the  o i l  tempera- 

t u r e  up from the  250F s t a r t i n g  l e v e l  t o  GOOF. 

Unfortunately, due t o  the high v i scos i ty  of a l l  of the  t e s t  o i l s  a t  room 

temperature, i t  was fieeessary t o  heat  them t o  250F i n  order  t o  achieve 

adequate pumpability. Consequently, i n  order  t o  achieve con t ro l  of the  

opera t ing  temperature, cooling c o i l s  were added t o  the  s a l t  ba th ,  

A measurement of o i l  AT and flow r a t e  showed t h a t  10 .6  HP was being 

removed by the  o i l  from the  bearing t e s t  housing and returned t o  the  

tank.  A similar beat balance on the  cooling water showed a removal of 

6 ,2  PIP. Therefore, 4 .4  HP is  being re jec ted  from the  o i l  tank and pip ing 

by convection. Since the  bearing power l o s s  was ca lcula ted  8t 13 HIP, i t  

can be in fe r red  t h a t  2 .4  HIP i s  re j ec ted  by convection of the bearing 

housing. The t a b l e  below summarizes t h e  power l e v e l s  i n  the  system. 
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1. 

2. 

3 .  

4 .  

5 .  

Bearing Power L o s s  (Calculated) 

Bearing Housing Heat Reject ion 

(By Difference) 

H e a t  Removal by O i l  (Measured) 

H e a t  Reject ion from O i l  Tank 

(By Difference) 

Heat Removal by Cooling Water 

(Measured) 

13.0 HP 

2.4 HP 

10 .6  HP 

4.4 HP 

6 .2  H P  

From t h i s  information i t  was determined t h a t  a cooling capaci ty  between 

th ree  and s i x  HP would maintain the  bearing o u t e r  race temperatures i n  

the  des i red  temperature range of 575F t o  610F. 

Af ter  experimenting wi th  various lengths  and diameters of cooling c o i l s ,  

i t  w a s  determined t h a t  25 f e e t  of 3/8" bore Monel tubing would g ive  the  

necessary heat  t r a n s f e r  surface  and would be s h o r t  enough t o  prevent 

vapor iza t ion  of the  cooling water. Figure 1 6  shows t h a t  t h i s  s y s t e m  

would con t ro l  ou te r  r i n g  temperatures wi th in  the  des i red  range. This 

cooling system was therefore ,  i n s t a l l e d  i n  the  testers with automatic 

temperature sensors  

The decis ion  made l a t e r  i n  the  program t o  adjus t  temperatures downward 

t o  500F and 400F increased the  need f o r  add i t iona l  heat  exchanger capaci ty  

and consequently, required the  inves t iga t ion  and f a b r i c a t i o n  of the  proper 

s i z e  oil-water hea t  exchangers a 

A second problem was t h a t  i n i t i a l l y  

the  XRM-177P w a s  encountered. The addi t ion  of a small quan t i ty  (15 cc )  

of GE F-50 S i l i cone  F lu id  t o  the  MCS-354 resu l t ed  i n  an almost immediate 

cessa t ion  of the  foaming. The F-50, however, d i d  not react s i m i l a r l y  

with the  XR%(I-l77F. I n  the  ease of t h i s  f l u i d ,  5 m l  of a standard anti-foam 

some foaming of both the  MCS-354 and 

agent (10% De-200, 90% toluene) served t o  reduce, although not completely 

e l iminate ,  foaming. To f u r t h e r  decrease the  foaming, severa l  changes 
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w e r e  m a d e  i n  the  tester  pump arrangement. The d r a i n  l i n e s  were shortened 

so t h a t  they now terminated above the  level  of the  f l u i d .  This el iminated 

2’ the p o s s i b i l i t y  of exposing the pump t o  a l a r g e  amount of entrapped N 

and allowed more s e t t l i n g  t i m e  f o r  foam. I n  addit ion,  the  o i l  flow t o  

the cen te r  of the  s h a f t  was el iminated i n  order  t o  reduce the t o t a l  amount 

of o i l  i n  c i r c u l a t i o n ,  Las t ly ,  the  cen te r  d r a i n  l i n e  w a s  closed up, 

fo rc ing  a l l  of the  o i l  t o  e x i t  on the  outs ide  d ra ins ,  thus  assuring 

s u f f i c i e n t  l u b r i c a t i o n  of the bearings.  

There was some rese rva t ion  regarding the l as t  two modificat ions with 

regard t o  t h e i r  e f f e c t  on bearing temperature d i s t r i b u t i o n .  I t  was 

found, however, t h a t  temperature con t ro l  was improved as  evidenced by 

the  f a c t  t h a t  the  o u t e r  races of the  two test bearings now have the  same 

temperature, where previously a 2’ d i f f e r e n t i a l  e x i s t e d .  

The addi t ion  of an anti-foaming agent t o  t h e  mineral o i l  was discussed 

with Mobil O i l  t echn ica l  personnel,  who expressed the  opinion t h a t  the  

addi t ion  of t h i s  mater ia l  would have no e f f e c t  whatsoever on the  performance 

of the  XRM-177F. This information was reviewed w i t h  NASA personnel who 

had previously verbal ly  approved the  use of the  anti-foam addi t ive  ~ 

Other  than the  above two problems, no major d i f f i c u l t i e s  were encountered 

w i t h  t he  t e s t e r s .  Some opera t ional  problems w e r e  encountered, however 

these  were caused by the  nature  and behavior of the t e s t  f l u i d s  and w i l l  

be discussed i n  t h e  appropriate sec t ions  of t h i s  r epor t .  
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5 .O Rolling Element Computer Analysis Program (RECAP) 

The t e s t i n g  of p rec i s ion  bearings may appear t o  be a r e l a t i v e l y  simple 

task i n  t h a t  the  bearings are placed i n  a s u i t a b l e  machine, a load is  

applied,  the bearing i s  brought t o  speed and temperature and run u n t i l  

f a i l u r e  occurs a Unfortunately, t h i s  i s  a gross over-simplif i c a t i o n .  A 

r o l l i n g  element bearing i s  a highly complex device and as such carries 

wi th  it extremely complex s t r e s s  p a t t e r n s  and va r i ab les  a f fec t ing  i ts  

ul t imate  performance 

The individual  s t r e s s  d i s t r i b u t i o n s ,  component kinematics and i n t e r a c t i o n s  

must be known and con t ro l l ed  i n  order  t o  achieve meaningful t e s t  d a t a .  

The re l a t ionsh ips  of the r o l l i n g  e l e y n t s  under actual  engine operat ing 

condi t ions  have always been a challenge t o  bearing designers due t o  a 

f i r m  l ack  of understanding and because of  the extremely tedious and 

r e l a t i v e l y  inaccurate hand ca lcu la t ions  required t o  define these va r i ab les .  

Consequently, severa l  years  ago, Mr. A. B. Jones, under a consul t ing  

agreement wi th  General. E l e c t r i c ,  developed a d i g i t a l  computer program t o  

solve and c l a r i f y  the  above calaulations!6' This program now i n  general  

use by General E l e c t r i c  i s  known a s  FtEC'AP (Rolling Element Computer 

Analysis Program). This  program w a s  used p r i o r  t o  ard during the  t e s t i n g  

phase t o  p red ic t  inner  and ou te r  race contac t  angles,  s t r e s s e s ,  and l i v e s  

i n  an e f f o r t  t o  e l iminate  s t r e s s  d i f f e rences  and thus ,  f a t igue  l i f e  

d i f f e rences  between t e s t  bearings due t o  contac t  angle and curvature 

v a r i a t i o n s .  

P 

An important input  t o  the program were the  r e s u l t s  obtained on the Re Rig 

mater ia ls  which indica ted  the r e l a t i v e  degree of improvement and/or 

degradation which could be expected with the various f l u i d s  and a t  the 

proposed opera t ing  temperature 

A t yp ica l  RECAP data sheet  i s  shown i n  Figure 17. This p a r t i c u l a r  s e t  

of condi t ions  examines the  bearing used i n  the cur ren t  program a t  an 

a x i a l  load of 5800 l b s .  and a speed of 12,000 r p m .  A s  may be seen, 
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6 the fat igue l i f e  prediction f o r  the e n t i r e  bearing i s  n3.5.3 x 10 revolu- 

t ions  which i s  dl hours. Multiplying t h i s  by f i ve  f o r  M-50, i t  can be 

seen tha* the B10 l i f e  is  close t o  the 100 hours B 

program. I t  should be pointed out tha t  the AFEMA l i f e  prediction f o r  t h i s  

bearing i s  18.7 hours using the race curvatures (fl = 54, f O  = 52) used 

i n  the subject  test  bearings, 

l i f e  s e t  f o r  t h i s  10 
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6.0  Test Results  

6.1 RC Rig Tes ts  

RC Rig t e s t i n g  w a s  performed under the  following condi t ions  f o r  a l l  but  

one t e s t  series. 

Temperature : Metal 600F 4- 5F 

O i l  500F 4- 20F 

Wad: 700,000 p s i  max. h e r t z  

Speed: 25,000 s t r e s s  cycles/min. 

(1350 fpm surface  speed) 

Atmosphere: A i r  

One t e s t  s e r i e s  was performed i n  an ine r t ed  atmosphere t o  determine 

whether t h i s  would have any e f f e c t  on the  test  r e s u l t s .  The r e s u l t s  of 

t h i s  test w i l l  be discussed l a t e r ,  

The f i r s t  series of RC Rig tests was conducted on the  th ree  base f l u i d s  

and CVM M-50 mate r i a l .  The d a t a  from these tests are  presented i n  Weibull 

d i s t r i b u t i o n  i n  Figures 18 through 20. These d a t a  a s  well  as the  composite 

curve (Figure 21) k v e  been published i n  anNASA TN dated May, 1967. ( 7  1 

The th ree  curves i n  the  above f i g u r e s  are  a composite of e s s e n t i a l l y  

th ree  h e a t s  of M-50. A master hea t  (Eatrobe 54265) used by General 

Electric f o r  r i g  q u a l i f i c a t i o n  and v e r i f i c a t i o n  s tud ies  and the  two CVM 

b i l l e t  hea t s  used respect ive ly  f o r  the  r ings  and r o l l i n g  elements of t h e  

t e s t  bearings.  The da ta ,  taken as  a composite show the  following trend:  

B l 0  L i fe  B50 L i fe  
(Mill ions of S t r e s s )  (Mil l ions of S t r e s s )  Weibull 

Lubricant Cycles Cycles Slope 

Mobil XRM-177F 2.35 7.26 1 .7  

Monsanto MCS-354 .69 

DuPont PR-143 1 .04  

2.70 1 . 4  

6.76 1 , o  
3 - AFBMA * 1 . 4  

* The AFBMA value i s  shown f o r  the  RC Rig a t  a m a x i m u m  h e r t z  s t r e s s  of 

700,000 p s i  and f o r  CVM M- 5 0 .  
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The above t abu la t ion  shows t h a t  the DuPopt material w i l l  provide approxi- 

mate ly  AFBMA l i f e ,  the  XREII-177F should b e t t e r  t h i s  by about a f a c t o r  of 

two, whereas the  W3-354 w i l l  show a d r a s t i c  reduction i n  f a t igue  l i f e .  

These rankings were v e r i f i e d  by the  f u l l  sca le  bearing tests as w i l l  be 

shown l a t e r .  

Secondly, i t  is  i n t e r e s t i n g  t o  individual ly  examine i n  the  RC Rig the  two 

CVM b i l l e t  hea t s  of M-50 used f o r  r ing  and b a l l  manufacture. This is  

i l l u s t r a t e d  f o r  XRM-177F i n  Figure 22 and here it i s  shown t h a t  the b a l l  

mater ia l  is  lower i n  f a t igue  l i f e  versus the  r ing  mater ia l  (Blo of 2 ,9  

versus B of 6 . 8 ) .  The same t rend is shown i n  Figure 23 which compares 

these two b i l l e t  h e a t s  t e s t e d  with the Monsqnto MCS-354, These Qbserva- 

t ion$  l e d  t o  the  conclusion t h a t  a g r e a t e r  incidence of b a l l  f a i l u r e s  

should be expected than one would normally expect on a s ta t is t ica l  b a s i s .  

Again, as w i l l  be shown l a t e r ,  t h i s  was indeed the  case .  I t  should be 

pointed out  t h a t  t h i s  type o f  p r i o r  information i s  extremely valuable, 

as armed with t h i s  knowledge, the tendency to  blame the  test or test 

condi t ions  f o r  the  unusual number of b a l l  f a i l u r e s  is  el iminated and 

along with i t  much needless,  time consuming and expensive re-examination 

of test procedures, e tc .  

1 0  

The second major test series w a s  conducted with the most promising of the 

three  test f l u i d s  (XRNI-177F) and the  WB-49 bearing material. This d a t a  

is  presented i n  Weibull d i s t r i b u t i o n  i n  Figure 24, The following l i f e  

comparison can be made: 
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B l 0  L i f e  B50 Life 

6 

6 

Fluid (Stress Cycle) (Stress  Cycle)  
7 - T e s t  Material 

9.0 x 10 

5.6 x 10 

6 

6 
M-5 0 XRM-177F 3.85 x 10 

WB-49 XRM-177F 1.45 x 10 

These da ta  indicate the WB-49 t o  be i n f e r io r  t o  the CVM M-50, Again, 
t h i s  observation based on RC Rig tes t ing  was ver i f ied  i n  subsequent full 

sc~tle tests.  

The last test series which was performed was a determination of the e f f e c t  

of iner t ing  the t e s t  f l u id ,  i n  t h i s  case the XW-l79F, As is shown i n  
the curve i n  Figure 25 es sen t i a l l y  no difference i n  fa t igue l i f e  is 
observed when tes t ing the XRM-177F i n  a nitrogen atmosphere o r  i n  a i r ,  
This  is not unexpected as the RC Rig is a once-through system I nd test 

times are r e l a t i ve ly  shor t ,  ranging from Q hour t o  A hours, Conse- 
quently, any oxidation degradation of the o i l  which could a f f ec t  the 
lubr icant  rheological proper t ies  would not have a s ign i f ican t  e f f e c t  on 

fatigue l i f e .  This may not be the case i n  the actual  bearing tests, where 

the test  f l u i d  i s  recirculated and exposed t o  high temperatures f o r  time 
p e r i s d ~  as long as 738 hours. 
e x p a r ~ ~ n ~ a ~  f lu id s  is es sen t i a l  to prevent f l u id  degradation and seizure 

Here, i ne r t i an  a t  l e a s t  for two of the 

of the operatin 

6.2 Bull Borslfe Bearing TeEIti3 

The full scale bearing t e s t  program 8s orig$na%ly propseed consisted of 

B l  0' - 
3.00 h r .  500 hr. 
100 h r .  500 h r ,  
ZOO h r ,  500 h r ,  
100 h r .  500 h r .  

