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

G E N E R A L  I N T R O D U C T I O N

R. E. P a r s o n s
F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n

T h e  F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n  a n d  the 
A s s o c i a t i o n  o f  A m e r i c a n  R a i l r o a d s  a r e  p l e a s e d  to 
c o s p o n s o r  t his c o n f e r e n c e  to c o n s i d e r  n o n d e s t r u c 
t i v e  t e c h n i q u e s  f o r  m e a s u r i n g  int e r n a l  l o n g i t u d i 
nal f o r c e  or s t r e s s  in rails.

W e  h a v e  i n v i t e d  r e p r e s e n t a t i v e s  o f  the r a i l 
r o a d  r e s e a r c h ,  o p e r a t i n g ,  a n d  s u p p l y  c o m m u n i t i e s ,  
a l o n g  w i t h  s e v e r a l  g o v e r n m e n t  a g e n c i e s  a n d  u n i 
v e r s i t i e s ,  to p a r t i c i p a t e .

T r a c k  r e s e a r c h  is o n e  o f  the h i g h e s t  p r i o r i t y  
R § D  p r o g r a m s  in the FRA. A c c o r d i n g l y ,  a l a rge 
p e r c e n t a g e  o f  t h e  O f f i c e  o f  R e s e a r c h  and D e v e l o p 
m e n t ' s  b u d g e t  s u p p o r t s  t his pro g r a m .  T his e m p h a 
sis is d i c t a t e d  b y  t h e  f a c t  t h a t  o v e r  40 p e r c e n t  
o f  the t r a i n  a c c i d e n t s  a r e  d u e  to t r a c k - r e l a t e d  
c a u s e s .

T h e  n u m b e r  o f  a c c i d e n t s  u n f o r t u n a t e l y  c o n 
t i n u e s  to r i s e  e a c h  year, e v e n  t h o u g h  the r a i l 
r o a d  i n d u s t r y  s p e n d s  e v e r - i n c r e a s i n g  a m o u n t s  for 
m a i n t e n a n c e  o f  way. In 1977, for example, o ver 
$ 3 . 4  b i l l i o n  w a s  s p e n t  in t r a c k  m a i n t e n a n c e .

T h e  F R A  h a s  b e e n  i n v o l v e d  in t r a c k  r e s e a r c h  
for s e v e r a l  yea r s ,  w i t h  a m a j o r  p o r t i o n  o f  this 
e f f o r t  b e i n g  d e d i c a t e d  to a n d  d i r e c t e d  at i m p r o v 
ing t h e  s a f e t y  o f  t r a i n  o p e r a t i o n s  t h r o u g h  d e v e l 
o p m e n t  o f  m o r e  e f f e c t i v e  t r a c k  s a f e t y  st a n d a r d s  
in s u p p o r t  o f  o u r  O f f i c e  o f  Safety.

E s t a b l i s h m e n t  o f  t h e  e x i s t i n g  t r ack s a f e t y  
s t a n d a r d s  w a s  b a s e d  o n  r e q u i r e m e n t s  of t h e  S a f e t y  
A c t  o f  1 970 and, e s s e n t i a l l y ,  t h e y  are des i g n -  
b a s e d  s t a n d a r d s  r e f l e c t i n g  m i n i m u m  m a i n t e n a n c e  
r e q u i r e m e n t s .

As t r a c k  a c c i d e n t s  c o n t i n u e  to rise, a fir s t  
t h o u g h t  is to t i g h t e n  t h e  e x i s t i n g  standards. 
H o w e v e r ,  t i g h t e n i n g  t h e  r e q u i r e m e n t s  o f  the d e s i g n  
s t a n d a r d s  to r e d u c e  t r a c k - c a u s e d  d e r a i l m e n t s  o n l y  
f u r t h e r  r e s t r i c t s  t h e  i n d u s t r y ' s  o p t i o n s  for 
c o m p l i a n c e .

S i n c e  the F R A ' s  goal is to p r o v i d e  the rail 
i n d u s t r y  w i t h  d e s i g n  o p t i o n s  a n d  m a x i m u m  f l e x i 
b i l i t y  c o n s i s t e n t  w i t h  e q u i t a b l e  s a f e t y  or a c c e p t 
a b l e  safety, a  s e a r c h  c o m m e n c e d  for a m o r e  f l e x i 
b l e  f r a m e w o r k  o n  w h i c h  to d e f i n e  " a c c e p t a b l e  levels 
o f  s a f e t y . "

A c c o r d i n g l y ,  w i t h i n  the p a s t  y e a r  a n d  a half, 
the F R A ' s  r e s e a r c h  m a n a g e m e n t  s h i f t e d  emp h a s i s  
t o w a r d  the d e v e l o p m e n t  o f  t e c h n i c a l l y  s o und s a f e t y  
s t a n d a r d s  b a s e d  o n  p e r f o r m a n c e  r e q u i r e m e n t s .  T h i s  
a p p r o a c h ,  it is b e l i e v e d ,  s h o u l d  g i v e  i n d u s t r y  the 
f l e x i b i l i t y  to s e l e c t  the m o s t  e c o n o m i c  d e s i g n  or 
r e p a i r  p r a c t i c e s  to s u i t  t h e i r  i n d i v i d u a l  n e eds 
w h i l e  s t ill p r o v i d i n g  a n  a c c e p t a b l e  level o f  safety.

O n e  o f  t h e  p e r f o r m a n c e  r e q u i r e m e n t s  w o u l d  be 
an a c c e p t a b l e  l e vel o f  t r a c k  s t r e n g t h  c a p a b l e  o f  
w i t h s t a n d i n g  t h e  d y n a m i c  f o r c e s  a p p l i e d  to the rail.

S t u d i e s  a n d  t est r e s u l t s  to d a t e  s h o w  that 
the lat e r a l  and v e r t i c a l  f o r c e s  a r e  t h e  p r i m e  
c o n t r i b u t o r s  to rail r o l l o v e r ,  r a i l  s p r e a d i n g ,  
a n d  w h e e l  l i f t - t y p e  a c c i d e n t s ,  a n d  t h e  F R A  is c o n 
d u c t i n g  c o n s i d e r a b l e  r e s e a r c h  a n d  d e v e l o p m e n t  
a c t i v i t i e s  in t hat area. T h e  F R A  a l s o  s u p p o r t s  
j o i n t  p r o g r a m s  w i t h  the A s s o c i a t i o n  o f  A m e r i c a n  
R a i l r o a d s  in t his a r e a  as w e ll, h o p e f u l l y  to 
d e f i n e  a c c e p t a b l e  t r a c k - l o a d i n g  levels.

N o n e t h e l e s s ,  w e  a r e  a l s o  v e r y  c o n c e r n e d  w i t h  
the i m p a c t  o f  l o n g i t u d i n a l  l o a d i n g  o f  the t r a c k  
st r u c t u r e ,  p a r t i c u l a r l y  as it c o n t r i b u t e s  to 
int e r n a l  s t r e s s  b u i l d u p  l e a d i n g  to b u c k l i n g .  As 
is w i d e l y  known, t r a c k  b u c k l i n g  a l o n e  c a u s e d  o v e r  
100 a c c i d e n t s  last year.

T h i s  c o n f e r e n c e  is d i r e c t e d  at p r o v i d i n g  an 
e x c h a n g e  o f  s t a t e - o f - t h e - a r t  i n f o r m a t i o n  on, and 
d e t e r m i n i n g  t h e  f e a s i b i l i t y  of, m e a s u r e m e n t  o f  
i n ternal l o n g i t u d i n a l  rail stress. A s  this is to 
b e  a  w o r k i n g  c o n f e r e n c e ,  e a c h  a t t e n d e e  is u r g e d  
to p a r t i c i p a t e  b y  a d d r e s s i n g  a n y  c o m m e n t s  (critical 
or o t h e r w i s e )  or q u e s t i o n s  to the c o n f e r e n c e  p a n e l  
a n d  the s p e akers. In ad d i t i o n ,  I p e r s o n a l l y  s o l i c i t  
a n y  w r i t t e n  c o m m e n t s  y o u  m a y  h a v e  o n  a n y  a r e a  o f  the 
c o n f e r e n c e  o r  o n  the p u r p o s e  o f  h a v i n g  s u c h  c o n 
f e r e n c e s  in general.

H o p e f u l l y ,  the o u t c o m e  o f  this g a t h e r i n g  w ill 
r e s u l t  i n  a c l e a r e r  u n d e r s t a n d i n g  o f  p r o c e d u r e s  
t h a t  m a y  b e  a p p l i c a b l e  to t h e  m e a s u r e m e n t  o f  i n t e r 
nal l o n g i t u d i n a l  s t r e s s e s  in rail, a n d  as a r e s u l t  
w e  m a y  b e  a b l e  to m a k e  b e t t e r  d e c i s i o n s  in the 
d i r e c t i o n  o f  f u t u r e  re s e a r c h .

O n e  goal o f  s u c h  r e s e a r c h  m a y  b e  t h e  d e v e l o p 
m e n t  o f  p o r t a b l e  i n s t r u m e n t a t i o n  for f i e l d  m e a s 
u r e m e n t  o f  t h e s e  s t r e s s e s  or forces.

T E C H N I C A L  I N T R O D U C T I O N

" O n  the N o n d e s t r u c t i v e  I n - T r a c k  M e a s u r e m e n t  
o f  L o n g i t u d i n a l  R ail F o r c e "

A l l a n  M. Z a r e m b s k i  
A s s o c i a t i o n  o f  A m e r i c a n  R a i l r o a d s

I n t r o d u c t i o n

A  c o n v e n t i o n a l  r a i l r o a d  t r a c k  c o n s i s t s  o f  two 
long steel r a i l s  r e s t i n g  o n  a n d  f a s t e n e d  to d i s 
c r e t e l y  s p a c e d  c r o s s t i e s ,  w h i c h  in t u r n  a r e  e m b e d d e d  
in a layer o f  c r u s h e d  s t o n e  b a l l a s t .  T h e  ends o f  
t h e  r a i l s  e i t h e r  are c o n n e c t e d  b y  j o i n t  b a r s  to 
f o r m  an e x p a n d a b l e  j o int o r  a r e  w e l d e d  t o g e t h e r  to f orm 
l ong len g t h s  o f  c o n t i n u o u s l y  w e l d e d  r ail ( C W R ) .

T h e  t r a c k  st r u c t u r e ,  w h e n  s u b j e c t e d  to s u f f i 
c i e n t l y  h i g h  l o n g i t u d i n a l  c o m p r e s s i v e  f o r c e s  in the 
rail, c a n  e x h i b i t  s u d d e n  a n d  r a p i d  lat e r a l  o r  v e r t i 
cal m o v e m e n t  o v e r  a r e l a t i v e l y  s h o r t  length. T h i s  
lat e r a l  m o v e m e n t ,  or b u c k l i n g  o f  the t r a c k , *  r e s u l t s  
in a s e v e r e  m i s a l i g n m e n t  c o n d i t i o n  t h a t  m a y  n o t  p e r 
m i t  the s a f e  n e g o t i a t i o n  o f  t r a i n  t r a f f i c  (fi g u r e  1)

* R a i l r o a d  tra c k  m a i n t e n a n c e  p e r s o n n e l  o f t e n  call 
it a " s u n - k i n k . "



F I G U R E  1. B U C K L E D  T R A C K

If b u c k l i n g  o c c u r s  u n d e r  t h e  train, a d e r a i l 
m e n t  is l i k e l y  to occur. I f  it o c c u r s  b e t w e e n  
tra i n s ,  t r a f f i c  m u s t  e i t h e r  b e  s t o p p e d  o r  s l o w e d  
d o w n  u n t i l  t h e  b u c k l e d  t r a c k  c o n d i t i o n  is 
c o r r ected.

T h e  m a g n i t u d e  o f  t h i s  p r o b l e m  c a n  b e  s e e n  in 
t h e  f a c t  that, d u r i n g  1977, t h e r e  w e r e  109 t r a i n  
d e r a i l m e n t s  a t t r i b u t e d  to b u c k l i n g  o f  the track.
T h e  r e p o r t e d  d a m a g e  f o r  t h e s e  d e r a i l m e n t s  
a m o u n t e d  to o v e r  $ 5 . 5  m i l l i o n  [1], F u r t h e r m o r e ,  
for e v e r y  t r a c k  b u c k l e  t h a t  r e s u l t e d  in a d e r a i l 
ment, t h e r e  w e r e  t h r e e  to f o u r  i n s t a n c e s  o f  
b u c k l e d  t r a c k  w h e r e  t h e  r a i l r o a d  m a i n t e n a n c e  
for c e s  w e r e  a b l e  to c o r r e c t  t h e  p r o b l e m  b e f o r e  a 
d e r a i l m e n t  occ u r r e d .  C o n s e q u e n t l y ,  c o u n t l e s s  
h o u r s  o f  m a i n t e n a n c e  t i m e  a r e  d e v o t e d  t o  i n s p e c t i n g  
for a n d  c o r r e c t i n g  b u c k l e d  track.

W h e n  t h e  t r a c k  s t r u c t u r e  is s u b j e c t e d  t o  
l o n g i t u d i n a l  t e n s i l e  forces, p u l l - a p a r t  o f  the

r a i l  c a n  occur. In C W R  trac k ,  t h e s e  p u l l - a p a r t s ,  
w h i c h  g e n e r a l l y  o c c u r  at t h e  w e l d e d  j o i n t s ,  r e s u l t  
in t h e  a p p e a r a n c e  o f  a gap o r  s e p a r a t i o n  in t h e  
rails. S u c h  a gap, w h i c h  c a n  r e s u l t  in d e r a i l m e n t  
o r  at t h e  v e r y  l e ast r a i l  b a t t e r ,  r e q u i r e s  the 
s l o w i n g  d o w n  o r  h a l t i n g  o f  t r a f f i c  u n t i l  a p p r o 
p r i a t e  c o r r e c t i v e  a c t i o n  is take n .  A l t h o u g h  t h e  
d e t e c t i o n  o f  p u l l - a p a r t s  in s i g n a l e d  t e r r i t o r y  is 
f a c i l i t a t e d  b y  t h e  i n t e r r u p t i o n  o f  t h e  t r a f f i c  
si g n a l s ,  t h e  m a i n t e n a n c e  c o s t  o f  p u l l - a p a r t s  is 
a p p r e c i a b l e .

O n e  o f  t h e  g r e a t e s t  d i f f i c u l t i e s  a s s o c i a t e d  
w i t h  t h e  d e t e c t i o n  a n d  p r e v e n t i o n  o f  t r a c k  b u c k l i n g  
o r  r a i l  p u l l - a p a r t  is t h a t  it o f t e n  o c c u r s  w i t h 
out real w a r n i n g .  T h i s  is b e c a u s e  t h e  b u i l d u p . o f  
l o n g i t u d i n a l  for c e s  in t r a c k  t h a t  is in g o o d  c o n 
d i t i o n ,  p a r t i c u l a r l y  c o n t i n u o u s l y  w e l d e d  r ail track, 
w i l l  n o t  b e  e v i d e n t  u n t i l  it r e a c h e s  t h e  p o i n t  
w h e r e  t h e  t r a c k  w i l l  fail. T h a t  c a n  b e  t o o  late.
Y et, t h e r e  is p r e s e n t l y  n o  p r a c t i c a l  m e t h o d  a v a i l a b l e
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f o r  m e a s u r i n g  t h e  l o n g i t u d i n a l  f o r c e  in the 
t r a c k  w i t h o u t  d i s t u r b i n g  t h e  t r a c k  structure- 
itself. R a i l r o a d s  c u r r e n t l y  r e l y  o n  the s u b 
j e c t i v e  j u d g m e n t  o f  t h e  m a i n t e n a n c e - o f - w a y  m a n  
on t h e  scene.

It is t h e  p u r p o s e  o f  t h i s  p a p e r  to e x p l o r e  
the v a r i o u s  t e c h n i q u e s  u s e d  to d a t e  to m e a s u r e  
l o n g i t u d i n a l  r a i l  f o r c e  a n d  to l a y  the g r o u n d 
w o r k  f o r  t h e  c o n t i n u i n g  r e s e a r c h  e f f o r t  a i m e d  at 
d e v e l o p i n g  a p r a c t i c a l  t e c h n i q u e  f o r  the n o n 
d e s t r u c t i v e  i n - t r a c k  m e a s u r e m e n t  o f  l o n g i t u d i n a l  
f o r c e  in rail.

L o n g i t u d i n a l  R ail F o r c e s

T h e  t r a c k  s t r u c t u r e  is s u b j e c t  to b oth 
m e c h a n i c a l l y  and- t h e r m a l l y  i n d u c e d  l o n g i t u d i n a l  
r a i l  forces. W h e n  the m a g n i t u d e  o f  t h e s e  forces, 
e i t h e r  i n d i v i d u a l l y  o r  in c o m b i n a t i o n ,  e xceeds 
t h e  r e s t r a i n t  c a p a c i t y  o f  t h e  t r a c k  s t r u cture, 
t r a c k  b u c k l i n g  o r  r a i l  p u l l - a p a r t  occurs. It is 
n o t  the p u r p o s e  o f  t h i s  p a p e r  to a t t e m p t  to 
e x p l a i n  t h e  m e c h a n i s m s  o f  t r a c k  b u c k l i n g  o r  rail 
p u l l - a p a r t  ( e x t e n s i v e  s u r v e y s  a n d  s u m m a r y  p a p e r s  
a r e  a l r e a d y  a v a i l a b l e  [2], [3], [4]). H owever, 
a b r i e f  d e s c r i p t i o n  o f  t h e  l o a d i n g  m e c h a n i s m s  and 
c o r r e s p o n d i n g  r a i l  b e h a v i o r  w i l l  h e l p  to d e f i n e  
the m e a s u r e m e n t  p r o b l e m .

M e c h a n i c a l l y  i n d u c e d  l o n g i t u d i n a l  rail force 
is d e v e l o p e d  u n d e r  t h e  a c c e l e r a t i o n  o r  d e c e l e r a 
t i o n  o f  a train. In o r d e r  f o r  a l o c o m o t i v e  to 
o v e r c o m e  t h e  t r a i n  r e s i s t a n c e  a n d  m o v e  t h e  train, 
a  f o r c e  o r  t r a c t i v e  e f f o r t  m u s t  b e  e x e r t e d  b y  the 
l o c o m o t i v e  a n d  r e a c t e d  b y  t h e  t r a c k  structure. 
S i m i l a r l y ,  w h e n  d e c e l e r a t i o n  o r  b r a k i n g ,  the 
n e c e s s a r y  t r a i n  f o r c e s  a r e  r e a c t e d  a g a i n s t  the 
track. W h e n  t h e  t r a i n  is o n  a grade, p a r t i c u l a r l y  
d u r i n g  a s e v e r e  b r a k i n g  action, t h e  net l o n g i t u d i 
n a l  f o r c e  can b e  as h i g h  as 6 0 , 0 0 0  p o u n d s  p e r  
rail [5].

B y  itself, t h i s  m e c h a n i c a l  l o a d i n g  u s u a l l y  
is n o t  s u f f i c i e n t  to b u c k l e  t h e  track. In fact, 
a c c o r d i n g  to A. D. K e r r  [6], t r a c k  s u b j e c t e d  to 
m e c h a n i c a l  c o m p r e s s i v e  l o a d i n g  s h o u l d  b u c k l e  
v e r t i c a l l y ,  a p h e n o m e n o n  a l m o s t  n e v e r  e x p e r i e n c e d  
in t h e  field. H o w e v e r ,  t h e  m e c h a n i c a l  f o rce can 
r e s u l t  in l o n g i t u d i n a l  c r e e p  or m o v e m e n t  o f  the 
rails. A d d i t i o n a l  r a i l  c r e e p  is a l s o  g e n e r a t e d  
b y  the a c t i o n  o f  p a s s i n g  trains. W h e n  t his c r eep 
is r e s t r a i n e d ,  as o c c u r s  w i t h  w e l l - a n c h o r e d  t r a c k  
or at t u r n o u t s  a n d  g r a d e  cr o s s i n g s ,  l o n g i t u d i n a l  
c o m p r e s s i v e  f o r c e s  a r e  b u i l t  up in the .rail. F o r  
a m o r e  c o m p l e t e  d e s c r i p t i o n  o f  t h e  d e v e l o p m e n t  o f  
rail c r e e p a g e  f o r c e s ,  s e e  t h e  w o r k  o f  J. P. Hilt z ,  
Jr. [7],

T h e r m a l l y  i n d u c e d  l o n g i t u d i n a l  rail f o rce 
o c c u r s  w h e n  t h e  r a i l  is n o  l o n g e r  f ree to expand;
i.e., w h e n  t h e  j o i n t s  a r e  e i t h e r  c l o s e d  as in a 
tig h t  o r  f r o z e n  j o i n t  s i t u a t i o n  o r  a l t o g e t h e r  
e l i m i n a t e d  as in t h e  c a s e  w i t h  C W R  track. W h e n  a 
c o n s t r a i n e d  r a i l  o f  l e n g t h  L is s u b j e c t  to a u n i 
f o r m  t e m p e r a t u r e  r i s e  (or drop) AT, the l o n g i t u d i 
n a l  c o m p r e s s i v e  (tensile) f o r c e  e x p e r i e n c e d  b y  
t h e  t r a c k  is N-t = E A  a AT; w h e r e  E is the Y o u n g ' s  
m o d u l u s  o f  t h e  r a i l  ste e l ,  A  is t h e  cross- 
s e c t i o n a l  a r e a  o f  t h e  t w o  rails, a n d  a  is the 
c o e f f i c i e n t  o f  l i n e a r  t h e r m a l  expans i o n .  F i g u r e  2

i l l u s t r a t e s  g r a p h i c a l l y  t h e  m a g n i t u d e  o f  the 
the r m a l  f o r c e  t hat c a n  b e  e x p e r i e n c e d  b y  the 
rails. T h e  d i s t r i b u t i o n  o f  t h e r m a l  s t r e s s e s  in 
a l ong l e n g t h  o f  w e l d e d  r ail is s h o w n  in f i g u r e  3; 
t h e s e  d a t a  w e r e  t a k e n  f r o m  f i e l d  m e a s u r e m e n t s  on 
t h e  B e s s e m e r  a n d  L ake E r i e  R a i l r o a d  [8]. It 
s h o u l d  b e  n o t e d  h o w e v e r ,  that, a l t h o u g h  the l o n g i 
tud i n a l  s t r e s s  in the r ail c h a n g e s  w i t h  t e m p e r a t u r e ,  
t h e  c o n s t r a i n e d  p o r t i o n  o f  the rail d o e s  n o t  move. 
Thus, t h e  s t r a i n  in the c e n t e r  p o r t i o n  o f  the r ail 
s ection, a w a y  f r o m  t h e  end r e g i o n s  (where " b r e a t h 
ing" o c c u r s  [4]), is zero, a l t h o u g h  the s t r e s s  and 
f o r c e  in t h e  r ail is not. T h i s  c a n  r e a d i l y  b e  
s een in t h e  fie l d  m e a s u r e m e n t  d a t a  g i v e n  in f i g 
u r e  4 [8]. It is t h i s  a b s e n c e  o f  s t r a i n  t hat 
r e s u l t s  in m a n y  o f  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  
in the m e a s u r e m e n t  o f  t h e r m a l l y  i n d u c e d  l o n g i t u d i 
n a l  r ail forces.

S i n c e  it is t h e  c h a n g e  in rail t e m p e r a t u r e  
f r o m  its i n i t i a l  o r  l a y i n g  t e m p e r a t u r e  that 
d e t e r m i n e s  t h e  m a g n i t u d e  o f  the t h e r m a l l y  I n d u c e d  
rail force, p r o p e r  s e l e c t i o n  a n d  c o n t r o l  o f  the 
C W R  i n s t a l l a t i o n  t e m p e r a t u r e  is o f  g r e a t  
i m p o r t a n c e  [4]. C o n s e q u e n t l y ,  m a n y  r a i l r o a d s  
h a v e  d e f i n e d  i n s t a l l a t i o n  t e m p e r a t u r e s  f o r  d i f 
fere n t  g e o g r a p h i c  l o c a t i o n s . W h e n  t h e  a m b i e n t  
t e m p e r a t u r e  at the time o f  i n s t a l l a t i o n  is b e l o w  
t h e  r e c o m m e n d e d  i n s t a l l a t i o n  t e m p e r a t u r e ,  t h e  
rail is a r t i f i c i a l l y  b r o u g h t  to t h e  p r o p e r  
" t e m p e r a t u r e "  t h r o u g h  e i t h e r  h e a t i n g  t h e  r ail o r  
m e c h a n i c a l l y  s t r e t c h i n g  it t o  t h e  a p p r o p r i a t e  
length. In t h e  l a t t e r  case, m e c h a n i c a l  s t r a i n s  
a n d  c o n s e q u e n t l y  s t r e s s e s  (tensile) a r e  i n t r o d u c e d .  
F u r t h e r m o r e ,  r ail i n s t a l l e d  in a n d  n e a r  curv e s  
o f t e n  u n d e r g o e s  c o n t r a c t i o n  a n d  e x p a n s i o n  c y c l e s  
t hat r e s u l t  in a s h i f t i n g  o f  t h e  tra c k ,  u s u a l l y  
n o t e d  b y  a c h a n g e  in t h e  c u r v a t u r e .  T h i s  b e h a v i o r  
o f t e n  c h a n g e s  t h e  a c t u a l  i n s t a l l a t i o n  t e m p e r a t u r e  
so that it n o  l o n g e r  is the s a m e  as t h e  i n i t i a l  
layi n g  t e m p e r a t u r e .  In fact, in m a n y  case s ,  t his 
s t r e s s - f r e e  t e m p e r a t u r e  is no. l o n g e r  known.

Fi n a l l y ,  it m u s t  b e  n o t e d  that, i n ' a d d i t i o n  
to the s t r e s s e s  i n t r o d u c e d  i nto t h e  r a i l s  b y  
t e m p e r a t u r e  cha n g e ,  i n s t a l l a t i o n ,  a n d  t r a i n  
action, r e s i d u a l  s t r e s s e s  in t h e  r a i l  s e c t i o n  c a n  
b e  p r esent. T h e s e  r e s i d u a l  s t r e s s e s  a r e  i n t r o 
d u c e d  b y  t h e  rail m a n u f a c t u r i n g  p r o c e s s ,  b y  v a r 
ious h e a t  t r e a t m e n t  t e c h n i q u e s ,  b y  the w o r k  
h a r d e n i n g  a n d  s o f t e n i n g  o f  t h e  r a i l  h e a d  u n d e r  
w h e e l - r a i l  i n t e r a c t i o n ,  a n d  b y  t h e  w e l d i n g  p r o c e s s  
(in t h e  v i c i n i t y  o f  the w e l d s ) . H o w e v e r ,  t h e s e  
r e s i d u a l  s t r e s s e s  g e n e r a l l y  a r e  d i s t r i b u t e d  so 
t h a t  t h e  n e t  f o r c e  a c r o s s  t h e  r ail s e c t i o n  is 
zero. T h i s  s t r e s s  d i s t r i b u t i o n  is s i m i l a r  to t h a t  
e n c o u n t e r e d  b y  t h e  r ail in b e n d i n g ,  w h e r e  at a n y  
g i v e n  p o i n t  in the r ail s e c t i o n  a  s t r e s s  c a n  b e  
pr e s e n t .  H o w e v e r ,  the n e t  f o r c e  in the r a i l  s e c 
tion, o b t a i n e d  b y  s u m m i n g  all t h e  s t r e s s e s  in the 
c r oss sec t i o n ,  is zero. In t h a t  case, t h e  e f f e c t  
o f  t h e s e  r e s i d u a l  s t r e s s e s  o n  t r a c k  b u c k l i n g  is 
n e g l i g i b l e ,  s i n c e  it is the n e t  l o n g i t u d i n a l  f o r c e  
in the r a i l s  t h a t  c o n t r i b u t e s  t o  t h i s  t r a c k  f a i l u r e  
mode.

C o n s e q u e n t l y ,  it is n e c e s s a r y  t o  b e  a b l e  to 
d i s t i n g u i s h  b e t w e e n  t h o s e  s t r e s s e s  i n  t h e  r ail 
t hat p r o d u c e  n e t  l o n g i t u d i n a l  force, s u c h  as t h o s e  
i n t r o d u c e d  b y  t e m p e r a t u r e  cha n g e ,  i n s t a l l a t i o n ,  
t r a i n  a c c e l e r a t i o n  or b r a k i n g ,  a n d  r a i l  c r e e p  a n d
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t h o s e  s t r e s s e s  t h a t  p r o d u c e  little o r  n o  n e t  
l o n g i t u d i n a l  force, s u c h  as r ail b e n d i n g  s t r e s s e s  
a n d  r e s i d u a l  s t r e s s e s  i n t r o d u c e d  b y  m a n u f a c t u r i n g ,  
h e a t  t r e a t m e n t ,  w h e e l - r a i l  i n t e r a c t i o n ,  a n d  
w e l d i n g .  It is for this r e a s o n  t h a t  t h e  m e a s 
u r e m e n t  o f  the r e s u l t a n t  forces, r a t h e r  t h a n  r a i l  
s t r e s s e s ,  m u s t  b e  t h e  o b j e c t i v e  o f  a n y  t r a c k  
m e a s u r e m e n t  device.

C u r r e n t  M e a s u r e m e n t  T e c h n i q u e s

T h e r e  are s e v e r a l  .techniques c u r r e n t l y  
a v a i l a b l e  for m e a s u r i n g  l o n g i t u d i n a l  rail s t r e s s  
(or strain]. H o w e v e r ,  t h e y  all r e q u i r e  some 
d e g r e e  o f  d i s t u r b a n c e  o f  t h e  t r a c k  s t r u c t u r e  in 
o r d e r  to p r o p e r l y  m e a s u r e  the l o n g i t u d i n a l  rail 
force. F u r t h e r m o r e ,  s ome t e c h n i q u e s ,  w h i l e  s u i t 
a b l e  f o r  m e a s u r e m e n t  o f  s t r e s s  in j o i n t e d  rail 
track, a r e  n o t  s u i t a b l e  f o r  m e a s u r e m e n t  o f  
t h e r m a l l y  i n d u c e d  s t r e s s e s  in c o n t i n u o u s l y  w e l d e d  
r a i l .

A s  n o t e d  e a rlier, j o i n t e d  r ail t r a c k  c o n s i s t s  
o f  rail c o n n e c t e d  at t h e  e nds b y  j o i n t  b a r s  a n d  
t r a c k  bolts. T h e  d e s i g n  o f  the j o int b a r  a n d  b o l t  
s y s t e m  is s uch t h a t  t h e  h o l e s  d r i l l e d  in t h e  r ail 
a r e  g e n e r a l l y  1/8 i n c h  larger, (in d i a m e t e r )  t h a n  
t h e  bolt. Thus, w h e n  the t r a c k  is laid w i t h  t h e  
b o l t s  c e n t e r e d  in t h e  h o l e  a n d  a g a p  o f  1/8 i nch 
b e t w e e n  ends [9], t h e  3 9 - f o o t  len g t h  o f  r a i l  is 
c a p a b l e  o f  e x p a n d i n g  1/8 i nch w i t h o u t  a d d i t i o n a l  
r e s t r a i n t .  T h i s  f r e e d o m  t o  e x p a n d  o r  strain, 
w h i c h  a l s o  is i n s t r u m e n t a l  in r e d u c i n g  the t h e r m a l  
s t r e s s  b u i l d u p  in j o i n t e d  track, p e r m i t s  t h e  
u t i l i z a t i o n  o f  s t r a i n  m e a s u r i n g  t e c h n i q u e s  to 
d i r e c t l y  d e t e r m i n e  t h e  s t r a i n  a n d  c o n s e q u e n t l y  the 
stress. C o n t i n u o u s l y  w e l d e d  rail track, h o w e v e r ,  
c o n s t r a i n s  t h e  rail, a w a y  f r o m  the rail ends, a n d  
c o n s e q u e n t l y  d oes n o t  p e r m i t  the d e v e l o p m e n t  o f  
t h e r m a l l y  i n d u c e d  strain, as w a s  n o t e d  e a r l i e r

(figure 4). Thus, s t r a i n  m e a s u r i n g  t e c h n i q u e s  
r e q u i r e  s i g n i f i c a n t  m o d i f i c a t i o n  for u s e  in C W R  
track.

A t  t h e  p r e s e n t  time, n o n e  o f  t h e s e  t e c h n i q u e s  
is u s e d  b y  the r a i l r o a d s  in t h e  U n i t e d  S t a t e s  a n d  
C a n a d a  t o  m e a s u r e  l o n g i t u d i n a l  r a i l  f o r c e  in track, 
w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  i s o l a t e d  t e s t  
lo c a t i o n s .  Instead, t h e  r a i l r o a d s  r e l y  o n  the 
j u d g m e n t  o f  t h e  local m a i n t e n a n c e - o f - w a y  p e r s o n 
nel t o  e v a l u a t e  t h e  c o n d i t i o n  o f  t h e  track.
A l t h o u g h  t h e s e  p e r s o n n e l  do n o t  h a v e  a n y  s p e c i f i c  
e q u i p m e n t  to m e a s u r e  a n d  q u a n t i f y  r a i l  f o r c e ,  t h e y  
c a n  n o te, t h r o u g h  g e n e r a l  o b s e r v a t i o n  a n d  s t u d y  o f  
t h e  r ail m o v e m e n t ,  c e r t a i n  t r e n d s  t h a t  c a n  b e  u s e d  
t o  a n t i c i p a t e  failure. In p a r t i c u l a r ,  s i g n i f i c a n t  
r a i l  c r e e p  c a n  b e  o b s e r v e d  b y  n o t i n g  a n c h o r  m o v e 
m e n t  a w a y  f r o m  ties, t o g e t h e r  w i t h  m o v e m e n t  o f  
t h e  t i e s  t h e m s e l v e s .  In j o i n t e d  trac k ,  loss o f  
r a i l - e n d  g a p s  c a n  b e  m o n i t o r e d .  In C W R  track, 
o b s e r v a t i o n  o f  joi n t s  c o n n e c t i n g  t h e  C W R  s t r i n g s  
f o r  c l o s i n g  o f  g aps a n d  b e n d i n g  o f  t r a c k  b o l t s  
c a n  g i v e  a g o o d  i n d i c a t i o n  o f  t h e  b u i l d u p  o f  
c o m p r e s s i v e  for c e s  in t h e  c e n t e r  o f  the string. 
Fin a l l y ,  b y  o b s e r v i n g  c h a n g e s  in s m all t r a c k  
m i s a l i g n m e n t s ,  as w e l l  as a n y  i n c r e a s e  in or 
d e v e l o p m e n t  o f  w a v e s  o r  k i n k s  in t h e  trac k ,  
c o m p r e s s i v e  f o r c e s  c a n  b e  n o t e d .  W h e n  c o u p l e d  
w i t h  a  k n o w l e d g e  o f  the l a y i n g  t e m p e r a t u r e  o f  the 
r a i l  a n d  t h e  t e m p e r a t u r e  at t h e  t i m e  o f  i n s p e c t i o n ,  
t h e s e  o b s e r v a t i o n s  all p r o v i d e  s u b j e c t i v e  i n d i c a 
t i o n s  to t h e  m a i n t e n a n c e  p e r s o n n e l  t h a t  t h e  t r a c k  
is e x p e r i e n c i n g  s i g n i f i c a n t  l o n g i t u d i n a l  forces. 
H o w e v e r ,  t h e i r  m a g n i t u d e  a n d  c o n s e q u e n t l y  the 
l i k e l i h o o d  o f  t r a c k  f a ilure, e i t h e r  b y  b u c k l i n g  
o r  p u l l - a p a r t ,  is s t ill l a r g e l y  u n k n o w n .

S t r a i n  G a g e  T e c h n i q u e s . T h e  u s e  o f  s t r a i n  gag e s  
t o  m e a s u r e  s t r a i n  a n d  c o n s e q u e n t l y  s t r e s s  in 
s t r u c t u r e  m e m b e r s  is a c o m m o n l y  e m p l o y e d
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m e a s u r e m e n t  t e c h n i q u e .  B o t h  m e c h a n i c a l  a n d  e l e c 
t r i c a l - r e s i s t a n c e  s t r a i n  g a g e s  a r e  a v a i l a b l e  a n d  
h a v e  b e e n  em p l o y e d .  T h e  s t r a i n  g a g e  m e a s u r e s  
the s t r a i n  o r  c h a n g e  in l e n g t h  p e r  u n i t  o f  the 
m e m b e r  u n d e r  load. F o r  l o a d i n g s  t h a t  i n d u c e  
s t r a i n s  in t h e  rail, s u c h  as m e c h a n i c a l  a n d  c r e e p  
forces, s t r a i n  g a g e s  c a n  b e  d i r e c t l y  e m p loyed.
F o r  l o a d i n g s  t h a t  d o  n o t  i n d u c e  s t r a i n s ,  s u c h  as 
s t r e s s e s  i n d u c e d  b y  t e m p e r a t u r e  c h a n g e s  in CWR s ,  
t h e  s t r a i n  g a g e  m u s t  b e  u s e d  in c o n j u n c t i o n  w i t h  
a k n o w n  s t a ndard. In all c a s e s ,  f o r  the s t r a i n  
g a g e s  to b e  a b l e  t o  m e a s u r e  t h e  a b s o l u t e  f o rce 
in the rail, t h e y  m u s t  b e  i n i t i a l l y  i n s t a l l e d  
w h e n  t h e  rail is in a s t r a i n - f r e e  state.

H i s t o r i c a l l y ,  t h e  f i r s t  k n o w n  a p p l i c a t i o n  o f  
a  r ail f o r c e  m e a s u r e m e n t  t e c h n i q u e  in t h e  U n i t e d  
S t a t e s  o c c u r r e d  in 1936, w h e n  t h e  j o i n t  A . R . E . A . -
A . S . C . E .  S p e c i a l  C o m m i t t e e  o n  S t r e s s e s  i n  t h e  
R a i l r o a d  T r a c k ,  u n d e r  t h e  d i r e c t i o n  o f  A. N. T a l b o t ,  
u s e d  a B e r r y  m e c h a n i c a l  s t r a i n  g a g e  t o  m e a s u r e  
s t r e s s e s  in a s t r e t c h  o f  w e l d e d  r a i l  t r a c k  o n  t h e  
D e l a w a r e  a n d  H u d s o n  R a i l r o a d  [10]. T h i s  w a s  s o o n  
f o l l o w e d  b y  a d d i t i o n a l  m e a s u r e m e n t s  o n  t h e  B e s s e m e r  
a n d  L a k e  E r i e  R a i l r o a d  [8] a n d  t h e  C e n t r a l  o f  
G e o r g i a  R a i l w a y  [11], b o t h  u s i n g  B e r r y  s t r a i n  
g a g e s .

T h e  B e r r y  s t r a i n  g a g e  is a  m e c h a n i c a l  gage 
u s e d  to m e a s u r e  t h e  c h a n g e  i n  l e n g t h  o f  a  m e m b e r  
o v e r  a 10- o r  2 0 - i n c h  s p a n  ( f i g u r e  5). T h e  gage, 
w h i c h  is c a p a b l e  o f  m e a s u r i n g  d i s p l a c e m e n t s  o f
0.0 0 0 2  inch, w a s  o r i g i n a l l y  d e s i g n e d  f o r  u s e  in a 
m e m b e r  s u b j e c t e d  to m e c h a n i c a l  strain. T o  u s e  t h e  
gage, t w o  i n d e n t a t i o n s ,  10 o r  20 i n c h e s  a p a r t  
d e p e n d i n g  on t h e  s i z e  o f  t h e  gage, a r e  p u n c h e d  in 
t h e  m e m b e r  at t h e  n e u t r a l  a x i s  w h e n  t h e  m e m b e r  
is u n l oaded. C h a n g e s  i n  l e n g t h  a r e  t h e n  m e a s u r e d  
w h e n  the m e m b e r  is st r a i n e d .  F o r  l o n g  C W R s  w h i c h  
e x p e r i e n c e  n o  strain, a  s t a n d a r d ,  u s u a l l y  a  s h o r t  
s e g m e n t  o f  t h e  r ail u n d e r  c o n s i d e r a t i o n ,  is u s ed.
A t  the s t r e s s - f r e e  t e m p e r a t u r e ,  a  set o f  i n d e n t a 
t i ons is m a d e  in b o t h  t h e  rail, in t r a c k  a n d  in the 
s t a ndard. T h e  s t a n d a r d  is t h e n  l e f t  in t h e  f i e l d  
n e a r  t h e  r ail b e i n g  m e a s u r e d ,  a n d  at t h e  d e s i r e d  
t e m p e r a t u r e ,  t h e  s t a n d a r d  is m e a s u r e d  for s t r a i n  
(figure 6). T h e  n e t  s t r a i n  in t h e  s t a n d a r d  t h e n  
c o r r e s p o n d s  to t h e  s t r e s s  e x p e r i e n c e d  b y  the rail 
c o n s t r a i n e d  in t h e  track. F i g u r e s  3 a n d  4 i l l u s 
t r a t e  c o r r e s p o n d i n g  r a i l  s t r e s s e s  a n d  s t r a i n s  
t a k e n  u s i n g  t h i s  t e c h n i q u e .

W i t h  t h e  a d v e n t  o f  e l e c t r i c  r e s i s t a n c e  s t r a i n  
gages, t h e  u t i l i z a t i o n  o f  s t r a i n  g a g e  m e a s u r e m e n t  
t e c h n i q u e s  w a s  s i m p l i f i e d .  T h e s e  gage s ,  w h i c h  m a y  
b e  e i t h e r  b o n d e d  o r  w e l d e d  t o  t h e  n e u t r a l  axis o f  
t h e  rail, a r e  t h e n  c o m b i n e d  e l e c t r i c a l l y  to g ive 
t h e  s t r a i n  v a l u e s  (figure 7). W h i l e  t h e s e  gages 
a r e  q u i t e  p r a c t i c a l  f o r  m e a s u r i n g  m e c h a n i c a l l y  
i n d u c e d  s t rains, t h e y  a g a i n  r e q u i r e  the u s e  o f  a 
s t a n d a r d  t o  m e a s u r e  t h e r m a l l y  i n d u c e d  s t r esses.
T h e  s t a n d a r d  c a n  b e  e i t h e r  a  s h o r t  s e g m e n t  o f  rail, 
as u s e d  f o r  t h e  B e r r y  gage, o r  a  s h o r t  p i e c e  o f  
steel w i t h  s i m i l a r  t h e r m a l  e x p a n s i o n  p r o p e r t i e s .
T his l a t t e r  a p p r o a c h  a p p e a r s  t o  b e  t h e  o n e  u t i l i z e d  
b y  the U . S . S . R . ,  as s h o w n  in f i g u r e  8 [12],

In g e n e r a l , s t r a i n  g a g e  t e c h n i q u e s  h a v e  n o t  
b e e n  w i d e l y  a d o p t e d  f o r  m e a s u r e m e n t  o f  s t r e s s e s  
in rail b e c a u s e  o f  the d i f f i c u l t i e s  e n c o u n t e r e d
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F I G U R E  8. S T R A I N  G A G E  D E V I C E  F O R  T H E  M E A S U R E M E N T  O F  S T R E S S  IN RAILS, A S  U S E D  IN T H E  U.S . S . R .

in m e a s u r i n g  t h e r m a l l y  i n d u c e d  rail st r e s s e s ,  
t o g e t h e r  w i t h  t h e  r e q u i r e m e n t  t hat t h e  g a g e s  be 
a p p l i e d  w h i l e  in a s t r e s s - f r e e  state. T h i s  l a t 
t e r  r e q u i r e m e n t  p o s e s  s i g n i f i c a n t  p r a c t i c a l  d i f 
f i c u l t i e s  for t r a c k  t h a t  has a l r e a d y  b e e n  laid 
w i t h  C W R  s i n c e  it e n t a i l s  t h e  r e m o v a l  o f  all r ail 
a n c h o r s  and f a s t e n e r s  f o r  the e n t i r e  length, 
t o g e t h e r  w i t h  m e c h a n i c a l  d e s t r e s s i n g  o f  t h e  rail.

BR R ail F o r c e  M e a s u r i n g  T r a n s d u c e r . A n  a l t e r n a t e  
t e c h n i q u e  for m e a s u r i n g  r a i l  f o rce h a s  b e e n  
r e c e n t l y  d e v e l o p e d  b y  B r i t i s h  R a i l ' s  R a i l w a y  
T e c h n i c a l  C e n t r e  at Der b y ,  E n g l a n d  [13]. T h i s  
t e c h n i q u e  u t i l i z e s  the p r i n c i p l e  o f  v i b r a t i n g  
w i r e  s t r a i n  g a ges in w h i c h  the n a t u r a l  f r e q u e n c y  
o f  v i b r a t i o n  o f  a  t a u t  w i r e  is r e l a t e d  t o  its 
tension. T h e  B R  t r a n s d u c e r  con s i s t s  o f  a s t eel 
a n n u l u s  o f  a p p r o x i m a t e l y  1 - i n c h  o u t s i d e  d i a m e t e r  
w i t h  two w i r e s  f i xed to it. T h e  a n n u l u s  is 
i n s e r t e d  into a  h o l e  d r i l l e d  on the n e u t r a l  axis 
o f  t h e  rail (figure 9). W h e n  cha n g e s  o c c u r  in 
the l o n g i t u d i n a l  r ail force, t h e  s h a p e  o f  the 
h o l e  cha n g e s  s l i ghtly, r e s u l t i n g  in a c h a n g e  in 
w i r e  t e n s i o n  and c o n s e q u e n t l y  in t h e  w i r e ' s  n a t u r a l  
freque n c y .  U s i n g  c a l i b r a t i o n  data, the c h a n g e s  in 
f r e q u e n c y  c a n  b e  r e l a t e d  to t h e  f o r c e  i n  t h e  r a i l .

T h i s  t e c h n i q u e  does n o t  r e q u i r e  t h e  u s e  o f  an 
e x t e r n a l  standard. H o w e v e r ,  it d oes r e q u i r e  t h e  
d r i l l i n g  o f  a  h o l e  in t h e  r ail w e b  a n d  an o n s i t e  
c a l i b r a t i o n  u s i n g  a r a i l  w e b  l o a d i n g  d e v i c e  s i m i l a r  
to a  h y d r a u l i c  r a i l  p u l l e r .  It a lso r e q u i r e s  t h a t  
a zero d a t u m  r e a d i n g  b e  t a k e n  w i t h  the rail in a 
s t r e s s - f r e e  state. ..This r e a d i n g  can b e  t a k e n  at 
i n s t a l l a t i o n  o r  w h e n  t h e  r a i l  is str e s s  free.

m e a s u r e m e n t  sys t e m .  N o n e  o f  t h e s e  p r o g r a m s  h a s  
y e t  p r o g r e s s e d  to the p o i n t  o f  h a v i n g  d e v e l o p e d  
a n d  t e s t e d  a p r a c t i c a l  m e a s u r e m e n t  s y s t e m ,  b u t  
s e v e r a l  o f  t h e m  a p p e a r  to o f f e r  p o t e n t i a l  s o l u 
t i o n s  to t his m e a s u r e m e n t  p r o b l e m .  A l t h o u g h  it 
is b e y o n d  the s c o p e  o f  this p a p e r  t o  p r e s e n t  the 
t h e o r y  b e h i n d  t h e s e  t e c h n i q u e s , it is a p p r o p r i a t e  
to i n c l u d e  a b r i e f  d i s c u s s i o n  o f  t h e  r e s p e c t i v e  
m e t h o d o l o g i e s ,  t o g e t h e r  w i t h  a n y  r e l e v a n t  t e s t s  
t h a t  h a v e  b e e n  c o n d u c t e d  to date.

R a i l  V i b r a t i o n . It is k n o w n  f r o m  b e a m  t h e o r y  
t h a t  t h e  d y n a m i c  r e s p o n s e  o f  a  b e a m  s u b j e c t  to an 
i m p u l s e  l o a d i n g  is d e p e n d e n t  o n  t h e  a x i a l  f o r c e  in 
the beam. In fact, b e f o r e  t h e  a d v e n t  o f  m o r e  
s o p h i s t i c a t e d  m e a s u r e m e n t  t e c h n i q u e s ,  b r i d g e  
e n g i n e e r s  w e r e  k n o w n  to j u d g e  t h e  f o r c e  in a 
p r e s t r e s s e d  m e m b e r  f r o m  t h e  p i t c h  e m i t t e d  b y  the 
m e m b e r  w h e n  s t r u c k  a l i ght blow. T h i s  c o n c e p t  
c a n  b e  e x t e n d e d  to r a i l s  in track. B y  p r o p e r  
m o n i t o r i n g  o f  t h e  r ail v i b r a t i o n  r e s p o n s e s  m o s t  
s e n s i t i v e  to l o n g i t u d i n a l  force, t h i s  l o n g i t u d i 
n a l  f o r c e  c a n  b e  i d e n t i f i e d  a n d  m e a s u r e d .

O n e  p o s s i b i l i t y  is s u g g e s t e d  b y  e x a m i n a t i o n  
o f  t h e  r a i l  s e c t i o n  w h e r e  t h e  r a i l  h e a d  c a n  b e  
c o n s i d e r e d  to b e  a b e a m  r e s t i n g  o n  a n d  c o n t i n u o u s l y  
s u p p o r t e d  b y  the w e b  a c t i n g  as a n  e l a s t i c  f o u n d a 
t i o n  in t h e  l a t e r a l  pla n e .  T h e  c o r r e s p o n d i n g  
e q u a t i o n  f o r  t h e  r ail h e a d  s u b j e c t  to a lateral 
i m p u l s e  l o a d  is:

El, 34w  .. 3 zw  3 zw----  + N  ----  + m  ---- + k w  = P S ( x , t ) ,
3 x 4 3x̂ 3t2

R e c e n t  R e s e a r c h w h e r e

In v i e w  o f  the r e s t r i c t i o n s  a n d  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  t h e  m e a s u r e m e n t  s y s t e m s  d i s c u s s e d  
in t h e  p r e c e d i n g  s e ction, sev e r a l  r e s e a r c h  p r o 
g r a m s  h a v e  b e e n  u n d e r t a k e n  r e c e n t l y  in a  a t t e m p t  
to d e v e l o p  an e f f e c t i v e  l o n g i t u d i n a l  f o rce

w  is t h e  lat e r a l  d e f l e c t i o n  o f  t h e  r a i l  head, 

x is t h e  l o n g i t u d i n a l  d i s t a n c e  a l o n g  t h e  r a i l , 

t is t h e  time,
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Eli, is t h e  fle x u r a l  r i g i d i t y  o f  the r ail h e a d  
in t h e  lat e r a l  pla n e ,

m  is t h e  m a s s  o f  t h e  h e a d  p e r  u n i t  length,

k  is t h e  f o u n d a t i o n  p a r a m e t e r  r e p r e s e n t i n g  
t h e  r ail w e b  a n d  r e m a i n i n g  t r a c k  s t r u c t u r e ,

N  is t h e  'longitudinal f o r c e  in the r a i l  head, 
and,

P is t h e  a p p l i e d  l a t e r a l  force.

S o l u t i o n  o f  t h i s  e q u a t i o n  s h o w s  t h a t  t h e  rail 
r e s p o n s e  is d e p e n d e n t  o n  t h e  l o n g i t u d i n a l  force.

P r e l i m i n a r y  t e s t i n g  at P r i n c e t o n  U n i v e r s i t y  
in t h e  s p r i n g  o f  1 976 a n d  at t h e  A s s o c i a t i o n  o f  
A m e r i c a n  R a i l r o a d ' s  T r a c k  S t r u c t u r e s  D y n a m i c  T e s t  
F a c i l i t y  in J a n u a r y  1979 a p p e a r s  t o  c o n f i r m  this 
c o ncept. In t h e  P r i n c e t o n  t e st, a l e n g t h  o f  rail, 
m o u n t e d  l o n g i t u d i n a l l y  on a w o o d  t i e  to s i m u l a t e  
t r a c k  d a m p i n g ,  w a s  p l a c e d  i n  a h y d r a u l i c  c o m p r e s 
s i o n  m a c h i n e .  In the A A R  test, a h y d r a u l i c  rail 
p u l l e r  w a s  u s e d  to i n t r o d u c e  a l o n g i t u d i n a l  c o m 
p r e s s i v e  f o r c e  o nto a t e s t  t r a c k ,  o v e r  a 2 0 - f o o t  
l e n g t h  (fi g u r e  10). In b o t h  c a ses an a c c e l e r o m 
e t e r  w a s  m o u n t e d  on t h e  s i d e  o f  t h e  rail h e a d  and 
the r a i l  w a s  e x c i t e d  b y  h i t t i n g  t h e  h e a d  l a t e r a l l y  
w i t h  e i t h e r  a cut s p i k e  o r  a  bolt. E x a m i n a t i o n  o f  
t h e  r a i l  h e a d  a c c e l e r a t i o n  d a t a  i n d i c a t e d  that, 
for b o t h  t h e  P r i n c e t o n  t e s t  [14] a n d  the A A R  test 
(fi g u r e  11), t h e  d y n a m i c  r e s p o n s e  w a s  a f f e c t e d  b y  
t h e  a p p l i e d  l o n g i t u d i n a l  load. A d d i t i o n a l l y ,  the 
A A R  t e s t s ,  w h i c h  are still in p r o g r e s s ,  i n d i c a t e d  
t h a t  t h i s  r e s p o n s e  is s e n s i t i v e  to t h e  m a g n i t u d e  
o f  t h e  e x c i t i n g  force. T h us, s m a l l e r  e x c i t i n g

forces a p p e a r  to g e n e r a t e  t h e  r ail r e s p o n s e  m o s t  
s e n s i t i v e  to t h e  l o n g i t u d i n a l  force, w h i l e  the 
lar g e r  forc e s  a p p e a r  t o  m a s k  t h e s e  re s p o n s e s .

A l t h o u g h  b o t h  t e s t s  g i v e  i n d i c a t i o n s  t h a t  t h i s  
t e c h n i q u e  is a p p l i c a b l e  to t h e  t r a c k  p r o b l e m ,  f u r 
t h e r  t e s t i n g  and r e f i n e m e n t  o f  t h e  m e a s u r e m e n t  s y s 
t e m  is re q u i r e d .  In a d d i t i o n ,  t h e  e f f e c t  o f  
t e m p e r a t u r e  v a r i a t i o n ,  rail h e a d  w e ar, a n d  c a l i 
b r a t i o n  r e q u i r e m e n t s  m u s t  b e  c a r e f u l l y  e x a m i n e d  
a n d  studied.

X - R a y  D i f f r a c t i o n . A  s e c o n d  a p p r o a c h  t h a t  has 
b e e n  e x a m i n e d  r e c e n t l y  f o r  m e a s u r e m e n t  o f  rail 
s t r e s s e s  is X - r a y  d i f f r a c t i o n .  In t his t e c h n i q u e  
an X - r a y  b e a m  is u s e d  to m e a s u r e  t h e  i n t e r p l a n a r  
s p a c i n g  on the s u r f a c e  o f  the s p e c i m e n  u n d e r  
exami n a t i o n .  S i n c e  t h e  s p a c i n g  o f  the a t o m i c  
p l a n e s  is a l t e r e d  b y  a n  a p p l i e d  str e s s ,  the 
cha n g e  in a t o m i c  s p a c i n g  c a n  b e  m e a s u r e d  and then 
r e l a t e d  b a c k  to the a p p l i e d  s t r e s s  [15].

In the past, a m a j o r  c o n s t r a i n t  o f  t h e  X - r a y  
d i f f r a c t i o n  m e t h o d  w a s  t h e  s i z e  o f  t h e  X - r a y  t u b e  
a n d  a c c e s s o r y  e q u i p m e n t .  H o w e v e r ,  t h e  d e v e l o p m e n t  
o f  a  p o r t a b l e  X - r a y  d i f f r a c t i o n  u n i t  (figure 12) 
has i n c r e a s e d  t h e  p o t e n t i a l  f o r  p r a c t i c a l  
a p p l i c a t i o n .  In a d d i t i o n ,  r e c e n t  e x a m i n a t i o n  o f  
sam p l e s  t a k e n  f r o m  t h e  w e b s  o f  b o t h . o l d  a n d  n e w  
rail has i n d i c a t e d  t h a t  it is f e a s i b l e  to u s e  
t his t e c h n i q u e  on s t a n d a r d  c a r b o n  r a i l  steel [16].

A l t h o u g h  p r e l i m i n a r y  i n d i c a t i o n s  s e e m  to s h o w  
t hat this t e c h n i q u e  c a n  b e  a p p l i c a b l e  to t h e  r ail 
force m e a s u r e m e n t  p r o b l e m ,  f u r t h e r  i n v e s t i g a t i o n  
o f  the t e c h n i q u e ,  t o g e t h e r  w i t h  f i e l d  t e s t i n g ,  is 
still req u i r e d .  S t i l l  to b e  a n s w e r e d  are such
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q u e s t i o n s  as t h e  a b i l i t y  o f  t his t e c h n i q u e  .to 
m e a s u r e  s t r e s s e s  p r o d u c e d  b y  c o n s t r a i n e d  t h e r m a l  
e x p a n s i o n ,  d i f f e r e n t i a t i o n  b e t w e e n  r ail forc e s  
a n d  s t r e s s e s  ( s p e c ifically, s u r f a c e  r e s i d u a l  
s t r e s s e s ) ,  c a l i b r a t i o n  a n d  s e t u p  r e q u i r e m e n t s ,  
a n d  e f f e c t  o f  t h e  r a i l r o a d  o p e r a t i n g  e n v i r o n m e n t .

U l t r a s o n i c  W a v e  P r o p a g a t i o n . A . r e s e a r c h  i n v e s t i 
g a t i o n  o f  t h e  f e a s i b i l i t y  o f  u t i l i z i n g  u l t r a s o n i c  
p u l s e  p r o p a g a t i o n  in r a i l s  t o  m e a s u r e  l o n g i t u d i n a l  
s t r e s s e s  w a s  r e c e n t l y  c o m p l e t e d  [17]. T h e  t e c h n i 
q u e  i n v o l v e d  in t his i n v e s t i g a t i o n  i n c l u d e d  the 
m e a s u r e m e n t  o f  the s p e e d  o f  e l a s t i c  w a v e s  p r o p a g a t 
ing l o n g i t u d i n a l l y ,  parallel, to the a xis o f  the 
rail. S i n c e  the e l a s t i c  w a v e  s p e e d  is a f f e c t e d  
b y  t h e  p r e s e n c e  o f  s t r e s s e s  in the rail, the 
c h a n g e  in t h e  w a v e  s p e e d  c o u l d  b e  m e a s u r e d  and 
t h e n  u s e d  t o  d e t e r m i n e  t h e  l o n g i t u d i n a l  stress 
in t h e  rail.

In o r d e r  to e v a l u a t e  t h i s  con c e p t ,  an u l t r a 
s o n i c  p r o b e  t h a t  a t t a c h e s  t o  the w e b  o f  t h e  rail 
w a s  d e v e l o p e d .  T h i s  p r o b e  w a s  t h e n  t e s t e d  in 
t r a c k  on t h e  S a n t a  Fe R a i l w a y  a n d  at t h e  T r a n s 
p o r t a t i o n  T e s t  C e n t e r  t r a c k  to d e t e r m i n e  its 
f e a s i b i l i t y  f o r  m e a s u r e m e n t  o f  t h e r m a l l y  i n d u c e d  
r ail stresses.

It w a s  f o u n d  t h a t  w h e n  a  s t r e s s - f r e e  r e f e r e n c e  
m e a s u r e m e n t  w a s  p r o v i d e d ,  t h e  p r o b e  was c a p a b l e  of 
m e a s u r i n g  s t r e s s  c h a n g e s  w i t h  an a c c u r a c y  o f  
± 1 ksi. H o w e v e r ,  it w a s  f u r t h e r  c o n c l u d e d  that, 
b e c a u s e  o f  t h e  " v a r i a t i o n s  i n  l o n g i t u d i n a l  w a v e  
t r a v e l  t i m e s  a p p a r e n t l y  due to r e s i d u a l  str e s s e s  
a n d  d i f f i c u l t i e s  e n c o u n t e r e d  w i t h  s h e a r  w a v e  
m e a s u r e m e n t s  (used for a r e f e r e n c e  m e a s u r e m e n t )  
i n  t h e  field, a b s o l u t e  s t r e s s  m e a s u r e m e n t  is not

f e asible at t h i s  t i m e "  [7]. In a d d i t i o n ,  f u r t h e r  
i n v e s t i g a t i o n  into t h e  e f f e c t s  o f  m a t e r i a l  p r o p 
erties, w a v e  speed, a n d  p r i o r  d e f o r m a t i o n  h i s 
tories o n  the w a v e  p r o p a g a t i o n  s p e e d  v a r i a t i o n s  
is n e e d e d  to e s t a b l i s h  t h e  u s e f u l n e s s  o f  this 
m e a s u r e m e n t  t e c h n i q u e  e v e n  w h e n  a  s t r e s s - f r e e  
r e f e r e n c e  or " z e r o "  is pr o v i d e d .

M e a s u r e m e n t s  S y s t e m  R e q u i r e m e n t s

T h e r e  is a w e l l - d e f i n e d  n e e d  in the r a i l r o a d  
i n d u s t r y  f o r  a s y s t e m  t hat c a n  n o n d e s t r u c t i v e l y  
m e a s u r e  t h e  l o n g i t u d i n a l  r ail force. T h i s  n e e d  
was d r a m a t i c a l l y  e m p h a s i z e d  b y  the N a t i o n a l  
T r a n s p o r t a t i o n  S a f e t y  B o a r d  in its i n v e s t i g a t i o n  
o f  a d e r a i l m e n t  a t t r i b u t e d  to t r a c k  b u c k l i n g ,  
w h e r e  it s t a t e d  t h a t  "the r a i l r o a d  i n d u s t r y  n e e d s  
b a d l y  a p o r t a b l e  s t r e s s  m e a s u r i n g  d e v i c e  w h i c h  
could g i v e  i n s t a n t  r e a d i n g s  o f  c o m p r e s s i o n  or 
t e n s i o n  in a r a i l  w i t h o u t  d i s t u r b i n g  it" [18].

In k e e p i n g  w i t h  t h e  p u r p o s e  o f  this pap e r ,  
w h i c h  is t h e  p r e s e n t a t i o n  a n d  d e f i n i t i o n  o f  the 
p r o b l e m  o f  l o n g i t u d i n a l  r a i l  f o r c e  m e a s u r e m e n t  
in the r a i l r o a d  e n v i r o n m e n t ,  t h e  f o l l o w i n g  r e q u i r e  
m e nts f o r  a p r a c t i c a l  m e a s u r e m e n t  s y s t e m  are 
p r e s ented:

1. It s h o u l d  b e  r u g g e d l y  c o n s t r u c t e d  
and cap a b l e  o f  s u r v i v i n g  in t h e  field.

2. It s h o u l d  b e  e a s y  to h a n d l e  and 
r e q u i r e  o n l y  l i m i t e d  i n t e r p r e t a t i o n  o f  data.

3. It s h o u l d  b e  n o n d e s t r u c t i v e  to the 
rail a n d  t r a c k  st r u c t u r e .

F I G U R E  12. P O R T A B L E  X - R A Y  D I F F R A C T I O N  U N I T
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4. It s h o u l d  n o t  r e q u i r e  t h e  d i s t u r b a n c e  
o f  t h e  t r a c k  s t r u c t u r e  e i t h e r  d u r i n g  a p p l i c a t i o n  
o r  d u r i n g  " z e r o i n g , "  i f  t h e  l a t t e r  is at all 
n e c e s s a r y .

5. It s h o u l d  r e q u i r e  m i n i m u m  o r  n o  c a l i 
br a t i o n .  If c a l i b r a t i o n  is n e e d e d ,  it s h o u l d  n o t  
r e q u i r e  h e a v y  e q u i p m e n t  o r  s i g n i f i c a n t  t r a c k  
time.

6. It s h o u l d  b e  i n d e p e n d e n t  o f  o r  r e a d i l y  
c o m p e n s a t e d  for:

a. rail s ize

b. r ail m e t a l l u r g y

c. h eat t r e a t m e n t

d. rail h e a d  w e a r

e. w o r k h a r d e n i n g  o r  s o f t e n i n g  o f
t h e  r ail h e a d

7. It s h o u l d  r e q u i r e  m i n i m u m  or n o  s u r 
f a c e  p r e p a r a t i o n  o f  t h e  rail.

8. It s h o u l d  p r o v i d e  f o r  d i r e c t  m e a s u r e 
m e n t  o f  net l o n g i t u d i n a l  f o r c e  ( a b s o l u t e ) .

9. It s h o u l d  n o t  h a v e  to b e  p e r m a n e n t l y  
a f f i x e d  to the r ail o r  t r a c k  st r u c t u r e .

10. It s h o u l d  p e r m i t  " c o n t i n u o u s "  o r  at a 
m i n i m u m  v e r y  f r e q u e n t  m e a s u r e m e n t  o f  r ail f o r c e  
f r o m  a  m o v i n g  vehicle.

It is h o p e d  t hat t his set o f  r e q u i r e m e n t s  
a d e q u a t e l y  p r e s e n t s  t h e  s c o p e  o f  t h e  p r o b l e m  and 
t h e  p r a c t i c a l  d i f f i c u l t i e s  t h a t  m u s t  b e  s u r m o u n t e d  
in o r d e r  for a  v i a b l e  m e a s u r e m e n t  s y s t e m  t o  be 
d e v e l o p e d  a n d  u t i l i z e d  b y  t h e  r a i l r o a d  i n d ustry. 
T h e  p r o b l e m  is a  s i g n i f i c a n t  o n e  f o r  r a i l r o a d  
t r a c k  m a i n t e n a n c e  forc e s  a n d  i t s  s o l u t i o n  is 
u r g e n t l y  needed.
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T E C H N I C A L  P A P E R S

" F i e l d  T e s t s  o n  t h e  U s e  o f  U l t r a s o n i c  
W a v e  V e l o c i t y  C h a n g e s  t o  D e t e c t  L o n g i t u d i n a l  

S t r e s s  V a r i a t i o n s  in R a i l r o a d  R a i l " *

D . E . B r a y
T e x a s  A S M  U n i v e r s i t y  

and

D. M. E g l e
T h e  U n i v e r s i t y  o f  O k l a h o m a  

I n t r o d u c t i o n

t h e  d i r e c t i o n  o f  the a p p l i e d  s t r e s s  [2]. T h e  
p r o b e  w a s  d e s i g n e d  to g e n e r a t e  a c r i t i c a l l y  
r e f r a c t e d  l o n g i t u d i n a l  w a v e  (P-wave) a l o n g  the 
rail length. T r a v e l  t i m e  d a t a  w e r e  o b t a i n e d  
f r o m  the t w o  r e c e i v i n g  p r o b e s  l o c a t e d  i n  the 
w a v e  path. A  r e f e r e n c e  s h e a r  w a v e  w a s  i n c l u d e d  
in the design.

T h e  d a t a  a l s o  s h o w e d  t h a t  t h e  r e l a t i v e  c h a n g e  
in s p eed for l o n g i t u d i n a l  w a v e s  p r o p a g a t i n g  a l o n g  
the d i r e c t i o n  o f  the a p p l i e d  s t r e s s  is

dvL/voL -2.45, CD
T h i s  p a p e r  r e p r e s e n t s  a s u m m a r y  o f  the w o r k  

c o n d u c t e d  at T h e  U n i v e r s i t y  o f  O k l a h o m a  o n  the 
u s e  o f  a c o u s t o e l a s t i c  e f f e c t  to d e t e c t  
t h e r m a l l y  i n d u c e d  s t r e s s  c h a n g e s  in c o n t i n u o u s l y  
w e l d e d  r a i l  ( C W R ) . S o m e  o f  the d e t a i l s  r e l a t i n g  
t o  t h e  p r o g r a m  e i t h e r  h a v e  b e e n  o r  w ill be 
r e p o r t e d  in t h e  t e c h n i c a l  l i t e r a t u r e  a n d  are 
i n c o r p o r a t e d  h e r e i n  b y  re f e r e n c e .

I n i t i a l  s t u d i e s  b e g a n  at T h e  U n i v e r s i t y  o f  
O k l a h o m a  in J u n e  1974 a n d  r a n  t h r o u g h  J u n e  1975
[1], [2], T h i s  p h a s e  was c o n c e n t r a t e d  on a l a b o 
r a t o r y  e v a l u a t i o n  o f  the a c o u s t o e l a s t i c  e f f e c t  
in r a i l  s t e e l  a n d  a d e t a i l e d  s t u d y  o f  the u l t r a 
s o n i c  w a v e  o f  p r o p a g a t i o n  p r o p e r t i e s  on t h e  r ail 
m a t e r i a l .  O n e  p r i n c i p a l  f i n d i n g  f r o m  t his p h a s e  
s h o w e d  that, w h e n  s t r e s s e d  in a l o a d i n g  ma c h i n e ,  
r a i l  s t eel d e m o n s t r a t e d  v e l o c i t y  c h a n g e s  t h a t  are 
c o n s i s t e n t  w i t h  t h o s e  t h a t  m a y  b e  e x p e c t e d  f rom 
a n y  s t e e l  m a t e r i a l .  I n v e s t i g a t i o n s  o f  w a v e  
p r o p a g a t i o n  v e l o c i t i e s  at d i f f e r e n t  l o c a t i o n s  on 
s e v e r a l  r a i l s  s h o w e d  t h e  v a r i a t i o n s  to be 
c o n s i d e r a b l e .  A s  a  r e s u l t  o f - t h i s  phas e ,  the 
i n i t i a l  i n t e n t  to p e r f o r m  n o n d e s t r u c t i v e  s t r e s s  
m e a s u r e m e n t s  o n  t h e  r o l l i n g  s u r f a c e  o f  t h e  rail 
w a s  a b a n d o n e d ,  p r i m a r i l y  b e c a u s e  o f  the s e v e r e  
v e l o c i t y  e f f e c t  in t h e  c o l d - w o r k e d  zone.
L a b o r a t o r y  t e s t s  s h o w e d  t h a t  t h e  r ail w e b  p r o 
d u c e d  m u c h  m o r e  r e l i a b l e  r e sults.

