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I. I N T R O D U C TI O N

S i n ce  the  l a te  1’)50’ s , t h e r e  has  been an i n c r e a s i n g  need fo r
i m p rov ed , m o r e  d e f i n i t i v e  n o n d e s tr u c t i v e  i n sp e c t i o n s  fo r  b e a r i n g s
used in c r i t i c a l  app l i c a t i o n s .  This  need  has  been a c c en t u a t e d  b y the
( v ) l u t i o n  o1 t he  gas  t u r b i n e  eng ine , hi g h p er f o r m a n ce  a i r c r a f t , h e l i —

rs  . r o c k et  eng ines , s a t e ll i t e s , etc . F u r t h e r m o r e, advanced
cc hn o l o gy  e n g i n e s , cu r  r en t l y u n d er  d ev e l op m e n t , inc r e a se  the

dem a n d s  on hea r i n g s  which  i n t e n s i fi e s  the  n t t . cl f u r  c r i t i c a l  i n s p e c ti o n
equi pment . I Common , p r e sen t l y used i n s p e ct i on  p r a c t i c e s  c o ns i s t
cii m e t i c u l o u s  v isua l  examina t ion , at  a p p r o x i m a t e ly lox m a g n i f i c a -
t i o n , and the  u s e  of a r a d i u s  s c r i be  to a s s e s s  the  s e v e r i t y  of s u r f a c e
i m p e r fe c t i o n s , s ty lus m e a s u r e m e n t  of s u r f a c e  f i n i s h , and m e c h a n i c a l
m e a s u r e m e n t s  of s i ze  and ge o m e tr y .  Even wi th  such  e x t e n si v e  inspec-
t i o n s , i m p r o v e m e n t s  a r e  c r i t i c a l l y needed.  In p a r t i c ul u r , pre s e n t
i n sp c ~~~t ion p r a c t i c e s  used both d u r i n g  m a n u f a c t u re  and o v e r h a u l  a re
complete l y incapab le  of f i n d i n g  minute , s u r f a c e  and s u b s u rl a c c
i n c l u s i o n s  of t he  o rder  of 0. 0 0 1 -in c h  (0. 025 mm) i n  d i a m e t e r  and
t h e r e  is no rou t ine  de t e rmina t i on  of r e s i d u a l  s t r e s s  c o n d i t i o n s  m
e i t h e r  new or used bea r i ngs  n o r  any  m o n i t o r i n g  of s t r e s s  c h a n g e s  that
may  occur  as a r e s ut t  of s e r v i c e .  R e s e a r c h  s t ud i e s  have  shown  tha t
both m i n u t e  i n clu s i o n s  as well as res idua l s tr es s  co ndj t i on . s  aI . e
e x t  r eme l y i m p o r t a n t  to the l i f e  of a n t i f r i c t i o n  b e a r i n g s .

S ince  1957 , unde r  the sponso r sh ip of Gene ra l  Moto r s , the  N a v y ,
and the A i r  Force , S o u t h w e s t  R e s e a r c h  I n s t i t u t e  has  developed non-
d e s t r u c t i v e  i n s p e c t i o n  method s fo r  b e a r i n g s  w h i c h  now prov ide  a
s i g n i f i c a n t l y improved  inspection  p r o c e d u r e . Ove r the  pas t  s eve ra l
yea rs , d i s c u s s i o n s  with p e r s o n n e l  of the A r m y ,  N a v y .  A i r  F o r c e , and
c o m m e r c i a l  a i r l i n e s  have r e s u l t e d  in the  e v o l u t i o n  of concepts  f o r
i n c o r p o r a t i n g  the  i m p r o v e d  me thodo logy  in to  an in t eg  ra ted  p r o g r a m
w i t h  the a c r o n y m  (;IBLE - C r i t i c a l  I n s p e c t i o n  of B e a r i n g s  for  L i f e
E x t e n s i o n .

The  de tec t ion  of m i n u t e , sur face  and s u b s u r f a c e  inc lus ion s in
the  ac t ive  r e g i o n s  of b e a r i n g  r ace s  i s  now poss ib le  on a r o u t i n e  b a s i s
u s i n g  the m a g n e t i c  p e r t u r b a t i o n  method.  Mag net i c  p er t u r b a t i o n  it i spec-
tion c o n s i s t s  of app l y ing r a d i a l l y and ci  r cu r n f e  r e n t  j a i l  y o r i e n t e d
m a g n e t i c  f i e l d s  to a b e a r i n g  componen t  and s ens ing  d i s t u rb a n c e s  in
t h e s e  app l i e d  f i e l d s  caused  b y f l a w s  such  as i n c l u s i o n s , pi ts , i n d c nt ~
c r a c k s , etc . in the c omp onent .  R a d i a l  f ie ld  i n spec t ion  is  p r i m a  r i t v
sensitive to s u r f a c e  i m p e r f e c t i o n s w h i l e  c i r c u m f e r e n t i a l  f i e l d  y i e l d s
in u r e  s e n s i t i v i t y  to d e fe c t s  n e a r  but  benea th  the s u r f a c e . The s t ren g t h
( I f  the  app lied f i e l d  i s  a l s o  i m p o r t a n t .  I n sp e c t i o n s  ( u n d u c  t ed  w i t h
St r o ng  app lied f i e l d s  ( n e a r  t n ag n ( t i ( -  s~t t U r a t  i o n )  p r o v i d e  e x c e l l e n t



s e n s i t i v i t y  to g e o m e t r i c a l  type flaws (inclusions , pits , etc .  ) ;  s i m i l a r
i n s p e c t ion s  conduc t ed  a t  reduced  f i e ld s  enhance  the d e t e c t a b i l i t y  of
f l aw s  h a v i n g  associated localized stresses (fatigue cracks , indents ,
c t .  . 1. F i g u r e  1 i l l u s t r a t es the direct correlation which has been
ob ta ined  b e t w e e n  c i r c u m f e r e n t i a l  si g n a l s  and co r r e spond ing  i n c l u s i o n s
t h r o u g h  m e t a l l ur g ical s e c t i o n i n g .  The in spec t ion  si g n a t u r e  obtained
f r c .rn t h e  f l a w  is poin ted  out by the  a r r o w  in the  si gnal t r ace  at the
top of Fi g u r e  1. The ph ot o m i c r o g r a phs at the bot tom of the  f i g u r e
show the f l a w  w h i c h  g e n e r a t e d  the si gn a t u r e , obtained by m e t i c u l o u s
m e ta l l u r g i c a l  s ec t ion ing  of the bea r ing  race at the locat ion  f r o m  w h i c h
the  s i g n a t u r e  was obtained . The a v e r a g e  d i a m e t e r  of the f l a w  illus-
t r a t e d  in F i g u r e  1 is s l ig h t l y l e s s  than 0 . 0 0 1 - i n c h  (0 . 0Z5 mm) .

Res idua l s t r e s s  condi t ions  in the act ive reg ion  of the racewa y
can also he read i l y sampled u t i l i z i n g  the B a r k h a u s e n  phenomena. F rom
modern  m a g n e t i c  domain t h e o r y ,  the small , abrupt , d i scon t inuous
i n c r e m e n t s  noted in the  magnet iza t ion  of a f e r r o m a g n e t i c  m a t e r i a l  b y
B a r k h a u s e n  in  1917 , known as Ba rkhausen  jumps , a r e  now r e c og n i z e d
as d i s c o n t i n uo u s  movements  of the mobile boundar ies  (Block wa l l s )
b e t we en  ad jacen t  domains. It has  been e s t ab l i shed  that  both the
d i r e c t i o n  and m a g n i t u d e  of m e c h a n i c a l  s t r e s s  in a f e r r o m a g n e t i c
s p e c i m e n  s t rong l y inf luences  the dynamic s oc domain wall motion , thus
i n f l u e n c i n g  the  B a r k h a u sen  e f f ec t .

In p r a c t i c e , a t i m e - v a ry ing controlled magnet iza t ion  is app lied
to the b e a r i n g  race , and the changes  w h i c h  occur  in the magnet ic
d o m ain  i c in f i g u r a t i o n  a r e  sensed w i t h  a probe.  Several  t ypical Bark-
h a u s e n  si g n a t u r e s  obtained by e lec t ron ica l ly process ing  the “B a r k h a u s e n
n o i s e ” pi c k e d  up b y the probe a re  i l l u s t r a t e d  in Fi g u r e  2. The signa-
t u r es  w e r e  obtained f r o m  the loaded and nonloaded halve s of the i nne r
r ace  of a 385 engine main shaf t  bearing before  service (new)  and af te r
ap p ro x i m a t e l y 1 , 000 h o u r s  of s e rv ice. The two r eco rds  at the rig ht
of F ig u r e  2 obtained f r o m  the nonloaded side of the race show
e s s e n t i a l l y rio change  as a r e s u l t  of se rv ice  as anticipated sinc e the
ba li s  do not run over t h i s  reg ion of the r a c e w a y ;  the  e lapsed t ime
be tween  “ b e f o r e ” and “a f t e r ” serv ice  r eco rds  was a l m o s t  2- 1/2 y e a r s .
The two  r e c o r d s  in the  l e f t  of the f i g u r e  i l l u s t r a t e  what  can take place
as a r e s u l t  of s e r v i c e  on a hea r ing ;  no t ice  the  region pointed out by
the  a r row s  in each  of the r eco rds  which  show the development  of a
iI sp ike~

I n e a r  the  leading  ed ge of the Barkhauseri  si gna ture . Such
“ spike ” si g n a l s  have  been observed  on h e a r i n g s  a f t e r  as few as 20 h o u r s
of s e r vo  e and on o t h e r  b e a r i n g s  w i t h  in excess  of 1 , 000 h o u r s  of
s e r v i ce  no sp ikes  have developed . The fo rmat ion  of a “ sp ike ” i s
. i t t r i l , u t e d  to the  deve lopmen t  of a s u b s u r f a c e  res idua l t ens i l e  s t re s s
r eg i o n  w h i  Ii r ed u c e s  t }i e  co m p r e s s i v e  s t r e s se s  i n i t i a l l y i n t roduced  in

2
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t h e  h e a r i n g  to im p r o v e  i t s  l i i t i c u e  l i t i - . [ b i n  ~. t i n c l u s i n is  s up p o r te d
by r e c e n t l y  r ep or t e d  d~i t i . I u r l l o - r j ) i o i ’ i - . q u a i i t . i t i v c  r e s u l t s  o h —
t~i i i u - d ( l u r i n g  ip p l i e d  S t  r t - s s  e Np e r i i n e l it s  c o n d u c t e d  on b e a r i n g  r ace
sh o w  s i g n n t ’ i r e  t h i n g e s  s i t n i h i r t o  t h e  Si rv ic  i-  I ) e t r i n g .  T hese  r e s u l t s
ar e  p r e s e n t e d  in  F ig u r e s  ~A and 313 . T h , -  U it a  i i  [ - i g ur e  3 ~c c r c  o h —
t uned  f r o m  t i ~, b a l l  g r o o v e  s u r l , t t c  ( o , i t , - r  s u r f a ce )  cr1 t i n -  i n n e r  r a c e  if
a f a i l e d  ~~~ m a in  sh a t i  h e a r i n g ;  e xt e n sj y e  s u i j a c t  ( l a m a c ’e ~ca s
p r e s e n t  i n  the  ciii ro e , - r e g i o n  of b o t h  n on l adc’d a n d  loaded
h a l v e s  of t h i s  i n n  r r a t , - . N o t i c e  a l e a d i n g  c d i  ‘ s1 U kc- ’ is p r e s e n t  ui
t h r e e  lo c at i o n s  a e r i s s  t h e  r a c e  in th~ ‘‘ as a L  ‘ i ved  c o n d i t i o n  p r i o r  t o
t ’ u t t n ~~ t h e  sp e c i m en . Subsec~u e nt i y ,  a se c t i o n  WaS (-Ut f r om  the r a e  to
f a c i l i t a t e  m o d i f y i n g  t h e  n et  se c t i o n  s t re s s  v i i  h r i d i n g .  ‘l i i i -  l’e’. er  ro \k
‘ f  r e c or d s  in Fi gu re  ~A , ob t a ined  a l t e r  c u t t i n g  ( \ v i t h ’ u t  app l y i n g  any
bendi r ig  m om e n t )  shows  a dec cease  in  t h e  a i r i p i it u de  1 t h e  ‘ sp ike ’ si gna l
f o r  nea ri y al l  n u n  I oaclcd s ide l o c a t i on s .  W l ~ c i i  t ‘ n s i on  is app l ie d  (i . e
r e d u c t i o n  of the  gap )  the ‘‘ sp ike ’’ s i g n al  an ip l i t u d c  beco m es g c c - a t e  r than
t h a t  ob ta ined  a f t e r c u t t i n g  the  r ace  (comp a  r -  top row of r e c o r ds  i n
F igu re ~~ w i th  t h e  bo t tom row of r e e l )  rcls in F igu r e  3A) . I m por t a n tl y
the  app l i c a t i o n  of t en s i l e  s t r e ss e s  p roduces  s i g n i i t u i - c- shape s s i m i l a r  to
tha t  f o r  some h c t  r i n g s  i t t e r  s e r v i c e  ( r e f e r e nc e  lu ’a er  l e f t  r e co rd  in
Fi g u r e  2 ) .  A l t c  m a t  i v t - I  y ,  the  app l i cat i on  of c om p r e s s i v e  s t r es s  c a u s e s
the l ead ing  edge  s pik e  s i g n a l  to d e c re a s e  fo r  a l l  l o c a t i o n s , see l o w e r
two rows  it  r e  o rds  in Fi gure  fl . Other  m a g n e t i c  p e r t u r b a t i o n  and
B a r k h a u s e n  si g n a t u r e s  a long  w i t h  a de ta i l ed  ac~ ount  , , f  t h e  m a n n e r  in
w h i c h  t he s e  w e r e  ob t a i ne d  a r c  p r e s e n t e d  in  t h i s  r e p o r t .

The  d e v e lop m ent  of a h e a r i ng  i n sp e c t i o n  ( - c lu u )m c r i t  i n c o rp o r a t i ng
r i i a c n e t i c  p e r t u r b a t i o n  f o r  d e t e ct i n g  s u r f a c e  and s u b s u r f a c e  f l a w s  in
a n t i f r i c t i o u i  b e a r i n g  r a c e s  was  i n i t i a t e d  in Sep tc i i i l , , - r  of 1 t 7 3  unde r
c o n t r a c t  D A A G 4 t ,  - 7-4 — C - - 0 0  12 . In A u g u s t  l ’ 97 4 , a d d i t  on of r e s i d u a l
s t re s s  m e a s u r i n g  c ap a l ) i l  t i e s  I i  t h e  m a g n e t ic  pe r t u rh a t i o n  i n sp e c t i o n
equ ipmen t  was  i n i t i a t e d  u n d e r  C o n t r a c t  I ) A A ( 4t - -7 5 - C -0 0 0 l . A l t h o u g h
d ev e l iwn  ent  ‘i f  th e- f l i n g  i n - t i e  p e r t u r b a t i o n  and B a r k h t u  st -n  n o i s e  inspec-
t ion equi p inent has  p r oc e e d e d  u i ide  r t \ ~ ( I  o n tr a e t s  , t h e  r e s u l t  is a
u n i f i e d  b e a r i n g  in . -; in - c ’l ‘ i n  sy s t e m  m i  u rp o r~t t i i i g  t h e  t w o  m et h o d s .