50 h r ,  250 hr .  
I50 hr. 750 hr, 

No, of 
Tests 

30 

30 

30 

30 

30 
36 

LI 
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The l o g i c  behind t h i s  test  sequence i s  obvious and has been d e a l t  w i t h  

i n  a previous sec t ion  of t h i s  r epor t .  However, seve ra l  events  occurred 

during the course of the  program which made it necessary t o  dev ia te  from 

the  o r i g i n a l  p lan ,  E a r l y  i n  tk? program, i t  was observed t h a t  a t  the  

5800 l b .  a x i a l  load l e v e l ,  the XFiM-l77F a t  600F was s t i l l  maintaining a 

hydrodynamic f i lm.  I n  order  t o  decrease the  B l i f e  t o  50 hours, or 

about one-half, the  Hertzian load on the  bearing would have t o  be increased 

by about lo%,  assuming t h a t  the  n in th  power r e l a t ionsh ip  beXween. load and 

l i f e  was v a l i d  a t  600F. I t  w a s  f e l t  t h a t  t h i s  would p r e c i p i t a t e  a mixed 

or boundary l u b r i c a t i o n  condit ion which could se r ious ly  a f f e c t  the  v a l i d i t y  

of the  test  r e s u l t s .  To determine t h i s ,  four  600F tests were conducted 

at  a 7000 l b .  ax ia l  load,  A s  suspected, b a l l  w e a r  and some raceway 

surface d i s t r e s s  was observed, ind ica t ing  a breakdown of the  hydro- 

dynamic f i l m  with r e s u l t a n t  a spe r i ty  contac t .  In  view of t h i s ,  the  

program was re- oriented toward e s t a b l i s h i n g  the l i f  e- temperature 

r e l a t ionsh ip  r a t h e r  than the  l i f e- load  re la t ionsh ip  o r i g i n a l l y  planned 

10 

The second f a c t o r  inf luencing the  conduct of the  program was the  l a t e  

de l ive ry  of the  WB-49 bearings.  The o r i g i n a l  p lan  had been t o  evaluate 

the  bes t  f l u i d  determined i n  the  f i rs t  th ree  test  s e r i e s  with CVM M-50 

bearings, with the  WB-19 bearings,  and then t o  use the bes t  f luid- bearing 

material  combination f o r  the  l i fe- temperature series, The delay i n  

obtaining the  WB-49 bearings was so g r e a t  howevers t h a t  a decis ion  w a s  

made t o  proceed w i t h  the  l i fe- temperature s e r i e s  using CVM-611-50 bearings,  

The decis ion  w a s  made based on the  r e l a t i v e l y  poor behavior of the WB-49 

i n  the  RC! Rig tests, which indica ted  t h i s  mater ia l  t o  be i n f e r i o r  t o  

CVM Ma-50. The subsequent WB-49 bearing t e s t s  confirmed the RC Rig d a t a  

and consequently the  decis ion  t o  proceed with the  CVM M-50 w a s  proven 

t echn ica l ly  sound. 

I n  order  t o  maintain a l o g i c a l  sequence i n  d e t a i l i n g  the t e s t  r e s u l t s ,  

the WB-49 t e s t  s e r i e s  w i l l  be reported i n  t h e i r  o r i g i n a l  pos i t ion  i n  the  

t e s t  schedule, Consequently, the  ac tua l  test sequence and opera t ing  
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. .  

condi t ions  were as fol lows and w i l l  be discussed i n  t h i s  order .  

T e s t  T e s t  N o .  of 
S e r i e s  Lubricant Bearing Material Temp. B10=, 30 CutTOff Tests 

1 XRM-177F CVM M-50 600F 100 h r .  500 h r .  30 

I1 Mcs-354 CVM. M-50 600F 100 h r ,  500 h r .  30 

111 PR-143 CVM M-50 600F 100 h r .  500 hr. 30 

I V  XRM-177F m-49 600F 100 h r .  500 h r .  30 

750 h r .  (1)  25(2) 
(1) 25(2) 

V XRM-177F CVM. M-5 0 500F 100 h r .  

V I  XRM-177F CVM .M-5 0 400F 100 h r ,  750 h r ,  

(1) I n  view of t he  decrease i n  temperature wi th  the  subsequent increase  

i n  lubr i can t  v i scos i ty ,  i t  was decided t o  increase  the  cut-off point  

t o  750 hr. i n  o rde r  t o  obta in  a s u f f i c i e n t  number of f a i l u r e s  to' 

produce a s t a t i s t i c a l l y  v a l i d  population. 

(2)  The t o t a l  number of tests were reduced because of the  f a c t  t h a t  

severa l  bearings had been used f o r  exploratory tests e a r l i e r  i n  the  

program and consequently a 30 bearing complement was not ava i l ab le .  

One of the  measures taken t o  insure  test r e p e a t a b i l i t y  was the  use of a 

new batch of o i l  w i t h  each new s e t  of bearings, with the  exception of 

T e s t  Se r i e s  V I ,  where o i l  which had been previously used was recycled.  

I n  the  l a t t e r  case the  o i l  (XRM-177F) was f i l t e r e d  through a s e r i e s  of 

a i r c r a f t  and Puro la to r  f i l t e r s .  O i l  ana lys i s  a f t e r  these  f i l t e r i n g  

opera t ions  showed e s s e n t i a l l y  the  same proper t i e s  as the  f r e s h  o i l .  

The recycled o i l  w a F  used for a l l  of Test Se r i e s  V I .  

A summary of t e s t  hours i n  each test series shows the  following: 

T e s t  S e r i e s  

I 

I1 

Total  N o .  of T e s t  Hours 

11,628 

6,544 

I11 7,582 

I V  1,324 

V 11,574 

V I  15,450 

Total  54,102 
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Since the  e n t i r e  s y s t e m  w a s  N i ne r t ed ,  the re  w a s  a quest ion whether i t  

would be necessary t o  de- aerate the  o i l  p r i o r  t o  i ts  being changed i n t o  

t h e  bearing tester .  Consequently, i t  was decided t h a t  i f  t h i s  became 

necessary, a r e l a t i v e l y  l a r g e  capaci ty  tank would be required which could 

be used t o  remove any adsorbed 0 from t h e  test f l u i d s .  The apparatus 

f o r  accomplishing t h i s  i s  shown schematical ly i n  Figure 26 and a photo- 

graph of the  equipment is  shown i n  Figure 27, Bas ica l ly ,  the  apparatus 

cons is ted  of an e l e c t r i c a l l y  heated 30-gallon pressure  vesse l  which could 

be evacuated t o  a pressure  of 10  t o r r ,  The deae ra t ion  procedure was 

as follows: 

2 

2 

-3 

1. F i l l .  vesse l  with 25 ga l lons  of test  f l u i d .  

2 .  H e a t  t o  200F. 

3. Reduce pressure  t o  10  t o r r .  

4 .  Hold f o r  72 hours, a g i t a t i n g  slowly during t h i s  period.  

2 O  
5 ,  Back- fi l l  tank with high p u r i t y  N 

6, Transfer  required quan t i ty  t o  t e s t e r  o i l  tank under a n i t rogen blanket .  

-3 

This procedure w a s  used on tests N o .  2 through 6 i n  T e s t  S e r i e s  I .  During 

t h i s  period of time, measurements were made on o i l  deaerated using the 

previously described apparatus as  w e l l  a s  o i l  charged d i r e c t l y  i n t o  the 

t e s t e r s  without exposure t o  the  deaera t ion  procedure. I t  w a s  found t h a t  

wi th in  a very shor t  time (approximately 60-90 minutes) the  o i l  placed 

d i r e c t l y  i n t o  the  testers had been purged of 0 as e f f i c i e n t l y  a s  the  o i l  

he ld  f o r  72 hours at  t o r r .  This assumption was v e r i f i e d  by 0 

measurements of the  exhaust gas stream as w e l l  a s  the  v i s u d  appearance 

of the  bearing components and p a r t i c u l a r l y  the  Monel r e t a i n e r s  which 

would be extremely suscep t ib le  t o  oxidat ion  a t  the  600F test temperature, 

The r e s u l t s  are not su rp r i s ing  as  the o i l  is: a.)  a t  a very high 

temperature, b. ) vigorously ag i t a t ed  and 6 . )  cont inual ly  exposed t o  

high p u r i t y  n i t rogen.  

2 

2 

I n  view of the above r e s u l t s ,  i t  w a s  decided t h a t  i t  would not be necessary 

t o  deaera te  the  o i l  p r i o r  t o  p lac ing it i n t o  the  test u n i t s .  
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FIGURE 26. SCHEMATIC OF LUBRICANT DEAERATION APPARATUS 
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FIGURF: 27. APPARATUS FOR DEAERATING TEST F L U I D S  
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6 .2 .1  T e s t  S e r i e s  I 

The f i r s t  test series w a s  performed with the  ma te r i a l s  and test condi t ions  

given below: 

Bearing Material: Rings : CVM-M-5 0 

B a l l s :  CVM-M-50 

R e t  a i  ne r : S -Mone 1 

Lubricant : Mobil XRaM-177P 

Operating Conditions: 

Temp : Outer  Ring 585F 4 5F 

Inner Ring 600F - 610F 

O i l  In  - 545F-565F 

O i l  Out - 585F-600F 

Speed: 12,000 rpm 

Lo ad : 5800 l b s ,  a x i a l  (28 t e s t s )  

7000 l b s .  a x i a l  (4 t e s t s )  

Atmosphere: N2 4 5  ppm O2 

The r e s u l t s  of these  tests a re  tabula ted  i n  Table l 2  and the  r e s u l t a n t  

Weibull p l o t  i s  presented i n  Figure 28. The WeibulP Analysis considers  

26 out  of the  32 tests, thus car ry ing a f a i l u r e  index of 6 of 26. Not 

considered i n  the  analys is  a re  t e s t s  #I-2 and I-2% (Bearing #21 and 22) 

which were damaged during disassembly and t e s t s  #I-8, I-%, 1-9, I-9a 

which were performed a t  the  7000 l b ,  load l e v e l ,  The Weibull Analysis 

i s  performed using the  methods of L. G. Johnson, ( 

a re  included i n  the  c a l c u l a t i o n s .  This method w a s  a l s o  used f o r  a l l  

i . e  the  suspensions 

subsequent ana lys i s .  

The f a i l u r e s  i n  Table 12 marked with a rec tangle  are  considered t o  be 

normal sub-surface i n i t i a t e d  f a i l u r e s .  S e r i a l  number 20 was an inner  

r i n g  f a i l u r e  de tec ted  j u s t  a t  the  po in t  of i n i t i a t i o n  by an audible 

noise  change. Consequently, the  f a i l u r e s  were i n  a very e a r l y  s tage ,  

and mainly because of t h i s ,  i t  was decided t o  allow subsequent f a i l u r e s  
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t o  progress t o  a somewhat l a r g e r  s p a l l  before terminating the  t es t .  The 

running mate of t h i s  bearing, serial  number 19, showed evidence of some 

inner  r i n g  damage, although i t  d id  not appear t o  be due t o  f a t i g u e ,  I t  

i s  thought t h a t  the  damage observed may be due t o  fo re ign  o b j e c t s  i n  the  

o i l .  

Bearing 15Was believed t o  have had i t s  f a i l u r e  o r i g i n  i n  an ou te r  r i n g  

s p a l l  Since t h i s  was the  f i r s t  p o s i t i v e l y  i d e n t i f i a b l e  f a t i g u e  f a i l u r e ,  

the  bearing was run f o r  an add i t iona l  40 hours over the  309 hours required 

t o  i n i t i a t e  the  ou te r  rPng s p a l l  i n  order  t o  inves t iga te  v ib ra t ion  l e v e l  

change as a funct ion  of time. A s  a r e s u l t  of t h i s ,  b a l l  f a i l u r e s ,  

evidenced by severe spa l l ing ,  were encountered and f i n a l l y  a cage web 

break caused an uncontro l lable  temperature rise which forced the  shut-  

down of the  t e s t .  An o v e r a l l  view of t h i s  bearing is  shown i n  Figure 29 

and a close-up of the  cage f a i l u r e  i n  Figure 30. The i n i t i a t i n g  s p a l l  

i n  the  ou te r  r i n g  i s  shown i n  Figure 31, whereas Figure 32 shows the  

severe ly  damaged b a l l s .  The assumption of an o u t e r  r i n g  s p a l l  being the  

i n i t i a t i n g  f a i l u r e  is  based on the  t ex tu re  of the  s p a l l s .  I t  w i l l  be 

noted t h a t  the  surface  of the  ou te r  race f a i l u r e  i s  r e l a t i v e l y  smooth 

compared t o  the  r a t h e r  jagged appearance of most of the  f a i l e d  areas  on 

the  b a l l s .  The inference  here  i s  t h a t  the  e a r l i e r  f a i l u r e ,  due t o  con- 

t i n u a l  b a l l  passage, has a surface  smoother than the  newer f a i l u r e s .  I n  

t h i s  p a r t i c u l a r  f a i l u r e ,  the  v ib ra t ion  l e v e l  d id  not increase  s u f f i c i e n t l y  

t o  cause automatic shutdown of the  equipment, although had the  over 

temperature con t ro l s  not been bypassed, the  machine would have been shut-  

down s h o r t l y  a f t e r  the  appearance of the  i n i t i a l  s p a l l  on the  ou te r  r ing .  

Bearing 18 exhibi ted  a b a l l  f a i l u r e  a f t e r  290 hours of opera t ion .  This 

b a l l  f a i l u r e  i s  shown i n  Figure 33 along with severa l  o t h e r  b a l l s  from 

the  bearing showing the  genera l ly  good appearance of these  components. 