T h e  f o l l o w - o n  p h a s e  (June 1975 t o  J a n u a r y  
1977] c o n c e n t r a t e d  on u l t r a s o n i c  p r o b e  d e v e l o p 
m e n t  -- s ome a d d i t i o n a l  s t u d i e s  o f  the a n i s o t r o p y  
o f  the c o l d - w o r k e d  z one a n d  a s i n g l e  f i e l d  test 
o f  the s y s t e m  at the D e p a r t m e n t  o f  T r a n s p o r t a t i o n ' s  
T r a n s p o r t a t i o n  T e s t  C e n t e r  (TTC) at Pueblo, C o l o r a d o
[3], [4], [5], [6], T h e s e  t e s t s  at t h e  T T C  s h o w e d  
t h a t  t h e  u l t r a s o n i c  s y s t e m  was, in fact, c a p a b l e  o f  
d e t e c t i n g  s t r e s s  c h a n g e s  in rail i n s t a l l e d  in track. 
T h e  r e m a i n d e r  o f  t his p a p e r  r e v i e w s  t h e  d e s i g n  o f  the 
p r o b e  a s s e m b l y  a n d  u l t r a s o n i c  s y s t e m  a n d  the r e s u l t s  
t h e  T T C  tests. T h e  p u b l i s h e d  l i t e r a t u r e  s h o u l d  
b e  c o n s u l t e d  f o r  m o r e  details.

U l t r a s o n i c  P r o b e  f o r  L o n g i t u d i n a l  Str e s s  
M e a s u r e m e n t

T h e  m e a s u r e m e n t  o f  t h e  a c o u s t o e l a s t i c  p r o p 
e r t i e s  o f  r a i l  s t e e l  s h o w e d  t h a t  t h e  e f f e c t  is 
g r e a t e s t  f o r  l o n g i t u d i n a l  w a v e s  p r o p a g a t i n g  in

* P r e s e n t e d  at c o n f e r e n c e  b y  D. E. Bray.

w h e r e  = s p e e d  o f  l o n g i t u d i n a l  wav e s ,

V °  = s p e e d  o f  l o n g i t u d i n a l  w a v e s  in 
a b s e n c e  o f  s t r e s s ,  and

e = l o n g i t u d i n a l  s t r a i n  c o r r e s p o n d i n g  to 
s t r e s s  a.

T h e  r e l a t i v e  c h a n g e  in t r a v e l  t i m e  m a y  be s h o w n  
to be

+ 2 .45 C2)
or, in t e r m s  o f  the c h a n g e  o f  a p p l i e d  s t r e s s  da 

2.45 t°
d t L = ----g— 1- da, (3)

w h e r e  E is t h e  Y o u n g ' s  m o d u l u s  a n d  t^, t °  are 
l o n g i t u d i n a l  w a v e  t r a v e l  t i m e s .

T h e  p r o b e  w a s  d e s i g n e d  to m e a s u r e  t h e  w a v e  
travel t i mes o v e r  a n o m i n a l  d i s t a n c e  o f  216 m i l 
l i meters (8.5 inches). T y p i c a l  w a v e  spe e d s  in 
r ail steel are 5 , 9 0 0  m e t e r s  p e r  s e c o n d  (2.32 x 
1 0 5 inch e s  p e r  second) a n d  3 , 2 3 0  m e t e r s  p e r  s e c 
ond (1.27 x 1 0 5 inc h e s  p e r  sec o n d )  for l o n g i 
tudinal a n d  t r a n s v e r s e  wav e s ,  r e s p e c t i v e l y .  
Hence, t h e  c h a n g e s  in t r a v e l  t i m e s  are e x p e c t e d  
to be n e a r  0.44 n a n o s e c o n d  p e r  m e g a n e w t o n  p e r  
squ a r e  m e t e r  ( n s / [ M N / m 2 ] ) (3 n a n o s e c o n d s  p e r
1,000 p o u n d - f o r c e  p e r  s q u a r e  i n c h  [ns/ksi]) a n d
0.09 n s ( M N / m 2 ) (0.6 n s / k s i ) ,  r e s p e c t i v e l y .

T h e  p r o b e  des i g n ,  w h i c h  e v o l v e d  t h r o u g h  f o u r  
steps, is s h o w n  in f i g u r e  1. It c o n s i s t s  o f  two 
t r a n s m i t t e r s  a n d  f o u r  r e c e i v e r s  h e l d  in p o s i t i o n  
b y  a s t eel frame. T h e  t r a n s m i t t e r s  a n d  r e c e i v e r s  
use the c o n v e n t i o n a l  t e c h n i q u e  o f  d i f f r a c t i o n  
t h r o u g h  a p l a s t i c - s t e e l  i n t e r f a c e  for g e n e r a t i n g  
and d e t e c t i n g  w a v e s  p a r a l l e l  to t h e  r a i l  surface. 
I n c i d e n t  a n g l e s  in t h e  p l a s t i c  w e d g e s  a r e  28 and 
55 d egrees, r e s p e c t i v e l y ,  f o r  t h e  l o n g i t u d i n a l  
a n d  t r a n s v e r s e  wav e s .  T h e  t r a n s d u c e r s  are P Z T-5 
p i e z o e l e c t r i c  p l a t e s  2 5.4 m i l i m e t e r s  (1 inch 
squ a r e  a n d  1.27 m i l l i m e t e r s  (0.05 inch) thick, 
w i t h  a n o m i n a l  r e s o n a n t  f r e q u e n c y  o f  1.6 m e g a h e r t z .  
A  p u l s e - o v e r l a y  t e c h n i q u e  w a s  u s e d  f o r  t r a v e l  t i m e  
m e a s u r e m e n t s . T h e  a c c u r a c y  o f  t h e  s y s t e m  was felt 
to b e  a b o u t  3 n a n o s e c o n d s .
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F i g u r e  2 i l l u s t r a t e s  t h e  e l e c t r o n i c  i n s t r u 
m e n t a t i o n  for t r a v e l  t i m e  m e a s u r e m e n t s  a n d  fig- 
g u r e  3 p r o v i d e s  a d i a g r a m  o f  t h e  f r e q u e n c y  divider.

F i e l d  E v a l u a t i o n  o f  P r o b e

F i e l d  T e sts at t h e  T T C . T h e  p r i n c i p a l  f i e l d  tests 
w e r e  c o n d u c t e d  at t h e  D e p a r t m e n t  o f  T r a n s p o r t a t i o n ' s  
T r a n s p o r t a t i o n  T e s t  C e n t e r  (TTC), Pueblo, C o l o r a d o ,  
f r o m  a p p r o x i m a t e l y  1 500 h o u r s  on 10 D e c e m b e r  1976 
to 1600 h o urs on 11 D e c e m b e r  1976. W e a t h e r  t h r o u g h  
this p e r i o d  was g e n e r a l l y  f a v o r a b l e  for c o n d u c t i n g  
the tests. Skies w e r e  c l e a r  a n d  t h e  a m b i e n t  t e m 
p e r a t u r e  r e a c h e d  a  low o f  - 1 2°C (11°F) at 0500 
h o u r s  o n  11 D e c ember. T h e  h i g h  a m b i e n t  r e a d i n g  
was 8 . 3 ° C  (47°F), at 1600 h o u r s  on 11 December.
Rail t e m p e r a t u r e s  p e a k e d  n e a r  1 5 . 5 ° C  (60°F) at 
n o o n  the same day. T h e r e  w a s  v e r y  litt l e  wind.

F o u r  sta t i o n s  w e r e  i n s t r u m e n t e d  b y  T T C  p e r s o n 
nel f o r  s t r a i n  a n d  t e m p e r a t u r e  data. T h e s e  l o c a 
t i ons w e r e  91.4 m e t e r s  (100 yards) a p a r t  t o w a r d  
the m i d d l e  o f  a 6 0 9 - m e t e r  (2,000-foot) t a n g e n t  
s e c t i o n  o f  t h e  a c c e s s  t r a c k  to t h e  t est s e c t i o n  
u s e d  f o r  o p e r a t i n g  the l i n e a r  i n d u c t i o n  m o t o r  
(LIM) r a i l  vehicle. S t a t i o n s  26 a n d  35 w e r e  
l o c a t e d  n e a r  a weld. S t a t i o n  26 w a s  1.2 m e t e r s  
(4 feet) and s t a t i o n  35 w a s  0.51 m e t e r  (2 feet) 
f r o m  the n e a r e s t  weld. S t a t i o n s  29 a n d  32 w e r e  
l o c a t e d  n e a r  the c e n t e r  o f  a rail. S t a t i o n  29 
w a s  4 . 6  m e t e r s  (15 feet) a n d  s t a t i o n  32 w a s  3.6 
m e t e r s  (12 feet) f r o m  t h e  n e a r e s t  weld. T h e  
t r a c k  is o r i e n t e d  e a s t - n o r t h e a s t  a n d  is c o n s t r u c t e d  
o f  1 1 9 - p o u n d  rail w i t h  2 3 - i n c h  tie s p a c i n g s . E a c h  
s t a t i o n  was i n s t r u m e n t e d  to r e a d  l o n g i t u d i n a l  
s t r a i n  at the n e u t r a l  a xis o n  e ach s ide o f  the 
rail, v e r t i c a l  s t r a i n  at t h e  s ame l o c ation, and 
l a t e r a l  str a i n  at t h e  t o p  o f  the rail. Rail 
t e m p e r a t u r e  a l s o  w a s  r e c orded.

T h e  u l t r a s o n i c  p r o b e  w a s  a l t e r n a t e l y  p l a c e d  
o n  e a c h  side o f  t h e  r a i l  at e ach s t a t i o n  a n d  a 
full set o f  t r a v e l  t i m e  d a t a  w a s  r e c o r d e d  for 
b o t h  t h e  s h e a r  w a v e  a n d  the l o n g i t u d i n a l  wave.
T h e  u l t r a s o n i c  i n s t r u m e n t a t i o n  w a s  h o u s e d  in a

v a n  l o c a t e d  o n  the r o a d  a d j a c e n t  to the track.
T h e  p r o b e  w a s  h e l d  in p l a c e  b y  C clamps. T h e  
r ail s u r f a c e  w a s  p r e p a r e d  b y  w i r e  b r u s h i n g  a n d  
w i p i n g  the w e b  area. P r e c a u t i o n s  w e r e  t a k e n  to 
i n s u r e  t h a t  b o t h  the r ail a n d  the p r o b e  s u r f a c e  
w e r e  free f r o m  g rit a n d  o t h e r  l o ose p a r t i c l e s  
s i n c e  t h e i r  p r e s e n c e  w o u l d  y i e l d  e r r a t i c  
r e a d i n g s .  L o w  v i s c o s i t y  oil w a s  u s e d  as the 
u l t r a s o n i c  c o u plant.

A  0 . 9 1 - m e t e r  (3-foot) l e n g t h  o f  1 1 0 - p o u n d  A R E A  
rail l o c a t e d  n e a r  e a c h  m e a s u r i n g  s t a t i o n  was 
u s e d  as a  r e f e r e n c e .  T r a v e l  t ime m e a s u r e m e n t s  
o n  t h e  r e f e r e n c e  rail w e r e  u s e d  to a s s e s s  t e m 
p e r a t u r e  e f f e c t s  a n d  t o  d e t e c t  a b n o r m a l i t i e s  in 
t h e  probe.

R e s u l t s  o f  t h e  T T C  F i e l d  T e s t . T h e  s t r a i n  h i s 
t o r i e s  r e c o r d e d  at t h e  two r ail s t a t i o n s  are 
s h o w n  in f i g u r e  4. Si m i l a r ,  a l t h o u g h  less c o m 
p l e t e ,  d a t a  w e r e  o b t a i n e d  at s t a t i o n s  32 a n d  35. 
T h i s  s t r a i n  is t h a t  a s s o c i a t e d  w i t h  t h e  t h e r m a l  
s t r e s s  in t h e  r a i l  s i nce the s t r a i n  d u e  to 
t h e r m a l  e x p a n s i o n  is c o m p e n s a t e d  f o r  b y  the g a g e s  
o n  t h e  u n s t r e s s e d  rail. T h e  s t r a i n s  p l o t t e d  are 
n o t  a b s o l u t e  s t r a i n s  b u t  a r e  r e l a t i v e  to the 
s t r a i n  p r e s e n t  in t h e  rail w h e n  t h e  b r i d g e s  w e r e  
i n i t i a l l y  b a l a n c e d .  T h e  s t r a i n s  a r e  p l o t t e d  as 
f u n c t i o n s  o f  t i m e  b e g i n n i n g  at a b o u t  2 200 h o u r s  
o n  10 D e c e m b e r  (shown as -2 hours) a n d  c o n t i n u i n g  
to a b o u t  2 1 0 0  h o u r s  on 11 De c e m b e r .  T h e  d o t t e d  
l i nes s h o w n  i n  t h e  f i g u r e  a r e  i n t e r p o l a t i o n s  
d u r i n g  p e r i o d s  w h e n  e i t h e r  t h e  d a t a  r e c o r d e d  w e r e  
o b v i o u s l y  i n  e r r o r  o r  the d a t a  w e r e  n o t  r e c o r d e d .

T h e  s t r a i n  h i s t o r i e s  a r e  r e a s o n a b l y  c o n s i s t 
ent w i t h  e x p e c t a t i o n s . T h e  m a x i m u m  l o n g i t u d i n a l  
t e n s i l e  s t r a i n  o c c u r s  at all f o u r  s t a t i o n s  at 
a p p r o x i m a t e l y  0 7 0 0  hours, w h i c h  w a s  s h o r t l y  a f t e r  
sun r i s e .  T h e  h i s t o r i e s  s h o w  r a p i d  c h a n g e s  f r o m  
0 7 0 0  to 1 200 h o u r s  due to s o l a r  h e a t i n g ,  a n d  a 
r a p i d  i n c r e a s e  in t e n s i l e  s t r a i n  due to c o o l i n g  
f r o m  1500 h o u r s  to 1 8 0 0 - 1 9 0 0  hours. M o s t  o f  the 
v e r t i c a l  t r a n s v e r s e  s t r a i n  h i s t o r i e s  s h o w  t r e n d s  
c o n s i s t e n t  w i t h  t h e  l o n g i t u d i n a l  s t r a i n s .
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F I G U R E  4. S T R A I N  H I S T O R I E S  A T  S T A T I O N S  26 A N D  29 (TTC F I E L D  TEST)

T h e  l o n g i t u d i n a l  w a v e  t r a v e l  t i m e  m e a s u r e m e n t s  
at the f our s t a t i o n s  o n  the rail a r e  s h o w n  in 
f i g u r e  5. E a c h  d a t a  p o i n t  s h o w n  is t h e  a v e r a g e  
o f  m e a s u r e m e n t s  m a d e  on t h e  f i e l d  and g a g e  sides 
o f  t h e  rail w e b  and h a s  b e e n  t e m p e r a t u r e  
corrected.

T h e  e x p e r i m e n t a l  d a t a  at s t a t i o n  26 s h o w s  m o r e  
i n c o n s i s t e n c y  t h a n  t h e  d a t a  at the o t h e r  t h r e e  
s t a tions. However, t h e  d a t a  for s t a t i o n s  29, 32, 
a n d  35 a g ree w i t h i n  ± 6 . 9  M N / m 2 (± 1 ksi) w i t h  t h e  
e x p e c t e d  r e l a t i o n s h i p  b e t w e e n  s t r e s s  c h a n g e s  and 
l o n g i t u d i n a l  w a v e  t r a v e l  time. T h a t  is t h e y  h a v e  
a c o m m o n  slope o f  0 .44 u s / C M N / m 2 ) (3 n s / k s i )  s h o w n  
b y  t h e  s t r a i g h t  lines in f i g u r e  5.

The a b s o l u t e  t r a v e l  t i m e  d a t a  at s t a t i o n s  29 
a n d  32 are less t h a n  t h e  t r a v e l  t i m e  d a t a  at s t a 
t i o n s  26 and 35. T h a t  d i f f e r e n c e  c o u l d  b e  due to

d i f f e r e n t  l o n g i t u d i n a l  s t r e s s e s  o r  to d i f f e r e n t  
m a t e r i a l  p r o p e r t i e s .  N o t e  t h a t  s t a t i o n s  29 and 
32 a r e  b o t h  l o c a t e d  n e a r  the c e n t e r  o f  a rail, 
a n d  s t a t i o n s  26 a n d  35 are b o t h  n e a r  wel d s .  T h a t  
f act i m p l i e s  t h a t  the d i f f e r e n c e  in a b s o l u t e  
t r a v e l  t i m e s  m a y b e  a s s o c i a t e d  w i t h  d i f f e r e n t  rail- 
web s t r e s s e s  c a u s e d  b y  e i t h e r  t h e  m a n u f a c t u r i n g  p r o 
cess o r  t h e  r ail w e l d i n g  pr o c e s s .  T h e  d i f f e r e n c e  in 
the a b s o l u t e  t r a v e l  t i m e s  f or the two d a t a  sets is 
s e e n  to b e  a b o u t  0 . 0 2  m i c r o s e c o n d .  T h i s  is w i t h i n  
t h e  r a n g e  o f  t h e  l o n g i t u d i n a l  t r a v e l  t i mes o b s e r v e d  
i n  t h e  l a b o r a t o r y  a l o n g  the len g t h  o f  a n e w  u n s t r e s s e d  
1 1 9 - p o u n d  r a i l  [3], [5],

T h e  s h e a r  w a v e  t r a v e l  tim e s  f o r  s t a t i o n s  26, 
32, a n d  35 w e r e  r e l a t i v e l y  i n d e p e n d e n t  o f  str e s s  
level, b u t  t h e  d a t a  for s t a t i o n  29 s h o w  l a r g e r  
v a r i a t i o n s  t h a n  h a d  b e e n  e x p ected. Fur t h e r ,  the 
s h e a r  w a v e  d a t a  for s t a t i o n s  26, 29, and 32 s h o w
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F I G U R E  5. L O N G I T U D I N A L  W A V E  T R A V E L  T I M E  M E A S U R E M E N T S  O N  F O U R  R A I L  S T A T I O N S  (TTC F I E L D  TEST)

r e a s o n a b l e  a g r e e m e n t ,  b u t  t h a t  f o r  s t a t i o n  35 is 
c o n s i d e r a b l y  lower. T h i s  i n d i c a t e s  t h a t  the 
e l a s t i c  p r o p e r t i e s  at s t a t i o n  35 a r e  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  t h o s e  at t h e  o t h e r  locations.

S t r e s s  R e l i e v i n g  T e s t s  at S t a t i o n  3 2 . A f t e r  all 
o f  t h e  u l t r a s o n i c  a n d  s t r a i n  g a g e  d a t a  h a d  b e e n  
c o m p i l e d  for t h e  2 4 - h o u r  p e r i o d  o f  the test, a 
d e c i s i o n  w a s  m a d e  to cut t h e  rail at s t a t i o n  32 
to e s t a b l i s h  t h e  t r u e  s t r e s s  lev e l s  t h r o u g h o u t  
t h e  2 4 - h o u r  test. F ull s t r a i n  g age d a t a  w e r e  
r e c o r d e d  for t h e  s t r e s s  r e l i e v i n g  t est b u t  no 
u l t r a s o n i c  m e a s u r e m e n t s  w e r e  made.

T h e  t e sts w e r e  c o n d u c t e d  i n  f i v e  stag e s  at a 
time in the a f t e r n o o n  w h e n  r a i l  t e m p e r a t u r e  was 
r e a s o n a b l y  u n i f o r m  at a p p r o x i m a t e l y  2 6 . 1 ° C  ( 7 9 ° F ) . 
First, s t r a i n  d a t a  w e r e  r e c o r d e d  w i t h  t h e  rail 
f u l l y  c o n s t r a i n e d .  T h e  s t r a i n  d a t a  w e r e  r e c o r d e d  
a f t e r  e a c h  o f  t h e  f o l l o w i n g  steps. T h e  rail clips 
w e r e  r e m o v e d  f r o m  s e v e n  t i e s  on t h e  s ide o f  the 
p l a n n e d  cut c o n t a i n i n g  the s t r a i n  gage. Then, 
the tie p l a t e s  w e r e  r e m o v e d  f r o m  t h e  s ame s e ven 
ties. F o l l o w i n g  that, t h e  r a i l  w a s  s a w  cut. 
Fin a l l y ,  t h e  l o ose r a i l  w a s  h i t  w i t h  a h a m m e r  
a l o n g  its l e n g t h  in o r d e r  to i n s u r e  t h a t  it was 
l y i n g  f r e e  on its ties.

T h e  s t r a i n  d a t a  b e h a v e d  as e x p ected. The 
l o n g i t u d i n a l  s t r a i n s  o n  e i t h e r  s i d e  o f  t h e  rail 
w e r e  n o t  s e v e r e l y  a f f e c t e d  u n t i l  a f t e r  the saw 
cut. Ho w e v e r ,  g r e a t e r  l o n g i t u d i n a l  s t r a i n  was 
r e c o r d e d  o n  t h e  gage s i d e  o f  t h e  rail c o m p a r e d  
to the f i e l d  side, i n d i c a t i n g  t hat t h e  r ail was 
n o t  e n t i r e l y  s t r aight. W i t h  t h e s e  data, t h e  t rue 
rail s t r e s s  c a n  b e  e s t i m a t e d .  T h e  m e a n  s t r e s s - f r e e  
t e m p e r a t u r e  is a p p r o x i m a t e l y  2 4 . 5 ° C  (76.1°F). For 
the t e m p e r a t u r e  e n c o u n t e r e d  d u r i n g  t h e  u l t r a s o n i c  
tests, the t r u e  l o n g i t u d i n a l  r a i l  s t r e s s e s  r a n g e d  
f r o m  a p p r o x i m a t e l y  6.9 M N / m 2 (1 ksi) to 74.5 M N / m 2 
(10.8 ksi) in tension.

C o n c l u s i o n

B a s e d  o n  t h e  r e s u l t s  o f  t h e  f i e l d  e v a l u a t i o n ,  
it is c o n c l u d e d  t h a t  t h e  u l t r a s o n i c  p r o b e  is 
c a p a b l e  o f  m e a s u r i n g  l o n g i t u d i n a l  s t r e s s  c h a n g e s  
at s p e c i f i c  l o c a t i o n s  in r a i l  w i t h  an a c c u r a c y  o f  
± 6.9 M N / m 2 (+ 1 ksi). A l t h o u g h  t e m p e r a t u r e -  
i n d u c e d  c h a n g e s  in w a v e  s p e e d  a f f e c t  t h e  pro b e ,  
the d i f f e r e n t i a l  t r a v e l  t i m e  m e a s u r e m e n t  t e c h n i 
que, a l o n g  w i t h  t h e  s t r e s s - f r e e  r e f e r e n c e  m e a s 
ure m e n t ,  p r o v i d e s  a m e a n s  to c a n c e l  t h e s e  u n d e s i r 
a b l e  effects.

T h e  a b i l i t y  o f  t h e  p r o b e  to m e a s u r e  a b s o l u t e  
s t r e s s e s  h a s  n o t  b e e n  d e m o n s t r a t e d  at t h e  p r e s e n t  
time. A l t h o u g h  t h e  v a r i a t i o n s  in a b s o l u t e  t r a v e l  
t i m e  m e a s u r e m e n t s  are p o s s i b l y  d u e  t o  v a r i a t i o n s  
in s t r e s s  a l o n g  t h e  l e n g t h  o f  the rail, that 
q u e s t i o n  w i l l  b e  a n s w e r e d  o n l y  w i t h  a m o r e  e x t e n 
sive c o m p a r i s o n  of t h e  u l t r a s o n i c  m e a s u r e m e n t s  
w i t h  a b s o l u t e  s t r e s s  m e a s u r e m e n t s .
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" L i m i t a t i o n s  on the Use o f  
U l t r a s o n i c  Stre s s  M e a s u r e m e n t s  T e c h n i q u e s "

R o b e r t  W. Ben s o n  
Bonitron, Inc.

U l t r a s o n i c  str e s s  a n a l y s i s  t e c h n i q u e s  h a v e  
n o w  b e e n  a v a i l a b l e  for m o r e  t h a n  20 years. V e r y  
l i t t l e  u s e  has b e e n  m a d e  o f  t h e s e  t e c h n i q u e s ,  
e v e n  t h o u g h  t h e r e  a r e  m a n y  a p p l i c a t i o n s  f o r  w h i c h  
t h e y  a p p e a r  t o  b e  w ell suited. W h e n  f i r s t  d e v e l 
oped, all n e w  t e c h n i q u e s  are p u t  to t h e  t e s t  o f  
b e i n g  t r i e d  o n  p r o b l e m s  for w h i c h  o t h e r  c o m p e t i n g  
m e t h o d s  h a v e  failed. In a t t e m p t i n g  to a p p l y  n e w  
m e t h o d s  to the m o s t  d i f f i c u l t  p r o b l e m s ,  f a i l u r e  
is u s u a l l y  e n c o u n t e r e d  and the t e c h n i q u e s  are 
s u b s e q u e n t l y  d i s c a r d e d  as b e i n g  n o  b e t t e r  t h a n  
o t h e r s  t hat h a v e  failed. At least to s o m e  d egree, 
u l t r a s o n i c  str e s s  a n a l y s i s  has b e e n  a p p l i e d  to 
p r o b l e m s  for w h i c h  t h e r e  is yet n o  a n s w e r ,  and 
t h i s  h a s  r e s u l t e d  in a  lack o f  c o n f i d e n c e  s i m i l a r  
to t h a t  a s s o c i a t e d  w i t h  o t h e r  n e w  m e t h o d s  t hat 
h a v e  b e e n  considered.

T h i s  p a p e r  is c o n c e r n e d  w i t h  t h o s e  a s p e c t s  o f  
u l t r a s o n i c  stress a n a l y s i s  t h a t  h a v e  b e e n  e n c o u r 
a g i n g  a n d  a t t e m p t s  t o  d e f i n e  s ome o f  t h o s e  l i m i t a 
tions, w h i c h  s h o u l d  aid in a v o i d i n g  the u n s u c c e s s 
ful a p p l i c a t i o n s .

U l t r a s o n i c  Stre s s  A n a l y s i s

T h e  b a s i c  m e t h o d  o f  s t r e s s  a n a l y s i s  u s i n g  
u l t r a s o n i c  w a ves is a d i r e c t  a n a l o g y  to o b s e r v i n g  
s t r e s s  p a t t e r n s  in o p t i c a l l y  t r a n s p a r e n t  s o l i d s  
u s i n g  p o l a r i z e d  light. O n e  a d v a n t a g e  is t h a t  
a l m o s t  all st r u c t u r a l  solids are u l t r a s o n i c a l l y  
t r a n s p a r e n t  so t h a t  the m e t h o d s  m a y  b e  a p p l i e d  
d i r e c t l y  to s t r u c t u r e s  o f  i n t e r e s t  r a t h e r  t h a n  
mod e l s .

A n o t h e r  a d v a n t a g e  is the fact t h a t  t h e  u l t r a 
s o n i c  m e a s u r e m e n t  r e s u l t s  in a m e a s u r e m e n t  t h a t  is 
s t r e s s  s e n s i t i v e  r a t h e r  t h a n  s t r a i n  s e n s i t i v e .
M u c h  o f  w h a t  is k n o w n  c o n c e r n i n g  m e t a l l i c  s t r u c 
t u r e s  is b a s e d  u p o n  an a s s u m p t i o n  t h a t  t h e  s t r e s s  
is r e l a t e d  to s t r a i n  b y  a c o n stant, s u c h  as is 
u s e d  w i t h  r e s i s t i v e  s t r a i n  gages. T h e  u s e  o f  s u c h  
d e v i c e s  m u s t  c h a r a c t e r i z e  stress h i s t o r y  f r o m  the 
t i m e  o f  applic a t i o n ,  a n d  o n l y  b y  c a r e f u l  l a b o r a t o r y  
t e c h n i q u e s  can the state o f  s t r e s s e s  at t i m e  o f  
a p p l i c a t i o n  b e  determ i n e d .  S i n c e  t h e  u l t r a s o n i c  
m e t h o d  is d i r e c t l y  r e l a t e d  to str e s s ,  it is p o s 
s i b l e  t o  d e t e r m i n e  t h e  s t ate o f  s t r e s s e s  at a n y  
time, t hus r e v e a l i n g  a  p o s s i b i l i t y  o f  d e t e r m i n i n g

r e s i d u a l  s t r e s s e s  i n . t h e  s t r u c t u r e  t h a t  c a n  b e  
c o n s i d e r e d  to b e  a t t r i b u t a b l e  to p r e v i o u s  hi s t o r y .

A  g e n e r a l  d e s c r i p t i o n  o f  t h e  m e t h o d s  o f  u l t r a 
s o n i c  str e s s  a n a l y s i s  c a n  r e v e a l  s o m e  o f  the 
a d v a n t a g e s .  Fir s t ,  t h e  m o s t  s i m p l e  f o r m  o f  stress 
m e a s u r e m e n t  is a c c o m p l i s h e d  in a u n i f o r m  r e c t a n g u 
lar s p e c i m e n  s u b j e c t e d  t o  a u n i f o r m  e x t e r n a l  force, 
as i l l u s t r a t e d  i n  f i g u r e  1. A n  u l t r a s o n i c  crystal 
v i b r a t i n g  in a s h e a r  m o d e  is c o u p l e d  to the 
s p e cimen. T h i s  c a u s e s  a  w a v e  t o  p r o p a g a t e  a c r o s s  
t h e  sp e c i m e n ,  b e  r e f l e c t e d ,  a n d  b e  r e c e i v e d  b y  
the s a m e  c rystal. T h e  p a r t i c l e  v i b r a t i o n s  can 
b e  s e l e c t e d  at a n y  ang l e ,  b u t  m a y  be s e l e c t e d  to 
b e  e i t h e r  p a r a l l e l  t o  o r  p e r p e n d i c u l a r  to the 
a p p l i e d  force. T h e  i n c r e a s e  o r  d e c r e a s e  in tra v e l  
t i m e  v e r s u s  s t r e s s  c a n  b e  m e a s u r e d  v e r s u s  stress, 
as is p l o t t e d  in f i g u r e  2. F o r  a n  e x t e r n a l  c o m 
p r e s s i v e  force, t h e  p a r a l l e l  p a r t i c l e  m o t i o n  
r e s u l t s  in a d e c r e a s e  in t r a v e l  time, w h e r e a s  the 
p e r p e n d i c u l a r  p a r t i c l e  m o t i o n  r e s u l t s  in an 
i n c r e a s e  in t r a v e l  t i m e  a l t h o u g h  o f  s m a l l e r  
m a g n i t u d e .  T h e  d i f f e r e n c e  in t r a v e l  t i m e  as w ell 
as the c h a n g e  in t r a v e l  t i m e  f o r  e a c h  c o m p o n e n t  
is l i n e a r l y  r e l a t e d  t o  a p p l i e d  force.

If t h e  u l t r a s o n i c  c r y s t a l  p r o d u c e s  a p u r e  
s h e a r  wave, it w i l l  b e  l i n e a r l y  p o l a r i z e d  and 
w ill r e m a i n  so in p r o p a g a t i n g  t h r o u g h  t h e  s p e c i 
m e n  so l ong as the p a r t i c l e  m o t i o n  is e i t h e r  
p a r a l l e l  to o r  p e r p e n d i c u l a r  to t h e  s t r e s s  w i t h i n  
the specimen. If, h o w e v e r ,  t h e  c r y s t a l  is r o t a t e d  
so t h a t  t h e  p a r t i c l e  m o t i o n  is at s o m e  a n g l e  w i t h  
r e s p e c t  to the s t r e s s ,  t h e n  t h e  s t a t e  o f  p o l a r i 
z a t i o n  w i l l  c h a n g e  s u c c e s s i v e l y  f r o m  l i n e a r  to 
e l l i p t i c a l  to c i r c u l a r  to e l l i p t i c a l  a n d  b a c k  to 
l i n e a r  p o l a r i z a t i o n ,  as i l l u s t r a t e d  in f i g u r e  3.
If t h e  u l t r a s o n i c  w a v e  is p r o d u c e d  as a p u l s e d  
w a v e  t r a i n  a n d  t h e  s u c c e s s i v e  r e f l e c t i o n s  are 
o b s e r v e d ,  t h e  d e c a y  d u e  to a t t e n u a t i o n  w i l l  be 
o b s e r v e d  w h e n  t h e  s t a t e  o f  p o l a r i z a t i o n  is c h o s e n  
a l o n g  o n e  o f  t h e  p r i n c i p a l  a xes o f  s t r e s s . For 
a n y  o t h e r  o r i e n t a t i o n ,  t h e  s u c c e s s i v e  p u l s e s  m a y  ■ 
b e  g r e a t e r  o r  l ess t h a n  t h e  p r e c e d i n g  p u l s e  
h e i g h t  d u e  to t h e  c h a n g e  in s t a t e  o f  p o l a r i z a t i o n  
o f  t h e  wave. T h e  t h i r d  a d v a n t a g e  is t h a t  the 
p r i n c i p a l  a xes o f  s t r e s s  m a y  be l o c a t e d  b y  the 
o b s e r v a t i o n  o f  t h e  d e c a y  o f  m u l t i p l e  r e f l e c t i o n s  
o f  t h e  u l t r a s o n i c  wav e .

I f  the p l a n e  o f  p o l a r i z a t i o n  is r o t a t e d  and 
the d e c a y  is u n i f o r m  for all o r i e n t a t i o n s ,  t h e n  
t h e r e  is n o  b i r e f r i n g e n c e  a n d  t h e  m a t e r i a l  appears 
to b e  stre s s  free.

T h i s  b r i e f  d e s c r i p t i o n  o f  t h e  b e h a v i o r  o f  
u l t r a s o n i c  s h e a r  w a v e s  is t h e  b a s i s  f o r  m e a s u r e 
m e n t s  o f  s t r e s s  in m e t a l s .  S i m i l a r  e f f e c t s  can 
b e  p r o d u c e d  n e a r  t h e  s u r f a c e ,  u s i n g  w a v e s  t hat 
p r o p a g a t e  in a t h i n  l a y e r  n e a r  t h e  s u r f a c e  and 
f o r  w h i c h  the p a r t i c l e  m o t i o n  is a l s o  t r a n s v e r s e  
to the d i r e c t i o n  o f  p r o p a g a t i o n .  S u r f a c e  w a v e  
a n a lysis, h o w e v e r ,  is m u c h  m o r e  c o m p l e x  d u e  to 
t h e  r e f r a c t i o n  o f  t h e  w a v e s . S t r e s s  gra d i e n t s  
t h a t  e x i s t  n e a r  t h e  s u r f a c e  c a u s e  a  v a r i a t i o n  in 
v e l o c i t y  o f  p r o p a g a t i o n  v e r s u s  d e p t h  in the 
ma t e r i a l .  T h i s  v e l o c i t y  v a r i a t i o n  c a u s e s  a 
r e f r a c t i o n ,  o r  b e n d i n g  o f  t h e  w a v e  front, so that 
it e i t h e r  p e n e t r a t e s  f a r t h e r  i nto t h e  m a t e r i a l  or 
is c o n f i n e d  t o  t h e  s u r f a c e  l i k e  a w a v e  guide.
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S i n c e  t h e  d e p t h  o f  p e n e t r a t i o n  is f r e q u e n c y  
de p e n d e n t ,  s t r e s s  g r a d i e n t s  as w e l l  as stress 
m a g n i t u d e  m a y  b e  d e t e r m i n e d .

L i m i t a t i o n s

A  l a b o r a t o r y  d e m o n s t r a t i o n  o f  u l t r a s o n i c  
stre s s  m e a s u r e m e n t  w o u l d  i m p r e s s  the m o s t  
s k e p t i c a l  o b s e r v e r .  P r o v i d e d  t h a t  t h e  r i ght 
m a t e r i a l  is se l e c t e d ,  a s t r e s s  o f  less t h a n  50 
p o u n d s - f o r c e  p e T  s q u a r e  i n c h  (psi) can b e  detected, 
as is p r o d u c e d  b y  s q u e e z i n g  a  p i e c e  o f  b a r  s t ock 
b e t w e e n  o n e's fingers.

The f i rst m a j o r  l i m i t a t i o n  is a s s o c i a t e d  w i t h  
the m a t e r i a l  to b e  stu d i e d .  T h e  s t r e s s - a c o u s t i c  
c o n s t a n t  —  t h a t  is, t h e  r e l a t i o n s h i p  b e t w e e n  
u l t r a s o n i c  v e l o c i t y  a n d  s t r e s s  -- is d e p e n d e n t  
u p o n  the m a t e r i a l .  S o m e  a l l o y s  o f  s o m e  m a t e r i a l s  
h a v e  r e l a t i v e l y  l a r g e  e f f e c t s  a n d  s o m e  m a t e r i a l s  
do n o t  e v e n  b e h a v e  i n  a  m a n n e r  f o r  w h i c h  an 
e f f e c t  can b e  defined.

F o r  m a t e r i a l s  t h a t  h a v e  n o t  b e e n  r e p o r t e d  in 
the l iterature, it is n e c e s s a r y  to p e r f o r m  a l a b 
o r a t o r y  s t u d y  to d e t e r m i n e  w h e t h e r  o r  n o t  the 
m a t e r i a l  is b i r e f r i n g e n t  and, i f  so, to d e t e r m i n e  
t h e  m a g n i t u d e  o f  t h e  effect. If t h e  p r e c i s i o n  of 
m e a s u r e m e n t  is n o t  s u f f i c i e n t  f o r  the a m o u n t  o f  
the effect, p r a c t i c a l  m e a s u r e m e n t s  m a y  n o t  b e  
p o s sible. It is f u r t h e r  p o s s i b l e  t h a t  the a t t r a c 
t i o n  is so g r e a t  at f r e q u e n c i e s  f o r  w h i c h  time 
r e s o l u t i o n  is a c c e p t a b l e  t h a t  s i g n a l  s t r e n g t h  
limits the a c c uracy. A l t h o u g h  i n c r e a s e d  f r e 
q u e n c y  m a y  a p p e a r  to g i v e  i m p r o v e d  ac c u r a c y ,  it 
m a y  b e  f o u n d  t h a t  a t t e n u a t i o n  e f f e c t s  limit the 
f r e q u e n c y  at w h i c h  s u c c e s s f u l  m e a s u r e m e n t s  m a y  be 
made.

The s e c o n d  m a j o r  l i m i t a t i o n  is c o n c e r n e d  w i t h  
the s h a p e  o f  the s p e c i m e n  a n d  the o r i e n t a t i o n  o f  
s t r e s s e s  w i t h i n  t h e  s p e c i m e n .  If s u r f a c e s  are 
f lat and p a r a l l e l ,  m e a s u r e m e n t s  a r e  simplified.
In g e neral, t h i c k n e s s e s  o f  l ess t h a n  1/4 inch 
p r e s e n t  p r o b l e m s  in t i m e  r e s o l u t i o n .  S u r f a c e  
r o u g h n e s s  c o m p a r a b l e  to a w a v e  length, in g e n 
eral a f e w  t h o u s a n d t h s  o f  an inch, c a n  fur t h e r  
r e d u c e  t h e  a c c u r a c y  o f  m e a s u r e m e n t s . G e o m e t r i e s  
i n v o l v i n g  c o m p l e x  s h a p e s  s h o u l d  b e  a v o i d e d  at 
l e ast u n t i l  s i m p l e  g e o m e t r i e s  h a v e  b e e n  mastered.
A  t h o r o u g h  u n d e r s t a n d i n g  o f  s t r e s s  a n d  stress

d i s t r i b u t i o n s  is a n e c e s s i t y  if p r o p e r  m e a s u r e 
m e n t s  a r e  to b e  s e l ected. It m u s t  b e  r e m e m b e r e d  
t h a t  s t r e s s  is n o t  a s c a l a r  qu a n t i t y ,  n o t  e v e n  a 
s i m p l e  v e c t o r  q u a n t i t y ,  b u t  in g e n e r a l  is 
d e s c r i b e d  b y  a tensor. It is o n l y  w h e n  the 
s t r e s s e s  c a n  b e  s i m p l i f i e d  enou g h  b y  the s e l e c 
t i o n  o f  o r i e n t a t i o n  a n d  s a m p l e  g e o m e t r y ,  t h a t  
s i m p l e  m e a s u r e m e n t s  w i l l  suffice. A l t h o u g h  
p r e s e n t  c o m p u t e r - a i d e d  t e c h n i q u e s  can a l l o w  for 
c o m p l e x  a n a l y s e s ,  o n l y  the m o s t  s o p h i s t i c a t e d  
can e x p e c t  to b e  succes s f u l .

T h e  t h i r d  l i m i t a t i o n  is c o n c e r n e d  w i t h  u l t r a 
s o n i c  w a v e  p r o p a g a t i o n .  U l t r a s o n i c  w a v e s  u n d e r g o  
r e f l e c t i o n  a n d  r e f r a c t i o n  w i t h i n  the s o l i d  as t h e y  
pr o p a g a t e .  U n d e r  c e r t a i n  c o n d i t i o n s  it is p o s s i b l e  
t hat a s u r f a c e  w a v e  c a n  b e  c o n v e r t e d  to a s h e a r  
w a v e  t r a v e l i n g  into the m a t e r i a l  a n d  at a d i f 
fere n t  v e l o c i t y .  S u c h  c o n v e r s i o n s  in t h e  m o d e  o f  
p r o p a g a t i o n  m a k e  a n a l y s i s  e v e n  m o r e  d i f f i c u l t .

T h e  m o s t  t r o u b l e s o m e  p r o b l e m  in u s i n g  u l t r a 
s o nic w a v e s  for str e s s  m e a s u r e m e n t  is t h e  fact 
t hat t h e  w a v e  p r o p a g a t i o n  is s e n s i t i v e  to f a c t o r s  
o t h e r  t h a n  stress. I f  a s a m p l e  is e x a m i n e d  b y  
u l t r a s o n i c  m e a s u r e m e n t s  w h e n  n o  e x t e r n a l  forc e s  
are p r e s e n t ,  it w o u l d  b e  d e s i r a b l e  t h a t  the 
r e m a i n i n g  e f f e c t s  are due to r e s i d u a l  s t r e s s e s  
d u e  to t h e  f o r m a t i o n  o f  the sample. U n f o r t u n a t e l y ,  
s uch f a c t o r s  as p r e f e r r e d  g r a i n  o r i e n t a t i o n  p r o 
d u c e d  b y  t h e  f o r m a t i o n  p r o c e s s e s  r e s u l t  i n  an 
e f f e c t  t h a t  c a n n o t  b e  d i f f e r e n t i a t e d  b y  the u l t r a 
s o n i c  m e a s u r e m e n t  f r o m  a t r u e  r e s i d u a l  stress. If 
t h e s e  e f f e c t s  w e r e  sma l l  in c o m p a r i s o n  to the 
d e s i r e d  eff e c t ,  t h e y  c o u l d  b e  ignored, b u t  in m o s t  
cas e s  the p r o c e s s e s  r e s u l t i n g  in d e s i r a b l e  s t r u c 
t u ral s h a p e s  p r o d u c e  a v a r i e t y  o f  m e t a l l u r g i c a l  
i n h o m o g e n e i t i e s  in a d d i t i o n  to r e s i d u a l  st r e s s e s .
It is i m p o r t a n t ,  t h e r efore, to d eal w i t h  t h e s e  
f a c t o r s .

R e s e a r c h e r s  p r i m a r i l y  c o n c e r n e d  w i t h  the 
t e s t i n g  o f  b a s i c  p r o p e r t i e s  o f  m a t e r i a l s  are 
f a m i l i a r  w i t h  t h e  f act that b a s i c  m e c h a n i c a l  
t e sts u s e d  t o  d e t e r m i n e  the e l a s t i c  a n d  i n e l a s t i c  
p r o p e r t i e s  o f  m a t e r i a l s ,  i n c l u d i n g  y i e l d  st r e n g t h ,  
u l t i m a t e  s t r e n g t h ,  etc., are s u b j e c t  to t h e s e  s ame 
v a r i a b l e s  -- t h a t  is, p r e f e r r e d  g r a i n  o r i e n t a t i o n ,  
r e s i d u a l  str e s s ,  etc. P r e l i m i n a r y  o b s e r v a t i o n s  
u n d e r  l a b o r a t o r y  c o n d i t i o n s  i n d i c a t e  that t h e r e  
is a q u a l i t a t i v e  r e l a t i o n s h i p  b e t w e e n  t h e  u l t r a s o n i c

F I G U R E  1. P O S S I B L E  D I R E C T I O N S  OF S H E A R  C R Y S T A L  P L A C E M E N T  O N  A  SAM P L E
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F I G U R E  2. V A R I A T I O N  IN T R A V E L  T I M E  V E R S U S  S T R E S S  O F  
V A R I O U S  C O M P O N E N T S  O F  A  S H E A R  W A V E  IN 7075 A L U M I N U M  A L L O Y

F I G U R E  3. P O L A R I Z A T I O N  O F  A  S H E A R  W A V E  A S  IT P A S S E S  T H R O U G H  A  M E D I U M
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F I G U R E  4. O S C I L L O S C O P E  P H O T O G R A P H  S H O W I N G  
D E C A Y  P A T T E R N  O F  A  S H E A R  W A V E  IN 1/2 I NCH PLATE

A: (1) Velocities in x, y go to the same value,for C equal to T.
(2) Decay pattern exponential for all orientations of ultrasonic wave.

B: (1) Velocities in x, y go to the same valuefor T' equal to TQ.
(2) Decay exhibits polarization in x, y.
(31 New principal axis, @ 45° with respect. to the applied force.

F I G U R E  5. D E T E R M I N A T I O N  O F  C O R R E C T  V E C T O R  
F O R  I N I T I A L  S T A T E  O F  S A M P L E  A S  R E C E I V E D  F R O M  M I L L

m e a s u r e m e n t s  a n d  v a r i a t i o n s  t h a t  m a y  b e  p r o d u c e d  
in t h e  m e c h a n i c a l  tests. T h e  f o l l o w i n g  is an 
e x a m p l e  o f  t h e  p r o c e d u r e s  t h a t  w e r e  f o l lowed.

T e n s i l e  a n d  c o m p r e s s i v e  t e s t  s p e c i m e n s  w e r e  
cut f r o m  a l a r g e  flat pla t e ,  1/2 i n c h  in 
t h i c k n e s s .  H a l f  o f  t h e  s p e c i m e n s  w e r e  t a k e n  
w i t h  t h e i r  m a j o r  a x i s  a l o n g  t h e  l e n g t h  o f  t h e  
p l a t e  a n d  h a l f  w e r e  t a k e n  w i t h  t h e i r  m a j o r  axis 
t r a n s v e r s e  to t h e  l e n g t h  o f  t h e  pla t e .  U l t r a s o n i c  
m e a s u r e m e n t s  w e r e  m a d e  i n d i c a t i n g  t h a t  b i r e f r i n 
g e n c e  w a s  p r e s e n t  w i t h  t h e  axes a l o n g  t h e  m a j o r  
a x e s  o f  t h e  sp e c i m e n .  It w a s  f u r t h e r  d e t e r m i n e d  
t h a t  t h e  m a g n i t u d e  o f  t h e  b i r e f r i n g e n c e  w a s  e q ual 
to that o b t a i n e d  b y  a n  e x t e r n a l  p r e s s u r e  o f
10, 0 0 0  psi.

It is a s s u m e d  t h a t  t h e  f o r m a t i o n  o f  t h e  i n g o t  
a n d  t h e  s u c c e s s i v e  r o l l i n g  o r  e x t r u d i n g  p r o c e s s e s  
i n t r o d u c e  r e s i d u a l  s t r e s s e s ,  s i n c e  e a c h  p i e c e  is 
s t r e s s e d  b e y o n d  t h e  e l a s t i c  limit. It is a l s o  
k n o w n  t h a t  t h e  s a m e  p r o c e s s e s  r e s u l t  in p r e 
f e r r e d  g r a i n  o r i e n t a t i o n ;  t h a t  is, t h e  i n d i v i d u a l  
c r y s t a l l i t e s  t e n d  to a l i g n  t h e m s e l v e s  w i t h  
r e s p e c t  t o  t h e  r o l l i n g  d i r e c t i o n .  T h e  e l a s t i c

F I G U R E  6. I L L U S T R A T I O N  R E S U L T I N G  IN T R U E  S T R E S S  
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c o n s t a n t s  o f  t h e  c r y s t a l l i t e s  v a r y  w i t h  o r i e n t a 
t i o n  a n d  r e s u l t  in v e l o c i t y  v a r i a t i o n s  f o r  u l t r a 
s o n i c  w a v e s  i n  a m a n n e r  s i m i l a r  to t hat o b s e r v e d  
for a n  a p p l i e d  stress. In general, the a p p a r e n t  
stre s s  a p p e a r s  q u i t e  u n i f o r m  t h r o u g h o u t  t h e  
samples. In s u c h  cases, the effe c t  c a n n o t  b e  
s t r e s s  alone, for t h e  s u m m a t i o n  o f  the f o r c e s  
a c r o s s  a cross s e c t i o n  m u s t  vanish. S u c h  e f f e c t s  
as g r a i n  o r i e n t a t i o n ,  t h e r efore, are a d d e d  to 
t h o s e  t hat are a c t u a l  r e s i d u a l  s t r e s s e s  w i t h i n  
t h e  sample.

T h e  s a m p l e s  t a k e n  f r o m  the p l a t e  h a v e  a t o t a l  
e f f e c t  d u e  to actu a l  r e s i d u a l  s t r e s s e s  a n d  all 
o t h e r  cau s e s  t hat a p p e a r s  to b e  d u e  to an e q u i v a 
lent p r e s s u r e  o f  10, 0 0 0  psi. It is u n k n o w n ,  h o w 
ever, w h e t h e r  t h i s  is d u e  to an a p p a r e n t  s t a t e  o f  
t e n s i o n  a l o n g  the m a j o r  axis or a s t a t e  o f  c o m 
p r e s s i o n  a l o n g  t h e  lateral d i m e n s i o n  o f  t h e  sample. 
F i g u r e  5 i l l u s t r a t e s  t h e  two a s s u m p t i o n s  t h a t  m a y  
be made. If a n  e q ual and o p p o s i t e  for c e  is app l i e d ,  
t h e  m a t e r i a l  c a n  b e  m a d e  to a p p e a r  s t r e s s  free.
For o u r  samples, an a p p l i c a t i o n  o f  a c o m p r e s s i v e  
for c e  a l o n g  the y - a x i s  in p a r t  A  o f  f i g u r e  4 
r e s u l t e d  in a c h i e v i n g  a n  a p p a r e n t  s t r e s s - f r e e  
sample. W h e n  a t e n s i l e  f o r c e  was a p p l i e d  to t h e  
lat e r a l  s u r faces, the r e s u l t a n t  p r i n c i p a l  axis 
w a s  formed.

A f t e r  m a r k i n g  e ach o f  the t est s p e c i m e n s  w i t h  
an a p p r o p r i a t e  a r r o w  s h o w i n g  the m a g n i t u d e  and 
the d i r e c t i o n  o f  the a p p a r e n t  stress, a s t r e s s -  
s t r a i n  cur v e  w a s  o b t a i n e d  on e ach t est spe c i m e n .  
Q u a l i t a t i v e l y ,  t h e  s t r a i n  a p p e a r e d  to b e  r e l a t e d  
to t h e  v e c t o r  a d d i t i o n  o f  t h e  a p p a r e n t  r e s i d u a l  
str e s s  a n d  the e x t e r n a l l y  a p p l i e d  stress.
A l t h o u g h  o u r  o b s e r v a t i o n s  are l i m i t e d  a n d  q u a l i 
t a t i v e  in nat u r e ,  it w o u l d  a p p e a r  t h a t  t h e  
m e c h a n i c a l  b e h a v i o r  o f  a s t r u c t u r e  is i n f l u e n c e d  
b y  t h e  e x t e r n a l  load, the r e s i d u a l  s t r e s s e s ,  a n d  
all o t h e r  e l a s t i c  e f f e c t s  t hat i n f l u e n c e  t h e  
e l a s t i c  b e h a v i o r  o f  the structure. T h e  u l t r a 
s o n i c  m e t h o d s  o f  m e a s u r e m e n t  a l l o w  for n e w  
m e t h o d s  o f  an a l y s i s ,  p r o v i d i n g  t hat c a r e f u l  l a b 
o r a t o r y  t e sts a r e  p e r f o r m e d .

P r a c t i c a l  f i e l d  a p p l i c a t i o n  c a n n o t  b e  e x p e c t e d  
to b e  s u c c e s s f u l  w i t h o u t  a d e q u a t e  l a b o r a t o r y  d o c 
u m e n t a t i o n  o f  a c t u a l  s i m u l a t e d  r e s u l t s  t h a t  c a n  b e  
s u b s t a n t i a t e d .  It is b e l i e v e d  t h a t  u l t r a s o n i c s  
w i l l  f i n d  its p l a c e  in t h e  t e s t i n g  o f  m a t e r i a l s  
and, in a d d ition, t h e  act u a l  p e r f o r m a n c e  o f  f i e l d  
testing.

" S p e c i a l  E M A T  C o n f i g u r a t i o n s  for 
O p t i m u m  D e t e c t i o n  o f  

U l t r a s o n i c  B i r e f r i n g e n c e "

R. B. T h o m p s o n
R o c k w e l l  I n t e r n a t i o n a l  S c i e n c e  C e n t e r  

I n t r o d u c t i o n

T h e  p r e v i o u s  t w o  p a p e r s  h ave d e a l t  w i t h  the 
u s e  o f  u l t r a s o n i c s  in d e t e c t i n g  s t r esses, b o t h  
in r a i l s  and in general. This p a p e r  w i l l  n o t  
c o v e r  t his same m a t e r i a l .  Instead, it w i l l  r e l y  
on t h e  p r e v i o u s  p a p e r s  as ba c k g r o u n d .  T h e  
e m p h a s i s  w ill b e  p l a c e d  on a n e w  t y p e  o f  
t r a n s d u c e r  w h i c h  o v e r c o m e s  some o f  the c o u p l i n g

p r o b l e m s  that' are t y p i c a l l y  e x p e r i e n c e d  in 
i m p l e m e n t i n g  t h o s e  t e c h n i q u e s .  T o p i c s  to be 
d i s c u s s e d  i n c l u d e  t h e  g e n e r a l  p r o p e r t i e s  o f  
t h i s  n e w  t r a n s d u c e r ,  the u n i q u e  f a c t  t h a t  it 
c a n  e x c i t e  s ome w a v e  t y p e s  a n d  p o l a r i z a t i o n s  
t h a t  a r e  n o t  c o n v e n i e n t l y  e x c i t e d  b y  p i e z o 
e l e c t r i c  t r a n s d u c e r s ,  a n d  a d v a n t a g e s  t h a t  it 
o f f e r s  in i m p l e m e n t i n g  s t r e s s - d e t e c t i o n  
t e c h n i q u e s .

T r a n s d u c e r  P r i n c i p l e s

F i g u r e  1 i l l u s t r a t e s  t h e  p r i n c i p l e  o f  the 
e l e c t r o m a g n e t i c  a c o u s t i c  w a v e  t r a n s d u c e r  
(EMAT) [1]. C o n s i d e r  for t h e  m o m e n t  a  n o n 
m a g n e t i c  m e t a l  par t .  S u p p o s e  t h a t  a w i r e  has 
b e e n  p l a c e d  a d j a c e n t  to the m a t e r i a l .  A l s o  
s u p p o s e  t hat a c u r r e n t  h a s  b e e n  d r i v e n  t h r o u g h  
the w i r e  at t h e  d e s i r e d  u l t r a s o n i c  f r e q u e n c y ,  
w, a n d  t h a t  a m a g n e t  e s t a b l i s h i n g  a  s t a t i c  
m a g n e t i c  f i e l d  h a s  b e e n  p l a c e d  n e a r b y .  E d d y  
c u r r e n t s  w ill t h e n  be i n d u c e d  w i t h i n  t h e  m e t a l  
and, b e c a u s e  o f  the s t a t i c  field, t h e r e  w ill 
b e  d y n a m i c  forces, t h e  s o - c a l l e d  L o r e n t z  forces, 
e x e r t e d  on the m a t e r i a l .  U l t r a s o n i c  w a v e s  are 
l a u n c h e d  as a r e a c t i o n  to t h e s e  sou r c e s ,  a n d  
t h e  p o l a r i z a t i o n s  o f  t h e s e  w a v e s  c a n  b e  m o d i 
f i e d  b y  c h a n g i n g  t h e  d i r e c t i o n  o f  t h e  m a g n e t i c  
field. T h i s  p h e n o m e n o n  is v e r y  f a m i l i a r .  T h e s e  
f o r c e s  are t h e  same f o r c e s  t h a t  d r i v e  an 
e l e c t r i c  motor. T h i s  is n o t  a n  e x o t i c  p h y s i c a l  
p h e n o m e n o n  b y  a n y  m e a n s :

T h e  p h e n o m e n o n  h a s  s e v e r a l  m a j o r  ad v a n t a g e s .  
It c a n  b e  u s e d  to e x c i t e  u l t r a s o n i c  w a v e s  w i t h  
no c o n t a c t  to t h e  meta l ,  so a c o u p l a n t  is n o t  
n e e d e d .  In p r i n c i p l e ,  o n e  can g e n e r a t e  w a v e s  
u s i n g  a t r a n s d u c e r  m o u n t e d  o n  a c a r  t r a v e l i n g  
at 60 m i l e s  p e r  h o u r  d o w n  a rail. T h e  u l t r a 
s o n i c  p h a s e  s h i f t s  t h a t  a l w a y s  o c c u r  w h e n  a 
c o u p l a n t  is u s e d  a r e  avo i d e d ,  so o n e  can m a k e  
m o r e  r e p r o d u c i b l e  m e a s u r e m e n t s .  T h e  t r a n s 
d u c e r  d o e s  n o t  l oad the sample. O n e  d o e s  not 
h a v e  to w o r r y  a b o u t  o n e  t r a n s d u c e r  i n t e r f e r i n g  
w i t h  a m e a s u r e m e n t  m a d e  b y  a n o t h e r  t r a n s d u c e r .

If the m e t a l  p a r t  is m a g n e t i c ,  m a g n e t o -  
s t r i c t i v e  for c e s  e x i s t  as w e l l  as t h e  Lor e n t z  
f o r c e s  d i s c u s s e d  a b o v e  [2]. T h i s  c a n  b e  u n d e r 
s t o o d  b y  n o t i n g  that, w h e n  c u r r e n t  p a s s e s  
t h r o u g h  the wire, t h e r e  a r e  m a g n e t i c  fie l d s  
t h a t  e n c i r c l e  t h e  w i r e  a n d  p e n e t r a t e  i n t o  the 
m a t e r i a l .  If t h e  m a t e r i a l  is m a g n e t i z e d  b y  
t h e  s t a t i c  m a g n e t i c  field, as i n d i c a t e d  in 
f i g u r e  1 b y  the sym b o l  M 0 , t h e  d y n a m i c  m a g n e 
t i c  f i e l d s  w ill c a u s e  the m a g n e t i z a t i o n  to h a v e  
a  s l i g h t  o s c i l l a t o r y  c o m p o n e n t .  T h r o u g h  m ag- 
n e t o s t r i c t i v e  forces, u l t a s o n i c  w a v e s  c a n  be 
l a u n c h e d  as a r e s p o n s e  to t h i s  m a g n e t i z a t i o n  
m o d u l a t i o n .

T h r o u g h  e a c h  o f  t h e s e  m e c h a n i s m s ,  t h e  s ame 
t r a n s d u c e r  s t r u c t u r e s  c a n  e x c i t e  a  n u m b e r  o f  
d i f f e r e n t  t y p e s  o f  waves. In t h i s  d i s c u s s i o n ,  
t h e  e m p h a s i s  w i l l  b e  p l a c e d  on t h e  w a v e s  g e n 
e r a t e d  b y  the L o r e n t z  f o r c e s  s i n c e  t h e y  e x h i b i t  
m u c h  s i m p l e r  b e h a v i o r  a n d  are e a s i e r  to u n d e r 
stand. T h e  m a g n e t o s t r i c t i v e  f o r c e s  a r e  a lso 
p r e s e n t  in r a i l s  a n d  s h o u l d  b e  c o n s i d e r e d .  But 
the s a m e  w a v e s  c a n  b e  o b t a i n e d  w i t h  s l i g h t l y  
d i f f e r e n t  t r a n s d u c e r  c o n f i g u r a t i o n s .
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F I G U R E  1. P R I N C I P L E S  O F  O P E R A T I O N  OF A N  E M A T

T r a n s d u c e r  C o n f i g u r a t i o n s

F i g u r e  2 s h o w s  a- n u m b e r  o f  d i f f e r e n t  t r a n s 
d u c e r  g e o m e t r i e s  t h a t  c a n  b e  o b t a i n e d  b y  g e n 
e r a l i z i n g  o n  t h e  w i r e - m a g n e t  c o m b i n a t i o n s  s h o w n  
in f i g u r e  1 [3]. C o n s i d e r  f o r  the m o m e n t  the 
e x c i t a t i o n  o f  a n  u l t r a s o n i c  w a v e  n o r m a l  to 
t h e  s u r f a c e  o f  a par t .  As s h o w n  at the left 
o f  f i g u r e  2, o n e  o f  the t r a n s d u c e r  ge o m e t r i e s  
t hat h a s  b e e n  u t i l i z e d  the l o n g e s t  in this 
f i e l d  is t h e  s p i r a l  coil EMAT. T h e  coil c a r r y 
i n g  t h e  d y n a m i c  c u r r e n t  has a s p i r a l  s h a p e  a n d  
is p l a c e d  u n d e r n e a t h  a u n i f o r m l y  p o l a r i z e d  m a g 
n e t  w h o s e  f i e l d  is p e r p e n d u c u l a r  to the p a r t  
surface. In t h i s  case, t h e  e d d y  c u r r e n t s  
i n d u c e d  i n  t h e  p a r t  w i l l  f l o w  in c i r c u l a r  paths. 
T h e  force, w h i c h  is p e r p e n d i c u l a r  to b o t h  the 
e d d y  c u r r e n t s  a n d  t h e  m a g n e t i c  f i e l d  p r o d u c e d  
b y  t h e  p e r m a n e n t  m a g n e t ,  w i l l  h a v e  the r a d i a l  
d i s t r i b u t i o n  s h o w n  at the b o t t o m  o f  t h e  figure. 
T h e s e  r a d i a l  f o r c e s  l a u n c h  a  r a d i a l l y  p o l a r i z e d  
u l t r a s o n i c  s h e a r  w a v e  n o r m a l  t o  the m e tal 
surface.

In t h e  c o n t e x t  o f  b i r e f r i n g e n c e ,  s u c h  a w a v e  
has s ome a d v a n t a g e s ,  p a r t i c u l a r l y  i f  o n e  i n d e p e n 
d e n t l y  k n o w s  t h e  axis o f  t h e  stress. O n e  can 
n o w  s i m u l t a n e o u s l y  e x c i t e  b o t h  s h e a r  w a v e  c o m p o 
n e n t s  w i t h  j u s t  o n e  t r a n s d u c e r ,  w i t h o u t  a n y  n e e d  
f o r  r o t a t i n g  the tr a n s d u c e r .  T h i s  a l l o w s  the 
r e l a t i v e  v e l o c i t y  o f  t h e  t w o  c o m p o n e n t s  to b e  
r a p i d l y  m e a s u r e d .

If, h o w e v e r ,  o n e  w o u l d  l ike to g e n e r a t e  a 
p l a i n  p o l a r i z e d  wave, o n e  c o u l d  d o  a n u m b e r  o f  
things. T h e  n e x t  c o l u m n  o f  t h e  f i g u r e  s h o w s  a 
s c h e m e  in w h i c h  t w o  e l o n g a t e d  s p i r a l  c o i l s  are 
c o m b i n e d  a n d  a r r a n g e d  so the w i r e  e l e m e n t s  are 
p a r a l l e l  u n d e r n e a t h  the mag n e t .  H e r e  the 
c o m b i n a t i o n  o f  t h e  m a g n e t i c  f i e l d  a n d  t h e  e d d y  
c u r r e n t s  p r o d u c e  a c o n s t a n t  a m p l i t u d e  s h e a r i n g  
for c e  d i s t r i b u t i o n  t h a t  l a u n c h e s  p l a n e  p o l a r i z e d  
s h e a r  w a v e s  n o r m a l  to t h e  surface.

If, i n s t e a d  o f  g e n e r a t i n g  u n i f o r m  c u r r e n t  
d i s t r i b u t i o n s ,  o n e  c r e a t e s  a  d i s t r i b u t i o n  in 
w h i c h  t h e  c u r r e n t s  a l t e r n a t e  b a c k  a n d  forth,
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F I G U R E  2. T H R E E  R E P R E S E N T A T I V E  E M A T  G E O M E T R I E S

as s h o w n  at the right, o n e  can p r o d u c e  s u r f a c e  
s t r e s s e s  t hat are p e r i o d i c  in the p l a n e  o f  the 
sur f a c e .  T h i s  is a n a l o g o u s  to a p h a s e d  a r r a y  
a n t e n n a  u s e d  in radar, a n d  c a n  e x c i t e  s u r f a c e  
w a v e s  o r  b u l k  w a v e s  p r o p a g a t i n g  at a n g l e s  w i t h  
r e s p e c t  to t h e  surface. It will b e  t h e  t o p i c  
o f  a l a t e r  di s c u s s i o n .

F i g u r e  3 gives s o m e  data, o b t a i n e d  w i t h  a spiral 
coil, t h a t  s h o w  t h e  u t i l i t y  o f  this t r a n s d u c e r  
in b i r e f r i n g e n t  m e a s u r e m e n t s  [3]. T h e  s a m p l e  
w a s  a 0 . 5 - i n c h - t h i c k  a l u m i n u m  plate. T h e  coil 
w a s  e x c i t e d  b y  a c u r r e n t  impulse. T h e  u l t r a 
s o n i c  e c h o  t r a i n  c o n s i s t e d  o f  sig n a l s  t h a t  h a d  
t r a v e r s e d  t h e  s a m p l e  m u l t i p l e  times. S i n c e  the 
r e c e i v e r  was o n  the s ide o f  the p l a t e  o p p o s i t e

t h e  t r a n s m i t t e r ,  the first s i g n a l  h a s  p r o p a g a t e d  
t h r o u g h  0.5 i n c h  o f  met a l ,  t h e  s e c o n d  e c h o  has 
p r o p a g a t e d  t h r o u g h  1.5 inc h e s  o f  m e t a l ,  a n d  so 
forth. C l o s e r  i n s p e c t i o n  o f  t h e  e x p a n d e d  s c a l e  
d i s p l a y s  in e l e m e n t s  ( c ) , ( d ) , a n d  (e) o f  the 
f i g u r e  s h ows t h a t - e a c h  e c h o  is b r o k e n  u p  i nto 
a p a i r  o f  s ignals. T h i s  p a i r  o f  s i g n a l s  is 
p r o d u c e d  b y  t w o  o r t h o g o n a l  s h e a r  w a v e  c o m p o n e n t s  
t h a t  t r a v e l  at a s l i g h t l y  d i f f e r e n t  v e l o c i t y .
In t h i s  sample, the b i r e f r i n g e n c e  w a s  i n d u c e d  
b y  t e x t u r e .  H o w e v e r ,  it c o u l d  h a v e  j u s t  as 
e a s i l y  b e e n  a s t r e s s - i n d u c e d  b i r e f r i n g e n c e ,  and 
it i l l u s t r a t e s  t h e  fact t hat E M A T ' s  c a n  v e r y  
e a s i l y  excite, detect, a n d  r e s o l v e  t w o  s h e a r  
w a v e  c o m p o n e n t s  t r a v e l i n g  w i t h  d i f f e r e n t  
v e l o c i t i e s .
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F I G U R E  3. U L T R A S O N I C  B I R E F R I N G E N C E  IN A  T E X T U R E D  A L U M I N U M  P L A T E  O F  0 . 5 - I N C H  T H I C K N E S S :

( a )  : C U R R E N T  P U L S E  E X C I T I N G  E M A T  (2 A M P E R E S / D I V ,  0.2 M I C R O S E C O N D / D I V )

( b )  : U L T R A S O N I C  E C H O E S  (20 M I C R O S E C O N D S / D I V )

( c )  : E X P A N D E D  V I E W  O F  F I F T H  R O U N D  T R I P  E C H O  P A I R  (0.2 M I C R O S E C O N D / D I V )

( d )  , (e): E X P A N D E D  V I E W  O F  N I N E T E E N T H  ROU N D  T R I P  E C H O  P A I R  (0.2 M I C R O S E C O N D / D I V )
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M E A N D E R  C O I L S
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Principle of generation of surface waves and angle bulk waves 
by meander coil electromagnetic transducers.