A p r e l i m i n a ry  p i- ut it y p i -  u n i t  was  c o n s t  r u t  t~~ l and op e r a t e d  t o
p rove  out  the  c rue  i l  d c  r n e n t s  of the ny c  ra i l  s v s t em  ~

- r ig  i n ee  r i n g  cli . si gn .
A p r o t ’ ’t y p c  i n s p e c t i o n  s ‘ i-i t ciii was s u b s eq u e n tl y de ~elop ed  based  on t h e
ex p e r i en e n - t r u e d  f r o t i t  t h e  p r e l i t n i n a i - y  u n i t . i i i , -  p r o t o ty p e  i n s p e c t io n
sy s t e m  ct -a s i n - ~t - l l e d  i n  the  B e ar i n g  In sp et  l i o n  I T h e i l i t  at  t h e  c orp u s

S u per s c r i pt n u r i i l n - r s  i n  p~~r e n t h e ses  r e t e r  t o  l i s t  of r e k - r & -n i - t - s at  t h e
i t i d ‘‘1 h i s  r i ç ~~, r t
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C h r i s t i  A r m y  Dep ot  ( C C A D ) ,  and in some i n s t a nt  es i s  r e f e r r e d  to as
t he  p r o t o t y p e  (CCAD)  u n i t .  In th i s  r e p o r t , bo th the  p r e l i m i n a ry  proto-
t ype  un i t  and the p ro to type  inspect ion s y s t e m  a re  d e sc r ibed  i n c l u d i ng

~‘i.- r i l i c a t ~on tes t  r e s u l t s .  M e t a l l ur g i c a l  s e c t i o n i ng  r e s u l t s  c o n f i r m -
i n g  f lact  d e t e c t i o n  c ap a b i l i t ie s  a r e  included . Related inspe tion
r e s u l t s  f r o nt  r e f u r b i s h e d  main  s h a f t  and t r a n s m i s s i o n  b e a r i n g s
U H -  1 h e l i c o p t e r )  u s i n g  m a g n e t~ . p e r t u r b a t i o n , l 3a r k h a u s e n , and

l a s e r  s c a t t e r e d  li g h t  i n s p e c t i o n s , conduc ted  u s ing  l a b o r a t o r y  equip-
n - t e n t , have  been  r epo r t ed  e l s e w h e r e .  (2 )

I tems de l i ve r ed  under  the subjec t  c o n t r a c t s  inc lude  the
f o l [ o c v i n g :

( 1 )  P r o t o t y p e  bea r ing  inspec t ion  sys tem ( 15 - 3 7 6 4- 0 7 8 )

(2 )  D r a w i n g s  for  pro to type  inspect ion sys tem

( 3) Sp e c i f i c a t i o n s  for  bear ing  inspection sys t em
(Document Number SwRI 3764-DOC-1 Rev A)

(4) Operating Instruction Manual.

A genera l  descr i ption of the bearing inspection sys tem and a summary
of capabilities are presented in this report. A more detailed dis-
cu~~~ ion of the equipment has been presented in the Operating Instruc tion
M a n u a l , D r a w i n g s  and Spec i f ica t ions.
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II. PROTOTYPE INSPECTION SYSTEM

A .  D e s c r i p t i o n

The  b e a r in g  i n s p e c t i o n  s y s t e m , i l l u s t r a t i - d  in Fi g u r e  4 ,
emp loys  m a g n e t i c  p e r t u r b a t i o n  and B ar k h a u sc n  no ise  methods  to i n sp e c t
a n t i  f r i c t i o n  b e a r i n g  race ’  e l e m e n t s  fo r  s u r f a c e  and s u b s u r f a c e  i n c l u s i o n s ,
i n d e n t s , mic r ot - r a t -ks , spal ls , and d e t r i m e n t a l  c h a n ge s  in r e s i d u a l  s t r e s s
e tc . The i n s p e c t i o n  s y s t e m  is s e m i a u t o m a t i c;  an ope ra to r  p e r f o r m s  such
f u n r ~t ions  as m o u n t i n g  f i x t u r e s  to accommoda te  the  d i f f e r e n t  b - a r i n g  eli-
me n t s  to be inspec ted  and i n t e r f a c i n g  w i t h  a s u p er v i s o ry  c o n t r o l  c o m p u t e r .
The  c o m p u t e r  a c t s  in r e s p o n se  to o p e r a t o r  i n s t r u c t i o n s  and a u t o m a t i c a l ly
c o n t r o l s  and m o n i t o r s  inspe c t ion  s equences .  Data f r o m  all  i n s p e c t i o n s
a r e  r ecorded  on ana log  m a g n e t i c  tape ; s i m u l t a n e o u s l y “ t h r e s h o l d  l e v e l ”
de t ec t i on ” si gna l  ana l y s i s  is p e r f o r m e d  a u t o m a t i c a l ly and the  type  and
loca t ion  ( a z i m u t h a l  and t r a n s v e r s e )  of a l l  si gnal s , wh ich  exceed the
t h r e s h o l d  level , a re  pr in ted  out  in ha rd  copy on a t e l e p r i n t e r.

The c o n t r o l  conso le  is i l l u s t r a t e d  in Fi g u r e  5 w h e r e  s eve ra l
m a j o r  s u b s y s t e m  i tems  are  i d e n t i f i e d .  A mas te r s u p e r v i s o r y  c o n t r o l
p r o g r a m  is s tored in the c o mp u t er  by “ r e a d i n g  it in ” f r o m  a punched
paper tape via the tape reader . Inspect ion p a r a m e t e r s  f o r  each type of
b e a r i n g  e l ement  a r e  au tomat ica l ly set up b y reading the va lues  in f r o m  a
parame te r tape ( h e r e a f t e r  cal led a P-tape) via the tape reader at the
r e q u e s t  of the s u p e r v i s o r y  p rogram.  Communica t ion  be tween  the com-
pute r and the opera to r is c a r r i e d  out via a t e l ep r i n t e r .

A c loseup view of the  race insp ec t ion  un i t  is shown in
Figure 6. In this view the cover on the  inspect ion u n i t  has been opened
and a m i c r o s c o p e  ( w i t h  c a m e r a )  is mounted  fo r  v i sua l  c o r r e l a t i o n
exam in at ion . Du ring a routine inspection sequence , the m i c r o s cope i s
n u t  mounted  and the cover  is c losed to ma in ta in  a c l ean  a tmosp h e r e  at
sl i ght “pos i t ive ” pressure in the cabinet and to p rovide  s a f e ty  f o r  the
operator . Inspection of d i f f e r e n t  e l emen t  type s  is accommodated  by
c h a n g ing sp e c i f i c  f i x t u r e s  or a c c e s s o r i e s ;  the pole pieces  ( i n c l u d i ng
Ba rkhausen and magnetic perturbation mechanisms) and the chuck jaw
assembl y , shown in Fi g u r e  6 , compr i se  the a c c e s s o r y  pi eces .

The f u n c t i o n a l b lock  d i a g r a m  of the  b e a r i n g  race  i n sp e c t i o n
sys tem , shown in Figure  7, i l l u s t r a t e s  the m e c h a n i c a l , e l e c t rom e c h a n i c a l ,

* The t e r m  ‘ ‘ t h r e s h o l d  leve l ’ ’  d e t e c t i o n  r e f e r s  to a s imple s i g n a l  d e t e c t ion
approach  w h e r e i n  a si gnal  is ‘ ‘ r e c ogn i z e d ’ ’  when it has  an amp l i t u d e
whi ch exceeds a preset voltage ( th  re shold  im p ! j t c , d t  or  I , , y e !) .
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and  e l e c t r o n i c  t u n e  L i o n s  pe rformed uncle- r i. unipute r c o n t r o l  and supe r-
v i s i o n  I n c l u d i n g  h o l d i n g ,  r o t a t i n g ,  and n i a gn e l  i z a t i o n  of the  b i - a r i n g  rat - c
-uid a c q u i s i t i o n  of the si g n a t u r e s  and si g n a t u r e  l o c a t i o n  data .

A b r i e f  d e s c r i ption of a t y p ica l  i n s p e c t i o n  s e q u e n c e  f o l l o ws ;
r e f e r r a l  b y the r eader  to Fi g u r e s  4 t h r o u g h 7 t h r o ug h o u t  the f o l l o w i ng
dc - sc  r i p t ion  i s  s ugg e s t e d .  The opera to r e n t e r s  d e s c r i pt ive  i n for m a t i o n ,
v i a  the t e l ep r i n t e r k ey board , abou t  the b e a r i ng  co m p o n e n t  to he i n sp e c t e d .
l~ased on this input information , the c~~mp ute r pr i nts out fo r  the  op e r a t o r
t h e  sp e c i f i c  f i x t u r i n g  ( r a c e  chuck , mag net iz i ng and s e n s i n g  e l em e n t s )  to
be i i i uu n t e d  and the  i n sp e c t i o n  p a r a m e t e r  tape (P-tape ) to be loaded via
t h e  p aper  tape reader . The P- tape  e n t e r s  in to  the compute r m e m o ry  the
n e t - e s  s a ry  p a r a m e t e r s  to accompl i sh  an au toma t i c  inspec t ion  on the
s p e c i f i e d  bea r ing  component , and e s s e n t i a l ly all r emain ing  inspect ion
Steps  a re  a u t o m a t i c .

The ope ra to r  is i n s t r u c t e d  via the t e l ep r i n t e r  to load the
b e a r i n g  comp onen t , and close the loading  access  door .  Subsequen t l y ,
the- b e a r i n g  i s  c lamped via a pneumat i c chuck , the sp indle  is r a i sed  to
the i n s p e c t  pos i t ion , a i r  is tu rned  on to produce  a i r  coup ling be tween
the probe s and the bea r ing  component , and the  pole p ieces a r e  b roug ht
into proximity to the bea r i n g  ra ce. The race is rotated at a programmed
speed to obtain a surface speed of 90 i n c h e s  per second. The r e f e r e nc e
l ine  on the  f ace  of the bear ing  is sensed wi th  an opt ical  p i c k - up  head ;
the compu te r  s to re s  the location of the  b ea r ing  r e f e r e n c e  m a r k  w it h
r e s p e c t  to the  spindle s h a f t - e n c o d e r  r e f e r e n c e .  When  the r e f e r e n c e
l i n e  loca t ion  is a cq u i r e d , the magne t i c  p e r t u r b a t i o n  inspect ion s eq u e n c e
pr o c e e d s.

Magnetic Perturbation Inspection

A programmed high field current* is app lied to the magne-
tizing co i l s  and the  rad ia l  and c i r cu m f e r e n t i a l  p robes  a re  s i mu l t a n e o u s l y
indexed  to adjacen t  scan t r a c k s.  Each scan t r a c k  covers  a s t r i p of
su rface around the circumference of the b e a r i ng  w h i c h  is 0 . 025 inches
(0 . )~25 mm )  wide . The probes  a r e  indexed b y a s tepper  motor  0. 02
i n c h e s  (0 . 50 m m )  to the  ad jacen t  t r a c k , prov id ing  a sl i g ht  ove r l ap  in  the
scan . 1 he n u m b e r of s teps between t r a c k s  and the total number of
t r a c k s  i n spec t ed  a r e  s u p e r v i s e d  b y the compute r f r o m  i n f o rm a t i o n  con-
t a m ed in t h e  P -t ape . Each t r ack  is scanned for  t h r e e  r e v o l ut i o n s ;  t he

* P e r f o r m i ng  the  hi gh f ie ld  i n sp e c t i o n  f i r s t  a s s u r e s  that  the p r i o r  on-
k n o w n  m ag n e t i c  h i s t o r y  of the  sp e c i m e n  does not r andoml y i n f l u e -t i c e
~nsp ee  t ion r e s u l t s .
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sig nal data from which are recorded on an analog magnetic tape r e c o r d e r .
The scan t r a c k  and a z i m u t h a l  l oca t i ons  of si g n a l s  exceed ing  a p r e s e t
t h r e s h o l d  level are s tored  in the  compu te r  ( in  a buf fe r m e m o ry )  f o r
l a t e r  p r i n t o u t . On comp le t ion  of all t r a ck  loca t ions  at  hi gh m a g n e t i c
f i e l d ,  t he  radia l  and c i r c u m f e r e n t ia l  probes  a r e  a u t o m a t i c a l ly r e t u r n e d
to “ t r a c k  ze ro ” . The m a g n e t i z i n g  f i e ld  is dec reased  to a p r e p r o g r a m m e d
low f i e l d  c u r r e n t , the probe scan t r a c k s  are  rep eated , and the data a r e
r e c o r d e d  on magne t ic  tape . Locat ions  of si gna l s  exceeding a t h r e s h o l d
at low f ie ld  are  a lso  s tored  in the compute r . The  m a g n e t i c  p e r t u r bat ion
probes a r e  r e t u r n e d  to t rack  ze ro , the m ag n e t i z i n g  c u r r e n t  is pro-
g r a m m e d  to ze ro , sp indle  ro ta t ion  is p rogrammed to zero , and the  type
(radial or circumferential and hi gh or low f i e ld )  and loca t ion  of si gna l s
e x c e e d i n g  the p r e se t  t h r e s h o l d  levels  a r e  pr inted out. The ope ra to r  is
in s t ru c  ted to r educe  the selected magne t ic  tape t r a n sp o r t  speed f or  the
subsequen t  B a r k h a u s e n  noise  inspec t ion .

B a rkh a u s e n  Noise  Inspection

The bea r ing  is slowl y rotated automatical ly ,  u n t i l  the Bark-
ha usen pr obe is in a l i gnment  wi th  the r e f e r e n c e  mark  on the b e a r in g ,
t h e  m a g n e t i z i ng  powe r supp l ies  a re  reconf igured  so tha t  a controlled ,
t ime- v a ry ing c u r r e n t  is app lied to the magne t i z ing  coils. B a r k h au s e n
s i g n a t u r e s  a r e  r ecorded  and moni to red  for t h ree  succes s ive  magne-
t i z a t i o n  cy c l e s  at each of t h r e e  t r a nsv e r se  probe locat ions.  Subsequen t l y ,
m i s  i nspec t ion  sequence is repeated at az imutha l  pos i t ions  1200 and
2 4 0 0  f r om the i n i t i a l  pos i t ion , r e spec t ive ly. The opera tor  is then
i n s t ru c t e d  to i nc r e a s e  the selected tape t r an spo r t  speed.

Demagne t i za t ion

The b e a r i n g  component  is then au tomat ica l ly demagnet ized
by :  r e c o n f i g u r i ng  the m a g n e t i z i n g  powe r supp lies , app l y ing hig h field
f o l l o w e d  b y p r o g r a m m i n g  the f ield to zero  whi le  the b e a r i ng  is ro ta t ing
rap idfi, ,  s u b s eq u e n t l y w i t h d r a w i n g  the pole p ieces ,  and l o w e r i ng  the
sp ind l e . Subsequen t  to d e m ag n e t i z a t i o n , the location of si gna l s  exceeding
the preset threshold criteria for the Barkhausen noise inspection are
pr i n t e d  out.