Figure 34 shows the  i n n e r  r i n g  of t h i s  bearing, the  arrow ind ica t ing  the  

dimensions of the  b a l l  pa th .  Figure 35 i s  a view of t h e  cage pockets of 

t h i s  bearing showing the  minimal amount of cage wear which has occurred 

i n  t h i s  period.  
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FIGURE 30. CACZ FAILURE - BEARING S/N 15 

FIGURE 31 .  FATIGUE FAILURE - OUTER RING - BEARING S/N 15 



FIGUIQE 32.  BALL FAILURES - BEARING S/N 15 
- 

5800 LB. AXIAZ 
12,000 RBM (INNER) 
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FIGURE 34. INNER RING BALL PATH - BEARING S/N 18 

FIGURF: 35. CAQE BALL POCKETS - BEARING S/N 3.8 
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An i n t e r e s t i n g  observation can be made regarding the  occurrence of the 

b a l l  f a i l u r e s .  I n  normal bearing f a t i g u e  t e s t i n g ,  the  p robab i l i ty  of 

b a l l  f a i l u r e s  i s  r e l a t i v e l y  low. I n  the  present  case, however, i t  had 

been noted i n  the  RC Rig tests t h a t  the  r o l l i n g  contac t  f a t i g u e  l i f e  

of the  M-50 CVM b i l l e t  used f o r  the b a l l s  w a s  lower than the  r i n g  mate r i a l .  

In  view of t h i s ,  a g r e a t e r  incidence of b a l l  f a i l u r e s  had been expected, 

and t h i s  expecta t ion  appears t o  have been c o r r e c t .  

Bearing 17 f a i l e d  a f t e r  375 hours. 

f a t i g u e  f a i l u r e  on the  o u t e r  r ing ,  as w e l l  as th ree  b a l l  f a i l u r e s .  

f a i l e d  b a l l s  a r e  shown i n  Figure 36, and the  f a i l e d  ou te r  r i n g  i n  

Figure 37. 

189 hours. 

The f a i l u r e  was charac ter ized  by a 

The 

Bearing 33 had a massive inner  r ing  f a t i g u e  f a i l u r e  a f t e r  

The f a i l e d  r i n g  i s  shown i n  Figure 38, 

A number of bearings achieved 500 hours.  

and Figure 39 shows severa l  b a l l s  from t h i s  bearing,. 

r i n g  b a l l  t r ack  of the same bearing i s  shown i n  Figure 40. 

One of these  was Bearing #10 

The o u t e r  

An o v e r a l l  view of another 500 hour bearing, s e r i a l  number 13, i s  shown 

i n  Figure 41 w i t h  the  next severa l  photographs showing the  appearance 

of the  b a l l s  (Figure 42), r e t a i n e r  (Figure 43) and inner  and ou te r  b a l l  

paths (Figures 44 and 45). Considering the  extremely severe condi t ions  

t o  which these  bearings have been exposed, i t  is highly  encouraging t o  

note  the almost undamaged appearance of these  various components. 

A t  the  5800 l b .  load l e v e l ,  the  semi-major ax i s  of the  pressure  e l l i p s e  

on the  inner  race  i s  ca lcu la ted  t o  be .085 inches.  The measured wear 

track is  .lo0 inches, somewhat g r e a t e r  than ca lcula ted .  This is,  however, 

not unexpected based on the r o l l i n g  contac t  f a t i g u e  t e s t i n g  and o t h e r  

bearing t e s t i n g  experience. 

The only cases of b a l l  wear a t  the  5800 l b .  load l e v e l  with the  XRM-177F 

occurred with bearings 2L and 22. The bal ls  i n  both Of these 
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FIGURE 3 6 .  BALL FAILUFiES - BEARING S/N 17 

RUNNING TI1ME: 375 HOURS 
LUBRICANT: XRM-177F 
TEMPERATURE: 600F 
LOAD: 5800 LB. AXIAL 
SPEED: 12,000 RPM (INNER) 

F I G U E  37. FATIGUE SPAU ON OUTER RING OF BEARING S/N 17 
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FIGURE 38 .  FATIGUE SPALL ON INNER, RING - BEARXSG S/N 33 

RUNNTNG TIME: 189 HOUR$ 
LUBRICANT: XW-177F 
TENPERATURe: 60QP 
LON:  5800 hl3. AXIAL 
SPEED: 12,000 RPM (TNNER) 
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FIGURE 40. OUTER RING - BALL PATH BEARING S/N 10  
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FIGURF: 42. B U S  FROM BEARING S/N 13 

FIGURE 43. CAGE BALL POCKETS - BEARING S/N 13 
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FIGURE 44. INNER RING BAT& PATH - BEARING $/N 13 

FTGURE 45, OUTER RING BALL PATH - BEARING S/N 13 
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bearings, unl ike  a l l  o t h e r  runs, showed micro p i t t i n g  similar t o  t h a t  

observed on the  bearings run subsequently with the  polyphenylether f l u i d ,  

The b a l l  p i t t i n g  i s  shown i n  the  photograph i n  Figure 46 f o r  bearing 21, 

The remaining bearing components w e r e  e s s e n t i a l l y  undamaged For both 

of these  bearings,  i t  w a s  determined t h a t  no misalignment had ex i s t ed ,  

and the  l u b r i c a n t  w a s  i n  good condit ion a f t e r  tes t ,  N o  explanation 

could be found f o r  the  shor t  (30.3 hours) running time and the  rapid' 

b a l l  wear which ranged from .0003" - .0005". 

Four bearings,  s e r i a l  numbers 25 through 28 inc lus ive ,  were run a t  an 

a x i a l  load of 7000 l b .  i n  o rde r  t o  inves t iga te  t h e  e f f e c t s  of higher 

loading.  Bearings 27 and 28 were inspected a f t e r  100 hours of operat ion 

and found t o  be i n  good condit ion.  No component wear w a s  observed a t  

t h i s  t i m e ,  These two bearings were reassembled and ran  f o r  an addi t ional  

17 hours. A t  t h i s  po in t ,  the  bearings were shut-down due t o  over- temperature 

ind ica t ions ,  Subsequent examination of the  bearings showed a cage f a i l u r e  

and a high degree of b a l l  wear on the  order  of o O O 0 5 ~ e ~  

severely deformed, and cracks were observed i n  a11 of the  s ide  r a i l s  on 

one s i d e .  Bearings 25 and 26 ran f o r  165 hours before they were shut-  

down by over- temperature ind ica t ions  ~ Measurements showed b a l l  wear t o  

e cage was 

be on the  same order  as i n  the  f i r s t  t e s t .  The cage, however, appeared 

t o  be i n  exce l l en t  condi t ion  with no evidence of p l a s t i c  deformation or 

cracking.  

The next f i v e  photographs, Figures 47through 51, show views of 

bearing #2 8 run a t  7000 Pb, a x i a l  load, which i s  equivalent  t o  a m a x i m u m  

Hertzian s t r e s s  a€ 342,000 p s i  on the  inner  r ing .  The primary f a i l u r e  

i n  t h i s  bearing was the  severe cage rupture  shown i n  Figure 47, with a 

number of secondary f a i l u r e s  i n  the  cage web as i l l u s t r a t e d  i n  Figure 48 

I n  addi t ion  t o  t h i s ,  severe wear w a s  encountered on the  b a l l s .  Typicd  

b a l l s  from t h i s  bearing a re  shown i n  Figure 49. Figures 50 and 51 

i l l u s t r a t e  the  condi t ion  of the  inner  and o u t e r  raceways. 
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'FIGURE 46. WEAR AND MICRO P I T T I N G  ON BALLS - BEARING S/N 21 

RUNNING TIME: 30.3 HOURS 
LUBRICANT: XRM-177F 
TEMPERATURE : 600F 
LOAD : 5800 LB. AXIAL 
SPEED : 12,000 R P M  (INNER) 
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FIGURE 47. PRIMARY CAG;E FAILURE - BEARING S/N 28 

RUNNING TIPJIE: 117.5 HOURS 
LUBRICANT: XRM-177F 
TEMPERATURE: 600F 
LOAD: 7000 LB. AXIAL 
SPEED: 1.2, ooo RPM (INNER) 

FIGURF: 48. SECONDARY M T A I N E R  FAILURF: - BEARING S/N 28 
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FIGURF: 49 .  TYPICAL APPEARANCE OF BALLS FROM BEARING S/N 28 

FIGURE 5 0 .  INNER RING - BEARING S/N 28 
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F I G U F E  51. OUTER R I N G  - BEARING S/N 28 

NOTE: DAMAGE TO SHOULDER ABOVE BALL TRACK. 
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The impl ica t ion  of these resul ts  on the  conduct of the test program has 

previously been reviewed. 

The next th ree  photograpbs, Figures 52, 53, and 54 are views of the inner  

and o u t e r  r ings  and b a l l s  respect ive ly ,  from bearing 24 a f t e r  519 hours 

of running. 

11 
L a s t l y ,  Figures 55 and 56 Q l u s t r a t e  the  

i n n e r  and o u t e r  r ipgs  of bearing 34. The damage, as such, appears t o  be 

due t o  contamination of the l u b r i c a n t ,  although an analysis of the f l u i d  

Track Damage" observed on the 

f a i l e d  to reveal  any s i g n i f i c a n t  evidence of fore ign material  i n  the o i l .  
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FIGURF, 52. BALL PATH OF INNER RING - BEARING S/N 24 

RUNNING TIME: 519 HOURS 
LUBRICANT : XRM -1 77F 
TEMPERATURE : 600F 
LOAD : 5800 LB. AXIAL 
SPEED : 12, ooo RPM (INNER) 

FIGURE 53. BALL PATH ON OUTER RING - BEARING S/N 24 
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FIGURE 54. BALLS FROM BEARING S/N 24 
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FIGURE 55 .  OUTER RING TRACK DAMAGE - BEARING S/N 34 

RUNNING TIME: 385 HOURS 
LUBRICANT: XRM-177F (N2 ATMOSPHERE) 
TEMPERATURE: 600F 
LOAD: 5800 LB. AXIAL 
SPEED: 12, ooo RPM (INNER) 

F I G U m  56.  INNER RING TRACK DAMAGE - BEARING S 
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6 . 2 . 2  T e s t  S e r i e s  I3! 

The i n i t i a l  p lan  f o r  T e s t  S e r i e s  I1 was t o  perform 30 tests, using 

CVM-M-SO bearings,  MCS-354 f l u i d  a t  600F i n  a N2 atmosphere. 

load was. t o  be t h e  same as for the  miperal o i l  tests or 5800 l h ,  ax ia l  

which i s  equivalent  t o  a maximum Hertzian load of 325,000 p s i .  

I/_ 

The applied 

E a r l i e r  RC Rig t e s t i n g  indicated  t h a t  the  MCS4354 would have a lower 

fa t igue  l i f e  than the YRlyI-177F. I n  addit ion,  some evidence of surface  

d i s t r e s s  was noted on the RC Rig b a r s ,  The f i r s t  attempt t o  operate 

the  bearings with the  WS-354 i n  a N2 atmosphere a t  8 5800 lb .  ax ia l  load 

resul ted  i n  a shutrdown a f t e r  two hoqw due t o  the  i n a b i l i t y  t o  s t a b i l i z e  

the temperature accompanied by a very high noise l e v e l ,  The high noise 

l e v e l ,  inc iden ta l ly ,  w a s  always a s ignal  of wear and/or f a t igue  f a i l u r e s .  

Disassembly of t h e  bearing showed considerable b a l l  wear, t rack damage 

and ca tas t roph ic  cage f a i l u r e  ie bearing S/N 54,  

i l l u s t r a t e d  i n  Figures 57 through 60. In  view of t h i s ,  a h a l t  was 

ca l l ed  t o  the t e s t i n g  and the  s i t u a t i o n  reviewed with NASA personnel,  

These items a re  

I t  w a s  decicjed t o  reduce the load on the  bearings, and using t h e  RC Rig 

data ,  a number of RECAP analyses were made, the r e s u l t s  of which indicated 

the  bearings should be able t o  a t t a i n  a B10 l i f e  of 100 h a w s  at  an ax ia l  

load of 4365 l b s .  or 295,000 p s i  Smax, 

A test was i n i t i a t e d  and during the  45 minutes of operat ion,  i t  was not 

poss ib le  t o  maintain the  temperature a t  600F. The ou te r  r i n g  temperature 

continued t o  climb above 600F. After  45 minutes of operation, the tester  

w a s  again shut  down due t o  ac t iva t ion  of the  over-temperature sensor,  

Disassembly of the bearing showed f a t i g u e  f a i l u r e s  around the  e n t i r e  

circumference of the  inner  raceway of bearing 39 and the  inner  and ou te r  

raceway of bearipg 40. 

61 and 62. I n  addi t ioa ,  t h e  b a l l s  Prom both of these  bearings exhibited 

severe wear; typ ica l  b a l l s  from bear$ng 40 are  shown i n  Figure 63. The 

cages from both bearings were r e l a t i v e l y  pdamaged as shown i n  Figure 64. 

Examples of thege f a i l u r e q  aye shown i n  Figures 
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FIGURF: 57. TYPICAL APPEARANCE OF BALLS - BEARING S/N 54 

RUNNING TIME: 2 HOURS 
LUBRICANT: MCS-354 ( A I R  ATMOSPHERE) 
TElMPERATum: 600F + 
LOAD : 5800 LB. AXIAL 
SPEED: 12,000 R P M  (INNER) 

FIGURl3 58. CAGE FAILURE AND B L L  POCI(ET WEAR - BEARING S/N 54 
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FIGURF, 5 9 .  OUTER RING - BEARING S/N 54 

FIGURF, 60. INNER RING - BEARING S/N 54 
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FIGURE 61. TYPICAL FAILURE I N  BALL PATH I N  OUTER RING - BEARING S/N 40 

RUNNING TIME: ' 4 5  MINUTES 
LUBRICANT: MCS- 354 N2 INERTED . 
'IEMPERATURE: APPROXIMATELY 600F 
LOAD: 4365 LB. AXIAL 
SPEED : 12,000 RPM ( INNER)  

FIGURE 62. TYPICAL FAILURES ON BALL PATH O F  INNER RING - BEARING S/N 40 
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FIGURE 6 3 .  BALLS FROM BEARING S/N 40 

FIGURE 64. CAW FROM BEARING S/N 40 
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Based on these  resul ts ,  the  s i t u a t i o n  was again reviewed with NASA Pro jec t  

Management, and an agreement w a s  reached t o  attempt t o  operate one set 

of bearings without t h e  benef i t  of t h e  n i t rogen i n e r t i o n .  To accomplish 

t h i s  the  N l i n e  w a s  disconnected and replaced with an a i r  l i n e .  This  

w a s  required,  as a p o s i t i v e  pressure  had t o  be maintained i n  the  t e s t e r  

i n  order  f o r  the  J79 tandem carbon seal t o  be e f f e c t i v e .  A test  was 

then conducted, running two M-50 bearings a t  600F i n  an a i r  atmosphere. 