F I G U R E  4. M E A N D E R  C O I L  EMAT: R A Y L E I G H  W A V E  G E N E R A T I O N  (TOP)
A N D  A N G L E  B E A M  G E N E R A T I O N  (BOTTOM)

A n o t h e r  e f f e c t  is a l s o  i l l u s t r a t e d  in f i g 
u r e  3. It m a y  n o t  b e  d i r e c t l y  g e r m a n e  to the 
i n s p e c t i o n  o f  r a i l s  for st r e s s e s ,  b u t  it is 
r a t h e r  i n t e r e s t i n g  a n d  w o r t h  not i n g .  A f t e r  a 
f e w  t r i p s  t h r o u g h  the sample, t h e  e c h o e s  a p p e a r e d  
q u i t e  similar. H o w e v e r ,  a f t e r  19 r o u n d  trips, 
the t w o  signals l o o k e d  c o n s i d e r a b l y  d i f f e r e n t .  
(They a r e  s h o w n  in two s e p a r a t e  p h o t o g r a p h s  in 
the figu r e  b e c a u s e  t h e y  a r e  s p r e a d  so m u c h  in 
time.) One p u l s e  h a s  t o t a l l y  c h a n g e d  in shape, 
p r e s u m a b l y  b e c a u s e  o f  an a n i s o t r o p i c  g r a i n

s t r u c t u r e  o f  t h e  a l u m i n u m .  This e f f e c t  m a y  b e  
u s e f u l  f o r  s t u d y i n g  g r a i n  s t r u c t u r e s  in t h e  
f u t u r e .

A s  n o t e d  above, s u r f a c e  w a v e s  and a n g l e  b e a m s  
h a v e  a m a j o r  r o l e  to p l a y  in t h e  d e t e c t i o n  o f  
st r e s s e s .  F i g u r e  4 s h o w s  w h a t  is k n o w n  as the 
m e a n d e r  c o i l  E M A T  [4]. T h e  coil is w o u n d  in a 
s e r p e n t i n e  f a s h i o n  w i t h  a p e r i o d  D. A s  i l l u s 
t r a t e d  in the c r o s s - s e c t i o n a l  v i e w  o f  the coil 
o n  a p a r t ,  o n e  s e e s  t h a t  t h e  c u r r e n t  f l o w s  in
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C O N V E N T IO N A L  T E C H N IO U E S  E X C IT E  A N G L E  S H E A R  W A V E 
B Y  M O D E  C O N V E R S IO N

MEANDER C O IL EMATs EXCITE VERTICALLY 
P O LA R IZED  ANG LE SHEAR WAVES

PER IO D IC  M AGNET EMATs EXCITE H ORIZONTALLY 
P O L A R IZ E D  SHEAR WAVES A D V A N T A G E S  O F H O R IZ O N T A L L Y  P O L A R IZ E D  

S HEAR W AVES EX C IT E D  B Y EMATs

•  C A NNO T BE E X C IT E D  B Y  C O N V EN T IO N A L T EC H N IQ U ES  A N D  HENCE 

P R O V ID E  NEW IN FO R M A T IO N

•  DO NO T L E A K  O FF  O F IM M ER SED PAR TS B Y M ODE C O N V ER S IO N

•  CA N BE G EN ER A TED  A T  A N Y  A N G LE  WITH R ES PECT TO SUR FACE 

W ITHOUT L O N G IT U D IN A L  W AVES A L S O  BEING G ENERATED

•  DO NO T M OD E CO NV ER T TO L O N G IT U D IN A L  W AVES U PO N 

R EFLE C T IO N  FR O M  P A R A L L E L  S UR FA C ES  SUCH A S  WELD 

CO U N TER B O R ES.

•  CA N BE S C A N N ED  IN  A N G LE  B Y V A R Y IN G  FR EQ U EN C Y

•  CA N BE E X C IT E D  O N  PA R TS  A T  ELEVA TED  TEMPERATURE

F I G U R E  5. C O M P A R I S O N  OF T R A N S D U C E R  F O R  G E N E R A T I N G  A N G L E  B E AMS

a l t e r n a t e  d i r e c t i o n s  in a d j a c e n t  wires. The 
f r e q u e n c y  is a d j u s t e d  s u c h  t h a t  the p r o d u c t  o f  
t h e  f r e q u e n c y  t i m e s  t h e  p e r i o d  o f  the coil is 
e q ual to t h e  s u r f a c e  w a v e  len g t h ,  so o n e  can 
l a u n c h  a R a y l e i g h  w a v e  f r o m  e a c h  e n d  o f  the 
c o i l .

If, ho w e v e r ,  t h e  f r e q u e n c y  is increased, 
t h e r e  w i l l  n o  l o n g e r  b e  c o n s t r u c t i v e  i n t e r 
f e r e n c e  b e t w e e n  R a y l e i g h  w a v e s  l a u n c h e d  f rom 
u n d e r  the i n d i v i d u a l  w i r e s .  I n stead, a s h ear 
w a v e  w i l l  b e  l a u n c h e d  p r o p a g a t i n g  i nto the 
m a t erial. T h e  a n g l e  o f  t h a t  s h e a r  w a v e  is 
d e t e r m i n e d  b y  t h e  d r i v i n g  f r e q u e n c y ,  a n d  is 

V
equ a l  to s i n - 1 , w h e r e  f  is t h e  frequency,

V  is the s h e a r  w a v e  v e l o c i t y ,  a n d  D  is t h e  coil 
period.

T h e r e  a r e  other, t y p e s  o f  u l t r a s o n i c  w a v e s  
t h a t  p r o p a g a t e  in m e t a l s  t h a t  are r a t h e r  d i f f i c u l t  
to e x c i t e  b y  c o n v e n t i o n a l  means, b u t  t h a t  m a y  be 
u s e f u l  in s t r e s s  d e t e c t i o n .  A  t r a n s d u c e r  t h a t  
e x c i t e s  s o m e  o f  t h e s e  is i l l u s t r a t e d  in f i g u r e  5. 
A t  the t o p  l eft is s h o w n  the t r a d i t i o n a l  w a y  o f  
e x c i t i n g  a n  a n g l e  s h e a r  b e a m  in a m a t e r i a l . A  
p i e z o e l e c t r i c  t r a n s d u c e r  e x c i t e s  a  c o m p r e s s i o n a l  
w a v e  in e i t h e r  a  f l u i d  o r  p l a s t i c  w e d g e  m a t e r i a l . 
T h i s  s t r i k e s  t h e  s u r f a c e  o f  t h e  p a r t  at an angle, 
m o d e  c o n v e r t s ,  a n d  r e f r a c t s  to p r o d u c e  a  s h e a r  
w a v e  p r o p a g a t i n g  in t h e  m a t e r i a l ,  w h i c h  is p o l a r 
i z e d  in t h e  p l a n e  o f  the figure. T h e  t r a n s d u c e r
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F I G U R E  6. T R A N S D U C E R  F O R  S I M U L T A N E O U S L Y  E X C I T I N G  V E R T I C A L L Y  
A N D  H O R I Z O N T A L L Y  P O L A R I Z E D  S H E A R  W A V E S  '

j u s t  d i s c u s s e d ,  the m e a n d e r  coil t r a n s d u c e r  w i t h  
a u n i f o r m  magnet, e x c i t e s  the same t y p e  o f  wave.

An a l t e r n a t e  E M A T  d e s i g n  u ses a p e r i o d i c a l l y  
p o l a r i z e d  m a g n e t  a n d  in a u n i f o r m  c oil ( f i g u r e  5, 
b o t t o m  left) [5]. T h e  p e r i o d i c i t y  is t h e  s a m e  
as t h a t  o f  a m e a n d e r  coil, b u t  n o w  t h e  f o r c e s  
a r e  p e r p e n d i c u l a r  to the p l a n e  o f  t h e  figure.
A  s h e a r  w a v e  is launched, w h i c h  is p o l a r i z e d  
p a r a l l e l  to t h e  s u r f a c e  o f  the part. T h i s  is 
k n o w n  as a h o r i z o n t a l l y  p o l a r i z e d  s h e a r  wave.

T h i s  s u g g e s t s  that it m a y  b e  p o s s i b l e  to 
p e r f o r m  b i r e f r i n g e n t  m e a s u r e m e n t s  at a n g l e s  
o t h e r  t h a n  90 d e g r e e s  w i t h  r e s p e c t  t o  a surface. 
(One c a s e  in w h i c h  this h a s  b e e n  d o n e  w i l l  b e  
p r e s e n t e d  l a ter in t his paper.) As in t h e  c ase 
o f  t h e  spi r a l  coil, t h e  u n i q u e  f e a t u r e  t h a t  
m a k e s  t his p o s s i b l e  is the c a p a b i l i t y  t o  i m p r e s s  
s h e a r i n g  forces on the s o l i d  w i t h  n o  cou p l a n t .  
T h a t  c a p a b i l i t y  g r e a t l y  s i m p l i f i e s  t h e  i m p l e 
m e n t a t i o n  o f  m a n y  s h e a r  w a v e  te c h n i q u e s .

S o m e  o f  t h e  g e n e r a l  a d v a n t a g e s  o f  h o r i z o n 
t a l l y  p o l a r i z e d  s h e a r  w a v e s  f o r  n o n d e s t r u c t i v e  
e v a l u a t i o n  (NDE) are list e d  in t h e  l o w e r  r i g h t -  
h a n d  c o r n e r  o f  t h e  figure. Sev e r a l  are m o r e

g e r m a n e  to f l a w  d e t e c t i o n  t h a n  s t r e s s  d e t e c t i o n  
p r o b l e m s  and w i l l  n o t  b e  d i s c u s s e d  further. 
How e v e r ,  o t h e r s  d o  w a r r a n t  a d d i t i o n a l  comment.

T h e  h o r i z o n t a l  s h e a r  w a v e s  c a n  b e  g e n e r a t e d  
at a n y  a n g l e  w i t h  r e s p e c t  to t h e  s u r f a c e  o f  a 
p a r t  w i t h o u t  a c c o m p a n y i n g  g e n e r a t i o n  o f  l o n g i 
t u d i n a l  o r  R a y l e i g h  wave s .  H e n c e ,  one c a n  o f t e n  
o b t a i n  c l e a n e r  s i g n a l s  t h a t  m a k e  it p o s s i b l e  to 
m e a s u r e  v e l o c i t i e s  m o r e  p r e c i s e l y .  T h e y  a lso do 
n o t  m o d e  c o n v e r t  w h e n  t h e y  r e f l e c t  f r o m  s u r f a c e s  
p a r a l l e l  t o  t h e i r  p o l a r i z a t i o n .  T h i s  a g a i n  leads 
t o  c l e a n e r  signals.

A n y  o f  t h e  E M A T  t r a n s d u c e r s  c a n  b e  u s e d  at 
e l e v a t e d  t e m p e r a t u r e ,  a n d  a l s o  at v e r y  r e d u c e d  
t e m p e r a t u r e .  F o r  e x a m p l e ,  i f  o n e  w e r e  in an 
a r c t i c  e n v i r o n m e n t  a n d  t r y i n g  t o  u s e  liquid 
c o u p l a n t s  for rail i n s p e c t i o n ,  t h e  l i q u i d  may- 
freeze. H o w e v e r ,  E M A T ' s  w i l l  w o r k  at a r b i t r a r i l y  
low t e m p e r a t u r e s  a n d  do n o t  e x p e r i e n c e  this 
pro b l e m .

T h e  final t y p e  o f  t r a n s d u c e r  t h a t  w ill be 
d i s c u s s e d  is a t r a n s d u c e r  c o n s i s t i n g  o f  a p e r i o d i c  
m a g n e t  s t r u c t u r e  o n  w h i c h  t w o  c o i l s  h a v e  b e e n  
woun d ,  as s h o w n  in f i g u r e  6. A n a l y z i n g  the
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F I G U R E  7. C A L I B R A T I O N  OF E L L I P S O M E T E R  C H A N N E L S

d i r e c t i o n  o f  t h e  forces, o n e  finds t hat o n e  o f  
t h e  c o i l s  w i l l  e x c i t e  a  v e r t i c a l l y  p o l a r i z e d  
s h e a r  w a v e  a n d  t h e  o t h e r  c o i l  w ill e x c i t e  a 
h o r i z o n t a l l y  p o l a r i z e d  s h e a r  wave. It is t hus 
p o s s i b l e  to u s e  o n e  t r a n s d u c e r  to i n d e p e n d e n t l y  
e x c i t e  b o t h  t y p e s  o f  s h e a r  w a v e s  a n d  i m p l e m e n t  
a  b i r e f r i n g e n c e  t e c h n i q u e  [6].

F i g u r e  7 p r e s e n t s  s o m e  d e s i g n  d a t a  t a k e n  w i t h  
s u c h  a device. In t h i s  case, the c o n c e p t  p r e 
s e n t e d  a b o v e  h a s  b e e n  s l i g h t l y  m o d i f i e d  as s h o w n  
in f i g u r e  8, b y  u s i n g  a  t r a n s d u c e r  c o n s i s t i n g  of 
s e p a r a t e  b u t  a d j a c e n t  c h a n n e l s  to g e n e r a t e  the 
two w a v e  types. In t h i s  p i t c h - c a t c h  system, the 
v e r t i c a l l y  p o l a r i z e d  s h e a r  w a v e  sig n a l  is t r a n s 
m i t t e d  f r o m  t h e  v e r t i c a l l y  p o l a r i z e d  c h a n n e l  o f  
o n e  t r a n s d u c e r  t o  t h e  v e r t i c a l l y  p o l a r i z e d  c h a n 
n e l  o f  t h e  other, a n d  l i k e w i s e  for the h o r i z o n 
t a l l y  p o l a r i z e d  s h e a r  wave.

T h e  s t r e n g t h  o f  t h e  s i g n a l s  t r a n s m i t t e d  
b e t w e e n  t h e  c h a n n e l s  is p l o t t e d  in f i g u r e  7 as 
a f u n c t i o n  o f  angle. T h e  s t r e n g t h  o f  t h e  S H  to 
S H  s i g n a l  is s l i g h t l y  g r e a t e r  t h a n  t h a t  o f  the 
S V  to S V  signal, b u t  t h i s  c a n  b e  c o m p e n s a t e d  for 
v e r y  e a s i l y  b y  m o d i f y i n g  t h e  g a i n  o f  the r e s p e c 
t i v e  r e c e i v e r s .  T h e  d e g r e e  o f  o r t h o g o n a l i t y  o f  
t h e  t w o  c h a n n e l s  is a l s o  i n d i c a t e d  b y  p r e s e n t i n g  
the S V  t o  S H  r e s u l t s .  In theory, t his s h o u l d  be 
zero o n  axis, w i t h  s m a l l  b u t  f i n i t e  v a l u e s  at 
o t h e r  ang l e s ,  a n d  t h e  e x p e r i m e n t s  b e a r  this out 
w e l l .

T his t r a n s d u c e r  h a s  b e e n  u s e d  t o  m o n i t o r  the 
b i r e f r i n g e n c e  due to t e x t u r e  in a  m e t a l  plat e .  
F i g u r e  9 p r e s e n t s  the re s u l t s .  H e r e  the o u t p u t  
o f  t h e  S H  to S H  c h a n n e l  h a s  b e e n  s u m m e d  w i t h  t hat 
o f  t h e  S V  to S V  c h annel, w i t h  a p p r o p r i a t e  p h a s e  
s u c h  that a n u l l  is p r o d u c e d  o n  a  r e f e r e n c e  plate. 
A s  t h e  d e v i c e  is r o t a t e d  on t h e  t e x t u r e d  s ample, 
the n ull is d e s t r o y e d  b y  a b i r e f r i n g e n t  i n d u c e d  
r e l a t i v e  p h a s e  s h ift in the two c h a n n e l s .  T h i s  
g r a p h  is p r e s e n t e d  t o  i l l u s t r a t e  t h e  s i m p l i c i t y  
a n d  a c c u r a c y  o f  the t e c h n i q u e .  A  v e l o c i t y  shift 
o f  0.1 p e r c e n t  w a s  e a s i l y  m e a s u r e d  in a few 
s e conds. O n e  c o u l d  e a s i l y  m a k e  an o r d e r  o f  m a g n i 
t u d e  or b e t t e r  i m p r o v e m e n t  w i t h o u t  t o o  m u c h  
d i f f i c u l t y .  T h e  limit at t h e  p r e s e n t  t i m e  is the 
m e c h a n i c a l  r i g i d i t y  o f  the f i x t u r e  t h a t  c o n t r o l s  
t h e  d i s t a n c e  b e t w e e n  the t r a n s d u c e r s .

A  p r o b e  s uch as this, o r  a s i m p l e  m o d i f i c a t i o n ,  
c o u l d  be a p p l i c a b l e  t o  t h e  d e t e c t i o n  o f  stre s s  in 
rails. F o r  e x ample, t h e  d e v i c e  c o u l d  b e  p l a c e d  on 
t h e  w e b  a n d  u s e d  t o  e x c i t e  w a v e s  p r o p a g a t i n g  p e r 
p e n d i c u l a r  to the rail axis. O n e  c o m p o n e n t  w o u l d  
b e  p o l a r i z e d  p a r a l l e l  to t h e  s t r e s s  a n d  the o t h e r  
p e r p e n d i c u l a r  to t h e  stress, a n d  s t r e s s - i n d u c e d  
b i r e f r i n g e n c e  s h o u l d  b e  o b s erved. M a n y  o t h e r  
a p p r o a c h e s  can b e  c o n c e i v e d  a n d  s h o u l d  b e  
i n v e s t i g a t e d .

P r a c t i c a l  C o n s i d e r a t i o n s

One l i m i t a t i o n  o f  t h e  E M A T  a p p r o a c h  is t hat 
t r a n s d u c t i o n  e f f i c i e n c i e s  a r e  s o m e w h a t  less t h a n
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F I G U R E  10. S I G N A L - T O - N O I S E  R A T I O  I M P R O V E M E N T  T H R O U G H  A V E R A G I N G

t h o s e  o f  p i e z o e l e c t r i c  pro b e s .  How e v e r ,  good, 
c l e a n  s i g n a l s  c a n  b e  ob t a i n e d ,  as can b e  seen 
f r o m  t h e  f i g u r e s  in t his p a p e r ,  w h i c h  are q u i t e  
u s e f u l  f o r  v e l o c i t y  m e a s u r e m e n t s .  S o m e t i m e s ,  if 
o n e  e n c o u n t e r s  a s i t u a t i o n  in w h i c h  t h e  sig n a l s  
a r e  weak, o n e  c a n  u s e  sig n a l  a v e r a g i n g  t e c h n i 
q u e s  to e n h a n c e  s i g n a l - t o - n o i s e  ratio. F i g u r e  10 
p r e s e n t s  a n  e x a m p l e  o f  t h e  i m p r o v e m e n t  t h a t  can 
b e  g a i n e d  u s i n g  a t e c h n i q u e  b a s e d  o n  d i g i t a l  
s i g n a l  p r o c e s s i n g .  B y  a v e r a g i n g  1 , 000 r e p e t i 
t i o n s  o f  the s a m e  m e a s u r e m e n t ,  the n o i s e  was 
s u b s t a n t i a l l y  suppre s s e d .  T h i s  p r o d u c e d  a 
s i g n a l  o f  s u f f i c i e n t  q u a l i t y  t o  b e  t h e  b a s i s  
f o r  p r e c i s e  v e l o c i t y  m e a s u r e m e n t s .  W i t h  p r e s 
e n t l y  a v a i l a b l e  h a r d w a r e ,  s u c h  a v e r a g e s  can be 
p e r f o r m e d  i n  e s s e n t i a l l y  r e a l  t i m e  at t y p i c a l  
u l t r a s o n i c  r e p e t i t i o n  rates. T h u s  t h i s  i m p r o v e 
m e n t  s h o w n  in f i g u r e  10 c a n  b e  o b t a i n e d  in a b o u t  
1 second. A  l o n g  p e r i o d  o f  t i m e  is n o t  required.

A  p r a c t i c a l  q u e s t i o n  t h a t  is o f t e n  a s k e d  is, 
" H o w  d o e s  t h e  s t r e n g t h  o f  c o u p l i n g  v a r y  w i t h  the 
d i s t a n c e  b e t w e e n  t h e  t r a n s d u c e r s  a n d  the p a r t s ? "  
T h e  a n s w e r  i n  p r i n c i p l e  is t h e  s a m e  b u t  in 
p r a c t i c e  is r a t h e r  d i f f e r e n t  f o r  t r a n s d u c e r s  
t h a t  g e n e r a t e  w a v e s  p r o p a g a t i n g  n o r m a l  to p a r t

su r f a c e s  a n d  t r a n s d u c e r s  t h a t  g e n e r a t e  b e a m s  
p r o p a g a t i n g  at a n g l e s  to or a l o n g  t h e  surface.
T h e  b a sic p h y s i c s  d i c t a t e s  t h a t  t h e  c o u p l i n g  
d e c r e a s e s  e x p o n e n t i a l l y  as l i f t - o f f  in c r e a s e s .
T h i s  o c c u r s  b e c a u s e  the e l e c t r o m a g n e t i c  fiel d s  
in t h e  gap b e t w e e n  the c oil a n d  t h e  m e t a l  m u s t  
s a t i s f y  L a p l a c e ' s  equ a t i o n .  T h e  k e y  p a r a m e t e r  
is t h e  d i s t a n c e  s c a l e  o v e r  w h i c h  t h e  fie l d s  decay. 
A s  m a y  be e x p ected, t h i s  is o n  t h e  o r d e r  o f  the 
d i s t a n c e  o v e r  w h i c h  t h e  c u r r e n t s  c h a n g e  d i r e c t i o n  
in t h e  coil.

For a spiral coil, t his d i s t a n c e  is on the 
o r d e r  o f  1 c e n t i m e t e r .  S i g n a l  s t r e n g t h s  are 
r e l a t i v e l y  i n s e n s i t i v e  to li f t - o f f ,  w i t h  s e p a r a 
tions o f  1 m i l l i m e t e r  b e i n g  e a s i l y  t o l e rated.

For t h e  m e a n d e r  coils, o r  the p e r i o d i c  m a g n e t  
s tructures, l i f t - o f f  is m u c h  m o r e  s e n s i t i v e  b e c a u s e  
o f  t h e  r a p i d  s p a t i a l  v a r i a t i o n s  o f  t h e  e d d y  c u r 
r e nts or b i a s  fields. A  u s e f u l  r u l e  o f  t h u m b  is 
t hat one loses a b o u t  1 d e c i b e l  in s i g n a l  p e r  m i l  
o f  l i f t - o f f  p e r  m e g a h e r t z  o f  f r e q u e n c y  f o r  a 
p u l s e - e c h o  o r  p i t c h - c a t c h  m e a s u r e m e n t .  A t  f r e 
q u e n c i e s  a b o v e  1 m e g a h e r t z ,  t h i s  i m p l i e s  that, 
a l t h o u g h  n o  c o u p l a n t  is r e q u i r e d ,  t h e  t r a n s d u c e r  
m u s t  be v e r y  c l o s e  to t h e  part.
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T h e  fact t h a t  the l i f t - o f f  loss i n c r e a s e s  
w i t h  f r e q u e n c y  occ u r s  b e c a u s e  o f  the s h o r t e r  
p e r i o d i c i t i e s  o f  the t r a n s d u c e r .  If one can 
o p e r a t e  at l o w e r  f r e q u e n c i e s ,  s a y  100 k i l o h e r t z ,  
t h e n  the l i f t - o f f  p r o b l e m  b e c o m e s  m u c h  l ess severe. 
A  100-mil l i f t - o f f  p r o d u c e d  o n l y  10 d e c i b e l s  o f  
loss u n d e r  t h o s e  c o n d i t i o n s .  S y s t e m s  at the s e  
f r e q u e n c i e s  h a v e  b e e n  d e v e l o p e d  for i n s p e c t i n g  
b u r i e d  gas p i p e l i n e s ,  and s i m i l a r  a p p r o a c h e s  
s h o u l d  be a p p l i c a b l e  to rails.

Pre s e n t  Stat u s  o f  H a r d w a r e

T o  c o n c l u d e  the p a p e r ,  a f e w  p i e c e s  o f  
h a r d w a r e  t h a t  h a v e  b e e n  d e v e l o p e d  for o t h e r  
a p p l i c a t i o n s  w i l l  b e  s h o w n  to d e f i n e  the 
p r e s e n t  status o f  t h e  E M A T  t e c h n o l o g y  [7],

F i g u r e  11 shows a n  e a r l y  e l e c t r o n i c s  p a c k 
age. Inc l u d e d  is a p a i r  o f  E M A T  c o i l s  (the 
m a g n e t s  are n o t  shown) a d e d i c a t e d  t r a n s m i t t e r /  
r e c e i v e r  circuit, and a c o r r e l a t i o n  receiver.
T h e  coils can b e  m a d e  o f  f l e x i b l e  p i e c e s  of 
p r i n t e d  cir c u i t  b o a r d  t h a t  a r e  v e r y  c o n v e n i e n t  
in c u r v e d  g eometries, s u c h  as c e r t a i n  p a r t s  o f  
rails.

F i g u r e  12 sho w s  t h e  r e s u l t s  o f  some flaw 
d e t e c t i o n  p e r f o r m e d  o n  a r a i l  w i t h  t his e q u i p 
ment. I n c l u d e d  is a n  o s c i l l o s c o p e  p h o t o g r a p h  
s h o w i n g  the u l t r a s o n i c  sign a l  r e f l e c t e d  f r o m  a 
1 / 8 - i n c h  h o l e  in t h e  web. T h i s  d e m o n s t r a t e s  
t hat v e r y  nice, c l e a n  s i g n a l s  can b e  o b t a i n e d  
w i t h  EMAT ' s  in t h e  r ail geometry.

F i g u r e  13 shows a p r o t o t y p e  o f  a f u l l y  
p a c k a g e d  E M A T  system. In t his f l a w  d e t e c t o r ,  a 
s u r f a c e  w a v e  is e x c i t e d  at a f r e q u e n c y  o f  1 
m e g a h e r t z .  T h e  u l t r a s o n i c  p r o b e  c o n s i s t s  o f  a 
coil, s u c h  as s h o w n  in f i g u r e  10, a n d  a p e r m a 
n e n t  mag n e t .  T h e  p r o b e  is d e s i g n e d  t o  b e  u n i 
d i r e c t i o n a l ,  so t h a t  w a v e s  are g e n e r a t e d  a n d  
d e t e c t e d  o n l y  in one d i r e c t i o n .  T h e  i n s t r u m e n t  
c o n t a i n s  all o f  the t r a n s m i t t e r  a n d  r e c e i v e d  
e l e c t r o n i c s  a n d  d i g i t a l  c i r c u i t r y  n e c e s s a r y  to 
c o n v e r t  t h e  r e c e i v e d  i n f o r m a t i o n  i nto a m e a s u r e 
m e n t  o f  the d i s t a n c e  to t h e  f l a w  f r o m  t h e  p r o b e  
a n d  a m e a s u r e m e n t  o f  the s t r e n g t h  o f  t h e  u l t r a 
s o n i c  s ignal. T h e s e  a r e  p r e s e n t e d  in a d i g i t a l  
display.

C o n c l u s i o n s

T h e  c o n f i g u r a t i o n s  t hat one c o u l d  u s e  in 
the m e a s u r e m e n t  o f  s t r e s s  in r a i l s  c o u l d  p e r 
h a p s  b e  q u i t e  d i f f e r e n t ,  but t h e s e  g e n e r a l  c o n 
c e pts w i l l  apply. T h e  E M A T  p r o v i d e s  a p r o b e  
t h a t  c a n  e x c i t e  b o t h  n e w  w a v e  typ e s  a n d  o p e r a t e  
at h i g h  s p e e d s  -- p r o p e r t i e s  t hat m a y  p r o v e  
i n v a l u a b l e  in f u t u r e  r ail i n s p e c t i o n  s y stems.
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" M e a s u r e m e n t  o f  R e s i d u a l  S t r e s s  
b y  N o n c o n t a c t  S e n s i n g  o f  M a g n e t r o s t r i c t i v e  

P r o p e r t i e s  w i t h  E M A T ' s "

R. B. T h o m p s o n
R o c k w e l l  I n t e r n a t i o n a l  S c i e n c e  C e n t e r  

I n t r o d u c t i o n

In c o m p a r i s o n  w i t h  the p r e c e d i n g  p a p e r  t h e r e  
is a  second, c o n c e p t u a l l y  d i s t i n c t ,  w a y  t o  use 
E M A T ' s  in the d e t e c t i o n  o f  r e s i d u a l  stress. T h i s

i n v o l v e s  u s i n g  t h e m  as s e n s o r s  o f  the s t r e s s -  
d e p e n d e n t  m a g n e t o s t r i c t i v e  p r o p e r t i e s  o f  a  m a g n e 
tic m e t a l ,  s u c h  as r a i l  s t eel [1], [2], [3], [4],
[5],

F i g u r e  1 s c h e m a t i c a l l y  i l l u s t r a t e s  t h e  e x p e r i 
m e n t a l  c o n f i g u r a t i o n .  S u p p o s e  a s u r f a c e  w a v e  is 
b e i n g  e x c i t e d  w i t h  the E M A T  a n d  t h a t  t h e  m a g n e t i c  
b i a s  is p r o v i d e d  b y  a n  e l e c t r o m a g n e t  w h o s e  s t r e n g t h  
c a n  b e  v a r i e d  b y  c h a n g i n g  t h e  dc d u r r e n t  t h a t  d r i v e s  
it. S u p p o s e  a l s o  t h a t  t h e  a m p l i t u d e  o f  t h e  w a v e  
g e n e r a t e d  is d e t e c t e d  b y  a s e c o n d  t r a n s d u c e r .  In 
t h i s  d i s c u s s i o n ,  d e t e c t i o n  w i l l  b e  a s s u m e d  to be 
p e r f o r m e d  b y  a  p i e z o e l e c t r i c  wed g e ,  b u t  o t h e r  
t r a n s d u c e r  typ e s ,  i n c l u d i n g  EMAT's, c o u l d  b e  used.
If the s t r e n g t h  o f  t h e  m a g n e t  b i a s  is v a r i e d ,  the 
u l t r a s o n i c  s i g n a l  s t r e n g t h  w i l l  c h a n g e  in t h e  m a n 
n e r  s h o w n  at t h e  b o t t o m  o f  the figure. A t  h i g h  
fields, t h e r e  w i l l  b e  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  
t h e  b i a s  f i e l d  s t r e n g t h  a n d  the u l t r a s o n i c  sign a l  
a m p l i t u d e .  A t  l o w e r  fields, o n e  finds p e a k s  a n d  
f i n e  s t r u c t u r e  in t h e  graph. T h e  u n d e r l y i n g  
p h y s i c s  is that, at h i g h  fields, o n e  is i n  the 
L o r e n t z  f o r c e  reg i m e ,  w h e r e  d r i v i n g  f o r c e s  a r e
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d i r e c t l y  p r o p o r t i o n a l  to t h e  b i a s  field. I;or 
l o w e r  b i a s  fields, the m a g n e t o s t r i c t i v e  p r o p 
e r t i e s  o f  t h e  m a t e r i a l  b e c o m e  d o m i n a n t  a n d  l ead 
to the o b s e r v e d  st r u c t u r e .  S i n c e  m a g n e t o s t r i c 
t i o n  is v e r y  s e n s i t i v e  to str e s s ,  the f e a t u r e s  
o f  t h i s  s t r u c t u r e  c a n  b e  u s e d  in t h e  e s t i m a t i o n  
o f  stress.

To a v o i d  p o s s i b l e  c o n f u s i o n  w i t h  r e s p e c t  to 
t h e  p r e c e d i n g  paper, it s h o u l d  be n o t e d  t h a t  not 
all r e g i o n s  o f  the c u r v e  a r e  e q u a l l y  s e n s i t i v e  
to stress. Thus, at t h e  l a r g e  m a x i m u m ,  the 
e f f i c i e n c y  is r e l a t i v e l y  s t r e s s  i n s e n s i t i v e .  
T h e r e  is a l s o  no s t r e s s  s e n s i t i v i t y  in t h e  
L o r e n t z  f o r c e  regime. C o n s e q u e n t l y ,  the s t r e s s - 
d e p e n d e n t  e f f e c t s  d i s c u s s e d  in t h i s  p a p e r  d o  n o t  
i n t e r f e r e  w i t h  the p r e v i o u s l y  d i s c u s s e d  a p p l i c a 
t i o n s  o f  E H A T ' s  in b i r e f r i n g e n t  t e c h n i q u e s .

P h y s i c a l  P r i n c i p l e s

T h e  r o l e  t h a t  m a g n e t o s t r i c t i o n  p l a y s  in 
d e t e r m i n i n g  the t r a n s d u c t i o n  e f f i c i e n c i e s  has 
b e e n  e s t a b l i s h e d  in a s e r i e s  o f  s c i e n t i f i c  
s t u d i e s  [6]. T h e  d e t a i l s  o f  the m o d e l i n g  and 
c o n f i r m i n g  e x p e r i m e n t s  w i l l  n o t  b e  p r e s e n t e d

here, b u t  it s h o u l d  be n o t e d  t h a t  the d r i v i n g  m a g 
n e t o s t r i c t i v e  f o r c e s  a r e  r e l a t e d  to the d e r i v a t i v e s  
o f  a m a g n e t o s t r i c t i v e  s t r e s s  tensor, a n d  t h a t  the 
a m p l i t u d e  o f  t h e  w a v e  g e n e r a t e d  is p r o p o r t i o n a l  to 
an o v e r l a p  i n t e g r a l  i n v o l v i n g  the d e p t h  d e p e n d e n c e  
o f  t h e s e  m a g n e t o s t r i c t i v e  f o r c e s  a n d  t h e  v e l o c i t y  
p r o f i l e  o f  t h e  u l t r a s o n i c  wave.

F i g u r e  2 p r e s e n t s  t h e  r e s u l t s  o f  o n e  c o m p a r i s o n  
b e t w e e n  t h e o r y  and e x p e r i m e n t .  T h e  d o t s  on the 
graph s h o w  the r e s u l t s  o f  e x p e r i m e n t a l  m e a s u r e 
m e n t s  o f  the u l t r a s o n i c  w a v e  a m p l i t u d e  as a f u n c 
t i o n  o f  t h e  b ias m a g n e t i c  field. T h e  s o l i d  line 
is the t h e o r e t i c a l  p r e d i c t i o n ,  w h i c h  c o n t a i n s  as 
p a r a m e t e r s  the m a g n e t o s t r i c t i v e  c o e f f i c i e n t s  o f  
the ma t e r i a l .  In t his case, the m a g n e t o s t r i c t i v e  
c o e f f i c i e n t s  h a v e  b e e n  e x p e r i m e n t a l l y  m e a s u r e d  on 
the same s a m p l e  w i t h  s t r a i n  g a g e s . T h e  a g r e e m e n t  
b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  is e x c e l l e n t  exce p t  
at low b i a s  fields, w h e r e  i r r e v e r s i b l e  e f f e c t s  
b e c o m e  do m i n a n t .  T h e  d o t t e d  line on t h e  g r a p h  
shows the t h e o r e t i c a l  p r e d i c t i o n s  w h e n  the m a g n e 
t o s t r i c t i v e  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  b a s e d  on 
a p o l y c r y s t a l l i n e  a v e r a g e  o f  s i n g l e  c r y s t a l  
r e s p onses. F r o m  1 0 , 0 0 0  o e r s t e d s  d o w n  t o  the 
3 0 0 - o e r s t e d  bias at w h i c h  the l a r g e  p e a k  occurs,

F I G U R E  1. E X P E R I M E N T A L  AP P R O A C H :
C O N F I G U R A T I O N  (TOP) A N D

T Y P I C A L  V A R I A T I O N  OF U L T R A S O N I C  S I G N A L  S T R E N G T H  W I T H  B I A S  F I E L D  (BOTTOM)
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130 K I L O H E R T Z  (DOTS = E X P E R I M E N T A L  POINTS; 
C U R V E S  = T H E O R E T I C A L  R E S U L T S  AS D E S C R I B E D  IN TEXT)

the a g r e e m e n t  is q u i t e  r e a s o n a b l e .  T h e  d i s 
a g r e e m e n t  that occurs at l o w e r  fields is 
e x p e c t e d  as a res u l t  o f  t h e  f act t hat the 
m o d e l  i ncludes o n l y  d o m a i n  r o t a t i o n  effects.

T h e  a v a i l a b i l i t y  o f  an a n a l y t i c a l  m o d e l  p r o 
v i d e s  the basis for s t u d y i n g  the eff e c t s  o f  stress 
on the t r a n s d u c t i o n  e f f i c i e n c y ,  as w e l l  as such 
o t h e r  p a r a m e t e r s  as t e x t u r e  a n d  c o l d  w o rking.
T h i s  d i f f e r e n t i a t e s  the m a g n e t o s t r i c t i v e  a p p r o a c h  
f r o m  a n u m b e r  o f  o t h e r  m a g n e t i c  a p p r o a c h e s  that 
do n o t  h a v e  such an a n a l y t i c a l  basis.

F i g u r e  3 pr e s e n t s  s o m e  e x p e r i m e n t a l  data, 
w h i c h  d e m o n s t r a t e s  the s t r e s s  s e n s i t i v i t y  o f  
m a g n e t o s t r i c t i o n  [7]. Here, t h e  c h a n g e  in length 
o f  a n  A r m c o  iron b a r  h a s  b e e n  m e a s u r e d  as a f u n c 
t ion o f  the b a r's m a g n e t i z a t i o n  at t h r e e  d i f 
f e r e n t  stress levels. A t  zero stress, i r o n  has 
the r a t h e r  p e c u l i a r  p h y s i c a l  p r o p e r t y  t h a t  it 
f i rst l e n gthens and t h e n  c o n t r a c t s  d u r i n g  
m a g n e t i z a t i o n .  H o wever, i f  o n e  h a s  j ust 10 ksi 
o f  tension, this initial e x p a n s i o n  is t o t a l l y  
s u p p r e s s e d  a n d  the m a t e r i a l  c o n t r a c t s  m o n o t o n i c -  
a l l y  d u r i n g  m a g n e t i z a t i o n .  C o n v e r s e l y ,  if one 
h a s  a  10 t h o u s a n d  p o u n d s - f o r c e  p e r  s q u a r e  inch 
(ksi) c o m p r e s s i v e  force, o n e  e n h a n c e s  t his 
ini t i a l  expansion. T h u s  the s t r e s s  d e p e n d e n c e  
o f  the m a g n e t o s t r i c t i v e  p r o p e r t i e s  is large.
By c o m b i n i n g  this k n o w l e d g e  w i t h  t h e  f act that 
m a g n e t o s t r i c t i o n  s t r o n g l y  i n f l u e n c e s  t r a n s d u c t i o n  
e fficiency, it is c l e a r  t hat a n o n d e s t r u c t i v e  
t e s t  for stress can b e  d e v e l o p e d  b a s e d  on m e a s 
u r e m e n t  o f  t r a n s d u c t i o n  e f f i c i e n c y .

B e f o r e  p r e s e n t i n g  e x p e r i m e n t a l  d a t a  d e m o n s t r a 
t i n g  this new approach, it is i m p o r t a n t  to c o n 
s i d e r  the phy s i c a l  b a s i s  f o r  this u n u s u a l  p r o p e r t y  
o f  i r o n  t hat leads to an e x p a n s i o n  f o l l o w e d  b y  a 
c o n t r a c t i o n  d u r i n g  m a g n e t i z a t i o n .  A n  u n d e r s t a n d 
ing o f  this eff e c t  w ill p r o v i d e  a f o u n d a t i o n  for

u n d e r s t a n d i n g  t h e  s t r e s s  effects.

F i g u r e  4 i l l u s t r a t e s  the m a g n e t o s t r i c t i o n  
d u r i n g  m a g n e t i z a t i o n  o f  i ron [1]. C o n s i d e r  
f i rst a s i n g l e  c r y s t a l  t hat is b e i n g  m a g n e t i z e d  
a l o n g  a c u b i c  axis. In iron, the m a g n e t i c  
a n i s o t r o p y  e n e r g y  is such t h a t  the m a g n e t i z a t i o n  
t e n d s  to a l i g n  i t s e l f  a l o n g  the c u b i c  axes. In 
the d e m a g n e t i z e d  state, o n e  w o u l d  e x p e c t  t h e r e  
to b e  a n  e q ual d i s t r i b u t i o n  o f  m a g n e t i z a t i o n  
a l o n g  e ach o f  t h e s e  axes. As o n e  s t a r t s  to 
m a g n e t i z e  the sam p l e ,  m a g n e t i z a t i o n s  a l o n g  the 
s i x  d i r e c t i o n s  p a r a l l e l  to c u bic a xes are no 
l o n g e r  e n e r g e t i c a l l y  equal. T h e  l e ast e n e r g e t i 
c a l l y  f a v o r a b l e  s t a t e  is o r i e n t e d  at 180 d e g r e e s  
w i t h  r e s p e c t  to t h e  a p p l i e d  f i eld d i r e c t i o n .  T h e  
f i rst p r o c e s s  d u r i n g  m a g n e t i z a t i o n  is a 1 8 0 - d e g r e e  
r e v e r s a l  o f  d o m a i n s  in t his sta t e  so t h a t  t h e y  
b e c o m e  a l i g n e d  w i t h  t h e  field. N o  c h a n g e  in
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F I G U R E  4. P H Y S I C A L  B A S I S  F O R  S T R E S S - F R E E  M A G N E T O S T R I C T I V E  B E H A V I O R  OF IRON:

TOP: S I N G L E  C R Y S T A L  M A G N E T I Z E D  A L O N G  C U B I C  A X I S
M I D D L E :  S I N G L E  C R Y S T A L  M A G N E T I Z E D  A L O N G  B O D Y  D I A G O N A L
BOT T O M :  P O L Y C R Y S T A L

leng t h  t a k e s  p l a c e  d u r i n g  t h i s  p r o c e s s  since 
m a g n e t o s t r i c t i o n  is i n d e p e n d e n t  o f  the sign o f  
the s p i n  a l o n g  a g i v e n  d i r e c t i o n .  S u b s e q u e n t l y ,  
t h e  d o m a i n s  o r i e n t e d  at 9 0  d e g r e e s  w i t h  r e s p e c t  
to the a p p l i e d  f i e l d  d i r e c t i o n  m o v e  t o w a r d  p a r a l 
lel a l i g n m e n t  b y  9 0 - d e g r e e  w a l l  mot i o n ,  and this 
is a c c o m p a n i e d  b y  a  m a g n e t o s t r i c t i v e  e x p a n s i o n  
p r o p o r t i o n a l  to the m a g n e t i z a t i o n  change. The 
a b s o l u t e  c h a n g e  in l e n g t h  is d e t e r m i n e d  b y  the 
s i n g l e  c r y s t a l  m a g n e t o s t r i c t i v e  c o n s t a n t  \ioo>

w h o s e  v a l u e  is d e t e r m i n e d  b y  the s t r e n g t h  o f  the 
s p i n - o r b i t  co u p l i n g .

T h e  s i t u a t i o n  is s o m e w h a t  d i f f e r e n t  w h e n  the 
s i n g l e  c r y s t a l  is m a g n e t i z e d  a l o n g  its b o d y  
diagonal. A g a i n ,  in t h e  d e m a g n e t i z e d  state, the 
m a g n e t i z a t i o n  is u n i f o r m l y  d i s t r i b u t e d  a m o n g  the 
six p o s s i b l e  c u b i c  axes. T h e s e  can b e  d i v i d e d  
into two s ets o f  t h r e e  each: One t r i p l e t  that
is at e q ual o b t u s e  a n g l e s  w i t h  r e s p e c t  to the
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F I G U R E  5. C H A N G E  IN M A G N E T I C  A N I S O T R O P Y  E N E R G Y  I N D U C E D  BY A  S T R E S S  O F  20 KSI A L O N G  T H E  (100) DI R E C T I O N :

( a )  : T H R E E - D I M E N S I O N A L  E N E R G Y  S U R F A C E  W I T H  A N D  W I T H O U T  S T R E S S
(b) : S T R E S S - I N D U C E D  E N E R G Y  C H A N G E S  IN T W O  C R O S S  S E C T I O N S

a p p l i e d  f i e l d  and a s e c o n d  t r i p l e t  t h a t  is at 
equal a c u t e  angles. As the f i e l d  i n c r e a s e s ,  the 
f i r s t  p r o c e s s  is the e l i m i n a t i o n  o f  the t r i p l e t  
at o b t u s e  a n g l e s  in f a vor of that at a c u t e  angles. 
Aga i n ,  n o  l e n g t h  c h a n g e  o c c u r s  d u r i n g  t h i s  e a r l y  
s t a g e  o f  m a g n e t i z a t i o n .  S u b s e q u e n t l y ,  all 
o f  t h e  m a g n e t i z a t i o n s  r o t a t e  f r o m  the e a s y  
axes to the f i e l d  direction. D u r i n g  this 
p r o c e s s ,  the m a t e r i a l  sh o r t e n s  in a c c o r d a n c e  
w i t h  t h e  n e g a t i v e  s i g n  o f  t h e  m a g n e t o s t r i c -  
t i v e  c o n s t a n t  l m  o f  iron.

T h e  f act t h a t  the i r o n  l e n g t h e n s  w h e n  m a g 
n e t i z e d  a l o n g  the c u b i c  axis a n d  s h o r t e n s  w h e n  
m a g n e t i z e d  a l o n g  the b o d y  d i a g o n a l  is a  d i r e c t  
c o n s e q u e n c e  o f  the h i g h l y  a n i s o t r o p i c  b e h a v i o r  
o f  t h e  s p i n - o r b i t  coupling, w h i c h  is p h e n o m e 
n o l o g i c a l l y  r e f l e c t e d  in t h e  o p p o s i t e  s i g n s  o f  
X j o o  a n d  ^-lll [8]. T h e  p o l y c r y s t a l l i n e  r e s p o n s e  
is a n  a v e r a g e  o f  t h e s e  a n d  m a n y  o t h e r  s i n g l e  
c r y s t a l  r e s p o n s e s . T h e  c o m p l e x  b e h a v i o r  r e s u l t s  
f r o m  the (100) r e s p o n s e  b e i n g  d o m i n a n t  at l o w  
f i e l d s  a n d  t h e  (111) r e s p o n s e  b e i n g  d o m i n a n t  at 
h i g h  fields. T h e  r i c h  s t r u c t u r e  is q u i t e  h e l p f u l  
in the m e a s u r e m e n t  o f  stre s s  s i n c e  it l e ads to 
m a n y  f e a t u r e s  t hat can b e  e a s i l y  mea s u r e d .

F i g u r e  5 p r o v i d e s  a l i t t l e  m o r e  d e t a i l  [5].
In the t h r e e - d i m e n s i o n a l  p l o t  o f  t h e  m a g n e t i c  
a n i s o t r o p y  e n e r g y  o f  iron, it c a n  b e  s e e n  t h a t  
the s t a t e s  o f  m i n i m u m  e n e r g y  lie a l o n g  the c u b i c  
a x e s  as d i s c u s s e d  above. A l s o  s h o w n  is a g r a p h  
o f  t h e  e n e r g y  as it v a r i e s  in cross s e c t i o n s  
c o n t a i n i n g  b o t h  the c u b i c  a xes a n d  b o d y  d i a g o n a l ,  
b o t h  w i t h  and w i t h o u t  stress. F o r  t h e  s t r e s s -  
f r e e  case, the e n e r g y  h a s  m i n i m a  a l o n g  the (100) 
o f  (010) d i r e c t i o n s  a n d  a m a x i m u m  i n  the (111) 
d i r e c t i o n .  W h e n  a t e n s i l e  s t r e s s  o f  20 k s i  is 
a p p l i e d  a l o n g  the (100) di r e c t i o n ,  t h e  e n e r g y  
s u r f a c e s  s h i f t  as a r e s u l t  o f  the m a g n e t o e l a s t i c

effect. T h e  e n e r g y  o f  t h e  (100) d i r e c t i o n  has 
n o w  b e e n  lowered, w h i l e  n o  c h a n g e  h a s  t a k e n  p l a c e  
a l o n g  the (010) d i r e c t i o n .  S i n c e  the e n e r g y  o f  
m a g n e t i z a t i o n  o f  the two a x e s  is n o  l o n g e r  equal, 
the m a g n e t i z a t i o n  w i l l  p r e f e r e n t i a l l y  a l i g n  a l o n g  
the (100) di r e c t i o n .

F i g u r e  6 i l l u s t r a t e s  h o w  this s t r e s s - i n d u c e d  
c h a n g e  in m a g n e t i c  e n e r g y  m o d i f i e s  m a g n e t o s t r i c -  
t i v e  b e h a v i o r  [1]. C o n s i d e r  a g a i n  a c r y s t a l  that 
is b e i n g  m a g n e t i z e d  a l o n g  t h e  (100) d i r e ction.
F o r  zero stress, t h e  d e m a g n e t i z e d  s t ate w i l l  c o n 
s i s t  o f  a n  e q ual d i s t r i b u t i o n  o f  m a g n e t i z a t i o n  
a l o n g  the c u b i c  axes. W h e n  f u l l y  m a g n e t i z e d ,  all 
the m a g n e t i z a t i o n  w i l l  b e  in t h e  (100) d i r e c t i o n  
o f  m a g n e t i z a t i o n .  T h e  p l o t  o f  l e n g t h  c h a n g e  
v e r s u s  m a g n e t i z a t i o n  is t h e  s a m e  as t h a t  s h o w n  in 
f i g u r e  4.

S u p p o s e  n o w  t h a t  t h e r e  is a l a rge t e n s i o n  
a p p l i e d  a l o n g  t h e  (100) d i r e c t i o n .  _ T h i s  w i l l  s u p 
p r e s s  the e n e r g y  in t h e  (100) a n d  (100) d i r e c t i o n s  
so t h a t  the d e m a g n e t i z e d ’ s t a t e  h a s  m a g n e t i z a t i o n  
o n l y  in t h e s e  t w o  d i r e c t i o n s .  As t h e  s a m p l e  is 
m a g n e t i z e d ,  t h e r e  is n o  c h a n g e  in l e n g t h  b e c a u s e  
the o n l y  c h a n g e  t h a t  o c c u r s  is 1 8 0 - d e g r e e  d o m a i n  
w all m o t i o n  t hat p r o d u c e s  n o  m a g n e t o s t r i c t i o n .
T h u s  t h e  p r e s e n c e  o f  t h e  t e n s i o n  s u p p r e s s e s  the 
m a g n e t o s t r i c t i v e  l e n g t h e n i n g .

C o n v e r s e l y ,  i f  t h e r e  is a  l a r g e  c o m p r e s s i v e  
stre s s  a p p l i e d  a l o n g  t h e  (100) d i r e c t i o n ,  the 
d e m a g n e t i z e d  s t a t e  w i l l  c o n s i s t  o f  o n l y  m a g n e t i 
zat i o n  p e r p e n d i c u l a r  to t h i s  direct i o n .  M a g n e t i 
z a t i o n  w i l l  t ake p l a c e  t h r o u g h  d o m a i n  r o t a t i o n  
p r o c e s s e s ,  a n d  t h e  l e n g t h  c h a n g e  w i l l  b e  g r e a t e r  
t h a n  f o r  the s t r e s s - f r e e  case. T h e  r e s u l t s  i l l u s 
trate, on a m i c r o s c o p i c  scale, t h e  m e c h a n i s m  o f  
the l a rge s t r e s s  d e p e n d e n c e  o f  m a g n e t o s t r i c t i o n .
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F I G U R E  6 . E F F E C T  OF STR E S S  O N  S I N G L E  C R Y S T A L  M A G N E T I Z E D  A L O N G  C U B I C  AXIS: 

TOP: N O  STRESS
M IDDLE: L A R G E  T E N S I L E  S T R E S S  P A R A L L E L  T O  F I E L D
BOTTOM: LARGE C O M P R E S S I V E

E x p e r i m e n t a l  R e s u l t s

A  n u m b e r  o f  e x p e r i m e n t s  h a v e  b e e n  p e r f o r m e d  
to v e r i f y  t h a t  t h e s e  p r i n c i p l e s  do, in fact, 
l ead to a t e c h n i q u e  f o r  t h e  m e a s u r e m e n t  o f  stress. 
F i g u r e  7 i l l u s t r a t e s  t h e  a p p a r a t u s  that c o n s i s t s  
o f  a  s a m p l e  in a  4 - p o i n t  b e n d i n g  jig. F o r  a

S T R E S S  P A R A L L E L  T O  F I E L D

g i v e n  load, a n  E M A T  c a n  b e  p l a c e d  o n  o n e  s ide or 
the o t h e r  o f  the s a m p l e  so t hat it is e i t h e r  in 
t e n s i o n  o r  c o m p r e s s i o n .  T h e n  t h e  b i a s  m a g n e t i c  
field, p r o d u c e d  b y  a n  e l e c t r o m a g n e t ,  is v a r i e d  
•and the s t r e n g t h  o f  t h e  u l t r a s o n i c  s i g n a l  is 
m e a s u r e d  a s  a  f u n c t i o n  o f  m a g n e t i c  f i e l d  s t r e n g t h  
In this case, a s e p a r a t e  p i e z o e l e c t r i c  t r a n s d u c e r
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F I G U R E  7. E X P E R I M E N T A L  C O N F I G U R A T I O N

w a s  u s e d  to s e n s e  t h e  w a v e  amplitude. A n o t h e r  
E M A T  c o u l d  h a v e  b e e n  used, but w a s  n o t  n e c e s s a r y ,  
in o r d e r  to s t u d y  t h e  physics.

F i g u r e  8 i l l u s t r a t e s  the t ype o f  e x p e r i m e n t a l  
r e s u l t s  t hat are obtained. T h e  s o l i d  c u r v e  s h o w s  
a p l o t  o f  u l t r a s o n i c  a m p l i t u d e  as a f u n c t i o n  o f  
t h e  m a g n e t i c  f i e l d  for zero stress. T h e r e  is a 
w e a k  p e a k  at low fie l d s  a n d  a v e r y  s t r o n g  p e a k  
a t  h i g h e r  fields. If o n e  a p p l i e s  a t e n s i l e  load, 
the small, low f i e l d  p e a k  v a n i s h e s  a n d  the 
s h o u l d e r  o f  the large p e a k  shifts to l o wer fields. 
In o t h e r  words, the large p e a k  b r o adens. O n  the 
o t h e r  hand, i f  one a p p l i e s  a c o m p r e s s i v e  load, 
the lar g e  p e a k  n a r r o w s  a n d  t h e  small, low f i e l d  
p e a k  b e c o m e s  l a r g e r  and m o r e  accentuated.

T h e r e  is c l e a r l y  a lot o f  i n f o r m a t i o n  a b o u t  
the s t a t e  o f  s t r e s s  in t h e s e  plots. T h e  q u e s t i o n  
is, h o w  d o e s . o n e  p a r a m e t e r i z e  and i n t e r p r e t  it?
O n l y  the first ini t i a l  steps h a v e  b e e n  taken, 
b u t  some p o i n t s  are a l r e a d y  clear. F o r  e x ample, 
one d oes n o t  w a n t  to u s e  a b s o l u t e  w a v e  a m p l i t u d e  
as a p a r a m e t e r  b e c a u s e  lift-off, s u r f a c e  r o u g h 
n e ss, d i f f r a c t i o n ,  a n d  o t h e r  eff e c t s  c a n  i n f l u 
e n c e  the e x p e r i m e n t a l  d a t a  i n d e p e n d e n t  o f  stress. 
Instead, a n o r m a l i z a t i o n  p r o c e d u r e  has b e e n  a d o p t e d  
as s h o w n  in f i g u r e  9. The m a x i m u m  v a l u e  o f  the 
l a rge p e a k  has b e e n  d e f i n e d  to b e  u n i t y  a n d  all 
o t h e r  a m p l i t u d e s  are m e a s u r e d  r e l a t i v e  to t his 
value. T h e  c h a r a c t e r i s t i c  p a r a m e t e r s  a r e  t h e n  
c h o s e n  to be m a g n e t i c  f i eld v a l u e s  that p r o d u c e  
a s p e c i f i e d  v a l u e  o f  n o r m a l i z e d  w a v e  am p l i t u d e .
F o r  example, one such p a r a m e t e r  is c a l l e d  
T his is d e f i n e d  as t hat m a g n e t i c  f i e l d  at w h i c h  
the e f f i c i e n c y  is o n e - t h i r d  o f  its p e a k  value. 
A n o t h e r  p a r a m e t e r  is H 4 /5 . T h i s  is the m a g n e 
tic f i e l d  v a l u e  at whi c h  the a m p l i t u d e  is r e d u c e d  
to 80 p e r c e n t  o f  its p e a k  value. T h e  p l u s  i n d i 
c a tes t hat one is on t h e  h igh fie l d  s ide o f  the 
p e a k  r a t h e r  t han b e l o w  it. It is t h e s e  p a r a m 
eters t h a t  will be r e l a t e d  to stress in the 
r e m a i n d e r  o f  the paper.

F i g u r e  10 p r e s e n t s  the res u l t s  o f  some e a r l y  
m e a s u r e m e n t s  on s a m p l e s  o f  A r m c o  iron a n d  1018 
steel. One t h i n g  t h a t  o n e  n o t i c e s  is t hat t h e r e  
are s ome d i f f e r e n c e s  in t h e  r e s p o n s e s  o f  t h e s e  
two alloys. S u c h  c o m p o s i t i o n a l  a n d  m i c r o s t r u c -  
tural aff e c t s  are c h a r a c t e r i s t i c  o f  all m a g n e t i c  
t echniques, and t h e y  m u s t  b e  tak e n  into a c c o u n t

in a p p l i c a t i o n s .  H a v i n g  r e c o g n i z e d  this, it is 
a p p r o p r i a t e  to c o n s i d e r  the d a t a  in a litt l e  
g r e a t e r  detail. In t h e  A r m c o  iron, t h e r e  is a 
v e r y  s m o o t h  v a r i a t i o n  o f  t h e  p a r a m e t e r  H j / j w i t h  
stress. How e v e r ,  t h e r e  is a l s o  a n  o f f s e t  o f  14 
k s i  b e t w e e n  d a t a  t a k e n  o n  t h e  c o m p r e s s i v e  and 
t e n s i l e  sid e s  o f  the sample. In o r d e r  t o  i n d e p e n d 
e n t l y  d e t e r m i n e  w h e t h e r  t h i s  r e p r e s e n t e d  a real 
d i f f e r e n c e  in the str e s s  c o n d i t i o n  o f  t h e  t w o  sides, 
o r  an e x p e r i m e n t a l  ar t i f a c t ,  X - r a y  s t r e s s  m e a s u r e 
m e n t s  o f  stre s s  w e r e  made. U s i n g  the F a s t  Str e s s  
u n i t  ( o r i g i n a l l y  d e v e l o p e d  b y  G e n e r a l  M o t o r s ) ,  a 
s t r e s s  d i f f e r e n c e  o f  17 k s i  b e t w e e n  the two sides 
w a s  ob s e r v e d .  T h i s  s t r o n g l y  s u p p o r t s  the c l a i m  
t h a t  E M A T  e f f i c i e n c y  m e a s u r e m e n t s  c a n  b e  u s e d  to 
d e t e r m i n e  stress.

On t h e  1018 steel sample, a n  o f f s e t  in the 
d a t a  s h o w n  in f i g u r e  10 was a l s o  o b s e r v e d .  H o w 
ever, on t h i s  sample, the F a s t  S t r e s s  u n i t  d i d  
n o t  p r o d u c e  m e a n i n g f u l  d a t a  b e c a u s e  o f  the 
p r e s e n c e  o f  h e a v y  m a c h i n i n g  m a r k s  o n  t h e  surface. 
T h i s  e s t a b l i s h e s  t h a t  the E M A T  t e c h n i q u e  is less 
s e n s i t i v e  to c h a n g e s  in s u r f a c e  c o n d i t i o n  t h a n  
t h e  X - r a y  m e a s u r e m e n t s .  A  c l o s e l y  r e l a t e d  p o i n t  
is t h e  fact t hat the E M A T  t e c h n i q u e  a v e r a g e s  the 
s t r e s s  in a s u r f a c e  l a yer on t h e  o r d e r  o f  a few

MAGNETIC FIELD (RELATIVE)

F I G U R E  8 . T Y P I C A L  P L OTS O F  U L T R A S O N I C  A M P L I T U D E  
V E R S U S  M A G N E T I C  F I E L D  IN A R M C O  IRON 
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m i l s  in t h i c k n e s s ,  m u c h  t h i c k e r  t h a n  t h e  l a y e r  
a v e r a g e d  b y  X-rays. T h u s  the E M A T  m e a s u r e m e n t s  
are less s t r o n g l y  i n f l u e n c e d  b y  h i g h l y  l o c a l i z e d  
s u r f a c e  stresses.

F i g u r e  11 p r e s e n t s  t h e  r e s u l t s  o f  m e a s u r e m e n t s  
o f  the str e s s  d e p e n d e n c e  o f  H ^ / 3  o n  A 5 6 9  steel. 
Agai n ,  a r a t h e r  s m o o t h  v a r i a t i o n  w i t h  s t r e s s  is 
observed. In t h i s  case, t h e r e  is a v e r y  r a p i d  
v a r i a t i o n  o f  H ^ / 3  b e t w e e n  a b o u t  - 2 0  k s i  a n d  + 2 0  
ksi, w i t h  a m u c h  s l o w e r  v a r i a t i o n  at h i g h e r  
stresses. F u r t h e r m o r e ,  t h e  c u r v e  b e c o m e s  m u l t i 
v a l u e d  for t e n s i l e  s t r e s s e s .  T h i s  is a  p r o b l e m  
s i n c e  it i m p l i e s  t hat a p a r t i c u l a r  m e a s u r e d  v a l u e  
o f  H j y j  c o u l d  c o r r e s p o n d  to t w o  d i f f e r e n t  p o s 
s i ble stress levels. C l e a r l y  o t h e r  p a r a m e t e r s  
m u s t  b e  u s e d  i f  a u n i q u e  s t r e s s  d e t e r m i n a t i o n  is 
to be made.

F i g u r e  12 s h o w s  t h e  b e h a v i o r  o f  o n e  s u c h  
p a r a m e t e r ,  F o r  t e n s i l e  s t r e s s e s ,  t h e r e  is
n o w  a m o n a t o n i c  v a r i a t i o n  w i t h  str e s s .  M e a s u r e 
m e n t  o f  this p a r a m e t e r ,  a n d  H i / $ >  w o u l d  u n i q u e l y  
d e t e r m i n e  the stress.

This s a m p l e  w a s  lar g e  e n o u g h  so t h a t  m e a s u r e 
m e n t s  c o u l d  b e  m a d e  b o t h  p a r a l l e l  a n d  p e r p e n d i c 
u l a r  to t h e  r o l l i n g  d i r e c t i o n  t o  a s s e s s  h o w  s i g 
n i f i c a n t l y  t e x t u r e  w o u l d  i n f l u e n c e  the 
m e a s u r e m e n t .  As s e e n  in f i g u r e s  11 a n d  12, t h ere 
was a t e x t u r e  effect, b u t  it w a s  n o t  t e r r i b l y  
s e v e r e .

In all m e a s u r e m e n t s  r e p o r t e d  thus far, t h e  
d i r e c t i o n  o f  stre s s  a n d  the d i r e c t i o n  o f  u l t r a 
s o nic w a v e  p r o p a g a t i o n  w e r e  p a r a l l e l  to one 
another. F i g u r e  13 r e p r e s e n t s  e x p e r i m e n t a l  r e s u l t s
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F I G U R E  12. V A R I A T I O N  OF H | / 5 V E R S U S  S T R E S S  IN A - 5 6 9  S T E E L

o n  t h e  s ame s a m p l e  w h e n  t h e  m e a s u r e m e n t  d i r e c t i o n  
w a s  r o t a t e d  b y  90 d e g r e e s  f r o m  the stre s s  d i r e c 
tion. In t his case, w a s  r e l a t i v e l y  i n s e n s i 
t i v e  to stress. T h i s  s u g g e s t s  t h a t  s t r e s s  d i r e c 
tions, as w e l l  as m a g n i t u d e s ,  can b e  d e t e r m i n e d  
b y  t his technique.

C o n c l u s i o n s

M a n y  m a g n e t i c  t e c h n i q u e s  for s t r e s s  m e a s u r e 
m e n t  h a v e  b e e n  s t u d i e d  -- for example, t h o s e  
b a s e d  o n  the B a r k h a u s e n  effect. M e a s u r e m e n t  o f  
m a g n e t o s t r i c t i o n  w i t h  E M A T ' s  does n o t  f u l l y  
s o l v e  the p r o b l e m ,  but it p r o v i d e s  a c c e s s  to 
some v e r y  i m p o r t a n t  i n f o r m a t i o n  t h a t  m a y  n o t  be 
p r o v i d e d  b y  t h e  o t h e r  t e c h n i q u e s .  F i g u r e  14 
i l l u s t r a t e s  t h i s  in a p a i r  o f  p l o t s  s h o w i n g  the 
v a r i a t i o n  o f  b o t h  the m a g n e t i z a t i o n  a n d  m a g n e t o 
s t r i c t i o n  o f  A r m c o  i r o n  as a f u n c t i o n  o f  a p p l i e d  
f i e l d  [9]. In e ach case, s e v e r a l  c u r v e s  are 
p l o t t e d  w i t h  str e s s  as a p a r a m e t e r .  It is c l e a r  
t hat stress c a u s e s  a m u c h  g r e a t e r  c h a n g e  i n  the

m a g n e t o s t r i c t i v e  r e s p o n s e  t h a n  it d o e s  i n  the 
m a g n e t i z a t i o n .  T h e  m a g n e t o s t r i c t i o n  is 
a p p a r e n t l y  s e n s i n g  the p r e s e n c e  o f  s t r e s s  m o r e  
d i r e c t l y .

F i g u r e  15 p r e s e n t s  an i n t e r p r e t a t i o n  o f  t his 
r e s u l t .  C o n s i d e r  two ini t i a l  s t a t e s  o f  m a t e r i a l .
In o n e  state, i m a g i n e  that the d e m a g n e t i z e d  s t a t e  
h a s  a d o m a i n  c o n f i g u r a t i o n  in w h i c h  t h e  d o m a i n s  o f  
c l o s u r e  a r e  as s h o w n  at the left in t h e  figure.
T h i s  w o u l d  b e  t y p i c a l  o f  a m a t e r i a l  w i t h  zero 
a p p l i e d  stress. In the s e c o n d  state, i m a g i n e  
t h a t  a c o m p r e s s i v e  stre s s  is p r e s e n t .  S i n c e  
t h e  c o m p r e s s i v e  s t r e s s  i n h i b i t e d  t h e  f o r m a t i o n  o f  
t h e  d o m a i n s  o f  c l o s u r e  o f  t h e  o r i g i n a l  m a t e r i a l ,  
t h e  d o m a i n s  w o u l d  c l o s e  in t h e  o r t h o g o n a l  plane.
T h i s  s a m p l e  w o u l d  t h u s  h a v e  a d i f f e r e n t  ini t i a l  
len g t h .  (This d i f f e r e n c e  is in a d d i t i o n  to the 
u s u a l  e l a s t i c  d i f f e r e n c e  r e s u l t i n g  f r o m  t h e  a p p l i e d -  
load.) W h e n  m a g n e t i z e d  to s a t u r a t i o n ,  b o t h  
s a m p l e s  w o u l d  h a v e  t h e  s a m e  length. A  m e a s u r e m e n t  
o f  c h a n g e  in l e n g t h  d u r i n g  m a g n e t i z a t i o n  c o u l d  b e
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u s e d  t o  d i s t i n g u i s h  b e t w e e n  them. H o wever, a 
m e a s u r e m e n t  o f  c h a n g e  in m a g n e t i z a t i o n  w o u l d  
n o t  p r o v i d e  s u c h  a  d i f f e r e n t i a t i o n  since, in 
e a c h  case, t h e  m a g n e t i z a t i o n  goes f r o m  z ero 
to its s a t u r a t e d  value. C l e a r l y ,  t h e  m a g n e t o 
s t r i c t i o n  h a s  l e v e r a g e  o n  n e w  m a g n e t i c  i n f o r 
m a t i o n  t hat c a n n o t  b e  o b t a i n e d  b y  s i m p l e  m a g 
n e t i c  m e a s u r e m e n t s .  T h i s  p r e s e n t s  s i g n i f i c a n t  
o p p o r t u n i t i e s  f o r  m e a s u r i n g  s t r e s s  states, 
w h i c h  s h o u l d  p r o v e  o f  u s e  in t h e  i n s p e c t i o n  of 
rails.
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" B r i t i s h  R a i lways' E x p e r i e n c e  in the 
M e a s u r e m e n t  o f  L o n g i t u d i n a l  Rail F o r c e s "

G. S. Lane
R e s e a r c h  and D e v e l o p m e n t  D i v i s i o n  

B r i t i s h  R a i l w a y s

I n t r o d u c t i o n

A n  e s s e n t i a l  f e a t u r e  o f  c o n t i n u o u s l y  w e l d e d  
r ail (CWR) is t h e  p r o p e r t y  o f  r e s t r a i n e d  t h e r m a l  
expans i o n .  O v e r  a typ i c a l  r ail t e m p e r a t u r e  
range, this leads to t h e  e x i s t e n c e  o f  l a r g e  
t e n s i l e  and c o m p r e s s i v e  forc e s  a n d  the p o s s i b i l 
ity o f  rail b r e a k s  o r  bu c k l e s .  B r i t i s h  R a i l w a y s  
(BR) h a s  c o n s i d e r a b l e  i n t e r e s t  in t h e  c o n t r o l  o f  
l o n g i t u d i n a l  r a i l  forces, and this p a p e r  g i v e s  
a n  a c c o u n t  o f  r e c e n t  BR e x p e r i e n c e  in t h e i r  
m e a s u r e m e n t .