O the r  Insp ec t ion  Mode Options

U pon comp le t ion  of the automat ic  inspec t ion  sequence  on a
h e a r i ng  f r o m  w h i c h  “ f l aw ” p r i n t o u t s  a r e  obtained , the operato r is g iven
seve ra l  op t ions ;  a) to c o n d u c t  a v i sua l  i n sp ec t ion , b) to repeat  any one
or more  of the in spec t ions  in a manua l  mode , c)  to r e r u n  the automatic
mode for  e i the r  or both types of inspect ions .  A visual inspec t ion  is
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f a c i l i t a t e d  us ing  the spi n d l e  a z i m u t h a l  pos i t ion  r eadou t  (see  Fi g u r e  6)

and p o s i t i o n i n g  m ic r o m e t e r s  on the mic roscop e  a s s e m b l y in conjunc-

t ion  w i t h  the  s igna l  or ‘‘flaw ’’ p r i n t o u t .

II . C a pa b i l i t i e s

The b e a r i n g  i n s p e c t i o n  sys t em p rov ide s  for  the i n s p e c t i o n
‘>f  ba l l  and r o l l e r  b e a r i n g  i n n e r  and outer  race  e l e m e n t s  us ing  mag neti c
perturbation and Barkhausen noise methods. The basic system is

des i gned to i n s p e c t  b e a r i n g  e lements  in the  f o l l o w i n g  s ize  r anges :

Races :  I. D. = 1. 90” (4 . 83 cm) m m .
0. D. 10. 0” (25. 4 cm) max.
W i d t h  0. 2” - 2. 0° (0 . 51 cm - 5. 1 cm)

W i t h i n  t h i s  s ize r a n g e  s p e c i f i c  f i x t u r e s  a r e  supp lied to i n s p e c t  the
bearing elements given in Table I. In addi t ion , des i gns  have  been
comp leted f o r  the o ther  bea r ing  r aces  indicated in Table II; these
f i x t u r e - s w e r e  not f a b r i c a t e d .

A typ ical  set of f i x t u r i n g  is i l l u s t r a t e d  in Figure 8 and con-
s i s t s  of a set of chuck  j aws  and pole piece -probe  m e c h a n i s m  a s s e m b l i e s
for  the  in n e r  race and another  set fo r  the outer  r ace . The  f i x t u r i n g  set
al so includes an inner and oute r race with a small machined hole and an

i n d e n t  as r e f e r e n c e  f l aws;  these  components provide a p e r m a n e n t
r e f e r e n c e  fo r  check ing  sys t em inspection c o n s i s t e n c y .

The f e a t u r e s  and speci f ica t ions  of the bea r ing  inspe c tion
s y s t e m  a r e  s u m m a r i z e d  in F igure  9. The s y s t e m  developed and
d e l i v e r e d  under  the subject  con t r ac t s  incorpora tes  all  inspec t ion
m e t h o d s  spec i f ied  in F i g u r e  9, excep t l a s e r - s c a t t e r e d  li g ht ;  howeve r ,
the d e l i v e r e d  sys tem can be expanded to include the s c a t t e r e d  l i gh t
i n s p e c t i o n .

16



TABLE I

BEARIN G INSPECTION ACCESSORIES COMPLETED

Bearing, Inspection Fixture , and P-Tape Code Identification

Bearing Component, Fixture &
B e a r i n g  Assembly P-Tape Code ID

Eng/T rans. Militar y P/N Code ID Inner Race  Outer Race

T53  1-300-015  00 000 004

T53 1-300-176-02/03 01 010 014

T 5 3  1- 3 0 0 - 1 7 6- 0 1/ 0 4  02 020 024

UH-1 204-040-346 07 070 074

UH-I 205-040-246 09 090 094

17
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TABLE II

B EARING INSPE CT ION A CCESSORY DESIGNS COMPLETED

E n g/ T r a n s .  M i l i t a r y  P/N Code ID

T55 2- 300-00 1 03

2 - 3 0 0 - 0 1 1  04

2-300-035  05

U H - 1  2 04-040-270  06

205-040-245 08

18
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(] !~LF
(Critic a l Insp ect ion on Bearing s for Life Extension)

A UTOMA TE D B E A R I N G  IN S P E C T I O N  SYSTEM

FEATURES

COMPUT ER SUP ERVISED AND CONTROL LED INSPECTION
RAPID FIXTURIN G CHANGEO VER FOR DIFFERENT BEARINGS
COMPUTER SE T UP OF PARAME TERS FOR DIFFERENT BEARINGS

COMPUT ER PRINTOUT OF SIGN A L LOCATIO NS

PERMANENT RECORD ON MAGNETIC TAPE
DIAGNOSTIC PRINTOUTS AND SAFETY INTERLOCKS

S P E C I F I C A T I O N S

INSPECTION METH ODS COND ITIONS DETECTABLE SCAN PATTERN

MAGNETIC PER TURBATION

RADIAL FLUX
• HIGH FIELD SURFACE PITS , INCLUSIONS ,
• LOW FIELD SPALLS AN D INDENTATIONS 0.025-INCH WIDE

CIRCUMFERENTIAL

CIR CUMFERENTIAL FLUX 
STRIP S WITH 20%

• HIGH FIELD SUBSURFACE INCLUSIONS ,
AND SPALLS A ND DEEPER
SURFACE ANO MALIES

• LOW FIELD FATIGU E DAMAGED REGIONS 12 TO 60 SCANS PER
AND INDENTATIONS INSPECTION ME THOD

LASER-SCATTERED LIGHT SYNCHRONIZED SCANS

SURFACE ANOMALY SURFACE SCRATCHES , PITS ,
SPALLS , AND INDENTATIONS

SU RFACE FINISH RELATIVE SURFACE FINISH

BARRHAUSEN NOISE

RELATIVE SURFACE AND P ROGRAMMED SAMPLING

NEAR -SURFACE RESIDUAL 0 050 0.050-
STRESS CONDITIONS INCH REGIONS

9 TO 15 LOCATIONS
SERVI CE MO DIFICATION OF
RESIDUAL STRESS

F I G U R E  S U M M A R Y  OF C I B l I - ;  B E A R I N G  INSPF ; . :TION SYSTEM
F E A T U R E S  ANJ ) SPECIFICA I IONS



111. INSPE CTION DATA AND RESULTS

T y pi c a l  p r in t o u t s  and s i g n a t u r e s , v e r i f i c a t i o n  t e s t  and v e r i f i c a t i o n
r u s s- ,  h e c k  r e s u l t s  a re  p r e sen t e - d  in t h i s  s ect i on .

A . Ve-r ification Cross-Check

C o n t r o l  r e - f e r e n c e  i n n e r  and ou te r  b e a r i ng  r aces , c o n t a i n i ng
manufactured defects, were inspected on both the preliminary prototype
u n i t  and p r o t o ty p e  s y s t e m  to d e t e r m i n e  the  d eg r -c of correlation between
i n spec t ion  r e s ult s .  T yp ical  p r in tou t s  fo r  the two sy s t e m s  are  i l l u s t r a t e d
in  F i g u r e  10 . A b r i e f  exp lana t ion  of the  p r i n t o u t s  fo l l ows .

N o t e  in Fi g u r e  10 t ha t  the p r i n t o u t  of m a g n e t i c  pe r t u r b a t i on
‘fl a w s i g n a l s  is  p receded  by i n s t r u c t i o n s  to the ope ra to r  r e g a r d i n g  e n t ry

of bea r ing  d e s c r i p t i v e  and se rv ice  data . The p r i n t o u t  for  m ag n e t i c  per tu r -
bat ion , nea r  the top of F i g u r e  10 , f r o m  le f t  to r ig ht  g ives:  

-

a)  the type  of inspec t ion  ( T Y )  w h e r e  R radial ,
C -~ c i r c u m f e r e n t i a l, H = hi g h f i e ld , L - low f i e l d ;

b) t r a n s v e r s e  position of the probe (P ST) in the
n u m b e r  of steps f r o m  Track zero ;

c)  a z i m u t h a l  locat ion of si gnal f r o m  r e f e r e n c e  line
on the bea r ing  (B R) w h e r e  2500 c o r r e sp o n d s  to
180° and 5000 is one comp lete ev3lu t ion  or
360° ; and

d) a z i m u t h a l  signal  location wi th  r espec t  to the
spindle shaft encoder zero (S R).

I m m e d i a t e ly p r e c e d i n g  the  fla w p r i n t o u t  data , a p r i n t o u t  is g iven  fo r :
a)  the locat ion  of the sha f t  z e ro  when the b e a r i n g  r e f e r e n c e  l i n e  is
de tec t ed , and b) the -  loca t ion  of the  b e a r i n g  r e f e r e n c e  line  w i t h  respec t
to the shaft zero. A simila r printout is shown for the Barkhausen and
l a ser  i n sp e c t i o n s  a lso;  however , no B a r k h a u s e n  f law si gna l s  w e r e  de-
t c (  ted . A compar i son  of the  p r i n t o u t s  in Fi g u r e  10 f o r  the p r e l i m i n a r y
and p ro to type  un i t s  shows t h e r e  is  e x ce l l e n t  a g r e e m e n t  between  the two

“ Sp i n d l e  re fe r~.~nce pos i t ion  r eadou t  is d isp layed on the spindle-  az i m u t h a l
position readout (See F i g u r e  6 ) .  It f ac i l it a t e s pos i t i on ing  of the b ea r i ng
f o r  m i c  r o s eop te  e x a m i n a t i on  of the  race sur face’  a t  ph y s i c a l  l oca t ions
c o r r e sp o n d i ng  to f l a w  p r i n t o u t  l oca ti ons .
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u n i t s b r  t y p e - , s c a n  t r a c k , and  az imu t h a ’  p o s i t i o n . For r e f e r e n c e , one
c o un t  i i i  BR  or  SR is e q u i va l e n t  t o  0 . 001 i n c - h (0 . 02 5 n it -n ) .

A n-iorc c r i t i c a l  c r o s s -c h e c k  c o n s i st s  of co m p a r i n g  th e -
c u e  log s i gn a t u r e s  f r o m  m a n u f a c tu r e - c l  f l a w s  f o r  the two  u n i t s .  Fi g u r e  1 1
s h o w s  t Co mp ar i s o n  b e -t w e en  t h e  m a g n e t i c  p e r t u r b a t i o n  c i r c um f e r e n t i a l
a n d  r a d i a l  h i g h f i e l d  si g n a t u r e s  f r o m  the  sam e  i n n e r  r ace  ha l f . The -
s i g n al s  p o i nt e d  ou t  b y the  a r r o w s  in  each  r e c o r d  a re-  f r o m  a 0 . 007 i n c h
d i a n i & - t c r  ~ 0 . 004 inch  deep (0 . 175 x 0 . 1 m m )  i n d e n t  and a 0 . 007 i n c h
d ia m e te r  x 0 . 002 i n c h  deep (0 . 175 x 0. 05 mm)  lapped hole  l e f t  to r i g ht ,
r e sp c - c t i v e l ~ - , i n  each case . A d i r e c t  co mp a r i s o n  b e t w e e n  si g n a t u r e s
f r o m  t i n -  t w o  u n i t s  is p o s sib l e  by exan-dna t ion  of t he  r e c o r d s  in the  uppe r
and l o w e r  r ow s , r e s p e c t i v e l y ,  in Fi g u re  1 1. A mp l i t u d e  a g r e em e n t  is
w i t h i n  10’~ and d e t a i l ed  s i g n a l  c o n t e nt  co r r e l a t i o n  is  e x c e l l e n t ;  data
p r - s c n t e - d  a r e  fo r  the sam e-  scan t r a c k  l oca t i on .

F ig u r e  12 p r e s e n t s  c o mp a r a t i v e  r e s u l t s  fo r  B a r k h a u s e n
s i g n a t u r e s .  A b r i e - I  d i s  u s s i on  of t h e s e -  r e s u l t s  is a p p r op r i a t e  because
of e r t a i n  un u s u a l  s i g n a t u r e  c h a r a c t e r i s t i c s .  A l t h o u g h t h e  B a r k ha u s e n
s i g n a t u r e s  f o r  both  u n i t s  a re  c- s s e n t i al l  y i d e n t  ic -a l  ( S e e  l e f t  co lumn of
r e - c u r d s , F i g u r e  1~~) - c e r t a i n  n o nv a l i d  si g n a t u r e  c h a r ac t e  ri  s t i e s  a re
p o i n t e l i  ou t  l iv  the  a r r o ws .  The  o c c u r r en c e -  of such  n on v a l i d  si g n a t u r e s
\ \ a s  susp e  t e d  d u r i n g  s e tup  and  c h e c ko u t  of a c c e s s o r ie s  f o r  2 0 4 - 0 40 -  34 o/
2 0 5 -  C 4 0 - 2 4 t  i n n e r  r a c e s  on the p ro to type  s y s tem  b e f o re  d e - l i v e - r~- .
D e l i v e ry  ol t h i s  a c ce s s o r y  set  was t e m p o r a r i ly w i t h h e l d  p e n d i n g  fu r t h e r
i n v e s t ig a t i on s .  It was d et e r m i n e d  subsequent ly ,  tha t  v i b r a t i o n - induced
e x t r a ne ou s  si gna l  was p r e s e n t  (see d i s c u s s i o n  of v i b r a t i o n -  in d u e  c-cl s i g n a l
in  A p p en d i x ) .  The s i g n a t u r e  at the r i ght  in Fi g u r e  12 i l l u s t ra t e s  the
v a l i d  s i g n a t u r e  s u b s e q u e n t  to e l im i n a t i o n  of the p r o b l e m ;  note  the ab-
s e n c e -  c i f  t I e  ‘ h u mp s ’’ p re sen t  in the si g n a t u r e s  at  the  l e f t  in  F i g u r e  12.

F i g u r e s  13 and 14 i l l u s t r a t e  co m p a r a t i v e  m a g n e t i c  p e r t u r b a t i o n
and Ba r k h a usen  si g n a t u r e s , r e sp e c t i v e l y,  f r o m  m a n u fa c t u r e d  f l a ws  in  a
c o n t r o l  r t - f e r e n c -e ou t er  race elemen t. Si gnal  amp li tude ag r e e m e n t  i s
w i t h i n  +1  5’~ w i th  e x c e l l e n t  s igna l  con ten t  c o rr e l a t i o n . No ex t r aneous
si gna l  is  p r e s e n t  in the  B a r k h au s e n  si g n a t u r e s  (see Fi g u r e -  14).