This  t e s t  continued successful ly  t o  120 hours, a t  which point  the  bearing 

was disassembled and inspected.  The bearing components appeared t o  be 

i n  good condit ion with no apparent evidence of wear or f a t i g u e  damage, 

These observations were reviewed with NASA Pro jec t  Management, and the  

decis ion  was made to  conduct the  e n t i r e  second test s e r i e s  of t h i s  program 

i n  an a i r  atmosphere. 

2 

Consequently, Tes t  S e r i e s  II was conducted under the  following conditions: 

Bearing Material ;  Rings cm-M-5 0 

B a l l s :  cm-M-5 0 

R e t  a i  ner: S-Monel 

Lubricant: Monsanto MCS-354 

Operating Conditions: 

Temp : Outer Ring 585Ff: 5F 

Inner Ring 600F - 610F 

O i l  I n  - 525F-545F 

O i l  Out - 585F-595F 

Speed: 12,000 rpm 

Load: 4365 l b s ,  a x i a l  

Atmosphere: A i r  

Despite t h e  reduced load,  most of t h e  t e s t s  with t h i s  f l u i d  had t o  be 

aborted because of high b a l l  wear. This is  shown i n  the  test r e s u l t s  

tabula ted  i n  Table 13, This  d a t a  i s  also p l o t t e d  i n  Weibull d i s t r i b u t i o n  

i n  Figure 65, although the  small number of ac tua l  f a t igue  f a i l u r e s  ( 3  of 20) 
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c a r r y  a very low confidence l e v e l  and tend to  make t h i s  curve academic 

a t  b e s t .  

A s i g n i f i c a n t  r e s u l t  of the polyphenyl e t h e r  t e s t s  was the  amount of b a l l  

wear observed on a l l  of the bearings,  even those which achieved the  500 

hour l i f e .  In  some bearings,  b a l l  wear was as high as .025", and the 

average wear i n  t es t  times ranging from two t o  65 hours w a s  about ,001". 

I t  was noted t h a t  i n  the  case of the 500-hour bearings,  b a l l  wear whi le  

present ,  was r e l a t i v e l y  l i g h t ,  being on the o rde r  of .0003" or l e s s ,  

There does not  appear t o  be an apparent r e l a t ionsh ip  between wear and 

test  t i m e ,  and i t  can only be assumed t h a t  the v a r i a t i o n s  could poss ib ly  

be due t o  s l i g h t  manufacturing to lerances  which are  not  discernable i n  

the  allowable to lerance  ranges; or i t  could be due t o  very small tempera- 

ture  d i f fe rences  such as  +_ 5-1OF from one test  t o  another. There a l s o  

appears t o  be no c lear- cut  r e l a t ionsh ip  between the  i n i t i a t i o n  of wear 

and the rate a t  which wear proceeds. 

Bearing 45 achieved 500 hours of running w i t h  l i t t l e  b a l l  wear. Typical 

bearing components are i l l u s t r a t e d  i n  Figures 66 through 69. Of p a r t i c u l a r  

i n t e r e s t  here i s  the surface  f i n i s h  on the b a l l s  (Figure 671, which i s  

s t i l l  q u i t e  good and devoid of micro p i t t i n g ,  desp i t e  the f a c t  t h a t  b a l l  

wear ranging up t o  .0003" was measured. 

i n  t h a t  desp i t e  a considerable amount of wear on some of the  b a l l s ,  the 

surface  f i n i s h  remained good i n  c o n t r a s t  t o  the  surface  f i n i s h  observed 

on the  worn, XRM-177F lubr ica ted  b a l l s .  In  the l a t t e r  case ,  and i n  the 

case of the  polyphenyl e t h e r  t e s t  performed i n  a n i t rogen atmosphere, a 

considerable amount of m i c w  p i t t i n g  was p resen t .  However, t h i s  was not 

the case wi th  the  polyphenyl e t h e r  t e s t e d  i n  a i r .  

This w a s  genera l ly  the case 

Several photographs are presented which are t y p i c a l  of some of the  

condi t ions  observed on the bearings t e s t e d  with the polyphenyl 

e t h e r .  Figures 70 and 71 are the b a l l s  and inner  raceway of 
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FXGURE 66. OUTER RING B A U  TRACK - BEARING S/N 45 

RUNNING TIME: 500 HOURS 
LUBRICANT: MCS-354 ( A I R  ATMospmm) 
TEMPERATURE: GOOF 
LOAD: 4365 LB. AXIAL 
SPEED: 12,000 RPM (INNER) 

FIGURE 67. INNER RING BALL PATH - BEARING S/N 45 
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FIGURE 68. CAGE B U  POCKET - BEARING S/N 45 

FIGURE 69. BALLS - BEARING S/N 45 
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bearing 52, which operated f o r  14 hours a t  the  4365 l b .  l e v e l  and showed 

excessive b a l l  wear (.085") a s  w e l l  a s  b a l l  f a t i g u e .  

shown op the  b a l l s  i n  Figure 70 is  due t o  s t a i n i n g  Bf ter  shut-down 

r a t h e r  than t o  actual opera t ion .  The next four  photographs a r e  i l l u s t r a t i v e  

of the  condi t ion  found i n  bearing 51, which a l s o  had accumulated 14 hours. 

The unusual p a t t e r n  

FOgure 72 shows the  f a t i g u e  s p a l l s  on severa l  Qf the  b a l l s ,  and it i s  

i n t e r e s t i n g  t o  observe the  somewhat unqsual texture of the  f a i l u r e .  The 

f a i l u r e s  appear t o  be muqh mare b r i t t l e  than normally observed with . 

compressive f a t i g u e  f a i l u r e s  (where some evidence of p l a s t i c  deformation 

i s  almost always ev iden t ) .  Figure 73 shows a cage s i d e  r a i l  f r a c t u r e  and 

the damage caused by rubbing agains t  the  ou te r  r i n g  a f t e r  the cage 

f rac tu red .  

inne r  and o u t e r  raceways. Note a l s o  the  damage gn the  raceway shoulder 

which occurred when, the  b a l l  diameter w a s  reduced s u f f i c i e n t l y  t o  allow 

a s i g n i f i c a n t  contac t  angle increase ,  thereby causing the  b a l l  t o  r i d e  

up over t h e  shoulder of the  raceway. 

Figures 74 and 75 are t y p i c a l  f a t i g u e  s p a l l s  not ed on the  

With the  polyphenyl<e&r, o i l  consumption was q u i t e  high.  Attempts at  

ref luxing were unsuccessful ,  as very l i t t l e  o i l  can be reclaimed using 

t h i s  technique. I t  appears t h a t  the  bas ic  problem i n  o i l  l o s s  i s  the  

r e l a t i v e l y  high evaporation r a t e  of t h i s  ma te r i a l .  Based on d a t a  presented 

by Monsanto, ( 

8 1/27?, i n  6 1/22 hours a t  SOOF a t  140 mi l l imeters  mercury of pressure .  

This  would i n d i c a t e  t h a t  i n  ir 24-hour period,  approximately 30% of t h e  

f l u i d  would be l o s t  due t o  evapsra t ion  at  a temperature lower than t h a t  

t o  which the  f l u i d  w a s  exposed i n  th is 'program,  

the  evaporat ion l o s s  a s  measured by ASTM method D-972 i s  
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FIGURE 7 0 .  BALL FATIGUE FAILURES - BEARING S/N 52 

RUNNING TIME: 14 HOURS 
LUBRICANT: MCS-354 (AIR ATMOSPIIERE) 
TEMPERATURE: 600F 
LOAD : 4365 LB. AXIAL 
SPEED : 12,000 WM (INNER) 

FIGURE 71.  INNER RING BAIL PATH - BEARING S/N 52 
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FIGURE 72.  BALL FATIGUE FAILUFU3S - BEARING S/N 51 

RUNNING TIME: 
LUBRICANT: 
TEMPERATURE : 
LOAD : 
SPEED: 

14 HOURS 
W S - 3 5 4  (AIR ATMOSPHERE) 
600F 
4365 LB. AXIAL 
12,000 R P M  (INNER) 

FIGURE 73 .  CActE FAILURE - BEARING S/N 51 
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FIGURJI 74. INNER RING FATIGUE F A I L U M  - BEARING S/N 51 

FIGURJI 75. OUTER RING FATIGUE FAILURE - BEARING S/N 51 

11 0 
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6.2.3 Test S e r i e s  IXI 
P r i o r  to  the  i n i t i a t i o n  of t h i s  test series, a l l  tester coqponents were 

inspeeted f o r  the  q u a l i t y  of n ickel  p l a t i n g  and those components showing 

evidence of p l a t i n g  damage were repla ted .  

Again, as with the  two ear l ier  test  series i t  had been planned t o  operate 

a t  5800 l b s .  axial load and i n  a N2 atmosphere. 

problems were encountered which required a devia t ion  i n  the  program plan ,  

However, a number of 

I n  the  i n i t i a 8  check-out test  with %e PR-143, i t  was Pound tha-t the  o i l -  

water heat  exchanger used t o  cool the  oil, i n  the  previous tests d i p  not 

have s u f f i c i e n t  capaci ty  t o  maintain the  des i red  temperature range of 

585P t o  6110Fp This i s  pr imar i ly  due t o  the  higher dens i ty  of t h i s  f l u i d  

as well a s  i t s  s p e c i f i c  heat  and low thermal conduct iv i ty  a s  compared 

t o  the  o the r  two t e s t  f l u i d s .  T t  was found t h a t  the  temperature tended 

t o  approach s t a b i l i z a t i o n  a t  approximately 100' above the  temperature 

at  which the  two previous f l u i d s  had s t a b i l i z e d .  This i s  i n  agreement 

with d a t a  presented by o the r  sonrces who have a lso  performed Pu l l  s c a l e  

bearing t e s t i n g  wftb the  DuPont PR-143 f l u i d ,  

To overcome t h i s  problem, a new hea t  exchanger was designed and ahecked 

o u t ,  I n  order  t o  accomplish t h i s  i n  the  least  amount of time, i t  was 

necessary t o  devia te  from the  a l l  Monel and n ickel  p la t ed  metallic 

components which had been judged necessary t o  provide p ro tec t ion  agains t  

corros ive  e f f e c t s .  Consequently, i n  the  f i r s t  series of t e s t s  using the  

new hea t  exchanger, s t a i n l e s s  s t e e l  (316) f i t t i n g s  and Bundyweld tubing 

were u t i l i z e d ,  The Bundyweld tubing i s  a low carbon s t e e l  tubing encased 

i n  a t h i n  l a y e r  of copper, 

by NASA f o r  t h i s  study, a 100-hour t e s t  was conducted a t  an axial  load of 

5800 l b s . ,  a speed of 12,000 RPM, and a bearing temperature of 600F, 

Samples of the  a i l  were inspected a t  frequent  per iods  during th i s  mn. 

I n i t i a l l y p  the  o i l  assumed a milky color ,  although a f t e r  about 50 hours 

of running, the  co lo ra t ion  of the  o i l  became a very l i g h t  brown, remaining 

Using two M-50 bearings, s p e c i f i c a l l y  released 
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t h i s  co lo r  f o r  the  100 hour per iod ,  Spectographic analys is  of the  o i l  

a f t e r  100 hours showed only very minor traces of metallic elements. 

Af te r  100 hours t h e  t e s t e r  was.disassembled and samples of the  s t a i n l e s s  

s t e e l  f i t t i n g s  as w e l l  as the  Bundyweld tubing were examined meta l lographica l ly .  

The s t a i n l e s s  s t e e l  showed no evidence of corrosion,  the re  w a s ,  - however, 

some ind ica t ion  of copper dep le t ion  on the  I D  of the  Bundyweld tubing 

ind ica t ing  t h i s  ma te r i a l  t o  be marginal f o r  t h i s  p a r t i c u l a r  appl ica t ion .  

Based on these r e su l t s ,  i t  w a s  decided t h a t  the  new hea t  exchanger system 

would be constructed e n t i r e l y  of 316 s t a i n l e s s  steel components. The 

lack of corros ion on s t a i n l e s s  s t e e l  i s  understandable, i n  t h a t  the  maximum 

o i l  temperature t o  which t h i s  material i s  exposed t o  i s  i n  the  range of 

500F t o  525F. The surfaces  of the  tester p e r  se appeared t o  be unaffected,  

although a l l  surfaces  which had been i n  contac t  wlth the o i l  were noticeably 

darkened. This,  of course, included the test  bearings.  

The t e s t  bearings appeared t o  be i n  good Eonc@$ion,-pxcept f o  

Figures 76 through 78 i l l u s t r a t e  typica l  components a f t e r  the  100 hour 

t es t .  I t  was decided however, that  i n  view of the  poss ib le  contaminant 

e f f e c t  of the  Bundyweld tubing and copper t h a t  these bearings would be 

1 ,we a r  

shelved. 

I n  a l l  o t h e r  r e spec t s  the  behavior of the  o i l  w a s  normal and showed 

evidence of performance- cons?s-tent with i t s  high dens i ty  and low s p e c i f i c  

hea t .  The v i scos i ty  at  60OF i s  s i m i l a r  t o  the o the r  two f l u i d s  i n  the  

program. 

i n  the  cen t r i fuga l  pump s ince  pressure  varies- as: 

Because of the  high dens i ty ,  an increased pressure  was developed 

AP = 

AP = 
where P =  

r =  

w -  

pressure  i n  p s i a  

f l u i d  mass dens i ty  p e r  i n  

radius  i n  inches 

r o t a t i o n a l  speed i n  rad.  p e r  sec, 

3 
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FIGURE 76. BALL TRACK ON INNER RING O F  BEARING S/N 71 AFTER 100 HOUR$ 

TEST CONDITIONS: 

FLUID: PR- 143 
LOAD : 5800 LB. AXIAL 
SPEED: 12,000 RPM 
TEMPERATURE: 600F 

TYPICAL APPEARANCE OF B A U S  FROM BEARING S/N 71 AFTER 100 HOURS 

NOTE: THE MOTTLED APPEARANCE OF THE BALLS I S  AN ARTIFACT, CAUSED 
BY THE DULLING SPRAY PUT ON THE PARTS P R I O R  TO PHOTOGRAPHY. 
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FIGURE 77. BALL TRACK ON OUTER RING OF BEARING S/N 71 AFTER 100 HOURS. 

FIGURE 78. RETAINER FROM BEARING S/N 71 AFTER 100 HOURS. 

11 4 



P ' f  

I n  addit ion,  an increased power l o s s  was observed i n  the  bearing due t o  

the  same i n e r t i a l  energy e f f e c t s .  