T h e  I m p o r t a n c e  o f  R a i l  F o r c e s

O n  BR, C W R  is i n s t a l l e d  so t hat t h e  t e m p e r a 
t u r e  at w h i c h  t h e r e  is n o  o v e r a l l  l o n g i t u d i n a l  
r ail f o rce is 8 0 ° F  (26.5°C). T his t e m p e r a t u r e  
is usu a l l y ,  b u t  e r r o n e o u s l y ,  r e f e r r e d  to as the 
s t r e s s - f r e e  t e m p e r a t u r e .  A  m o r e  a c c u r a t e  
d e s c r i p t i o n  is t h e  term, f o r c e - f r e e  t e m p e r a 
ture. H y d r a u l i c  t e n s o r s  are used, a n d  t h e s e  
a l l o w  the f o r c e - f r e e  t e m p e r a t u r e  to b e  a c c u r a t e l y  
c o n t r o l l e d  to b e t t e r  t h a n  ± 5°F. How e v e r ,  
e x p e r i e n c e  h a s  s h o w n  that, in service, c h a n g e s  
i n  f o r c e - f r e e  t e m p e r a t u r e  c a n  o c c u r  for a v a r i e t y  
o f  r e asons, s u c h  as rail creep, c u r v e  m o v e m e n t ,  
t r a c k  m a i n t e n a n c e ,  o r  g r o u n d  s ubsidence.

T h e  f o r c e - f r e e  t e m p e r a t u r e  c a n  b e  u s e d  as a 
y a r d s t i c k  t hat f u l l y  i n d i c a t e s  w h e t h e r  t h e  t r a c k  
is s afe f r o m  t h e  p o i n t  o f  v i e w  o f  l o n g i t u d i n a l

r a i l  forces. If the f o r c e - f r e e  t e m p e r a t u r e  
i n c r e a s e s ,  t h e r e  is the p o s s i b i l i t y  t h a t  e x c e s 
s i v e  t e n s i l e  forces in w i n t e r  w i l l  c a u s e  rail 
b r e a k s .  If a d e c r e a s e  occurs, e x c e s s i v e  c o m 
p r e s s i v e  for c e s  in s u m m e r  m a y  l ead to t r a c k  
b u c k l i n g .  T h e  b u c k l e  is g e n e r a l l y  c o n s i d e r e d  
to b e  t h e  m o r e  d a n g e r o u s  o c c u r r e n c e ;  b e c a u s e  
o f  this, the f o r c e - f r e e  t e m p e r a t u r e  o f  80°F 
is c h o s e n  to b e  h i g h e r  t h a n  t h e  a v e r a g e  rail 
t e m p e r a t u r e .

T h e  f a c t o r  that c o n t r o l s  t r a c k  b u c k l i n g  is 
t h e  o v e r a l l  l o n g i t u d i n a l  r a i l  f o r c e  a c r o s s  the 
w h o l e  rail s e c t i o n  (not rail st r e s s ) ,  w h i c h  o f  
c o u r s e  d e p e n d s  on f o r c e - f r e e  t e m p e r a t u r e  a n d  
a c t u a l  r a i l  t e m p e r a t u r e .  T h e  p r e f e r r e d  w a y  o f  
a s s e s s i n g  the s a f e t y  o f  a g i v e n  l e n g t h  o f  C W R  
is to m e a s u r e  b o t h  t h e  rail f o r c e  a n d  the 
t e m p e r a t u r e  and f r o m  t h e s e  d e t e r m i n e  the force- 
f ree t e m p e r a t u r e .  B e a r i n g  in m i n d  t h e  t i m e  o f  
the y e a r  a n d  its r e l a t i o n  t o  l i k e l y  r ail t e m p e r a 
tures, t h e  s a f e t y  can t h e n  be ass e s s e d .  T h e o r e 
t i c a l  w o r k  on B R  has i n d i c a t e d  that, i f  rail 
t e m p e r a t u r e s  a r e  m o r e  t h a n  5 0 - 7 0 ° F  ( d e p e n d i n g  on 
t r a c k  d e s i g n  a n d  m a i n t e n a n c e  s t a n d a r d s )  a b o v e  the 
loc a l  f o r c e - f r e e  t e m p e r a t u r e ,  b u c k l i n g  m a y  occur.

A l l  r ail f o r c e  d a t a  on BR is p r o c e s s e d  and 
a s s e s s e d  in t h i s  way.

M e a s u r i n g  S y s t e m  R e q u i r e m e n t

A n y  m e a s u r i n g  s y s t e m  d e s i g n e d  to m o n i t o r  the 
s a f e t y  o f  C W R  f r o m  the p o i n t  o f  v i e w  o f  the 
e f f e c t s  o f  r e s t r a i n e d  the r m a l  e x p a n s i o n  m u s t  
s a t i s f y  c e r t a i n  r e q u i r e m e n t s .  T h e s e  w i l l  b e  
d i v i d e d  i nto two c a t e g o r i e s  -- n e c e s s a r y  and 
d e s i r a b l e .  T h e  n e c e s s a r y  r e q u i r e m e n t s  f o r  s uch 
a  s y s t e m  a r e  as follows:

a. N o n d e s t r u c t i v e .  A  s y s t e m  m u s t  e i t h e r  
b e  t r a i n - b o r n e  (the p r e f e r r e d  form) or, i f  this 
is n o t  p o s s i b l e ,  t r a c k - m o u n t e d  in s u c h  a  w a y  t h a t  
r e a d i n g s  c a n  be t a k e n  w i t h o u t  i n t e r r u p t i o n  to 
traffic.

b. M e a s u r e m e n t  o f  t o t a l  f o r c e  o v e r  the 
w h o l e  r a i l  section. T h i s  is the f o r c e  t h a t  
d i r e c t l y  c o n t r o l s  the t e n d e n c y  to buc k l e .

c. M e a s u r e m e n t  o f  a v e r a g e  r a i l  t e m p e r a 
t u r e  o v e r  t h e  w h o l e  r ail s e ction. T h e r e  is no 
w a y  in w h i c h  t h e  s a f e t y  o f  C W R  f r o m  p o s s i b l e  
b u c k l i n g  c a n  b e  a s s e s s e d  f r o m  f o r c e  m e a s u r e m e n t s  
alone. B R  fee l s  s t r o n g l y  that a c c u r a t e  a v e r a g e  
r a i l  t e m p e r a t u r e s  s h o u l d  b e  m e a s u r e d  at the same 
t i m e  as r a i l  forces.

d. T o l e r a n c e  o f  r a i l w a y  e n v i r o n m e n t .
B o t h  s e v e r e  w e a t h e r  c o n d i t i o n s  a n d  h e a v y  s e r v i c e  
l o a d i n g  ( i n c l u d i n g  the e f f e c t  o f  d y n a m i c  l o a d i n g s  
due to w h e e l f l a t s ,  etc.) c a n  s e v e r e l y  a f f e c t  
i n s t r u m e n t a t i o n  systems.

e. G o o d  l o n g - t e r m  s t a b i l i t y .  M i n i m a l  
d r i f t  o v e r  s e v e r a l  y e a r s  is d e s i r a b l e .

f. S e n s i t i v i t y .  It s h o u l d  b e  p o s s i b l e  
to m e a s u r e  the f o r c e - f r e e  t e m p e r a t u r e  to ± 5°F 
(± 3°C) . T his is a p p r o x i m a t e l y  e q u i v a l e n t  to a
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f o rce o f  ± 50 k i l o n e w t o n s  a n d  str e s s  o f  ± 7 m e g a 
n e w t o n s  p e r  s q u a r e  m e t e r  (± 1 ksi), w h e r e  b o t h  
f o rce a n d  s t r e s s  a r e  a v e r a g e d  o v e r  the w h o l e  rail 
c r o s s  section.

T h e  d e s i r a b l e  r e q u i r e m e n t s  for a m e a s u r i n g  
s y s t e m  are:

a. T h e  i n s t r u m e n t a t i o n  s h o u l d  b e  as 
s i m p l e  a n d  s t r a i g h t f o r w a r d  as p o s s i b l e  a n d  be 
e a s i l y  p o r t a b l e .

b. T h e  w h o l e  s y s t e m  s h o u l d  b e  c a p a b l e  
o f  i n s t a l l a t i o n  a n d  u s e  b y  n o r m a l  t r a c k  m a i n t e 
n a n c e  s t a f f  w i t h  m i n i m a l  t r a ining,

c. If t h e  s y s t e m  is t r a c k - m o u n t e d ,  it 
s h o u l d  b e  p o s s i b l e  to p r o v i d e  a r e m o t e  r e a d i n g  
f a c i l i t y  v i a  a  d a t a  l o g g i n g  a n d  t e l e m e t r y  link.

T h e  B R  R ail F o r c e  T r a n s d u c e r  (RAFT) S y s t e m

B R  has d e v e l o p e d  a t r a c k - m o u n t e d  t r a n s d u c e r  
system- f o r  the m e a s u r e m e n t  o f  a v e r a g e  r a i l  force. 
T h e  t r a n s d u c e r  is f u l l y  t e m p e r a t u r e  c o m p e n s a t e d ,  
b u t  a  s p e c i a l  v e r s i o n ,  e n t i r e l y  c o m p a t i b l e  w i t h  
the s t a n d a r d  i n s t r u m e n t a t i o n ,  has b e e n  p r o d u c e d  
t h a t  m e a s u r e s  a v e r a g e  r a i l  t e m p e r a t u r e .

T h e s e  t r a n s d u c e r s  s a t i s f y  m o s t  o f  the 
r e q u i r e m e n t s  l i s t e d  above. T h e y  a r e  m o u n t e d  in 
a 2 9 - m i l l i m e t e r  h o l e  d r i l l e d  in the w e b  o f  the 
rail, a n d  t h e y  o p e r a t e  o n  a v i b r a t i n g  w i r e  
p r i n c i p l e .  C h a n g e s  in r ail f o r c e  (and t e m p e r a 
t u r e  f o r  t h e  t e m p e r a t u r e  t r a n s d u c e r !  l e a d  to 
d i s t o r t i o n  o f  t h e  h o l e  a n d  a l s o  to 
c h a n g e s  in the p e r i o d  o f  v i b r a t i o n  o f  the w i r e  
c a n  be r e l a t e d  to t h e  q u a n t i t y  to b e  m e a s u r e d  
t h r o u g h  a c a l i b r a t i o n  c h a r a c t e r i s t i c .  A  coil/ 
m a g n e t i c  c i r c u i t  s y s t e m  is u s e d  to e l e c t r o m a g -  
n e t i c a l l y  p l u c k  t h e  w i r e  a n d  d e t e c t  t h e  p e r i o d  
o f  v i b r a t i o n .

T h e  b a s i c  s y s t e m  is i l l u s t r a t e d  in the 
a c c o m p a n y i n g  i l l u s t r a t i o n s .  F i g u r e  1 s h o w s  the 
rail f o r c e  t r a n s d u c e r  c o m p l e t e  and w i t h  coils 
r emoved. F i g u r e  2 s h o w s  t h e  rail f o r c e  t r a n s 
d u c e r  m o u n t e d  in rail. F i g u r e  3 sho w s  the 
s t a n d a r d  m e a s u r i n g  i n s t r u m e n t  for m a n u a l  r e a d i n g s .

The f o rce t r a n s d u c e r  is c a l i b r a t e d  in situ 
u s i n g  a h y d r a u l i c  rail t e n s o r  to a p p l y  c a l i b r a 
t i o n  loads. T h i s  a u t o m a t i c a l l y  i n s u r e s  t hat the 
a v e r a g e  r ail f o rce is s u b s e q u e n t l y  me a s u r e d .
Fig u r e  4 shows t y p i c a l  c a l i b r a t i o n  c h a r a c t e r i s t i c s .  
(Note t hat t h e r e  a r e  t w o  w i r e s  -- " s e n s i n g  e l e 
m e n t s "  -- in e a c h  t r a n s d u c e r . )  A  s e n s i t i v i t y  at 
least e q ual to the r e q u i r e m e n t  g i v e n  a b o v e  can be 
obtained.

B e c a u s e  o f  the t i m e - c o n s u m i n g  n a t u r e  o f  m a n u a l  
r e a dings, BR has d e v e l o p e d  a t e l e m e t r y / d a t a  l o g 
g i n g  s y s t e m  so t h a t  r a i l  f o r c e  a n d  t e m p e r a t u r e  
d a t a  can be o b t a i n e d  in t h e  off i c e .  D a t a  r e d u c 
t i o n  can a l s o  b e  t i m e - c o n s u m i n g ,  so the s y s t e m  
has b e e n  e x t e n d e d  to i n c l u d e  a m i c r o c o m p u t e r  to 
a n a l y z e  the data. P r o g r a m s  h a v e  b e e n  w r i t t e n  to 
the d e t a i l e d  r e q u i r e m e n t s  o f  the c i v i l  e n g i n e e r  
and the. f i rst s i t e  w i t h  t h e  full s y s t e m  a p p l i e d  
is to b e  o p e r a t i o n a l  in A p r i l  1979. F i g u r e s  5 
and 6 s h o w  t h e  d e v e l o p m e n t  v e r s i o n  o f  t h e  system, 
i l l u s t r a t i n g  the s ite e q u i p m e n t  a n d  o f f i c e  e q u i p 
ment, r e s p e c t i v e l y .

BR E x p e r i e n c e  -- P r o b l e m s  a n d  D e v e l o p m e n t s

BR e x p e r i e n c e  to d a t e  has s h o w n  t h a t  the R A F T  
s y s t e m  is v i a b l e  a n d  g i v e s  r ail f o r c e s  and t e m 
p e r a t u r e s  to a s u f f i c i e n t  d e g r e e  o f  a c c u r a c y  to 
m o n i t o r  C W R  for s a f e t y  f r o m  b u c k l i n g .  B R  has 
e n c o u n t e r e d  sev e r a l  p r o b l e m s  w i t h  the system, 
a n d  t h ese h a v e  led t o  f u r t h e r  d e v e l o p m e n t s  of 
the s y s t e m  that are c u r r e n t l y  b e i n g  p ursued.

W i t h  the p r e s e n t  des i g n ,  an i n d i v i d u a l  o n s i t e  
c a l i b r a t i o n  o f  e a c h  f o r c e  t r a n s d u c e r  is required. 
T h i s  is t i m e - c o n s u m i n g  a n d  r e q u i r e s  t r a c k  
posses s i o n .  C u r r e n t l y  BR is i n v e s t i g a t i n g  an 
i m p r o v e d  w i r e  c l a m p  a r r a n g e m e n t  t h a t  w i l l  g i v e  
g r e a t e r  c o n s i s t e n c y  o f  the w i r e  " e n d  f i x i t y "  
c onditions. T h i s  s h o u l d  l e a d  to a c o n s i s t e n t  
c a l i b r a t i o n  c h a r a c t e r i s t i c  (and a l s o  r e d u c e  p o s 
s i b l e  w i r e  slip, w h i c h  c a n  l ead to z e r o  d r i f t ) .

In 1977, sev e r a l  t r a n s d u c e r s  w e r e  i n s t a l l e d  
in the F a c i l i t y  f o r  A c c e l e r a t e d  S e r v i c e  T e s t i n g  
(FAST) t r a c k  at t h e  T r a n s p o r t a t i o n  T e s t  C e n t e r  
n e a r  Pueblo, Co l o r a d o .  T h e s e  s u f f e r e d  d e t e r i o r a 
t i o n  in s e r v i c e  in two w a y s . I n t e r n a l  and ex t e r n a l
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r u s t i n g  took place, a n d  some i n s t a n c e s  o f  loss 
o f  w i r e  t e n s i o n  w e r e  noted. T h e  r u s t i n g  w e  h a v e  
b e e n  a ble to a s s o c i a t e  w i t h  a m o r e  s e v e r e  p r o o f  
t e s t i n g  p r o c e d u r e  i n s t i g a t e d  s p e c i f i c a l l y  f o r  the 
F A S T  t r a c k  t r a n s d u c e r s  to c a t e r  to t h e  a r d u o u s  
c o n d i t i o n s  o f  t e m p e r a t u r e  a n d  loading. T h i s  
t r e a t m e n t  led to f a i l u r e s  in the s e a l i n g  o f  the 
t r a n s d u c e r s  a l l o w i n g  i n g r e s s  o f  moi s t u r e .  The 
s o l u t i o n  is to a m e n d  p r o c e d u r e s  so that the 
t r a n s d u c e r s  are s e a l e d  a f t e r  p r o o f  loading. T h e  
p o s s i b i l i t y  o f  loss o f  w i r e  t e n s i o n  s h o u l d  be 
r e d u c e d  b y  o u r  n e w  c l a m p i n g  a r r a n g e m e n t s .

B R  has f o und the s t a n d a r d  s u r f a c e - m o u n t e d  
m a g n e t i c  rail t h e r m o m e t e r s  u n r e l i a b l e  u n l e s s  
v e r y  c a r e f u l l y  i n s u l a t e d  f r o m  sun and wind, 
etc. In addition, t h e y  are n o t  s u i t a b l e  for 
r e m o t e  reading. T h e s e  f a c t o r s  led to the 
d e s i g n  o f  the t e m p e r a t u r e - m e a s u r i n g  v i b r a t i n g  
w i r e  transducer. P r o b l e m s  h a v e  b e e n  e x p e r i 
e n c e d  w i t h  t his d e v i c e  b e c a u s e  the t r a n s d u c e r  
r e s p o n d s  to b o t h  f o r c e  a n d  t e m p e r a t u r e  and it 
is n o t  e asy to s e p a r a t e  the e f f e c t s  o f  each, 
and b e c a u s e  the s o f t e r  w i r e  m a y  be m o r e  s u s 
c e p t i b l e  to s lip in t h e  c l a m p  u n d e r  s e r v i c e  
loading. To a v o i d  t h e s e  p r o b l e m s ,  the t e m p e r a 
t u r e  t r a n s d u c e r s  h a v e  so far b e e n  i n s t a l l e d  in 
d u m m y  1 - m e t e r  l e n g t h s  o f  r ail p o s i t i o n e d  b e t w e e n  
the r u n n i n g  rails. IVe a r e  c u r r e n t l y  e x p e r i m e n t i n g  
w i t h  a t r a n s d u c e r  i n c o r p o r a t i n g  a t e m p e r a t u r e -  
s e n s i t i v e  wire at a b o u t  60°F to the h o r i z o n t a l

t h a t  w i l l  be u n a f f e c t e d  b y  c h a n g e s  in r a i l  force.
A  t r a n s d u c e r  w i t h  o n e  n o r m a l  (horizontal) w i r e  
a n d  o n e  I n v a r  w i r e  at t h i s  a n g l e  s h o u l d  g i v e  b o t h  
r ail f o r c e  a n d  t e m p e r a t u r e .

A n  E x a m p l e  o f  the U s e  o f  the R A F T  S y s t e m

T h e  f o r c e - f r e e  t e m p e r a t u r e  o f  C W R  c a n  b e  
i n f l u e n c e d  b y  m a n y  factors, all o f  w h i c h  c a n  
r e s u l t  in a n  u n s a f e  c o n d i t i o n .  E x a m p l e s  o f  t h e s e  
are c u r v e  m o v e m e n t  b e t w e e n  t i m e s  o f  h i g h  a n d  low 
r ail t e m p e r a t u r e s ;  r a i l  c r e e p  due to t r a c t i o n  
forces, b r a k i n g ,  g r a d i e n t s ,  etc.; a n d  m a i n t e n a n c e  
o p e r a t i o n s .  B R  is i n t e r e s t e d  in all o f  t h e s e  
p o s s i b i l i t i e s .  Ho w e v e r ,  as an i l l u s t r a t i o n  o f  
t h e  w a y  in w h i c h  t h e  .RAFT s y s t e m  is b e i n g  u s e d  at 
p r e s e n t ,  t h i s  s e c t i o n  d e s c r i b e s  s ome r e c e n t  
r e s u l t s  o b t a i n e d  in an a r e a  w h e r e  C W R  is a f f e c t e d  
b y  m i n i n g  su b s i d e n c e .

A l t h o u g h  s i m i l a r  p r o b l e m s  m a y  n o t  o c c u r  w i d e l y  
in t h e  U n i t e d  States, t h e r e  are m a n y  a r e a s  o n  BR 
at t h e  m o m e n t  w h e r e  C W R  l i nes c a r r y i n g  h i g h - s p e e d  
p a s s e n g e r  t r a f f i c  a r e  a f f e c t e d  and w h e r e  v e r y  
l a r g e  g o u n d  s t r a i n s  occur. If a  s i g n i f i c a n t  
f r a c t i o n  o f  t h e s e  s t r a i n s  w e r e  t r a n s f e r r e d  to the 
rail, a  h i g h  p r o b a b i l i t y  o f  t r a c k  b u c k l i n g  o r  rail 
b r e a k s  w o u l d  exist. W h e r e  t his is t h e  case, the 
s t a n d a r d  p r a c t i c e  w o u l d  b e  to r e m o v e  t h e  C W R  and 
r e p l a c e  it w i t h  j o i n t e d  track, t h e r e b y  i n c u r r i n g  
t h e  l a r g e  p e n a l t i e s  o f  cost, a d d i t i o n a l  t r a c k
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m a i n t e n a n c e ,  a n d  d e g r a d e d  t r a c k  q u a l i t y  and 
v e h i c l e  ride. T h e  R A F T  s y s t e m  p r e s e n t s  an 
a l t e r n a t i v e  o f  r e t a i n i n g  CWR, m o n i t o r i n g  s a f e t y  
t h r o u g h  r e g u l a r  m e a s u r e m e n t s  o f  r a i l  for c e  and 
t e m p e r a t u r e ,  a n d  r e - s t r e s s i n g  t h e  t r a c k  o n l y  
w h e n  n e c e s s a r y .  W i t h o u t  a  r a i l  f o rce and 
t e m p e r a t u r e  m e a s u r i n g  system, t h e r e  is n o  w a y  
o f  a s s e s s i n g  the s a f e t y  o f  C W R  i n f l u e n c e d  b y  
g r o u n d  strain.

F i g u r e s  7, 8 , 9, a n d  10 r e f e r  to a site that 
w a s  i n s t r u m e n t e d  in 1978 w i t h  the t w i n  o b j e c t i v e s  
o f  m o n i t o r i n g  t h e  C W R  for s a f e t y  a n d  c h e c k i n g  the 
r e l a t i o n s h i p  b e t w e e n  r a i l  a n d  g r o u n d  strains.
T h e  l a t t e r  o b j e c t i v e  r e q u i r e d  t h e  i n s t a l l a t i o n  
o f  m o n u m e n t s  to c h e c k  g r o u n d  s u b s i d e n c e  and 
s t r a i n  a n d  a l s o  t h e  i n s t a l l a t i o n  o f  a l a r g e r  
n u m b e r  o f  r a i l  f o r c e  t r a n s d u c e r s  t h a n  w o u l d  be 
u s e d  p u r e l y  f o r  a s a f e t y  m o nitor.

F i g u r e  7 s h o w s  t h e  r e l a t i o n s h i p  b e t w e e n  the 
i n s t r u m e n t e d  l e n g t h  a n d  the m i n e  working.

F i g u r e  8 s h o w s  t h e  p r e d i c t e d  g r o u n d  s t r a i n  
e x p r e s s e d  as a n  e q u i v a l e n t  c h a n g e  in f o r c e - f r e e  
t e m p e r a t u r e ,  a s s u m i n g  t h a t  t h e  g r o u n d  a n d  rail 
s t r a i n s  a r e  e q ual (a w o r s t  c a s e  a s s u m p t i o n ) .
The p r e s e n t  s i t u a t i o n ,  F e b r u a r y  1979, is shown 
a n d  a l s o  the m a x i m u m  c o m p r e s s i v e  s t r a i n  predic t e d .  
T h e s e  d a t a  w e r e  p r o d u c e d  b y  t h e  M i n i n g  E n g i n e e r s

D e p a r t m e n t  o f  BR u s i n g  a full t h r e e - d i m e n s i o n a l  
g r o u n d  s u b s i d e n c e / s t r a i n  mod e l .  At s o m e  stage, 
t h e  t r a c k  w i l l  c l e a r l y  b e c o m e  uns a f e .  ■

F i g u r e  9 s h o w s  the g r o u n d  s t r a i n  a n d  r a i l  
s t r a i n  p l o t t e d  a g a i n s t  d i s t a n c e  for t h e  r e a d i n g s  
t a k e n  in J a n u a r y  a n d  F e b r u a r y  1979. T h e  g r o u n d  
s t r a i n s  w e r e  o b t a i n e d  u s i n g  s t e e l  t a p e  m e a s u r e 
m e n t s  b e t w e e n  m o n u m e n t s ;  t h e y  s u f f e r  f r o m  s ome 
s c a t t e r  d u e  to s e v e r e  w e a t h e r  c o n d i t i o n s .  A g a i n  
t h e  r e s u l t s  a r e  e x p r e s s e d  in t e r m s  o f  e q u i v a l e n t  
c h a n g e  in f o r c e - f r e e  t e m p e r a t u r e ,  a s s u m i n g  t hat 
r a i l  s t r a i n  e q u a l s  g r o u n d  strain.

T h e  c o r r e l a t i o n  a p p a r e n t  in f i g u r e  9 is s h o w n  
m o r e  c l e a r l y  in f i g u r e  1 0 , w h e r e  the r a i l  s t r a i n  
is p l o t t e d  d i r e c t l y  a g a i n s t  the g r o u n d  strain.
A  g o o d  c o r r e l a t i o n  e x i s t s  t h a t  i n d i c a t e s  t hat 
s ome 60 p e r c e n t  o f  t h e  g r o u n d  s t r a i n  is e x p e r i e n c e d  
b y  the rail. T h i s  e x p e r i m e n t  is i n  its e a r l y  
s t a g e s  a n d  m o r e  a c c u r a t e  d a t a  w i l l  b e c o m e  a v a i l a b l e  
as t h e  g r o u n d  s t r a i n  increa s e s .

T h e  p e r f o r m a n c e  o f  the r ail f o r c e  t r a n s d u c e r s  
at this s i t e  h a s  so f a r  b e e n  e x c e l l e n t .

S u m m a r y

The n e c e s s i t y  f o r  a n d  r e q u i r e m e n t s  o f  a rail 
f o r c e  a n d  t e m p e r a t u r e  m e a s u r i n g  s y s t e m  h a v e  b e e n
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F I G U R E  4. R A F T  C A L I B R A T I O N  C H A R A C T E R I S T I C  -- 
B I L S T H O R P E  R A F T  NO. 18 (TWO S E N S I N G  E L E MENTS)
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F I G U R E  8 . B I L S T H O R P E  C O L L I E R Y  B R A N C H  LINE: 
P R E D I C T E D  G R O U N D  S T R A I N

F I G U R E  9. B I L S T H O R P E  C O L L I E R Y  B R A N C H  LINE: 
G R O U N D  A N D  R A I L  S T R A I N S ,  F E B R U A R Y  6 , 1979
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F I G U R E  10. B I L S T H O R P E  C O L L I E R Y  B R A N C H  LINE: 
C O M P A R I S O N  O F  G R O U N D  A N D  R A I L  S T R A I N S

set out a n d  t h e  B R  R A F T  s y s t e m  descri b e d .  The 
R A F T  s y s t e m  s a t i s f i e s  m o s t  o f  the r e q u i r e m e n t s ,  
b u t  it d o e s  r e q u i r e  a h o l e  d r i l l e d  in t h e  rail 
web. T h e  m a j o r  a d v a n t a g e s  o f  t h e  s y s t e m  a r e  the 
e a s e  w i t h  w h i c h  it c a n  b e  a d a p t e d  to m e a s u r e  
r a i l  t e m p e r a t u r e ,  t h e  e a s e  w i t h  w h i c h  m a n u a l  
r e a d i n g s  c a n  b e  made, the i n s e n s i t i v i t y  of 
r e a d i n g s  to a d v e r s e  c o n d i t i o n s ,  and t h e  r e m o t e  
r e a d i n g  facility.

BR e x p e r i e n c e  h a s  b e e n  d e s c r i b e d  b r i e f l y  in 
t e rms o f  r e c e n t  p r o b l e m s  a n d  d e v e l o p m e n t s ,  i n c l u d 
ing t h e  u s e  o f  t h e  s y s t e m  in a r eas a f f e c t e d  b y  
m i n i n g  s u b s i d e n c e .  In t h e s e  areas, t h e  R A F T  
s y s t e m  is p r o v i d i n g  B R  w i t h  a  f i n a n c i a l  s a v i n g  
w h i l e  m a i n t a i n i n g  s a f e t y  and a g o o d  t r a c k  
s t a ndard.

P A N E L  D I S C U S S I O N

T h e  p a r t i c i p a n t s  in t h e  p a n e l  d i s c u s s i o n  
i n c l u d e d  a u t h o r s  D. E. Bray, R. W. Benson,
R. B. T h o m p s o n ,  a n d  G. S. Lane; c o n f e r e n c e  p a n e l  
m e m b e r s  D. P. M c C o n n e l l  (chairman) ( T r a n s p o r t a 
t i o n  S y s t e m s  Cen t e r ,  U.S. D e p a r t m e n t  o f  T r a n s 
p o r t a t i o n ) ,  H. B e r g e r  ( N a tional B u r e a u  of 
S t a n d a r d s ,  U.S. D e p a r t m e n t  o f  Co m m e r c e ) ,
B. R. F o r c i e r  ( B e s s e m e r  a n d  L a k e  E r i e  R a i l r o a d  
C o m p a n y ) ,  a n d  D. H. S t o n e  ( A s s o c i a t i o n  o f  
A m e r i c a n  R a i l r o a d s ) ;  a n d  s u p p l e m e n t a l  s e s s i o n  
p a n e l  m e m b e r s  H. H. C h a s k e l i s  (Naval R e s e a r c h  
L a b o r a t o r y )  a n d  T. Y a n g  (ENSCO, Inc.).

T. YANG: I h a v e  a q u e s t i o n  o n  t h e  t r a n s 
d u c e r  f o r  rail force. If y o u  h a v e  a c o n t i n u o u s l y

w e l d e d  rail a l r e a d y  i n s t a l l e d  a n d  y o u  are n o t  too 
s u r e  o f  t h e  f o r c e  status, w h a t  is the p r o c e d u r e  
u s e d  to c a l i b r a t e  t h e  a b s o l u t e  for c e ?

G. S. LANE: O u r  a t t i t u d e  to t h i s  is t h a t  in
many, m a n y  a p p l i c a t i o n s ,  m e a s u r i n g  c h a n g e s  is 
suffic i e n t .  O b v i o u s l y ,  w i t h o u t  a c t u a l l y  c u t t i n g  
the rail a n d  p h y s i c a l l y  m a k i n g  it fo r c e - f r e e ,  
t h e r e  is n o  w a y  o f  d e t e r m i n i n g  a b s o l u t e  values. 
H owever, if at a n y  t i m e  the r ail is cut and m a d e  
force- f r e e ,  y o u  can t h e n  r e l a t e  all p r e v i o u s  a n d  
s u b s e q u e n t  d a t a  to t h a t  p a r t i c u l a r  s i t u a t i o n  and 
t h e n  y o u  h a v e  got a b s o l u t e  m e a s u r e m e n t s .

I can g i v e  y o u  an e x a m p l e  o f  o u r  m i n i n g  s u b 
sid e n c e  p r o b l e m .  T h e  s u b s i d e n c e  m a y  w e l l  o c c u r  
o n  a p a r t i c u l a r  p i e c e  o f  t r a c k  w h i c h  is, as f a r  
as a civil e n g i n e e r i n g  e x p e r i e n c e  goes, quite 
s afe a n d  c o r r e c t l y  str e s s e d .  W e  k n o w  t h a t  at a 
g i v e n  t i m e  it is l i k e l y  t o  b e  a f f e c t e d  b y  m i n i n g  
s u b s i d e n c e  a n d  the s t r e s s  c o n d i t i o n s  w i l l  change. 
If we ins t a l l  o u r  g a g e s  b e f o r e  this t i m e  a n d  t h e n  
w a t c h  w h a t  h a p p e n s  as the l ine is a f f e c t e d  b y  s u b 
sidences, t h i s  q u i t e  a d e q u a t e l y  m o n i t o r s  the 
s a f e t y  o f  the line.

T. YANG: I a l s o  h a v e  a c o u p l e  o f  q u e s t i o n s
for Dr. T h o m p s o n  o n  t h e  t r a n s d u c e r .  I w a s  i n t e r 
e s ted in the size r e q u i r e m e n t ,  for i n s t a n c e ,  in 
u s i n g  it in u l t r a s o n i c  f l a w  d e t e c t i o n  f o r  
p e n e t r a t i o n .  H o w  b i g  o r  h o w  s m all w ill it h a v e  
to be in o r d e r  t o  get e n o u g h  e n e r g y  into the 
r a il?

R. B. T H O M P S O N :  T h e  l a r g e r  t h e  t r a n s d u c e r ,  o f
course, the s t r o n g e r  the sig n a l  one o btains.
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In the E M A T  a p p l i c a t i o n  p r o g r a m  in w h i c h  w e  h a v e  
e x p e n d e d  the m o s t  effort, w h i c h  is the p r o g r a m  
d i r e c t e d  at i n s p e c t i n g  a r t i l l e r y  p r o j e c t i l e s  
(again, a l o w - c a r b o n  s t eel p r o b a b l y  v e r y  
s i m i l a r  in p r o p e r t i e s  to rail), we u s e  t r a n s 
duc e r s  w h i c h  h a v e  a b o u t  a n  i n c h  b y  an i n c h  
aperture. T h e y  a r e  f a i r l y  large.

U n d e r  t hat co n d i t i o n ,  w e  h a v e  a b o u t  60 or 70 
d e c i b e l s  o f  d y n a m i c  range. T h a t  is, a sign a l  
d i r e c t l y  p r o p a g a t i n g  f r o m  a t r a n s m i t t e r  t o  a 
r e c e i v e r  in t h e  f o r m  o f  a b o u n c i n g  s h e a r  w a v e  
p r o d u c e s  a sig n a l  t h a t  is a b o u t  60 d e c i b e l s  
a b o v e  the noise. T h a t  n u m b e r  w ill d e c r e a s e  
p r o p o r t i o n a l  rou g h l y ,  to t h e  a r e a  o f  the t r a n s 
ducer. So if o n e  h a d  a h a l f - i n c h  b y  a h a l f - i n c h  
transd u c e r ,  one w o u l d  lose a f a c t o r  o f  f o u r  in 
voltage. One c a n  s c a l e  to o t h e r  s i zes a c c o r d i n g l y .  
T h e  m i n i m u m  s i z e  d e p e n d s  u l t i m a t e l y  on the 
s i g n a l - t o - n o i s e  r a t i o  r e q u i r e d  to a c h i e v e  the 
n e c e s s a r y  m e a s u r e m e n t  s e n s i t i v i t y  or a c c uracy.

T. YANG: W h a t  a b o u t  the e n e r g y  r e q u i r e m e n t ?
H o w  does it c o mpare, again, to t h e  t y p i c a l  p i e z o 
e l e c t r i c  c r y s t a l ?  D oes it t a k e  a lot m o r e  c u r 
rent or less c u r r e n t ?

R. B. TH O M P S O N :  In the w o r k  t h a t  w e  h a v e
done, w e  h a v e  u s e d  a h i g h - p o w e r e d  t r a n s i s t o r  
c i r c u i t r y  to d r i v e  the t r a n s d u c e r s . The c i r 
cuits w h i c h  w e  h a v e  d e s i g n e d  t y p i c a l l y  d e l i v e r  
a few k i l o w a t t s  o f  p e a k  p u l s e  pow e r .  T h e  a v e r a g e  
p o w e r  is m u c h  l o w e r  b e c a u s e  o f  t h e  l o w - d u t y  cycle, 
p r o b a b l y  a lit t l e  b i t  h i g h e r  t h a n  f o r  a p i e z o 
e l e c t r i c  unit, b u t  n o t  t h a t  much. In fact, w e  
h a v e  a b a t t e r y - o p e r a t e d  s y s t e m  t h a t  c a n  r u n  for 
1 2 h o u r s  w i t h o u t  a charge.

T h e  B r i t i s h  h a v e  d e v e l o p e d  a s y s t e m  for 
i n s p e c t i n g  r e d - h o t  steel r o d  as it c o m e s  out o f  
a  furnace. T h e r e  t h e y  f i n d  it a d v a n t a g e o u s  to 
use tra n s m i t  p u l s e s  c o n t a i n i n g  m e g a w a t t s  o f  p e a k  
power. This is n e e d e d  b e c a u s e  t h e y  are l o o k i n g  
f o r  s m all f l aws in v e r y  a t t e n u a t i n g  m a t e r i a l .
In o u r  p r o j e c t i l e  system, s i m i l a r  p o w e r s  w o u l d  
i n c r e a s e  the d y n a m i c  r a n g e  t o  100 d e c ibels. T h e  
E M A T  coil w ill w i t h s t a n d  m o r e  p o w e r  t h a n  we are 
p r e s e n t l y  d e l i v e r i n g  to it, b u t  we do n o t  n o w  
n e e d  t h e  a d d e d  s e n s i t i v i t y .

T. YANG: W h a t  is t h e  e f f i c i e n c y  o f  t h e
transd u c e r ,  c o m p a r i n g  its b e i n g  u s e d  as a s e n d e r  
a n d  as a r e c e i v e r ?

R. B. TH O M P S O N :  Y o u  c a n  ask t h a t  q u e s t i o n  in
two d i f f e r e n t  ways. If y o u  are a s k i n g  a b o u t  the 
a b s o l u t e  e f f i c i e n c y  o f  e n e r g y  c o n v e r s i o n  w h e n  u s e d  
w i t h  a 5 0 - o h m  t r a n s m i s s i o n  line, t h e  e f f i c i e n c y  
o f  b o t h  t r a n s m i s s i o n  a n d  r e c e p t i o n  is the same 
b e c a u s e  t h e  E M A T  is a  r e c i p r o c a l  device.

However, p i e z o e l e c t r i c  t r a n s d u c e r s  a r e  o f t e n  
n o t  d e s c r i b e d  f r o m  t h a t  p o i n t  o f  view. I n stead, 
one o f t e n  c o m p a r e s  c r y s t a l s  b y  c o m p a r i n g  t h e i r  
o p e n - c i r c u i t  r e c e i v e d  v o l t a g e  f o r  a  g i v e n  u l t r a 
s o nic pressure. In t h e s e  terms, q u a r t z  is b e t t e r  
t h a n  lead z i r c o n a t e  t i t a n a t e ,  a l t h o u g h  t h e  lat t e r  
has a h i g h e r  e f f i c i e n c y  o f  e n e r g y  c o n v e r s i o n .

I do not d e s c r i b e  E M A T ' s  t hat way, s i n c e  w e  
do n o t  use h i g h  i m p e d a n c e  r e c e i v e r  a m p l i f i e r s .

T h e  e f f i c i e n c y  is b e s t  d e s c r i b e d  in t e r m s  o f  a 
t r a n s f e r  i m p e d a n c e  t hat is d e f i n e d  d i f f e r e n t l y  
t h a n  t h e  f i g u r e s  o f  m e r i t s  u s u a l l y  u s e d  for 
p i e z o e l e c t r i c  crystals.

T. Y A N G :  It is n o t  e x a c t l y  that, either.
It is r e a l l y  a m a t t e r  o f  a t h r o u g h  t r a n s m i s s i o n .  
L e t 1s s a y  t h a t  y o u  s w i t c h e d  the r e c e i v e r  to a 
p i e z o e l e c t r i c - t y p e  t r a n s d u c e r ;  c o u l d  y o u  i m p r o v e  
t h e  d e t e c t i o n ?

R. B. T H O M P S O N :  P i e z o e l e c t r i c s  a r e  d e f i n i t e l y
m o r e  s e n s i t i v e  t h a n  EMAT's. F o r  the c a s e  y o u  
d e s c r i b e ,  t h e  i m p r o v e m e n t  m i g h t  b e  20 d e c i b e l s  o r  
30 d e c i b e l s .  A l t h o u g h  E M A T ' s  h a v e  l o w e r  s e n s i 
t i v i t i e s ,  we c a n  u s e  h i g h e r  t r a n s m i t  p o w e r s ,  as 
I h a v e  in d i c a t e d .  T h e  E M A T  is a l o w - i m p e d a n c e  
d e v i c e ,  so t h e  e l e c t r i c a l  n o i s e  is a l s o  l o w e r  in 
a m a t c h e d  re c e i v e r .  C o n s e q u e n t l y ,  w e  c a n  g a i n  
b a c k  s o m e  o f  the d i f f e r e n c e .  W h e t h e r  o n e  h a s  the 
d e s i r e d  s e n s i t i v i t y  d e p e n d s  on t h e  p a r t i c u l a r  
a p p l i c a t i o n .

H. H. C H A S K E L I S :  I h a v e  j ust t w o  o r  t h r e e
c o m m e n t s .  T h e  f i rst is a h i s t o r i c a l  n o te. T h e  
N a v y  is v e r y  i n t e r e s t e d  in str e s s  m e a s u r e m e n t s  
a n d  a c t u a l l y ,  in the late '50's a n d  e a r l y  '60's 
w e  d i d  a lot o f  w o r k  v e r y  s i m i l a r  to t h a t  g o i n g  
o n  today.

Dr. E. W. Kammer, w h o  d i d  the w o rk, h a s  s i nce 
r e t i r e d .  H o w e v e r ,  'I was a b l e  to c o n t a c t  h i m  a n d  
l e a r n  f r o m  h i s  e x p e r i e n c e s . T h e  t h r e e  c o m m e n t s  
I h a v e  are d u e  to m y  d i s c u s s i o n s  w i t h  Dr. Kammer.

F i r s t  o f  all, g e n e r a l l y  s p e a k i n g ,  w h a t  w e  a r e  
i n t e r e s t e d  in d o i n g  h e r e  is m e a s u r i n g  s o m e  k i n d  o f  
a cha n g e ,  e i t h e r  v e l o c i t y  o r  a m p l i t u d e .  A  r o u g h  
o r d e r  o f  m a g n i t u d e  o f  that c h a n g e  w o u l d  b e  2 p e r 
cent. I f  w e  w i s h  to do t his a c c u r a t e l y ,  w e  m u s t  
i n s u r e  t h a t  t h e r e  are n o  o t h e r  c h a n g e s  t h a t  w i l l  
u p s e t  t h i s  m e a s u r e .  U s i n g  K e n t u c k y  w i n d a g e ,  we 
c a n  s a y  o n l y  t h a t  t his s h o u l d  b e  an o r d e r  o f  
m a g n i t u d e  less. We m u s t  b e  a w are i f  t h e r e  is a n y 
t h i n g  t h a t  b o t h e r s  us t hat m i g h t  c h a n g e  wit h i n ,  
l e t ' s  say, t w o - t e n t h s  o f  1 per c e n t .  A n  o r d e r  o f  
m a g n i t u d e  less.

I n  t h e s e  f i r s t  t h r e e  p a p e r s ,  t h e r e  w e r e  m a n y  
t h i n g s  t h a t  w e r e  implied. I h a v e  a  q u e s t i o n  n o w  
to e a c h  o f  t h e  t h r e e  authors.

T o  D o n  Bray, o u r  b a c k g r o u n d  h a s  s h o w n  that, 
a l t h o u g h  y o u  m i g h t  m e a s u r e  t i m e  v e r y  a c c u r a t e l y ,  
the a c t u a l  p a t h  l e n g t h  t hat t h e  u l t r a s o n i c  w a v e  
g o e s  t h r o u g h  a p p e a r s  t o  vary, p r i n c i p a l l y  d u e  to 
t h e  t r a n s d u c e r  p r o p e r t i e s .  T h a t  is, w e  m i g h t  
p h y s i c a l l y  loc a t e  the t r a n s d u c e r  at p o i n t  X  a n d  Y, 
b u t  it w i l l  r e s p o n d  at a  m i n u t e l y  d i f f e r e n t  t i m e  
to t h e  p u l s e  e x c i t a t i o n .  T h i s  is d u e  to the 
i m p e d a n c e  d i f f e r e n c e s ,  l e t's say, o f  t h e  two 
t r a n s d u c e r s ,  to the h o m o g e n e i t y  o f  t h e  t r a n s d u c e r  
itself, t h e  co u p l i n g ,  etc. T h a t  is, it is an 
i n h e r e n t  c h a n g e  in t h e  a p p a r e n t  p a t h  length. We 
c a n  m e a s u r e  the t i m e  a c c u r a t e l y  b u t  w e  d o  not 
r e a l l y  k n o w  t h e  a c t u a l  p a t h  length; t h a t  h a s  an 
u p s e t t i n g  eff e c t ,  e s p e c i a l l y  i f  y o u  c h a n g e  f r o m  
o n e  t r a n s d u c e r  t o  the other.

W e  u s e d  q u a r t z  c r y s t a l s  t hat w e r e  s u p p o s e d l y  
h o m o g e n e o u s .  W h e n  we w e n t  to b a r i u m  t i t a n a t e  or
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o t h e r  c e r a m i c s ,  t hat w a s  e v e n  worse. It e ven 
g ets to b e  w o r s e  w h e n  o n e  t r i e s  to u s e  s u r f a c e  
w a v e  t r a n s d u c e r s  b e c a u s e  t h e r e  o n e  is n o t  s u r e  
w h e n  the t h i n g  w i l l  s t a r t  r e s p o n d i n g .

D. E. BRAY: Y o u r  point, I think, r e l a t e s
t o  e i t h e r  t h e  m a t e r i a l  v a r i a b i l i t y  o r  to o t h e r  
v a r i a t i o n s  a l o n g  t h e  p a t h  length. In a n y  s i t u 
a t i o n  s u c h  as this, w h e r e  y o u  d e m a n d  h i g h  
a c c u r a c y ,  it is a b s o l u t e l y  e s s e n t i a l  t h a t  y o u  
c o n s i d e r  t h e  m a t e r i a l  p r o p e r t y  v a r i a t i o n s .

In ad d i t i o n ,  t h e  p a t h  l e n g t h  p r o b l e m  t hat 
y o u  m e n t i o n e d  is a n o t h e r  s e r i o u s  s i t u a t i o n .  W e  
w e n t  to a d i f f e r e n t i a l - t y p e  t r a n s d u c e r  in o r d e r  
to o v e r c o m e  m a n y  o f  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  
a l o n g  the b e a m  path. In o r d e r  to f u l l y  d e s c r i b e  
t h e  a d v a n t a g e s  o f  t h e  d i f f e r e n t i a l  t r a n s d u c e r ,  
c o n s i d e r  f i r s t  that t h e  e n t e r i n g  s o u n d  b e a m  
b e c o m e s ,  in effect, a u n i f o r m  b u l k  w a v e  s h o r t l y  
a f t e r  it e n t e r s  the r ail web s u rface. T h e  
r e c e i v i n g  t r a n s d u c e r s  a r e  o f  i d e n t i c a l  d e s i g n  
a n d  s h o u l d  h a v e  a s i m i l a r  e f f e c t  o n  t h e  r e c e i v e d  
w a v e f o r m .  T h e r e f o r e ,  t h e  s u b t r a c t i o n  o f  arr i v a l  
tim e s  at the two s i m i l a r  t r a n s d u c e r s  s h o u l d  y i e l d  
r e s u l t s  t h a t  a r e  r e l a t i v e l y  f r e e  o f  s u r f a c e  
ef f e c t s .  T h i s  design, o f  course, has no b e n e f i t  
in r e l a t i o n  to m a t e r i a l  v a r i a t i o n s  a l o n g  the p a t h  
length. O u r  r e s u l t s  t e n d  to i n d i c a t e  t h a t  this 
p r o b e  has w o r k e d  well, s i n c e  w e  w e r e  a b l e  to 
o b t a i n  d a t a  s h o w i n g  a f a i r l y  g o o d  level o f  
r e p e a t a b i l i t y .

F u r t h e r m o r e ,  in t h e  f i e l d  test, w e  alw a y s  
t o o k  t h e  d a t a  o n  b o t h  s i d e s  o f  the rail. Hence, 
i f  y o u  h a v e  i r r e g u l a r i t i e s  o n  o n e  s i d e  -- for 
e x a m p l e ,  i f  t h e  r a i l  w a s  s l i g h t l y  b o w e d  p r i o r  to 
i n s t a l l a t i o n  -- t h e n  t h e s e  s t r e s s  e f f e c t s  w i l l  
a l s o  s u b t r a c t  out.

So I t h i n k  y o u r  c o n c e r n  is c o rrect. T h e  b e s t  
w a y  o n e  c a n  b e c o m e  c o n f i d e n t  o f  i n d i v i d u a l  d a t a  
is to o b t a i n  s u f f i c i e n t  g e n e r a l  d a t a  to w h e r e  
o n e  k n o w s  w h a t  the r ail p o p u l a t i o n  s h o u l d  look 
like. O n l y  t h e n  c a n  o n e  t ell i f  this is g o i n g  
to b e  a s e r i o u s  pro b l e m .

H. H. C H A S K E L I S :  Dr. Benson, w e  n o t i c e d
a m o n g  the m a n y  c h a n g e s  w h i c h  o c c u r  that, w i t h  
r e s p e c t  to t h e  Y o u n g ' s  m o d u l u s ,  i f  y o u  s l i c e  up 
y o u r  m a t e r i a l  a  l i t t l e  b i t  at a t i m e  y o u  w ill 
n o t i c e  t h a t  t h e r e  a r e  m i n u t e  c h a n g e s  f r o m  p o i n t  
to p o i n t  o r  f r o m  s e c t i o n  to s e ction. I j ust 
h e a r d  a b o u t  t his a f e w  w e e k s  ago, b u t  I h a v e  n o t  
s e e n  a n y  w o r k  d o n e  to v e r i f y  h o w  t h e  Y o u n g ' s  
m o d u l u s  h a p p e n s  t o  c h a n g e  w i t h i n  t h e  r a i l s  t h a t  
w e  a r e  t r y i n g  to m a k e  m e a s u r e m e n t s  on. If y o u  
t o o k  a  3 - f o o t  s e c t i o n  a n d  made., say, a h u n d r e d  
s a m p l e s  a n d  t r i e d  to m e a s u r e  t h e  mod u l u s ,  w h a t  
c h a n g e  w o u l d  y o u  e x p e c t  to get o u t  o f  e a c h  h u n 
d r e d  s a m p l e s ?  A n d  h o w  w o u l d  t hat a f f e c t  the 
u l t i m a t e  m e a s u r e  t h a t  w e  w i s h  to e s t a b l i s h ?

R. W. BENSON: I t h i n k  I w o u l d  f i r s t  l ike to
s a y  " y e s "  a n d  t h e n  go a h e a d  a n d  tell y o u  that, 
in t h e  w r i t t e n  v e r s i o n  o f  t h e  pap e r ,  I got into 
a  l i t t l e  m o r e  t e c h n i c a l  d e t a i l  t h a n  I a t t e m p t e d  
to do in p r e s e n t i n g  t h e  talk.

T h e r e  a r e  many, m a n y  r e f i n e m e n t s  to all o f  
t h e  t e c h n i q u e s  w e  h a v e  t a l k e d  a b o u t  t o d a y  a n d  I

t h i n k  t h a t  o n e  o f  t h e  q u e s t i o n s  t h a t  all o f  us are 
a t t e m p t i n g  to a n s w e r  is h o w  do u l t r a s o n i c  t e c h n i 
ques c o m p a r e  w i t h  o t h e r  t e c h n i q u e s  in g e n e r a l . I 
t h i n k  the r e  are m a n y  cas e s  w h e r e  u l t r a s o n i c  t e c h 
niqu e s  are o v e r l o o k e d  a n d  w e  a r e  l o o k i n g  at some 
o f  the same p r o b l e m s ,  w h e t h e r  y o u  l o o k  at t h e m  
u l t r a s o n i c a l l y  o r  b y  X - r a y  d e t e c t i o n .

Now, j ust b e c a u s e  I t a l k  a b o u t  u l t r a s o n i c s ,  I 
do n o t  t h i n k  y o u r  q u e s t i o n  is s i n g l i n g  o u t  t h a t  it 
is an u l t r a s o n i c  p r o b l e m .  It is a stre s s  pr o b l e m .
We all h a v e  it a n d  it is s o m e t h i n g  to b e  well 
a w a r e  o f  a n d  yes, w e  h a v e  d o n e  e x p e r i m e n t s  and 
yes, t h ere a r e  t h i n g s  y o u  c a n  do a b o u t  it.

H. H. C H A S K E L I S :  T o  Dr. T h o m p s o n ,  o n e  o f  the
o t h e r  cha n g e s  t h a t  w e  n o t i c e d  t h a t  r e a l l y  u p s e t  
o u r  e x p e r i m e n t s  h a s  to do w i t h  the c h a n g e  in 
v e l o c i t y  due to m a g n e t i c  fields. It m a y  b e  b o t h  
good and b a d  w i t h  the s y s t e m  t h a t  y o u  a r e  w o r k i n g  
on but, it w i l l  a d v e r s e l y  a f f e c t  t h e  o t h e r  two 
u l t r a s o n i c  s y stems. T h a t  is, d e p e n d i n g  on the 
m a g n e t i c  field, t h e  v e l o c i t y  as w e l l  as a t t e n u a 
t ion will change. T h i s  m a y  u p s e t  the o t h e r  m e a s 
u r i n g  t e c h n i q u e s  s i n c e  the r a i l s  a r e  q u i t e  m a g 
n e t i z e d  at times.

H o wever, it c a n  be u s e d  b e n e f i c i a l l y  (although 
still a p r o b l e m  area) in y o u r  p a r t i c u l a r  s y s t e m  
w h e r e  y o u  a r e  f o r c i b l y  m a g n e t i z i n g  t h e  rail f o r  
b r i e f  p e r i o d s  o f  time. F o r  ex a m p l e ,  i f  y o u  w i s h  
to m a k e  a v e l o c i t y  m e a s u r e m e n t ,  y o u  h a v e  a d y n a m i c  
s i t u a t i o n  as y o u  l a u n c h  t h e  w a v e  (using E M A T ) , as 
o p p o s e d  to a s t a t i c  o n e  f o r  c e r a m i c  t r a n s d u c e r s .  
F u rthermore, t h e  a t t e n u a t i o n  w i l l  a l s o  c h a n g e  at 
t hat time a n d  so t h a t  is a n o t h e r  s e r i o u s  p r oblem.

R. B. T H O M P S O N :  As I u n d e r s t o o d  it, t h ere
are r e a l l y  two a s p e c t s  to y o u r  q u e s t i o n .  O n e  has 
to do w i t h  the e f f e c t  o f  m a g n e t i c  f i e l d  i n d u c e d  
a t t e n u a t i o n  c h a n g e s  a n d  the o t h e r  h a s  to do w i t h  
v e l o c i t y  changes.

T h e  s e c o n d  p a p e r  that I p r e s e n t e d ,  d e a l t  w i t h  
u s i n g  the e f f i c i e n c y  o f  t r a n s d u c t i o n  as a str e s s  
m e asure. U n d e r  t h e s e  c o n d i t i o n s ,  it is obv i o u s  
that a t t e n t u a t i o n  c h a n g e s  w o u l d  c h a n g e  the a m p l i 
t u d e  of the s i g n a l  t r a n s m i t t e d  b e t w e e n  the t r a n s 
ducers, a n d  w o u l d  t h e r e f o r e  c o n t r i b u t e  to a n  e r r o r  
in t h e  i n f e r r e d  t r a n s d u c t i o n  e f f i c i e n c y .

In g e neral, I c e r t a i n l y  a g r e e  t h a t  t h o s e  c h a n g e s  
exist. In m y  e x p e r i e n c e ,  t h e y  a r e  g e n e r a l l y  m u c h  
s m a l l e r  in m a g n i t u d e  t h a n  t h e  t y p e s  o f  c h a n g e s  w e  
are me a s u r i n g .  In fact, in o n e  s e t  o f  e x p e r i m e n t s ,  
w e  d i r e c t l y  m e a s u r e d  t h e  m a g n e t i c  f i e l d  d e p e n d e n c e  
o f  the a t t e n t u a t i o n  in 1018 steel. It was d e t e c t 
able, a l t h o u g h  b a r e l y .  T h e  c h a n g e s  in sig n a l  
s t r e n g t h  d u e  to c h a n g e s  in t r a n s d u c t i o n  e f f i c i e n c y  
w e r e  an o r d e r  o f  m a g n i t u d e  g r e a t e r  t h a n  t h o s e  due 
to attenu a t i o n .  I t h i n k  t h i s  s a t i s f i e s  y o u r  
criterion.

T h e  e x i s t e n c e  o f  f i e l d - i n d u c e d  v e l o c i t y  s h i f t s  
is a m u c h  m o r e  s e r i o u s  p r o b l e m  w h e n  a p p l y i n g  the 
b i r e f r i n g e n c e  or o t h e r  v e l o c i t y  m e a s u r e m e n t  
t echniques. O n e  is t r y i n g  to m e a s u r e  a v e r y  small 
e f f e c t  v e r y  p r e c i s e l y ,  a n d  I i m a g i n e  t h a t  fie l d -  
i n d u c e d  c h a n g e s  m a y  b e  c o m p a r a b l e  to s t r e s s - i n d u c e d  
c h a n g e s .
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T h e  w a y  in w h i c h  I w o u l d  t r y  to o v e r c o m e  this 
p o t e n t i a l  p r o b l e m  in an E M A T  s y s t e m  w o u l d  b e  to 
u s e  an e l e c t r o m a g n e t  t o  p r o d u c e  t h e  s t a t i c  
b ias field. By i n c r e a s i n g  this b i a s  to a s u f 
fic i e n t  level, t h e  m a t e r i a l  c o u l d  be m a g n e t i c a l l y  
s a t u r a t e d  so t hat a n y  p r e e x i s t i n g  m a g n e t i c  c o n 
d i t i o n s  in the rail are e s s e n t i a l l y  erased. As 
y o u  alluded, t hat m i g h t  w e l l  b e  a n  a d v a n t a g e  in 
t h a t  o n e  w o u l d  at least k n o w  the m a g n e t i c  s t ate 
o f  the rail r a t h e r  t h a n  l e t t i n g  it b e  a  random, 
u n c o n t r o l l e d  variable.

D. P. M c C O NNELL: I t h i n k  o n e  o f  the p r o b 
lems t hat c r ops up w i t h  a n y  o f  t h e s e  t e c h n i q u e s  
t h a t  look at the i n f l u e n c e  o f  s t r e s s  o n  the 
m a t e r i a l  p r o p e r t i e s  o f  t h e  r ail steel, s u c h  as 
w a v e  p r o p a g a t i o n  s p e e d  or m a g n e t i c  p r o p e r t i e s ,  
is t hat rail steels a r e  i n h e r e n t l y  " d i r t y "  steels; 
t h e y  a r e  far d i r t i e r  t h a n  a n y  o f  the a e r o s p a c e  or 
c o n s t r u c t i o n - g r a d e  s t e e l s  w h i c h  h a v e  b e e n  u s e d  in 
t r ial e x p e r i m e n t s  to date. I b e l i e v e  the large 
m a t e r i a l  v a r i a b i l i t y  to w h i c h  Don B r a y  a l l u d e d  
is a s u b s t a n t i a l  p r o b l e m  for a n y  t e c h n i q u e  w h i c h  
is l o o k i n g  at e i t h e r  small c h a n g e s  in b e h a v i o r  
w i t h  stress o r  t e c h n i q u e s  w h i c h  a r e  l i m i t e d  to 
l o o k i n g  at the s u r f a c e  or local p r o p e r t i e s  o f  
the rail. T h e  v a r i a t i o n  in local p r o p e r t i e s  a l o n g  
t h e  rail m a y  a l t e r  the m e a s u r e d  b e h a v i o r  far m o r e  
s i g n i f i c a n t l y  t h a n  the r e l a t i v e l y  m o d e s t  c h a n g e s  
in b e h a v i o r  w i t h  stress.

I w o u l d  a d d r e s s  o n e  q u e s t i o n  to t h e  p a n e l  as 
a whole: W i t h  the c u r r e n t  s t a t e  o f  the a r t  o f
a v a i l a b l e  t echniques, do- y o u  feel t h a t  this 
m a t e r i a l  p r o b l e m  is m a n a g e a b l e  in a f i e l d  m e a s 
u r e m e n t  system?

D. E. BRAY: T h e  o b v i o u s  r e s p o n s e  is t h a t  that
q u e s t i o n  cannot r e a l l y  b e  a n s w e r e d  at t his time.
O n e  m u s t  k n o w  h o w  the rail p o p u l a t i o n  a p p e a r s  to 
his p a r t i c u l a r  m e t h o d  b e f o r e  t h a t  q u e s t i o n  can 
b e  a d e q u a t e l y  a n s wered. W e  h a v e  t e s t e d  o n e  t r a c k  
at P u e b l o  ( T r a n s p o r t a t i o n  T e s t  Cen t e r )  w h i c h  is a 
v e r y  r i g i d  track. I n s t a l l a t i o n  s p e c i f i c a t i o n s  
t h e r e  w e r e  m u c h  m o r e  s t r i c t  t h a n  t y p i c a l l y  e x i s t 
i n g  in m a i n - l i n e  i n s t a l l a t i o n s .  W e  h a v e  s h o w n  t hat 
y o u  can o b t a i n  g ood d a t a  u n d e r  t h o s e  c i r c u m s t a n c e s .  
But, until y o u  get to k n o w  t h e  g e n e r a l  r ail p o p u 
lation, it is an a c a d e m i c  p o i n t  to d e b a t e  the 
o v e r a l l  q u a l i t y  o f  o u r  m e a s u r e m e n t s .

D. H. STONE: First, I w o u l d  like to c o m m e n t
o n  s ome o f  the c o m m e n t s  r e g a r d i n g  t h e  v a r i a b i l i t i e s  
o f  the rail. I w o u l d  like t o  a d d r e s s  t his q u e s t i o n  
to Bob B e n s o n  o r  Don Bray.

T h e  p r o b l e m  is, w e  h a v e  m o r e  t h a n  o n e  k i n d  o f  
rail. We h a v e  h e a t - t r e a t e d  rail, f o r  example, 
w h i c h  is g o i n g  to h a v e  an e n t i r e l y  d i f f e r e n t  
r e s i d u a l  stress p a t t e r n  t h a t  m a y  c a u s e  s o m e  m o d e -  
c o n v e r s i o n  p r o b l e m s  a n d  c a u s e  s o m e  d i f f i c u l t i e s  
there. M y  q u e s t i o n  is, do r e s i d u a l  s t r e s s e s  
e x ist in the rail a n d  to w h a t  e x t e n t  a r e  t h e y  
g o i n g  to affe c t  the m e a s u r e m e n t  o f  l o n g i t u d i n a l  
f o r c e ?  E s s e n t i a l l y ,  I t h i n k  y o u  a r e  g o i n g  to be 
m e a s u r i n g  both, b u t  t h e y  a r e  t w o  d i f f e r e n t  things.

R. W. BENSON: S t r e s s e s  n e v e r  a r e  j u s t  the
s i m p l e  l o n g i t u d i n a l  f o r c e  y o u  are l o o k i n g  for.
In general, in the rail t h a t  h a s  g o n e  t h r o u g h  the 
f o r m a t i o n  p r o c e s s e s  that it has, y o u  a r e  not

g o i n g  to f i n d  a  u n i a x i a l  f o r c e  if y o u  i n c l u d e  
r e s i d u a l  s t r e s s e s .  T h e y  w i l l  b e  at l e ast b i a x i a l  
a n d  p r o b a b l y  t r i a x i a l .  C o n s e q u e n t l y ,  i f  all y o u  
do is m a k e  v e l o c i t y  m e a s u r e m e n t s ,  y o u  a r e  q u i t e  
o f t e n  g o i n g  to get to the p l a c e  w h e r e  y o u  can 
m a k e  v e r y  p r e c i s e  m e a s u r e m e n t s  w h i c h  do n o t  
a n s w e r  the q u e s t i o n  t hat y o u  h a v e  asked. Y o u  
m u s t  r e a l l y  m e a s u r e  r e s i d u a l  stress i f  y o u  are 
g o i n g  to a n s w e r  t h e  p r o b l e m  I t h i n k  y o u  a r e  t r y 
ing to answer.

D. H. STONE: T h e  o t h e r  s ide o f  the c o i n  is,
y o u  h a v e  a l w a y s  got to m e a s u r e  it at the s ame 
spot.

R. W. BEN S O N :  No, I do n o t  t h i n k  t h a t  is
n e c e s s a r y .  N o w  y o u  a r e  b a c k  t a l k i n g  a b o u t  
t e c h n i q u e .  T h e r e  are m a n y  t e c h n i q u e s  a v a i l a b l e  
to o v e r c o m e  t h i n g s  t h a t  w e  do n o t  like, b u t  t h e y  
m a y  s l o w  us down. W e  m a y  o n l y  go 59 m i l e s  p e r  
hour.

D. H. STONE: T h e  q u e s t i o n  I h a v e  f o r  Dr. Lane
f r o m  B r i t i s h  R a i l w a y s  is, h a v e  y o u  h a d  a n y  p r o b 
l ems w i t h  b o l t  h o l e - t y p e  c r a c k s  (star c r a c k s  as I 
t h i n k  the B r i t i s h  call them) e m a n a t i n g  f r o m  t h e  
h o l e  y o u  h a v e  d r i l l e d  to p u t  y o u r  r a i l  f o rce 
t r a n s d u c e r  in?

G. S. LANE: I o u g h t  to g i v e  a o n e - w o r d  
a n s w e r  to that: " N o . "  But I c o u l d  say a few 
m o r e  wor d s .  T h e  s t a r  c r a c k  p r o b l e m  is n o r m a l l y  
a s s o c i a t e d  w i t h  r a i l  ends at b o l t e d  r ail joints.
T h e  s i t u a t i o n  t h e r e  is m u c h  m o r e  s e v e r e  t h a n  the 
s i t u a t i o n  w h e r e  w e  d r ill a h o l e  in a p i e c e  o f  
c o n t i n u o u s l y  w e l d e d  rail, f o r  s e v e r a l  rea s o n s .  
F i r s t l y ,  w e  p r o d u c e  a m u c h  h i g h e r  q u a l i t y  hole.
W e  u s e  a s p e c i a l  tool —  l ike a c r oss b e t w e e n  a 
r e a m e r  a n d  a b r o a c h i n g  tool -- for p r o d u c i n g  this 
hole. It is b a s i c a l l y  a c u t ' r e a m e r  d e v i c e  w h i c h  
p r o d u c e s  a h o l e  o f  v e r y  h i g h  q u a l i t y ,  v e r y  c l o s e  
t o l e r a n c e ,  a n d  as f a r  as w e  h a v e  b e e n  a b l e  to 
a s c e r t a i n ,  a h o l e  w h i c h  is c r a c k - f r e e ,  p a r t i c u l a r l y  
on t h e  s i g n i f i c a n t  c o r n e r  p ieces.

T h e  o t h e r  p o i n t  w h i c h  I s h o u l d  m a k e  is t h a t  
the s i t u a t i o n  at the c e n t e r  o f  a p i e c e  o f  long- 
w e l d e d  r a i l  is v e r y  d i f f e r e n t  f r o m  a b o l t e d  rail 
joint. A t  t h e  r a i l  joint, one h a s  f i r s t l y  the 
r e d u c e d  b e n d i n g  s t i f f n e s s  w h i c h  e v e n  w i t h o u t  a n y  
e f f e c t i v e  d i p p e d  rail e nds w i l l  p r o d u c e  a d i p  in 
the t r a c k  as the w h e e l  goes o v e r  it a n d  t h e r e f o r e  
p r o d u c e  d y n a m i c  i n c r e m e n t s  to w h e e l / r a i l  f o r c e  so 
t h e r e  is v e r y  m u c h  m o r e  s e v e r e  l o a d i n g  o n  the h o l e  
at a r ail j o i n t  t h a n  t h e r e  is at a r a i l - f o r c e  
t r a n s d u c e r .

D. H. STONE: M y  final qu e s t i o n ,  for D o n  Bray,
is, y o u  m e n t i o n e d  that y o u  h a v e  an a c c u r a c y  o f  
a b o u t  ± 3 n a n o s e c o n d s .  W h a t  is 3 n a n o s e c o n d s  in 
t e r m s  o f  t ons 'or s o m e  o t h e r  u n i t  p e r  s q u a r e  inch, 
a n d  w h a t  p e r c e n t a g e  o f  t hat do y o u  a t t r i b u t e  to 
a i r  a n d  e l e c t r o n i c s  a n d  v a r i a b i l i t y  in t h e  rail 
ste e l ?