II . R e f u r b i s h e d  B e a ri n g  I n sp e c t i o n  ( U s i n g  L ab o r a t o ry  Appa r a t u s )

D u r i n g  the ear l y s tages of p r e l i m i n a r y  pro to type  d e v e l opm e n t ,
q u a l i f i  a t ion of a r e l a t i v e l y e x t e n s i ve  p r o c e du r e  to r e - f u r b i s h  h e l i c op t e r
eng ine and t r a n s m is s i o n  b e a r i n g s , w h i c h  inc luded  i - c - g r i n d i n g  of t he  r a c e -
w a y s  and r e t r o f i t t i n g  w i t h  Ia r g e - r  m a t c h i n g  r o l l i n g  e le m e n t s , was iindc r —
t a k e n  b y t h e  A r m y .  It was d e ci d e d  to in c l u d e  t h ~- n e w  NDE m e t h o d o l o gy
b~~i ng  ( I l -v e d o p e d  uncl e r the  CIBLE prog  r am . Labora to  r v  s e t up s  ( S e - c

2 . 3
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P r e l i m i na r y  P r o t ,t \  pe U n i t

V e r t i c a l  S e n s i t i v i t y  0 . 1 V / d i v
l i o n  z o n t a l  Sweep  0. ~ s e c/ d i v

F I G U R E  14 . COMPA R ISON OF PR O T O T Y P E  (CCAD)  A N D  P R E L I M I N A R Y
P R O T O T Y P E  I N I l ’  B A B E l  J AU S E N  SI G N A TU  RES FROM
SAME OU T E R  RA C E  ( l ’N  I -  ~0 0 - 0 l 5 . S/ N  7 5 9P )



1 - m g u r e s  15 ~ind  16) w e r e  adapted  to f a c i l i t a t e  the a c q u i s i t i o n  of m a g n e t i c
p e r t c i r I u ~e t i on - B a r k h a u se n  n o i se , and s c a t t e r ed  l i g ht  i n s p e c t i o n  da ta on
a gr o up  of ( l i e  re-furbished bearings prior to ph y s i c a l  t e s t i n g  of the

he~ i r i n g s .  The inspection results obtained have  been reported pre-
v i o u s l v U~

) t i e d onl y a b r i e f  s u m m a r y  w i l l  be p r e s en t e d  h e r e .

Th e- app ara tus  used fo r  m a g n e t i c  p e r t u r b a t i o n  i n s p e c t i o n  of

be - i r i n g  r a e - c - s  i s  i l l u s t r a t e d  in F i g ur e -  15. This  appara tus  f a c i l i t a t e d
t h e  a c q u i s i ti o n  of m a g n e t i c  p e r t u r b at i o n  c i r c u m fe -r e n t i a l  and B a r k h a u scn
n o i s e  d ata Ofl 1)0th i n n e r  and ou te r  r aces .  The l a b o r a t o r y  appa ra tu s  in
I - i c c i r c  16 was used to a c q u i r e  l a ser  sca t t e red  l ig ht  data . Such i n s p e c t i o n s
We r e  . o n d u c ted  on 20 each r e f e r e n c e  Par t  N u m b e r  1-300-015-04  ( ITI
PN 1 3 7 0 1) ,  ~ 0 each r e f e r e n c e  Part  Numbe r 1 - 3 0 0 - 1 7 6-0 3  (ITI PN 13700) ,
eng ine main  s h a f t  b e a ri n g s  and 20 sets of 3 each r e f e r e n c e  P a r t  N u m be r

~ 0 5 -0 4 0 -2 .4 6 - 3  ( IT I  PN 13699) transmission bearings. Several mag-

n e t i e  p e r t u r b a t i o n  si g na t u r e - s  c o n s i d e r e d  si gn i f ica- i t w e r e  s e l e c t e d  f o r
m o r e -  c a r & - f u l  s tud y and c o r r e l a t i on  examina t ion  w i th  the ph y s i c a l  s u r f a ce -
of t h e -  r a c e w a y ;  a numb e r of these loca t ions  have been repo rted on
p r ev i o u s l y. H o w e v e r , because  of u n u s u a l  o b s e r v a t i o n s  a s so c i a t e d  w i t h
a se le  ted si g n a t u re  reg ion , s u b s e q u e n t  l a b o r a to ry  f o l l o w - u p  w o r k  was
u n d e r t a k e n .  Fi g u r e s  17 , 18 , and 19 i l l u s t r a t e  the r e s u l t s  of an inves ti -
g a t i o n  o n ly  recently completed of this unusual region. in the uppe r

r e .  ord of Fi g u r e  17 the s ignal  of interest is pointed out by the arrow ;

t h e  lo w e r  r e - co rd  shows the same s i g n a t u r e  but w i th  the h or i z o n t a l  scale
e x p a n d e d .  T h i s  c i r c u m f e r e n t i a l  s i gn a t u r e  is we l l - shaped , wi th  good
sy mm - t r y  ( equa l l y downward  going and upwa rd going peaks ) ,  and has
void p o l a r i t y  indica t ive  of a pit , hole or nonmetallic inclusion probably
at  or nea r  the racewa y s u r f a c e .  Both opt ical  and s c a n n i n g  e l e c t r o n
mic  ru s c o pe  (SEM) mic rographs of the  r a c e w a y  reg ion co r re spond ing  to
the si gna l  are presented in Figur e 18. The v e -r y  r e g u l a r  and u n i f o r m
nature- of the enclosing nearly perfect circula r pattern generated intense

interest in this region. Addit ional  SEM e x a m i n a t io n  at  h i g her mn a g n i f i -
at i ons  were -  u n d e r t a k e n  of the reg ion enclosed b y the c i r c u l a r  o u t l i n e ;

r e g i o n s m a r k e d  A and B in the SEM m i c r o g r a ph at the l)otton of
F igure 18 a re  i l l u s t r a te d  at hig h e r  m a g n i f i c a t i o n  in Fi g u re  i~~• Th e
appa ren t  cause of the ma g n e t i c  p e rt u r b a t i o n  s i g n a t u r e-  is r u s t  or
c o r r o s i o n  and it is no t  s u p e r f i c i a l  but  probab l y e-xt e ’ nd s 0. 0005 to 0. 0015
i n c h e s (0 . 013 to 0. 038 m m )  deep. The n et w o r k  of f i n e , c r a c k - lik e
l i n e s  in  reg ions  A and B (Fi gure -  19) a r e  ap p a r en t l y the  r e s u l t  of oxide
f o r m a t i o n . This  conc lus ion  is supp or ted  by the X - r a y  f l u o r e s c e n c e-  sean
f o r  o x y g e n  in region B; note the dot  p a t t e r n  in the X - r a y  image  of
F i g u r e  19 appea r s  to c o r re l a t e  wel l  w i t h  the v isua l e l emen t s  of ox ide
ev iden t  in  the SEM m i c r o g r a ph immediate ly to the le f t .

28



-4

_ .

_

.

‘

-&
~~

,

--U ii1E/’~~~
r 

‘

- -
~t 

-

—

~~~ 0
—

C V  

-

- 
)

Q~~~~~if) 

H

U

CV . . 

~~~C 

7

- -  ~~~~~~~ a) 
- 

—

0

• .1 .

—~~ 
~~~ 

—, - 

~

- 

~

,.

- 

I ~~~. • - -

S.

11 ~~ 

,~~
- ,

• 

- 

h i. ; ,. - —

-V..
i _ I

I . i ~

‘ : .
~~

L
~ 

- 
V

1i~~ —
I
- 

(~



— — ______
~f~ ~~~~~~~~~~~~~ i -

1 -

-
~

- - —
‘ — -

- 
- 

.

I 

,—
H

z 
- 1

H :1
-
.

1~I’L~J 
_ _ _

- I—- —~~~
---

‘4?

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  J



Ve r t .  St -n s - 2.0 m V / c  in , SW - ( - p  0 5 m s 1cm

“ r ~~~~~~~~~~~~~~~~.1 b ii ~~ - •~ _ • ‘

iI~Ii1
iuuus iiu•~~~ i

al—i—lu.
V~- r t .  S, - n s .  2.0 m V / c n - i , Sw - e p  0. 02.  m s / c m

F I G UR E  17. SELECTED M A (  ;N I ~Tl c  P E R l U l ( 1 ’A T I O N  C I R C U M F E R E N T I A L
i H i g h  F o l d )  R E C OR I ) S  F R O M  A P /N  1- 300 0 l 5 , S/ N  2.~~.
S i e l , -  2 ( 14 4 0 )  R E W O R K E I )  I N N E R  RACE



P / N I — 3 0 0 — O i  ~ Inn e-  r Bea r ing  Race- , R e w o r k e d
S /N ~~~~~~ Sidi - 2 ( 3 4 ~l 0)

•~~~~~~~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
• — ~~~~~~ - ‘ P ~~~~~~~~~~~~ —

- -~~ - .

~~~~ -~-‘~~~~T -

- 

L~~.---’~~

Optica l  M i c r o g r a p h

-
- 

- —i’-
- 

_ 
- 0. OO4 in

- 
0. 1 mn~~

SF;~ -1 \~~i C  r o g  r i p h

I - I G U R E  1K . O P T I C A L  A N I )  SU M  M I C R O G R A  HI IS 01-’ L~A Cl- ;  SI R l - ’A C U
( O R 1 ~ ES1~~) N I ) 1 N (  [ ( )  \L\ ( ; N E l ’ I C  1 ’ E R ’I ’U I ( h ~ 1\ I ION ( I I R —
( U \ I I - E R I - N I  1A 1~ Sl ( ~~~A i ( R l ’



H i N  1 — ~~0 0 — 0 I S , l i n e r l l t - t r i n g  R~~ , R i - w o r k e d
Si N 2.8 , S id , - 2 (3  1 1 0)

t~;ji~
it

~~~
— ~Td~~~~K~ ~ -1

- 
-_:.

— p - - ,.- -; 
I. -

‘ s.~-~sf~
’-.i#~~~

~~~~~~~ I‘
•- -  -

S
-’- :~~~~~~~- ~~~~~ -:

~~~ 
- 

_ _

SEM M i c r ogr ap h R e g i o n  A

—_ I-

a—’-

- a- - 

10 i i i  _.~. 
—

duII,_lII._.___ lllIll,
~

____ 
( t y p )

SEM Mic rograp h Reg ion B X-Ra y Image

F I G U R E  17. SEM A N D  F L U OR E S C E N C E  MIC R OGRAPH S OF R E G I O N S
A A N D  B

33



The  i- i - s u i t s  p r e s e -n t e d  above , as wel l  as those  a l r e a d y
pub l i sh e -c i  - c - s t a b l e  sh the  C x c  c l i e n t  s e n s i t i v i t y  of the m ag n e t i c  

~~~~ 
r t u  r—

b a t i  on n e e t h o d  to so r f a e  e f l a w s ;  s t i l l  o t h e r  N su i t s  to be p r e sen t e d
i n  t i l e -  s e - c t  i o n s  wh i c h  f o l l o w  ~c i l l  e s t a b l i s h  the-  ex c e l l e n t  s e n s i t i v it y  (if
the— i n c  g ne -t i  p e r t u r b a t i o n  me thod  to s u bs u r f a c e -  f l aws  and c ap ab i l i t y
of t h e -  Ba r k h a u s e -n n o i s e -  rm-thod  for  as se- s s s i ng  the  s tate of s t r e s s  in
t I c -  r ae  c - w a y

C . A d d i t i o n a l  Bear ing  Inspect ion (P r e l i m i n a ry  Pro to t ype U n i t )

As an e f f o r t  unde r the su b j e c t  p r o g r a m , a l a rg e -  numbe r o~o a r i n g  races  we i- c- inspected , p r e d o m i n a n tl y u s i n g  the  p r e l i n - i i n a rv  p ro -
( ‘ ‘t y p e  u n i t  a t  SwRI , as p a r t  of the v e r i f i c a t i o n  te sts . As a re sui t  >1 th~-i n sp e c t i o n , a n u mb e -r  of b e a r i n g  r aces  w e re  s e l e c t e d  f o r  more-  u o i i i p r --
h i c n s i v e  s i g n a t u r e  e x a m i n a t i on  w i t h  emp h a s i s  on s u bs u r f ac e - f l a w s  and.
s u b s eq u e n t  m e t a l l u r g ical  s ec t ion ing .  In i t i a l l y ,  480 used i n ne r  ra
p i e c e s  P/N  1 - 3 0 0 — 0 1 5 — 0 4  were  c l e a n ed  and v i s u a l l y e x a n i i i i e - d  to p r e c l u d e ’
p oss ib le  d am ag e  to  the  m ag n e t i c  p e r t u r b a ti o n  and B a a ’k h a u sen  p r o b e s .
The  p a r t s  had be en in bulk  s t o r ag e  and s e v e r e  i n d e n t at i on s  w e - r e -  oh~~c rv , d
i n  the-  edges of m a n y  of the  i n ne r  r a c e s .  S u b s eq ue n t l y ,  2. 80 of th &-s , -
pieces were magneticall y inspec t ed . Flaw printouts were- reviewed f o r
those - locations where magnetic per turba t ion  ci rcurr i f ’-  r en t i a l  p r i n t o u t s
were obtained and yet  no r ad i a l  p r i n t o u t s  co inc ided  w i t h  t hese  L o c a t i o ns .
The r a t i ona l e  of th is  approach f ol l o w s :

a) radia l  hi gh f ield and also low f i e ld  s i gn a t u r e - s
u s u a l l y a r e  associa ted  wi th  s h a l l o w  su r fac -
anomalic- s ( i n d e n t s )  and dc -c - pe r  p i t s  and  in c l u s i o n s
w h i c h  a r e  open to the  s u r f a c e ;

b) circumferential high field si gnatur es usuall y
are  associated with subsurface flaws and a l s o
wi th  deeper and or l a rg e r  s u r f a c e  a n o m al i e s ;

c)  a c c o r d i ng ly ,  a hi gh f ield c i r c u n i t e - r e n t i a l
p r i n t o u t i n d i c a t e s a si g n a t u r e -  f r om  a

p o s s ib l e  s u b su r f a c e  i n c l u s i o n  si t e- .