The foaming problems encountered previously with the  o the r  two f l u i d s  

were not  present .  However, the  high v o l a t i l i t y  df the  f l u i d  necess i t a t ed  

the  addi t ion  of about 1 1/2 ga l lons  of make up f l u i d  during the  100 hours 

of t e a t s .  This i s  approximately 50% of the  i n i t i a l  charge of o i l ,  

Test ing w a s  resumed a t  the  5800 l b .  l e v e l ,  although considerable b a l l  

wear and/or surf  ace d i s t r e s s  was observed. 

at  t h i s  load,  the  t e s t i n g  was ha l t ed  and the  s i t u a t i o n  reviewed with 

NASA Projec t  Personnel.  

Consequently, a f t e r  8 tests 

As. a r e su l t  of these  d iscuss ions ,  i t  was again decided t o  reduce the  load 

t o  t h a t  used f o r  the  MCS-354 (4365 Pb. a x i a l ) .  The remaining t e s t s  i n  

Se r i e s  I I P  were therefore  performed a t  t h i s  reduced load l e v e l  

Test  S e r i e s  % H I  therefore  w a s  conducted under the  following condit ions:  

Bearing Material : Rings : CVM-M-5 0 

B a l l s :  CVM-M-50 

Ret aine r: S -Mone 1 

Eub r i cant  : DuPont PR-143 

Operating Conditions : 

Temp : Outer Ring 585Ff 5F 

Inner Ring 600F - 610F 

O i l  I n  - 525P-56OF 

O i l  Out - 590F-615F 

Speed: 

Load: 

12,000 rpm 

5800 l b s .  a x i a l  (8 tests) 

4365 l b s .  ax ia l  (22 t e s t s )  

The d a t a  from these  t e s t s  i s  tabula ted  i n  Table 14.  
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The f a t i g u e  f a i l u r e s  a t  the  lower load are presented i n  a Weibull d i s-  

t r i b u t i o n  i n  Figure 79. 

During these  t e s t s ,  continued problems with high power l o s s  due t o  h igh 

o i l  dens i ty  and marginal boundary f i l m  condi t ions  were encountered. B e l t  

l i f e ,  normally i n  excess of 500 hours, was reduced severely.  Damage t o  

s h a f t s  and pumps was a l s o  a problem and as a r e su l t ,  a number of the 

major tester  components required r e p a i r  and/or overhaul.during and a f t e r  

t h i s  t e s t  s e r i e s .  Of the  th ree  o i l s  t e s t ed ,  the  PR-143 p r e c i p i t a t e d  the  

most severe and recurrent  opera t ional  problems. From an engine app l i ca t ion  

standpoint ,  the  most se r ious  of these problems w a s  the  s i g n i f i c a n t l y  g r e a t e r  

d P f f i c u l t y  i n  Pedecting heat  which required re- s iz ing the  heat  exchanger. 

The photographs shown i n  Figures 80 through 97 a r e  presented as typ ica l  

examples of the  appearance of the  M-50 bearings t e s t e d  with the  PR-143. 

Figures 8 0 t o  83 a re  views of Bearing S/N 78 which suffered  a ca tas t roph ic  

f a i l u r e  a f t e r  103 hours. More normal f a t igue  f a i l u r e s  are shown i n  Figures 

84 and 85, whereas Figures 86 through 88 i l l u s t r a t e  the  appearance of a 

bearing (S /N 81) which successful ly  completed 500 hours of t e s t .  Figures 

89 and 90 are  examples of f a t igue  f a i l u r e  encountered a f t e r  436 hours of 

operat ion a t  the  5800 l b .  a x i a l  load.  Figure 89 shows a normal f a t igue  

f a i l u r e  on the  inner  r : h g  of bearing S/N 74, whereas Figure 90 shows a 

second type of f a i l u r e  encountered. This one being on the  o u t e r  r ing  of 

the  same bearing,  The f a i l u r e s  here  a re  more s imilar  t o  those experienced 

with the  polyphenylether (MCS-354). Figure 91  is  a close-up of a surface  

of the  inner  r9W of bearing S/N 74 showing the  type of chemical corrosion 

observed on the  long l i f e  bearings,  Figure 92 shows an example of surface  

damage encountered at  the  lower load l e v e l  (4365 l b s  . )  . The S-Monel 

r e t a i n e r  of t h i s  bearing (Figure 93) appears t o  be i n  exce l l en t  condit ion,  

as was the  case with most of these  components during t h i s  and the  previous 

t e s t  series. Figures 94 through 96 a re  addi t ional  examples of bearing 

components having successful ly  survived 500 hours of t e s t i n g .  The las t  

photograph (Figure 97) shows the  cage rub experienced a f t e r  .01 hours of 

opera t ion  on bearing S/N 100, 
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FIGURE 80. BEARING S/N 78. DAMAGED INNER RING. 

TEST CONDITIONS: 

5800 LB, AXIAL 
12,000 RPM 

LOAD : 
SPEED: 
TEMPERATURE : 600F 
LUBRICANT: P R- 1 4 3  
TIME TO FAILURE: 103 HOURS 

FIGURE 81. BEARING S/N 78. FRACTURED C A m .  
NOTE EVIDENCE OF CAC;E RUB. 
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FIGURF: 82. BEARING S/N 78. DAMACED BALLS. 

F I G U m  83. BEARING S/N 78. DAMACED OUTER RING. 
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FIGURE 84. BEARING S/N 73. FATIGUE FAILURE ON INNER RING. 

TEST CONDITIONS: 

LOAD : 5800 LBS. 
SPEED: 12,000 RPM 
TEMPERATURE: 600F 
LUBRICANT: PR- 143 
TIME TO FAILURE: 436 HOURS 

FIGURE 85. BEARING S/N 73. FATIGUE FAILURE ON OUTER RING. 
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FIGURE 86. BEARING S/N 81. INNER RING. 

TEST CONDITIONS: 

LOAD : 5800 LB. AXIAL 
SPEED: 12,000 RPM 
TEmRATuRE: 600F 
LUBRICANT: PR- 143  
TIME TO FAILURE: 506 HOURS 

FIGURE 87. BEARING S/N 81. FATIGUE FAILURE ON OUTER RING 
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FIGURE 88. BEARING S/N 81. B U S  

FIGURE 89. BEARING S / N ' 7 4 .  .FATIGUE FAILURE ON INNER RING. 

TEST CONDITIONS: 

LOAD : 5800 LB. 

TEIvlPFlRATuRE: 600F 
LUBRICANT: PR- 143 
TIME TO FAILURE: 436 HOURS 

SPEED: 12,000 RPM 
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FIGURE 90. BEARING S/N 74. FATIGUE FAILURE ON OUTER RACE. 
NOTE EVIDENCE OF CHEMICAL CORROSION. 

FIGURE 91. BEARING S/N 74. 1OX MAGNIFICATION OF INNER RACE 
SHOULDER SHOWING EXTENT OF CHEMICAL CORROSION. I 



FIGURE 92. WARING S/N 93.  DAMAGED INNER RING 

TEST CONDITIONS: 

LOAD: 4365 LB. 
SPEED: 12,000 RPM 
TEMPERATURE: 600F 
LUBRICANT : PR- 143 
TIME TO F A I L U m :  159 HOURS 

FIGURE 93.  RXTkINER, BEARING S/N 93 
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FIGURF: 94. BEARING S/N 88. INNER RING. 

TEST CONDITIONS: 

LOAD : 4365 LB. A X I U  
SPEED: 12,000 RPM 
TEhllpERATuRE: 600F 
LUBRICANT: PR- 143 
TEST TERMINATED AT 500 HOURS. 
NO FAILURE. 

FIGURE 95 .  BEARING S/N 88, BALLS 
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FIGURE 96 .  BEARING S/N 88. CONDITION OF RETAImR AFTER 500 HOURS. 

LOAD : 4365 LB, 

TEMPERATURE: 600F 
LUBRICANT : P R- 1 4 3  
TIME TO FAILURE: .01 HOURS 

SPEED: 12,000 RPM 
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While t h e  expected corros ion problems d id  not ma te r i a l i ze  i n  the  magnitude 

i n i t i a l l y  feared ,  the re  was evidence t h a t  the  PR-E43 w a s  chemically 

a t t ack ing  the  bearing material. This a t t ack  i s  associa ted  with long time 

tests such as bearings S/M 73 and 74, where chemical a t t ack  of a l l  of the  

bearing su r faces  w a s  not iceable .  I n  the  case of these  two bearings,  

f a t i g u e  spa l l ing ,  wear and chemical a t t ack  i s  noted. The Monel cages, 

however, appear t o  r e s i s t  q u i t e  well  the  corros ive  e f f e c t s  of the  PR-143. 

I t  should be pointed out ,  however, t h a t  the  overa l l  corrosiveness of the  

PR-143 a t  600F was less than had been expected based on previous da ta .  

The tester components which include Ni-plated s t e e l ,  Monel and 300 s e r i e s  

SS showed e s s e n t i a l l y  no d e t e r i o r a t i o n  a f t e r  exposures i n  excess of 1,000 

( 3 )  

hours t o  t h e  f l u i d .  This can, of course, be a t t r i b u t e d  t o  a l a rge  ex ten t  

t o  the exce l l en t  i n e r t i o n  system of the  t e s t e r s  which cons i s t en t ly  main- 

ta ined the  0 l e v e l  a t  l e s s  than 5 ppm, 
2 

One addi t ional  d i f f i c u l t y  with the  PR-143 was the  evidence of poor cage 

l u b r i c a t i o n .  Bearing S/N 100 se ized a f t e r  one minute of operat ion due 

t o  cage pick-up on the  ou te r  land r i d i n g  surface .  

ins t ance  of t h i s  event i n  a l l  of the t e s t i n g  and while therefore  unique, 

does perhaps tend t o  demonstrate the lack  of boundary l u b r i c a t i o n  of the 

PR-143. 

This was the  only 

The l a s t  bearing t e s t e d  (S/N 99) i s  perhaps typ ica l  of tpe type of operat ion 

which can be expected with the  DuPont F lu id .  

of chemical a t tack ,  b a l l  wear and f a t i g u e .  B a l l  wear was on the  order  

of .0015*' and an e tching e f f e c t  was p l a i n l y  v i s i b l e  i n  the running t r a c k ,  

This  bearing showed evidence 
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6.2.4 T e s t  S e r i e s  I V  

The condit ions f o r  t h i s  test  s e r i e s  were: 

Bearing M a t  e r i  a1 : Rings : WB-49 

B a l l s :  M-1 

Cages; M-1 

Lubricant : Mobil XRM-177F 

Operating Conditions: 

Temp : Outer  Ring 585F +- 5F 

Inner Ring 600F - 610F 

O i l  I n  - 545F-5653 

O i l  Out - 585F-600F 

Speed: 12,000 rpm 

Load : 5800 l b s .  a x i a l  

Atmosphere: N2 <5 ppm O2 

Results  of the  bearing t e s t s  a re  presented i n  Table 15  and graphica l ly  

i l l u s t r a t e d  i n  Weibull d i s t r i b u t i o n  i n  Figure 98. 

A t rend of low f a t i g u e  l i f e  w a s  e s t ab l i shed  with t h i s  mater ia l  early i n  

the  test  program. The reason f o r  t h i s  appears t o  be r e l a t e d  t o  the  micro- 

s t r u c t u r e  of the  mater ia l  a s  w i l l  be discussed l a t e r .  

The f a i l u r e s  encountered were with one exception, normal sub-surface 

i n i t i a t e d  f a t i g u e  f a i l u r e s .  Figures 99 through 108are photographs of 

typ ica l  WB-49 bearing components f a i l e d  i n  f a t i g u e .  The only dev ia t ion  

from these  f a i l u r e s  was i n  bearing S/N 272, where a c i rcumferent ia l  o u t e r  

r i n g  f r a c t u r e  w a s  observed. Generally, the  b a l l s  made out  of M-1 material 

appear t o  be r e l a t i v e l y  undamaged desp i t e  the  r a t h e r  severe f a t i g u e  f a i l u r e s  

observed on o the r  components. This i s  i l l u s t r a t e d  i n  the  bottom of Figure 

While the re  have been a number of b a l l  f a t i g u e  f a i l u r e s ,  i t  i s  d i f f i c u l t  

t o  e s t a b l i s h  whether these  f a i l u r e s  a r e  unique or a re  caused by a p r i o r  

f a i l u r e  of the  inner  or ou te r  r ing .  A s  may be noted i n  Table 15 the  b a l l  
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FIGURE 99. TOP: INNER RING FATIGUE FAILURTZ, S/N 254 
BOTTOM: BALLS FROM S/N 254 

BEARING MATERIAL: WB-49 RINGS 

LUBRICANT: XRM-177F 
LOAD: 5800 LB. AXIAL 
SPEED: 12,000 W M  
TEMPERATURE: 600F (METAL) 

M-1 BALLS 

j TIME TO FAILURE: 26 HOURS 
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FIGURF: 100. OUTER RING FAILURE, S/N 251 

BEARING MATERIAZI: WB-49 RINGS 

LUBRICANT: XRNI-177F 
LOAD : 5800 LB. AXIAL 
SPEED: 12,000 RPM 
TEMPERATURF:: 600F (METAL) 
TIME TO FAILURE: 8 HOURS 

M-1 BALLS 

\ 
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FIGURE 101. INNER RING F A T I W E  FAILURE, S/N 256 

BEARING MATERIAL: WB-49 RINGS 

LUBRICANT: XRM- 17 7F 
LOAD : 5800 LB. AXIAL 
SPEED: 12,000 RPM 
TEMPERATURE: 600F (METAL) 
TIME TO FAILURE: 26 HOURS 

M-1  BALLS 
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FIGURE 102. INNER AND OUTER RING FATIGUE FAILURES,  S/N 257 

BEARING MATERIAL: WB-49 RINGS 

LUBRICANT: XRM-177F 
LOAD: 5800 LB. A X I L  
SPEED: 12,000 RPM 
TEMPERATUFE: 600F (METAL) 
TIME TO FAILURE: 24 HOURS 

M-1 BALLS 

d 
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FIGURE 103. OUTER RING FATIGUE FAILURE, S/N 258 

BEARING MATERIAL: WB-49 

LUBRICANT: XRM-177F 
LOAD : 5800 LB. AXIAL 
SPEED: 12,000 RPM 
TEMPERATURE : 600F (METAL) 
TIME TO FAILURE: 24 HOURS 

M-1 BALLS 
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FIGURE 105. BEARING S/N 272. 

BALL FATIGUE AND CACZ FRACTURE AFTER 13 HOURS. 
NOTE EXTENSIVE DEFORMATION I N  CAW BALL POCKET. 
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FIGURE 106. BEARING S/N 272. 