D. E. BRAY: T h e  a c c u r a c y  f i g u r e  o f  ± 3 n a n o 
s e c o n d s  c o r r e s p o n d s  to a b o u t  1 , 0 0 0  f o r c e - p o u n d s  
p e r  s q u a r e  inch. T h e  w a y  w e  a r r i v e d  at t h a t  f i g 
u r e  was t h r o u g h  a s e r i e s  o f  l a b o r a t o r y  tests. F o r  
a l o n g  p e r i o d  o f  time, a stu d e n t  w h o  w a s  w o r k i n g  
for u s  w o u l d  m e r e l y  c o m e  in in t h e  m o r n i n g  and
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r e m o v e  a n d  r e p l a c e  the p r o b e  o n  the rail. T his 
t e s t  l a s t e d  f o r  s e v e r a l  w e e k s .  W e  d i d  it w i t h  
s e v e r a l  a p p l i e d  s t r esses. Fin a l l y ,  w e  c a m e  up 
w i t h  t h e  m a r k  IV prob e ,  w h i c h  is the o n e  w i t h  
w h i c h  w e  a c h i e v e d  this a c c u r a c y  o f  ± 3 n a n o 
s e c o n d s  .

It h a s  b e e n  too long s i n c e  w e  w e n t  t h r o u g h  a 
c o m p l e t e  an a l y s i s ,  so I r e a l l y  c a n n o t  s a y  w h e t h e r  
t h e  l a r g e r  a m o u n t  o f  e r r o r  is in t h e  i n s t r u m e n t a 
t i o n  o r  in t h e  ma t e r i a l .  I w o u l d  e x p e c t  t h a t  the 
m o s t  t r o u b l e  is s t i l l  i n  t h e  i n t e r f a c e  o f  the 
p r o b e s  o n  t h e  r ail surface.

B. R. FORCIER: I h a v e  two q u e s t i o n s .  One,
g o i n g  b a c k  to t h e  c o u p l i n g  d i s t a n c e ,  t h e  w e b  of 
t h e  rail, w h i c h  seems to b e  t h e  a r e a  t h a t  e v e r y 
o n e  is s h o o t i n g  for now, i n v o l v e s  the following.
A  n e w  r ail is p r o b a b l y  n o t  t o o  bad, a n d  it has 
b e e n  p o i n t e d  o u t  t hat the s c a l e  has n o  e f f e c t  
b u t  that, o v e r  a p e r i o d  o f  time, r ail c o u l d  
b e c o m e  p i t t e d .  T h e r e  is t h e  b r a n d  t h a t  exists 
on o n e  s i d e  a n d  the h e a t  n u m b e r s  a n d  so o n  on 
t h e  other. So, g i v e n  a n y  v e l o c i t y  at all w h e n  
y o u  a r e  m o v i n g  the pro b e ,  t h e r e  is g o i n g  to be 
s o m e  p r o b l e m .  Has t his b e e n  a d d r e s s e d ?

R. W. BENSON: Y o u  c a n  m a k e  a t r a n s d u c e r  that
is l ike a  w h e e l  a n d  y o u  c a n  r o l l  it d o w n  t h e  rail 
j u s t  l ike a w h e e l  i f  y o u  w o u l d  like. I f  y o u  use 
c o n v e n t i o n a l  l a b o r a t o r y  t e c h n i q u e s ,  y o u  a r e  g o i n g  
to h a v e  p r o b l e m s .  If y o u  u s e  y o u r  i m a g i n a t i o n  
a n d  s o m e  i n g e n u i t y  like t h i s  w o r k  t h a t  is done 
o n  t h e  EMAT, t h e r e  is no t e l l i n g  w h a t  y o u  c a n  do.

B. R. FORCIER: M y  s e c o n d  q u e s t i o n  is for
Dr. Lane. F r o m  the r a i l r o a d e r ' s  s t a n d p o i n t ,  the 
a x ial f o r c e  m e a s u r e m e n t  is p r o b a b l y  the one that 
w e  a r e  l o o k i n g  for in s u m  t o t a l . R e g a r d i n g  the 
i n s e r t  o f  t h e  f o r c e  m e a s u r e m e n t  t r a n s d u c e r ,  has 
it b e e n  t h o u g h t  o f  to m a k e  it a t r a n s m i t t e r  so 
t h a t  a  m o v i n g  v e h i c l e  c o u l d  r e a d  t h e  s i g n a l  put 
out b y  t h e  t r a n s d u c e r ?

G. S. LANE: T h e  p r o b l e m  w i t h  w h a t  y o u  are
s u g g e s t i n g ,  I think, is t h e  p r o b l e m  o f  e x c i t i n g  
t h e  w i r e  i nto v i b r a t i o n .  I f  y o u  c o u l d  e x c i t e  
it in a w a y  d i f f e r e n t  f r o m  t h e  e l e c t r o m a g n e t i c  
p u l s e s  w h i c h  are u s e d  a t  t h e  moment, yes, y o u  
c o u l d  c o n c e i v e  o f  v a r i o u s  w a y s  o f  p i c k i n g  up the 
v i b r a t i o n .  But the p r o b l e m  at t h e  m o m e n t  is, you 
h a v e  t o  p r o d u c e  a f a i r  a m o u n t  o f  p o w e r  i nto the 
c o i l s  in t h e  t r a n s d u c e r  to e f f e c t  t h e  p l u c k  and 
I do n o t  see h o w  y o u  c o u l d  d o  t h a t  f r o m  a m o v i n g  
veh i c l e .  O u r  a p p r o a c h  h a s  b e e n  to c o n n e c t  the 
t r a n s d u c e r  u p  p e r m a n e n t l y  a n d  its i n s t r u m e n t a t i o n  
t h r o u g h  a  l o g g i n g  s y s t e m  a n d  a t e l e m e t r y  link.
I b e l i e v e  t h i s  is an a l t e r n a t i v e  a p p r o a c h  w i t h  a 
s i m i l a r  s o r t  o f  aim.

U N I D E N T I F I E D  SPEAKER: Y o u  c a n ' t  m o u n t  a
b a t t e r y - m o u n t  o r  a b a t t e r y - p o w e r e d  d e v i c e  on the 
s i d e  o f  t h e  rail b e c a u s e  s o m e t h i n g  w i l l  s l i c e  it 
o r  it w i l l  get b roken. I f  it w a s  a b a t t e r y -  
p o w e r e d  d e v i c e ,  y o u  c o u l d  o b v i o u s l y  t r i g g e r  it 
b y  r a d i o  a n d  do a n y  n u m b e r  o f  things.

G. S. LANE: Yes. In fact, o u r  t e l e p h o n e
c o n n e c t i o n  is j u s t  that, in fact, t r i g g e r e d  b y  
t e l e p h o n e .  Y o u  are r i g h t  a b o u t  t h e  p r o b l e m s ,

b e c a u s e  last w e e k  w e  h a d  s o m e  v a n d a l i s m  on one o f  
o u r  sites and s ome o f  t h e  e q u i p m e n t  w a s  stolen.
In fact, we are g o i n g  to b u r y  s o m e  o f  it.

H. BERGER: I t h i n k  t hat it is a p p a r e n t
f r o m  t h e  l a b o r a t o r y  w o r k  t h a t  has b e e n  d o n e  
that u l t r a s o n i c s  o f f e r s  a g o o d  tool f o r  the 
k i n d  o f  m e a s u r e m e n t s  w e  a r e  t a l k i n g  about.
The p r o b l e m  is r e a l l y  n o t  o n e  o f  s e n s i t i v i t y  
b u t  one o f  s o r t i n g  o u t  w h a t  t h a t  s i g n a l  is 
t e l l i n g  you. I a m  v e r y  a t t r a c t e d  to the E M A T  
p o s s i b i l i t i e s  b e c a u s e  o f  t h e  c o n c e p t  o f  p u t t i n g  
in w a v e s  w i t h  d i f f e r e n t  p o l a r i z a t i o n ,  for 
example, in o r d e r  to get m o r e  i n t e r p r e t i v e  
information.

M y  first q u e s t i o n  is, h o w  s e n s i t i v e  is the 
E M A T  in a p r a c t i c a l  e n v i r o n m e n t  like a rail 
system?

Y o u  h a v e  c o m m e n t e d  o n  t h e  l i f t - o f f  p r oblem.
A r e  t h e r e  p r o b l e m s  in t h e  n o n u n i f o r m i t y  o f  the 
r a i l ?  F o r  exa m p l e ,  t h e  f act t hat the s u r f a c e  
m a y  be h a r d e n e d  or p i t t e d  c o u l d  i n f l u e n c e  the 
q u a l i t y  o f  t h e  u l t r a s o n i c  signal t h a t  is p u t  into 
the rail a n d  the r e c e i v e d  signal.

M y  s e c o n d  q u e s t i o n  f o l l o w s  up on the one that 
H e n r y  C h a s k e l i s  asked. T h e  q u e s t i o n  o f  the 
Y o u n g ' s  m o d u l u s  c e r t a i n l y  a f f e c t s  all o f  the 
m e a s u r e m e n t s  t h a t  w e  a r e  t a l k i n g  about. W hat is 
the level o f  v a r i a t i o n  o f  t h e  Y o u n g ' s  m o d u l u s  in 
a typ i c a l  rail s t e e l ?

D. H. STONE: A l t h o u g h  I do n o t  h a v e  a good
f e e l i n g  f o r  that, I do k n o w  t hat t h e  c h e m i s t r y  or 
the c h emical c o m p o s i t i o n  o f  a r ail d o w n  a  3 9 - f o o t  
sec t i o n  (a s t a n d a r d  length) v a r i e s  q u i t e  a bit. 
This, in turn, is g o i n g  to i n d i c a t e  p r o b l e m s  w i t h  
the Y o u n g ' s  mod u l u s .

H. BERGER: Y e s  b u t  w h a t  is t h e  o r d e r  o f
the chan g e  -- 1 p e r c e n t  o r  2 p e r c e n t ?

D. H. STONE: I t h i n k  p r o b a b l y  in t h a t  range,
2 to 3 p ercent.

R. W. BENSON: C a n  I a s k  a q u e s t i o n ?  I k n o w
t h e r e  are lots o f  t h i n g s  to w o r r y  a b o u t  in p r e 
c i s i o n  but h o w  p r e c i s e  a m e a s u r e m e n t  do y o u  need, 
p r a c t i c a l l y ?

H. BERGER: H e n r y  C h a s k e l i s  s a i d  he w a n t e d  a
m e a s u r e m e n t  to t w o - t e n t h s  o f  1 p e r c e n t . T hat 
s e ems i m p o s s i b l e  i n  v i e w  o f  t h e  v a r i a t i o n s  we 
h a v e  b e e n  d i s c u s s i n g .

R. W. BENSON: Yet, y o u  h a v e  no u s e f u l  mea s -
sur e m e n t  r i g h t  now. W h a t  w o u l d  y o u  s e t t l e  for 
t o m o r r o w ?

H. BERGER: I r e a l l y  d o n ' t  k n o w  w h a t  is
n e e d e d .

R. W. BENSON: T e n  p e r c e n t ?  T w e n t y  p e r c e n t ?

T. YANG: T a k e  t h e  p r o b l e m  t h a t  y o u  are
p r o b a b l y  g o i n g  to i n s t a l l  it at a n e u t r a l  t e m p e r a 
ture, say 8 0°F o r  w h a t e v e r  n u m b e r  y o u  j u s t  h a p p e n
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to choose. W h a t  is the p o t e n t i a l  e r r o r ?  For 
a n y  p a r t i c u l a r  day, y o u  c a n  h a v e  e a s i l y  a 2 0 ° 
to 30° e r r o r  in t h e  i n s t a l l a t i o n  t h a t  t h e  c r e w  
w a s  t r y i n g  to get it in. T h e y  say, "Okay, so 
t h e r e  is a 20° d i f f e r e n c e . "  So t h a t  is t h e  k i n d  
o f  u n c e r t a i n t y  w e  a r e  d e a l i n g  with, I think.

R. W. BENSON: T h e r e  a r e  s ome a p p l i c a t i o n s ,
n o t  n e c e s s a r i l y  r a i l roads, w h e r e  p e o p l e  are 
h a p p y  i f  y o u  c a n  t ell t h e m  t h i s  is in t e n s i o n  
i n s t e a d  o f  c o m p r e s s i o n .  T h a t  is all t h e y  n e e d  
to know. Now, are y o u  s a y i n g  y o u  n e e d  to k n o w  
t h a t  it is less t h a n  80 p e r c e n t  o f  y i e l d  
s t r e n g t h ?

T. YANG: No, it is t h e  t e m p e r a t u r e .

All right, let's s a y  t h a t  y o u  k n o w  t h a t  y o u  
a r e  in t r o u b l e  b y  d e s i g n  w h e n  it g e t s  t o  1 2 0 ° 
but m a y b e  y o u  w i l l  w h e n  it is o n l y  1 0 0 °, so y o u  
h a v e  a 2 0 ° b u f f e r  so y o u  w o u l d  l ike to k n o w  
b e f o r e  that. T h e n  it is a d e c i s i o n  o f  h o w  b i g  
o r  h o w  s afe a m a r g i n  y o u  c a n  afford.

R. W. BENSON: S ome o f  the q u e s t i o n s  a r e
c o n c e r n e d  a b out p e r c e n t  a c c u r a c y  a n d  t e n t h  o f  a 
p e r c e n t  accuracy. M a y b e  t h e s e  a r e  n o t  i m p o r t a n t  
i f  y o u  w a n t  to go fast a n d  i n s p e c t  all o f  the 
rail; m a y b e  50 p e r c e n t  o r  s o m e  c e i l i n g  t h a t  y o u  
t ell us y o u  cann o t  go a b o v e  is s u f f i c i e n t  to 
a n s w e r  y o u r  question. O r  m a y b e  all y o u  n e e d  to 
do is to h a v e  a s y s t e m  t h a t  says, " I f  I e v e r  get 
in t e n s i o n  w h e n  the sun is n o t  shi n i n g ,  I h a v e  
got a p r o b l e m . "  I a m  t r y i n g  to m a k e  it e a s i e r  
for us to a n s w e r  y o u r  qu e s t i o n ,  b u t  I d o  n o t  
k n o w  w h a t  the q u e s t i o n  is.

D. P. McCONN E L L :  T h e  q u e s t i o n  o f  r e q u i r e d
a c c u r a c y  has come up a n u m b e r  o f  times. O n e  o f  
the p r i n c i p a l  fac t o r s  w h i c h  g o v e r n s  t his r e q u i r e 
m e n t  a r e  the p h y s i c a l  p h e n o m e n a  w h i c h  one is 
t r y i n g  to m o n i t o r  w i t h  s u c h  a  m e a s u r e m e n t .  I 
t h i n k  the p h e n o m e n o n  w i t h  w h i c h  p e o p l e  are m o s t  
c o n c e r n e d  in r a i l s  is the c o m p r e s s i o n  —  t h e  
b u c k l i n g  pro b l e m .  T h i s  p h e n o m e n o n  w i l l  l a r g e l y  
g o v e r n  t h e  r e q u i r e d  accuracy.

A l l a n  Zarembski, can y o u  h e l p  us out?

A. M. Z A R E M B S K I  ( A s s o c i a t i o n  o f  A m e r i c a n  
R a i l r oads): Yes, as a s ort o f  a  r u l e  o f  thumb,
I w o u l d  g e n e r a l l y  h a v e  t o  s a y  t h a t  w h a t  w e  are 
l o o k i n g  for, i f  w e  c a n  p i n  it d o w n  t o  a b o u t  
b e t w e e n  25,0 0 0  a n d  5 0 , 0 0 0  p o u n d s  c o m p r e s s i v e  
f o r c e  p e r  rail, w o u l d  t r a n s l a t e  to b e t w e e n  
2.5 a n d  5 k s i  in s t r e s s  o r  10°F o r  2 0 ° F  in 
tempe r a t u r e .  T h i s  is p r o b a b l y  a r e a l i s t i c  
f i r s t - c u t  set o f  n u mbers.

If w e  get less r e s o l u t i o n  t h a n  5 0 , 0 0 0  
p o u n d s  force, I s u s p e c t  t h e  u t i l i t y  o f  the 
m e a s u r e m e n t  d e v i c e  to g u i d e  t r a c k  m a i n t e n a n c e  
forc e s  is p r o b a b l y  p r e t t y  s e v e r e l y  h a m p e r e d .
It w o u l d  almost go b a c k  t o  t h e  r u l e  o f  t h u m b  
saying, " D o n ' t w o r k  o n  t h e  r a i l  at t e m p e r a t u r e s  
a b o v e  t h e  l a y i n g  t e m p e r a t u r e , "  w h i c h  is a r u l e  
o f  t h u m b  t hat has b e e n  a d o p t e d  in c e r t a i n  r a i l 

w a y  a d m i n i s t r a t i o n s .  T h e r e f o r e ,  g o i n g  b a c k  to 
t h e  s t r e s s  n u m b e r s ,  w e  p r o b a b l y  a r e  l o o k i n g  at 
5 ksi -- e v e n  t h o u g h ,  as Dr. Lane i n d i c a t e d  
e a r l i e r ,  1 k s i  w o u l d  b e  a n e x t  ob j e c t i v e .  H o w 
ever, I t h i n k  at t h i s  stage, t his w i l l  suffice.

R. B. T H O M P S O N :  Let me return, for the
m o m e n t ,  to t h e  o r i g i n a l  p a r t  o f  H a r o l d  B e r g e r ' s  
q u e s t i o n  r e g a r d i n g  t h e  p o t e n t i a l  w h i c h  E M A T ' s  
r e p r e s e n t .  T h e r e  is a d i f f e r e n c e  in h o w  an E M A T  
a n d  a p i e z o e l e c t r i c  p r o b e  w o r k  on a r o u g h  surface. 
Let us c o n s i d e r  (t h a t  t h e  s u r f a c e  o f  a r ail has a 
h i g h  d e g r e e e  o f  r o u g h n e s s .  W i t h  a couplant, one 
m u s t  a s k  w h e t h e r  t h e  c o u p l a n t  gets into all the 
n o o k s  a n d  c r a n n i e s  o f  t h e  rail surface. If it 
d o e s  not, t h e r e  w i l l  b e  local c o l d  s p o t s  in the 
beam. E v e n  i f  it d o es, o n e  w i l l  f ind t h a t  the 
u l t r a s o n i c  w a v e  front is n o t  planar, s i n c e  s o m e  
p o r t i o n s  h a v e  t r a v e l e d  a g r e a t e r  d i s t a n c e  in the 
l o w - v e l o c i t y  c o u p l a n t  t h a n  others.

T h e  E M A T  d o e s  n o t  h a v e  the fir s t  p r o b l e m .
E d d y  c u r r e n t s  f l o w  in c o n t i n u o u s  p a t h s  and, if 
t h e r e  is a s m all pit, w i l l  s i m p l y  f l o w  u n d e r  it 
a n d  f o l l o w  t h e  c o n t o u r  o f  the part. T h e  w a v e  
w i l l  a l w a y s  b e  g e n e r a t e d  at the p a r t  surface. 
H o w e v e r ,  i f  t h i s  s u r f a c e  is rough, w a v e  fron t s  
o f  t h e  g e n e r a t e d  w a v e s  w i l l  a g a i n  d e v i a t e  f r o m  
t h e  p l a n a r  c o n d i t i o n .  T h u s  t h e r e  m a y  b e  a c o r 
r u g a t i o n  o f  t h e  w a v e  front. D i f f r a c t i o n  w ill 
g e n e r a l l y  s m o o t h  t h a t  out, b u t  t hat is a  sour c e  
o f  e r r o r  in v e l o c i t y  m e a s u r e m e n t s  t hat h a s  to be 
e v a l u a t e d .

In s u m m a r y ,  I w o u l d  s a y ' t h a t  one is l i k e l y  
to get b e t t e r  s i g n a l s  w i t h  E M A T ' s  on r o u g h e r  
s u r f a c e s  t h a n  o n e  m a y  o b t a i n  w i t h  o t h e r  
a p p r o a c h e s .

N e v e r t h e l e s s ,  t h e r e  w i l l  be a s o u r c e  o f  e r r o r  
in v e l o c i t y  m e a s u r e m e n t s ,  h a v i n g  to d o  w i t h  w ave 
f r ont c o r r u g a t i o n ,  t h a t  n e e d s  to b e  evalua t e d .
If t h a t  c o r r u g a t i o n  is in t h e  o r d e r  o f  a  w a v e  
length, t h e n  it w i l l  b e g i n  to d e c r e a s e  the 
s i g n a l  st r e n g t h ,  as it w o u l d  for a n y  t y p e  o f  
tr a n s d u c e r .

H. BERGER: W h a t  a b o u t  the h a r d e n e d  s u r f a c e ?
D o e s  t h a t  c a u s e  y o u  a n y  p r o b l e m ?

R. B. T H O M P S O N :  A s  l ong as it h a s  a r e a s o n 
a b l e  e l e c t r i c a l  c o n d u c t i v i t y ,  t h e r e  s h o u l d  b e  no 
p r o b l e m .  F o r g e t  t h e  m a g n e t o s t r i c t i v e  eff e c t s  
f o r  t h e  m o m e n t  a n d  s u p p o s e  t hat o n e  has a b i g  
e n o u g h  m a g n e t i c  f i e l d  so t h a t  the g e n e r a t i o n  is 
p r o d u c e d  b y  L o r e n t z  forces. T h e  q u e s t i o n  t h e n  
b e c o m e s ,  h o w  d o e s  the e f f i c i e n c y  o f  t r a n s d u c t i o n  
d e p e n d  u p o n  t h e  e l e c t r i c a l  c o n d u c t i v i t y ?  The 
r e s u l t  t h a t  B r u c e  M a x f i e l d  (f o r m e r l y  o f  C o r n e l l  
U n i v e r s i t y ,  n o w  w i t h  L a w r e n c e  L i v e r m o r e  L a b o r a 
t o r i e s )  o b t a i n e d  m a n y  y e a r s  ago is that, as 
l o n g  a s  the e l e c t r o m a g n e t i c  s k i n  d e p t h  is small 
w i t h  r e s p e c t  to t h e  u l t r a s o n i c  w a v e  length, t r a n s 
d u c t i o n  e f f i c i e n c y  is i n s e n s i t i v e  to c o n d u c t i v i t y .  
T h i s  is b e c a u s e  t h e  t o t a l  e d d y  c u r r e n t s  i n d u c e d  in 
a m e t a l  b y  a  c u r r e n t  i n  a n  a d j a c e n t  w i r e  are 
i n d e p e n d e n t  o f  c o n d u c t i v i t y .  T h e  o n l y  t h i n g  t hat 
c h a n g e s  is t h e  v o l u m e  i n  w h i c h  t h e y  a r e  d i s t r i b u t e d .
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If t h a t  v o l u m e  is c l ose to t h e  s u r f a c e  w i t h • 
r e s p e c t  t o  a w a v e l e n g t h  -- t h a t  is, t h e  s k i n  
d e p t h  is s u f f i c i e n t l y  small -- t h e n  its exa c t  
v a l u e  d o e s  n o t  r e a l l y  mat t e r .

U N I D E N T I F I E D  S PEAKER: If t h e r e  is a n y  r eal
e q u i v a l e n t  to c a s e  h a r d e n i n g  o n  the out s i d e ,  y o u  
m a y  c h a n g e  t h e  last r e s p o n s e  t h a t  y o u  c a n  get 
p l u s  t h e  w e i g h t  values.

R. B. TH O M P S O N :  T h a t  w o u l d  b e  t h e  s a m e  in
a n y  u l t r a s o n i c  m e a s u r e m e n t .  A n  E M A T  s y s t e m  
w o u l d  c e r t a i n l y  b e  s e n s i t i v e  to t h a t  to t h e  same 
d e g r e e  as a n y  o t h e r  u l t r a s o n i c  system. O n c e  a 
w a v e  is launched, its b e h a v i o r  is i n d e p e n d e n t  
o f  the tr a n s d u c e r .

D. P. M c C O N N E L L :  I t h i n k  t h a t  Don B r a y  has
d e m o n s t r a t e d  t h a t  s ome o f  t h e  p h e n o m e n a  he 
o b s e r v e d  w e r e  d u e  to t h e  p r e s e n c e  o f  a d i s t i n c t  
c o l d - w o r k  l a y e r  i n  t h e  h e a d  c a u s i n g  a  c a s e 
h a r d e n i n g - t y p e  beh a v i o r .  It was for t h a t  r e a s o n  
t h a t  the i n t e r e s t  c e n t e r e d  o n  t h e  web.

Q U E S T I O N - A N D - A N S W E R  P E R I O D

N. S E N A P A T I  (B a t t e l l e  C o l u m b u s  L a b o r a t o r i e s ) : 
I h a v e  a c o m m e n t  on Dr. B r a y ' s  paper. I t h i n k  
t hat is p r o b a b l y  o n e  o f  t h e  v a r i o u s  m o d e l s  and 
I t h i n k  it is a r o u n d  6 to 10 p e r c e n t .  T y p i c a l  
v a r i a t i o n  in t h e  v e l o c i t i e s  in a c o m m e r c i a l  
p i e c e  o f  m a t e r i a l  is a r o u n d  3 p e r c e n t .  W e  h a v e  
d o n e  e x t e n s i v e  s t u d i e s  for n i c k e l  and v e l o c i t y  
v a r i a t i o n  w a s  o n e  o f  the p r o b l e m s .  T o  c o m e  up 
w i t h  a p r o c e s s  w h e r e b y  w e  c a n  r e d u c e  the v e l o c i t y  
v a r i a t i o n s  to less t h a n  0 . 2  p e r c e n t  is a m a j o r  
task.

R. B. T H O M P S O N :  W h a t  m a g n i t u d e  d i d  y o u  say?

N. S E N A P A T I :  U p  to 6 p e r c e n t  change. T hat
is w h a t  I a m  g o i n g  to t a l k  a b o u t  in m y  p r e s e n t a 
t i o n  [in t h e  s e c o n d  s e s s i o n  o f  t h i s  c o n f e r e n c e ] ,  
b u t  t h e r e  is f u r t h e r  c h a n g e  in a t t e n u a t i o n ,  too.

R. B. THO M P S O N :  I c e r t a i n t l y  b e l i e v e  that,
b u t  I w a s  s a y i n g  t h a t  t h e  c h a n g e  in t r a n s d u c t i o n  
e f f i c i e n c y  is m u c h  larger. I d i d  n o t  m e a n  to 
i m p l y  t h a t  t h e r e  w a s  n o  c h a n g e  due to a t t e n u a 
t i o n  v a r i a t i o n s ,  b u t  o n l y  t h a t  t h e s e  w e r e  m u c h  
s m a l l e r  in m a g n i t u d e .

N. S E N A P A T I :  But t h e  v e l o c i t i e s  in t his I
b e l i e v e  a r e  m u c h  s m a l l e r  t h a n  that. W h e n  t h a t  
g o e s  on, the v e l o c i t y  c h a n g e  is p a r t i c u l a r l y  
d u e  to t h e  s t r e s s  e f f e c t  -- say, 1 0 , 0 0 0  psi.

D. E. BRAY: W e  a r e  r u n n i n g ,  say, a b o u t  3
n a n o s e c o n d s  p e r  1 , 000 psi. D i d  y o u  s a y  o n - t h e  
o r d e r  o f  1 0 p s i ?

N. SE N A P A T I :  No, I s a i d  a b o u t  c h a n g e s  o f
v e l o c i t y  d u e  t o  1 0 , 0 0 0  psi.

D. E. BRAY: O n  t h e  o r d e r  o f  1 p e rcent.

N. SE N A P A T I :  Yes, so w e  a r e  s t ill t a l k i n g
a b o u t  a s m a l l  p e r c e n t a g e  c h a n g e  in ve l o c i t y ,  
t o g e t h e r  w i t h  s o m e  a t t e n u a t i o n  c h a n g e s  to be

c onsidered. In fact, t h a t  is p r o b a b l y  g o i n g  to 
b e  t h e  w a y  to go i n  t e r m s  o f  t h e  u l t r a s o n i c s  -- 
to look at t h e  c h a n g e  in a t t e n u a t i o n  r a t h e r  than 
c h a n g e  in v e l ocity.

L. H. B E N N E T T  (N a t i o n a l  B u r e a u  of S t a n d a r d s ) :  
Dr. T h o m p s o n  m e n t i o n e d  t h e  s e n s i t i v i t y  to the 
c o m p o s i t i o n  and a l l u d e d  t o  s e n s i t i v i t y  to m e t a l 
lurgical hi s t o r y .  Is t h e r e  n o t  a l s o  s e n s i t i v i t y  
to m a g n e t i c  h i s t o r y ,  e s p e c i a l l y  in s t e e l s ?  Y o u  
mig h t  n o t  h a v e  so m u c h  in t h e  A r m c o  iron, w h i c h  
is v e r y  soft m a g n e t i c  m a t e r i a l ,  b u t  in t h e  ste e l s  
w o n't y o u  h a v e  a g r e a t  s e n s i t i v i t y  to the m a g n e t i c  
h i s t o r y ?

R. B. THO M P S O N :  T h a t  is g e n e r a l l y  true.
H owever, the w a y  in w h i c h  w e  m a k e  m e a s u r e m e n t s  
s u p p r e s s e s  this effect. If y o u  w i l l  recall, I 
d e r i v e d  f e a t u r e s  f r o m  a c u r v e  o f  m a g n e t i z a t i o n  
vers u s  m a g n e t i c  field. We f i r s t  s a t u r a t e d  the 
m a t e r i a l  a n d  t h e n  r e d u c e d  the b i a s s i n g  f i e l d  
and r e c o r d e d  the f e a t u r e s  o f  t h e  p l o t  o f  signal 
a m p l i t u d e  v e r s u s  the v a l u e  o f  the d e c r e a s i n g  
field. A n y  i n i t i a l  d o m a i n  s t r u c t u r e  that e x i s t e d  
w a s  e l i m i n a t e d  b y  t h e  m i t r a l  m a g n e t i z a t i o n  to 
satura t i o n .  A l t h o u g h  I a m  n o t  t h a t  f a m i l i a r  w i t h  
rail steels, it is m y  i m p r e s s i o n  t hat t h e y  are 
r e l a t i v e l y  soft m a g n e t i c a l l y ,  n o t  as h a r d  as 
Alnico, a n d  one can e r a s e  t h e  p a s t  m a g n e t i c  h i s 
t o r y  w h e n  o n e  b r i n g s  the m a t e r i a l  to s a t u r i z a t i o n .  
In t a k i n g  all o f  o u r  data, w e  f i r s t  t o o k  the m a g 
n e t i z a t i o n  to 90 o r  95 p e r c e n t  o f  satura t i o n .

L. H. BENNETT: I w o u l d  a s s u m e  t h e y  a r e  n o t
as h a r d  as A l n i c o  o r  s o m e t h i n g  like that, but 
y o u  m i g h t  n o t  e r a s e  a l l  the p r e v i o u s  m a g n e t i c  
h i s t o r y  in a  s i n g l e  s a t u r a t i o n  cycle.

D. H. STONE: I do n o t  k n o w  i f  it is p e r t i n e n t  
here, b u t  for t h e  p a s t  4 0  y e a r s  o r  so w e  h a v e  in 
fact b e e n  m a g n e t i z i n g  o u r  r a i l s  r e g u l a r l y  as a 
w a y  o f  f l a w  i n s p e c t i o n .  Is t h i s  g o i n g  to cre a t e  
a p r o b l e m  for y ou?

R. B. T H O M P S O N :  Agai n ,  it is m y  i m p r e s s i o n
t hat I felt w e  w e r e  r e a c h i n g  s u f f i c i e n t l y  h i g h  
fields to e r a s e  t h a t  p a s t  h i s t o r y .  O b v i o u s l y ,  
w h e t h e r  or n o t  w e  w e r e  p r a c t i c a l l y  r e a c h i n g  that 
or not c a n n o t  be f u l l y  a n s w e r e d  now. T h a t  is 
s o m e t h i n g  t h a t  w i l l  n e e d  to b e  i n v e s t i g a t e d  in 
c o m p a r i n g  this a p p r o a c h  w i t h  o t h e r  t e c h n i q u e s .

A. D. K E R R  ( U n i v e r s i t y  o f  D e l a w a r e ) : H o w
m a n y  t r a n s d u c e r s  h a v e  b e e n  i n s t a l l e d  b y  B r i t i s h  
R a i l w a y s  o n  m a i n  lines to d a t e ?

G. LANE: I a m  n o t  sure, e x actly. It is in
t h e  r e g i o n  o f  a b o u t  300, p o s s i b l y  more. A  lot of 
t his is f o r  r e s e a r c h  p u r p o s e s  a n d  a c e r t a i n  a m o u n t  
o f  i n s t a l l a t i o n  is f o r  a c t u a l  s e r v i c e  use, as 
I i n d i c a t e d  before.

D. P. M c C O N N E L L :  T o  a m p l i f y  Dr. K e r r ' s
q u e stion, in t h o s e  l o c a t i o n s  w h e r e  g a ges are used, 
s uch as t h e  i n s t a n c e s  o f  m i n i n g  i n t r u s i o n ,  w h a t  
is the m e a s u r e m e n t  d e n s i t y  in t e r m s  o f  b o t h  the 
spatial p l a c e m e n t  o f  g a g e s  t h a t  y o u  c u r r e n t l y  u s e  
a n d  h o w  f r e q u e n t l y  d o  y o u  s a m p l e  them.

G. S. LANE: It v a r i e s  a  lot. W e  t e n d  to
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c o m b i n e  the for ser v i c e  u s e  w i t h  r e s e a r c h  p u r 
poses, so we t e n d  to p u t  t h e m  a l i t t l e  bit 
c l o s e r  t o g e t h e r  t h a n  w e  o t h e r w i s e  w o u l d  h a v e  
done. T h e y  are in the r e g i o n  o f  a rail l e n g t h  
apart; that is, 20 m e t e r s  o r  60 feet apart.
But we h a v e  the s p a c i n g s  up to a q u a r t e r  o f  a 
m i l e  f o r  s i m p l y  loo k i n g  at c e r t a i n  effects.
E ach c a s e  has got to be j u d g e d  o n  its m erits.
That is a b out all y o u  can say.

A. D. KERR: W h a t  are t h e  o b s e r v e d  w a v e
s p e e d s  in the rail h e a d  a n d  rail w e b ?

D. E. BRAY: As to t h e  q u e s t i o n  o n  the
R a y l e i g h  wave, initially, let m e  say that, on 
the w o r k i n g  s u r f a c e  itself, y o u  w ill h a v e  v a r i 
ati o n s  in v e l o c i t i e s  f r o m  2 , 500 m e t e r s  p e r  s e c 
o n d  to a l m o s t  3,000 m e t e r s  p e r  s e c o n d  —  a l m o s t  
a 20 p e r c e n t  variat i o n .  Y o u  do n o t  see a large 
amo u n t  o f  v a r i a t i o n  in t h e  R a y l e i g h  w a v e  v e l o c i t y  
on t h e  side o f  t h e  r ail w h e r e  y o u  do n o t  h a v e  
this c o l d - w o r k e d  effect. A n  a d d i t i o n a l  c o n s i 
d e r a t i o n  is t hat the R a y l e i g h  w a v e  is r e l a t i v e l y  
i n s e n s i t i v e  to stress c h a n g e s  as c o m p a r e d  to t h e  
o t h e r  t y pes o f  w a v e  p r o p a g a t i o n .  H o w e v e r ,  w i t h  
r e s p e c t  to t h e  w e b  o f  a h o t - w o r k  rail, y o u  do 
n o t  see the large amo u n t  o f  v a r i a t i o n  t h a t  y o u  
do on the h e a d  o f  the rail.

Typica l l y ,  the R a y l e i g h  w a v e  s p e e d s  in steel 
are a r o u n d  2 , 900 m e t e r s  p e r  second. W h e r e  y o u  
do n o t  h a v e  any c o l d - w o r k i n g  o r  a n y  s e v e r e  
a nisotropy, y o u  w o u l d  n o t  e x p e c t  to see a sev e r e  
chan g e  in the R a y l e i g h  w a v e  speed. So I w o u l d  
s a y  t h a t  the s p e e d  w o u l d  be 2 , 900 m e t e r s  a  s e c 
ond p l u s  or min u s  a small p e r c e n t a g e  o n  t h e  side 
o f  the head. I w o u l d  e x p e c t  it to b e  a b o u t  the 
same as the side o f  the web.

R. G R E E N  (Johns H o p k i n s  U n i v e r s i t y ) :  I w o u l d
like to m a k e  a c o u p l e  o f  c o m ments. O n e  o f  the 
p r o b l e m s  that e v e r y  t e c h n i q u e  is g o i n g  to h a v e  to 
f ace is that, i f  a n y t h i n g  e l s e  c h a n g e s  t h e  m e a s 
u r e m e n t  o t h e r  t h a n  the stress, t h a t  h a s  got to be 
a c c o u n t e d  for. T h e ' w o r s t  t h i n g  y o u  h a v e  w i t h  
a l m o s t  any real m a t e r i a l  is a n t i s o t r o p y ,  a n d  
t h e r e f o r e  y o u  h a v e  to w o r r y  a b out m o r e  t h a n  one 
module.

U n l i k e  m ost o t h e r  t e c h n i q u e s  t hat w i l l  be 
d i s c u s s e d  today, t h e  u l t r a s o n i c  t e c h n i q u e s  are 
b a s e d  o n  n o n l i n e a r  e l a s t i c i t y ,  not on l i n e a r  
e lasticity, so the r e a l l y  i m p o r t a n t  m a j o r  items 
h a v e  to be w o r k e d  out w i t h  t h e  u l t r a s o n i c  
t e c h n i q u e .
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SESSION II: BARKHAUSEN AND SONIC TECHNIQUES
T E C H N I C A L  P A P E R S

" S t r e s s  M e a s u r e m e n t s  in R a i l r o a d  
R a i l s  I n d i c a t e d  b y  B a r k h a u s e n  

N o i s e  A n a l y s i s " *

W i l l i a m  D. P e r r y  
J o h n  R. B a r t o n

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

I n t r o d u c t i o n

C o n t i n u o u s l y  w e l d e d  r ail (CWR) d oes n o t  c o n 
t a i n  e x p a n s i o n  joints, a n d  s i g n i f i c a n t  str e s s e s  
a r e  i n d u c e d  b y  the w i d e  r a n g e  o f  s e a s o n a l  
t e m p e r a t u r e s .  A t  low t e m p e r a t u r e s ,  s uch st r e s s e s  
c a n  c o n t r i b u t e  to r a i l  f r a c t u r e  a n d  p o s s i b l e  
d e r a i l m e n t s ;  also, at h i g h  t e m p e r a t u r e s ,  local 
l a t e r a l  d i s p l a c e m e n t  o f  t r a c k  (crook e d n e s s )  can 
c a u s e  d e r a i l m e n t s .  D u r i n g  i n s t a l l a t i o n  o f  c o n 
t i n u o u s l y  w e l d e d  rail, the t e m p e r a t u r e  o f  the 
rail is c o n t r o l l e d  b y  a c o l d - w a t e r  s p r a y  or 
h e a t i n g  t o r c h e s  ( d e p e n d i n g  on the a m b i e n t  t e m p e r 
ature) in an e f f o r t  to a c h i e v e  a  rail t e m p e r a t u r e  
a p p r o x i m a t e l y  m i d w a y  b e t w e e n  t h e  a n t i c i p a t e d  s e a 
s o nal t e m p e r a t u r e  e x t remes. O t h e r  p r a c t i c e s ,  such 
as d e l i b e r a t e l y  c u t t i n g  t h e  r a i l  s o m e  time a f ter 
i n s t a l l a t i o n  to o b s e r v e  t h e  o p e n i n g  o r  c l o s u r e  o f  
the ends, r e m o v i n g  or a d d i n g  a  small s e c t i o n  as 
a p p r o p r i a t e ,  a n d  t h e n  r e w e l d i n g  the ends, h a s  
s o m e t i m e s  b e e n  u t i l i z e d  to m i n i m i z e  t h e  ove r a l l  
e f f e c t  o f  t h e r m a l l y  i n d u c e d  s t r e s s e s .  F o r  some 
time, v a r i o u s  r a i l r o a d s  a n d  a l s o  t h e  A s s o c i a t i o n  
o f  A m e r i c a n  R a i l r o a d s  h a v e  a t t e m p t e d  to d e v e l o p  
a p p r o a c h e s  to m e a s u r i n g  t h e  t h e r m a l l y  i n d u c e d  
stresses. The p u r p o s e  o f  the i n v e s t i g a t i o n s  s u m 
m a r i z e d  in t his r e p o r t  was to a s s e s s  the p o t e n t i a l  
o f  the B a r k h a u s e n  n o i s e  a n a l y s i s  m e t h o d  f o r  i n d i 
c a t i n g  the t h e r m a l l y  i n d u c e d  s t r e s s e s  in CWR.

Bri e f l y ,  w i t h  t h i s  m e t h o d  a  c o n t r o l l e d  m a g 
n e t i z a t i o n  is a p p l i e d  to t h e  r e g i o n  o f  the p a r t  
b e i n g  e x a m i n e d  a n d  a s m all p r o b e  is u s e d  to sense 
the B a r k h a u s e n  n o i s e  c a u s e d  b y  a b r u p t  m o v e m e n t  o f  
m a g n e t i c  d o m a i n  walls; a n a l y s i s  o f  t h e  B a r k h a u s e n  
n o i s e  d u r i n g  c o n t r o l l e d  e x p e r i m e n t s  has e s t a b 
l i s h e d  t h a t  h i g h - a m p l i t u d e  s i g n a t u r e s  are a s s o c i 
a t e d  w i t h  t e n s i l e  s t r esses, l o w - a m p l i t u d e  s i g n a 
t u r e s  a r e  a s s o c i a t e d  w i t h  c o m p r e s s i o n  s t r esses, 
a n d  i n t e r m e d i a t e  s i g n a t u r e s  a r e  o b t a i n e d  f rom 
u n s t r e s s e d  r e gions. P r i o r  w o r k  c o v e r i n g  s everal 
y e a r s  has e s t a b l i s h e d  t h e  e f f e c t i v e n e s s  o f  the 
B a r k h a u s e n  m e t h o d  for i n d i c a t i n g  r e s i d u a l  and 
a p p l i e d  s t r e s s e s  in a w i d e  r a n g e  o f  m a t e r i a l s  and 
c o m p o n e n t s ;  f u r t h e r m o r e ,  l i m i t e d  e x p e r i m e n t s  h a v e  
s h o w e d  t h a t  the m e t h o d  is s e n s i t i v e  to s t r e s s e s  
a p p l i e d  in a  b e n d i n g  m o d e  to a  s p e c i m e n  o f  r a i l 
r o a d  rail. R e c ently, e x p e r i m e n t s  w e r e  c o n d u c t e d  
to a s s e s s  the e f f e c t  o f  s e l e c t e d  p a r a m e t e r s  on 
the B a r k h a u s e n  i n d i c a t i o n s .  I n c l u d e d  w e r e  the 
e f f e c t  o f  t e m p e r a t u r e  w i t h  r a i l  s p e c i m e n s  u n r e 
s t r a i n e d  b y  e n d  loads, a n d  t h e  e f f e c t  o f  e n d  loads 
a p p l i e d  at a c o n s t a n t  t e m p e r a t u r e .

'■^Presentation at c o n f e r e n c e  d e l i v e r e d  b y  
J o h n  R. Barton.

T h e  B a r k h a u s e n  N o i s e  A n a l y s i s  M e t h o d

The m a g n e t i c  p r o p e r t i e s  o f  f e r r o m a g n e t i c  
m a t e r i a l s  ( p r a c t i c a l l y  all steels, s ome cast 
irons, nic k e l ,  a n d  s o m e  n i c k e l  alloys) are b e s t  
d e s c r i b e d  b y  the m a g n e t i c  d o m a i n  theory. This 
theory, w h i c h  h a s  s u b s t a n t i a l  e x p e r i m e n t a l  c o n 
f i r m ation, p o s t u l a t e s  t h a t  the m a t e r i a l  is m a d e  
up o f  local r e g i o n s  c a l l e d  f e r r o m a g n e t i c  domains, 
e a c h  m a g n e t i z e d  to s a t u r a t i o n  b u t  a l i g n e d  a c c o r d i n g  
to the s t ate o f  local m a g n e t i z a t i o n .  A d j a c e n t  
dom a i n s  are s e p a r a t e d  b y  a h i g h l y  l o c a l i z e d  m a g 
n e t i c  t r a n s i t i o n  r e g i o n  c a l l e d  a d o m a i n  w all or 
B l o c h  wall. E v e n  in t h e  d e m a g n e t i z e d  state, all 
dom a i n s  are sti l l  m a g n e t i z e d  to s a t u r a t i o n ,  but 
the o r i e n t a t i o n  o f  t h e  i n d i v i d u a l  d o m a i n  m a g n e t i 
z a t i o n  v e c t o r s  is r a n d o m ;  t his r e s u l t s  in the net 
m a g n e t i z a t i o n  o f  t h e  s p e c i m e n  b e i n g  zero. The 
a p p l i c a t i o n  o f  a m a g n e t i c  f i e l d  o r  a s t r e s s  can 
c h a n g e  the c o n f i g u r a t i o n  o f  the d o mains, 
p r i n c i p a l l y  b y  w a l l  m o v e m e n t s .

The fact t h a t  m a g n e t i c  d o m a i n  w a l l s  c a n  be 
f o r c e d  t o  m o v e  u n d e r  the i n f l u e n c e  o f  a c h a n g i n g  
a p p l i e d  m a g n e t i c  f i e l d  o r  a s t r e s s  p r o v i d e s  the 
f u n d a m e n t a l  b a s i s  f o r  t h e  B a r k h a u s e n  n o i s e  m e t h o d  
o f  r e s i d u a l  s t r e s s  m e a s u r e m e n t .  In 1917, B a r k 
h a u s e n  d i s c o v e r e d  t h a t  v o l t a g e s  i n d u c e d  in an 
e l e c t r i c a l  coil e n c i r c l i n g  a f e r r o m a g n e t i c  s p e c i 
m e n  p r o d u c e d  a n o i s e  w h e n  s u i t a b l y  a m p l i f i e d  and 
a p p l i e d  to a s p e a k e r ,  e v e n  t h o u g h  the m a g n e t i z a 
t i o n  a p p l i e d  to t h e  s p e c i m e n  w a s  c h a n g e d  smoothly. 
F r o m  such e x p e r i m e n t s ,  h e  i n f e r r e d  t hat the m a g 
n e t i z a t i o n  in the s p e c i m e n  d oes n o t  i n c r e a s e  in a 
s t r i c t l y  c o n t i n u o u s  way, b u t  r a t h e r  b y  small, 
a b r u p t  d i s c o n t i n u o u s  i n c r e m e n t s ,  n o w  c a l l e d  B a r k 
h a u s e n  jumps. S u c h  j u m p s  a r e  c a u s e d  p r i n c i p a l l y  
b y  the d i s c o n t i n u o u s  m o v e m e n t s  o f  m o b i l e  m a g n e t i c  
b o u n d a r i e s  (Bloch w a l l s )  b e t w e e n  a d j a c e n t  m a g n e t i c  
dom a i n s  a n d  o c c a s i o n a l l y  b y  the i n i t i a t i o n  o f  n e w  
m a g n e t i c  d o m a i n  w a l l s .  F u r t h e r m o r e ,  the d i r e c t i o n  
and m a g n i t u d e  o f  t h e  m e c h a n i c a l  s t r e s s  e x i s t i n g  in 
a m a c r o s c o p i c  f e r r o m a g n e t i c  s p e c i m e n  s t r o n g l y  
i n f l u e n c e s  the d e t a i l e d  d y n a m i c s  o f  the d o m a i n  w a l l  
m o t i o n  a n d  c o r r e s p o n d i n g l y  i n f l u e n c e s  t h e  B a r k 
h a u s e n  noise.

Fig u r e  1 (a) s h ows t h r e e  p h o t o g r a p h s  o f  m a g n e t i c  
d o m a i n s  (made v i s i b l e  b y  a m a g n e t o - o p t i c  met h o d )  on 
the s u r f a c e  o f  a  c a r e f u l l y  p r e p a r e d  s i n g l e  cry s t a l  
o f  s i l i c o n - i r o n  a n d  i l l u s t r a t e s  the m a n n e r  in w h i c h  
d o m a i n s  c h a n g e  u n d e r  the i n f l u e n c e  o f  a n  a p p l i e d  
stress. T h e  m a g n e t i c  f i e l d  w a s  a p p l i e d  f r o m  left 
to r i g h t  in the i l l u s t r a t i o n ,  a n d  t his was a l s o  the 
axis o f  the a p p l i e d  c o m p r e s s i v e  stress. A r r o w s  
h a v e  b e e n  p l a c e d  on s o m e  d o m a i n s  to i n d i c a t e  the 
d i r e c t i o n  o f  m a g n e t i z a t i o n  w i t h i n  t h e  domain. A  
car e f u l  e x a m i n a t i o n  o f  t h e s e  p h o t o g r a p h s  shows 
m a r k e d  c h a n g e s  o c c u r r i n g  as the c o m p r e s s i v e  stress 
is increased; f o r  e x a m p l e ,  t h e  d o m a i n s  are p r i n c i 
p a l l y  o r i e n t e d  a p p r o x i m a t e l y  45 d e g r e e s  u p w a r d  and 
to t h e  left in t h e  t o p  p h o t o g r a p h ,  w h i l e  sev e r a l  
d o m a i n s  h a v e  g r o w n  in a d i r e c t i o n  o r i e n t e d  u p w a r d  
a n d  to the r i g h t  in t h e  l o w e r  i l l u s t r a t i o n .  As 
t h e s e  d o m a i n s  move, B a r k h a u s e n  p u l s e s  are g e n e rated.
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F I G U R E  1(a). I N F L U E N C E  O F  S T R E S S  O N  M A G N E T I C  D O M A I N S  IN S i F e  S I N G L E  C R Y S T A L  S P E C I M E N

F i g u r e  1(b) s h ows m a n y  o f  t h e s e  p u l s e s  s e n s e d  
b y  an i n d u c t i o n  coil n e a r  t h e  s u r f a c e  o f  a  low 
c a r b o n  steel bar. T h e s e  B a r k h a u s e n  p u l s e s  a r e  
e l e c t r o n i c a l l y  p r o c e s s e d  a n d  p r e s e n t e d  o n  a  p e a k  
r e a d i n g  m e t e r  o r  on an o s c i l l o s c o p e .

A  v a r i e t y  o f  i n s t r u m e n t a t i o n  s y s t e m s  h a v e  b e e n  
u s e d  in B a r k h a u s e n  n o i s e  r e s e a r c h ,  a n d  a  b l o c k  d i a 
g r a m  o f  the i n s t r u m e n t a t i o n  u s e d  i n  m o s t  o f  the 
e x p l o r a t o r y  i n v e s t i g a t i o n s  is s h o w n  in f i g u r e  2 .
A  p h o t o g r a p h  o f  the m o s t  r e c e n t  m o d e l  i n s t r u m e n t  
w i t h  a  d i g i t a l  i n d i c a t o r  is p r e s e n t e d  i n  f i g u r e  3.

A  c a l i b r a t i o n  c u r v e  o b t a i n e d  o n  t h e  c a n t i l e v e r  
b e n d i n g  s p e c i m e n  is s h o w n  in f i g u r e  4. N o t e  the 
c h a r a c t e r i s t i c  c u r v e  " f l a t t e n i n g "  at c o m p r e s s i v e  
s t r e s s  n e a r  50 p e r c e n t  o f  t h e  y i e l d  stress.

P r e l i m i n a r y  E x p e r i m e n t s  o n  Rail

T h e  f i r s t  e x p e r i m e n t s  w e r e  c o n d u c t e d  o n  s e c 
t i o n s  o f  r ail a p p r o x i m a t e l y  8 - 1 0  y e a r s  ago. T h e  
e x p e r i m e n t a l  a r r a n g e m e n t  in w h i c h  b e n d i n g  s t r e s s e s  
a r e  a p p l i e d  b y  c e n t e r  l o a d i n g  a  r ail s e c t i o n  s u p 
p o r t e d  at b o t h  e nds is s h o w n  in f i g u r e  5. G r a p h s  o f
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10 m v / c m  v e r t ic a l  s e n s it iv ity  
1 m s e c / c m  sweep rate (h o rizo n ta l )

F I G U R E  1(b). B A R K H A U S E N  N O I S E  P U L S E S

t h e  B a r k h a u s e n  i n d i c a t i o n  v e r s u s  l o a d  f o r  several 
l o c a t i o n s  (B, D, E, a n d  F) a r o u n d  t h e  r ail s e c 
t i o n  are p r e s e n t e d  in f i g u r e  6 . R e s u l t s  f rom 
t h i s  e x p e r i m e n t  s h o w e d  q u a l i t a t i v e  a g r e e m e n t  
b e t w e e n  t h e  r e a d i n g s  a n d  t h e  s t r e s s e s  c a u s e d  b y  
t h e  b e n d i n g  load; n a m e l y ,  p o i n t  D  d e c r e a s e s ,  
p o i n t s  B a n d  E (near t h e  n e u t r a l  axis) s h o w e d  
o n l y  small c h anges, a n d  p o i n t  F s h o w e d  a s i g n i f 
i c a n t  increase.

R e c ently, c o n t r o l l e d  b u t  l i m i t e d  e x p e r i m e n t s  
h a v e  b e e n  c o n d u c t e d ,  a n d  t h e s e  w i l l  b e  s u m m a r i z e d  
i n  the f o l l o w i n g  sections.

T e s t  S p e c i m e n s  a n d  E q u i p m e n t  f o r  Q u a n t i t a t i v e  
E x p e r i m e n t s

A  t e s t  s p e c i m e n  w a s  p r e p a r e d  f r o m  a 4 - foot 
l e n g t h  o f  used, c o n t i n u o u s l y  w e l d e d  rail. T h e  
e n d s  o f  t his s p e c i m e n  w e r e  m a c h i n e d  s q u a r e  to 
m i n i m i z e  n o n s y m m e t r i c a l  c o l u m n  l o a d i n g  a n d  f our 
s t r a i n  g a g e s  ( t e m p e r a t u r e  c o m p e n s a t e d  f o r  steel)

w e r e  m o u n t e d  at a p p r o p r i a t e  l o c a t i o n s  a r o u n d  the 
m i d s e c t i o n  o f  t h e  r ail to m o n i t o r  s t r a i n  a n d  a l s o  
det e c t  b e n d i n g .  T h r e e  t e m p e r a t u r e  s e n s o r s  w e r e  
m o u n t e d  a t  e q u a l l y  s p a c e d  l o c a t i o n s  a l o n g  t h e  
length o f  the t e s t  s p e cimen.

P r i m a r y  e q u i p m e n t  a n d  i n s t r u m e n t a t i o n  u s e d  in 
the e x p e r i m e n t s  c o n s i s t e d  o f  the following:

a. A  2 0 0 , 0 0 0 - p o u n d  B a l d w i n  l oad t est 
m a c h i n e  f o r  a p p l y i n g  c o n t r o l l e d  e n d  l o ads to t h e  
rail specimen.

b. A n  e l e c t r o n i c  s t r a i n  i n d i c a t o r  w i t h  a 
digital r e a d o u t  f o r  t h e  f o u r  s t r a i n  gages.

c. A n  i n d i c a t o r  f o r  s e n s i n g  t e m p e r a t u r e  
o f  the r a i l  at t h r e e  l o c a t i o n s  on a sp e c i m e n .

d. A  m o d e l  200 B a r k h a u s e n  n o i s e  a n a l y s i s  
i n s t r u m e n t  w i t h  a s s o c i a t e d  p r o b e  a n d  d i g i t a l  r e a d 
out f o r  o b t a i n i n g  B a r k h a u s e n  m e a s u r e m e n t s  o f  
s t r e s s .

A  d r y - i c e  p a c k  was u s e d  to cool t h e  r a i l  and 
fl e x i b l e  h e a t i n g  e l e m e n t s  w e r e  p l a c e d  a r o u n d  the 
rail to i n c r e a s e  t h e  t e m p e r a t u r e .  A  p h o t o g r a p h  
i l l u s t r a t i n g  the e x p e r i m e n t a l  a r r a n g e m e n t  is 
p r e s e n t e d  in f i g u r e  7. F i g u r e  8 is a p h o t o g r a p h  
o f  a t y p i c a l  B a r k h a u s e n  m e a s u r e m e n t  b e i n g  o b t a i n e d  
w i t h  the p r o b e  p o s i t i o n e d  m a n u a l l y .

E x p e r i m e n t s

T h e  f i r s t  e x p e r i m e n t  u n d e r t a k e n  w a s  to d e t e r 
m i n e  the i n f l u e n c e  o f  t e s t  s p e c i m e n  t e m p e r a t u r e  
o n  the B a r k h a u s e n  i n d i c a t i o n s .  In t his e x p e r i 
ment, t h e  t e s t  s p e c i m e n  w a s  u n r e s t r a i n e d  and. the 
t e m p e r a t u r e  w a s  r e d u c e d  u s i n g  d r y  ice to a p p r o x 
i m a t e l y  20°F. T h e  t e m p e r a t u r e  w a s  m o n i t o r e d  
u s i n g  the t h r e e  t e m p e r a t u r e  s e n s o r s  s p a c e d  a l o n g  
the rail. T h e  t e m p e r a t u r e  w a s  t h e n  a l l o w e d  to 
i n c r e a s e  u n t i l  the t e s t  s p e c i m e n  t e m p e r a t u r e  was 
40°F. A t  t his p o i n t ,  B a r k h a u s e n  d a t a  w e r e  
o b t a i n e d  f r o m  t h e  u n r e s t r a i n e d  s e c t i o n  o f  rail.
T h e  s p e c i m e n  w a s  t h e n  w a r m e d  u s i n g  f l e x i b l e
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e l e c t r i c a l  r e s i s t a n c e  h e a t e r s  w r a p p e d  a r o u n d  the 
rail. The t e m p e r a t u r e  w a s  c a r e f u l l y  m o n i t o r e d  
u s i n g  the t e m p e r a t u r e  sensors, a n d  B a r k h a u s e n  
d a t a  w e r e  o b t a i n e d  as the t e m p e r a t u r e  o f  t h e  s p e c 
i men was r a i s e d  f r o m  a p p r o x i m a t e l y  4 0 ° F  to a p p r o x 
i m a t e l y  120°F. Res u l t s  f r o m  this e x p e r i m e n t  are 
p l o t t e d  in f i g u r e  9 a n d  i n d i c a t e  a s l i g h t  i n c r e a s e  
o f  B a r k h a u s e n  v a l u e s  w i t h  i n c r e a s e  o f  t e m p e r a t u r e .
It s h o u l d  b e  n o t e d  a g a i n  t hat t h e  s p e c i m e n  f o r  t his 
e x p e r i m e n t  was u n r e s t r a i n e d  a n d  w a s  h e a t e d  s l o w l y  
and u n i f o r m l y ,  w i t h  the t e m p e r a t u r e  b e i n g  m o n i t o r e d  
at t h r e e  d i f f e r e n t  p o s i t i o n s .  Thus, t h e  s p e c i m e n  
s h o u l d  h a v e  lit t l e  o r  n o  t h e r m a l l y  i n d u c e d  s t r esses, 
a n d  a n y  c h a n g e  o b s e r v e d  in the B a r k h a u s e n  signal 
a m p l i t u d e  c a n  be a t t r i b u t e d  to t h e  t e m p e r a t u r e  o f  
the t e s t  s p e c i m e n  only. As c a n  b e  o b s e r v e d  in 
f i g u r e  9, this e f f e c t  is slight.

T h e  n ext e x p e r i m e n t  u n d e r t a k e n  w a s  t o  r e d u c e  
the t e m p e r a t u r e  o f  t h e  t e s t  s p e c i m e n  t o  s l i g h t l y  
b e l o w  40°F; t hen the t e s t  s p e c i m e n  t e m p e r a t u r e  
w a s  a l l o w e d  to r ise u n t i l  it w a s  e x a c t l y  40°F.
A t  t h i s  point, the t est s p e c i m e n  w a s  r e s t r a i n e d  
f r o m  e x p a n d i n g  b y  e n d  loads a p p l i e d  w i t h  the 
B a l d w i n  m a c h i n e  ( a d justed i n c r e m e n t a l l y  t o  a p p l y  
j ust e n o u g h  load to r e s t r a i n  e x p a n s i o n )  as the 
t e m p e r a t u r e  o f  the t est s p e c i m e n  w a s  i n c r e a s e d  to 
a p p r o x i m a t e l y  120°F. Thus, b y  r e s t r a i n i n g  the 
t e s t  s p e c i m e n  and r a i s i n g  the t e m p e r a t u r e  80°F, 
c o m p r e s s i v e  st r e s s e s  are t h e r m a l l y  i n d u c e d  in the 
s p e cimen. T h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  rail

is 13 s q u a r e  inches, u s i n g  a c o e f f i c i e n t  o f  
t h e r m a l  e x p a n s i o n  o f  7 x  1 0 " 6 i n c h e s  p e r  i nch -°F, 
a t e m p e r a t u r e  r i s e  o f  80°F, a n d  a s p e c i m e n  l e n g t h  
o f  48 inc h e s ,  t h e  l e n g t h  o f  the s p e c i m e n  w o u l d  
i n c r e a s e  b y  0 . 0 2 7  i n c h  i f  u n r e s t r a i n e d .  But if 
the s p e c i m e n  w a s  r e s t r a i n e d  to a l e n g t h  o f  48 
inches, t h e  r e s u l t i n g  c o m p r e s s i v e  s t r e s s  w o u l d  b e  
16, 8 0 0  p o u n d s - f o r c e  p e r  s q u a r e  i n c h  ( p s i ) . U s i n g  
the c r o s s - s e c t i o n a l  a r e a  o f  13 s q u a r e  inches, the 
t o tal f o r c e  g e n e r a t e d  b y  the 80° F r i s e  in t e m 
p e r a t u r e  is 2 1 8 , 0 0 0  p o u n d s .  S i n c e  the l oad l i mit 
o f  the h y d r a u l i c  l o a d i n g  m a c h i n e  s h o w n  in f i g u r e  7 
is 2 0 0 , 0 0 0  p o u n d s ,  t h e  t e m p e r a t u r e  r i s e  was l i m i t e d  
to 7 7 ° F .

D u r i n g  t h i s  e x p e r i m e n t ,  s e v e r a l  p a r a m e t e r s  w e r e  
m o n i t o r e d .  B a r k h a u s e n  d a t a  w e r e  o b t a i n e d  f r o m  
s e v e r a l  p o s i t i o n s  o n  the rail w h i l e  the t e m p e r a t u r e  
s e n s o r s  a n d  s t r a i n  g a g e s  w e r e  m o n i t o r e d .  S t r a i n  
g a g e s  w e r e  u s e d  to c o n f i r m  t hat the b e a m  w a s  b e i n g  
l o a d e d  s y m m e t r i c a l  a n d  w a s  n o t  b e g i n n i n g  to buckle. 
N o  i n d i c a t i o n s  o f  n o n s y m m e t r i c a l  l o a d i n g  w e r e  
d e t e c t e d  d u r i n g  t h e  e x p e r i m e n t s .  T h e  a c t u a l  end 
l oad w a s  a d j u s t e d  at a p p r o x i m a t e l y  5°F i n t e r v a l s  
u s i n g  the c a l i b r a t e d  h y d r a u l i c  s y s t e m  o f  the t est 
e q u i p m e n t .  T h e  r e s u l t s  o f  t h e s e  B a r k h a u s e n  d a t a  
a r e  s h o w n  in f i g u r e  10. T h e s e  d a t a  i n d i c a t e  a 
t r e n d  o f  r e d u c e d  B a r k h a u s e n  s i g n a l s  w i t h  i n c r e a s i n g  
c o m p r e s s i v e  s tress, a l t h o u g h  t h e r e  is s i g n i f i c a n t  
scatter. S i n c e  t h e  B a r k h a u s e n  p r o b e  was m a n u a l l y  
p o s i t i o n e d  d u r i n g  m e a s u r e m e n t s ,  o n e  s o u r c e  o f  the

FIGU R E  3. B A R K H A U S E N  N O I S E  S T R E S S  M E A S U R E M E N T  S Y S T E M  W I T H  H A N D - H E L D  PRO B E
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L o a d  (1000//)

F I G U R E  6 . M A G N E T I C  S I G N A L  V E R S U S  A P P L I E D  L O A D  (NEW RAIL)

d a t a  s c a t t e r  w a s  a t t r i b u t e d  to t h e  i n a b i l i t y  to 
r e p o s i t i o n  t h e  p r o b e  p r e c i s e l y .  T o  f u r t h e r  
d e t e r m i n e  w h e t h e r  t h e  d a t a  s c a t t e r  w a s  p r i m a r i l y  
a p o s i t i o n i n g  p r o b l e m ,  t h e  t e s t  p r o b e  w a s  r i g i d l y  
fixed, m e c h a n i c a l l y ,  t o  t h e  t est s p e c i m e n  and 
l o a d  v e r s u s  B a r k h a u s e n  d a t a  w e r e  o b t a i n e d  at c o n 
s t ant r o o m  t e m p e r a t u r e  (the i n f l u e n c e  o f  t e m p e r a 
t u r e  o n  the B a r k h a u s e n  r e a d i n g s  h a d  b e e n  p r e v i o u s l y  
d e t e r m i n e d  to b e  s l i g h t ) . T h i s  a p p r o a c h  o f  t a k i n g  
B a r k h a u s e n  d a t a  at a s i n g l e  l o c a t i o n  as t h e  a p p l i e d  
s t r e s s  is c h a n g e d  e l i m i n a t e s  t h e  d a t a  s c a t t e r  
c a u s e d  b y  r e p o s i t i o n i n g .  A  t y p i c a l  c u r v e  o b t a i n e d  
u s i n g  this m e t h o d  is s h o w n  in f i g u r e  11. S c a t t e r  
o f  t h e s e  d a t a  p o i n t s  is v e r y  small.

To f u r t h e r  i n v e s t i g a t e  t h e  p r o b l e m  o f  d a t a  
s c a t t e r i n g  a s s o c i a t e d  w i t h  p o s i t i o n i n g  o f  the 
B a r k h a u s e n  d e t e c t i o n  p r o b e ,  a set o f  d a t a  was 
t a k e n  w i t h  the t est s p e c i m e n  u n r e s t r a i n e d .  B a r k 
h a u s e n  d a t a  w e r e  t a k e n  at s i x  l o c a t i o n s  a r o u n d  
t h e  s p e c i m e n  a n d  t his p a t t e r n  w a s  r e p e a t e d  at 
f o u r  p o s i t i o n s  a l o n g  the s p e cimen. T h i s  d a t a  p a t 
t e r n  was r e p e a t e d  t h r e e  t i m e s  so t h a t  t h r e e  i n d i 
v i d u a l  r e a d i n g s  w e r e  t a k e n  at e ach c o m b i n a t i o n  o f  
p o s i t i o n  and location. Again, t h e s e  d a t a  s h o w e d  
t h a t  the s p r e a d  c a u s e d  b y  r e l o c a t i o n  o f  t h e  p r o b e

w a s  s u b s t a n t i a l . In a n  e f f o r t  to r e d u c e  t his 
s c a t t e r  p r o b l e m ,  a p r o b e  w i t h  a p p r o x i m a t e l y  t w i c e  
t h e  p i c k u p  a r e a  w a s  f a b r i c a t e d  a n d  i n s t a l l e d  in 
t h e  B a r k h a u s e n  h a n d - h e l d  unit. T h e  e x p e r i m e n t  
w a s  r e p e a t e d  w i t h  the o p e r a t o r  c a r e f u l l y  r e p o s i 
t i o n i n g  f o r  e a c h  m e a s u r e m e n t .  T h i s  e x p e r i m e n t  
s h o w e d  that t h e  d a t a  s c a t t e r  h a d  b e e n  r e d u c e d  
s o m e w h a t  b y  t h e  u s e  o f  a l a r g e r  p i c k u p  coil, but 
t h a t  it r e m a i n e d  s i g n i f i c a n t .

F i n a l l y ,  the e x p e r i m e n t  w a s  r e p e a t e d  u s i n g  a 
s i m p l e  p o s i t i o n i n g  f i x t u r e  to a l l o w  t h e  o p e r a t o r  
to r e p o s i t i o n  m o r e  p r e c i s e l y  at e a c h  location. 
A p p r o x i m a t e l y  160 m e a s u r e m e n t s  w e r e  o b t ained. 
T y p i c a l  r e s u l t s  d e m o n s t r a t i n g  r e p r o d u c i b i l i t y  are 
s h o w n  i n  t a b l e  1 (page 72). T h e s e  d a t a  s h o w e d  
e x c e l l e n t  r e p e a t a b i l i t y  f r o m  m e a s u r e m e n t  to 
m e a s u r e m e n t .  Thus, it w a s  c o n c l u d e d  that r e p o s i 
t i o n i n g  o f  t h e  p r o b e  to p r e c i s e l y  the s a m e  l o c a 
t i o n  is i m p o r t a n t  to m i n i m i z e  d a t a  s c a t t e r  c a u s e d  
b y  local v a r i a t i o n s  at the s u r f a c e  o f  the rail.