Tab le  III s un i z i i a r i z e - s  the  p r in t o u t s  obta ined - i s  - i  r e - s u I t  of the  i n spec t ion
of 280 i n n e r  race  pi e c e s ;  a b r i e - f  e x p l a n a t i on  of t h i s  t ib l e  f o l l o w s .
E ach p iece  is i d e n t i f i e d  un i quel y by ser i a l  n u m b e  i- f u l l  owed by a d i g i t
in pa ren theses  w h i c h  u n iq u e l y i d e n t i f i e s  e a c h  i n ner  i’~it  e h a l f .  The
f l a w  p r i n t o u t  r e s u l t s  are  t ab u i a t e - d  based on the f o l l o w i n g :  i ) f l a w
p r i n t o u t  f r o m  a g iven  loca t ion  ob ta ined  onl y f o r  mag i i , - t i  c p e r t u r b a t i o n
r a d i a l , i i )  f l a w  p r i n t o u t  fo r  m a g n e t i c  PC- i-tu r h at  i on  ci r e e l  ~ i t t -  r en t  ia l
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TAIILE  III

S U M M A R Y  OF INSPECTION F L A W  P R I N T O U TS

( P/N  1- 3 0 0 - 0 1 5 ,  I n n e r  R a c e s )

S/ N  MPR ( o n l y)  MPG (on l y )  MPR & MPC

1. 2~~7 i ( 0 )  LF( 1) HF (  1)

2 . 22.~~~(0)  I I F ( 1 )

3 . 4 0 3 A M ( 2 . )  h F  & L F ( l )

4 . 8 ° - I V ( 2 . )  h l F (  1)

5. 4 S Z O) H F ( 3 )

t) . 4 5 5 Z ( 2 )  HF(  1),  HF & LF( 1 ) ,  LF ( 1 )  HF(  1)

7 . 17 1K ( 0 )  H F ( 2 ) , HF i. LF(4)

8. 17 l K ( 2 )  H F ( 4 ) ,  HF & L F ( 3 ) ,  L F ( 1 )  GI -1 & RH & R L (  1)

‘ 1 . 4 6 ( ( ( 2 )  } -IF (  1)

10 . 16SAF(0) CH&RH&RL(l)

11. 10 8N ( 2 )  H F ( l )

12. . 652AA (2 )  H F ( l )

13. 958AH(0)  HF & LF(3)

14. 958AH(2) HF & LF(1)

15. 4 930(2 )  I - l F ( l )

16 . 42 70AS(Z)  HF & L F( 1)

17. 4~~8L(2 )  H F ( l )

18. 2 . 3 O H H ( Z )  H F ( 1) ,  HF & LF(1 )

19. 47 0 V ( 2 )  HF ( 2 )

Lege nd:
h F  h i g h f i e ld  CII c i r c u m f e r e n t i a l  hi gh f i e l d
LF low f ie ld  RH -; r a d i a l  hi gh f i e l d

RL  radial low fit -id

15



o n l y ,  i i i )  f l a w  p r i n t o u t  f o r  m a g n e t i c  pe r tu  i-b a t ion  r ad i a l  and ci  r c u m —
f e r e n t i a l  b oth  a t  same loca t ion . In eac h e a s e , the n u m b er of
separate- locations is i nd i ca t ed  in p a r e n t h -ses  f o l l o w i n g  the  d e s i g n a t i o n
of f i t - I d  l eve - 1 .  Fo r  e-xamp le , on l i ne  7 , b e a r i n g  race S/N 17 1K ( 0 )
pr oduce ’d m a g n e t i c  pe r t u r b a t i o n  r a d i a l - o n l y f l aw p r i n t o u t s  at two
l o c a t i o n s  at hi g h f i e l d , and f o u r  o the r  l o c a t i o n s  at both h i g h  fj e- l d  and
low f i e l d .

E x a m i n a t i o n  of Table-  III in the m a g n e t i c  p e r t u r b a t i o n
c i r c u m f e r e n t i a l - o n l y c o l u m n  i n d i c a t e s  that  8 pi eces  c o n t a i n e d  such
s i g n a t u re s .  The- analog c i r c u m f e r e n t i a l  hi gh f ie ld s i g n a t u r e s  on t he se
b e a r i n g  pieces  w e r e  c a r e f u l l y examined and 3 of t h e  pieces , 207 9 ( 0 ) ,
2 . 2 . 9 8 ( 0 ) .  and 4 7 0 V ( Z ) ,  w e r e  se lected as candidates  for  m e t a l l u r g i c a l
s e c t i o n i n g .  The s igna tu res of i n t e r e s t  fo r  t h e s e  t hr e e  b e a r i n g s  a r e
shown in Fi g u r e s  20 and 21 ;  note that  t h r ee  si g n a t u r e s  of i n t e r e s t
w e r e  se lected on t h e  p iec e  4 7 0 V ( 2 ) .  Specimen 4 7 0 V ( 2 )  was se lec ted
for  m e t a l l u r gical sec t ion ing  at all  t h r ee  si g n a t u r e  loca t ions.  The
m e t a llu r g ica l  s e - c t i on ing  p r o c e d u r e  and r e s u l t s  obtained a r e  s u m m a r i z e d
in  the  s ec t ion  w h i c h  f o l l o w s .

D. M e t a l l u r g i c a l  Sectioning

P r e p a r a t i o n  fo r  sec t ion ing  of inner  bea r ing  race  half 4 7 0 V ( 2 )
a t  the t h r e -e-  s i gna l  loca t ions  was conducted  us ing  the fo l l owing  p r o c e d u r e .
The c i r c u m fer en t i a l  si gna tu re  location was a c c u r a t e ly e s t a b l i s h e d  usin g
expanded sweep ( h o r i z o n t a l ly expanded) si g n a t u r e  r e c o r d s . U s i n g  a
s h a r p  s c r i b e , l i n e s  w e r e  placed on e i ther  side of the  signal locat ion
( w i t h  a s epa ra t ion  of approximate ly 0. 070 inches  (0.  175 cm) measu red
c i r c um f c r e -n t i a l l y about  the s i g n a t u r e  locat ion ( see  lower  ph o t o g r ap h in
Figur e 23). These scribe l i nes  were  used as “magnet ic  m a r k e r s” as
illus trated in  Figure 22. Here the signatures from the three corre-
sponding si g n a t u r e s  of i n t e r e s t , p r ev ious l y shown in Fi g u r e  21 , can be
s e e - n , r e s p e c t i v e ly ,  n e a r  the c en t e r  of each of the  t h r e e  r e c o r d s  with
si g n a t u r e s  f r o m  the sc r ibe  line (SL) on e i t he r  s ide .  From the magnetic
t r a c e s  shown in F i g u r e  22 , the location of the f l aw  was a c c u r a t e l y
c a l c u l a t e d  a s s u m i n g  tha t the ze ro  c r o s s i n g  of the  si gnal  c o r r e s p o n d e d
to the centroids of the defects and the scribe lines. Experience has
established tha t the accuracy of this procedure permits specification
of d e f e c t  loca t ions  w i th in  +0  005 inch  (0. 125 mm).  Fi gur e -  23  i l l u s t r a t e s
the method u s i n g  a radial  s i g n a t u r e  f r o m  a su r f ace  f l a w .