CLOSE-UP OF FRACTURE ON OUTER RING AND 
FATIGUE F A I L U m S  ON INNER RING. 
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FIGURE 107. BEARING S/N 272. 

CLOSE-UP OF CIRCUMFERENTIAL OUTER 
RING FRACTCJRE AFTER 13 HOURS. 



FIGURF 108. . INNER RING FATIGUE FAILURF, S/N 252 

BEARING MATERIAL: WB-49 RINGS 

LUBRICANT : XRM-177F 
LOAD : 5800 LB. AXIAL 
SPEED: 12,000 R P M  
TEMPERATURE: 600F (METAL) 
TIME TO FAILURE: 8 HOURS 

M-1 BALLS 

1 43 



f a i l u r e s  have always occurred i n  conjunction with another  component f a i l u r e  

or i n  a bearing having received excessive fo re ign  ob jec t  damage, 

Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  test  s e r i e s  were the M-1 steel cages which 

were used ins tead  of the  S-Monel i n  order  t o  evaluate t h e i r  behavior a t  

600F. While most of the cages performed s a t i s f a c t o r i l y ,  i t  w a s  found t h a t  

e i g h t  of the cages f r ac tu red  similar t o  the  one shown i n  Figure 105. This 

is  a f a r  g r e a t e r  incidence of cage f r a c t u r e s  than had been observed i n  

the previous test  where S-Monel w a s  used as the s t r u c t u r a l  material f o r  

these p a r t s .  I t  w a s  a l s o  observed t h a t  the M-1 cages had a g r e a t e r  

amount of b a l l  pocket wear than had been observed on the S-Monel cages,  

The d a t a  would tend t o  ind ica te  t h a t  a t  l e a s t  for the h igher  temperature 

appl ica t ions ,  S-Monel may be super ior  t o  M-1 s t e e l  f o r  use as a cage 

ma te r ig l  . 

The overa l l  low fa t igue  l i f e  exhibi ted  by the WB-49 bearings had been 

predic ted  by RC r i g  t e s t i n g .  
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6.2.5 Test Se r i e s  V 

The following condi t ions  were observed i n  t h i s  t e s t  s e r i e s :  

Bearing Material i Rings : CVM M-50 

B a l l s  i CVM M-50 

Retainer  $ S -Mone 1 

Lubricant : Mobil XRM-177F 

Operating Conditions: 

Temp : Outer Ring 490F - 500F 

Inne r  Ring 505F - 515F 

O i l  I n  - d 8 2 F  

O i l  Out - A18F 

Speed: 12,000 rpm 

Load ; 5800 l b s  a x i a l  

Atmosphere: N2  <5 ppm O2 

T e s t  r e s u l t s  are presented i n  Table 1 6  and a Weibull p l o t  of the d a t a  i s  

shown i n  Figure 109. 

The Weibull p l o t  i s  based on a f a i l u r e  index of 11 out of 26. Several 

of the extremely shor t  time f a i l u r e s  have been e l iminated  i n  the ana lys i s  

as there  was s u f f i c i e n t  evidence i n  each case of fo re ign  ob jec t  damage. 

The fo re ign  ob jec t  damage and the  s m a l l  amount of b a l l  wegr which was 

observed were traoed t o  d e b r i s  from pump damage due t o  the PR-143, 

Tn t h i s  t e s t  s e r i e s ,  the  cut-off po in t  w a s  ra ised  t o  750 hours r a t h e r  

than the 500-hour l i m i t  observed i n  the previous tests, as it  was reasoned 

t h a t  the increased v i s c o s i t y  a t  the  lower t e s t i n g  temperature would pro- 

viae a b e t t e r  elastohydrodynamic l u b r i c a t i o n .  
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6 .2 .6  T e s t  Se r i e s  V I  

Test condit ions f o r  t h i s  s e r i e s  were as follows: 

Bearing Material:  Rings: CVM-M-50 

B a l l s  ! CVM-M-50 

Reta iner  S -Mone 1 

Lubricant,: Mobil XRM-177F 

Operating Conditions: 

Temp : Outer Ring 395F - 410F 

Inner Ring 405F - 415F 

O i l  I n  - 370F 

O i l  Out - 400F 

Speed : 12,000 rpm 

Load ; 5800 l b .  a x i a l  

Atmosphere: N2 5 PPm o2 

The r e s u l t s  of the  tests a re  presented i n  Table 17 and shown i n  Weibull 

d i s t r i b u t i o n  i n  Figure UO, Three tests (#2, 2a, 6 )  were el iminated 

from the  ana lys i s .  The f i r s t  two because the  t e s t  was aborted due t o  

a plugged lube je t  and the  t h i r d  one because the  bearing had s u p e r f i c i a l  

fore ign objec t  damage because of the  plugged j e t ,  

The photographs i n  Figures U 1  through 113 i l l u s t r a t e  the  typ ica l  condit ion 

of the  M-50 bearings a f t e r  prolonged operat ion a t  400F i n  n i t rogen ine r t ed  

XRM-177F. A s  can be seen from the  photographs, the  bearing components are  

i n  exce l l en t  condi t ion ,  Of p a r t i c u l a r  i n t e r e s t  i s  the  f a c t  t h a t  seve ra l  

of the  bearings i n  t h i s  t e s t  s e r i e s  including the  one shown i n  the  

referenced photographs had been given a black oxide coating (Dul i t ing)  

i n  order  t o  more sharply def ine  t h e  b a l l  t rack  and thus  the  opera t ing  

oontact angle. The oxide coat ing  apparently had no e f f e c t  on the  bearing 

l i f e ,  although it d id  serve t o  accura te ly  de l inea te  the  b a l l  path a s  i s  

i l l u s t r a t e d  i n  Figure 113, 

Again, as i n  T e s t  S e r i e s  V, cut-off was a t  750 hours r a t h e r  than 500 hours. 
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FIGURE 112. 

j 

BEARING S/N 172. 

APPEARANCE OF BALLS AND RETAINER 
AFTER 767 HOURS AT 400F WITH XRM-177F. 

- _  
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APPEARANCE OF INNER RING (TOP) AND OUTER RING (BOTTOM) 
BAL1; PATH AFTER 767 HOURS AT 400F WITH XFM-177F. 
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7 . 0  Metallurgical  Inves t iga t ion  

Metal lurgical  ana lys i s  of the  bearing f a i l u r e s  d i d  not reveal  any unusual 

or unexpected condi t ions  wi th  the  exception of t h e  WB-49. The f a i l u r e s  

obtained a t  600F wi th  t h e  th ree  test f l u i d s  were genera l ly  t y p i c a l  sub- 

surf  ace i n i t i a t e d  s p a l l i n g  fa t igue ,  very s imilar  t o  the  f a i l u r e s  obtained 

under more moderate temperature condi t ions .  The photographs i n  Figures 114 

through 124 are presented as  r ep resen ta t ive  of the  micro- structures 

observed 

I n  general ,  the  photographs i n  the  sub jec t  f i g u r e s  a re  self- explanatory,  

although t h e r e  a re  a few s p e c i f i c  comments which can be made r e l a t i v e  t o  

some of the  photomicrographs. For example, the  b a l l  f a t i g u e  f a i l u r e  

shown i n  Figure116 i s  somewhat unique i n  regard t o  the  m u l t i p l i c i t y  of 

the  cracks observed. Based on the  RECAP analys is  which i n d i c a t e s  t h a t  

the  depth of maximumrsub-surface shear  stress should be approximately 

.010” below the surface ,  

the  crack f a r t h e s t  below the su r face  w i t h  the  remaining cracks being 

the ind ica t ions  a re  t h a t  the  primary f a i l u r e  i s  

secondary and poss ib ly  being more of a b r i t t l e  s h a t t e r i n g  nature ,  r a t h e r  

than f a t i g u e  

Figure117 is  a cross- sect ion  through an a rea  of b a l l  wear, the  wear being 

evident  by the  r e l a t i v e  unevenness of the b a l l  sur face .  

F i g u r e 1 1 8 i s  presented as a record of the micro- structure of t h e  M- 5 0  

mater ia l  being t e s t e d  and shows t h i s  mater ia l  to be the  normal f i n e  

grained martepsitic s t r u c t u r e  judged optimum f o r  bearing appl ica t ions .  

The primary purpose f o r  exh ib i t ing  Figure119 is  t o  show the  r e l a t i v e  l ack  

of surface  deformation o r  micro- structural  damage i n  a b a l l  which had 

been shown t o  have a s l i g h t  amount of wear. Again, note the  unevenness 

of the  surface .  Despite t h i s ,  however, the re  appears t o  be no micro- 

s t r u c t u r a l  damage a t  or near the  su r face .  
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375 HOURS @ 5800 LB. @ 600F 
LUBRICANT : XRM-177F 
BALL FATIGUE FAILUFE 
MATERIAL: CVM-M-5 0 
MAG: lOOX UNETCHED 

, 

BALL FATIGUE FAILURE 
MATERIAL: CVM-M-5 0 
MAG: l O O X  UNETCHED 
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LUBRICANT: XFtM-177F 
BALL FATIGUE FAILURE 
MATJ3RIA.L: CVM-M-50 
MAG: 2 5 0 X  UNETCHED 

BALL WEAR 
MATERIAL: CVDII-M-50 
MAG: 5 0 0 X  UNETCHED 

158 



FIGURE 118. BEARING S/N 21 

30.3 HOURS @ 5800 LB. @ 6OOF 
LUBRICANT: XRM-177F 
TYPICAL STRUCTURE: INNER RING 
MATERIAL: CW-M-5 0 
MAG: 5 0 0 X  ETCHANT: 3% NITAL 
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FIGURE 119. BEARING S/N 21 

30 .3  HOURS @ 5800 LB. @ 600F 
LUBRICANT: XRM-177F 
SURFACE OF BALL, SHOWING WEAR 
MATERIAL: CVM-M-5 0 
MAG: lOOOX ETCHANT: 3% NITAL 
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I n  v i sua l  examination of t h e  f a t i g u e  f a i l u r e s  encountered with the  MCS-354 

i t  was noted t h a t  the  f a i l u r e s  were somewhat d i f f e r e n t  than those obtained 

with e i t h e r  of the  o t h e r  two f l u i d s .  Despite t h i s ,  however, the  appear- 

ance of the  f a i l u r e s  on a micro b a s i s  i s  very close t o  what might be 

c a l l e d  c l a s s i c a l  f a t i g u e  except t h a t  the  nucleus of the  f a i l u r e  is  

c l o s e r  t o  the  surface  than would be expected based on ca lcu la t ions  of 

the  depth of maximum sub- surface .shear s t r e s s .  

Figures 120 and 121. 

This  i s  i l l u s t r a t e d  i n  

The WB-49 mater ia l  which exhibi ted  a r e l a t i v e l y  poor f a t i g u e  l i f e ,  showed 

a micro- structure which i s  not considered conducive t o  long r o l l i n g  

element f a t igue  l i f e .  A metallographic examination was conducted on the 

f a i l e d  WB-49 bearings and typ ica l  photomicrographs a r e  shown i n  Figures 122 

through124. 

t h e  s t r u c t u r e  of t h i s  ma te r i a l .  This  i s  i l l u s t r a t e d  s p e c i f i c a l l y  i n  

Of primary i n t e r e s t  is the  massive carbide banding noted i n  

Figure l23which shows the  extremes of carbide banding noted i n  the s t r u c t u r e .  

There i s  no quest ion t h a t  t h i s  banding i s  one of the  primary reasons f o r  

the  shor t  l i v e s  being encountered by these  bear ings ,  T h i s  type of 

s t r u c t u r a l  def ic iency does however, r a i s e  the ques t ion  whether the  mater ia l  

being t e s t e d  i s  t y p i c a l  of the  p a r t i c u l a r  ma te r i a l .  There i s  always the  

p o s s i b i l i t y  t h a t  the  s p e c i f i c  material being evaluated w a s  not produced 

with optimum forging p r a c t i c e s .  

However, i n  examining the  s t r u c t u r e  of the RC Rig t e s t  bars ,  as  w e l l  as 

the  s t r u c t u r e s  i l l u s t r a t e d  i n  a NASA r epor t ,  ('O) i t  appears t h a t  the  

massive carbide banding i s  common i n  t h i s  ma te r i a l .  This i s  not  too  

su rp r i s ing  i n  v i e w  of the  high percentage of carbide forming elements 

present  i n  t h i s  ma te r i a l .  

t o  de r ive  the  maximum usefulness  from t h i s  material, improved techniques 

w i l l  be required i n  the  reduct ion  of t h e  b i l l e t  t o  the  f i n a l  shape. 

Obviously, a s  a f i r s t  s t ep ,  the  severe  carbide banding w i l l  need t o  be 

broken up and homogenized. 

In  view of t h i s ,  i t  appears then t h a t  i n  order 

* 



LUBRICANT : MCS-354 
INNER RING FATIGUE FAILURE 
MATERIAL: CVM-M-5 0 
MAG: 200X UNFITCTHED 

LUBRICANT : MCS -3 5 4 
INNER RING FATIGUE FAILURE 
MATERIAL: CVM-M-5 0 
MAG: 2 0 0 X  UNETGHED 
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FIGUFE 122. TYPICAL MICROSTRUCTURES OF WB-49. 

BEARING S/N 256. NOTE MASSIVE CARBIDE BANDING. 

TOP : 2 5 0 X  ETCHANT: 3% NITAL W G .  
ROTTOM: looox 
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FIGURE 123. TYPICAL EXAMPLES O F  MASSIVE CARBIDE BANDING I N  WB-49 

TOP SHOWS MINIMUM BANDING, WHEREAS BOTTOM 
PHOTOGRAPH SHOWS AREA OF MAXIMUM BANDING. 

;MAG: lOOOX ETCHANT: 3% NITAL 
164 



FIGURE 124. INNER RING FATIGUE FAILURE 

BEARING S/N 256 

TIME TO FAILURE: 26 HOURS 
MAG TOP : 1 oox ETCHANT: 3% N I T A L  .__. - 

BOTTOM: 250X 



8 0 Lubricant Analysis 

A continuous check was maintained on tge test  l u b r i c a n t s  during the  time 

the lubr i ean t  w a s  i n  the  bearing testers, Samples of o i l  were taken a t  

approximately 24 hour i n t e r v a l s  from the  individual  t e s t e r s  and analyzed 

fo r  v i scos i ty ,  acid number and contamination. 