L o a d  e x p e r i m e n t s  w e r e  c o n d u c t e d  w i t h  t h e  s p e c i 
m e n  in t h e  B a l d w i n  m a c h i n e  u s i n g  t h e  l a r g e r  p i c k u p  
coil. D a t a  w e r e  o b t a i n e d  f r o m  s e v e r a l  l o c a t i o n s  
a r o u n d  t h e  r a i l  f o r  t w o  d i f f e r e n t  p o s i t i o n s  d o w n
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F I G U R E  9. B A R K H A U S E N  S I G N A L  A M P L I T U D E  V E R S U S  
T E M P E R A T U R E  F O R  U N R E S T R A I N E D  R A I L  S P E C I M E N
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FIGURE 10. BARKHAUSEN SIGNAL AMPLITUDE VERSUS
TEMPERATURE/STRESS FOR RESTRAINED RAIL SPECIMEN
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F I G U R E  11. B A R K H A U S E N  S I G N A L  V E R S U S  
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FIGURE 12. BARKHAUSEN SIGNAL AMPLITUDE VERSUS
APPLIED STRESS FOR SIX LOCATIONS AT POSITION 1
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F I G U R E  13. B A R K H A U S E N  S I G N A L  A M P L I T U D E  V E R S U S  
A P P L I E D  S T R E S S  F O R  S I X  L O C A T I O N S  A T  P O S I T I O N  2

BARKHAUSEN SIGNAL AMPLITUDE UERSUS STRESS RAIL SPECIMEN 1 
1 H2 1 Anp P-P 3 s 3 s7 S Data taken uith SURI unit .coil .20 by .10 
Attenuator Setting - 9
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FIGURE 14. BARKHAUSEN SIGNAL AMPLITUDE VERSUS
APPLIED STRESS FOR THREE LOCATIONS AT TWO POSITIONS
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t h e  l e n g t h  o f  the rail. R e s u l t s  a r e  s h o w n  in 
f i g u r e s  12, 13, and 14. The B a r k h a u s e n  r e s p o n s e  
to a p p l i e d  str e s s  as s h o w n  in t h e s e  f i g u r e s  i n d i 
c a t e s  a r e l a t i v e l y  g o o d  r e s p o n s e  to i n c r e a s i n g  
c o m p r e s s i v e  stress in all the l o c a t i o n s  e x c e p t  
o n  t h e  r ail head. At t his point, l i t t l e  c h a n g e  
is i n d i c a t e d  in the B a r k h a u s e n  sign a l  w i t h  
i n c r e a s i n g  c o m p r e s s i v e  stress. T h i s  e f f e c t  is 
p r o b a b l y  c a u s e d  b y  the fact t hat t his a r e a  is in 
a s t a t e  o f  v e r y  high r e s i d u a l  c o m p r e s s i v e  str e s s  
c a u s e d  b y  wheel cold w o r k i n g  on the s u rface; 
a c c o r d i n g l y ,  the m a t e r i a l  is in a s t r e s s  c o n d i 
t i o n  w h e r e  the B a r k h a u s e n  n o i s e  d oes n o t  c h a n g e  
as t h e  c o m p r e s s i v e  stress increases.

T A B L E  1

R E P R O D U C I B I L I T Y  D A T A

T r i a l
1 2

P o s i t i o n

3 4 5

T r i a l #1 850 1 , 0 0 0 938 940 1 , 016

T r i a l #2 838 1 , 0 0 0 934 936 986

A n  ove r a l l  a p p r a i s a l  i n d i c a t e s  t h a t  t h e  b est 
a n d  m o s t  c o n s i s t e n t  B a r k h a u s e n  i n d i c a t i o n s  o f  
a p p l i e d  stress are o b t a i n e d  f r o m  the w e b  a n d  
f l a n g e  reg i o n s  o f  the rail.

C o n c l u s i o n s

T h e  c o n c l u s i o n s  d r a w n  f rom the a b o v e - d e s c r i b e d  
w o r k  a r e  as follows:

a. The B a r k h a u s e n  m e t h o d  o f f e r s  e x c e l l e n t  
p o t e n t i a l  for r a p i d  n o n d e s t r u c t i v e  m e a s u r e m e n t  o f  
t h e r m a l l y  i n d u c e d  str e s s e s  in c o n t i n u o u s l y  w e l d e d  
r a i l .

b. B a r k h a u s e n  r e a d i n g s  v a r y  f r o m  p o i n t  to 
p o i n t  on the rail.

c. O n l y  n o m i n a l  c l e a n i n g  o f  t h e  r a i l  to 
r e m o v e  g r e a s e  a n d  sand is required.

d. R e p r o d u c i b l e  i n d i c a t i o n s  w ill r e q u i r e  
c a r e f u l  r e p o s i t i o n i n g  o f  the B a r k h a u s e n  pro b e .

e. T e m p e r a t u r e  o f  the s p e c i m e n  a l o n e  h a s  
o n l y  a s l i g h t  effe c t  on the B a r k h a u s e n  i n d i c a t i o n s .

R e c o m m e n d a t i o n s

T h e  a u t h o r ' s  r e c o m m e n d a t i o n s  are:

a. A  fie l d  i n v e s t i g a t i o n  s h o u l d  b e  c o n 
d u c t e d  to ass e s s  t h e  e f f e c t i v e n e s s  o f  t h e  B a r k 
h a u s e n  m e t h o d  for m e a s u r i n g  st r e s s e s  on i n - t r a c k  
r a i l s  at several sites.

b. The sites s h o u l d  be s e l e c t e d  o n  the 
b a s i s  o f  m a x i m u m  t e m p e r a t u r e  c h a n g e  w i t h i n  a 
6- m o n t h  period.

c. B a r k h a u s e n  m e a s u r e m e n t s  s h o u l d  be 
m a d e  at sev e r a l  l o c a t i o n s  a r o u n d  the c r o s s  s e c t i o n

a n d  at sev e r a l  l o c a t i o n s  a l o n g  rails. T h e  w e b  
m a y  be the b e s t  l o c a t i o n  f o r  m e a s u r e m e n t s  b e c a u s e  
this r e g i o n  is p r o t e c t e d  s o m e w h a t  m o r e  t h a n  o t h e r  
l o c a t i o n s  a n d  is r e l a t i v e l y  flat.

d. P r o b e s  s h o u l d  b e  m o d i f i e d  to i n c l u d e  
a  l a r g e r  s e n s o r  (to a v e r a g e  local v a r i a t i o n s )  and 
a  f i x t u r e  s h o u l d  b e  u s e d  f o r  p r e c i s e  r e l o c a t i o n  
f r o m  t ime to time.

e. T h e  h y d r a u l i c  r ail s t r e t c h e r  s h o u l d  
be u s e d  to o b t a i n  c a l i b r a t i o n  d a t a  at rail m e a s 
u r e m e n t  locati o n s .

A c k n o w l e d g m e n t  s

T h e  f i n a n c i a l  s u p p o r t  o f  the S o u t h e r n  P a c i f i c  
T r a n s p o r t a t i o n  C o m p a n y  f o r  p a r t  o f  the w o r k  s u m 
m a r i z e d  in t h i s  r e p o r t  is g r a t e f u l l y  a c k n o w l e d g e d .  
T h e  m o s t  r e c e n t  w o r k  w a s  u n d e r  the d i r e c t i o n  o f  
IV. D. Perry; h e  w a s  a s s i s t e d  b y  F. A. Balter,
T. C. Doss, a n d  D. H. H e i h n ,  all o f  S o u t h w e s t  
R e s e a r c h  Instit u t e ,  San A n t o n i o ,  Texas.

" The A p p l i c a t i o n  o f  a N o n d e s t r u c t i v e  
E v a l u a t i o n  T e c h n i q u e  U t i l i z i n g  t h e  P h e n o m e n o n  o f  
Int e r n a l  F r i c t i o n  f o r  D e t e c t i n g  t h e  I n c i p i e n t  

F a i l u r e  o f  R a i l r o a d  R a i l s  C a u s e d  b y  R e s i d u a l  S t r e s s "

L. L. Y e a g e r
D a e d a l e a n  A s s o c i a t e s ,  Inc.

B e f o r e  w e  g e t  into the a c t u a l  a p p l i c a t i o n  o f  
r e s i d u a l  stress, I w i l l  go t h r o u g h  a litt l e  bit 
o f  the b a c k g r o u n d  o n  the i n t e r n a l  friction.

F i g u r e  1 s u m m a r i z e s  t h e  b a s i c s  o f  the 
int e r n a l  d a m p i n g  t e c h n i q u e .

F I G U R E  1. I N T E R N A L  D A M P I N G  T E C H N I Q U E
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F I G U R E  2. R E P R E S E N T A T I V E  D A M P I N G  D E C A Y  C U R V E S  I N D I C A T I N G  
C H A N G E S  IN I N T E R N A L  F R I C T I O N  F O R  I N C I P I E N T  C R A C K  D E T E C T I O N

In f i g u r e  2 a r e  s h o w n  t w o  typ i c a l  d e c a y  
c u r v e s  t a k e n  f r o m  the c a t h o d e - r a y  t u b e  (CRT) 
o f  an o s c i l l o s c o p e .  T h e  l e f t - h a n d  p i c t u r e  shows 
a t y p i c a l  t r a c e  b e f o r e  a c r a c k  i nitiation. The 
r i g h t - h a n d  p i c t u r e  s h o w s  a t y p i c a l  t r a c e  a f ter 
c r ack initia t i o n .

T h e  a c t u a l  m e a s u r e m e n t s  t h a t  h a v e  b e e n  t a k e n  
o n  t h e s e  p i c t u r e s  a r e  t h e  f u n d a m e n t a l  m e a s u r e 
m e n t s  u s e d  to d e t e r m i n e  t h e  i n t e r n a l  friction, 
o r  spe c i f i c ,  d a m p i n g  c a p a c i t y  n u m b e r  (to be 
e x p l a i n e d  l a t e r ) , w h i c h  is u s e d  in d e t e r m i n i n g  
r e s i d u a l  stre s s  in m a t e r i a l s .  In t his figure, 
it is i m p o r t a n t  to n o t e  h e r e  the c h a n g e  b e t w e e n  
the two pi c t u r e s .

The s p e c i f i c  d a m p i n g  c a p a c i t y  m e a s u r e m e n t  
is t a k e n  f r o m  an i n p u t  s i n u s o i d a l  input to a 
specimen. In f i g u r e  3, w e  s e e  a log d e c r e m e n t  
d e c a y  c u r v e  -- t y p i c a l  m e a s u r e m e n t s  that are 
m a d e  a n d  i n c l u d e  an a m p l i t u d e  m e a s u r e m e n t ,  Ag, 
t a k e n  at t h e  i n i t i a t i o n .  S o m e  a m p l itude, A N , 
w o u l d  b e  t a k e n  a n u m b e r  o f  d e c a y  c y c l e s  d own 
the d e c a y  curve. T h e  r e s t  o f  t h e  m a t h e m a t i c s  
i n v o l v e d  A W  d i v i d e d  b y  W, w h i c h  w e  are c a l l i n g  
s p e c i f i c  d a m p i n g  c a p a c i t y  a n d  w o u l d  b e  equal 

- 2ato 1 - e . T h e  log d e c r e m e n t ,  a, w o u l d  be 
d e f i n e d  as follows:

1 i r 0,
“ = N  ln 'N

SPECIFIC DAMPING CAPACITY

i 1 , aW/W ) = H r 2 ” .■ ■

jwHERE:

!
W =  TOTAL ENERGY OF THE CYCLE 

■jW - ENERGY DISSIPATED IN ONE CYCLE 

, N -  NUMBER OF CYCLES 

, A 0  ■= AM PLITUDE OF REFERENCE CYCLE 

A -, '. n 'H T U U f  01- r .T ‘ : CYOLL

F I G U R E  3. C A L C U L A T I O N  OF S P E C I F I C
A W

D A M P I N G  C A P A C I T Y  f=f) tv
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WHERE:
* W

W

a W
• Mt.

=  •( LCjg K b

= ESTIMATED SPECIFIC DAMPING 
CAPACITY

LCN = NUMBER OF LOAD CYCLES
alb = CONSTANTS OBTAINED FROM 

DATA
THE STANDARD ERROR OF ESTIMATE FOR 
AND LCN; "

U 5 N

WHERE1 S( LCn ) = STANDARD ERROR OF 
w ESTIMATE

= MEASURED SPECIFIC 
r l "  DAMPING CAPACITY 

= ESTIMATED SPECIFIC 
L "Jatt. DAMPING CAPACITY 

THE CONFIDENCE LIMITS ARE DEFINED AS:

[SL t 3 s< T r -LCN )

WHDS: 3S(^*LC u ) = 99.7% OF ALL MEASURED
w SPECIFIC DAMPING CAPACITY

VALUES

F I G U R E  4. C O N F I D E N C E  LIM I T S  F O R  N D E  D A T A

O t h e r  c a l c u l a t i o n s  a r e  u s e d  f o r  d e t e r m i n i n g  
t h e  c o n f i d e n c e  limi t s  t a k e n  o n  t h e  s p e c i f i c  
d a m p i n g  c a p a c i t y  m e a s u r e m e n t s  a n d  a r e  s h o w n  in 
f i g u r e  4. S ome o f  t h e  p a r a m e t e r s  o f  the test

A1Vt h a t  a r e  u s e d  are an e s t i m a t e d  v a l u e ,  and 

c o n f i d e n c e  limi t s  a b o u t  t h a t  e s t i m a t e d  value.

T h e  in t e r n a l  f r i c t i o n  d a m p i n g  m e t h o d  u t i l i z e s  
an e x p e r i m e n t a l l y  d e t e r m i n e d  p u l s e  a n d  a f r e 
q u e n c y  to a p p l y  to a p a r t i c u l a r  s p e c i m e n .  At 
this poi n t ,  the s p e c i m e n  is i n s i g n i f i c a n t .

T h e  p r o d u c t i o n  o f  t h e  s h o r t  p u l s e  is t h e n  
m a d e  on t h e  s p e c i m e n  at t h e  c h a r a c t e r i s t i c  
f r e q u e n c y .  T h e  d i f f e r e n t  i n s t r u m e n t s  t h a t  are 
u s e d  in b o t h  i n p u t t i n g  a n d  o u t p u t t i n g  t h i s  
p a r t i c u l a r  p u l s e  w i l l  b e  e x p l a i n e d  later.
T h e n  w e  m e a s u r e  t h e  o u t p u t  p u l s e ,  m e a s u r e  the 
a t t e n u a t i o n  o f  t h a t  p u l s e  at s o m e  l o c a t i o n  a l o n g  
t h e  s p e cimen, a n d  u s e  t h a t  a t t e n u a t i o n  t o  d e t e r 
m i n e  d i f f e r e n t  t y p e s  o f  f a i l u r e s ;  t h e  f a i l u r e  m a y  
b e  s ome sort o f  e n v i r o n m e n t a l l y  a s s i s t e d  f a i l u r e  
o r  s o m e  f o r m  o f  m e c h a n i c a l  f a ilure.

T h e  a s s o c i a t e d  e q u i p m e n t  s h o w n  s c h e m a t i c a l l y  
in f i g u r e  5 includes, in t h e  u p p e r  l e f t - h a n d  corner, 
a b e a t  f r e q u e n c y  o s c i l l a t o r ,  that, in turn, is a t t a c h e d  
to the f r e q u e n c y  c o u n t e r  a n d  s o m e  s o r t  o f  a 
g a t i n g  s y s t e m  to g a t e  a s i g n a l  i n t o  a specimen.
In t h i s  p a r t i c u l a r  case, t h e r e  a r e  a p e r m a n e n t

V.-J/
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F I G U R E  6 . D I G I T A L  P R O C E S S O R  A N D  I/O F O R  A U T O M A T I N G  I F D - N D E  D A T A  A C Q U I S I T I O N  A N D  A N A L Y S I S

m a g n e t  e x c i t e r  a t t a c h e d  t o  t h e  t e s t  specimen, 
an a c c e l e r o m e t e r  (in this p a r t i c u l a r  case, a 
p i e z o e l e c t r i c  a c c e l e r o m e t e r )  a t t a c h e d  to the 
t est specimen, a n d  a f r e q u e n c y  a n a l y z e r  t hat 
is u t i l i z e d  f o r  p i c k i n g  u p  t h e  sig n a l  o u t p u t  
f r o m  t h e  specimen, a m p l i f y i n g  t h e  signal, and 
also f o r  f i l t e r i n g  out s u c h  u n w a n t e d  t r a n s i e n t s  
as noise.

A  dig i t a l  p r o c e s s o r  a l s o  is i n c l u d e d  (see 
f i g u r e  6 ), and this w o u l d  i n t e r f a c e  w i t h  the 
s y s t e m  in a w a y  o f  m a k i n g  t h e  e n t i r e  s y s t e m  
c o m p l e t e  and automatic. T w o  o t h e r  f u n c t i o n a l  
p i e c e s  (shown in f i g u r e  5) a r e  a s t o r a g e  o s c i l 
l o s c o p e  and a  level r e c o r d e r  f o r  u s e  in out- 
p u t t i n g  s o m e  f orm o f  h a r d  c o p y  output.

N o t e  t h e  log d e c r e m e n t a l  d e c a y  on t h e  s t o r 
age o s c i l l o s c o p e  s c r e e n  ( f i g u r e  7); t h e  m e a s 
u r e m e n t  s h o w n  w o u l d  b e  r e p r o d u c e d  f o r  a n a l y s i s  
at a l a t e r  time. A n  additional- m e t h o d  o f  out- 
p u t t i n g  t h e  d a t a  is s h o w n  in f i g u r e  8 .

T h e  dig i t a l  p r o c e s s o r  ( f i g u r e  6) enables y o u  
to p e r f o r m  a r e a l - t i m e  a n a l y s i s  o f  y o u r  out p u t  
sig n a l  u s i n g  s o m e  f ast f o u r i e r  t r a n s f o r m s  f o r . 
d e t e r m i n i n g  t h e  s p e c i f i c  d a m p i n g  c a p a c i t y  o f  y o u r  
m a t e r i a l . This is a l a b o r a t o r y  e q u i p m e n t  set and 
n o t  n e c e s s a r i l y  s o m e t h i n g  t h a t  w o u l d  b e  t a k e n  to 
the field.

F i g u r e  9 is a g e n e r a l  v i e w  o f  t h e  IFD - N D E  
h a r dware. I

I w i l l  n o w  c o v e r  a f e w  o f  t h e  d i f f e r e n t  
p r o g r a m s  that w e  h a v e  g o n e  t h r o u g h  in d e v e l o p 

ing this i n t e r n a l  f r i c t i o n  t e c h n i q u e  f o r  a p p l y i n g  
it to a  n u m b e r  o f  d i f f e r e n t  f a i l u r e  m e c h a n i s m s .

In f i g u r e  10, w e  are s h o w i n g  d a t a  f r o m  a 
b a r  s p e c i m e n  t h a t  w a s  f a i l e d  in flexure. The 
s p e c i m e n  w a s  n o t c h e d .  T h e  s p e c i f i c  d a m p i n g  
c a p a c i t y  d a t a  a r e  s h o w n . e x c e e d i n g  the u p p e r  
c o n f i d e n c e  limit, i n d i c a t e d  b y  the d a r k e n e d  
h o r i z o n t a l  band. A t  this p o i n t  in t h e  test, • 
the s p e c i f i c  d a m p i n g  c a p a c i t y  n u m b e r  e x c e e d e d ! 
the c o n f i d e n c e  limit, t hus i n d i c a t i n g  an 
i n c i p e n t  failure.

To d e f i n e  s o m e  o f  the p a r a m e t e r s  t h a t  we 
h a d  for t h i s  p a r t i c u l a r  test, w e  see in f i g 
ure 1 1 t h e  c r o s s  s e c t i o n  o f  the. b a r  specimen.
W e  see t h e  c r a c k  g r o w i n g  f r o m  the r o o t  o f  a 
n o t c h  a n d  w e  see the c h a n g e  in t h e  s p e c i f i c  
d a m p i n g  c a p a c i t y  as a f u n c t i o n  o f  t h e  c r a c k  
g r o w t h  f o r  t h i s  p a r t i c u l a r  b a r  specimen.

N o t e  t h a t  t h e  c h a n g e  o f  the s p e c i f i c  d a m p 
ing c a p a c i t y  is r e c o r d e d  as a p p r o x i m a t e l y  4, 
and n e a r  t h e  e a r l i e r  stag e s  o f  the t e s t  w h e r e  
w e  h a d  a 1 ,0 0 0 th o f  a n  i nch crack, it h a d  
i n c r e a s e d  to s o m e w h e r e  a r o u n d  4.5 to 5. T h e n  
the s p e c i f i c  d a m p i n g  c a p a c i t y  n u m b e r  was 
i n c r e a s i n g  f r o m  t h a t  p o i n t  t h r o u g h o u t  the 
g r o w t h  o f  the c r a c k  in t h e  specimen.

S ome o f  t h e  o t h e r  a p p l i c a t i o n s  i n c l u d e d  
in i n t e r n a l  f r i c t i o n  d a m p i n g  (IFD) b a c k g r o u n d  
w o u l d  b e  a s c a l e  m o d e l  o f f s h o r e  struct u r e .  As 
s h o w n  in f i g u r e s  12 a n d  13, w e  see the d i g i t a l  p r o c e s s i n g

7 5



FIGURE 9. IFD-NDE HARDWARE
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FIGURE 10. TYPICAL IFD-NDE DATA AND OSCILLOSCOPE 
OUTPUT ILLUSTRATING ORDER OF MAGNITUDE CHANGES EXPECTED

FIGURE 11. SPECIFIC DAMPING CAPACITY (-̂ ) VERSUS CRACK LENGTH (INCHES) FOR 
1-INCH SQUARE x 12-INCH LENGTH BAR SPECIMEN FATIGUED IN THREE-POINT FLEXURE

7 7



FIGURE 13: ILLUSTRATION OF DIGITAL PROCESSOR
AS APPLIED TO OFFSHORE TOWER MODEL

FIGURE 14. INPUT MINISHAKER
equipment applied to this structure. The 
input device (the actual vibration of this 
specimen was achieved through a permanent 
magnet vibrator) is shown in figure 14.

The particular frequency of test is deter
mined from the particular mode of resonance we 
would care to look at and use for the pre
diction of failure.

The piezoelectric accelerometer (figure 15), 
here attached with a permanent magnet, is just 
stuck on the side of the tower. No particular 
preparation was made for applying the accel
erometer to the tower. The accelerometer is 
used in accepting data from the tower and 
putting the data into the frequency analyzer 
(possibly a frequency spectrum analyzer) and/or 
the digital equipment for analysis.

The output data again being brought out of 
the tower would be fed into the digital proces
sor to be analyzed. The frequency, the signal 
strength coming out, and the attenuation of 
the signal coming out would be analyzed and a 
determination of the type of failure would 
be made.

The frequency domain was analyzed for the 
purpose of determining frequencies of responses 
at particular frequencies that would determine 
whether a bar was failing because of an environ
mentally assisted failure mechanism or because

7 8



FIGURE 15. MAGNETICALLY ATTACHED OUTPUT ACCELEROMETER

FIGURE 16. ELECTROMECHANICAL FATIGUE APPARATUS
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FIGURE 17. OUTPUT FROM FAST FOURIER TRANSFORM 
PROGRAM SHOWING AMPLITUDE OF THE RESPONSE AS A 

FUNCTION OF THE FREQUENCY SPECTRUM
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FIGURE 18. TYPICAL OUTPUT VALUES OF THE SPECIFIC 
DAMPING CAPACITY LISTED FOR A MEMBER AND A JOINT OF

THE SCALE MODEL OFFSHORE PLATFORM FOR THE 
VARIOUS NUMBER OF CYCLIC LOAD CYCLES

of a stress corrosion, cracking corrosion, 
fatigue, or other failure mechanism (such as 
just pure torsional fatigue or pure flexural 
fatigue). The fatigue apparatus is illustrated 
in figure 16. It is intended to simulate the 
actual failure mechanism experienced by the 
offshore tower during its load cycle history.

The frequency domain is searched for 
responses, with typical specimens giving dif
ferent responses at different frequencies.
This becomes evident in figure 17.

Notice in figure 18 the lower two sets of 
data wherein we have taken data at two different

FIGURE 19. IFD DATA FOR TOWER 
frequencies -- 2,200 hertz and 2,500 hertz. The 
specific damping capacity remains relatively 
constant at both of these frequencies. However, 
as the member fails, as shown on the far right,- 
the change at 2,500 cycles is one-half of the 
change thatwe see at 2,200 cycles. Again, the 
particular type of failure mechanism would have 
differing impacts, dependent on the frequency 
of measurements.

Figure 19 shows the difference in the out
put oscilloscope pictures taken at that point 
in the failure of the tower, the lower picture 
showing the specific damping capacity at about 
64 x 10_1* and the upper picture showing it at 
about 15 x 10_I*. Now, this fourfold increase 
was actually generated before a 1,000th of an 
inch crack was picked up on the particular 
member that we were failing in this structure.

The offshore structure had numerous input 
and output locations. The data that we gen
erated were for eight input locations with 
eight output locations.

We are doing some work in the area of deter
mining differing types of failure in drillstring 
pipe for Dr. Reeber of the U.S. Department of 
Energy. This work involves our applying the 
internal friction technique to drillstring pipe. 
These pipes are approximately 32 feet long, with 
ah outside diameter of 4% inches and tool-joint 
ends that are approximately 6% inches in diameter. 
The tube of the pipe and the tool-joint ends are 
of differing strength materials. The tool-joint 
ends have been hardened. The field application 
has to withstand differing environmental condi
tions. We found the technique to be very sensi
tive even in extremes of hot, cold, and bad 
weather, etc. In this case, the input frequency 
is achieved through the discrete contact of the 
drillstring' pipe with a permanent magnet vibrator, 
and the output is picked up through, again, the 
piezoelectric accelerometer attached with a per
manent magnet (see figure 20). The pipes are 
vibrated approximately 500 cycles per second.
In figure 21, an actual field pickup is being 
placed on the pipe.
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FIGURE 20. LABORATORY OUTPUT DEVICE FOR DRILLSTRING PIPE PROGRAM
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4 GRADE E

FIGURE 22. An/Aq VERSUS NUMBER OF DECAY CYCLES 
SHOWING CONFIDENCE LIMITS FOR NEW PIPES

FIGURE 23. An/Aq VERSUS NUMBER OF DECAY CYCLES 
SHOWING CONFIDENCE LIMITS FOR USED PIPES 

(5,000 FEET OF USE)

NUMBER OF DECRY CYCLES IN THOUSANDS

FIGURE 24. An/Aq VERSUS NUMBER OF DECAY CYCLES 
SHOWING CONFIDENCE LIMITS FOR USED PIPES 

(30,000 FEET OF USE)
Differing types of failure mechanisms are 

found in these particular pipes; some of them 
are environmental and some of them are purely 
mechanical.

Hydrogen sulfide is an environmental hazard that 
the drilling industry comes up against in drilling 
through H2S gas. It tends to embrittle the pipe, caus 
ing a brittle fracture in the pipe.

The internal friction technique is sensitive 
to this environmental parameter. The actual 
embrittlement of the pipe is picked up in a 
gross form throughout the length of the pipe, 
with the internal friction technique showing a 
very marked change in the response of the pipe.

In figures 22 through 25, we see the data 
that were generated. The important thing to 
note here would be the different types of 
failure mechanisms that have been measured 
and the different responses to these differ
ing failure mechanisms.

In figure 22, we show data for a new pipe.
The slope of this line is the important thing 
to be looking for. In figure 23, we see for 
a slightly used pipe (in the terms of use out 
in the oil field, this pipe had very little 
usage) a very marked change in the slope of

AWthe value. We see again the confidenceWlimits about this data. Figure 24 shows 
comparable data for other used pipe.
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FIGURE 25. FEET OF USE VERSUS AVERAGE SPECIFIC DAMPING CAPACITY FOR ALL GROUPS MEASURED

The internal friction technique showing 
a response to these different failure mech
anisms is plotted out on a form that shows 
different failure mechanisms together in the 
same specific damping capacity plots (fig
ure 25) .

All pipes start out at approximately the 
same point, these points being average values.

The internal friction damping of these pipes, 
changes significantly for different failure 
mechanisms. The particular failure mechanism 
of hydrogen sulfide in figure 25 is shown as 
the most severe.

Illustrated in figure 25 is the failure 
mechanism versus some length of use of the pipe 
and in taking a measurement, what we are show
ing here is that one does not necessarily have 
to have a baseline. One does not necessarily 
have to have the complete history of a pipe to 
go out and pick up a particular failure 
mechanism.

The internal friction damping technique is 
more of a comparative type of technique wherein 
we are looking at different points in time and

we are assessing the specimen for different 
points in time and the specific damping capac
ity number would not necessarily have to have 
been followed through from the inception of 
use of the specimen.

What is evident above is a case of fail
ure of the drillstring pipe. One could go out, 
take a measurement on that particular pipe, 
come back at a later point in time (so many 
more feet of use), take another measurement 
on that particular pipe, and then assess the 
location of that pipe in the history of its 
use; whether or not it is at 20,000 feet,
30,000 feet, or 50,000 feet would then become 
basically insignificant. But you would tell 
how fast you were approaching failure with 
that particular pipe.

Again, we have some combined failure modes. 
It would not necessarily have to be purely, say, 
a torsional fatigue or a bending fatigue or a 
hydrogen sulfide pipe.

One of the important things here that we 
picked up is that a complete history or a com
plete background history of the pipe is 
important -- but not completely necessary.
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FIGURE 26. CHANGES IN SPECIFIC DAMPING CAPACITY AS A FUNCTION OF LOADING CYCLES OF 
INCREASING APPLIED LOADS FOR A WELDED SPECIMEN IN THREE-POINT LOADING
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FIGURE 27. CHANGES IN SPECIFIC DAMPING CAPACITY AS A FUNCTION OF LOADING CYCLES 
FOR A WELDED SPECIMEN IN THREE-POINT FATIGUE LOADING AND 114,750 PSI MAXIMUM STRESS
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FIGURE 28. CHANGES IN SPECIFIC DAMPING CAPACITY AS A FUNCTION OF LOADING CYCLES FOR A 
WELDING SPECIMEN IN THREE-POINT FATIGUE LOADING AND 195,750 PSI MAXIMUM STRESS

FIGURE 29. APPLICATION OF IFD TECHNIQUE FOR 
MEASURING RESIDUAL STRESS IN STEEL RAIL
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The bulk of the information that I am trying 
to convey is the measurements of residual stress.
In figure 26, we see a basic curve developed for 
differing stress levels and we see specific damp
ing capacity measurements on the left-hand side 
for differing numbers of cycles applied. We are 
showing the residual stress phenomenon here for 
1-inch-square bar specimens. We see a specific 
damping capacity number generated for an indi
vidual bar specimen. In figure 27, we see 
the number developed as approximately 6.
In going back to the master curve that we 
developed, we follow 6 across and we see the 
number of applied load to be approximately
8.500 pounds.

Then in going back to our measured bar, we 
find that the actual applied load was, indeed,
8.500 pounds. This would indicate that the 
specific damping capacity or internal friction 
damping number may be used to determine the 
residual stress in materials.

We again applied this at a higher load. In 
figure 28, we came up with the number 15. With 
that number, when applied back to the actual 
master curve, we find a variation of a few per
centage points away from the actual data taken.

This application of the residual stress to 
the specimens provides the incentive for using 
this particular technique as a measure of 
residual stress in steel rail specimens, as 
illustrated in figure 29.

"The Effect of Axial Load on the
Flexural Dynamic Response of a Rail"*
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Introduction
The axial force in continuously welded track 

that develops as a result of temperature changes 
can have a considerable effect on track safety.
High compressive forces can increase track 
deflections due to moving vehicle loads and 
ultimately cause track buckling. Consequently, 
there is considerable interest within the rail 
industry in developing a simple instrument for 
rapidly and nondestructively evaluating the 
axial stress in track.

Among the techniques that have been con
sidered for performing such are ultrasonics 
(measuring the effect of axial load on shear 
and dilatational wave speeds), X-ray diffraction, 
and resonant frequency/phase velocity measurements.

It is the last-named technique that is con
sidered in this paper. A transversely vibrating 
beam decreases in resonant frequency with increas
ing axial force. By measuring the resonant fre
quency of a beam and comparing it to a reference

*Presentation at conference delivered by 
Ken Maser.

value, one can determine the axial force in the 
beam. The same is true for any structure where 
an in-plane load is coupled with a transverse 
deflection. In fact, the resonant frequency 
method is a standard nondestructive technique 
for determining buckling loads in structural 
components.

Railroad track can vibrate in a number of 
transverse modes. From a rail/vehicle dynamics 
point of view, the mode of interest is the rail 
vibrating as a continuous beam on an elastic 
foundation. Here, the fundamental resonant fre
quencies are low (< 100 hertz). They depend 
strongly on the properties of the fastener, tie, 
ballast, and subgrade, and the fundamental mode 
does not involve flexure of the track. This 
mode, therefore, is not useful for an axial 
stress measurement.

The higher the mode, the less sensitive are 
the resonant frequencies to the properties of 
the fastener, tie, ballast, and subgrade. Thus, 
the higher frequency range (500-20,000 hertz) 
may be useful for axial stress evaluation. In 
this range, however, the wavelengths are still 
long enough to make the method less sensitive 
to small flaws or changes in metal grain 
structure than either ultrasonic waves or X-ray 
diffraction techniques.
Dynamic Behavior of a Finite Rail

As a first step towards determining the effect 
of axial load on the dynamic response of a rail, 
a program was carried out to evaluate the resonant 
frequencies of an unloaded 10-foot section of 130- 
pound rail, both experimentally and analytically. 
It should be noted that field measurements on 
in-situ rail will probably involve measuring the 
phase velocity of flexural waves rather than 
resonant frequencies, because continuously welded 
rail approximates an infinite rail that supports 
only traveling waves. However, resonances of a 
finite rail and the phase velocity of an infinite 
rail are intimately connected in that resonances 
are essentially standing waves made up of travel
ing waves reflecting back and forth between the 
ends of the rail. The particular traveling waves 
that reinforce each other to form the standing 
waves or resonances have wavelengths that are 
integral multiples of the rail length. It was 
feasible, therefore, to use a finite rail for 
the first phase of this program.

Theory. Previous work [1] has indicated that, 
for frequencies above 1,000 hertz, the effect of 
rail fasteners, ties, and ballast on the vibra
tion of a rail is very small. For this reason, 
our analysis and measurement program concentrated 
on the rail's dynamic behavior in the 1,000-
10,000 hertz range. Because wavelengths in this 
frequency range are not large compared with the 
rail's cross-sectional dimensions, Bernouilli- 
Euler beam theory is not accurate enough. A bet
ter approximation is Timoshenko beam theory, 
which includes the effects of shear and rotary 
inertia, although it is still a one-dimensional 
model for a three-dimensional elastic body.
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Consider a beam with area A; second moment of 
the cross-sectional area about the neutral axis, 
I; Young's tension modulus E; shear modulus G; 
and density p. The equations of motion for the 
Timoshenko theory [2] are

k = a numerical factor that depends on 
the beam's cross-sectional shape,

n = the transverse displacement, and

if = the rotation.

This set of equations leads to the following 
dispersion relation:

For an infinite beam, k = 2ir/X, the wave 
number. For a simply supported finite beam,

n i rk^ = -j— , where L is the beam length and n is

the mode number. These are the eigenvalues of 
the finite beam problem. Note that a plot of 
a) versus k from equation (2) for the infinite 
beam would result in continuous lines, while 
w versus kn for the finite beam would produce 
discrete points that lie on the same lines.
Because the dispersion relation is a quadratic 
in w2(k2), it has two distinct branches. The 
phase velocities corresponding to these two 
branches are shown plotted as a function of wave 
number in figure 1 and as a function of fre
quency in figure 2. Note that there is a cutoff 
frequency below which only mode 1 exists.

An exact analysis of flexural waves in beams 
using the full three-dimensional theory of 
elasticity has been found only for circular rods. 
The mathematics are too complex to allow an exact 
solution even for a uniform beam with a rectangu
lar cross section. It is worthwhile to examine 
the phase velocity plot for circular rods, shown 
in figure 3 [3], [4] because we expect the rail 
to show somewhat similar behavior. Shown for 
comparison are the same curves for Bernouilli- 
Euler theory and Timoshenko theory. Although 
Timoshenko theory accurately predicts the first 
propagation mode, it does not predict higher 
modes accurately; it only predicts one higher, 
mode when in fact there are an infinite number 
of which two are shown as solid lines in figure 3. 
Notice also that Timoshenko predicts that the 
higher modeapproaches the longitudinal wave 
velocity, /E/p, assymtotically, while exact 
theory predicts that the shear wave velocity,
/G/p, is the limit. Because of the frequency 
range in which our measurements on the finite rail 
were made, we expect to find the type of behavior 
shown in figure 3. It should also be noted that, 
because there are many propagation modes that 
combine at a given frequency or wave number, the 
displacement pattern can become very complex,

FIGURE 1. PHASE VELOCITIES OF SINUSOIDAL WAVES 
ON A TIMOSHENKO BEAM AS A FUNCTION OF WAVE NUMBER
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FIGURE 2. PHASE VELOCITIES OF SINUSOIDAL WAVES 
ON A TIMOSHENKO BEAM AS A FUNCTION OF FREQUENCY

involving translation, rotation, and distortion 
of the rail cross section. Such behavior was 
observed and is discussed below.

Measurements. Frequency response measurements 
were made on the test rail with the following 
obj ectives:

a. Determine what effect the length of 
the test rail has on resonant frequencies (free- 
free beam harmonics), and how to extrapolate test 
results on a finite rail to predict behavior for 
an "infinite" continuously welded rail.

b. Define other "internal modes" of 
vibration that may show changes in resonant fre
quency dependent on axial force.

The measurements were carried out on a 130- 
pounds-per-yard P.S. (Pennsylvania Section) rail,
10 feet in length. The rail was supported by 
3/16-inch-thick neoprene pads placed on a work 
bench at Foster-Miller's shop facility. A 
Wilcoxon model F7/Z7 shaker impedance head was 
used to excitd the rail and to make resonance 
and mode shape measurements. A Wavetek sweep 
frequency generator was used to drive the piezo
electric shaker. A Wilcoxon model 165 accelerom
eter was used to make the necessary mode shape 
measurements.

Figure 4 shows the setup used for resonant 
frequency measurements. The frequency range,
1-10 kilohertz, was swept very slowly (approx
imately 20 minutes for a complete sweep) with 
the shaker impedance head mounted at each of 
five locations at the center of the rail, as 
shown in figure 5.

Figures 6 and 7 show the responses for the 
head vertical and head horizontal points only.

The resonant frequency plots are more precisely 
dynamic compliance plots, in that the graphs show 
displacement divided by force as a function of

frequency. Peaks on the graphs indicate resonances 
where the structure vibrates with relatively large 
amplitude and small force. The amplitude of vibra
tion is measured, indirectly by double integration 
of the acceleration signal from the impedance head. 
The force is measured by a piezoelectric force 
transducer in the impedance head and is of the 
order 0.01 to 1 pound.

The next step in the laboratory tests was to 
determine mode shapes at the observed resonant 
frequencies.

The mode shape describes how the structure 
vibrates when driven at a resonant frequency.
It shows points of maximum displacement and points 
of no displacement (nodes). When a pure mode is 
excited, all points on the structure that are not

FIGURE 3. PHASE VELOCITY CURVES FOR FLEXURAL 
ELASTIC WAVES IN A SOLID CIRCULAR CYLINDER 
OF RADIUS a (from Y. C. Fung, Foundations 

of Solid Mechanics. Englewood Clifts, New Jersey: 
Prentice-Hall, Inc., 1965)
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D R IV E R
IM P E D A N C E

FIGURE 4. FREQUENCY RESPONSE MEASUREMENT SETUP
nodes are either in phase with the driving point 
or 180 degrees out of phase. Mode shapes were 
determined both longitudinally and around the 
cross section at the driving point.

Figure 8 shows the setup for making longitudi
nal mode shape measurements. The resonant fre
quency is found, and then the roving accelerom
eter is moved down the rail away from the driving 
point. The value of AR/Ap (Ar = acceleration of 
roving accelerometer, Ap = acceleration at the 
driving point) is plotted as a function of posi
tion of the roving accelerometer, and the phase 
relationship between AR and Ap is determined by 
monitoring the two on an oscilloscope. As the 
rail was excited at the center, we observed only 
the odd-numbered modes; the even modes of a free- 
free beam have a node at the center (see figure 
9). Typical reduced data for representative mode 
shapes with horizontal and vertical excitation 
are shown in figures 10 and 11.

Figure 12 shows the setup.for making cross- 
sectional mode shape measurements. Instead of 
AR/Ap being plotted directly, the two were tabu
lated for eight points around the cross section. 
Figure 13 shows how a mode shape is plotted from 
such a table. These shapes (shown in figure 14) 
can be described as follows:

a. Horizontal Excitation, Head and Web:
(1) Hi and H2 - Flexure and torsion 

of the rail combined with static deformation of 
the cross section.

(2) H3 - Head and foot act as 
independent beams coupled by the bending stiffness 
of the web.

(3) Wi - Bowing of the web.

b. Vertical Excitation, Head and Foot:
(1) Vi - Pure rail flexure
(2) V2 - Foot behaves as a plate 

driven at the center.
(3) V3 - Head and foot act as 

independent beams coupled by the vertical stiff
ness of the web.

(4) F 1 - Foot behaves as a long plate 
driven at one edge and built in at the, other.

1

130-lb RAIL SECTION

FIGURE 5. LOCATIONS FOR IMPEDANCE HEAD MOUNTING
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FIGURE 6. FREQUENCY RESPONSE OF TEST RAIL: 
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FIGURE 8. SETUP TO DETERMINE LONGITUDINAL DEPENDENCE OF 
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FIGURE 9. LONGITUDINAL MODE SHAPES OF A FREE-FREE BEAM
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FIGURE 10. LONGITUDINAL MODE SHAPES WITH VERTICAL EXCITATION

The results of the measurement program are 
summarized in tables 1 and 2. Figures 15 through 
17 are plots of phase velocity versus frequency 
for each of the four excitations. These plots all 
have a strong similarity to that shown in figure
2. In fact, for vertical excitation at the head 
of the rail, the cutoff frequency for mode 2 of 
Timoshenko theory may be calculated from figure 2
as m = aik„ or f = , assuming that

1 0  2n pi

k = 0.39 and f = 5198 hertz, which agrees with 
the measured cutoff frequency shown in figure 15.
Effect of Axial Load on Resonant Frequencies

Theory. According to the theory and the meas
urements presented above, higher order propagation

modes than those predicted by Timoshenko beam 
theory occur in rail sections excited in the 1-10 
kilohertz frequency range. Because the exact sol
ution is not obtainable for a beam with a cross 
section as complex as a rail's, another analytical 
approach must be found. The observed cross-section 
deformation and some analytical work performed by 
Goldstein [5] raised the possibility that the rail 
could be modeled as simpler beams vibrating on an 
internal elastic coupling. Some possibilities are:

a. The rail head vibrates horizontally 
or vertically on the web while the foot remains 
stationary (considered by Goldstein).

b. The head and the foot behave as 
Bernouilli-Euler beams vibrating on the elastic 
foundation of the web.
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(5)TYPE VIBRATION

It was hoped' that these relatively simple 
models would agree with the observed resonant 
behavior of the rail and provide an analytical 
framework for calculating the effect of axial 
load.

In order to model the rail head vibrating on 
the elastic foundation of the web with axial load, 
Goldstein [5] considered the compliance of a 
BernouiHi-Euler beam on an elastic foundation 
subjected to a compressive axial load. The 
governing equation is

El 3*W 3ZWaP" 32W
+ k W  + Pgjrj" - 0, (30

with the following boundary conditions at x = 0:

Here,
El 33W

3x3
1_2 Peioit and 3W

3x 0.
x = distance along rail axis,
E = the modulus of elasticity in lb/in2,
I = moment of inertia of the rail in in1*, 
P = axial load in rail (positive for 

compression),
k = foundation modulus in lb/in2,
W = displacement of rail,
P = load applied at x = 0, and 
a = radian frequency.

The most important result of this analysis is 
that there two resonant frequencies for this case:
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I---1

DUAL TRACE SCOPE

FIGURE 12. SETUP TO DETERMINE CROSS-SECTIONAL MODE SHAPE

where cô is the resonant frequency of the rail 
moving as a rigid body on the elastic foundation, 
and to2 is identified with the buckling load.
Note that, if P = Pcr, then 102 = 0, whereas, if 
P = 0, then 0)2 = “1 an<l there is only one 
resonant frequency.

In contrast with the infinite beam on an 
elastic foundation with axial load as discussed 
above, we will now consider a simply supported 
finite beam on an elastic foundation and sub
jected to axial load [6]. If Bemouilli-Euler

theory is assumed, the governing equation for 
this case is identical to equation (3), but for 
a finite beam of length, L, the boundary condi
tions for simple supports are as follows:

Y (0) = Y" (0) = 0, and Y(L) 
= Y"(L) = 0. (S)

Assuming a steady-state solution, mode shapes 
satisfying equation (5) are

Y(x) = sin
Substitution of this in equation (3) yields the 
following result for resonant frequencies:
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Mode
No.

f
(Hz)

aD a R / a D

1 2 3 4 5 6 7 8

7 960 1.0 0.85 0.23 -  0.42 -  0.61 -  0.96 -  0.65
9 1446 1.0 0.25 1.25 0.95 -  0.45 -  0.75 -  1.00 -  0.35

11 1970! 1.0 0.13 0.90 0.48 -  0.32 -  0.50 -  0.70 -  0.18
13 2598 1.0 0.17 1.33 0.33 -  0.27 -  0.47 -  0.60 -  0.27
15 3134 1.0 0.47 1.35 0.70 -  1.41 -  2.18 -  2.82 -  1.18

F I G U R E  13. H O R I Z O N T A L  E X C I T A T I O N  C R O S S - S E C T I O N A L  M O D E  S H A P E  (EXAGGERATED]
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F I G U R E  14. C R O S S - S E C T I O N A L  M O D E  S H A P E S
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TABLE 1. SUMMARY OF VERTICAL VIBRATION MEASUREMENTS

DRIVING AT HEAD,VERTICAL DRIVING AT FOOT, VERTICAL
f n X Vph f n X Vph

Hz in. 1000 ips HZ in. 1000 ips

1158 5 43.6 50.5 V1 1158 5 113.6 50.5
1841 7 32.0 58.9 1530 7 32.0 49.0
2520 9 25.3 63.7 1760 3 68.6 121.
3149 11 20.9 65.8
3730 13 17.8 66.4 V1 1849 7 32.0 59.2
4231 15 15.5 65.6 2073 5 43.6 90.4
5467 7 32.0 175 2175 9 25.3 55.0
5679 9 25.3 144 2430 7 32.0 77.8
58 30 11 20.9 122 V1 2520 9 25.3 63.8
5962 7 32.0 191 2775 11 20.9 58.0
6060 11 20.9 127
6202 13 17.8 110 V1 3149 11 20.9 65.8
6 491 * 15 15.5 101 3686 17 13.7 50.5
7060 17 13.7 96.8 4034 17 13.7 55.3
7507 19 12.3 92.4 4193 19 12.3 51.6
788 9 19 12.3 97.1 v. 4231 15 15.5 65.6
8168 21 11.2 91.2
8762 23 10.2 89.5 4412 17 13.7. 60.4
9432 25 9.41 88.8 4667 21 11.2 52.3

4943 19 17.3 60.8
9960 5 43.6 435. 4994 19 12.3 61.4

f = frequency 
n = mode number

X = wavelength 
Vpk = phase velocity
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TABLE 2. SUMMARY OF HORIZONTAL VIBRATION MEASUREMENTS

DRIVING AT HEAD, HORIZONTAL
f n X Vph

Hz in. 1000 ips
960 7 32.0 30.7
1445 9 25.3 36.6
1970 11 20.9 41.2
2550 13 17.8 45.4
2775 9 25.3 70.2
3135 15 15.5 48.6
3795 11 20.9 68.8
3810 15 15.5 60.0
4335 17 13.7 59.5
4860 15 15.5 75.3
5675 21 11.2 63.3
6400 23 10,2 65.4
6420 - 23 10.2 65.6
7155 25 9.41 67.3
7890 27 8.73 68.8

f = frequency 
n = mode number 
A = wavelength 

VDtl = phase velocity

DRIVING AT WEB, HORIZONTAL
f n X Vph

Hz in. 1000 ips
1445 9 25.3 36.6
1538 5 43.6 67.0
1760 3 68.6 121.
1970 11 20.9 41.2
2073 5 43.6 90.4
2433 7 32.0 77.8
2550 13 17.8 45.4
2769 9 25.3 70.0
2868 9 25.3 72.6
3135 15 15.5 48.6
2376 11 20.9 70.6
3687 17 13.7 50.5
4035 13 17.8 71.8
4188 15 15.5 67.9
4267 1 160. 683.
4335 17 13.7 59.4
4414 3 68.6 303.
4652 5 43.6 203.
4945 19 12.3 60.2
4998 7 32.0 160.

a2 (mi) “ 
n 2tt 1 + k ^ A ^ i r ) 1*

- P*

T h i s  is p l o t t e d  in f i g u r e  18 f o r  t w o  o f  the m e a s 
u r e d  h i g h e r  o r d e r  modes. A l t h o u g h ,  as s h o w n  
above, B e r n o u i l l i - E u l e r  b e a m  t h e o r y  is n o t  a d e 
q u a t e  to d e s c r i b e  t h e  d y n a m i c  r e s p o n s e  o f  a rail, 
it d oes a l l o w  a n  o r d e r  o f  m a g n i t u d e  e s t i m a t e  of 
the e f f e c t  o f  a x i a l  load.

w h e r e  a 2 = a n d  the o t h e r  p a r a m -
EI PP* = —— 
p L 1*7 ’ El

e t ers a r e  as d e f i n e d  in the a b o v e  d i s c u s s i o n  o f  
t h e  f i n i t e  b e a m  o n  a n  e l a s t i c  f o u n d a t i o n  w i t h  
a x i a l  load. T h e  p e r c e n t a g e  d e c r e a s e  in f r e 
q u e n c y  a t t r i b u t a b l e  to axial load is g i v e n  by:

w h e r e
(“ 0

x  1 0 0

■ V
l+k*(̂ n/27r) ** (7)

1+k* (An/ 2ir) 11 -P* (An/ 2tt) :

W e  will n o w  c o n s i d e r  s o m e  m o r e  e x a c t  t h e ories, 
b e g i n n i n g  w i t h  two b e a m s  s e p a r a t e d  b y  an e l a s t i c  
founda t i o n .

T o  o b t a i n  s i m p l y  t h e  q u a n t i t a t i v e  e f f e c t  of 
a x ial l oad a n d  to o b t a i n  t h e  m o d a l  shapes, we 
c o n s i d e r  a s i m p l y  s u p p o r t e d  b e a m  s y s t e m  as s h own 
in f i g u r e  19. H e re, one b e a m  r e p r e s e n t s  t h e  r ail 
h e ad, the o t h e r  t h e  r ail foot. T h e  w e b  is m o d e l e d  
as an e l a s t i c  (massless) c o u p l i n g  w i t h  s t i f f n e s s  
k. T h e  g o v e r n i n g  e q u a t i o n s  a r e  as follows:
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F I G U R E  15. P H A S E  V E L O C I T Y  V E R S U S  FR E Q U E N C Y :  V E R T I C A L  E X C I T A T I O N  A T  R A I L  H E A D
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Ell + Pi |^ 2 ~  + k (Vl-Va, 

3 2v i ,
-  - ® 1  g t 2  ■ > a n “

Ei2 + Pz S 2- - k ( v i -v2

-  rn 32y2
"• ~ra2 a t 2

(8)

w h e r e  = pAj, ra£ = pA£, a n d  all c o n s t a n t s  are 
as d e f i n e d  u n d e r  e q u a t i o n  (3) above. T h e  s o l u 
t i o n  f o r  this s y s t e m  is

s i n  s i n  “ t »

a n d  t h e  f r e q u e n c y - w a v e l e n g t h  r e l a t i o n  is

w h e r e ,

2d)*2 = 1 + i ♦ k>* f1 + i)
- Pl* - | P2*

+ j..(' ■ as) * (' ' j)

- Pi* *F f/1 2 4ki*2 ) >/2+ e ( ’

(9)

Pi*
. P A 2

Eli * P 2 * = iff  = a pPi

= a P 2 *
E l l  „ _ P 2 

* “  E I 2 ’ P Pl

ki*
k X 1* 

’ Eli • k 2 * = lir = a k i *
a)*2

a)2

" a T 2

. 2 _ Ell 
' ai ' m i X "  ’

B n X  = w a v e l e n g t h  .

E q u a t i o n  (9) c a n  b e  r e w r i t t e n  in t e r m s  o f  the 
b e a m  p a r a m e t e r s  a n d  the a x i a l  str e s s  in e a c h  b e a m  
due to the axial loads, Pj a n d  P 2 :

N o t e  that, i f  a j X  = C 2X, t h e n  the a x i a l  s t r e s s  
t e r m  u n d e r  t h e  s q u a r e  r o o t  s i g n  e q u a l s  0 .

A n o t h e r  m o r e  e x a c t  t h e o r y  i n v o l v e s  t h e  e f f e c t  
o f  a x i a l  l o a d  o n  T i m o s h e n k o  b e a m  t heory. T h e  
g o v e r n i n g  e q u a t i o n s  for a  T i m o s h e n k o  b e a m  s u b 
j e c t e d  t o  a x i a l  l o a d  are

w h e r e  n is t h e  b e a m ' s  d i s p l a c e m e n t ,  <j> is its 
r o t a t i o n  a n d

a i 2 II

■°
|£ ■ a 2 2

E
p

, k 2 = £  , 
0 I

k i 2 II , k =
2 tt 
X ’

the w a v e  n u m b e r

T h e  d i s p e r s i o n  r e l a t i o n ,  i n c l u d i n g  t h e  a x i a l  load, 
is

to *  - 0)2 rai2Ck2 + ko2) + a 2 2 k 2l

L °  J (
+ a i 2a 2 2k" (l - ^ ) =  o.

T h i s  is in t h e  s a m e  form as e q u a t i o n  (2), 
e x c e p t  f o r  t h e  a p p e a r a n c e  o f  t h e  a x ial l oad 
e f f e c t  in the last term. E q u a t i o n  (12) m a y  b e  
u s e d  to f i n d  the p h a s e  v e l ocity,

(13)

2, 24d> k 
0

X
p

w h e r e  a x  is the a x ial stress.

I-lore i n s i g h t  i nto t h e  p h y s i c s  o f  t h e  p r o b l e m  can 
b e  g a i n e d  b y  c o n s i d e r i n g  t h e  e f f e c t  o f  a n  e l a s t i c  
f o u n d a t i o n  o n  an a x i a l l y  l o a d e d  r a i l . As s h o w n  in 
the d i s c u s s i o n  o f  t h e  t w o  p r e c e d i n g  the o r i e s ,  t h e  a x i a l  
s t r e s s  a p p e a r s  in t h e  f r e q u e n c y  o r  p h a s e  v e l o c i t y  
r e l a t i o n s  as a t e r m  o n  the o r d e r  o f  a / p  a d d e d  to 
a  t e r m  on the o r d e r  o f  E/p. a/p is m u c h  s m a l l e r  
t h a n  E/p f o r  loads t h a t  a p p r o a c h  t h e  t r a c k  b u c k l i n g  
load. T h e  e f f e c t  o f  a n  e l a s t i c  f o u n d a t i o n  is to 
l o w e r  the E/p, as is i n d i c a t e d  below. W e  w i l l  u s e  
B e r n o u i l l i - E u l e r  t h e o r y  b e c a u s e  it c l e a r l y  d e m o n 
s t r a t e s  the effect. T h e  p h a s e  v e l o c i t y  f o r  a 
s i m p l e  b e a m  o n  an e l a s t i c  f o u n d a t i o n  is as follows:
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F I G U R E  16. P H A S E  V E L O C I T Y  V E R S U S  F R E Q U E N C Y :  
H O R I Z O N T A L  E X C I T A T I O N  A T  R A I L  H E A D

'  (£)
= 7 c !2 - C22 (14)

Ci a n d  C 2 are s h o w n  p l o t t e d  v e r s u s  w a v e  n u m b e r  in 
f i g u r e  20. T h e  e f f e c t  o f  t h e  e l a s t i c  f o u n d a t i o n  
is to p r o v i d e  a d i p  in the Ci c u r v e  w h e r e  Cj and 
C 2 b e c o m e  r e l a t i v e l y  c l o s e  in value.

M e a s u r e m e n t s  o n  A x i a l l y  L o a d e d  R a i l . M e a s u r e 
m e n t s  w e r e  m a d e  on a n  a x i a l l y  l o a d e d  1 0 - f oot rail 
s e c t i o n  w i t h  the f o l l o w i n g  o b j e c t i v e s :

a. T o  d e t e r m i n e  e x p e r i m e n t a l l y  t h e  s e n 
s i t i v i t y  o f  t h e  r a i l ' s  d y n a m i c  r e s p o n s e  to axial 
load.

b. T o  v a l i d a t e  t h e  a n a l y t i c  m o d e l s  
c onsidered.

c. T o  see i f  t h e r e  m a y  b e  n e a r f i e l d  (that 
is, n o n p r o p a g a t i n g )  e f f e c t s  t h a t  w e r e  n o t  a c c o u n t e d  
for in t h e  a n a l y s i s  a n d  t h a t  m a y  be s e n s i t i v e  to 
axial load.

T h e  m e a s u r e m e n t s  w e r e  c a r r i e d  out on t h e  s ame 
1 0 - f oot r a i l  s e c t i o n  u s e d  f o r  the p r o g r a m  d e s c r i b e d  
in the a b o v e  d i s c u s s i o n  o f  c r o s s - s e c t i o n a l  m o d e  
shapes. A  s i m p l e  f i x t u r e ,  s h o w n  in f i g u r e  21 w a s  
d e s i g n e d  a n d  b u i l t  to p r o v i d e  c o m p r e s s i v e  l o ads u p  
to 2 0 0 , 0 0 0  p o u n d s .  F i g u r e  23 is a p h o t o g r a p h  o f
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F I G U R E  17. P H A S E  V E L O C I T Y  V E R S U S  F R E Q U E N C Y :  
H O R I Z O N T A L  E X C I T A T I O N  A T  W E B

the t e s t  fix t u r e  w i t h  r ail in p l a c e .  T h e  f i x t u r e  
c o n s i s t s  o f  t w o  3 - i n c h  steel p l a t e s  c o n n e c t e d  b y  
f o u r  1 - 3 / 4 - inch d i a m e t e r  steel rods w e l d e d  to t h e  
p l a t e s  (see f i g u r e  21). T h e  o v e r a l l  l e n g t h  of 
the f i x t u r e  is a p p r o x i m a t e l y  11 feet 3 inches.
A  t h i r d  3 - inch plate, f r e e  to s l i d e  o n  the rods, 
is l o c a t e d  b e t w e e n  t h e  t w o  f i x e d  e n d  p l a t e s . T h e  
1 0 - f oot rail fits b e t w e e n  one o f  t h e  e n d  p l a t e s  
a n d  t h e  s l i d i n g  plate, s u p p o r t e d  b y  a n g l e  i r ons 
m o u n t e d  to the plates. B e t w e e n  t h e  s l i d i n g  p l a t e  
a n d  t h e  o t h e r  end p l a t e  is p l a c e d  a 1 0 0 - t o n  
E n e r p a c  h y d r a u l i c  j a c k  c o n n e c t e d  to a h a n d  pump. 
F i g u r e s  23 and 24 s h o w  the j ack a n d  t h e  h a n d  pump. 
T h e  j a c k  loads the s l i d i n g  plat e ,  w h i c h  in t u r n  
loads t h e  rail.

The e q u i p m e n t  u s e d  to e x c i t e  t h e  rail a n d  to 
m e a s u r e  its r e s p o n s e  is the s a m e  as d e s c r i b e d  in 
t h e  d i s c u s s i o n  o f  c r o s s - s e c t i o n a l  m o d e  shapes. 
Loa d s  in the r ail w e r e  m o n i t o r e d  w i t h  t h r e e

s t r a i n  g a g e  b r i d g e s ,  t h e  o u t p u t  sig n a l s  o f  w h i c h  
w e r e  s ent to a  V i s h a y  m o d e l  S B - 1  s w i t c h  a n d  b a l 
a nce u n i t  a n d  a V i s h a y  m o d e l  P - 3 5 0 A  str a i n  
i n d i cator. O n e  b r i d g e  m e a s u r e d  axi a l  load and 
the o t h e r  t w o  m e a s u r e d  b e n d i n g  m o m e n t s  a b o u t  the 
v e r t i c a l  a n d  h o r i z o n t a l  axes. F i g u r e  25 s h ows the 
s t r a i n  g a g e s  m o u n t e d  to t h e  rail, as w e l l  as the 
W i l c o x o n  i m p e d a n c e  h e a d  u s e d  to e x c i t e  the rail. 
F i g u r e  26 s h o w s  the s t r a i n  g a g e  sig n a l  c o n d i t i o n 
i n g  e q u i p m e n t .

T h e  p r e s s u r e  a p p l i e d  to t h e  h y d r a u l i c  j a c k  
w a s  m o n i t o r e d  b y  a p r e s s u r e  gage, a n d  axial l oad 
w a s  r e c o r d e d  d u r i n g  t e s t i n g  b y  n o t i n g  the h y d r a u 
lic p r e s s u r e  (this w a s  m o r e  c o n v e n i e n t  t h a n  r e a d 
ing s t r a i n ) . T h e  r e l a t i o n s h i p  b e t w e e n  h y d r a u l i c  
p r e s s u r e  in p o u n d - f o r c e  p e r  s q u a r e  inch (psi) a n d  
a x ial l oad i n  t h o u s a n d  p o u n d s - f o r c e  p e r  s q u a r e  
i nch (kips) w a s  d e t e r m i n e d  f r o m  s t r a i n  g age m e a s 
u r e m e n t s  (see f i g u r e  27) a n d  w a s  f o u n d  to be linear.
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0.60 ̂

WavelengthA (in.)

Percent Change in Resonant Frequencies or Phase 
Velocity Due to Axial Load

F I G U R E  18. P E R C E N T A G E  C H A N G E  IN P H A S E  V E L O C I T Y

F I G U R E  19. T W O  BEA M S  C O N N E C T E D  BY A  L I N E A R  E L A S T I C  C O U P L I N G
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F I G U R E  20. P H A S E  V E L O C I T Y  V E R S U S  W A V E  N U M B E R

In a d d i t i o n  to axial load, b e n d i n g  m o m e n t  w a s  
m e a s u r e d  u s i n g  s t r a i n  g a g e s  at the c e n t e r  o f  the 
rail, a n d  was f o u n d  to b e  n e g l i g i b l e  ( e q u i v a l e n t  
to a 2 0 0 - p o u n d  lat e r a l  force) c o m p a r e d  to a x i a l  
l o a d  ( 214,000 p o unds).

M e a s u r e m e n t  o f  r e s o n a n t  b e h a v i o r  a n d  a s s o c i 
a t e d  l o n g i t u d i n a l  and c r o s s - s e c t i o n a l  m o d e  sha p e s  
was c a r r i e d  out in t h e  s a m e  fas h i o n  d i s c u s s e d  
above. D a t a  w e r e  c o l l e c t e d  s y s t e m a t i c a l l y  b y  
d r i v i n g  the rail at t h e  five p o i n t s  s h o w n  in 
f i g u r e  5 at axial loads f r o m  0 to 221 kips.
T h e  r e s o n a n t  f r e q u e n c y  a n d  w a v e l e n g t h  w e r e  m e a s 
u r e d  a n d  r e c o r d e d  a n d  the p h a s e  v e l o c i t y  w a s  
c a l c u l a t e d .  T a b l e  3 shows a typ i c a l  set o f  
r e c o r d e d  and r e d u c e d  data.

T h e  r e d u c e d  d a t a  a r e  p r e s e n t e d  in t h e  f r e 
q u e n c y  v e r s u s  p h a s e  v e l o c i t y  p l o t s  o f  f i g u r e s  
28 t h r o u g h  31. E a c h  p l o t  was m a d e  f r o m  d a t a  
g a t h e r e d  w i t h  e x c i t a t i o n  at one o f  f our d r i v i n g  
p o i n t s  a n d  l o a d  levels f rom 0 to 185 kips.

T h e  f u n d a m e n t a l  m o d e s  o f  c r o s s - s e c t i o n a l  
v i b r a t i o n  s h o w n  p r e v i o u s l y  in f i g u r e  14 w e r e  
a g a i n  o b s erved, a n d  t h e i r  s e n s i t i v i t y  to axial 
l oad was i n v e s t i g a t e d .  A l t h o u g h  the r e s o n a n t  
f r e q u e n c i e s  o f  the r a i l  a p p e a r e d  to s h i f t  g r e a t l y  
w i t h  i n c r e a s e d  a x ial l o a d  (see f i g u r e  32, for 
ex a m p l e ) ,  c o m p u t e d  p h a s e  v e l o c i t i e s  d i d  n o t  v a r y  
p r o p o r t i o n a t e l y .  W e  b e l i e v e  t h a t  t h e  f r e q u e n c y  
shi f t s  a r e  due to t h e  c h a n g i n g  e n d  c o n d i t i o n s  o f  
the rail in g o i n g  f r o m  0 k i p  to t h e  185 - k i p  a x ial 
level. P h a s e  v e l o c i t y  is i n d e p e n d e n t  o f  end c o n 
d i t i o n s  b e c a u s e  shif t s  in f r e q u e n c y  a r e  a c c o m p a n i e d  
b y  c o m p e n s a t i n g  s h i f t s  in f l e x u r a l  w a v e l e n g t h .
Thus, d e v i a t i o n s  f r o m  the p h a s e  v e l o c i t y  b e h a v i o r  
o f  a p a r t i c u l a r  m o d e  s h o u l d  b e  a t r u e  i n d i c a t i o n  
o f  axi a l  load d e p e n d e n c e ,  w h e r e a s  d e v i a t i o n s  in 
r e s o n a n t  f r e q u e n c y  a l o n e  a r e  a r t i f a c t s  o f  the 
e x p e r i m e n t a l  setup.

W e  d i d  not o b s e r v e  s i g n i f i c a n t  o r  c o n s i s t a n t  
d e v i a t i o n s  in p h a s e  v e l o c i t y  b e h a v i o r  as a r e s u l t  
o f  i n c r e a s e d  a x ial load. T h i s  is i l l u s t r a t e d  in 
f i g u r e  33, w h i c h  s h ows t h a t  f r e q u e n c i e s  a n d  p h a s e  
v e l o c i t i e s  do s h i f t  as a r e s u l t  o f  a x ial l oad but 
r e m a i n  v e r y  c l o s e  to the c u r v e  d e f i n e d  b y  the 
locus o f  zero l oad points.