The upper r ecord , Fi gure  23 , shows the rad ia l  si g n a t u r e
obtained pr io r  to addit ion of the  s c r i b e  l i n e s ;  the c e n t e r  r e c o r d  shows
s i g n a t u r e s  f r o m  the f l aw and the s c r i be  l ines  placed on e i t her  s ide;
t h e  lowe r s u r f a c e  photomicrograp h shows both the s c r i b e  l i n e - s  and the
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S f 0 1 , 13P 1 1 27

~~~ ~~

B e a r i n g  I n n e r  Race  S/N  2 . 0 7 9 ( 0 )

1ST05 , 1 3 R 14 2 3

-
- - -

~ e~ 
—

B e a r i n g  I n n e r  Race  S/N  2 2 9 8 ( 0 )

V e r t i c a l  Sens i t iv i ty  0. 5 V/ d i v
Flu r i z o n t al  Sweep 1 m s e c/ d i v

C i r c u m f e r e n t i al  Flux , H i g h F ie ld

F I G U R E  20 . C I R C U M F E R E N T I A L MAGNETI C P E R T U R B A T I O N  SIGNA-
T UR E S  F R O M  SE LECTED P / N  1- 300-0 15 INNER RACES
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FIGURE 21. CIRCUMFI- R 1-NTIAL MAGNETIC i ’l-:RlURBATION SIGNATURES
F R O M  TI I R E E  LO( A F I O N S  ON H/  N 1 - 3 0 0 - 0 15 ,  S/N 470V(2)
I N N I - R R A C E  (I I A L F I
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I t \ \ . lii t h e  c a se  of t h e s e -  r a d i a l  s i g n a t u i - e - s , t he -  l e o  i t  ‘ c i i  c f  t h e -  f l ew
w i t h  r - i - d l o - e t t o  the-  s - r i b e  l i n es  was  c a l c u l a t e d  a s s u m i n g  th e-  I0~~~ 1 c - - i c
o f  t i e - r a d i a l  s i g n a l s  c - en- r e sp o n de d  to  the-  c e - t i t r o i d  of th e .- d e l e e  I. end t h a t
of C l e  h sc r i b e -  l i n e - . The p r o c - c -dora !  l e st i l l u s t r a t e - d  i n  F i g u r e  2 . 3  r e - s u I t e d
in  f l a w  I c e c - a t i o n  p r e d i c t i o n  w i t h i n  a p p r c c x i n i a t e - l y  0 . 0 0 1  i n c -h  (0 . 02 5  n i n e )
ol t h e  l e e  a l i en p h y s i c  _ t l l y i i ie a su i - e-d on the -  s u r f a e e of th e ’  spe c i r i ì e - n .

- - J t - r  e s t ab l i s hin g  the  a p p a r e n t  d e f t - c t loc a t ion , a s e - c  t o r  of

t h e  r a c e  470 ~v ( 2 . )  was  r e - i n o v ( - ( l  and t h e -  e:ut s u r f a c es  made- p a r a l l e l  by
r i n c l i n g :  t h e - t i  t h e -  f l ew b c  a t i o n  was  d e - l e r i n i n e - d  by r efe r - n - i i i g  f r o n i  a

g r o u n d  l e e  C t i  t h e  se- n bc l i n e - s . S u b s e q u e n t ly ,  m a t e r i a l  was  r ’ i i e c e v e - d
f r om  e m -  gr o u n d  f a t e  to p r o v i d e -  a s t a r t ’ se- c t i o n i n g  p lan - w i t h i n  ap p r o x i ~
m a t  e l  ~ 0 . 005 i n e ~h (0 . 12.5 mm of the- p r ee lic te - d l o c a t i o n .  I h e  t l i r e - c -  s t - l , - ~ t e d
s ig n a t u r e  l~~ a t i on  spe c i me ns  w e r e -  t hen  c a s t  in a s i n g l e  m ou n t  f o r  me t a l —
l u r g e -  ip l i i c  p o l i s h i n g ,  and c o n s e c u t i v e  l ay e r s  0. 0002.~ to 0 . 0005 i n c h  0 . OOo
I i ,  0 . 012 .  n u n )  w e - r e -  c a r e f u l l y re -moved . Be tween  each r en~~ev a l , the  pr e - —

die ted t r a n s v e r se -  loca t ion  of the  d e f e c t  r eg ion was  scann ed  v i a  op t i c a l
m i ’ r o se. op y ( b O X ) .  When  a d e f e ct  was located , me t a l l o g r a phic

- x a n -i in a t i o n  was c o n d u ct e d  w i t h  m a g n i f i c a t i o ns  up to 750X for  t h e  sp e - c i m e -n
i i i  b o t h  t I n -  e t ch e d  ( 5(~ n i t a l )  and u n et c h e d  c o n d i t i o n s .

F i g u r e -  24 shows  su r f ace -  ph o t o g r a p hs of the r a c e w ay  s u r f ac e
of the t h r e e -  r e g i o n s  c o r r e sp o n d i n g  to the si g n a t u r e s  p r e v i o u s l y p r e s e n t e d
i n  F i g u r e s  21  and 2 .2 . .  The r - t i e l e -  i n  each of the  ph o t o g r a ph i c s  of Fi g u re
2.4 m d i ’  at -s the p ro jec t ed  f l aw  lo c a t i o n s ;  flc) si g n i f i c a n t  s u r f a c e  ind ica -
t i o n s  a r -  p r e - sen t .  A smal l  su b s u r f a c e  i n c l u s i o n , approx imatel y 0. 000b
i n c h  (0 .  015 m m)  in d i a m e-t a - r  and ap p r o x im a tc - l y 0. 002. i n c h e s  (0 .050  mm)
be ne a th  t h t -  s u rf a c e  w a s  found  to c o r r e  late wi th  the si g n a t u r e  at  Loca t ion
A (se - c - F i gu r e s  2 . 1  and 2 . 2 )  as i l l u s t r a t e d  in Fi gure’ 25 . No si g n i f i c a n t
f l a w s  w e r e -  fo u n d  c o r r es p o n d i n g  w i t h  l o c a t i o ns  B and C ( r e f e r e n c e
Fi g u r e - s  2 1  and 22 ) .  It is inform ative to re-examine the si gnat ures  a t
i nc  a l i o n s  A .  B and C in Fi g u r e  22 in t e r m s  of the  de t a i l s  of s i g n a t u r e
c h a r a c t e - r e s t i c s . The locat ion  A si g n a t u r e  had good s y m m e t r y  and shape
w i t h  a peak separation of approximatel y 0. 0036 inch (0. 09 m m )  and ex-
t e n d e d ove r about  on ’-  scan t r a c k  w i d t h  0. 02 i n c h e s  (0 . 50 mm) .  Loca t ion
13 and C s i g n a t u r e - s  e-xtc-nded at least two scan track width s across the
ba l l  g r e c o v - e and the - r e c o r d s  in Fi g u r e  2.2 show both si g n a t u r e s  to have
p our  sy m m e t r y  ( d o w n w a r d - g o i ng  peak less  in  amp li tude than  up w a r d -
g o i n g  p e a k ) ;  peak separations in the range- of 0. 0025 to 0. 003 inch  (0.  063
to  0 .0 7 5  nu l l ) .  A l s o  no t e -  t h a t  the loca t ion  13 and C si gnatures have a
poo r shap e l e a d i ng  i n t o  the downward—going as indicated by the’ ‘‘ a ’’ in
th e r e - c  o rds  of Ei gu re 22. Signature- s such as B and C , if  f r o m  an in-
c l u s i on , ~v ou l d  be- a n t i ci pated to be a s so c i a t -d onl y w i t h  a g r o up  (‘ c-loud’’)
of s m a l l  [ l e - s s  t han  0. 0005 i n c h  (0 . 0 1 2 .  m m )  d i a m e - t e - r ] ,  S UI ) S u r fa ce
i n c  I u s i e n i u s  d i s t r ib u t -d a t - r oss  the  hal  I g roove . Howeve r , no such f l a ws
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we -r e  found in the reg ion examined . According ly, i t  i s  sugges t ed  that
the  s i gn a t u r e s  B and C w e r e -  caused by sli gh t  local  m e t a l l u r g ica l
c o m p o s i t i o n  changes  such as f i b e r  f l ow;  the  si g n a t u r e  e x t e n t  ( 1. 0 mm)
acr ss the race- groove and the small amplitude are the primary
t a t  t ( e r s  suppor t ing  th is  s u g g e st i o n .  Also , wh i l e  an inc lus ion  was
found t e e  coincide with signature A , the in clusion approaches the lowe r
l i m i t  w h i c h  could poss ib l y be reso lved  at th i s  depth  f r o m  the m a g n e t i c
back ground  si g n a t u r e s .
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IV . OTt h E R  R E L A T E !)  RESULTS

h o -  ( h e - f e - c  t i c e t i  cf r u a r  s c i b su r f a c e -  n o n met a l l i c -  i n c l u s i o n s  and th e-
i n t l  t i e - n e c - o f  s in h f l a w s  on b e a r  i t ig  Sc rv i e l i f e  is emp has  iz e -d  b y r e c e n t
r e - s u i t s  e i l j t a im - ee- d  f r o m  en d u r a n c e  t e s t i ng  m l i a i n  s h a f t  b - an i n g s  f r o m  the
N e . 4 po~ i t i  on in th u e  J57 eng i n e -  f u r  the  A i r  F om- e -e  (Conti-ac t Nc . 096 0 3 —
7 4 - C -S  155) .  M a g t H - t i c  p e r t u r b a t i o n ,  B a r k h au s en  n o i s e , and l a s e r
s c i e t t e -  red li g ht  i n sp e c t i o n s  ~v e - r e -  c onduc t ed  on r e p a r a b l e -  i- ej e c t J 5 7 — # 4
be - i  r i n g s ;  two  b e- a  i - i n g s  s e l e c t e d  f r o m  the g r o up  we re placed (in e nd u r a n c e
i - s t  b asc -d em th e- i n s pec t i o n  r s ult s .  The e n d u r a n c e -  t c - s t s  w e r e -  con-
( h U c t e d  at 8700 rpm u n d e r  a 15 , 000 pound load p r o v i d i n g  a c a lcu l a t e d
ii u a - ~i i i i u t - ~-i in i t i a l  I l e - r t z  ste- e -ss  of 332 , 000 psi on the i n n e r  r ace  of the
b e a r i n g  ) - e s s u n h l n g  a c o n t a c t  a n g le of 24 . 5 0  and a race  cu r v a t u r e- of 52’~~) .
~-\ u t e e t i i a t  m e  s h u t d o w n  of th e- endurance t e - st ri g o c c u r  red af te -  r 16 h o u r s  of
te st t i i i l ( -  and an m n v e . - s t i ga t i on showed tha t  shu tdown  was ac tua te - d b y the
v i b r a t i o n  m o n i t o r ;  d i s as s e m b l y revea led  that  the loaded ha l f  of t he
in n e r  i a c e -  ( S/N  S 1016 1) con ta ined  a spal l  app rox ima te ly 0. 4 - i n c h  (1  cm)
in d i a m e te r .

From s u b s e q u e n t  c o mp r e h e n s i v e  c o r r e l a t i o n  ana l y s t s , i t  was
d e t e r m i n e d tha t  the spall  i n i t i a t e d  f r o m  a source correspondinc, to the
p r e c i s e  l o c a t i o n  of an ou t s t a n d i n g  m a g n e t i c  p e r t u r b a t i o n  c i r - u r n f e - r e n t i a l
s i g n a l  e ;b ta ined  p r i c e r  to s t a rt  of the en d u r a n cc -  t e s t . F u r t h e r m o r e, t h e
sp e c i f i c  s i g n a t u r e -  was  the b a s i s  f o r  s e l e- c t in g  the bearing for endurance-
t e s t i n g  f r o m  a l a rg e  g r o u p  s c r e e n e d  to obtai n cand idat e spec imens .

rc- 2.b is  a r ep r o d u c t i o n  of the initia l inspection printout . Ne te- that
no m a g n e t i c  pe r tu r ba t ion  r adial  or l a s e r  li ght  s i gna l s  c or r e sp o n d i n g  t e
the  magne~ i pe r t u m - b a t i o n  c i r c um f e r e n t i a l  si gna l a t  BR 4850 was  oh-
t a i n t - d ;  a l s o  t h e r e -  was no si g n i f i c a n t  s u r f a c e  f l aw p r e s e n t  in t h i s  r - g i o m i
p r i o r  to e n d u r a n ce  f e - s t i n g .  Fi g u r e  2.7 shows a surface photomicrograp h

ct  t h -  l e a d i n g  ed ge of the spal l  as a resul t  of t e s t ing  and a reprodu c ti on
of the.-  c - i r e  u m f t - r c -n t i a l  i n spec t ion  r e - co rd  obtained p r i o r  to t e s t i n g  in  the
region of the BR 4850 printout; note the outstanding signal present in
the inSpe c tion record . The peak separatiern of the  si g n a t u r e , ob ta in -d
p r i o r  to e -n d u r a n c c  t e s t i ng ,  was 0 . 0 0 2 5 - i n c h  (0. 063 m m )  i nd i c a t i n g  the
p r e - s e - n (  t~ of an i n c lu s i o n  whose c e nt e r  was ap pr o x i m a t e ly 0. 001 -0 . 002
in c  ii  (0 . 02 5-0.  050 mm )  beneath the- raceway surface- . In th e-  p h o t o n u i e - r e -
g r a p h of the l ead ing  ed ge of the spall , the s i te  of the  inc lu s ion  or  r e —
spondi ng to the BR 4850 location is poin ted  out by the  a r r o w  ( t h e -  s m a ll
a rrows point ecu t a crack). These endurance- t e s t  r e - s u i t s  c lea r !  - c-s tab-
l i s h  t h e -  c r i t i c a l  role  t h a t  such  smal l  n o n m e t a l l i c  f l a ws  can p l a y  in  t he
S e r v i c e -  l i f e  of expensiv e- and critical b e a r i n g  componen t s .  F u r t i n -  rm or e  -

tim e m i t  i~e t  m o n  of f a i l u r e -  at  t h e  precise location predicted by the. ’ i u i a g t u e t i -
pc- i - t i m  r h i t  i c ’ r e  s i g n a ti m i t -  p r i o r  to en du  r a n t - c- te s t i n g  c- s tahl  i she- s t h e- c- ep a —

bil i t  y ci  these-  In sp e c t i o n  methods  to d e t e c t  c r i t i c a l  f l a w s  in b e a r i n g s  — —
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Bc- a r ing  Se-n at No. . J 57 -#4 , Inner Rac e .  Loaded Half
~N~~ER REARING P A R A M E T E R S  SEPARATED BY A COMMA OR SPACE

I i  S 10 161 ~ 6599 0~ 6 0 1 0 J 0 M B L
ENTER THE FOLLOWING 2 1 DIGITS ON THE TAPE ENCODER
i 1 8 3 6 4 1 0 1 6 1 6 5 9 9 0 5 6 2 2 0
~Y P E  Y ES WR E N DONE YE

LOAD P-TAPE NO . 110
t Y P E  Y ES WHEN DONE YE
LOAD B E A R I N G , CLOSE DOOR , rHEN TYPE YES YE

ENCODER R E A D I N G  AT B E A R I N G  REF.  M A R K  DETEC TION 2967
B E A R I N G  REF . MARK FROM SHAFT ZERO 4725

F LA W S
r y  S f B R S R Le gend : CH- C ir cure- , fc- r en t ~ai Flux H igh
Cii 0007 4S50 4575 Flux Density

ST-Probe Position Across  Ra ce
BR-C i r cun - ife r en t j a l  Po sit ion From

Ref . Sc ribe Line
Note- : Bearing wa s selected for  endurance

testing on basis of signal @ 0007 and 4850
DECREASE t A P E  SPEED TO 3 . 7 5  IPS , THEN T Y P E  YES YE
I N C R E A SE TAPE SPEED TO 10. 0 IPS , THEN TYPE YES YE

ENCODER R E A D I N G  A T  BEARING REF . MARK DETECTION 2967
BEARING R E F . M A R K  FROM SHAFT ZERO 4725

ENCODER READING AT BEA R ING REF . M A R K  DETECTION 296 7
B E A R I N G  REF . MARK FROM SHAFT Z E R O  4725

F L A W S
r~ s r ii R s R
LA 0000 3 1 8 2  l’e07
LA 0001 I I M I  1907
LA 0001 3 I ’ 7  2882
L - \  0002 310~ 1930
LA 0003 1 1 7 0  ~M c 5
LA 0004 070  289”
L A 00 10  1 1 1 3  1358
LA 001 1  10 18 0 7 C C
LA 00 1 Z 4 1  c - I  385 ’

DO 100 W A N  I V I S U A L  I NSPECTION ? ( Y E F ,  OR NO) NO
DO YOU W A N !  ~\ M A N U A L  IN SPECTION ? ( Y E S O R  NO) YE
M A N U A L  MODE.  RE SI’ ON SE FO PROCEDURE ? SHOULD BE MP FO R
M A e ; . PER  1. I lK  F OR BA R K U A U S E N , LS FOR LASER , EN FOR END
I’ROC F:DURE MI’
RE~~e i nN i )  ro ? BY t Y P I N G
h F  F O R  E1I~ II  I- I F : ’ ! ’ , LF FOR LOW
- S L X X  I~O ( ~O e )  SC AN 1R A C K  XX
A P X X  10 A 1 ) V A N C E  P ROBE XX STEPS
n l ’ x . x  to DEC R E M E N  1 PROB E XX STEPS
R N  10 E N D  I ’ R O C E D U R E  AND RE TU R N
‘ 1W
? S 107

R N
P R O C E D U R E ’  EN
DO YOU W A N  1 tO R E R U N ?  (Y E S  OR NO) NO
U N L O A D  11W R E A R I N G , rHE N TYPE YES YE

FIGURE 26 . PRINTOU T OBTAINED FROM INSPECTION OF 357-#4
BEARING PRIOR TO E N D U R A N C E  TEST
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no o ther  n o n d e s t r u c t i v e  inspec t ion  method c u r r e n t m y  k n o w n  has such a
c a p a b i l i t y .  It is emph a s i z e d  tha t  th i s  r ace  was m a n u f a  t u r e d  f r o m
C E V M / V A R  mate r ia l . F r o m  the fac t  t ha t  the h e a r i n g  f a i l e d  a t  the
i n c l u s i o n  in the load t r a c k  a f t e r  onl y lo  h o u r s  e n d u r a i m e  e- t i m e , i t  i s
suggested tha t the prior 6599 hours actual sc-rv m cc- t - t n e -  i n  ~J57 e n g i n e s
had al read y caused subsurface cracks to develop at the inclusion and
the h e a r i n g  was “ p rimed ” for  f a i lu re . F u r t h e r m o r e - , i t  i s  reasonable
to s u g g e s t  that  the bea r ing  would have  been r e t u r n e d  to s e r v i c e -  a f t e - r
r e w o r k  and that  the s u b s u r f a c e  f l aw would have caused the- bc-a ~ ‘n g  to
f a i l  in s e rv i ce  if i t  had not  been de tec ted  in the  CIBLE e q u ip m en t .
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v . ( :ONC LU SI ONS A N I )  RE ( OM M E N D A T ION S

As a r e s u l t  of the- d e s ig n , f a b r i c a t i o n , v e r i f i c a t i o n  t e s t i n g  and
a n al \  s - s  of t h i - b e ar i n g  d i a g n o s t i c  U -s t  s y s t e m  w h i c h  u t i l i z e - s m a g n e t i c
p e r t  ci rb a t ion and Ra r k h a u s e n  n ois e m e t h o d s  , i t  is  c l e a r l y cv idle n t  t h a t
the  s v s t en i  f a c i l i t a t e s  a r ap id , d e f i n i t i v e  and  c r i t i c a l  n o n d e - s t r c m c t i  v-
i n s p e c t i o n  of the  a c t i v e  reg i o n s  of b e a r i n g  r a c ew a y s .  Co mp a r i s o n  of
i n s p e c t i o n  re  s u i t s  f r o m  the p r e l i m i n ar y  p r o t o t y p e  u n i t  arid the  p r o t o  —
typ e-  sy s t e m  v e r i f i e s  a s y s t e m - t o - s y s t e m  r e p r o d u c i b il i t y ;  a mp l i t u d e
w i t h i n  f l 5 ’  ; d e t a i l e d  si gna l  c h a r a c t e r i s t i c s  and m a g n e t i c  b a c k g r e un d
:-ep e a t a b il i t y  a re -  c~x c c - l l e n t ;  si gna l  l o c a t i o n  w i t h i n  +0 . 005 i n c h  (4 - 0 . 125
m m) .  C a p a b il i ty  of the m a g n e t i c  p e r t u r b a t i o n  m e t h o d  to d e t e c t  sub-
s u r f a c e  f l a w s  was d e m o n s t r a t e d  via m e t a l l u r g i c a l  s e c t i o n i n g .  S t r e s s
a s s& - s s m e n t  c a p a b i l i ty  c)f the  B a r k h a u s e n  n o i s e  method  was  c l e a r l y
d e m o n s t r a t e d  b y the  app l i c a t i o n  of b e n d i n g  s t r e s s e s  to a b e a r i n g  r ace
in the  l a b o r a t o r y .

As a c o n t i n u a t i o n  of the CIBLE p r o g r a m , it  is r ecommended  tha t
a d d i t i o n a l  e f f o r t s  be u n d e - r t a k e n  to p rov ide  a c o m p r e h e n s i v e  data base
on A r my  b e a r i ng  co mp o n e - n ts  fo r  e s t a b l i s h i n g  a s e r v i c e a b i l i ty c r i t e r i a
based  on m e a s u r e d  ( o n d i t i o n  of i n d i v i d u a l  c o m p o n e n t s .  The f o l l o w i n g
e l emen t s  should be inc luded:

1)  I n s p e c t  a si g n i f i c a n t  n u m b e r  of n e w  b e a r i n g s  and a f te r
a c c u m u l a t i o n  of s e r v i c e -  t i m e  in eng ines  - re- - i n s p e c t
t h e s e  b e a r i n g s  at eng ine  o v e r h a u l ;  r e - i n s p e c t  aga in
a f t e r  a second  s e r v i ce -  t ou r .

~ ) I n s p e c t  b e a r i n g s  to be r e f u r b i s h e d  and or  r e w o r k e d
p r i or to an (1 subseque n t  to p r o c e s s i n g ;  r e - i n sp e c t
t h e  r e f u r b i sh e d  reworked b e a r i n g s  a f t e r  one eng ine
o v er h a u l  pe r i o d .

3) I n s p e c t  a si g n i f i c a n t  n u m b e r  of r e j e c t  b e a r i ng s  ( r e j e c t i o n
based on a n o m a l i e s  ari d f l a w s  in  r acewa y o t h e r  than
i lui j or  sp a l l s )  and  c o mp a r e  f i n d i n g s  u s i n g  c u r r e n t
c o nv e n t i o n a l  i n s p e c t i o n  m e t h o d s  w i t h  those  ob ta ined
f r o m  the  b e a r i n g  d i agn o s t i c  t e s t  equ i p m e n t .

4) In s p ec t  new , s e r v i ce , r e - f u r b i s h e d , r e - w o r k e . - d a n d/ o r
reject bearings. Select bearin gs for laboratory
endurance.- test to augment performance- data f r o m
) ee ~a r in g s  in a se rv i ce . - ’’ e n v i r o n m e n t .
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5) Se lec t  b e a r i ng s  f r o m  steps 1) ,  2 ) ,  3 ) ,  a n d/ o r  4) f o r
n-ieta l lur g i c a i  i nves t i gation to aid in deve lop ing qu anti-
ta t ive  co r re s p ondence  between bear in g c o n d i t i o n s  and
si gnature c h a r a c t e r i s t i c s .

(e~ Develo p an automat ic  si gnature  ch a r a c t e r i z a t i o n , data
compression and anal ys i s  sys t em for  use w i t h  the
bear ing  d iagnos t i c  test equi pment to f ac i l i t at e  the
anal ys i s  ref si gna tures , the  s torage  and r et r i e v a l  of
se lected s ig n a t u r e s , and “accept ” - ” rejec t ”  dec i s ions
based on a con tin uou sl y updated s e rvi ceab i l i ty c r i ter ia .

F u r t h e r m o r e, it is sugges ted  tha t the above e f f o r t s  should be closel y
c o o r d i n a t e d  wi th  s imi la r  e f f or t s  being conducted on A i r  Force bear ing
components by Southwest  R es e a r c h  Ins t i tu te.  It is recommended that
inspec t ion  data and r e su l t s  f rom both the A r my  and A i r  Force programs
be res iden t  in the same ove ra l l  data base management  s y s t e m  - such
an a r rangement  would be mutuall y beneficial and cost e f fect ive .
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\l~t~~i cc - t i c  I ‘c- i - t o  i - h _ e t i o n  De~~e l o p n i e - n t

b o th  H a l l  e . ! I e  t e c e d  ~C I I . C c o i l  ty p e  r i l a gn et i - pe r t u r b a t i o n  5 1 e l S o f s

\\ e- r e - i n v e s t I g a t e - c l .  Man s-  p - e r a n u - t e - i - s w e - r e -  e. o n s id e - r e d , v i z . , u n i f o r m it y
‘ ‘ I  se - n s i t i v i t v  o\ - - r  t he  w i d t h  of t l i t -  s e n s o r  ( d i m e n s i o n  a~ r os s  t h e -  r a c e - —