Viscos i ty  measurements were performed a t  l O O F  and p e r  ASTM s p e c i f i c a t i o n  

D445. Neu t ra l i za t ion  number meaburements were made p e r  AS!Ed spec i f i ca t ion  

D974-58T. KOH i s  used a s  the t i t r a n t ,  with para-naptholbenzein used f o r  

the  i n d i c a t o r #  Contamination w a s  checked using in f  ra-red spectrophotometric 

methods, This test w a s  e s t ab l i shed  pr imar i ly  t o  assure t h a t  the  test  f l u i d  

had not  been contaminated with another f l u i d .  I n  the tester set-up, t h i s  

could occur i f  s e a l  leakage allowed the MIL-E-7808 slave bearing lubr i can t  

i n t o  the tester cav i ty .  No evidence of t h i s  was eve r  noted ind ica t ing  

the  e f f i c i e n c y  of the seals being used, 

The v i s c o s i t y  measurements made on the XR.M-177P genera l ly  indiea ted  an i n i t i a l  

decrease i n  v i s c o s i t y  w i t h  t ime, T h i s  was expected as  a t  the 600F tempera- 

t u r e ,  some cracking of the o i l  must be expected. The s l i g h t  decrease i n  

n e u t r a l i z a t i o n  number observed was not  considemd s i g n i f i c a n t  i n  view o f  

the i n i t i a l  l o w  value of the as- received f l u i d .  Actually, the devia t ions  

of the samples, during and a f t e r  test ,  from the  i n i t i a l  ones are  wi th in  

the accuracy range of the test method. These measurements are addi t ional  

evidence t h a t  t h i s  o i l  i s  capable of operat ing under the  severe environmental 

condi t ions  of t h i s  t e s t ,  

While there  w a s  some d i sco lo ra t ion  observed i n  the  o i l  a f t e r  test ,  these 

v i s u a l  observat ions also tend t o  ind ica te  that  no s i g n i f i c a n t  thermal 

breakdown of the o i l  i s  occurring a t  the test  temperature and under t o t a l  

N i n e r t i o n .  Figure 125 i s  a typ ica l  viscosi ty- time curve f o r  the  XRR/I-l77F. 

This  curve i s  representa t ive  of the  measurements made on the GOOF t e s t  

s e r i e s  e 

2 
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With the  WS-354, a d e f i n i t i v e  t rend i s  somewhat more d i f f i c u l t  t o  

determine, mainly because the  high v o l a t i l i t y  of t h e  f l u i d  required 

re l i l t ive ly  l a r g e  q u a n t i t i e s  of "make-up" o i l .  Consequently, t h e  

p e r i a d i c  d i l u e n t  e f f e c t  o f  these  o i l  addi t ions  made it  d i z f i c u l t  t o  

e s t a b l i s h  the  t rue  v i s c o s i t y  changes. 

MCS-354 shows a s l i g h t  overall, increase  i n  v i s c o s i t y  with t i m e .  

t i v e  viscosi ty- time curve:. AS? presented i n  Figure 126. 

However, i t  does appear t h a t  the  

A vepresenta- 

LRstly, t h e  PR-143 shows a s i g n i f i c a n t  increase  i n  v i s c o s i t y  a f t e r  a 

r e l a t i v e l y  shor t  period o f  time followed by a more gradual but constant  

increase  as t i m e  progresses.  

f l u i d ,  where the  l i g h t  ends are v o l a t i l i z e d  leaving the  heavier ,  high 

v i s c o s i t y  ends. 

t i v e  viscosi ty- time re la t ionsh ips  for the  PR-143. 

This behavior i s  ~ t s  expected wi th  a polymeric 

This is  i l l u s t r a t ed  i n  Figure 127which shows representa-  
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9.0  Bearing Meagurements 

To assist i n  the  evaluat ion  of the bear ing  data,  a complete record w a s  

kept on a l l  bearing and bearing component dimensions, and weights,  both 

p r ioS  t o  and a f t e r  t e s t i n g .  Addit ionally,  surface p r o f i l e  measurements 

were mqde on the inner  and ou te r  bearing raceways p r i o r  t o  and i l f t e r  

t e s t i n g ,  

The individual  bearing components which were weighed were the ou te r  r ing ,  

the two segments of the  s p l i t  i nne r  and the balls. ,  These measurements 

were made on a sca le  c a l i b r a t e d  i n t o  one-hundredths of a gram. Surface 

p r o f i l e  measurements w e r e  made on the o u t e r  and inner  raceways using a 

Prof icorder  with measurements made a t  three  loca t ions  around the t r acks .  

An analys is  of a l l  of these d a t a  does not  qdd too much t o  the general 

body of knowledge regarding these bearings.  The weight measurements 

ind ica te  t h a t ,  i n  the XW-177F f l u i d  there  i s  e s s e n t i a l l y  no measurable 

weight change i n  the bearing componenta. This, of course, i s  t o t a l l y  

expected as  no v i sua l  evidence of wear was observed i n  the bearings t e s t e d  

with t h i s  f l u i d ,  In  the case of the  MCS-354 there  a re  some r a t h e r  d r a s t i c  

weight losses, p a r t i c u l a r l y  i n  the  ba l l  components, although even here,  

the re  i s  considerable v a r i a t i o n  from one bearing t o  the o the r .  In the 

bearing components t e s t ed  with the PR-143, there  i s  a l s o  a r e l a t i v e l y  

random change i n  the weight measurements. 

The surf  ace p r o f i l e  measurements a l s o  ind ica te  b a s i c a l l y  the same type of 

information. On those bearings kested wi th  the XW-l77F, the surface 

p r o f i l e s  ind ica te  e s s e n t i a l l y  no deformation or wear, ind ica t ing  t h a t  a 

t o t a l  elastohydrodyaamic f i l m  was maintained throughout the course of 

t e s t i n g ,  With the MCS-354 there  i s  evidence of wear as well as some 

p l a s t i c  deformation Caking p lace ,  although there  is  no d i sce rn ib le  p a t t e r n  

t o  these e f f e c t s .  The surface  p r o f i l e  traces are extremely d i f f i c u l t  t o  

i n t e r p r e t  due t o  the  poor condit ion of the raceway surfaces .  The surfaces  

of the bearings lubr i ca ted  wi th  the f luor ina ted  polymer, PR-143, ind ica te  
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genera l ly  very l i t t l e  wear and e s s e n t i a l l y  no p l a s t i c  deformation, again 

lending support t o  the theory that t h i s  l u b r i c a n t  does provide a mixed, 

i f  not  to ta l ,  elastohydrodynamic f i l m  a t  the  600F temperature. However, 

as w a s  the  case with the weight measurements taken on these bearings,  

the re  w a s  some disagreement i n  the d a t a  i n  t h a t  some of the surface  

p r o f i l e  measurements indica ted  a to ta l  l ack  of wear, whereas o the r s  d id  

ind ica te  some evidence of abrasive metal removal due t o  a s p e r i t y  contac ts .  

Some of t h i s  i s  a l s o  most l i k e l y  due t o  the corrosion observed on the 

bearing components 

The major conclusion which can be drawn from these  at tempts a t  measurements 

are t h a t  e i t h e r  the  l a r g e  s i z e  and/or weight of the bearing pe r  se ,  or 

the r e l a t i v e l y  heavy load placed on the bearing, put  it beyond the realm 

of extremely p rec i se  measurement such as can be made on smaller ,  perhaps 

l e s s  l i g h t l y  loaded bearings or on bench r i g  t e s t  specimens. This is  

p a r t i c u l a r l y  t r u e  i n  the  case of the weight measurements where the  t o t a l  

weight of the components i s  such t h a t  a small amount of wear r e s u l t i n g  

i n  a s l i g h t  weight change would be extremely d i f f i c u l t  t o  d e t e c t  and 

p inpoint ,  Visual observat ions such a s  the condit ion of the b a l l  track 

surfaces ,  or a c t u a l  physical  measurements such as were used t o  determine 

the  changes i n  b a l l  dimensions a re  perhaps a much b e t t e r  and c e r t a i n l y  

morr: economical means of determining what type of l u b r i c a t i o n  regime 

e x i s t e d  a t  the t e s t  condi t ions  
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1 0 . 0  Discussion 

The work reviewed i n  t h i s  repor t  has provided a good i n s i g h t  i n t o  the  

f e a s i b i l i t y  of opera t ing  bearings a t  temperatures t h a t  exceed today 's  

condit ions by a t  least l5O0to20O0F, 

designed bearings can operate successful ly  at  600F i s  an important milestone 

i n  the  s ta te- of- the- ar t  of bearing technology, and should serve as the  

b a s i s  f o r  addi t ional  high temperature bearing and lubr i can t  development 

and evaluat ion .  I t  w i l l  a l s o  serve as  a guidel ine  for the  f u t u r e  when 

i t  i s  expected t h a t  the  test  temperatures employed i n  t h i s  program w i l l  

be commonly seen i n  high performance turbo- jet  engines 

The demonstration t h a t  conventionally 

Before proceeding i n t o  a d iscuss ion of the  r e s u l t s ,  it might be w e l l  t o  

b r i e f l y  review the  r a t i o n a l e '  of conducting a test program such as the  

one discussed i n  t h i s  repor t  under condit ions which a re  not a t  the  present  

time contemplated f o r  ac tua l  engine opera t ion .  Spec i f i ca l ly ,  t h i s  r e f e r s  

t o  the use of the n i t rogen atmosphere used i n  the  current  series of t e s t s .  

The t o t a l  i n e r t i o n  of a propulsion system i s  an extremely d i f f i c u l t  

endeavor and would be considered only when a l l  o the r  means t o  accomplish 

the  same purpose had been exhausted. Consequently, i t  mBght be asked 

why a test  program w a s  conducted under such cur ren t ly  u n r e a l i s t i c  con- 

d i t i o n s .  The reason i s  a c t u a l l y  q u i t e  simple, i n s o f a r  the  prime purpose 

of the program was t o  e s t a b l i s h  the  c a p a b i l i t y  of th ree  advanced f l u i d s  t o  sus- 

t a i n  elastohydrodynamic bearing opera t ion  under extreme temperature 

condit ions.  Therefore, as i s  the  case with many bas ic  engineering s tud ies ,  

a t e s t  environment had t o  be se lec ted  so t h a t  the  primary purpose of the  

t e s t  program could be achieved. The d a t a  obtained is  v a l i d  whether i t  be 

conducted i n  a n i t rogen s y s t e m  o r  i n  a more normal a i r  environment, I t  

i s  the bas ic  d a t a  which is  of i n t e r e s t  and the  generat ion of which 

j u s t i f i e s  the  use of a cont ro l led  environment. 

A p a r a l l e l  t o  t h i s  can be drawn i n  much of the  high temperature metal lurgi-  

cal t e s t i n g  which i s  conducted. Much of t h i s  t e s t i n g  i s  conducted i n  

e i t h e r  an ine r t ed  atmosphere o r  i n  a vacuum. Obviously, the  ma te r i a l s  



being evaluated w i l l  genera l ly  not operate i n  these  environments. I n  

order  t o  obta in  the  da ta ,  however, i t  i s  necessary t o  con t ro l  the  atmosphere 

so t h a t  proper, r e l i a b l e ,  and repeatable engineering information can be 

obtained,  I t  i s  expected tha t  under the  impetus of the  increas ing per-  

formance requirements made on j e t  engines, the  lubr i can t  manufacturers 

w i l l  develop f l u i d s  which w i l l  be v iab le  a t  temperatures approaching 

600F and which w i l l  a t  the  same time, be thermally s t a b l e  t o  the  po in t  

t h a t  they can operate i n  an a i r  atmosphere. When these  f l u i d s  a re  

avai lable ,  the  information obtained i n  t h i s  study w i l l  be d i r e c t l y  

appl icable  and w i l l  se rve  as  a guidel ine  t o  judging the  e f f i cacy  of the  

l u b r i c a n t s .  

The three  f l u i d s  evaluated i n  t h i s  program a re  representa t ive  of the  most 

advanced high temperature ma te r i a l s  ava i l ab le  today. They a l s o  represent  

th ree  d i s t i n c t l y  separa te  f ami l i e s  of f l u i d s ,  and as such, it i s  l o g i c a l  

t o  assume t h a t  the  data obtained w i l l  be representa t ive  of o the r  f l u i d s  

of the  same gener ic  base s tock.  Based on the  test  r e s u l t s ,  t he  syn the t i c  par-  

a i f i n i k  o i l ,  XRM-l77F, i s  present ly  the  most promising candidate f o r  high 

temperature bearing l u b r i c a t i o n .  The appearance of the  bearing components 

and p a r t i c u l a r l y ,  the  r o l l i n g  elements and raceways, gave f u l l  evidence 

t h a t  elastohydrodynamic l u b r i c a t i o n  was maintained i n  t h e  600F temperature 

range with t h i s  f l u i d .  Obviously, the  same comment appl ies  t o  the  500F 

and 400F temperature range. The best evidence of t h i s  w a s  the appearance 

of the  b a l l s  and raceways which, when observed a t  high magnification, s t i l l  

showed the  o r i g i n a l  grinding marks, ind ica t ing  t h a t  no a s p e r i t y  contact  

had taken p lace .  Secondly, the surf  ace p r o f i l e  measurements made a f t e r  

t e s t i n g  a l s o  indica ted  t h a t  e s s e n t i a l l y  no changes had occurred i n  the  

s t r e s sed  areas  of these bearings.  A s  discussed previously,  the  surface  

p r o f i l e  measurements were i n  general  not highly conclusive, except i n  

the  case of the  XRM-177F where no ind ica t ion  of wear and/or p l a s t i c  

deformation w a s  ob served.  L a s t l y ,  the  weight measurements made on the 

bearings p r i o r  t o  and a f t e r  the  test which, while,. akso,,not cbnclusiqe,  

d id  ind ica te  t h a t  With the XRM-177F9 no weight changes had taken place,  ; 
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f u r t h e r  ind ica t ing  the  absence of wear. Highly encouraging a l s o  were the 

r e l a t i v e l y  s m a l l  changes i n  lubr i can t  v iScos i ty  and acid number observed 

a f t e r  exposure of the  f l u i d  t o  a prolonged period of t i m e  a t  high temperature, 

- This i s  q u i t e  s i g n i f i c a n t ,  as i t  tends t o  ind ica te  a long t i m e  thermal 

s t a b i l i t y  f o r  t h i s  f l u i d .  The da ta  obtained by General E l e c t r i c  on t h i s  

f l u i d  a l s o  agrees we l l  with t h a t  obtained by o t h e r  organiza t ions  engaged 

i n  performing similar t e s t i n g .  (1) 

L a s t l y ,  the  d a t a  on the  XRFII-177F c l e a r l y  ind ica tes  t h a t  t h i s  f l u i d  is  

useful  i n  the t o t a l  temperature range of i n t e r e s t ,  i m e o ,  400F t o  600F. 