O t h e r  c h a n g e s  w e r e  n o t i c e d  t h a t  a r e  n o t  as 
q u a n t i f i a b l e  as the p h a s e  v e l o c i t y  c urves. T h e s e  
are b r i e f l y  d e s c r i b e d  below:

a. I r r e g u l a r  l o n g i t u d i n a l  m o d e  shapes 
o c c u r  w h e n  t h e  r ail is u n d e r  load. T h e  5-7 k i l o 
h e r t z  r a n g e  w i t h  foot v e r t i c a l  e x c i t a t i o n  e x h i b i t e d  
s e v e r a l  l o n g i t u d i n a l  m o d e  s h a p e s  w i t h  i r r e g u l a r  
s p a c i n g  o f  nodes.

b. P o o r l y  d e f i n e d  l o n g i t u d i n a l  m o d e  shapes 
a p p e a r  u n d e r  load. T h e  5 . 5 - 6 . 0  k i l o h e r t z  r a n g e

F I G U R E  21. T E S T  F I X T U R E  T O  P R O V I D E  A X I A L  LOAD O N  R A I L
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F I G U R E  24. H A N D  P U M P  A N D  G AGE F O R  
H Y D R A U L I C  C Y L I N D E R

FIG U R E  25. S T R A I N  G A G E  A R R A Y S  A N D  I M P E D A N C E  H E A D

FIGU R E  26. S I G N A L  C O N D I T I O N E R S  F O R  S T R A I N  G A G E S

HYDRAULIC PRESSURE (1QOO psi)

FIGURE 27. R E L A T I O N S H I P  B E T W E E N  H Y D R A U L I C  
P R E S S U R E  A N D  A X I A L  L O A D  I N  R A I L
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T A B L E  3. T Y P I C A L  S E T  O F  R E C O R D E D  A N D  R E D U C E D  D A T A

DRIVING POINT: HEAD VERTICAL
AXIAL LOAD: 3000 psi = 70 kip

Measured
Frequency
(kHz)

Measured
Wavelength

(in)

Computed 
Phase Velocity
(1000 ips)

1754 33.10 58.06

1860 32.57 60.58

2421 26.10 63.08

3035 21.60 65.56

3623 18.36 66.53

4146 16.00 66.34

6809 14.13 96.23

250
>

° No Load

0 1  2 3 4 5 6 7 8 9  10
Frequency (kHz)

F I G U R E  28. P H A S E  V E L O C I T Y  V E R S U S  FR E Q U E N C Y :  
V E R T I C A L  E X C I T A T I O N  A T  R A I L  H E A D  W I T H  A X I A L  LOAD
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F I G U R E  29. P H A S E  V E L O C I T Y  V E R S U S  F R E Q U E N C Y :  
H O R I Z O N T A L  E X C I T A T I O N  A T  T H E  R A I L  H E A D  W I T H  A X I A L  LOAD

Frequency (kHz)

F I G U R E  30. P H A S E  V E L O C I T Y  V E R S U S  F R E Q U E N C Y :  
H O R I Z O N T A L  E X C I T A T I O N  A T  T H E  W E B  W I T H  A X I A L  L OAD

107



©oo

X
o
<D
V)

c

>*

■ 5
o
0)
>

0)
iO
as
sz
Cl

Frequency (kHz)

F I G U R E  31. - P H A S E  V E L O C I T Y  V E R S U S  FR E Q U E N C Y :  
V E R T I C A L  E X C I T A T I O N  A T  F O O T  W I T H  A X I A L  L O A D

f (kHz)

F I G U R E  32. R E S O N A N T  F R E Q U E N C Y  S H I F T S  A T T R I B U T A B L E  T O  
C H A N G E S  IN L O A D  A P P L I E D  BY T H E  T E S T  R I G
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F I G U R E  33. H 3  B E H A V I O R  U N D E R  A X I A L  L OAD

w i t h  h e a d  v e r t i c a l  e x c i t a t i o n  s h o w e d  c l e a r c u t  
l o n g i t u d i n a l  m o d e  s h a p e s  w i t h o u t  load, but n o dal 
p o i n t s  c o u l d  n o t  b e  d e t e r m i n e d  w i t h  the rail 
u n d e r  load.

c. R e s o n a n t  p e a k s  w e r e  a t t e n u a t e d  in the
1 .0- 1 . 5  k i l o h e r t z  r a n g e  at all d r i v i n g  p o i n t s  
u n d e r  load.

d. T h e  a v e r a g e  l e v e l  o f  the f r e q u e n c y  
r e s p o n s e  cur v e s  c h a n g e d  p r o p o r t i o n a t e l y  w ith 
load a t  c e r t a i n  r a n g e s  b e t w e e n  r e s o n a n t  p e a k s . 
T his i n d i c a t e s  t hat c h a n g e s  in a x ial load m a y  b e  
m o r e  e a s i l y  i n f e r r e d  f r o m  t h e  d y n a m i c  c o m p l i a n c e  
t h a n  f r o m  p h a s e  v e l o c i t y  m e a s u r e m e n t s .
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c a u s e  o f  t r a c k  b u c k l i n g  a n d  r ail p u l l - a p a r t s .  
N o n d e s t r u c t i v e  m e a s u r e m e n t  o f  t h e s e  s t r e s s e s  has 
b e e n  a p r e s s i n g  p r o b l e m  for t h e  r a i l r o a d  in d u s t r y .  
M a n y  s u c h  m e a s u r e m e n t  t e c h n i q u e s  h a v e  b e e n  p r o 
p o s e d  a n d  e v a l u a t e d ,  w i t h  o n l y  l i m i t e d  s u c c e s s  to 
date.

T h e  s t r e s s e s  in a c o n t i n u o u s l y  w e l d e d  r a i l  in 
t r a c k  are a t t r i b u t a b l e  to t h r e e  m a j o r  s o u r c e s :
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a. Residual stress from manufacturing 
anomalies and from the continuous plastic deform
ation and cold working caused by wheel-rail con
tact forces.

b. Mechanical forces resulting from rail 
running and bunching as a consequence of train 
operations and irregular terrain.

identical positions, will be a single-valued 
function of stress. For ferromagnetic materials 
such as rail steel, two strongly coupled phenomena 
that affect ultrasonic attenuation and depend on 
the state of stress are magnetostriction and mag
netomechanical damping.
Physical Basis of the MagnetoultrasoniC Technique

c. Thermal stresses associated with 
ambient temperature changes.

The residual stress distribution over any 
cross section of rail is very complex. However, 
the residual stresses will be in equilibrium over 
a short length of the rail, and the net axial 
force from residual stresses should be negligible. 
Therefore, these stresses do not contribute to 
buckling.

The axial component of the mechanical and 
thermal stresses is expected to be distributed 
fairly uniformly over the cross section of the 
rail. It is this component of axial stress, or 
net axial force, in the rail that contributes to 
buckling and is the principal objective of a 
measurement technique.

The principle of the proposed technique is 
based on the combination of two known physical 
phenomena for ferromagnetic materials. These 
are magnetostriction and mechanical damping.

Magnetostriction, or the Joule Effect, is the 
strain induced in a ferromagnetic material along 
the axis of an applied magnetic field. For steel, 
the sign and magnitude of strain along the axis of 
the magnetic field are independent of the direction 
of the field but dependent on the magnetic field 
strength. The maximum strain under no stress is 
about ± 8 microinches per inch. However, the 
strain produced by a magnetic field also depends 
on the total stress. Therefore, application of a 
magnetic field will produce a reversible change in 
the local stress. The magnitude of this change 
depends on the strength of the magnetic field.

This paper describes a novel technique for 
measuring the net axial mechanical and thermal 
stresses independent of any residual stresses 
and local variations of physical properties.
The technique is based on two physical phenomena 
of ferromagnetic materials -- namely, magneto
striction and magnetomechanical damping. Some 
preliminary experimental results from a specimen 
of rail steel are presented. The major advantages 
of this technique are described, together with 
recommended future experiments that are needed to 
further evaluate the feasibility of using this 
technique for measuring thermal stresses in rails.
Background

The manufacture and service of standard rail
road rail produce large variations in the residual 
stresses along the length and cross section of the 
rail. Manufacturing anomalies and cold working of 
the rail head during normal use also introduce 
large local variations in the metallurgical and 
physical properties. These variations introduce 
considerable statistical spread in the ultrasonic 
velocity and similar properties of the rail. The 
expected change in ultrasonic velocity owing to 
the acoustoelastic effect is much smaller than the 
statistical variations of the ultrasonic velocity 
owing to unavoidable anomalies. Therefore, in 
spite of its many advantages, the conventional 
ultrasonic technique based on the acoustoelastic 
effect alone has not proven to be practical for 
evaluating total stress.

However, this basic problem can be overcome.
The solution lies in making two independent meas
urements of a physical property -- as, for example, 
ultrasonic attenuation -- that is influenced by 
two independent phenomena strongly coupled to the 
state of the stress in the rail. The difference 
between these two measurements of the ultrasonic 
attenuation under the influence of each of the 
two independent phenomena made separately, but at

Mechanical damping (attenuation) of the elastic 
(ultrasonic) waves depends on many physical prop
erties, as well as the total stress in the material. 
Therefore, in ferromagnetic materials, application 
of an external magnetic field along a desired direc
tion will change the ultrasonic attenuation owing to 
the reversible change in the stress distribution as 
a result of magnetostriction.

The ultrasonic attenuation in rail steel, there
fore, is a strong function of the total stress and 
the applied magnetic field, and the change in ultra
sonic attenuation measured with and without the 
presence of a known magnetic field can be used to 
measure the total unknown stress. The average value 
of the residual stress component of the total stress 
over a short length along the axis of the rail is 
expected to be zero. However, the average mechan
ical and thermal stresses along the same axis in 
general will not be zero. Therefore, it is pos
sible to select an appropriate path for the ultra
sonic beam that essentially eliminates the effect

FIGURE 1. DAMPING OF TORSION OSCILLATIONS IN A 
CARBONYL IRON WIRE AS UNMAGNETIZED (ABOVE)

OR MAGNETIZED IN A FIELD OF 100 OERSTEDS (BELOW)
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F I G U R E  2. E F F E C T  O F  S T A T I C  M E A N  S T R E S S  am  ON 
U N I T  D A M P I N G  E N E R G Y  O F  M A G N E T O E L A S T I C  A L L O Y  T Y P E  403

o f  r e s i d u a l  s t r e s s  on the m e a s u r e m e n t  o f  c h a n g e  
in u l t r a s o n i c  a t t e n u a t i o n .  T h i s  p r o v i d e s  a m e a s 
u r e m e n t  o f  the r e m a i n i n g  a x ial s t r e s s  o w i n g  to 
m e c h a n i c a l  a n d  t h e r m a l  f o r c e s  alone, s u b j e c t  to 
t h e  a s s u m p t i o n  o f  an e q u i l i b r a t e d  d i s t r i b u t i o n  o f  
r e s i d u a l  stresses.

M e c h a n i c a l  D a m p i n g . F i g u r e  1 [1] s h o w s  t h e  
e f f e c t  o f  a n  e x t e r n a l  m a g n e t i c  f i e l d  o f  1 0 0  
o e r s t e d s  o n  t h e  d a m p i n g  o f  t o r s i o n a l  v i b r a t i o n s  
in c a r b o n y l  i r o n  w i r e  - - a  s i g n i f i c a n t  d e c r e a s e  
in a t t e n u a t i o n  in the p r e s e n c e  o f  the m a g n e t i c  
field. F i g u r e  2 [2] s h ows t h e  e f f e c t  o f  m e a n  a n d  
a l t e r n a t i n g  s t r e s s  on u n i t  d a m p i n g  e n e r g y  in a 
m a g n e t o e l a s t i c  a l l o y  t y p e  403. N o t e  t h a t  s t a t i c  
m e a n  s t r e s s  d e c r e a s e s  w h e r e a s  a l t e r n a t i n g  s t r e s s  
i n c r e a s e s  the m e c h a n i c a l  loss f a c t o r  in t h e  f e r 
r o m a g n e t i c  m a t e r i a l .  To o u r  k n o w l e d g e ,  s i m i l a r  
d a t a  o n  r ail s t eel h a v e  n o t  b e e n  p u b l i s h e d  to 
date.

FIGU R E  3. M A G N E T I Z A T I O N  OF I RON
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M a g n e t o s t r i c t i o n  in I r o n . The ini t i a l  m a g 
n e t i z a t i o n  o f  i ron is s h own in fig u r e  3 [3].
S t r e s s  levels a f f e c t  the m a g n e t i z a t i o n  c u r v e  to 
a sma l l  extent, w h i c h  p r o b a b l y  is w i t h i n  the 
statistical- v a r i a t i o n  o f  t h ese p r o p e r t i e s  o f  i ron 
u n d e r  n o  stress. How e v e r ,  the m a g n e t o s t r i c t i o n  
p r o p e r t y  is a s t r o n g  f u n c t i o n  o f  the m a g n e t i z i n g  
f i e l d  a n d  stress. F i g u r e  4 [3] shows the t y p i 
cal d e p e n d e n c e  o f  m a g n e t o s t r i c t i o n  on the i n i t i a l  
stre s s  (in an I n s t r o n  t e s t i n g  ma c h i n e )  and m a g 
n e t i z i n g  f i eld in A r m c o  iron. C o m p r e s s i v e  str e s s  
i n c r e a s e s  the p o s i t i v e  m a g n e t o s t r i c t i o n  s i g n i f i 
cantly, w h e r e a s  t e n s i l e  str e s s  s u p p r e s s e s  t h e  
p o s i t i v e  m a g n e t o s t r i c t i o n  all t h e  w a y  to the 
n e g a t i v e  m a g n e t o s t r i c t i o n  effect. No d a t a  o f  
this t y p e  h a v e  yet b e e n  p u b l i s h e d  for rail steels, 
b u t  s u c h  steels a r e  e x p e c t e d  to e x h i b i t  a s i m i l a r  
b e h avior.

E x p e r i m e n t a l  O b s e r v a t i o n s

A l t h o u g h  the m a g n e t o s t r i c t i v e  a n d  m a g n e t o 
m e c h a n i c a l  d a m p i n g  p r o p e r t i e s  o f  rail steel w e r e  
n o t  a v a i lable, s ome simple, p r e l i m i n a r y  e x p e r i 
m e n t s  w i t h  rail steel h a v e  b e e n  m a d e  at B a t t e l l e ' s  
C o l u m b u s  L a b o r a t o r i e s  to d e m o n s t r a t e  the f e a s i 
b i l i t y  o f  this concept. A  0 . 5 - i n c h - t h i c k  p l a t e  
w a s  m i l l e d  f r o m  t h e  h e a d  s e c t i o n  o f  a s t a n d a r d  
1 3 6 - p o u n d  rail f r o m  t h e  t r a c k  at the F a c i l i t y  for 
A c c e l e r a t e d  S e r v i c e  T e s t i n g  (FAST). T h e  m i l l i n g  
faces w e r e  p a r a l l e l  to the v ertical p l a n e  o f  
s y m metry. The e n t i r e  plate, a b out 18 inch e s  long 
a n d  1.5 inc h e s  wide, was stress r e l i e v e d  at

1,250° F for 14 h o u r s  a n d  a l l o w e d  to f u r n a c e  cool 
f o r  4 d ays to r e l i e v e  all r e s i d u a l  s t r e s s e s .  A  
rod, 2 i n c h e s  l ong a n d  O . S - i n c h  s q u a r e  c r oss 
se c t i o n ,  w a s  c a r e f u l l y  m a c h i n e d  f r o m  t h i s  p l a t e  
for t h e  e x p e r i m e n t a l  study. T h e  r a t e  o f  m e t a l  
r e m o v a l  w a s  k e p t  as s l o w  as p r a c t i c a b l e  t o  m i n i 
m i z e  m a c h i n i n g  s t r e s s e s  at t h e  s u r faces.

F i g u r e  5 sho w s  the s c h e m a t i c  o f  t h e  e x p e r i 
m e n t a l  setup. E x t e r n a l  c o m p r e s s i v e  s t r e s s  w a s  
a p p l i e d  b y  c l a m p i n g  the s p e c i m e n  b y  t w o  b o l t s  as 
s h o w n  in the u p p e r  p o r t i o n  o f  the figure. The 
s t r e s s  w a s  v a r i e d  b y  a d j u s t i n g  t h e  t o r q u e  on the 
bolts. T h e  m a g n e t i c  f i e l d  w a s  s u p p l i e d  b y  a h o rse 
s h o e  e l e c t r o m a g n e t  c o n n e c t e d  to a v a r i a b l e  d i r e c t  
c u r r e n t  p o w e r  supply. T h e  m a g n e t  w a s  d e s i g n e d  to 
g e n e r a t e  a m a g n e t i z i n g  f o r c e  o f  0 to 1 0 0  o e r s t e d s  
in the r ail steel specimen. A n  u l t r a s o n i c  t r a n s 
d u c e r  o p e r a t i n g  at a n o m i n a l  f r e q u e n c y  o f  2.25 
m e g a h e r t z  was u s e d  to m e a s u r e  the u l t r a s o n i c  
a t t e n u a t i o n  in the r ail steel. T h e  u l t r a s o n i c  
t r a n s d u c e r ,  a w i d e b a n d  p i e z o e l e c t r i c  d e v i c e ,  was 
u s e d  in t h e  p u l s e - e c h o  mode. T h e  u l t r a s o n i c  p u l s e  
g e n e r a t o r  c o n n e c t e d  to t h e  t r a n s d u c e r  s e n t  out 
e l e c t r i c a l  i m p u l s e s  at a p u l s e  r e p e t i t i o n  r a t e  o f  
1 k i l o h e r t z .  T h e  p u l s e  g e n e r a t o r  a l s o  was u s e d  to 
t r i g g e r  an o s c i l l o s c o p e ,  w h i c h  d i s p l a y e d  the u l t r a  
s o nic e choes. T his a r r a n g e m e n t  is s i m i l a r  to the 
f a m i l i a r  A - s c o p e  p r e s e n t a t i o n  o f  u l t r a s o n i c  p u l s e s  
F i g u r e s  6 a n d  7 s h o w  the t y p i c a l  o s c i l l o s c o p e  d i s 
p l a y  o f  t h e  u l t r a s o n i c  e c h o e s  f r o m  d i f f e r e n t  i n t e r  
faces o f  the s p e c i m e n  u n d e r  z ero s t r e s s  and 
u n d e r  28,0 0 0  p s i  c o m p r e s s i v e  stress.

F I G U R E  4. E F F E C T  OF S T R E S S  A N D  M A G N E T I C  F I E L D  O N  M A G N E T O S T R I C T I O N  IN I RON
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CLAMPING BOLTS

F I G U R E  5. S C H E M A T I C  E X P E R I M E N T A L  S E T U P  F O R  M A G N E T O U L T R A S O N I C  S T R E S S  E V A L U A T I O N

I n i t i a l l y ,  t h e  c o m p r e s s i v e  stre s s  w a s  a d j u s t e d  
to b e  a l m o s t  zero w h i l e  m a i n t a i n i n g  the u l t r a s o n i c  
c o u pling. As s h o w n  in f i g u r e  6 , t h e r e  was p r a c t i 
c a l l y  n o  c h a n g e  in e c h o  a m p l i t u d e  u n d e r  o t h e r w i s e  
i d e n t i c a l  c o n d i t i o n s  w i t h  o r  w i t h o u t  the p r e s e n c e  
o f  an e x t e r n a l  m a g n e t i c  field. H o wever, w h e n  t h e  
c o m p r e s s i v e  s t r e s s  w a s  i n c r e a s e d  to 14,000 or
2 8 , 0 0 0  p o u n d s - f o r c e  p e r  s q u a r e  inch (psi), the 
a m p l i t u d e  o f  the e c h o  d e c r e a s e d  s i g n i f i c a n t l y  in 
t h e  p r e s e n c e  o f  the m a g n e t i c  f i e l d  as c o m p a r e d  to 
the e cho a m p l i t u d e  w i t h  n o  m a g n e t i c  f i e l d  (fig
u r e  7) .

T h e  p e r c e n t a g e  c h a n g e  in a m p l i t u d e  o f  t h e  echo 
f r o m  t h e  b a c k  o f  t h e  s p e c i m e n  c a u s e d  b y  a n  a p p l i e d  
m a g n e t i c  f i e l d  o f  50 o e r s t e d s  w a s  p l o t t e d  as a 
f u n c t i o n  o f  a p p l i e d  stress. F i g u r e  8 shows the 
r e s u l t s  o f  t his p r e l i m i n a r y  e x p e r i m e n t .  The 
v e r t i c a l  l i nes s h o w  t h e  a c t u a l  s p r e a d  o f  the 
e x p e r i m e n t a l  d a t a  t a k e n  at 1 4 , 0 0 0  p s i  a n d  2 8 , 0 0 0  
psi. W e  b e l i e v e  s i g n a l  a v e r a g i n g  t e c h n i q u e s  can 
be u s e d  to r e d u c e  t h e  s p r e a d  o f  the data.

D i s c u s s i o n  o f  R e s u l t s

F i g u r e  8 s h o w s  t h a t  the p e r c e n t a g e  c h a n g e  in 
u l t r a s o n i c  e c h o  a m p l i t u d e  a t t r i b u t a b l e  to a k n own 
c h a n g e  in m a g n e t i c  f i e l d  is a m o n o t o n i c  f u n c t i o n  
o f  t h e  a p p l i e d  c o m p r e s s i v e  stress. Th e r e f o r e ,  
s u c h  a c a l i b r a t i o n  c u r v e  c a n  b e  u s e d  to e s t i m a t e  
the u n k n o w n  a x i a l  s tress, cr, in r a i l s  b y  m e a s u r i n g  
t h e  p e r c e n t a g e  d e c r e a s e  in t h e  e c h o  o r  t r a n s m i t t e d  
u l t r a s o n i c  a m p l i t u d e  c a u s e d  b y  a k n o w n  m a g n e t i c  
field.

A  series o f  c a l i b r a t i o n  c u r v e s  c a n  be o b t a i n e d  
for b o t h  c o m p r e s s i v e  a n d  t e n s i l e  s t r e s s e s  in rail 
steel at v a r i o u s  k n o w n  v a l u e s  o f  m a g n e t i c  f i eld 
and u l t r a s o n i c  f r e q u e n c i e s .  A n  o p t i m a l  u l t r a s o n i c  
f r e q u e n c y  c a n  be s e l e c t e d  f r o m  t h e s e  c a l i b r a t i o n  
c u r v e s  for a s p e c i f i e d  r a n g e  o f  s t r e s s  a n d  m a g 
n e t i c  fields.

U l t r a s o n i c  p u l s e s  can be g e n e r a t e d  e a s i l y  at 
a r e p e t i t i o n  r a t e  o f  1 k i l o h e r t z .  T h e r e f o r e ,  
two m e a s u r e m e n t s  o f  the u l t r a s o n i c  p u l s e  a m p l i t u d e ,  
w i t h  and w i t h o u t  the m a g n e t i c  field, c a n  b e  m a d e  
w i t h i n  a few m i l l i s e c o n d s .  T h e  c h a n g e  in the 
a m p l i t u d e  can b e  c o m p a r e d  m a n u a l l y  o r  e l e c t r o n i c a l l y  
to e v a l u a t e  the u n k n o w n  s t r e s s  in t h e  rail. As 
p o i n t e d  out p r e v i o u s l y ,  the u l t r a s o n i c  p a t h  in the 
r a i l  can be o p t i m i z e d  to m i n i m i z e  t h e  e f f e c t  o f  
r e s i d u a l  s t r e s s  on the c h a n g e  in u l t r a s o n i c  
a m p l itude. T h e r e f o r e ,  the c h a n g e  in u l t r a s o n i c  
a m p l i t u d e  w o u l d  d e p e n d  o n l y  on t h e  n e t  m e c h a n i c a l  
a n d  the r m a l  st r e s s e s ,  b u t  it w o u l d  b e  i n d e p e n d e n t  
o f  the local v a r i a t i o n  o f  p h y s i c a l  p r o p e r t i e s  a l o n g  
t h e  p a t h  o f  t h e  u l t r a s o n i c  beam.

A d v a n t a g e s  o f  the T e c h n i q u e

The k e y  a d v a n t a g e  o f  t his t e c h n i q u e  is t hat it 
is b a s e d  o n  a d i f f e r e n c e  in u l t r a s o n i c  a t t e n u a t i o n ,  
w i t h  a n d  w i t h o u t  a k n o w n  m a g n e t i c  field, r a t h e r  t h a n  
o n  a n  a b s o l u t e  value. As d i s c u s s e d  p r e v i o u s l y ,  the 
a b s o l u t e  v a l u e s  o f  a t t e n u a t i o n  o r  s i m i l a r  p r o p e r t i e s  
d e p e n d  on m a n y  d i f f e r e n t  f a ctors, i n c l u d i n g  t h e  t o tal 
stress. T h e  a p p l i c a t i o n  o f  t h e  J o u l e  E f f e c t  e n a b l e s  
one to i s o l a t e  the e f f e c t  o f  t h e  t o t a l  s tress, so
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F I G U R E  6 . U L T R A S O N I C  E C H O E S  F R O M  S P E C I M E N  O F  A N N E A L E D  R A I L  S T E E L  U N D E R  Z E R O  S T R E S S

t hat t h e  d i f f e r e n t i a l  a t t e n u a t i o n  is a s i n g l e 
v a l u e d  f u n c t i o n  o f  the t o tal str e s s  u n d e r  k n o w n  
c o n d i t i o n s  o f  t h e  m a g n e t i c  field.

C o n s i d e r  t h a t  a  is the u l t r a s o n i c  a t t e n u a t i o n  
c o e f f i c i e n t ,  ct0 is the m e a n  o f  a, a n d  Aa is the 
s t a n d a r d  d e v i a t i o n  o f  a. T h e r e f o r e ,  a s s u m i n g  a 
s t a t i s t i c a l  n o r m a l  v a r i a t i o n ,  a m e a s u r e d  v a l u e  o f  
a  w i l l  s a t i s f y

(aQ - 3Aa) < a  < (a0 + 3Aa) 

w i t h  99.7 p e r c e n t  confid e n c e .

Let the e f f e c t  o f  s t r e s s  on a b e  g i v e n  b y  
( a s suming a l i n e a r  mod e l )

a' = a  + a • a,

w h e r e  a is the s t r e s s  a n d  a is t h e  str e s s  c o e f 
fic i e n t  o f  a. T h e  s t r e s s  c o e f f i c i e n t ,  a, o f  a 
o r  s i m i l a r  p r o p e r t y  is v e r y  small. T h e r e f o r e  a' 
is v e r y  l i k e l y  to b e  w i t h i n  the s t a t i s t i c a l  v a r i 
a t i o n  o f  a  g i v e n  b y

a. M a g n e t i z i n g  F i e l d  =  0

(a0 - 3 Aa) < a' < (a0 + 3 A a ) .

T h e r e f o r e ,  it is n o t  f e a s i b l e  to d i f f e r e n t i a t e  
b e t w e e n  n o r m a l  v a r i a t i o n  o f  a  a n d  t h e  e f f e c t  o f  
s t r e s s  o n  a.

T h i s  is a s e r i o u s  d r a w b a c k  o f  m o s t  o t h e r  
t e c h n i q u e s  for n o n d e s t r u c t i v e l y  e v a l u a t i n g  s t r e s s  
t h a t  are b a s e d  o n  a  s i n g l e  m e a s u r e m e n t .  T h e  
e f f e c t  o f  s t r e s s  a l o n e  on t h e  m e a s u r e d  p r o p e r t y  -■ 
f o r  e x a m p l e ,  u l t r a s o n i c  v e l o c i t y  o r  m o l e c u l a r  
l a t t i c e  s p a c i n g  -- is much, s m a l l e r  t h a n  t h e  s t a 
t i s t i c a l  s p r e a d  o f  t h e s e  p r o p e r t i e s .

N o w  c o n s i d e r  the c o m b i n e d  e f f e c t  o f  s t r e s s  
a n d  m a g n e t i c  f i e l d  o n  u l t r a s o n i c  a t t e n u a t i o n .
Let t h e  e f f e c t  o f  a m a g n e t i z i n g  field, H, a l o n g  
t h e  a x i s  o f  a  r ail u n d e r  an a x i a l  s t r e s s  a  be 
g i v e n  b y

a "  = a + aa + f (H, a ) ,

w h e r e  f (H, a) is a n o n l i n e a r  f u n c t i o n  o f  H  a n d  a  
a "  m a y  s t ill b e  w i t h i n  t h e  s t a t i s t i c a l  v a r i a t i o n

b. M a g n e t i z i n g  F i e l d  =  50 O e r s t e d

F I G U R E  7. U L T R A S O N I C  E C H O E S  F R O M  S P E C I M E N  O F  R A I L  STEEL, C O M P R E S S I V E  S T R E S S  = 2 8 , 0 0 0  PSI
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o f  a ,  b u t  t h e  c h a n g e  in a t t e n u a t i o n  g i v e n  b y  

a" - a' = f  (H, a)

is i n d e p e n d e n t  o f  t h e  s t a t i s t i c a l  v a r i a t i o n  o f  a.

N o t e  t h a t  t h e  d i f f e r e n c e  in a t t e n t u a t i o n  
d e p e n d s  b o t h  on the m a g n e t i c  f i e l d  a n d  the level 
o f  s t r e s s  in t h e  s p e cimen. F o r  a k n o w n  v a l u e  o f  
H  a n d  t h e  c a l i b r a t i o n  f u n c t i o n  f (H, cr), a can 
b e  e v a l u a t e d .  T h e  s t a t i s t i c a l  u n c e r t a i n t y  o f  the 
d i f f e r e n c e  is e s s e n t i a l l y  t h e  u n c e r t a i n t y  o f  t h e  
c a l i b r a t i o n  f u n c t i o n  f  (H, a). H o w e v e r ,  the m e a s 
u r e m e n t  is n o t  a f f e c t e d  b y  the local v a r i a t i o n s  
o f  u l t r a s o n i c  a t t e n u a t i o n  or o t h e r  p h y s i c a l  
p r o p e r t i e s ,  b e c a u s e  b o t h  o f  the m e a s u r e m e n t s  w e r e  
m a d e  u n d e r  i d e n t i c a l  p h y s i c a l  c o n d i t i o n s ,  e x c e p t  
f o r  t h e  a p p l i c a t i o n  o f  the m a g n e t i c  field.

C o n c l u s i o n s

T h i s  p a p e r  d e s c r i b e s  the b a s i c  p h y s i c a l  
p r i n c i p l e s  a n d  s o m e  p r e l i m i n a r y  e x p e r i m e n t a l  d a t a  
o f  a n o v e l  t e c h n i q u e  for the n o n d e s t r u c t i v e  e v a l u 
a t i o n  o f  s t r e s s  i n  a  f e r r o m a g n e t i c  m a t e r i a l .  The 
t e c h n i q u e  is b a s e d  o n  t w o  m e a s u r e m e n t s  o f  the 
u l t r a s o n i c  a t t e n u a t i o n  o r  p u l s e  a m p l i t u d e  at the 
s a m e  l o c a t i o n  in t h e  rail, w i t h  a n d  w i t h o u t  the 
p r e s e n c e  o f  a n  a x i a l  m a g n e t i c  field. T h e  d i f 
f e r e n c e  b e t w e e n  t h e s e  two m e a s u r e m e n t s  is a f u n c 
t i o n  o f  the n e t  m e c h a n i c a l  a n d  t h e r m a l  s t r e s s  a n d  
is i n d e p e n d e n t  o f  all o t h e r  local a n o m alies.

T h e  m a g n e t o u l t r a s o n i c  t e c h n i q u e  has m a n y  
p r o m i s i n g  fe a t u r e s .  T h e s e  can be s u m m a r i z e d  as

f o l l o w s :

a. T h e  t e c h n i q u e  is n o n d e s t r u c t i v e .

b. T h e  t e c h n i q u e  e l i m i n a t e s  the e f f e c t  o f  
local v a r i a t i o n s  o f  p h y s i c a l  p r o p e r t i e s  on the 
m e a s u r e d  v a l u e  o f  stress.

c. T h e  t e c h n i q u e  c a n  b e  i m p l e m e n t e d  to 
m e a s u r e  the n e t  f o r c e  w i t h  n e g l i g i b l e  eff e c t  
o w i n g  to r e s i d u a l  stress.

d. T h e  t e c h n i q u e  c a n  be i m p l e m e n t e d  
u s i n g  p r o v e n  r a i l  i n s p e c t i o n  h a r d w a r e  (for example, 
u l t r a s o n i c  a n d  m a g n e t i c  f l a w  d e t e c t i o n  h a r d w a r e ) .

e. T h e  t e c h n i q u e  is r u g g e d  and simple.

f. It is f e a s i b l e  to m a k e  c o n t i n u o u s  or 
m o v i n g  m e a s u r e m e n t s  in t h e  s a m e  w a y  t hat u l t r a 
s o nic and m a g n e t i c  f l a w  d e t e c t i o n  is d o n e  o n  rail 
t est c a r s .

g. T h e  t e c h n i q u e  r e q u i r e s  no s u r f a c e  
p r e p a r a t i o n .

h. T h e  t e c h n i q u e  r e q u i r e s  n o  zeroing.

i . T h e  t e c h n i q u e  r e q u i r e s  m i n i m u m  
calibration.
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S o m e  o f  t h e m  h a v e  b e e n  u s e d  f o r  i n d u s t r i a l  a p p l i 
c a t i o n s  . X - r a y  d i f f r a c t i o n  is the m o s t  c o m m o n l y  
u t i l i z e d  [3]. T e c h n i q u e s  b a s e d  o n  s h e a r  w a v e  
a c o u s t i c  b i r e f r i n g e n c e  [4] a n d  m a g n e t i c  B a r k h a u s e n  
e f f e c t  [5] a r e  e m e r g i n g  f r o m  the l a b o r a t o r y  to 
f i e l d  u s a g e .  T h e s e  a n d  o t h e r  m e t h o d s  a r e  c o v e r e d  
in o t h e r  t e c h n i c a l  p a p e r s  b e i n g  p r e s e n t e d  at t h i s  
c o n f e r e n c e ,  a n d  s o m e  p r o m i s i n g  a p p l i c a t i o n s  a p p e a r  
t o  b e  in t h e  making.

" M a g n e t o m e c h a n i c a l  A c o u s t i c  E m i s s i o n  
for R e s i d u a l  S t r e s s  M e a s u r e m e n t s  
in R a i l r o a d  R a i l s  a n d  W h e e l s " *

K a nji Ono
M. S h i b a t a

School o f  E n g i n e e r i n g  a n d  A p p l i e d  S c i e n c e  
U n i v e r s i t y  o f  C a l i f o r n i a  at Los A n g e l e s

I n t r o d u c t i o n

Res i d u a l  s t r e s s e s  in v a r i o u s  s t r u c t u r e s  and 
c o m p o n e n t s  o f t e n  c a u s e  p r e m a t u r e  f a i lures. In 
t h e  r ail t r a n s p o r t a t i o n  i n d ustry, l o n g i t u d i n a l  
c o m p r e s s i v e  s t r e s s e s  in r a i l s  h a v e  r e s u l t e d  in 
n u m e r o u s  cases o f  lat e r a l  b u c k l i n g .  W i d e s p r e a d  
u s e  o f  c o n t i n u o u s l y  w e l d e d  r ail is p a r t l y  r e s p o n 
s i b l e  for i n c r e a s e d  o c c u r r e n c e s  o f  b u c k l i n g  o w i n g  
to c o n s t r a i n e d  t h e r m a l  e x p a n s i o n s  [1]. In n u m 
b e rs, f ailures o f  r a i l r o a d  w h e e l s  o c c u r  m o r e  
o f t e n  t han t h o s e  o f  rails. C o n s e q u e n c e s  o f  some 
o f  t h e  wheel f a i l u r e s  a l s o  a r e  v e r y  serious. N e w  
w h e e l s  h ave b u i l t - i n  r e s i d u a l  c o m p r e s s i v e  s t r e s s e s  
in the r i m  section. H o wever, r e p e a t e d  b r a k i n g  a n d  
a t t e n d a n t  t h e r m a l  c y c l i n g  g r a d u a l l y  r e d u c e  such 
c o m p r e s s i v e  stresses. A f t e r  t h e  r e s i d u a l  s t r e s s e s  
b e c o m e  tensile, the w h e e l  r e a d i l y  fai l s  w h e n e v e r  
a cr i t i c a l  c r a c k  d e v e l o p s  f r o m  t h e r m a l  f a t i g u e  [2 ],

F o r  n o n d e s t r u c t i v e  m e a s u r e m e n t  o f  res i d u a l  
stress, several t e c h n i q u e s  h a v e  b e e n  de v e l o p e d .

T h i s  p a p e r  r e p o r t s  p r e l i m i n a r y  r e s u l t s  o f  m a g 
n e t o m e c h a n i c a l  a c o u s t i c  e m i s s i o n  (AE) p h e n o m e n o n  
a n d  its a p p l i c a t i o n  to r e s i d u a l  s t r e s s  m e a s u r e 
m e n t  in r a i l s  a n d  whe e l s .  T h e  m a g n e t o m e c h a n i c a l  
A E  is a  m e c h a n i c a l  c o u n t e r p a r t  o f  m a g n e t i c  B a r k 
h a u s e n  e f f e c t  [6 ], [7]. It w a s  f i r s t  d i s c o v e r e d  
b y  L o r d  [8 ] a n d  its s t r e s s  d e p e n d e n c e  w a s  f o u n d  
b y  K u s a n a g i  et al. [9], W h e n  t h e  level o f  a p p l i e d  
m a g n e t i c  f i e l d  is var i e d ,  t h e  s h i f t  i n  m a g n e t i c  
d o m a i n  s t r u c t u r e s  p r o d u c e s  u l t r a s o n i c  w a v e s ,  w h i c h  
a r e  d e t e c t e d  as A E  s i gnals. In the a b s e n c e  o f  a 
m a g n e t i c  field, A E  a t t r i b u t a b l e  to d o m a i n  w all 
m o t i o n  w a s  a l s o  r e p o r t e d  d u r i n g  t e n s i l e  t e s t i n g  
o f  i r o n  [10]. B e c a u s e  o f  t h e  p o t e n t i a l  o f  t h e  m a g 
n e t o m e c h a n i c a l  AE p h e n o m e n o n  as a n e w  n o n d e s t r u c 
t i v e  m e t h o d  f o r  s t r e s s  m e a s u r e m e n t ,  w e  h a v e  s t u d i e d  
t h e  p h e n o m e n o n  in s e v e r a l  s t e e l s  a n d  i r o n  [11]. In 
t h i s  stu d y ,  w e  e x t e n d e d  the m e a s u r e m e n t  t o  r ail a n d  
w h e e l  s t e e l s  to a s s e s s  the f e a s i b i l i t y  o f  d e v e l o p 
i n g  a u s e f u l  i n s t r u m e n t  for f i e l d  use.

E x p e r i m e n t a l  P r o c e d u r e s

R ail a n d  w h e e l  s t e e l s  w e r e  u s e d  in t h i s  study. 
S a m p l e s  o f  rail s t eel w e r e  t a k e n  f r o m  t h e  h e a d  
s e c t i o n  o f  a r ail s e c t i o n  s u p p l i e d  b y  t h e  A s s o c i a 
t i o n  o f  A m e r i c a n  R a i l r o a d s  (AAR), C h i c a g o ,  I l l inois, 
a n d  u t i l i z e d  in a f a t i g u e  f r a c t u r e  s t u d y  b y  
L u n d  [12]. W h e e l  steel s a m p l e s  w e r e  i d e n t i c a l  to 
t h o s e  u s e d  b y  F o w l e r  [13]. T h e  s a m p l e s  w e r e  
i d e n t i f i e d  as W h e e l  B in t h e  F o w l e r  study. T h e  . 
c h e m i c a l  c o m p o s i t i o n  o f  t h e s e  m a t e r i a l s  is g i v e n  
i n  t a b l e  1 (see p a g e  117) .

*A p r e s e n t a t i o n  b a s e d  o n  t h i s  p a p e r  was 
s c h e d u l e d  to b e  d e l i v e r e d  at c o n f e r e n c e ,  but 
n e i t h e r  a u t h o r  was a b l e  t o  attend.

In t h e  a s - r e c e i v e d  c o n d i t i o n s ,  b o t h  m a t e r i a l s  
h a d  f u l l y  p e a r l i t i c  m i c r o s t r u c t u r e s .  R a i l  a n d  
w h e e l  s a m p l e s  w e r e  a n n e a l e d  at 1,173° k e l v i n  (K)
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f o r  1 h o u r  a n d  f u r n a c e  cooled. W h e e l  s a m p l e s  
w e r e  a l s o  o i l - q u e n c h e d  a f t e r  a u s t e n i t i z i n g  at 
1 , 1 7 3  K f o r  1 hour. A n  o i l - q u e n c h e d  s a m p l e  also 
w a s  t e m p e r e d  at 773 K o r  9 2 3  K f o r  1 h o u r  and 
a i r - c o o l e d .  A n n e a l e d  s a m p l e s  w e r e  f u l l y  pea r l -  
itic, w h e r e a s  t h e  o i l - q u e n c h e d  s a m p l e s  w e r e  
m a r t e n s i t i c .

T A B L E  1

C H E M I C A L  C O M P O S I T I O N  OF S A M P L E S

E l e m e n t R a i l  (Head S e c t i o n ) W h e e l  (B)

C a r b o n 0 .67 0 .74
M a n g a n e s e 0 .90 0 . 6 8
S i l i c o n 0 .17 0 .27
P h o s p h o r u s 0 . 018 0 . 018
S u l f u r 0 . 024 0.040
C h r o m i u m 0.03 0 .16
N i c k e l < 0 . 0 1 0.15
M o l y b d e n u m 0 . 0 2 0 .03
C o p p e r 0 . 0 1 0.15

R o u n d  t e n s i l e  s p e c i m e n s  o f  the h a l f - s i z e  A S T M  
s t a n d a r d  g e o m e t r y  (E-8 ) w e r e  m a c h i n e d .  T h e  gage 
s e c t i o n  w a s  6.3 m i l l i m e t e r s  i n  d i a m e t e r  a n d  32 
m i l l i m e t e r s  in length, a n d  t h e  t o t a l  l e n g t h  was 
84 m i l l i m e t e r s .  T h e  t h r e a d e d  g r i p  s e c t i o n s  w ere 
1 2.7 m i l l i m e t e r s  in di a m e t e r .  F o l l o w i n g  h eat 
t r e a t m e n t  a n d  t h o r o u g h  c l e a n i n g ,  a s a m p l e  was 
m o u n t e d  in t h r e a d e d  g r i p s  w i t h  t e f l o n  t ape 
l u b r i c a t i o n .  T w o  t r a n s d u c e r s  f o r  A E  d e t e c t i o n  
w e r e  a t t a c h e d  to the flat ends. T h e s e  w e r e  a 
r e s o n a n t  t r a n s d u c e r  w i t h  t h e  n o m i n a l  c e n t e r  f r e 
q u e n c y  o f  175 k i l o h e r t z  (AC 175L, A c o u s t i c  E m i s 
s i o n  T e c h n o l o g y  C o r p o r a t i o n  [ A E T C ] , S a c r a m e n t o ,  
C a l i f o r n i a )  a n d  a m i n i a t u r e  s e n s o r  w i t h  t h e  
n o m i n a l  r e s o n a n t  f r e q u e n c y  o f  5 0 0  k i l o h e r t z  
(MAC-500, AETC). T h e  f o r m e r  w a s  c o u p l e d  v i a  
v i s c o u s  resin, w h i l e  the l a t t e r  w a s  g l u e d  to the 
s a m p l e  u s i n g  c y a n o a c r y l a t e  ester. T h e  t r a n s d u c e r  
o u t p u t s  w e r e  a m p l i f i e d  60 d e c i b e l s  u s i n g  p r e 
a m p l i f i e r s  (160, AETC) w i t h  b a n d p a s s  f i l t e r  p l u g 
ins o f  1 2 5 - 2 5 0  k i l o h e r t z  a n d  1 2 5 - 1 0 0 0  k i l o h e r t z ,  
r e s p e c t i v e l y .  T h e  r o o t  m e a n  s q u a r e  (rms) v o l t 
a g e s  o f  the a m p l i f i e d  o u t p u t s  w e r e  m e a s u r e d  u s i n g  
t r u e  rms r e a d i n g  v o l t m e t e r s  (3400 A, H e w l e t t -  
Pa c k a r d ,  P a l o  Alto, C a l i f o r n i a )  a n d  an X - Y - Y  
r e c o r d e r .  F i g u r e  1 i l l u s t r a t e s  t h e  e x p e r i m e n t a l  
setup.

S t r e s s i n g  a n d  p l a s t i c  d e f o r m a t i o n  o f  a sam p l e  
w a s  p e r f o r m e d  u s i n g  a f l o o r - m o d e l  Instron. The 
m a g n e t i c  f i e l d  on t h e  s a m p l e  w a s  g e n e r a t e d  b y  a 
s o l e n o i d  e n c i r c l i n g  t h e  g age s e c t i o n  o f  the sample. 
It w a s  p o w e r e d  t h r o u g h  a v a r i a c  w i t h  a l t e r n a t i n g  
c u r r e n t  v o l t a g e s  o f  u p  t o  140 v o l t s  at 60 hertz.
T h e  m a x i m u m  m a g n e t i c  f i e l d  g e n e r a t e d  w a s  25,5 0 0  
a m p e r e s  p e r  m e t e r  rms at t h e  c e n t e r  o f  t h e  s o l e 
n o id, the c a s i n g  o f  w h i c h  w a s  25 m i l l i m e t e r s  in 
i n s i d e  d i a m e t e r  and 33 m i l l i m e t e r s  in length.
T h e  s a m p l e  w a s  t hus m a g n e t i z e d  l o n g i t u d i n a l l y  a n d  
t h e  m a g n e t i c  c i r c u i t  w a s  o p e n - e n d e d .

R e s u l t s  and D i s c u s s i o n

T y p i c a l  r e s u l t s  o f  A E  o u t p u t  ( r e f e r r e d  to at 
the p r e a m p l i f i e r  input) v e r s u s  t h e  f i e l d  s t r e n g t h  
a r e  s h o w n  in f i g u r e  2. Here, a p p l i e d  stress, 
w a s  a b s e n t  a n d  the l o w - f r e q u e n c y  t r a n s d u c e r

(AC 175L) w a s  used. T h e  i n t e n s i t y  o f  A E  at a 
g i v e n  s t r e s s  i n c r e a s e d  w i t h  t h e  m a g n e t i c  f i eld 
strength. A t  the m a x i m u m  f i e l d  s t r e n g t h  em p l o y e d ,  
the AE o u t p u t  t e n d e d  t o  a p p r o a c h  a  s a t u r a t i o n  
level. T h e  m a x i m u m  A E  i n t e n s i t y  w a s  the h i g h e s t  
for q u e n c h e d  a n d  t e m p e r e d  w h e e l  a n d  q u e n c h e d  w h eel 
in the d e c r e a s i n g  order. T h e  A E  o u t p u t  o f  the 
q u e n c h e d  w h e e l  w a s  s i g n i f i c a n t l y  l o wer t h a n  o t h e r  
sample c o n d i t i o n s .  In all the m a t e r i a l s  t ested, 
the ini t i a l  i n c r e a s e  in t h e  A E  i n t e n s i t y  w a s  small 
u n til the f i e l d  s t r e n g t h  r e a c h e d  1 , 5 0 0  to 2,000 
a m p e r e s  p e r  meter.

An e x a m p l e  o f  v a r i a t i o n  in t h e  A E  i n t e n s i t y  
f i e l d  s t r e n g t h  c u r v e s  o w i n g  to str e s s  is s h own 
in fig u r e  3. R e s u l t s  for a n n e a l e d  w h e e l  steel are 
g i v e n  for e a c h  o f  the t w o  t r a n s d u c e r s  at t h r e e  
levels o f  s t r e s s  -- 0, ± 69 m i l l i o n  p a s c a l s  (MPa) 
( 1 0  t h o u s a n d  p o u n d s - f o r c e  p e r  s q u a r e  i n c h  [ksi]), 
and ± 138 M P a  (20 k s i ) . A  s i g n i f i c a n t  d r o p  in the 
m a x i m u m  A E  i n t e n s i t y  w a s  o b s e r v e d  b y  a p p l y i n g  
ext e r n a l  stress, w h i c h  a l s o  a f f e c t e d  t h e  s h a p e  o f  
the AE i n t e n s i t y  v e r s u s  f i e l d  s t r e n g t h  curve.
F o r  t his m a t e r i a l ,  the A E  i n t e n s i t y  d e c r e a s e d  
m o r e  r a p i d l y  w i t h  t e n s i l e  s t r e s s  t h a n  w i t h  c o m 
p r e s s i v e  stress.

The A E  i n t e n s i t y  o f  a n n e a l e d  rail steel is 
p l o t t e d  a g a i n s t  s t r e s s  in f i g u r e  4. Here, t h ree 
f i e l d  s t r e n g t h  lev e l s  w e r e  s e l ected. F o r  e a c h  
level, t h e  A E  o u t p u t s  o f  the two t r a n s d u c e r s  w e r e  
s h o w n  as a f u n c t i o n  o f  stress. T h e  o u t p u t s  o f  the
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F I G U R E  3. A C O U S T I C  E M I S S I O N  V E R S U S  A P P L I E D  M A G N E T I C  F I E L D  S T R E N G T H  FOR 
A N N E A L E D  W H E E L  S T E E L  A T  T H R E E  S T R E S S  L E V E L S  -- 0, ± 69 M P a ,  A N D  ± 1 3 8  M P a

l o w e r  f r e q u e n c y  t r a n s d u c e r  w e r e  h i g h e r  at, two o f  
the m a g n e t i z a t i o n  levels. R e l a t i v e  e f f e c t s  o f  
s t r e s s  w e r e  g r e a t e r  at l o w e r  s t r e s s e s .  S t r e s s  
e f f e c t s  also d e p e n d e d , o n  freque n c y .  A t  t h e  t e n 
s i l e  stress level o f  130 MPa, t h e  A E  i n t e n s i t y  
Cat 2 2 , 5 0 0  a m p e r e s  p e r  meter) d e c r e a s e d  to 62 p e r 
c e n t  at 175 k i l o h e r t z  (nominal r e s o n a n t  f r e q uency) 
a n d  to 74 p e r c e n t  at 500 k i l o h e r t z  (also n o m i n a l  
r e s o n a n t  frequency) in c o m p a r i s o n  t o  t h e  zero 
s t r e s s  level. N o t e  t hat the AE- l e v e l s  w e r e  a s y m 
m e t r i c a l  w i t h  r e s p e c t  t o  the d i r e c t i o n  o f  a p p l i e d  
stress. U n d e r  c o m p r e s s i v e  stress, t h e  d e c r e a s e  
in t h e  AE o u t p u t  w a s  a b o u t  t w o - t h i r d s  t h a t  u n d e r  
t e n s i l e  stress. W h e n  the f i e l d  l e vel was, h i g h  
a n d  stress w a s  low,, n o t a b l e  h y s t e r e s i s  e f f e c t s  
w e r e  observed. H owever, t h e  d i f f e r e n c e  i n  t h e  A E  
o u t p u t  w e r e  less t h a n  5 p e r c e n t .

W h e n  a n  a s - r e c e i v e d  rail s a m p l e  w a s  tested, 
t h e  A E  o u t p u t s  at 7 , 500 a m p e r e s  p e r  m e t e r  a n d . a t  
zero s t r e s s  d e c r e a s e d  in c o m p a r i s o n  t o  t h o s e  o f  
a n n e a l e d  s a m p l e s  (compare f i g u r e s  4 a n d  5). At

h i g h e r  f i e l d  s t r e n g t h  levels, t h e . z e r o  s t r e s s  A E  
o u t p u t s  w e r e  c o m p a r a b l e  b e t w e e n  the a n n e a l e d  and 
a s - r e c e i v e d  sam p l e s .  H o w e v e r ,  the stre s s  d e p e n d 
e n c e  o f  t h e  A E  o u t p u t  w a s  r e d u c e d  in t h e  as- 
r e c e i v e d  sample; f o r  e xample, t h e  A E  i n t e n s i t y  
d e c r e a s e d  t o  o n l y  73 p e r c e n t  i n s t e a d  o f  62 p e r c e n t  
(175 k i l o h e r t z ,  2 2 , 5 0 0  a m p e r e s  p e r  met e r ,  130 MPa). 
T h i s  was a l s o  r e f l e c t e d  in less s t e e p  s l o p e s  o f  
t h e  c u r v e s  o f  t h e  A E  v e r s u s  oA  p l o t s  i n  f i g u r e  5 
in c o m p a r i s o n  w i t h  t h o s e  o f  f i g u r e  4.

In f i g u r e  6 , s i m i l a r  p l o t s  are s h o w n  f o r  a n  
a n n e a l e d  a n d  d e f o r m e d  s a m p l e  o f  r ail steel. T h e  
s a m p l e  w a s  s t r e t c h e d  12 p e r c e n t  in tension. Z ero 
s t r e s s  A E  o u t p u t s  w e r e  r e d u c e d  10-20 p e r c e n t  f r o m  
the c o r r e s p o n d i n g  l e v e l s  o b s e r v e d  in the a n n e a l e d  
s a m p l e  (fi g u r e  4). T h e  m o s t  n o t a b l e  c h a n g e  was 
t h e  s m a l l e r  s t r e s s  d e p e n d e n c e  o f  A E  o u t p u t  u n d e r  
t e n s i l e  str e s s .  T h e  sha p e s  o f  the A E  v e r s u s  a A  
c u r v e s  o n  t h e  c o m p r e s s i o n  s i d e  w e r e  less af f e c t e d .  
F r o m  t h e s e  r e s u l t s ,  t h e  d i f f e r e n c e s  in t h e  A E  
r e s p o n s e s  b e t w e e n  t h e  a n n e a l e d  a n d  a s - r e c e i v e d
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s a m p l e s  a p p e a r  to o r i g i n a t e  f r o m  p r i o r  d e f o r m a t i o n  
in t h e  latter. W h i l e  v a r i o u s  m i c r o s t r u c t u r a l  
e f f e c t s  c a n n o t  be r u l e d  out, t h e  r e d u c t i o n  in 
s t r e s s  d e p e n d e n c e  f o u n d  in t h e  c o l d  w o r k e d  sample 
s u p p o r t s  t h i s  sugges t i o n .

W h e n  the A E  o u t p u t s  o f  t h e  a n n e a l e d  a n d  c old 
w o r k e d  s a m p l e s  w e r e  com p a r e d ,  t h o s e  o f  t h e  a n n e a l e d  
s a m p l e  w e r e  a l w a y s  g r e a t e r  u n d e r  c o m p r e s s i v e  stress 
a n d  u n d e r  l i m i t e d  levels o f  t e n s i l e  stress. U n d e r  
h i g h  t e n s i l e  s t r e s s e s  (for e x a m p l e ,  a b o v e  40 M P a  
f o r  AC. 1 7 5 L  t r a n s d u c e r  o u t p u t s ) ,  t h e  r e l a t i v e  
i n t e n s i t i e s  were, r e v e r s e d  a n d  the c o l d  w o r k e d  
s a m p l e  e m i t t e d  h i g h e r  leve l s  o f  A E  signals. T his 
b e h a v i o r  m a y  b e  a  c o n s e q u e n c e  o f  t e n s i l e  d e f o r m a 
t i o n  o f  t h e  sample. T h u s  it is l i k e l y  t h a t  c o m 
p r e s s i v e  d e f o r m a t i o n  p r o d u c e s  a n  o p p o s i t e  effect; 
n a m e l y ,  less s t r e s s  d e p e n d e n c e  u n d e r  c o m p r e s s i v e  
s t r e s s i n g  t h a n  u n d e r  t e n s i l e  s t r e s s i n g .

Stre s s  d e p e n d e n c i e s  o f  A E  o u t p u t s  f o r  an 
a n n e a l e d  w h e e l  s t e e l  s a m p l e  are s h o w n  in f i g u r e  7. 
A t  17S k i l o h e r t z ,  t h e  o b s e r v e d  A E  levels were 
l o w e r  and s t r e s s  d e p e n d e n c i e s  w e r e  g r e a t e r  t h a n  
in a rail s t eel sam p l e .  A t  500 k i l o h e r t z ,  b o t h  
the A E  leve l s  a n d  s t r e s s  d e p e n d e n c i e s  w e r e  c o m 
p a r a b l e  b e t w e e n  w h e e l  a n d  r a i l  samples. D i f 
fer e n c e s  b e t w e e n  t h e  two m a t e r i a l s  are b a s i c a l l y  
a t t r i b u t a b l e  to c a r b o n  c ontent, w h i c h  a f f e c t s  the 
f r a c t i o n  o f  fe r r i t e .  A s  t h e  r ail steel is e x p e c t e d  
to c o n t a i n  m o r e  f e r r i t e  (a l t h o u g h  n o t  c l e a r l y  
o b s e r v e d  t o  b e  u n d e r  m i c r o s c o p i c  e x a m i n a t i o n ) , t h e  
low e r  f r e q u e n c y  A E  sig n a l s ,  w h i c h  w e r e  s t r o n g e r  in 
r a i l , . m a y  b e  a t t r i b u t e d  to l a r g e r  f e r r i t e  con t e n t .

W h e n  w h e e l  s t e e l  w a s  q u e n c h e d  in oil, t h e  A E  
o u t p u t  d e c r e a s e d  g r e a t l y  e v e n  u n d e r  the h i g h e s t  
a p p l i e d  m a g n e t i c  f i e l d  (see f i g u r e s  8 a n d  9) .
Here, one a l s o  f i n d s  t h a t  t e m p e r i n g  r e s t o r e s  m u c h
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o f  t h e  r e d u ction. A f t e r  773 K t e m p e r i n g ,  A E  o u t 
p u t s  at 500 k i l o h e r t z  w e r e  i n c r e a s e d  to t h e  levels 
for the a n n e a l e d  sample. In t his c o n d i t i o n ,  the 
l o w - f r e q u e n c y  AE out p u t s  w e r e  s t ill a b o u t  h a l f  
t h o s e  for the a n n e a l e d  sample. A f t e r  t e m p e r i n g  
at 9 2 3  K, p e a k  A E  o u t p u t s  r e c o v e r e d  to a b o u t  90 
p e r c e n t  o f  the levels in the a n n e a l e d  sample.
T h e  o b s e r v e d  stress d e p e n d e n c e  u n d e r  c o m p r e s s i v e  
s t r e s s i n g  d e v e l o p e d  a h u m p  at - 2 0  M P a  to - 3 0  MPa. 
S i m i l a r  h u m p s  w e r e  o b s e r v e d  o n  t h e  t e n s i o n  s i d e  in 
1 0 2 0  a n d  A 5 3 3 B  steels a f t e r  1 0 -18 p e r c e n t  c o l d  
w o r k  [1 1 ].

O b s e r v e d  v a r i a t i o n s  in A E  o u t p u t  o w i n g  to 
m i c r o s t r u c t u r a l  c h a n g e s  can b e  u t i l i z e d  f o r  the 
d e t e c t i o n  o f  i n a d v e r t e n t l y  p r o d u c e d  m a r t e n s i t e  
r e g i o n s  in r a i l r o a d  whe e l s .  W h i l e  r e s i d u a l  s t r e s s  
a f f e c t s  the A E  level s i g n i f i c a n t l y ,  the m a r t e n s i t e  
p r o d u c e s  a v e r y  large d e c r e a s e  in t h e  A E  signal

level so t h a t  its p r e s e n c e  can r e a d i l y  b e  probed. 
T h e  p r e s e n t  o b s e r v a t i o n  a l s o  imp l i e s  that r e s i d u a l  
s t r e s s  m e a s u r e m e n t  c a n n o t  r e l y  o n  t h e  a m p l i t u d e  o f  
the A E  o u t p u t  b y  itself, b e c a u s e  o f  T a r g e  mic r o -  
s t r u c t u r a l  ef f e c t s .

It w a s  r e p o r t e d  e a r l i e r  [11] t hat the r a t i o  o f  
AE o u t p u t  lev e l  at 175 k i l o h e r t z  to t h a t  at 500 
k i l o h e r t z  e x h i b i t s  u n i q u e  s t r e s s  d e p e n d e n c e  in 
1020 a n d  A 5 3 3 B  steels. S u c h  r a t i o s  a r e  i n d i c a t i v e  
o f  the f r e q u e n c y  s p e c t r u m  o f  AE sig n a l s  a n d  can 
b e  c o m b i n e d  w i t h  t h e  i n t e n s i t y  o f  the A E  signals 
to i d e n t i f y  t h e  r e s i d u a l  stress, p r i o r  to c o l d  w o r k  
a n d  m i c r o s t r u c t u r a l  c h a n g e s . U s i n g  the o u t p u t s  
f r o m  t h e  t w o  t r a n s d u c e r s ,  w e  d e f i n e  the A E  ratio,
R, as

R = V r  (at 175 k H z ) / V r  (at 500 kHz)
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Here, t h e  A E  o u t p u t s  w e r e  c o r r e c t e d  for the d i f 
fer e n t  b a c k g r o u n d  n o i s e  levels. T h e  b a c k g r o u n d  
n o i s e  c o r r e c t i o n  f o l l o w e d  t h e  usu a l  a s s u m p t i o n  
o f  m e a n - s q u a r e  sum; t h a t  is, the m e a n - s q u a r e  
v o l t a g e  o u t p u t  e q u a l s  t h e  s u m  o f  t h e  m e a n - s q u a r e  
v o l t a g e s  o f  s i g n a l  a n d  n o i s e .  B e c a u s e  the f r e 
q u e n c y  r a n g e  is f i x e d  b y  a  t r a n s d u c e r  a n d  the 
i n d e p e n d e n c e  o f  s i g n a l  a n d  n o i s e  can b e  assured, 
the a s s u m p t i o n  is v a l i d ^  Thus, t h e  c o r r e c t e d  rms 
v o l t a g e  o f  A E  sig n a l s ,  V r , is g i v e n  by

V  2 = (V. o b s J (V . )2r, n o i s e

w h e r e  is t h e  r m s  v o l t a g e  o b s e r v e d  and

V  . is the rms v o l t a g e  o f  b a c k g r o u n d  noise, r, n o i s e  b  b
r e s p e c t i v e l y .

S t r e s s  d e p e n d e n c i e s  o f  the A E  ratio, R, in 
rail a n d  w h eel s t e e l s  a r e  s h o w n  in f i g u r e  1 0 .
In t h e  a n n e a l e d  co n d i t i o n ,  b o t h  s t e e l s  e x h i b i t e d  
a b r o a d  m a x i m u m  n e a r  zero s t r e s s  a n d  a s y m m e t r i c  
s t r e s s  d e p e n d e n c e .  V a l u e s  o f  R w e r e  1.4 to 1.5 
for r a i l  ste e l  a n d  1 . 0  to 1 . 2  f o r  w h e e l  steel, 
r e s p e c t i v e l y .  T h e s e  str e s s  d e p e n d e n c i e s  w e r e  
m u c h  l ess t h a n  t hat o b s e r v e d  in a n n e a l e d  1 0 2 0  
steel [11]. In the latter, . R d e c r e a s e d  f r o m  1.8 
at zero s t r e s s  to 1.1 at 120 MPa. In t h e  r ail 
steel, c o l d  w o r k  i n c r e a s e d  R  v a l u e s  t o  1.6 t o  1.7 
and t h e  m a x i m u m  w a s  m o r e  p r o n o u n c e d .  A n  i n c r e a s e  
in R o w i n g  to c o l d  w o r k  a l s o  was f o u n d  in c o l d  
w o r k e d  A 5 3 3 B  steel, b u t  t h e  o p p o s i t e  b e h a v i o r  was 
n o t e d  in c o l d  w o r k e d  1 020 steel [11] . M i c r o -  
s t r u c t u r a l  c h a n g e s  b r o u g h t  f o rth c o m p l e x  v a r i a 
t ion in R val u e s .  M a r t e n s i t i c  s t r u c t u r e  r e s u l t e d  
in an e s s e n t i a l l y  c o n s t a n t  R v a l u e  o f  1.1.
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T e m p e r i n g  at 773 K r e d u c e d  R  v a l u e s  to a l m o s t  
o n e - h a l f  o f  t h o s e  f o r  the a n n e a l e d  c o n d i t i o n .
T h a t  is to say, t h e  l o w - f r e q u e n c y  c o m p o n e n t s  
in A E  s i g n a l s  w e r e  d e c r e a s e d  r e l a t i v e  to t h e  
h i g h - f r e q u e n c y  co m p o n e n t s .  M a r t e n s i t e  t e m p e r e d  
at 923 K  t e n d e d  to r e s t o r e  R  v a l u e s  c l o s e  to 
t h o s e  o f  t h e  a n n e a l e d  sample. Ho w e v e r ,  a s h a r p  
m a x i m u m  at zero s t r e s s  w a s  o b s e r v e d  in t h e  
q u e n c h  a n d  t e m p e r  c o n d i t i o n  a n d  a s m all h u m p  in 
R  w a s  a l s o  noted.

P r e s e n t l y ,  it is n o t  u n d e r s t o o d  w h a t  c a u s e s  
v a r i o u s  c h a n g e s  in R  v a l u e s  and t h e i r  s t r e s s  
d e p e n d e n c i e s .  H o w e v e r ,  t h e i r  v a r i a t i o n  w i t h  
r e s p e c t  to s t r e s s  a n d  m i c r o s t r u c t u r e s  c a n  be 
e m p l o y e d  in c o m b i n a t i o n  w i t h  the i n t e n s i t y  o f  
A E  s i g n a l s  f o r  u n i q u e  d e t e r m i n a t i o n  o f  r e s i d u a l  
s t r e s s  a n d  h e a t  t r e a t m e n t  condit i o n s .  B a s i c a l l y ,  
m a g n e t o m e c h a n i c a l  A E  p h e n o m e n o n  o r i g i n a t e s  f r o m

d i s p l a c e m e n t  s t eps o w i n g  to t h e  s h i f t  in m a g n e t i c  
d o m a i n  s t r u c t u r e s ,  w h i c h  e l a s t i c a l l y  d i s t o r t  the 
m a t e r i a l  b y  w a y  o f  m a g n e t o s t r i c t i o n .  T h e  d o m a i n  
s t r u c t u r e s  a r e  a f f e c t e d  b y  m i c r o s t r u c t u r a l  con-, 
st i t u e n t s ,  d i s l o c a t i o n  s u b s t r u c t u r e s ,  a n d  m e c h 
a n i c a l  s t r esses, e x t e r n a l  as w e l l  as internal..

T h e  m o b i l i t y  o f  d o m a i n  w a l l s  a l s o  is a f f e c t e d  
b y  t h e s e  p a r a m e t e r s .  S o m e  o f  t h e s e  e f f e c t s  h a v e  
b e e n  r e c o g n i z e d  a n d  s t u d i e d  [5], [7], [14], [IS]. 
F o r  e xample, t h e  s i z e  o f  m a g n e t i c  d o m a i n s  is 
r e d u c e d  b y  s t r e s s  [15]. T h i s  o b v i o u s l y  is o n e  o f  
t h e  r e a s o n s  for the r e d u c t i o n  o f  A E  i n t e n s i t y  
u n d e r  stress. T h e  m a g n i t u d e  a n d  s i g n  o f  the 
m a g n e t o s t r i c t i o n  are d e p e n d e n t  o n  t h e  m a t e r i a l ,  
its c o n d i t i o n s ,  a n d  a p p l i e d  s t r e s s  [16]. As 
t h e s e  p a r a m e t e r s  a f f e c t  m a g n e t o m e c h a n i c a l  A E  s i g 
n a l  o u t p u t  d i r e c t l y ,  s i g n i f i c a n t  i n f l u e n c e  on t h e  
A E  c h a r a c t e r i s t i c s  is e x p e c t e d  [8 ], [9], [11],
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a l t h o u g h  n o  q u a n t i t a t i v e  s t u d y  has b e e n  
co n d u c t e d .

A p p l i c a t i o n s

F r o m  t h e  p r e s e n t  o b s e r v a t i o n s ,  it a p p e a r s  
t h a t  p r a c t i c a l  d e v i c e s  f o r  t h e  i n s p e c t i o n  o f  
r a i l s  a n d  w h e e l s  c a n  b e  d e v e l o p e d .  F o r  rails, 
r e s i d u a l  l o n g i t u d i n a l  s t r e s s  c a n  be m e a s u r e d  b y  
m a g n e t i z i n g  a l o n g  t h e  l e n g t h  o f  a rail t h a t  is • 
l a i d  in t h e  t r a c k  a n d  b y  d e t e r m i n i n g  A E  i n t e n 
s i t i e s  a t  t w o  o r  m o r e  f r e q u e n c y  r a n g e s . T h e  
m a g n e t i z a t i o n  s h o u l d  b e  in t h e  w e b  section, 
b e c a u s e  t h e  h e a d  s e c t i o n  o f  a  r ail is c old 
w o r k e d  h e a v i l y  a f t e r  n o r m a l  usages. D e t e c t i o n  
o f  A E  s i g n a l s  c a n  b e  at t h e  c o n t a c t  s u r f a c e  o f  
t h e  r a i l  h e ad.

F o r  t h e  i n s p e c t i o n  o f  w h e e l s ,  d i r e c t  d e t e r 
m i n a t i o n  o f  r e s i d u a l  s t r e s s e s  in the r i m  s e c t i o n

app e a r s  to b e  d i f f i c u l t ,  b e c a u s e  o f  s e v e r e  local 
h e a t i n g  and a t t e n d a n t  m o d i f i c a t i o n  o f  m i c r o 
s t r u c t u r e s  t h a t  m a y  r e s u l t  f r o m  s u c c e s s i v e  h i g h 
s p e e d  b r a k i n g  stops. H o w e v e r ,  it is i m p o r t a n t  
to asse s s  t h e  degree' o f  s uch m i c r o s t r u c t u r a l  
m o d i f i c a t i o n s .  M a g n e t o m e c h a n i c a l  A E  t e c h n i q u e  
s h o u l d  b e  an o b v i o u s  c h o i c e  f o r  t h i s  p u r p o s e ,  
b e c a u s e  t h e  o u t p u t  l e vel is d e p r e s s e d  d r a s t i c a l l y  
b y  t h e  f o r m a t i o n  o f  m a r t e n s i t e .