\ C i V) , r c - p c - 3 1 i 1 ) t l I t \  o t  i n sp e . - e t i o n , a s s o e - i a t e - e -i e - l e - c t r - o n i e  c i r c u i t r y
r - e q u i r e . - m i i e n t s .  f a b r i c a t i o n  p r o b l e m s ,  pi - e e b a b i l i t y  01 a c h i e v i n g  a p r a c t i c a l
p r o b e  d c - s i g n  - and  i m p a c t  on ve r a l l  e - ( l u i p r n L - n t  d e s i g n .  The w i r e -  c e c i l

e e l  se -nso  i was  se R - c  t e d  I or  th e  e -q u ip n i cn t  d e - v e :l op r i r e - n t  ha s€- d on i t s
~i i ~~i f e e  rm s e n s i t i v i ty  - s i m p l i c i t y  of t h - s i g n , r e l a t i v e l y s i m p le- e - x t - r n a l
c - i  r c  u i t  r c - q u i  i- - m n e - n t s  , i t s  omp a t ib i l  i ty  w i t h  h i g h sc an sp e-ed ( fa  Ste  r
in sp ee  t u r n )  - and  SwR I’  s i n — d e p t h  expe- r i en c - and the ’ r epea t ab l e -  f a b r i c a —
t i on  of e s s e - nt i a l l y i d e n t i c a l  u n i t s  based on ex p e r i e n c e -  f r o m  o t h e r  m a g n e t i c
p e r t u r b a t i o n  s y s t e m s .  The w i r e  c oil type sensor was also selected
f o r  th~ - b a r kh a u s e n  n o i s e -  me thod  s i n c e  t h i s  type  of s e n s o r  has  been used
so le l y in B a r k h a u s e n  noise  l a b o r a t o ry  and developmental sy s t e m s  to date- .

S e - v - r a l  w i r e  coil  probe  c o n fi g u r a t i o n s  w e - r e -  c o n s i d e re d  f r o m
th e s tand p o in t s  of s u sp e n s i o n  and coup l ing .  Two b a s i c  a p p r o a c h e s
eV O l V e d1 , i )  mu l t i p le w i r e -  co i l s  en c ap s u l a t e d  in a s ing le  package , the
number of w i r e  c o i l s  su f f i c i e n t  to cove r the  t r a n s v e rs e  wid th  of t he
a c t i v e  bea r ing  r a c e w ay  and i i )  a s ing le w i r e  coi l  encapsula t ed  in a
pae-k a g - w h i c h  cou ld  he s e q u e n t i a l ly index ed to adj acen t  t r a c k s  a c r o ss
the b e a r i n g  r a c e w ay .  The l a t t e r  or s ing le coi l  package approach was
s - l e - c t e - d  f o r  i t s  s imp l i c i ty  of dc-si gn and f a b r i c a t i o n , i t s  a b i l i ty  to
accoiiimn cidate tolerance in  ball groove curvature , i t s  c apab i l i t y  to
a c h iev e -  as  m u c h  t r a c k  ove r l ap  as d e s i r e d , and its re lat ive  economy of
fa b r i cat  lo i i .

r he  o v e - r a l l  des i gn o b j e c t i v e  was a sy s t e -m  f e r  inspe c ti ng both
i n n e r and ou te r  bea ring  r a c e - s  u s i ng  a c o m m o n  r o t a t i on a l  and magne-
t i  zing u n i t  w i t h  a mi nimuni re-qui i-emnent f o r  inde -p e -n d e n t  f i x t u r i n g  to
a c c o mmo d a t e  each d i f f e r e n t  t yp e  of b e a r i ng  e l e m e n t .  The m ag n e t iz i n g
p o l e  p ie -ce :  conf i g u r a t io n  se le - ct ed  is i l l u s t r a t e d  in F i g u r e  A l  ( fo r  an
oute r rac- e :) ;  t he -  oute r r a e  e- is  Se l e c t e d f o r  i l l u s t r a t io n  h e - r e  s ince i t  is
t h e -  most  d i f f i  u l t  c o n f i g u r a t u e i i  f e e r  the-  i n s t a l l a t i o n  and r e m ova l of pole
p i e - c e - s  and s e n s o r s  as p a r t  of the  i n s p e c t i o n  p rocedu re - . Fi g u r e -  A l
shows  s c h e m a t i ca l l y the -  p l a c e -  n i en t  e f the - two d i f f e -  i- c -n t  types  of
mi - r a g n e . - t i c  p e r t u r h a t i e in  p r e be-s , i . e . , th e radial and cii- cun-iferential .
A c c o m m o d a t i o n  of the I 3 a r k h a c i s - n  s enso r  was ach ieved  la t e - r b y p la c ing
i t  in a p os i t i on  sin-n la r to t ha t  used for  the e i  r c u m f e r e n t i a l  m n a g n e - t  i ( ~
p e r t u r b a t io n  p rob e - .

F igu  r es  A~ and A 3 show v i e . - w s  of the- p r e . - l i n i i n a r y  p r o t o typ e
i n sp e c t i o n  head d u r i n g  d e - v e - l o p m n e - n t .  Se-ye ral of the-  ni ore si g n i f i c a n t
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i t e m s  in  t h e  a s sembl v are-  p ointed  out in t h e s e  f i g u r e s .  In the d e l i v e r e d
p r o t o t v p c -  ( C C A DI  s y s tem ,  a cc) i -nm erc ia l  sp ind le  was used fo r  r o t a t i o n
of the  hea r i n g ;  h o w e v c - r  - he -caus e~- of a 2 6 — w e - c - k  d e l i v e ry  quota t ion , a
sp ind le was dc-si gn ed and f a b r i c a t e d  for  th e pre l imina ry pr ototype . The
d e s i g n  ot the - f a b r i c a t e d  sp indle  was made s i m i l a r  to the c o m m e r c i a l
i t em such  t h a t  i t  is ~ OS 5 ible to d i r c - c t l y rep lace-  it  wi th  a c o m m e r c i a l
u n i t .

F i g u r e -  A4 shows an ove ra l l  view of the p r e l i m i n a r y  p r o t o t y p e
i n s p e c t i c e n  head w i t h  a pai r  of pol e pieces  mounted ( the  compute r ,
c o m p u te -r  i n t e r f a c i n g  and t e l e p r i n t e r shown a re  equi pment  f u r n i s h e d  by
S w R I  d u r i n g  the d t-ve lopment ) .  Fi gure  AS shows a c l o s e u p  view of
pr obe’ me chanisms mounted on each pole p iec e posi t ion within an outer
r a c e -  f o r  i n s p e c t i o n . The p robe  nw c h a nis rn  conf i gu ra t ion  shown in
F i g u r e  AS is  an ear l y deve lopmen ta l  v e r s i o n  in which  the radial  p robe
m e c h a n i s m  was mounted on one- pole piece and the c i r c um fe r e n t i a l
p robe  m e c h a n i s m  mounted  on the o ther  pole piece.  A sing le package
c i r c um f e - r e n t i a l / r a d i a l  probe conf i gu ra t ion  was developed such that  one
basic platform attached to one of the two pole pi e c e s  for  the radial and
c i r c u m f e r e n t i a l  m a g n e t i c  p er t u r b a t i o n  inspect ion;  a second me chanism
f e r  the- Barkhausen inspection was a t t ached  to the  o the r  pole piece .
Fi gure -  A6 shows  a view of a typ ical set of pa r t s  for  a magnet ic  per tu r-
bat ion c i r c u m f e r e n t i a l/ r a d i a l  probe m e c h a n i s m ;  a typ ical Ba rkhausen
probe m e c h a n i s m  is s i m i l a r  w i t h  the except ion tha t  no probe or probe
s u s p e n s i o n  m e c h a n i s m  is a t t a ched  in the radia l  probe locat ion - - the
Barkhausen probe mounts in the circumferential probe location of the
m e c h a n i s m .

B a r k h a u s e n  Noise  Development

B a r k h a u s e n  noise s t a t e - o f - s t r e s s  measurements  on an t i f r i c t ion
bear ing  r aces  are based upon a broad back ground of Barkhaus en  no ise
measuremen t s  on steel conducted b y SwRI over the past 10 yea r s , and
m o r e  d i r e c t l y on B a r k h a u sen  n o i s e  st r e s s  m e a s u r e m e n t s  conducted  on
b e a r i n g  races  before  and a f t e r serv ice  under  Ai r  Force  Con t rac t  No .
F0960 ~-7 0-D-554 7  b y SwRI  in 1973- 1974. The  si g n i f i c a n c e  of the re-
su l t s  of the  A i r  Force-  p r o g r a m  is  i l l u s t r a t e d  by Fi gure  2 i-n the Intro-
d u c t ion  to t h i s  r epor t .  The r e s u l t s  r ep or ted  in F i g u r e  2 were  obtained
by wha t  w i l l  be r e f e r r e d  to here: as the ‘conventional” Barkhauscn
ap p roa ch and is  one in wh ich  i)  a s lowl y t i m e - v a r y i n g  magne t ic  f ield
is app lie -d  to the  par t  b e i n g  inspe c ted , i i )  the probe fixed in pos i t ion
on the spec imen , and i i i )  t he  r e s u l t i n g  B a r k h a u s e n  noise  processed
t - h - c t r u n i c a l l y to pr oduce-  the  typ ica l  si g n a t u r e s  i l l u s t r a t e d  in  th is
f i g u r e . T h i s  c o n v e n t ion a l  ap p r o a c h , however , p e r m i t s  s t r e s s  measure-
m e - n t  onl y b y samp l i n g  sp e - c i f i c  r eg i o n s ;  a c c o r d i n g ly,  the t ime
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r e q ui  re - d  to  c - x ; e m i n e -  a f i n e -  m a t r i x  of adja ent  r e - g i on s  ov e- r a ny  si g n i f i  —

c a n t s ui -f a e- a r c ~~t i s  P c 1 t ~~t P S  p i- o h i b i t i v e  f o i  r o u t i n e -  In sp e c t i o n . For
t h i s  r ( - a s e ) n , b e - h i r e -  u n d - r t a k i n g  the f i n a l i z e d  imp l e m e n t a t i o n  of the-
c o nv en t i on a l  Ba r k h a u sen  ap pr o a c h  f o r  1)earing i n sp e c t i o n , an a l te  m ate
ep p r o a c h  r c - f c -r r e d  to h e r e a f t e r as the ‘ c o n t i n u o u s ’ B a r k h a u s e n
ap p r o a h , e. e ) n c ej v e d l  s e v e r a l  y e a r s  ago by SwRI , was i n v e - s t i g a ted
f r o m  t h e -  imp l e m e n t a t i o n  po in t  of v i e w . The -  c o n t i n u o u s  Ba r k h a u sen
a p p r e e a c h , c o n c e - j~tual l y ,  is one in w h i c h  the  b e a r i n g  or sp e c i m e n  is
n iov e -d  wi th  me sp ec t  to  t h e  n ia gn et i~~ing  c i r c u i t  and pi-obe and a DC
m a g ne t i c  f i e ld  is app l ied  - - t h u s  p r o v i d i n g  a c on t i n u o u s  scan  c apa-
h i l i t v  ove r the specimen surface .

I n i t i a l  con t i n u o u s  B a r k h a u se n  e xp e -r im e n t al  work was  conducted
em a f l a t , t e n s i l e -  spec imen  of n o r m a l i z e d  AISI 4130  s tee l  in which
i n d e n t s  am i d  s h o t-p e en e d  r eg i o n s  w er e  i n t r o d u c e d . The spe c imen was
s t r e s s e d  u n d e r  v a r i o u s  u n i a x i a l  t e n s i l e  loads d u r i n g  the  e x p e r i m e n t s
u s i n g  the ap p a r a t u s  shown  i n  F ig u re  A7;  a c l o s e up  view of the  magne-
t i z i n g  c i r c u i t  and probe -  i s  s h o w n  in Fi g u r e -  A8; and the  spec imen  is
i l lu s t r a t -d in  Fi g U r e -  A ) .  The -  uppe r row of r e c o r d s , a t h r o u g h d in
Fi gure -  A 10 , i l l u s t r a t e - s  the  con t inuous  B a r k h a u s e n  r e s u l t s  obtained .
N o t e  stri p-chart re-cordings a and b show the amp l itude  of continuous
B a r k h a u sc - n  to i n c r e a s e  w i t h  i n c r e a s i n g  app lied u n i a x i a l  t ens i l e  s t r e s s  -
f l e e t e -  t he  reduced B a r k h a u s e n  amp l i t u d e  o b t a i n e d  f r o m  the sho t -peened
a r e a s  pe ) i r i te -d  out in  a and h . Polaro id  r e c o r d s  c and d show the
u n p r o c e s s e d  B a r k h a u s e n  si gna l  for  two d i f f e r e n t  l eve l s  of te :nsi le  s t r es s .
R -c o r d s  e th r oug h h in Fi g u r e -  A l O  i l l u s t r a t e  the r e s u l t s  obtained
us ing  the: c o n v e n t i o n a l  B a r k h a u s e n  approach  on the same specimen .
Note  t h a t  w i t h  i n c r ea s i n g  app l ied t e n s i l e  s t r e s s , t h e  c o n v e n t i o n a l
Ba r k h a u sen  si gnal amp li tude inc r e ase s , compare  r eco rd  I with e .
In a d d i t i o n , r e c o r d s  g and h show the- B a r k h a u s e n  si g n a t u r e  amplitud e
to he: reduced in the  sho t-peened  reg ions as compared  wi th  the nonshot-
peeneci r e - g ions , compare- records g and h with e and f , r e s p e c t i v e ly.
Intc m - - sting l y, th e conventional Barkhausen signatures from the shot-
peened r c - g i o n  w i t h  t - n s i l e  s t r e- s s  app lied behave  s i m i l a r  to t h a t  noted
fo r  s o n i c -  s e r v i c e -  b e - a r i n g  r a c e s  ( see  F igure  2)  w h e r e  “ sp ike ” signa-
tu re  f o r m a t i o n  was not e d . (Note  sp i k e - l i k e  si g n a t u r e  f o r m a t i o n  in
r e c o r d s  g and h u t  F i g u r e -  A l O .

The  r e s u l t s  ob t a ined  f r o m  a T5 eng ine - m a i n  s h a f t  ro l l c- r bea r ing
( r e j e c t )  i n n e - r  race  c o n t a i n i ng  a h a r d n e s s  i n d e n t a t i o n  is shown in
Fi g u r e  A l l .  P h o t o g r a phs s h o w i n g  t h e  l a b o r a t o r y  s e t u p  and s p e c i m e n s
a rc  pr e s e n t e d  in Fi g u re s  A 12 and A 13. It was found  t h a t  continuous
Rarkhausen inc reased , r n o n o t o n i c aUy ,  wi th  ro ta t ional  speed over  the-
r a n g e  i n v e s t i gated ( a p p r o x i m a te  1-7 i ps s u r f a c e -  speed) .  R e c o r d s  a
h roug h d i l l  u s t  r a t e -  t h a t  as  th e -  n l a g n e -  t i z i n g  c u r  r e -n t  is  inc rea sed , the ’
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lOOmV typ .  - -
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—~- 4” ty p. -a-- 
-

- ~- -  i _ . _  - -~~~

a. Continuous Barkhausen  detected b. Continuous Barkhausen  detected
signal , 0 A m p  m a g n e t i z i n g  coil signal , 1. 0 Amp magnetizing
c u r r e n t  coil current

- - 

~-*— I rev. ‘—•-~--- l 
C

,
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~

c. 
- 

Cont inu ous Barkh au sen detected d. Continuous Barkhausen detected
signal , 1. 5 Amp m3gnetizing signal , 2. 0 Amp magnetizing coil
coil current  current.  Note indent signature.

liii ~~~~~ I.I1 *

e. Top Trace:  Continuous Barkhausen de-
tected si gnal showing indent signature.
Bottom Trace: Continuous Barkhausen
unpr ocessed signal showing burst  asso-
ciated with indent.

FIGURE A l l . CONTINUOUS B A R KH A U S E N  DATA FROM A

ROLLER BEARING RACE
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level  of c o n t i n u o u s  B a r k h a u sc -n in c r e - a s e s  to a r i i a x i m u m  and then  dec-r casc -s
w i t h  f u r t h e r  i n c r e a s e s  in n i a g m - t i z i n g  c u r r - i i t :  a s i m i l a r  b e h a v i o r  w i t h
r i l a g n e - t i z in g  cu r N - n t  w a s  noted ( b u t  n u t  i l l u s t r a t e d )  fo r  the  anne -a l ed  4 130
s tee l  fl :i t sp c c in i e -n . In the c a s e -  of t he  r o l l e r  b e - a r i n g  race , when  a magne-
t i / i n g  c u r r e n t  cxc ced ing  tha t  f o r  m a x i m u m  c o n t i n u o u s  B ar k h a u s e n
amp li tud e was app l i ed , a “ p i t - t y p e - ’ si g n a l  (po in ted  out b y the  a r r o w  in
F i g u r e -  A l i d )  on top of the  c on t i n u o u s l 3 a rkh a u s e -n  was notc-d w h i c h  was
foun d  to  c o r r e - l a t e  w i th  the  r i , an u f a c t u r -d i ndent .  Invest i g a t i o n s  w e r e
c a r r i e d  out t o  v e r i f y t h a t  the - i n d e nt  si gna l  was a B a r k h a u s e n  no ise  si gna l
and not a magne-tic perturbation type indication . Rec ord - in Fi g u r e  A l l
shows  both the p r o c e s s e d and u np r o c e - s s e d  B a r k h au s e n  si gnal f r o m  the
s u r r o u n d i n g  ma t e r i a l , via B a r k h a u s e n  s igna l , is  s i g n i f i c a n t  s ince  it o f f e r s
the f u t u r e  p o s s i b i l i t y  of a c r i t i c a l  appra isa l  of i nden ta t ion  and b r inel li ng  in
b e a r i n g  r ace s .

Al though the c o n t i n u o u s  B a r k h a u s e n  r e s u l t s  were  v e r y  en-
cou r a g i n g  and c a r e f u l  c o n s i d e r a t i o n  was g iven to th i s  approach , the conven-
t iona l  B a r k h a u s e n  approach  was se lec ted  to be: implemented in the bear ing
inspect ion sys tem. This  dec i s ion  was  based on the f a c t  that  essent ial l y
all  e x i s t i n g  B a r k h a u s e n  noise  data on “be fo re ” and “af te r ” servic e bea r ings
we-r e  o btained us ing  the convent iona l  B a r k h a us e n  approach.  F u r t h e r m o r e,
the most  ou ts tand ing  change  in the convent ional  Ba rkhausen  si gna tu re  noted
as a r e s u l t  of se rv ice  was that  in the v i c i n i t y  of the leading ed ge of the
sig n a t u r e , i . e . , fo rma t ion  of the “ sp ike ” si gna l ;  under  s imi la r  cond i t ions ,
ti l e -  ex ten t  and k ind  of change  in the con t inuous  B a r k h a u s e n  to be an t i c ipa ted
is  u n k n o w n  a t  the p r e s e n t  t ime . In add i t ion , the detai led r e l a t i o n s h ips
betwec-n the-  continuou s and the convent iona l  B a r k h a u s e n  approaches  a re
a l so  u n k n o w n ; based on c u r r e n t  eva l ua t ion s , i n d i c a t i o n s  are  tha t  the con-
t i n u o us B a r k h a u s e n  phenomena is a comp lex . one and l i t t le is known about
the con t rod i r i g pa ramete rs  at th is  t ime .

Implemen ta t ion  of a conven t iona l  B a r k h a u s e n  no ise  approach
cons is ted  of develop ing i) i n te r face c i r c u i t r y  and computer ha rdware  to
f a c i l i t a t e -  p r o g r a m m i n g  of the magne t i c  p e r t u r b a t i o n  d r i v e  m o t o r  s y s t e m
to a c q u i r e  spec i fi ed  s ta t ic  c i r c u m f e r e n t i a l  locat ion s , i i )  si gnal am pl i f i e r s
and processing of e l e c t r o n i c  c i r c u i ts ,  and iii) circuits to facilitate - the
u se  of the magne t i c  p e r t u r b a t i o n  m a g n e t i z i n g  c u r r e ’nt sou rce  (and
z i i a g n e t m z i n g  co i l s )  to provide a t i m e - v a ry ing c u r r e re t  for  the Barkhausen
noise inspect ion.  Fi gure  A 14 shows a photograp h of the p r e l i m i n a r y
pro to type  sys t em and associated l abora to ry  equi pment used d u r i n g  the
B a r k h a u sen  c i r c u i t  development  phases of the work .

l) u r in g  setup and ali gnment of the f ixtur ing  f o r  the p ro to type
( C CA I ) )  s y s t e m , an u n u s u a l B a r kh a u sen  s igna t u r e  was noted on the -  ace -es-
sor v  s e t  e l f  t he  20 5-0 4 0- 24 6  and  20 4 - 0 4 0 - 3 4 6  inm- r bear ing  race.  D e l i ver y
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of th is  accessory  set was  postponed pending f u r t h er  checks  on this
B a r k b a u s er m  si g n a t u r e . F u r t h e r m o r e , du r i n g  operat ional  checkout  of
the  p r e l i m i n a r y  pro to type  unit , an unusual  Barkh ausen  s igna ture  was
n oted on the 1 - 30 0 - 0 1 5  outer  race- which  contained shape cha racter-
i s t i c s  v e r y  similar to those observed on the 204-040-346/2O5_040_246
i n n e r  r ace  ac c e s s o r y  set. This  anomalous B a r k h au s e n  si g n a t u r e  shape
was not  noted fo r  the  same 1-300-0 15 outer  race on the proto type
(CC AD) sys tem.  In -dep th  inves t i ga tion s were  made by changing out
Bai-khausen probe , preamplifie r , and other  sign al system components
seve ra l  t imes  but the imprope r  B a r k h a u s e n  signa tu re  pers i s ted.
However , when  the unproce-s sed  Barkhausen  sig n a t u r e  was viewed on
a much expanded time scale , a periodic si gnal of approximately ZO O
kFIz was observed to occur in synchronization with the time-varying 

- -applied magnetic field . Subsequent inves t igat ion revealed that  the probe - - - -

coup ling air was inducing a hig h f r eq u e n c y  mechanical  v ibrat ion .  - - -

(
~~ 200 k H z )  in the B a r kh a u s e n  probe pickup coil which ie s ult e d  in the
g e n e r a t i o n  of an e lec t r i ca l  signal in the Bärkhausen  probe via the
tirm- - va ry ing app lied magnet iz ing  f ie ld .  The inf luenc e of the probe
coup l ing  air  -is- i l l u s t r a t e d  by the records  in F igu re  A 15 . Note the
anomalous  Ba rkhausen  signa tu re  in the uppe r record with  normal air
coup ling and the absence of the anomalous si gna l componen t wh en the
probe ai r  is tu rned  off (see lowe r record) .  It was concluded that  i) in
those  cases  w h e r e  the  an ti c i pated Barkhausen  s igna tu re  shape is ob-
t a i n e d ,  a ll probe coil tu rns  were  bonded to the probe coil form , and
i i )  in those  cases where  an improper shaped s ignature  was obta ined ,
t he face t u r n s  of the probe coil were not tig ht l y bonded t o th e coil f or m.
Based on t h i s  r a t i ona l e , new Barkhausen  probe s were  fabr icated  where
al l  coi l  tu rn s were  c a r e f u l l y bonded to the coil fo rm . The r e s u l t s  of
th i s  e f f o r t  in a l l e v i a t i n g  the a i r- i nduced  mechanical  v ibrat ion  problem
was p r e v i o u s l y i l l u s t r at e d  in Figure  12 in this report .

7 1



- 

— 

Normal Air  Coupling

‘- Vertical Sensitivity 50 mV/div