T h i s  i s  no t  unexpected considering the good v i scos i ty  index of t h i s  f l u i d .  

Compared t o  the  XRM-l77F, performance of the  modified polyphenyl e t h e r ,  

IvICS-354 was not  s a t i s f a c t o r y .  The i n a b i l i t y  of t h i s  f l u i d  t o  operate 

i n  an ine r t ed  atmosphere was not too  su rp r i s ing ,  as there  are  a number 

of f l u i d s  which require oxygen t o  form react ive  boundary l u b r i c a n t s  

However, the subsequent continued poor performance i n  an a i r  atmosphere 

w a s  d isappoint ing ,  The opera t ion  of the  bearings a t  600F with the MCS-354 

was charac ter ized  by extreme wear which necess i t a t ed  a shut-down of many 

tests p r i o r  t o  the i n i t i a t i o n  of any normal f a t igue  f a i l u r e s .  There w a s  

d e f i n i t e  v i sua l  evidence of the  lack of elastohydrodynamic condi t ions  

The r o l l i n g  elements as w e l l  a s  the  races exhibi ted  evidence of burnishing 

and po l i sh ing  with m o s t  of the o r i g i n a l  grinding marks being completely 

o b l i t e r a t e d ,  ind ica t ive  of mixed o r  boundary l u b r i c a t i o n .  I n  most 

ins t ancesg  surface d i s t r e s s  w a s  severe enough so as not  t o  allow a 

meaningful surface p r o f i l e  ana lys i s  Also, the weight measurements, 

while not cons i s t en t ,  d id  ind ica te  s i g n i f i c a n t  weight losses ,  pa r t i cu-  

l a r l y  on the balls and t o  a l e s s e r  ex ten t ,  on the inner  and ou te r  

r ings .  In  the  f e w  ins tances  where the bearings f a i l e d  i n  f a t igue ,  

v isual  examination showed these f a i l u r e s  t o  be more apparently surf  ace 

i n i t i a t e d  r a t h e r  than the  more c l a s s i c  sub-surf ace o r ig ina t ing  s p a l l i n g  

This w a s  a deceptive observation,  however, as metallographic examination 

indica ted  t h a t  the  f a i l u r e s  d i d  i n i t i a t e  sub-surface a t  about the depth 

of the ca lcu la ted  maximum shear  s t r e s s  region 
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The most i n t e r e s t i n g  f l u i d  of the three inves t iga ted  w a s  the  f luor ina ted  

polymer, PR-143. Based on the chemical make-up of the three  f l u i d s ,  the 

polymeric mater ia l  has the g r e a t e s t  p o t e n t i a l  as an extremely high 

temperature l u b r i c a n t .  I t  e x h i b i t s  a number of p r o p e r t i e s  which make 

i t  extremely a t t r a c t i v e  t o  engine designers,  chief  among which is its 

inherent  f i r e  sa fe  opera t ion .  Conversely, the corros ive  aspect  would 

tend t o  make i t  d i f f i c u l t  t o  apply i n  e x i s t i n g  l u b r i c a t i n g  systems,  

although t h i s  should not  be a major problem i n  advanced engines, where 

the l u b r i c a t i n g  system can be designed with ma te r i a l s  which w i l l  accommo- 

d a t e  the p o t e n t i a l  corros ive  e f f e c t s  of t h i s  material. On t h i s  subjec t  

i t  should be pointed out  t h a t  the f l u i d  d id  not  e x h i b i t  the severe 

corros ive  e f f e c t s  which had been an t i c ipa ted  and i n  f a c t ,  the o v e r a l l  

damage t o  e i t h e r  the test  f a c i l i t i e s  or the test bearings themselves 

was within t o l e r a b l e  l i m i t s .  

While the PR-143 gave fa t igue  l i v e s  c lose  t o  those predicted by FLECAP 

ana lys i s ,  the  performance of the f l u i d  i n  the  test s e r i e s  w a s  not con- 

s i s t e n t .  Unlike the XRM-177F where obvious elastohydrodynamic l u b r i c a t i o n  

condi t ions  e x i s t e d  a t  '600F and unlike the polyphenyl e t h e r s ,  where j u s t  

a s  obviously boundary condit ions ex i s t ed ,  there  appears t o  be evidence 

of both condi t ions  i n  the PR-143 between various t e s t s .  A s  can be seen 

from Table 14, the re  were tests which resu l t ed  i n  f a t i g u e  f a i l u r e s  with 

none or a minimal amount of wear. There were a l s o  tests which were 

aborted because of r a t h e r  extens ive  wear, and there  were some t e s t s  which 

were terminated a t  500 hours, which exhibi ted  extremely good surfaces  

with no evidence of i n c i p i e n t  f a t i g u e  f a i l u r e s  or s i g n i f i c a n t  amounts of 

wear. One can only assume t h a t  t h i s  f l u i d  i s  perhaps more s e n s i t i v e  t o  

minute va r i a t ions  i n  bearing geometry o r  very minor changes i n  the test 

condi t ions .  

The most se r ious  drawback of the f luor ina ted  polymer appears t o  be i ts  

tendency t o  increase  the d i f f i c u l t y  of bearing hea t  r e j ec t ion ,  most l i k e l y  

due t o  i t s  high dens i ty  as well  as i t s  low thermal conduct iv i ty .  I t  w a s  
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observed t h a t  the  PR-143 test  bearings when operated under ident ica l  

condi t ions  as the  o t h e r  two f l u i d s ,  tended t o  s t a b i l i z e  out  a t  a tempera- 

t u r e  approximately lOOF t o  125F above t h a t  observed on the o the r  bear ings ,  

Coincidental ly,  i t  w a s  noted t h a t  the horsepower requirements required t o  

d r ive  the  t e s t e r s  w a s  increased s i g n i f i c a n t l y  and i n  f a c t  r e su l t ed  i n  a 

rash  of d r ive  b e l t  f a i l u r e s .  I t  could be assumed t h a t  the primary cause 

of t h i s ,  i s  t h a t  i n  such a s i t u a t i o n  the r e t a i n e r  w i l l  act as a water  

brake generat ing considerable h e a t  i n  the process.  This  increased bearing 

s t a b i l i z a t i o n  temperature wi th  the  PR-143 has a l s o  been noted by o the r  

organiza t ions  evaluat ing  t h i s  f l u i d  i n  high temperature bearing opera t ions .  

A t  the present  time, t h i s  f a c t o r  becomes an extremely se r ious  m e  i n  

terms of applying t h i s  f l u i d  i n t o  an engine.  There is no quest ion t h a t ,  

i f  t h i s  mater ia l  is  t o  be used, i t  w i l l  be necessary t o  re-evaluate the 

e n t i r e  cooling sys tem of the engine, or t o  make drastic changes i n  the 

bas ic  bearing design t o  accommodate the f l u i d .  Despite t h i s ,  however, 

i t  i s  bel ieved t h a t  t h i s  f l u i d  has considerable promise, e spec ia l ly  i n  

view of i t s  performance demonstrated i n  t h i s  program. This performance 

w a s  achieved without the  b e n e f i t  of any type of add i t ive  packages such 

as EP or wear improvers. 

I n  the ana lys i s  of the  data there  a r e  a number of i n t e r e s t i n g  observa- 

t i o n s  which can be made, although the  m o s t  i n t r igu ing  and perhaps the 

most s i g n i f i c a n t  from a standpoint  of f u r t h e r  design of high-temperature 

lubr i can t s ,  i s  the apparent v i s e o s i t y / l i f e  r e l a t ionsh ip  which can be 

demonstrated a t  the  600F l e v e l .  Figure 128 shows the v i scos i ty  tempera- 

t u r e  r e l a t ionsh ips  of the  three  test  f l u i d s ,  I t  can be seen t h a t  the 

XRM-177F and the  f luor ina ted  polymer are  r e l a t i v e l y  d o s e  and have 

e s s e n t i a l l y  the same v i s c o s i t y  index. The polyphenyl e t h e r  on the o t h e r  

hand, has a less a t t r a c t i v e  v i s c o s i t y  index and dev ia tes  somewhat from 

the  o the r  two f l u i d s .  I f  one now e s t a b l i s h e s  a simple r e l a t ionsh ip  such 

a s  p l o t t i n g  the  l o g  of the B10 l i f e  versus the  kinematic v i scos i ty ,  the 

curve shown i n  Figure 129 can be cons t ructed .  While it i s  conceded tha t  
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i n  view of the scarcity of d a t a  f o r  the polyphenyl e t h e r ,  the B l i f e  is  

a t  bes t  a poor es t imate ,  the  s t r a i g h t  l i n e  r e l a t ionsh ip  which i s  achieved 

i s  q u i t e  remarkable. Pursuing t h i s  argument somewhat f u r t h e r ,  i f  one 

assumes t h a t  the  B l i v e s  indica ted  on the sub jec t  curve are ind ica t ive  

of bearing tests where t rue  elastohydrodynamic l u b r i c a t i o n  ex i s t ed ,  even 

i n  the case of the  polyphenyl e t h e r ,  then one might speculate t h a t ,  i n  

order  t o  achieve bearing l i f e  on the  order  of AFBMA or b e t t e r ,  the l u b r i-  

cant  v i s c o s i t y  must exceed 1 . 5  C$ at the opera t ing  temperature. I f  t h i s  

i s  indeed the  case,  then a useful  guidel ine  has  been es tab l i shed  f o r  the 

development of f l u i d s  designed t o  operate a t  extreme temperature l e v e l s .  

1 0  

1 0  

The extremely disappoint ing performance of the  WB-49 bearing material i s  

thought t o  be a r e s u l t  of the bas ic  d i f f i c u l t y  of working t h i s  mater ia l  

t o  achieve a sound, homogenous s t r u c t u r e .  This  has been pointed out  

previously i n  t h a t  the severe carbide banding which was observed unquestion- 

ably,  cont r ibuted  t o  the very e a r l y  f a i l u r e s  observed with t h i s  material. 

However, s ince  reviewing t h i s  condit ion w i t h  o t h e r  sources which have 

evaluated t h i s  a t e r i a l ,  i t  can only be assumed t h a t  a t  the  present  time, 

t h i s  i s  the best s t r u c t u r e  which can be obtained w i t h  t h i s  mater ia l  and 

i f  t h i s  i s  indeed the  case,  the ma te r i a l  cannot be considered f o r  extended 

r e l i a b l e  high temperature bearing app l i ca t  ions. 

While on the subjec t  of bearing mate r i a l s ,  two o t h e r  s i g n i f i c a n t  items 

were i d e n t i f i e d  as a r e s u l t  of t h i s  program. The f i r s t  of these i s  the  

exce l l en t  performance of the M- 5 0  a t  the 600F temperature. This c e r t a i n l y  

provides a high degree of assurance t h a t  M- 5 0  a s  p resen t ly  cons t i tu ted  

w i l l  be useful  f o r  q u i t e  some t i m e  t o  come, and t h a t  a t  the  present  t i m e  

the l i m i t a t i o n  on high temperature bearing opera t ion  i s  s t i l l  the l u b r i -  

ca t ing  f l u i d .  Secondly, the performance of the S-Monel cage mate r i a l  was 

h ighly  g r a t i f y i n g .  While there  were a few i s o l a t e d  cases of cage f a i l u r e ,  

i n  general ,  the performance of t h i s  p a r t  w a s  extremely r e l i a b l e .  I n  most 

cases  the  cage pocket exhibi ted  a very minimal amount of wear and no deforma- 

t i o n .  This can be seen from the  severa l  photographs which have been used 
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t o  i l l u s t r a t e  the condi t ion  of these p a r t s .  On the  o t h e r  hand, the per-  

formance of the t o o l  steel (M-1) cages used i n  conjunction with the  WB-49 

bearings was somewhat less r e l i a b l e .  Approximately 2% of the t o o l  s t e e l  

cages exhibi ted  f r a c t u r e  f a i l u r e s .  Consequently, based on these d a t a  i t  

appears t h a t  the  S-Monel may be a more a t t r a c t i v e  mater ia l  f o r  high tempera- 

t u r e  bearing stpplications. 

L a s t l y ,  the r e s u l t s  of the RC Rig tests, when viewed agains t  the f u l l- s c a l e  

bearing t e s t  da ta ,  again i l l u s t r a t e s  the usefulness of such bench-type t e s t i n g  

i n  p red ic t ing  the behavior of l a rge  bearing test r e s u l t s .  

t r a t e d  i n  the  t abu la t ion  shown below: 

This i s  i l l u s -  

RC Rig/l20 mm Bearing Test  Resul t s  @ 600F 

AFBMA 
RC Rig* 

Brg . ( S t r e s s  
Matl. F lu id  Cycles --  

6 

6 

6 

6 

M-50 XR1M-177F 1 . 4  x 10  

M-50 MCS-354 1 . 4  x 10  

M-50 PR-143 1.4 x 1 0  

WB-49 XRM-177F 1 . 4  x 10  

* Corrected f o r  CVM M-50 

B Life -1 0- 

Actual 
RC Rig RECAP 

( S t r e s s  
Cycles 1 ( H r s  . I  

Be a r  i ng * 

100 6 2.35 x 10  

0.69 x 1 0  100 

1.04 x 10  100 

100 6 
1 .7  x 10 

Ranking 

Actual 
Bearing RC 
( H r s . )  Rig Brg. 

252 1 1 

12.7 3 3 

128 2 2 

- -  

84 

I t  can be seen from the  above d a t a  t h a t  the RC Rig ranked the three  f l u i d s  

i n  exac t ly  the  same order  as the  l a rge  sca le  bearing t e s t  and i n  f a c t ,  the 

percentage of d i f ference  between the f l u i d s  i n  r e l a t ionsh ip  t o  the AFBMA 

r a t i n g  i s  i n  very good agreement, The RC Rig a l s o  predic ted  a lower 

f a t igue  l i f e  f o r  WB-49, as compared t o  M-50, although here the  magnitude 

of f a i l u r e  s e v e r i t y  w a s  much g r e a t e r  i n  the  ac tua l  bearings than had been 

predic ted  wi th  the RC Rig. Again, t h i s  i s  thought t o  be due t o  the  f a c t  

t h a t  the RC Rig bars  d id  achieve perhaps a more uniform working and conse- 

quently,  contained a more homogeneous s t r u c t u r e  than the l a rge  bearing 

components. 
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