~~~~~~~~ . ~~c — -

_____ 
Horiz-ontal  Swee 0 2 sec/div

Probe Air Off

_______________ :::::~~~~::t: :°~:~
— -1~ j 5L ~~~~~~~~~~~~~~~~~~

—
~

-- - -
~~~~~~~~~~

FIGURE A 15 . BARKHAUSEN NOISE RECORDS ILLUSTRATING THE IN-
FLUENCE OF AIR-INDUCED MECHANICAL VIBRATION
ON BARKHAUSEN SIGNATURES
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Commander , Naval  Air  Rework F a c i l i t y , Naval  A i r  S ta t ion ,
Nor f o l k , V i rg i n i a  23511

1 ATTN : R. Martucci

Commander , Naval Air Systems Command , Washington , D. C. 20361
1 ATTN : Code AIR 52022 (R. Retta)
1 Code AIR 52032E (P. Weinberg)
1 Code AIR 53374 ( 3 .  McUale)
1 Code A I R  530323 (G . Norman)

Commander , Naval Ship Engineering Center , Center B u i l d i n g ,
Prince George ’s Center , i Iy a t t s v il le , Maryland 20782

1 ATTN : Code 6148D (J . D el l e r )

Commander , Naval Ammunition Depot , Crane , Indiana 4 7 522
2 ATTN : Code 7051 (K. Rush/R. Cron)

Commander , Naval Air Development Center, Warminster , Pennsy l v a n i a  18974
1 ATI’N : Code 30212 (N. Rebuck)
1 Code 30212 (A. Ankeny )

Commander , Naval Ordnance S ta t ion , Indianhead , Maryland 20tu40
1 ATTN : Code ( i l i l  (C . McKn ight )
1 Code 6111 (S . Brennan)



\o .  of
Cop i c-s To

Commander , Nava l  A u -  Rework F a c i l i t y ,  M a r i n e  Corps A i r  S ta t ion ,
Cher ry  P o i n t , N o r t h  C a r o l i n a  28533

I ATTN : Code 332 (~I . C u n n i n g ham )

Commander , -\i r Force A er o n a u t i c a l  Systems D i v i s i o n ,
W r i gh t - Pa t t e r s o n  - \ i r  Force Base , Ohio  45433

I A I N :  .- \ S l ) / l N l ~~~I (P .  S m i t h )
I A SD/ I  NI SS ( J . .  ~lcPh er son)
1 ASl ) / ! .NI  I P (3. An dre s )

Commander , A i r  Force A i r  P ropu l s ion  Laboratory ,
Wri gh t - P a t t e r s o n  A i r  Force Base , Ohio 45433

1 1VFTN : AFAPL / SFI .  ( R .  1)ayton)

Commander , Warner  Robbins  Air  Log i s t i c  Center ,
Robbin s  A i r  Force Base , Georgia 31098

1 A T I N :  ~4’1EM1 (Capt .  Dammann)
1 M M IRDA (W . Webb)
2 ~~1SSM (Glenco/Couch)

Commander , Ok lahoma City Air Log is t ic Cen ter ,
Tinker  Air Force Base , Ok l ahoma 73145

1 ATTN : ‘1MPg (N . K i r b y )

Commander , Army Research Off ice
Box CM , Duke Stat ion , Durham , North Carol ina  27706

1 ATTN : Mr.  C. Mayer

Commander , U. S. Army Troop Support Command ,
-1300~ Goodfe l low Boulevard , St . Louis , Missouri 03120

1 ATTN : DRSTS—Q
1 DRSTS-QR
1 fiRSTS-H

Commander , Ii. S. Army Mobility Equipment Research and Developmen t
Cente r , For t Belvoir , Virginia 22060

1 ATTN : DRXFB-T
1 D RX F B-TQ
1 D RX F M- ?1

Commander , Ii. S . Army Test and E v a l u a ti o n  Command
Aberdeen Prov i tu g Ground , Ma r)- land 21005

1 ATTN : fiRST I:- RM
2 fiRST! — IF (Wi sc/Champ i On) 



No . ~f
( o p  ie s  To

Commander , Aberdeen I’ rov i n~ Ground ,
Ab erdeen , Mars- land  2 100 ) 5

1 ATTN : STFAP— ~i f— ‘1
STEAP— IT— C (I lucid l e s t  on)

Commander , A n n i st on  Ai-ny Depot , An iu iston , Alabama 36202
1 ATTN : DRX AN -Q
1 DRXAN- fl

Commander , Letterkenny Army E)epot , Chambersburg , Pennsy lvan ia  17201
I A f l N :  DRXL L -Q
1 D RXL E-N

Commander , N et-. Cumber land  Army Depot ,
New Cumberland , Pennsy lvan i a  17070

1 A ’l TN :  I ) RX N C-Q
1 D R X N C - M

D i r e c t o r , Army M a t e r i a l s  and Mechanics  Research Center ,
W ater town , Massachuset ts  02172

2 AT1’N : D R X M R - P L
1 DR X H R — C T

1 DRX MR - PR
1 1)RX M R—Ti
I DRX MR- LM (P.  Fop iano)
1 I )RX MR- L ( R .  C h a i t )

15 DRX M R— ’t 1 ( I I . h a t ch )
1 DRXMR-AP

‘flSpect1~b~,