Thus, w h i l e  m u c h  b a s i c  a n d  d e v e l o p m e n t a l  
s t u d y  r e m a i n  t o  b e  done, t h e  p r e s e n t  f i n d i n g s  
s h o w  g r e a t  p r o m i s e  f o r  c o n s t r u c t i n g  f i e l d - u s a b l e  
dev i c e s  to b e  u s e d  b y  r a i l r o a d  i n d u s t r y .  T h e s e  
d e v i c e s  c a n  b e  e i t h e r  b a s e d  s o l e l y  on m a g n e t o 
m e c h a n i c a l  A E  p h e n o m e n o n  o r  u s e d  in c o m b i n a t i o n  
w i t h  o t h e r  e s t a b l i s h e d  m e t h o d s .  R e g a r d l e s s  o f  
the final c o n f i g u r a t i o n s ,  it is c e r t a i n  t h a t  t h e  
r e l i a b i l i t y  o f  r a i l r o a d  t r a c k s  a n d  w h e e l s  w i l l  
b e  e n h a n c e d  b y  t h e  u s e  o f  t h e s e  dev i c e s .
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A c k n o w l e d g m e n t s

T h i s  w o r k  has b'een s u p p o r t e d  b y  t h e  A s s o c i a 
t i o n  o f  A m e r i c a n  Railro a d s '  T e c h n i c a l  C e n t e r  
(Chicago, Illinois) t h r o u g h  a c o n t r a c t  to N E T  
Sys t e m s ,  Inc., W o o d l a n d  Hills, C a l i f o r n i a .
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" N u c l e a r  H y p e r f i n e  a n d  P o s i t r o n  A n n i h i l a t i o n  
M e t h o d s  for M e a s u r e m e n t s  o f  I n t e r n a l  S t r e s s " * *

L. H. B e n n e t t
L. J. S w a r t z e n d r u b e r  

R. C. Reno

C e n t e r  f o r  M a t e r i a l s  S c i e n c e  
N a t i o n a l  B u r e a u  of S t a n d a r d s

I n t r o d u c t i o n

T h r e e  t e c h n i q u e s  t hat h a v e  b e e n  c o n s i d e r e d  o f  
p o s s i b l e  u s e  for the n o n d e s t r u c t i v e  v a l u a t i o n  (NDE) 
o f  r e s i d u a l  s t r e s s  are the M B s s b a u e r  effect, n u c l e a r  
m a g n e t i c  re s o n a n c e ,  a n d  p e r t u r b e d  a n g u l a r  c o r r e l a 
tion. T h e s e  te c h n i q u e s ,  w h i c h  c a n  be c l a s s e d  as 
m e t h o d s  for m e a s u r i n g  n u c l e a r  h y p e r f i n e  i n t e r a c 
tions, w e r e  r e v i e w e d  at a 1976 c o n f e r e n c e  h e l d  in 
S a n  A n tonio, T e x a s  [1], [2], [3], [4]. A  four t h  
t e c h nique, p o s i t r o n  a n n i h i l a t i o n ,  is n o t  a  n u c l e a r  
h y p e r f i n e  t e c h n i q u e  but w i l l  be d i s c u s s e d  b r i e f l y  
h e r e  b e c a u s e  it u ses t h e  same i n s t r u m e n t a t i o n  as 
p e r t u r b e d  a n g u l a r  correl a t i o n .

T h e  t e r m i n o l o g y  " h y p e r f i n e "  c o m e s  f r o m  the 
e a r l y  d ays o f  q u a n t u m  m e c h a n i c s  a n d  o p t i c a l  
s p e c t r o s c o p y .  It w a s  f o u n d  that, u p o n  u s i n g  
h i g h e r  resolu t i o n ,  the o p t i c a l  s p e c t r a  d u e  to 
t r a n s i t i o n s  b e t w e e n  p r i n c i p a l  q u a n t u m  n u m b e r s  
b r o k e  u p  into a " f i n e "  s t r u c t u r e  a t t r i b u t a b l e  to 
q u a n t i z a t i o n  o f  the e l e c t r o n i c  m o m e n t s .  Then, 
w i t h  e v e n  h i g h e r  r e s o l u t i o n ,  t h e s e  f i n e  s t r u c t u r e  
l i nes t h e m s e l v e s  b r o k e  u p  i nto " h y p e r f i n e "  s t r u c 
t u r e  lines, w h i c h  w e r e  a t t r i b u t e d  t o  i n t e r a c t i o n s  
i n v o l v i n g  n u c l e a r  m a g n e t i c  d i p o l e  and n u c l e a r  
e l e c t r i c  q u a d r u p o l e  moments.

T h e  t h r e e  n u c l e a r  h y p e r f i n e  t e c h n i q u e s  
m e n t i o n e d  a b o v e  a r e  m e t h o d s  s e n s i t i v e  to the 
i n t e r a c t i o n  o f  n u c l e a r  p r o p e r t i e s  w i t h  e l e c t r i c  
a n d  m a g n e t i c  fields p r o d u c e d  e i t h e r  e x t e r n a l l y  
(such a s  b y  an e l e c t r o m a g n e t )  o r  i n t e r n a l l y  b y  
t h e  e l e c t r o n i c  d i s t r i b u t i o n .  T h e  i n t e r n a l  fields, 
in turn, are s e n s i t i v e  to the c h e m i c a l  e n v i r o n 
ment, s t r esses, defects, a n d  so on. In t h e  p o s i 
t r o n  a n n i h i l a t i o n  te c h n i q u e ,  o n e  d e t e c t s  the 
a n n i h i l a t i o n  r a d i a t i o n  t h a t  e n s u e s  w h e n  a  p o s i 
t r o n  is i n j e c t e d  into the m a t e r i a l  u n d e r  study.
T h e  e l e c t r o n i c  a n d  d e f e c t  s t r u c t u r e  o f  t h e  m a t e 
r ial a f f e c t s  t his r a d i a t i o n  in a m e a s u r a b l e  way.

M B s s b a u e r  Eff e c t

T h e  M B s s b a u e r  effe c t  is a t e c h n i q u e  f o r  o b s e r v 
i n g  n u c l e a r  y - r a y  f l u o r e s c e n c e  b y  u s i n g  t h e  "re c o i l -  
f r e e "  t r a n s i t i o n s  o f  a n u c l e u s  e m b e d d e d  in a s o lid

* * P r e s e n t a t i o n  at c o n f e r e n c e  d e l i v e r e d  b y
L. H. B e n n e t t

lattice. T h e  m e t h o d s  f o r  its o b s e r v a t i o n  h a v e  
b e e n  e x t e n s i v e l y  r e v i e w e d  [5]. A  t y p i c a l  a r r a n g e 
m e n t  and o b s e r v e d  s p e c t r a  a r e  i l l u s t r a t e d  in f i g 
u r e s  1 a n d  2 .

A l t h o u g h  the M B s s b a u e r  e f f e c t  has b e e n  
o b s e r v e d  f o r  m o r e  t h a n  40 e l e m e n t s ,  the r e q u i r e 
m e n t s  for p r a c t i c a l  N D E  m e a s u r e m e n t s  -- t h a t  is, 
r o o m  t e m p e r a t u r e  m e a s u r e m e n t s  b y  the s c a t t e r i n g  
t e c h n i q u e  w i t h i n  a r e a s o n a b l e  t i m e  f r ame -- l i m i t  
the u s a b l e  e l e m e n t s  to o n l y  a  few. C h i e f  a m o n g

t h e s e  a r e  '’^Fe a n d  ^ ^ S n ,  w i t h  ' ' ^ T a  b e i n g  a 
p o s s i b i l i t y .  T o  u s e  t h e s e  i s o t o p e s  w i t h o u t  m a k 
ing the s a m p l e  r a d i o a c t i v e ,  the sam p l e s  u n d e r  
t est m u s t  c o n t a i n  a  s i g n i f i c a n t  (that is, g r e a t e r  
t han a b o u t  1 0 p e r c e n t )  f r a c t i o n  o f  iron, tin, or 
t a n talum. If t h e y  do not, s u c h  a sam p l e  m u s t  b e  
d o p e d  w i t h  a s m a l l  a m o u n t  o f  r a d i o a c t i v e  p r e c u r s o r
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(270 d a y  Co, 245 d a y  Sn, 121 d a y  W ) . F o r
t his case, a l t h o u g h  t h e  a m o u n t s  o f  r a d i o a c t i v i t y  
a r e  small, p e r s o n n e l  h a z a r d s  m u s t  be c o n s i d e r e d .

T h r e e  h y p e r f i n e  i n t e r a c t i o n s  are o b s e r v e d  b y  
the M B s s b a u e r  effect. T h e y  a r e  the m a g n e t i c  h y p e r 
f i n e  field, t h e  e l e c t r i c  f i e l d  g r a dient, a n d  t h e  
i s o m e r  shift. All t h r e e  p a r a m e t e r s  a r e  s e n s i t i v e

57to c h a n g e s  i n  stress. F o r  Fe, t h e  c h a n g e  in 
i s o m e r  s h i f t  u p o n  a p p l i c a t i o n  o f  a c o m p r e s s i v e  
s t r e s s  o f  50 t h o u s a n d  p o u n d s - f o r c e  p e r  s q u a r e  
i nch (ksi) is a b o u t  0 . 0 0 3  m i l l i m e t e r  p e r  second. 
T h i s  is o n l y  a b o u t  1 p e r c e n t  o f  the l i n e w i d t h  and 
is r e a d i l y  m a s k e d  b y  o t h e r  e f f e c t s  -- as, for 
example, a c h a n g e  in t e m p e r a t u r e  o f  4° C o r  a 
c h a n g e  in c o m p o s i t i o n  o f  an i r o n - n i c k e l  a l l o y  b y  
1 p e r c e n t ,  g i v e n  e q u i v a l e n t  effects.

T h e s e  e f f e c t s ,  a l o n g  w i t h  t h e  l e n g t h  o f  t i m e  
r e q u i r e d  to p r e c i s e l y  m e a s u r e  c h a n g e s  o n  t h i s  o r d e r  
a n d  t h e  n e e d  to r e d u c e  v i b r a t i o n  to a l o w  level,

are b a s i c a l l y  w h y  t h e  e f f o r t s  u s i n g  ^ ^Fe h a v e  n o t  
y e t  p r o d u c e d  p r a c t i c a l  i n s t r u m e n t s  for f i e l d  use.

F I G U R E  1. O B S E R V A T I O N  OF T H E  M O S S B A U E R  
E F F E C T  B Y  C O U N T I N G  OF S C A T T E R E D  R A D I A T I O N  
(A r a d i o a c t i v e  s o u r c e  is g i v e n  a v e l 
o c i t y  o n  t h e  o r d e r  o f  1 m i l l i m e t e r  p e r  
s e c o n d  w i t h  r e s p e c t  t o  t h e  sample; the 
f l u o r e s c e n t  r a d i a t i o n ,  w h i c h  c a n  be 
Y  rays, X - r a y s ,  o r  i n t e r n a l l y  c o n v e r t e d  
e l e c t r o n s ,  is c o u n t e d  as a f u n c t i o n  o f  
s o u r c e  v e l o c i t y )
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F u r t h e r  d e v e l o p m e n t  o f  i n s t r u m e n t a t i o n  t e c h n i q u e s

is r e q u i r e d  b e f o r e  8 ^ G r  o r  ^ ^ S n  c a n  b e c o m e  
p r a c t i c a l  u s i n g  r e a s o n a b l e  s o u r c e  s t r e ngths, and 
the b e s t  p a t h  o f  d e v e l o p m e n t  is n o t  clear. E v e n  
w i t h  i m p r o v e d  i n s t r u m e n t a t i o n ,  the n e e d  to C a r e 
f u l l y  con t r o l  s a m p l e  c o m p o s i t i o n  c o u l d  still 
l i mit the u s e f u l n e s s  o f  the M S s s b a u e r  eff e c t  to 
t h e  c a l i b r a t i o n  o f  r e f e r e n c e  m a t e r i a l s  in the

181l aboratory. F o r  t h i s  p u r p o s e ,  T a  app e a r s  
i n t e r e s t i n g  as it h a s  i s o m e r  s h i f t s  that t e n d  to 
be v e r y  large c o m p a r e d  w i t h  t h e  n a t u r a l  line- 
w i d t h  [6 ], H o w e v e r ,  it c o u l d  b e  too sensitive; 
t h a t  is, the s p e c t r a  m a y  b e c o m e  u n o b s e r v a b l e  at 
too low a v a l u e  o f  s t r e s s  to b e  o f  p r a c t i c a l  
value. T h e r e f o r e ,  a f i r s t  s t e p  w o u l d  be to 
i n v e s t i g a t e  t h e  r a n g e  o f  s t r e s s  o v e r  w h i c h  u s e 
ful o b s e r v a t i o n s  c o u l d  b e  made.

E v e n  w i t h  t h e  l i m i t e d  r a n g e  o f  i s o t o p e s  c o n 
s i d e r e d  above, t h e  p o s s i b i l i t y  o f  r a p i d  field 
m e a s u r e m e n t s ,  s u c h  as w o u l d  b e  r e q u i r e d  for rail 
s u rveys, a p p e a r s  r e m o t e  w i t h  p r e s e n t - d a y  
i n s t r u m e n t a t i o n .  Indeed, t h e  c o n s i d e r a b l e  effort 
b y  s p e c i a l i z e d  c o m m e r c i a l  i n s t r u m e n t  c o m p a n i e s  to 
d e v e l o p  M S s s b a u e r  i n s t r u m e n t s  f o r  t h i s  p u r p o s e  
has f a l l e n  far sho r t  o f  t h i s  goal. W i t h  f u r t h e r  
d e v e l o p m e n t ,  t h e  M S s s b a u e r  t e c h n i q u e  is l i k e l y  to 
b e  u s e f u l  for c a l i b r a t i o n  o f  s t a n d a r d s .  It has 
b e e n  used, for exa m p l e ,  to p r o v i d e  b e n c h m a r k  
m e a s u r e m e n t s  o f  f e r r i t e  c o n t a c t  in s t a i n l e s s  
s t eel w e l d s  a n d  c a s t i n g s  [7].

a n d  i n v e s t i g a t i o n s  o f  w h i c h  i s o t o p e s  w o u l d  be 
s u i t a b l e  f o r  s p e c i a l i z e d  N D E  a p p l i c a t i o n s .

N u c l e a r  M a g n e t i c  R e s o n a n c e

N u c l e a r  m a g n e t i c  r e s o n a n c e  (NMR) u s e s  t h e  
i n t e r a c t i o n  o f  a n u c l e a r  m a g n e t i c  m o m e n t  w i t h  a 
r a d i o f r e q u e n c y  f i e l d  to p r o b e  the m a g n e t i c  h y p e r -  
fine f i e l d  a t  a n  a t o m i c  n u c l e u s .  In NMR, r a d i o 
a c t i v e  s o u r c e s  a r e  n o t  re q u i r e d .  F i g u r e  3 s c h e 
m a t i c a l l y  c o m p a r e s  N M R  w i t h  t h e  M S s s b a u e r  e f f e c t  
a n d  p e r t u r b e d  a n g u l a r  c o r r e l a t i o n  t e c h n i q u e s .  
N u c l e a r  q u a d r u p o l e  r e s o n a n c e  (NQR) u t i l i z e s  a 
n u c l e a r  q u a d r u p o l e  m o m e n t  i n t e r a c t i n g  w i t h  a 
r a d i o f r e q u e n c y  f i e l d  to p r o b e  the e l e c t r i c  f i e l d  
g r a d i e n t . A c o u s t i c  n u c l e a r  r e s o n a n c e  (ANR) 
r e p l a c e s  t h e  r a d i o f r e q u e n c y  f i e l d  w i t h  a n  a c o u s t i c  
wave. A l l  t h r e e  m e t h o d s  a n d  t h e i r  p o t e n t i a l  for 
N D E  h a v e  b e e n  p r e v i o u s l y  r e v i e w e d  [1], [3], [4],
[5],

In m e t a l s ,  t h e  d e p t h  o f  p e n e t r a t i o n  o f  the 
r a d i o f r e q u e n c y  f i e l d  d e p e n d s  o n  t h e  c o n d u c t i v i t y  
and p e r m e a b i l i t y  o f  t h e  s a m p l e  a n d  is o n  the 
o r d e r  o f  100 m i c r o m e t e r s .  O p t i m u m  o b s e r v a t i o n  o f  
N M R  a n d  N Q R  r e q u i r e s  s p e c i a l l y  s h a p e d  s amples, 
s uch as p o w d e r s ,  wire s ,  o r  f o ils w i t h  o n e  d i m e n s i o n  
less t h a n  t h i s  p e n e t r a t i o n  depth. I f  t h i s  c r i 
t e r i o n  is n o t  met, l i n e s h a p e  d i s t o r t i o n  a n d  s e n s i 
t i v i t y  b e c o m e  m a j o r  p r o b l e m s  a n d  n e w  d e v e l o p m e n t s  
in i n s t r u m e n t a t i o n  a n d  s i g n a l  p r o c e s s i n g  are 
n e e d e d  to o v e r c o m e  t h e s e  p r o b l e m s .

P e r t u r b e d  A n g u l a r  C o r r e l a t i o n

P e r t u r b e d  a n g u l a r  c o r r e l a t i o n  m e a s u r e s  n u c l e a r  
m a g n e t i c  h y p e r f i n e  fie l d s  a n d  e l e c t r i c  f i e l d  g r a 
d i e n t s  b y  o b s e r v i n g  t h e i r  e f f e c t  o n  t h e  c o i n c i d e n c e  
o f  g a m m a  r a y s  e m i t t e d  f r o m  t h r e e  n u c l e a r  e n e r g y  
levels. F o r  t his t e c h n i q u e ,  r a d i o a c t i v e  el e m e n t s  
m u s t  be i n t r o d u c e d  i n t o  t h e  s a m p l e  u n d e r  test.
T h e  a m o u n t s  r e q u i r e d  are q u i t e  sma l l ,  on the 
o r d e r  o f  s e v e r a l  m i c r o c u r i e s .  C o m p a r e d  to the 
M o s s b a u e r  effect, the n u m b e r  o f  i s o t o p e s  t h a t  can 
b e  u s e d  is l a r g e  a n d  t h e  p o s s i b i l i t i e s  inc l u d e

U 1 Cd, 1 8 1 Hf, 4 4 Ti, 1 0 0 D , , 9 9 d ,Pd, a n d  Rh. T h e  g a mma
r ays f r o m  t h e s e  i s o t o p e s  g e n e r a l l y  h a v e  m u c h  
g r e a t e r  e n e r g y  t h a n  t h o s e  u s e d  in t h e  M S s s b a u e r  
effect, a n d  d e p t h s  up to s e v e r a l  c e n t i m e t e r s  c o uld 
b e  p r o b e d  u s i n g  s u i t a b l e  is o t o p e s .

In add i t i o n ,  u n l i k e  t h  M S s s b a u e r  effect, p e r 
t u r b e d  a n g u l a r  c o r r e l a t i o n  is i n s e n s i t i v e  to 
v i b r a t i o n  o r  m o t i o n  o f  t h e  sam p l e .  A s  in the 
M S s s b a u e r  effect, t h e  c h a n g e s  in t h e  p a r a m e t e r s  
b e i n g  m e a s u r e d  are g e n e r a l l y  s m a l l  a n d  can be 
m a s k e d  b y  t e m p e r a t u r e  a n d  a l l o y i n g  e f fects. T his 
l e ads to a p r o b l e m  in o b t a i n i n g  m e a n i n g f u l  m e a s 
u r e m e n t s  w i t h i n  a r e a s o n a b l e  t i m e  frame. U n d e r  
i d eal c o n d i t i o n s  t h e  m e a s u r e m e n t  t i m e  c o u l d  be 
on the o r d e r  o f  1 hour, b u t  f r o m  1 to 2 days are 
m o r e  o f t e n  e n c o u n t e r e d .  T h i s  t i m e  c a n n o t  be 
r e d u c e d  b y  s i m p l y  i n c r e a s i n g  t h e  s o u r c e  s t r e n g t h  
(as it c a n  f o r  t h e  M S s s b a u e r  e f f e c t ) . I n s t r u m e n 
t a t i o n  d e v e l o p m e n t  u t i l i z i n g  m u l t i c o u n t e r  t e c h n i 
q u e s  o r  c o u n t e r s  w i t h  s p a t i a l  r e s o l u t i o n  h a v e  the 
p o s s i b i l i t y  o f  r e d u c i n g  t h e  r e q u i r e d  t i m e  b y  an 
o r d e r  o f  m a g n i t u d e .  L o n g - r a n g e  g o a l s  for the 
d e v e l o p m e n t  o f  p e r t u r b e d  a n g u l a r  c o r r e l a t i o n  
s h o u l d  thus i n c l u d e  i n s t r u m e n t a t i o n  d e v e l o p m e n t

F I G U R E  2. S C A T T E R I N G  S P E C T R A  F R O M  A  S A M P L E  
O F  S P H E R O D I Z E D  I R O N  C A R B I D E  IN IRON (NBS 
S T A N D A R D  R E F E R E N C E  M A T E R I A L  N U M B E R  493)

57
(The s o u r c e  w a s  s e v e r a l  m i l l i c u r i e s  o f  Co 

57[the p r e c u r s o r  f o r  Fe] in a  P d  mat r i x .
T h e  n u m b e r  o f  c o u n t s  is p l o t t e d  as a  f u n c 
t i o n  o f  s o u r c e  v e l o c i t y .  In t h e  u p p e r  
s p e c t r u m  t h e  d e t e c t o r  w a s  set to c o u n t  
14 k i l o e l e c t r o n v o l t s  y  rays. In t h e  low e r  
s p e ctrum, i n t e r n a l  c o n v e r s i o n  e l e c t r o n s  
w e r e  co u n t e d .  T h e  d i f f e r e n c e  in t h e  two 
s p e c t r a  r e f l e c t s  t h e  d i f f e r e n c e  i n  d e p t h  
b e l o w  t h e  s a m p l e  s u r f a c e  b e i n g  p r o b e d  b y  
t h ese t w o  t y p e s  o f  r a d i a t i o n . )
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F I G U R E  3. S C H E M A T I C  C O M P A R I S O N  O F  HYPJERFINE L E V E L S  P R O B E D  BY N U C L E A R  M A G N E T I C  R E S O N A N C E  ( N M R ) , 
M O S S B A U E R  E F F E C T  (ME), A N D  P E R T U R B E D  A N G U L A R  C O R R E L A T I O N  (PAC)

F o r  ANR, p e n e t r a t i o n  d e p t h  is n o t  a p r o b l e m .  
H o w e v e r ,  s e n s i t i v i t y  is a p r o b l e m  in A N R  a n d  
o b s e r v a t i o n s  t o  d a t e  h a v e  b e e n  m a d e  o n l y  u n d e r  
i d eal c onditions. N e w  ideas in i n s t r u m e n t a t i o n  
are n e e d e d  h e r e  for m e t h o d s  o f  i m p r o v i n g  the 
s e n s i t i v i t y .

I n t e r e s t i n g  d e v e l o p m e n t s  in N M R  f o r  e v a l u a t i o n  
o f  n o n m e t a l s ,  e s p e c i a l l y  b i o l o g i c a l  s a m p l e s ,  h a v e  
r e c e n t l y  b e e n  m a d e  [8 ], [9], [10]. A  n e w  term, 
" Z e u g m a t o g r a p h y , "  h a s  b e e n  c o i n e d  [8 ] t o  d e s c r i b e  
t h e  c o m p u t e r  r e c o n s t r u c t i o n  s c a n n i n g  t e c h n i q u e s  
b e i n g  used. T h e s e  t e c h n i q u e s  a r e  w o r t h  e x p l o r i n g  
f o r  t h e i r  p o s s i b l e  u s e  in NDE o f  s u c h  nonmet'als 
as p o l y m e r s .  H owever, t h e i r  a p p l i c a b i l i t y  to 
m e t a l s ,  e s p e c i a l l y  c o m m e r c i a l  f e r r o m a g n e t i c  steels, 
a p p e a r s  limited.

P o s i t r o n  A n n i h i l a t i o n

P o s i t r o n s  are the a n t i p a r t i c l e s  o f  e l e c t r o n s . 
W h e n  i n j e c t e d  into a  metal, t h e y  i n t e r a c t  s t r o n g l y  
a n d  a r e  f i n a l l y  a n n i h i l a t e d  b y  c o n t a c t  w i t h  e l e c 
trons. In 1964, M a c k e n z i e  et al. [11] n o t e d  t h a t  
t h e  c h a r a c t e r i s t i c s  o f  the e n s u i n g  a n n i h i l a t i o n  
r a d i a t i o n  w e r e  s e n s i t i v e  to t h e  d e f e c t  s t r u c t u r e  
w i t h i n  t h e  metal. T h i s  o b s e r v a t i o n  has b e e n  f o l 
l o w e d  b y  a  l a rge n u m b e r  o f  stu d i e s  u s i n g  p o s i t r o n s  
t o  probe, a t o m i c  a n d  m i c r o s c o p i c  s c a l e  inperfe'ctions 
in sol i d s  a n d  t h e i r  r e l a t i o n s h i p  t o  d e f o r m a t i o n ,

f a t i g u e  dam a g e ,  a n d  creep. R e c e n t l y ,  c o n s i d e r a b l e  
a t t e n t i o n  h a s  b e e n  d i r e c t e d  to t h e  u s e  o f  p o s i t r o n  
a n n i h i l a t i o n  as an N D E  t e c h n i q u e .  T h i s  e f f o r t  has 
b e e n  r e v i e w e d  b y  C o l e m a n  [12],

Ba s i c a l l y ,  t h r e e  t y p e s  o f  m e a s u r e m e n t s  on the 
p o s i t r o n  a n n i h i l a t i o n  r a d i a t i o n  a r e  m a d e  -- a n g u 
lar c o r r e l a t i o n  (A), l i f e t i m e  ( L ) , a n d  D o p p l e r  
b r o a d e n i n g  ( D ) . I n s t r u m e n t a t i o n  f o r  o b s e r v i n g  
D o p p l e r  b r o a d e n i n g  is i l l u s t r a t e d  in f i g u r e  4.
T h e  p o s i t r o n s  c a n  be r e a d i l y  o b t a i n e d  f r o m  the 
d e c a y  o f  c e r t a i n  r a d i o a c t i v e  el e m e n t s .  T h e  c h a r 
a c t e r i s t i c s  o f  s e v e r a l  o f  t h o s e  w i t h  r e a s o n a b l e  
h a l f - l i v e s  a r e  o u t l i n e d  in t a b l e  1. The d e p t h  to 
w h i c h  the p o s i t r o n s  p e n e t r a t e  d e p e n d s  u p o n  t h e  
e n e r g y  w i t h  w h i c h  t h e y  a r e  e m i t t e d  f r o m  the source,

a n d  it c a n  r a n g e  f r o m  2 0 m i c r o m e t e r s  for ^ 5 Zn to

230 m i c r o m e t e r s  f o r  ^ G e ,  m a k i n g  p o s i t r o n  a n n i h i 
lat i o n  b a s i c a l l y  a  n e a r - s u r f a c e  te c h n i q u e .  D e f e c t  
p r o f i l e s  o v e r  t h i s  r a n g e  o f  d e p t h  c o u l d  b e  o b t a i n e d  
b y  u s i n g  s e v e r a l  s o urces.

It is w e l l  e s t a b l i s h e d  t h a t  p o s i t r o n  a n n i h i l a 
t i o n  is s e l e c t i v e  to o p e n  v o l u m e  def e c t s ,  s u c h  as 
s i n g l e  v a c a n c i e s  a n d  v a c a n c y  c l u s t e r s  [13], [14],
[15] . D e t e c t i o n  o f  r e s i d u a l  s t r e s s  b y  p o s i t r o n  
a n n i h i l a t i o n  is i n d i r e c t  a n d  w o u l d  r e l y  on t h e  
r e l a t i o n s h i p  b e t w e e n  r e s i d u a l  s t r e s s  a n d  int e r n a l  
d e f e c t  struct u r e .  T h i s  a r e a  n e e d s  f u r t h e r  e x p l o r a t i o n

128



Stabilizer Intrinsic
Ge
Detector
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Positron Annihilation 

(Doppler Broadening) 

G am m a-ray Spectrometer

F I G U R E  4. I N S T R U M E N T A T I O N  F O R  O B S E R V I N G  D O P P L E R  B R O A D E N I N G  OF P O S I T R O N  A N N I H I L A T I O N  R A D I A T I O N  
( P o s itrons f r o m  a r a d i o a c t i v e  sour c e  are i n j e c t e d  i nto a m e t a l  s ample; the r e s u l t i n g  r a d i a t i o n  

is a n a l y z e d  w i t h  e l e c t r o n i c s  s t a b i l i z e d  b y  r a d i a t i o n  f r o m  a r e f e r e n c e  source)

T A B L E  1

S U M M A R Y  O F  C H A R A C T E R I S T I C S  OF P O S I T R O N  S O U R C E S

Isotope H a l f -  Life E B+ (MeV) m a x
M e a n  P e n e t r a t i o n  

D e p t h  (pm)
P o s s i b l e  B+ 
E x p e r i m e n t s

A p p r o x i m a t e
$/mCi

2 2 . .N a 2 . 6  yr 0.54 50 L, A , D 300

44 . Ti 48 y r 1.50 2 0 0 L, D 1 0 0 , 0 0 0

6 4 rC u 13 h r 0.65 70 A, D 5

6 8 Ge 275 d 1.90 230 A, D 300

5 8 Co 71 d 0.47 45 L ,  A , D 1 2

6 5 Zn 2 4 5  d 0.33 20 D 5
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to d e t e r m i n e  u n d e r  what c i r c u m s t a n c e  a n d  in w h i c h  
m a t e r i a l s  t h e  p o t e n t i a l  o f  p o s i t r o n  a n n i h i l a t i o n  
c a n  b e  realized.

T h e  m e t h o d s  w i t h  g r e a t e s t  p o t e n t i a l  f o r  NDE 
a p p l i c a t i o n s  a p p e a r  to be l i f e t i m e  a n d  D o p p l e r  
b r o a d e n i n g  m e a s u r e m e n t s .  U s i n g  c u r r e n t  i n s t r u 
m e n t a t i o n ,  the t i m e  to m a k e  a m e a s u r e m e n t  w i t h  
r e a s o n a b l e  p r e c i s i o n  u n d e r  ideal c o n d i t i o n s  is 
o n  t h e  o r d e r  o f  1 hour. T o  m a k e  t h e  t e c h n i q u e  
u s e f u l  f o r  f i e l d  use, t his t ime n e e d s  t o  b e  
r e d u c e d .  T h i s  r e q u i r e s  the d e v e l o p m e n t  o f  
f a s t e r  c o u n t i n g  t e c h n iques, p e r h a p s  u t i l i z i n g  
i m p r o v e d  c o i n c i d e n c e  m e t h o d s  and m u l t i p l e  
d e t e c t o r s  to r e d u c e  b a c k g r o u n d  noise. S o u r c e  
s t r e n g t h s  o f  t h e  p o s i t r o n  em i t t e r s  are m u c h  
less t h a n  1 m i l l i c u r i e  a n d  are not c u r r e n t l y  a 
p r o b l e m .

In t h e  D o p p l e r  b r o a d e n i n g  method, r e s u l t s  are 
g e n e r a l l y  p r e s e n t e d  in t e rms o f  a l i n e s h a p e  
p a r a m e t e r ,  w h i c h  is a s e n s i t i v e  m e a s u r e  o f  the 
e f f e c t  o f  d e f e c t s  on the p u l s e  h e i g h t  p e a k  s h a p e  
f r o m  the a n n i h i l a t i o n  radiation. T h e  v a l u e  o f  
t h i s  p a r a m e t e r  is a l s o  s e n s i t i v e  to s o u r c e  
s t r e n g t h ,  s y s t e m  g e o metry, a n d  e l e c t r o n i c  i n s t r u 
m e n t a t i o n ,  w h i c h  m u s t  be c a r e f u l l y  c o n t r o l l e d .
In t h i s  regard, s t a n d a r d  sam p l e s  t h a t  g i v e  k n o w n  
v a r i a t i o n s  in t h e  l i n e s h a p e  p a r a m e t e r  m a y  b e  u s e 
ful in the d e v e l o p m e n t  a n d  i m p l e m e n t a t i o n  o f  the 
t e c h n i q u e .

S u m m a r y

A  b r i e f  o v e r v i e w  o f  t h ree m e t h o d s  f o r  o b s e r v 
i n g  n u c l e a r  h y p e r f i n e  i n t e r a c t i o n s  o f  m e t h o d s  for 
u t i l i z i n g  p o s i t r o n  a n n i h i l a t i o n  h a s  b e e n  p r e s e n t e d  
A l l  t h e s e  t e c h n i q u e s  y i e l d  r e s u l t s  t h a t  a r e  s e n s i 
t i v e  in s o m e  d e g r e e  to res i d u a l  s tress. H o w e v e r ,  
at t h e i r  p r e s e n t  s t a g e  o f  d e v e l o p m e n t ,  n o n e  o f  
t h e s e  t e c h n i q u e s  app e a r s  s u i t a b l e  for a d a p t a t i o n  
as a f i e l d  t e c h n i q u e  for t h e  r a p i d  s u r v e y  o f  
r e s i d u a l  s t r e s s e s  in rails. T h e  M S s s b a u e r  e f f e c t  
a n d  p o s i t r o n  a n n i h i l a t i o n  h a v e  p o t e n t i a l  f o r  
d e v e l o p m e n t  as m e t h o d s  to aid in t h e  s t a n d a r d i z a 
t i o n  o f  r e f e r e n c e  ma t e r i a l s .
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P A N E L  D I S C U S S I O N

T h e  p a r t i c i p a n t s  in the p a n e l  d i s c u s s i o n  
i n c l u d e d  a u t h o r s  J. R. B a r t o n ,  L. L. Yea g e r ,
K. R. Maser, a n d  N. S e n a p a t i ;  c o n f e r e n c e  p a n e l  m e m b e r s  
D. P. M c C o n n e l l  (chairman) ( T r a n s p o r t a t i o n  S y s 
tems Center, U.S. D e p a r t m e n t  o f  T r a n s p o r t a t i o n ) ,
H. B e r g e r  ( N a tional B u r e a u  o f  S t a n d a r d s ,  U.S. 
D e p a r t m e n t  o f  C o m m e r c e ) ,  a n d  D. H. S t o n e  ( A s s o c i a 
t i o n  o f  A m e r i c a n  R a i l r o a d s ) ;  a n d  s u p p l m e n t a l  s e s 
s i o n  p a n e l  m e m b e r s  A. D. K e r r ' ( U n i v e r s i t y  o f  
D e l aware) a n d  J. S i m m o n s  (N a t i o n a l  B u r e a u  o f  
S t a n d a r d s ,  U.S. D e p a r t m e n t  o f  Co m m e r c e ) .

J. SI M M O N S :  In l i s t e n i n g  t o  t h e  d i s c u s s i o n
d u r i n g  the c o u r s e  o f  t h e  day, it s e ems to me t hat 
w h a t  o n e  is t r y i n g  to do is to m e a s u r e  t h e  actual 
l o n g i t u d i n a l  f o r c e  t h a t  o c c u r s  in r a i l s  t h a t  are 
in s e r v i c e  in situ. T h i s  m e a n s  t h a t  w h a t  one 
r e a l l y  is l o o k i n g  at is an a v e r a g e  o f  t h e  n o r m a l  
c o m p o n e n t  o f  s t r e s s  o v e r  a  t r a n s v e r s e  cro s s  s e c 
t i o n  o f  t h e  r ail -- t h a t  is, t h e  f o r c e  p e r p e n d i c 
u l a r  to the l o n g i t u d i n a l  o r  r u n n i n g  d i r e c t i o n  o f  
t h e  rail. So o n e  o f  t h e  p r o b l e m s  t h a t  i m m e d i a t e l y  
c o m e s  to m i n d  is t h a t  a n y  m e t h o d  w h i c h  does local 
r e s i d u a l  str e s s  m e a s u r e m e n t  is r e a l l y  n o t  a d d r e s 
s i n g  t h e  pro b l e m .

W h a t  one is r e a l l y  a t t e m p t i n g  to do is to ask 
f o r  t his a verage. So, in m y  o p i n i o n ,  t h e  q u e s t i o n  
h e r e  h a s  to be, h o w  do t h e  t e c h n i q u e s  w e  a r e  d i s 
c u s s i n g  c o m p a r e  w i t h  the B r i t i s h  R ail met h o d .  T his 
is the c l o s e s t  m e t h o d  to a n  a c t u a l  a t t e m p t  I h a v e  
h e a r d  d i s c u s s e d  h e re, b u t  it l o oks o n l y  at one 
p a r t  o f  it as a n  a c t u a l  d i r e c t  a t t e m p t  at m e a s u r 
i n g  t h e  a c t u a l  l o a d i n g  f o r c e  r a t h e r  t h a n  the r e s i 
d ual s t r e s s e s  t h a t  a r e  in t h e  rail.

O f  course, t h e r e  a r e  a  l o t  o f  d i s a d v a n t a g e s  to 
t h e  B r i t i s h  R ail met h o d .  N o b o d y  l i kes d r i l l i n g
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hol e s ,  p a r t i c u l a r l y  i f  y o u  a r e  g o i n g  to do t h e m  
2 0 m e t e r s  apart; in fact, t h a t  c a n  e a s i l y  b e c o m e  
l u d i crous, b u t  it c e r t a i n l y  c o mes c l o s e r  to a 
s t a n d a r d  o f  r e f e r e n c e ,  a g a i n s t  which, it seems 
to me, o n e  c a n  c o m p a r e  a l t e r n a t i v e  techni q u e s .

Dr. Bar t o n ,  y o u  m e n t i o n e d  t h e  m a g n e t o - o p t i c  
a p p r o a c h  f o r  m a k i n g  m a g n e t i c  d o m a i n s  visible.
C o u l d  y o u  b e  m o r e  s p e c i f i c  a b o u t  t his t e c h n i q u e ?

Also, t h e  B a r k h a u s e n  e f f e c t  ( m a gnetic d o m a i n  
fl i p p i n g )  h a s  b e e n  d e t e c t e d  b y  a c o u s t i c  e m i s s i o n  
m e t h o d s  as w e l l  as b y  m a g n e t i c  met h o d s ,  a n d  I 
b e l i e v e  t h a t  D o n  Jol l y ,  a l s o  o f  S o u t h w e s t  Research, 
has h a d  s o m e  i n t e r a c t i o n  w i t h  y o u  o n  this. W h i c h  
is t h e  m o r e  s e n s i t i v e  a n d  w h a t  are the r e l a t i v e  
a d v a n t a g e s  a n d  d i s a d v a n t a g e s  o f  t h e  two t e c h n i 
q u e s ?  I k n o w  t h a t  A 1  B e a t t y  at S a n d i a  u s e d  it 
to s t u d y  h y d r i d e  f o r m a t i o n .  T h a t  is a p h a s e  
c h a n g e  p r o b l e m ,  b u t  t h e r e  h a v e  b e e n  o t h e r  a p p l i 
c a t i o n s  w h e r e  it h a s  b e e n  d i r e c t l y  u s e d  o n  m a g 
n e t i c  d o m a i n s .

In a d d i t i o n ,  y o u  m e n t i o n e d  t h a t  y o u  u s e  an 
e n v e l o p e - d e t e c t i o n  t y p e  o f  a p p r o a c h ,  w h i c h  s t r u c k  
m e  as r a t h e r  s t r a n g e  b e c a u s e  t h i s  a p p r o a c h  c l e a r l y  
is g o i n g  to b e  s e n s i t i v e  to m a t e r i a l  m i c r o s t r u c t u r e .  
I f  y o u  h a v e  g o t  a m a t e r i a l  s a m p l e  w i t h  a l a r g e  n u m 
b e r  o f  m a g n e t i c  d o m a i n s  w h i c h  are, for example, 
h e a v i l y  p i n n e d ,  then, w h e n  t h o s e  d o m a i n s  flip, 
y o u  a r e  g o i n g  t o  g e t  t r e m e n d o u s  c u r r e n t s  in v e r y  
l a rge p e a k s ,  w h e r e a s ,  i f  the m a g n e t i c  d o m a i n s  are 
n o t  p i n n e d  so much, t h e y  w i l l  m o v e  m o r e  smoothly. 
C o n s e q u e n t l y ,  a l t h o u g h  y o u  m a y  h a v e  s i m i l a r  a m o u n t s  
o f  e n e r g y  r a d i a t e d ,  y o u  w i l l  c e r t a i n l y  h a v e  c o m 
p l e t e l y  d i f f e r e n t  c h a r a c t e r i s t i c s  f o r  the t y p e  of 
r a d i a t i o n .  S o  I a m  a l i t t l e  s u r p r i s e d  t h a t  y o u  
u s e d  p e a k  e n v e l o p e  m e t h o d s  r a t h e r  t h a n  s ome o t h e r  
t ype o f  m e a s u r e m e n t .

Fin a l l y ,  w h a t  is the i n f l u e n c e  o f  the r e s i d u a l  
str e s s  w a v e l e n g t h  v e r s u s  t h e  m a g n e t i c  d o m a i n  s i ze?
In s o m e  cases, y o u  m a y  e n c o u n t e r  v e r y  fine, v e r y  
lo c a l i z e d ,  h i g h l y  f l u c t u a t i n g  r e s i d u a l  str e s s  
fields, as o p p o s e d  t o  v e r y  l o n g - r a n g e  ones. H a v e  
y o u  d o n e  a n y  s t u d i e s  o f  t h e  i n t e r r e l a t i o n s h i p  
b e t w e e n  t h e s e  t wo?

J. R. BARTON: T h e  m a g n e t o - o p t i c  a p p r o a c h  is
a m e t h o d  in w h i c h  y o u  u s e  a p o l a r i z e d  l i ght beam.
In o u r  case, w e  u s e d  a l a s e r  beam. T h e  p o l a r i z a 
t i o n  is c h a n g e d  b y  t h e  m a g n e t i c  i n t e r a c t i o n  w i t h  
t h e  domain, a n d  y o u  u s e  an a n a l y z e r  t h e  same as 
y o u  w o u l d  w i t h  o r d i n a r y  p o l a r i z e d  light t e c h n i 
ques. T h e  o r i e n t a t i o n  o f  t h e  m a g n e t i c  d o m a i n  in 
the s u r f a c e  r o t a t e s  t h e  p l a n e  o f  p o l a r i z a t i o n  o f  
the light s l i g h t l y .  W e  u s e d  a l a s e r  b e c a u s e  the 
a t t e n u a t i o n  f a c t o r  t h r o u g h  t h i s  w h o l e  s y s t e m  w a s  
a b o u t  a f a c t o r  o f  a m i l l i o n  a n d  w e  do h a v e  some 
v e r y  i n t e r e s t i n g  m o v i e s  o f  t h e  d y n a m i c  a c t i o n  o f  
dom a i n s .  O f  c o u r s e ,  y o u  c a n  get a s t a t i c  r eadout, 
but w e  u s e d  a  l a s e r  f o r  t h e  d y n a m i c  readout.

R e g a r d i n g  t h e  s e c o n d  q u e s t i o n ,  abo u t  t h e  c o m 
p a r a t i v e  s e n s i t i v i t y  o f  t h e  uses, w e  h a v e  r e c e n t l y  
c o n d u c t e d  s o m e  e x p e r i m e n t s  o n  t h e  u l t r a s o n i c  
m e t h o d  o f  s e n s i n g  d o m a i n  m o t i o n s .  W i t h  i n c r e a s 
ing c o m p r e s s i o n  s t r e s s ,  a  n e a r l y  l i n e a r  d e c r e a s e  
in t h e  u l t r a s o n i c  s i g n a l  a m p l i t u d e  results.

J. S I MMONS: A r e  w e  t a l k i n g  to t h e  s ame
m e t h o d  -- y o u  are u s i n g  the w o r d  " u l t r a s o n i c . "
I a s k e d  y o u  a c o u s t i c  e m i ssion. T h a t  is q u i t e  
d i f f e r e n t .

J. R. BARTON: T h a t  is right, b u t  as y o u
m o v e  a d o m a i n  wall, y o u  c a n  g e n e r a t e  a n  e l a s t i c  
wave. T h a t  is t h e  same as u l t r a s o n i c a l l y .

W e  h a d  h o p e d  that, as w e  m o v e d  i n t o  t h e  t e n 
s ion range, w e  w o u l d  get a s t r a i g h t - l i n e  c o n 
ti n u a t i o n ,  w h i c h  d i d  n o t  p r o v e  to b e  true.
Dr. B e i ssner, w h o  has b e e n  d o i n g  m o s t  o f  this 
work, b e l i e v e s  t hat h e  has a w a y  o f  s e p a r a t i n g  
out the i n f l u e n c e  o f  t e n s i o n  a n d  c o m p r e s s i o n .
T h e r e  is, o f  course, t h e  p o s s i b i l i t y  t h a t  the 
a c o u s t i c  B a r k h a u s e n  is at l e ast s e n s i t i v e  to the 
str e s s e s  in t h e  i n t e r i o r  o f  the m e t a l .  W i t h  the 
i n d u c t i v e  ap p r o a c h ,  w e  are l i m i t e d  p e r h a p s  to 
about 0 . 0 1 0  i n c h  in depth. I do n o t  t h i n k  at 
t h i s  p o i n t  t h a t  o u r  e x p e r i m e n t s  h a v e  m o v e d  far 
e n o u g h  t hat w e  c o u l d  g i v e  y o u  a q u a n t i t a t i v e  
a p p r a i s a l  o f  t h e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  
a n d  s e n s i t i v i t i e s .

The a c o u s t i c  B a r k h a u s e n  d oes h a v e  v e r y  g ood 
s e n s i t i v i t y .  Pr o b a b l y ,  at l e ast in t h e  e x p e r i 
m e n t s  w e  h a v e  run, y o u  w o u l d  b e  a b l e  to r e s o l v e  
abo u t  1 , 0 0 0  p o u n d s - f o r c e  p e r  s q u a r e  i n c h  (psi) 
and that is n e a r  the o r d e r  o f  w h a t  w e  c a n  r e s o l v e  
o n  a  c a l i b r a t i o n  s p e c i m e n  w i t h  the i n d u c t i v e  
B arkhausen.

Now, in t e r m s  o f  the e n v e l o p e  d e t e c t i o n ,  w e  
h a v e  f o u n d  t h a t  the c h a r a c t e r i s t i c  s h a p e s  o f  the 
e n v e l o p e s  do h a v e  f e a t u r e s  that in s o m e  i n s t a n c e s  
w e  t h i n k  r e l a t e  to the t e x t u r e  o f  the m a t e r i a l ,  
and o t h e r  r e g i o n s  o f  t hat e n v e l o p e  a r e  m o r e  s e n 
sit i v e  to s tress. A t  t his p o i n t  in time, we do 
not u n d e r s t a n d  w h y  this is true. A l t h o u g h  we 
h a v e  s ome i d eas o f  w h y  it is true, w e  do not 
u n d e r s t a n d  it exactly.

I w i l l  u s e  a n  i l l u s t r a t i o n  (see f i g u r e  A  on 
p a g e  132) to s h o w  y o u  w h a t  I a m  t a l k i n g  about.
T h e  c h a r a c t e r i s t i c s  o f  t h e  c u r v e  t h a t  w e  h a v e  
a r e  u s u a l l y  s o m e t h i n g  l ike is shown, b u t  w e  
h a v e  f o u n d  t h a t  t h e  g e n e r a l  r e g i o n  a b o v e  o f t e n  
w i l l  get a v e r y  p r o m i n e n t  s p i k e  -- a n d  it v a r i e s  
w i t h  m a t e r i a l s  -- a n d  t h i s  r e g i o n  is o f t e n  the 
m o s t  s t r e s s - s e n s i t i v e  region.

O n  t h e  h o r i z o n t a l  axis w e  a r e  t a l k i n g  about 
the m a g n e t i c  f i e l d  change; t h e  v e r t i c a l  a xis is 
the B a r k h a u s e n  signal.

A n d  o f t e n  t h i s  p e a k  h a s  a h i g h  a m p l i t u d e ;  
in o t h e r  c a ses -- w i t h  d i f f e r e n t  m a t e r i a l s  —  
it m a y  b e  f a i r l y  low, as shown.

For example, i f  w e  t a k e  a b a l l b e a r i n g  r a c e  as 
a s p e c i m e n  -- a n d  n o r m a l l y  w e  k n o w  t h a t  a b a l l 
b e a r i n g  r a c e  is h e a t - t r e a t e d  t o  w h e r e  y o u  e n d  up 
w i t h  a v e r y  h i g h  r e s i d u a l  c o m p r e s s i o n  s t r e s s  in 
t h e  s u r f a c e  -- t h e n  w e  get a c u r v e  a b o u t  like t h a t  
in t h e  i l l u s t r a t i o n .

W i t h  e x t e n d e d  e n d u r a n c e  t e s t i n g  a n d  w i t h  
f a i r l y  h i g h  s e r v i c e  l o ads (these w e r e  d o n e  in t h e  
l a b o r a t o r y  b u t  a l s o  in b e a r i n g s  t h a t  h a v e  b e e n  in 
actu a l  gas t u r b i n e  e n g i n e  s e r v i c e ) , w e  h a v e  s e e n  
in m a n y  i n s t a n c e s  a p e a k  that e m e r g e s  as shown.

131



BA
RK
HA
US
EN
 
AM
PL
IT

UD
E 

BA
RK
HA
US
EN
 
AM
PL
IT
UD
E

MAGNETIC FIELD CHANGE 
COMPRESSIVE STRESS

MAGNETIC FIELD CHANGE 
TENSION STRESS

F I G U R E  A. I L L U S T R A T I O N  U S E D  BY J . R. B A R T O N  IN P A N E L  D I S C U S S I O N

132



T h i s  o n e  still s t a y s  t h e  same. We b e l i e v e  
t h i s  is l o a d - r e l a t e d .  We a r e  a l m o s t  c e r t a i n  t h a t  
it is b e c a u s e ,  i f  y o u  h a v e  a  c r o s s  s e c t i o n  o f  the 
race, i f  t h i s  is t h e  l o a d  r e g i o n ,  a n d  i f  y o u  p l o t  
t h e  a m p l i t u d e  o f  t h i s  p e a k  v e r s u s  l o c ation, t h e n  
y o u  f i n d  t h a t  it p e a k s  u p  n e a r  w h a t  is c a l l e d  
t h e  g a g i n g  c o n t a c t  a n g l e  (28.5°).

J. S I M M O N S :  W h a t  is t h e  m a g n i t u d e  o f  the
m a g n e t i c  f i e l d  y o u  a p p l y ?  D o  y o u  a l w a y s  a p p l y  it 
t h e  s a m e  w a y ?  H o w  is it a p p l i e d ?

J. R. BARTON: T h e  m a g n i t u d e  c a n  vary, b u t  for
a n y  o n e  a p p l i c a t i o n  w e  w o u l d  e x p e r i m e n t a l l y  d e t e r 
m i n e  w h a t  t h e  l i m i t s  w o u l d  b e  a n d  u s u a l l y  t h e  m a g 
n e t i c  f i e l d  -- I s h o u l d  say t h e  c u r r e n t  a p p l i e d  to 
the m a g n e t  t h a t  is c r e a t i n g  t h e  m a g n e t i c  f i e l d  
is u s u a l l y  l i n e a r  i n c r e a s i n g  in o n e  direct i o n ;  
then, o f  cou r s e ,  w h e n  y o u  s w i n g  it back, y o u  go 
b a c k  in t h e  o t h e r  d i r e c t i o n .  T h e  k i n d s  o f  thi n g s  
t h a t  w e  v a r y  a r e  t h e s e  e n d - p o i n t s  -- m a y b e  it 
c a r r i e s  o n  u p  t o  h e r e  -- a n d  t h i s  slope.

In g e n e r a l ,  i f  y o u  go t o  a h i g h e r  slope, y o u  
g e t  m o r e  B a r k h a u s e n  a c t i v i t y .  Ho w e v e r ,  w e  h a v e  
a l s o  f o u n d  e x p e r i m e n t a l l y  t h a t  y o u  get a d i f f e r e n t  
b e h a v i o r  o f  at l e a s t  s o m e  steels, d e p e n d i n g  u p o n  
t hat slope.

J. S I M M O N S :  Sure, y o u  a r e  d o i n g  int e r n a l
e l e c t r i c a l  f r i c t i o n  e x p e r i m e n t s .

J. R. B ARTON: Well, t h a t  c o u l d  be. But for
ex a m p l e ,  y o u  t a k e  i d e n t i c a l l y  the s ame s p e c i m e n  
a n d  p u t  it in t e n s i o n  o r  c o m p r e s s i o n  a n d  v e r s u s  
s l o p e  o f  t h i s  field. I f  y o u  i n c r e a s e  t his s l ope 
a n d  w e  p l o t  B a r k h a u s e n  a c t i v i t y  o r  this p e a k  
a m p l i t u d e  o n  t h i s  axis, t h e n  w e  f i n d  w i t h  the 
t e n s i o n  s t r e s s  t h a t  y o u  get a c u r v e  c o m i n g  up 
h e r e  l i k e  t h i s  a n d  p e a k i n g  o u t  a n d  t h e n  s t a r t i n g  
b a c k  down; a n d  i d e n t i c a l l y  o n  t h e  s a m e  s p e cimen, 
if y o u  p u t  it in a n  e q ual c o n d i t i o n  o f  c o m p r e s 
s i o n  a n d  do t h e  s a m e  thing, t h e n  y o u  f i n d  a c o n 
t i n u o u s l y  i n c r e a s i n g  curve.

I f  y o u  t a k e  t h e  l o a d  o f f  a n d  e s s e n t i a l l y  h a v e  
l i t t l e  o r  n o  s t r e s s  [you m a g n e t i z e  w i t h  t h e  s ame 
k i n d  o f  a r r a n g e m e n t ] , w i t h  n o  s t r e s s  it comes up 
h e r e  a n d  l e v e l s  o u t  so w e  t h i n k - t h a t  m a y  b e  p r o 
v i d i n g  a n  a d d i t i o n a l  p a r a m e t e r  f o r  t r y i n g  to a s s e s s  
t h e  a c t u a l  v a l u e  o f  t h e  stress. We h a v e  d o n e  t his 
w o r k  o n l y  r e c e n t l y .

But b a c k  to t h i s  e x p e r i m e n t .  T h i s  is a c o n d i 
t i o n  for b e f o r e  a n d  a f t e r  o n  o n e  o f  t h e s e  races, 
b u t  w e  h a v e  a l s o  t a k e n  o n e  o f  t h e s e  s p e c i m e n s  a n d  
cut an o p e n i n g  in it in w h i c h  w e  c a n  p u s h  o r  p u l l  
o n  t h i s  t h i n g  to g e n e r a t e  a t a n g e n t i a l  stress. We 
h a v e  f o u n d  t h a t  t h i s  r e g i o n  h e r e  is the o n e  that 
p r o d u c e s  t h e  r e s p o n s e  i n  t h e  B a r k h a u s e n .  T h i s  
s e c o n d  p e a k  s t a y s  a b o u t  t h e  same. T h e r e  is a 
b a s i s  f o r  t h i n k i n g  t h a t  t h i s  p e a k  is s t r u c t u r e -  
r e l a t e d  a n d  t h i s  s p i k e  r e g i o n  is m o r e  str e s s -  
r e lated.

D. P. M c C O N N E L L :  J u s t  to f o l l o w  u p  o n  t h a t
v e r y  br i e f l y :  In g o i n g  b a c k  to y o u r  p l o t s  w h e r e
y o u  are l o o k i n g  at the b e h a v i o r  w i t h  c o m p r e s s i v e  
stress, the c a l i b r a t i o n  c u r v e  h a s  a t e n d e n c y  to 
f l a t t e n  o u t  at a p o i n t  r i g h t  in t h e  s t r e s s  r a n g e  
in w h i c h  o n e  b e g i n s  to get i n t e r e s t e d  i n  t h e  
b u c k l i n g  p h e n o m e n a .  T h e r e f o r e ,  t h e  s e n s i t i v i t y  
w e  are t a l k i n g  a b o u t  is s h o w n  p r e d o m i n a n t l y  in t h e  
t e n s i o n  a n d  t h e  e a r l y  p a r t  o f  t h e  c o m p r e s s i v e  
b e h a v i o r ,  at l e ast f o r  t h e  m a t e r i a l s  o n  w h i c h  
c a l i b r a t i o n  w a s  p e r f o r m e d .

J. R. BARTON: T h a t  c a l i b r a t i o n  c u r v e  w a s  on
a s p e c i m e n  o f  4 3 4 0  steel h e a t - t r e a t e d  t o  a y i e l d  
s t r e n g t h  o f  a b o u t  2 0 0 , 0 0 0  p s i  a n d  the r e g i o n  o f  
f l a t t e n i n g  was a p p r o x i m a t e l y  h a l f - y i e l d .  In 
o t h e r  wor d s ,  it w o u l d  b e  m y  o p i n i o n  n o w  that, if 
y o u  h a d  a c o m p r e s s i o n  s t r e s s  in a r a i l  t h a t  is 
a p p r o x i m a t e l y  h a l f - y i e l d  a n d  it w e r e  t h e n  i n c r e a s e d  
b e y o n d  t h a t  poi n t ,  y o u  p r o b a b l y  w o u l d  n o t  b e  a b l e  
to tell it f r o m  t h e  B a r k h a u s e n  signal.

Ho w e v e r ,  I a m  t a l k i n g  a b o u t  t h e  y i e l d  str e s s  
in the m a t e r i a l .  I a m  n o t  t a l k i n g  a b o u t  t h e  
stre s s  t h a t  m a y  c a u s e  the rail to b u c k l e .  So I 
t h i n k  it is i m p o r t a n t  that t h e  r a n g e  o f  s t r e s s e s  
o f  i n t e r e s t  b e  e s t a b l i s h e d  f o r  b u c k l i n g .

I do n o t  k n o w  w h a t  t h a t  v a l u e  is, b u t  I h a v e  
s e e n  n u m b e r s  l ike 1 0 , 0 0 0  o r  1 2 , 0 0 0  psi. I do 
n o t  k n o w  t h e  y i e l d  i n  t h e  r ail m a t e r i a l .  I 
b e l i e v e  it is a r o u n d  30 ksi, a n d  s e n s i t i v i t y  w o u l d  
t h u s  e x t e n d  to ± 1 5  ksi.

J. S I M M O N S :  I t h i n k  it c a n  go h i g h e r  t h a n
that, u p  to a r o u n d  60 ksi.

J. R. BARTON: Y o u  p r o b a b l y  w o u l d  n o t  get
v e r y  g o o d  s e n s i t i v i t y  i f  t h e  b u c k l i n g  str e s s  
is 60 ksi; if 60 k s i  is y i e l d  stress, r a n g e  
w o u l d  t h u s  e x t e n d  t o  ± 3 0  ksi.

A. D. KERR: At b u c k l i n g  o f  t h e  track, t h e  a x ial
f o rce in e a c h  r ail m a y  r e a c h  a b o u t  1 0 0  tons; i.e., a 
stress o f  a b o u t  1 7 , 0 0 0  psi. T h e r e  is a b a s i c  q u e s 
t i o n  as to the w a v e l e n g t h  a n d  the d e p t h  o f  p e n e t r a 
tion to b e  used. It a p p e a r s  that, to m e a s u r e  t h e  n e t  
axial force, the m e t h o d  t h a t  p e n e t r a t e s  the w h o l e  s e c 
t i o n  w i l l  w o r k  best, a l t h o u g h  I w o u l d  n o t  i g n o r e  a n y  
o t h e r  met h o d .  W i t h  r e s p e c t  to t h e  B a r k h a u s e n  met h o d ,  
h o w  deep do y o u  p e n e t r a t e  the r a i l  in t h e  e x p e r i m e n 
tal d a t a  t hat y o u  p r e s e n t e d ?  If y o u  w o r k  o n  t h e  web, 
do y o u  p e n e t r a t e  t h e  e n t i r e  w e b ?

J. R. BARTON: No. W e  p r o b a b l y  a r e  l i m i t e d
to a  r a n g e  f r o m  t h e  s u r f a c e  in o f  a b o u t  1 0 ,0 0 0 th 
to 1 5 , 0 0 0 t h  o f  a n  inch. W e  do n o t  k n o w  t h a t  n u m 
b e r  exactly.

A. D. KERR: S o  y o u  a r e  p i c k i n g  up all the
s u r f a c e  e f f e c t s ?

J. R. BARTON: W e  p i c k  u p  all the s u r f a c e
effects. In ter m s  o f  t r y i n g  to m a k e  a n  a p p r a i s a l  
o f  the force, y o u  w o u l d  m a k e  m e a s u r e m e n t s  at a
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n u m b e r  o f  lo c a t i o n s  on t h e  s e c t i o n  a n d  at this 
t ime I do n o t  b e l i e v e  t h a t  we w o u l d  r e c o m m e n d  
t hat y o u  w o u l d  b e  a b l e  to go out a n d  m a k e  a m e a s 
u r e m e n t  on an u n k n o w n  rail a n d  h a v e  m u c h  a s s e s s 
m e n t  o f  the co n d i t i o n s .

If y o u  a r e  g o i n g  t o  b e  su c c e s s f u l  in t h i s  
area, y o u  are g o i n g  to h a v e  to t ake a l i t t l e  
bit at a time. T h i s  is w h y  I r e c o m m e n d  t hat 
the f i r s t  s tep is to go f r o m  an a r e a  t hat y o u  
u n d e r s t a n d  to o n e  j u s t  s l i g h t l y  beyond; 
t h a t  w o u l d  b e  to m a k e  m e a s u r e m e n t s  in t h e  
f i e l d  at p r e c i s e l y  d e t e r m i n e d  locations. Y o u  
w o u l d  m a k e  a m a r k  to d e t e r m i n e  that l o c ation, 
p e r h a p s  b y  p u t t i n g  t w o  sma l l  i n d e n t s  so t hat 
y o u  c a n  r e p o s i t i o n  y o u r  g a g e  each t i m e  y o u  w a n t  
to m a k e  m e a s u r e m e n t s ,  a n d  y o u  w o u l d  m a k e  t h o s e  
o v e r  a p e r i o d  o f  t i m e  in w h i c h  the t e m p e r a t u r e  
v a r i e s  C o n s i d e r a b l y .  In o t h e r  wor d s ,  t h i s  w o u l d  
b e  a d i f f e r e n t i a l  k i n d  o f  a m e a s u r e m e n t .

T h a t  w o u l d  b e  the f i rst s tep to take. As for 
d e c i d i n g  w h e t h e r  o r  n o t  a rail is u n d e r  a v e r y  
h i g h  t e n s i o n  or v e r y  s e v e r e  c o m p r e s s i o n ,  I t h ink 
that c a n  be d o n e  on an u n k n o w n  rail b e c a u s e  the 
B a r k h a u s e n  v a l u e s  do v a r y  b y  a l a r g e  v a l u e  f r o m  
r o u g h l y  h a l f  o f  t h e  c o m p r e s s i o n  y i e l d  to h a l f  of 
the t e n s i o n  yield.

A l t h o u g h  w e  h a v e  n o t  m a d e  t h e s e  m e a s u r e m e n t s  
on u n k n o w n  s p e c i m e n s  o f  rail, I b e l i e v e  y o u  w o u l d  
b e  a b l e  t o  go out in t h e  field, a n d  if y o u  f o und 
a  r a i l  s p e c i m e n  t h a t  h a d  a v e ry, v e r y  low r e a d i n g ,  
y o u  w o u l d  say t h a t  t h i s  o n e  is in c o m p r e s s i o n .
If y o u  f o u n d  o n e  t h a t  h a s  a v e r y  h i g h  r e ading, 
y o u  w o u l d  say t hat t h i s  o n e  is in te n s i o n .  To 
s ome extent, t h e  m e a s u r e m e n t s  o n  the r a i l h e a d  
i t s e l f  c o n f i r m  this. W e  h a v e  m a d e  m e a s u r e m e n t s  
o n  a f e w  sam p l e s  o f  r a i l  -- n e w  rail a n d  r a i l  
t hat h a d  b e e n  used. W h i l e  w e  d i d  n o t  get a  v e r y  
h i g h  r e a d i n g  f r o m  t h e  n e w  rail, it w a s  m u c h  h i g h e r  
t h a n  o n  t h e  u s e d  r a i l  t h a t  h a d  been, o f  course, 
w o r k - h a r d e n e d  and p u t  i n t o  r e s i d u a l  c o m p r e s s i o n  
f r o m  t h e  t r a c t i o n  loads.

A. D. KERR: Y o u  m e n t i o n e d  the a c o u s t i c  B a r k 
h a u s e n  as c o m p a r e d  to t h e  m a g netic, a n d  y o u  
c l a i m e d  t h a t  t h e  a c o u s t i c  w i l l  p e n e t r a t e  deeper. 
C o u l d  y o u  e l a b o r a t e  o n  t his s u b j e c t ?

J. R. BARTON: Y o u  s e n s e  t h e  B a r k h a u s e n
p h e n o m e n o n  b y  m e a n s  o f  t h e  u l t r a s o n i c  or a c o u s t i c  
w a v e s  t h a t  a r e  c a u s e d  as t h e  d o m a i n  c h a n g e s  v o l u m e . 
It is a v e r y  e a r l y  t e c h n i q u e  r i g h t  now, b u t  it m a y  
h a v e  a lot o f  p r omise.

J. SIMMONS: W h e n  h e  s p o k e  o f  g o i n g  slowly,
L a r r y  B e n n e t t  r e m i n d e d  m e  this m o r n i n g  t h a t  t h e  
M e t a l l u r g y  D i v i s i o n  o f  t h e  N a t i o n a l  B u r e a u  o f  

. S t a n d a r d s  was f o u n d e d  in 1912 in p a r t  f o r  d e a l i n g  
w i t h  the p r o b l e m  o f  b r e a k i n g  r a i l w a y  w h e e l s  a n d  
it h a s  j u s t  n o w  b e e n  o r g a n i z e d  out of e x i s t e n c e .  
N o w  it is c a l l e d  "met a l  s c i e n c e , "  so m a y b e  t h e y  
d e c i d e d  t h e  p r o b l e m  has b e e n  solved.

A. D. KERR: I h a v e  a q u e s t i o n  f o r  Mr. Y e a g e r
in c o n n e c t i o n  w i t h  the d a m p i n g  m e t h o d :  W h a t  is
t h e  p h y s i c a l  r e a s o n  for the i n c r e a s e  in d a m p i n g ?
Is it t h e  f o r m a t i o n  o f  i n t e r n a l  c r a c k i n g ?

L. L. YEA G E R :  It w o u l d  be r e l a t e d  b a c k  to
t h e  p h e n o m e n o n  o f  d i s l o c a t i o n  de n s i t y .

A. D. KERR: W i l l  this i n c r e a s e  e s s e n t i a l l y
t h e  a t t e n u a t i o n  o f  energy?

L. L. YEA G E R :  Yes, i n c r e a s i n g  t h e  e n e r g y  p r i o r
to a c r a c k  f o r m a t i o n  o r  p r i o r  to a p h y s i c a l  c h a n g e  
o f  a s p e cimen.

A. D. KERR: W h a t  w ill b e  t h e  m e c h a n i s m  t hat
w i l l  i n d i c a t e  t h e  i n t e n s i t y  o f  t h e  a x i a l  force, 
a n d  h o w  c a n  it b e  m e a s u r e d ?

L. L. YEA G E R :  A x i a l  f o r c e  on t h e  m e m b e r  c o u l d
c a u s e  t h i s  d i s l o c a t i o n  d e n s i t y  to in c r e a s e .  As 
t h i s  d i s l o c a t i o n  d e n s i t y  in c r e a s e s ,  t h e  s p e c i f i c  
d a m p i n g  c a p a c i t y  n u m b e r  w o u l d  i n c r e a s e  likewise.

A. D. KERR: Do y o u  h a v e  t e s t  d a t a  to j u s t i f y
t h i s  a s s u m p t i o n ?

L. L. YEA G E R :  I s h o w e d  in m y  p a p e r  t h e  b a r
s p e c i m e n s  w i t h  t h e  e x t e r n a l  f o r c e  a p p l i e d  and 
t h e  .increase in s p e c i f i c  d a m p i n g  c a p a c i t y  as t h a t  
e x t e r n a l  f o r c e  w a s  a p p l i e d  or in c r e a s e d .  T h e r e  
w e r e  a n u m b e r  o f  l oad c y c l e s  a p p l i e d .  T h i s  was 
i n - h o u s e  w o r k  t hat w e  p e r f o r m e d ,  a n d  w e  h a v e  n o t  
g o n e  a n y  farther, t h a n  t hat w i t h  t h e  g e n e r a t i o n  
o f  data.

A. D. KERR: A  f e w  y e a r s  ago, w h e n  Dr.
Z a r e m b s k i  w a s  a p o s t d o c t o r a l  r e s e a r c h  a s s o c i a t e  
at P r i n c e t o n  U n i v e r s i t y ,  he a n d  I c o n d u c t e d  a t e s t  
o n  a r ail (about 1.5 m e t e r s  long) t h a t  w a s  m o u n t e d  
in a c o m p r e s s i o n  t e s t i n g  m a c h i n e .  W e  u s e d  a  lat e r a l  
i m p a c t  f o r c e  o n  the rail h e a d  a n d  t h e n  r e c o r d e d  the 
r e s p o n s e .  A n  i m p a c t  f o r c e  w a s  u s e d  i n s t e a d  o f  a 
c o n t i n u o u s  v i b r a t i o n  e x c i t a t i o n ,  b e c a u s e  f o r  v e r y  
s h o r t  t i m e s  the e n d  c o n d i t i o n s  o f  the r a i l  h a d  n o  
e f f e c t  o n  t h e  r ail res p o n s e ,  in t h a t  t h e  g e n e r a t e d  
w a v e s  h a d  n o  t i m e  to r e a c h  the r ail ends.

W h e n  t h e  m o u n t e d  rail w a s  i m p a c t e d  la t e r a l l y ,  
a  d i f f e r e n t  s o u n d  was h e a r d  f o r  0 p o u n d s  a n d
5 0 , 0 0 0  p o u n d s  o f  a x ial c o m p r e s s i o n  (for the s a m e  
t y p e  o f  i mpact). T h e n  t h e  r a i l  w a s  a t t a c h e d - l o n g i 
t u d i n a l l y  to a w o o d  tie. T h e  s o u n d  o u t p u t  got less 
s e n s i t i v e  to t h e s e  a x i a l  forces. O n e  r e a s o n  for 
t h i s  w a s  that, b e c a u s e  the b a s e  o f  t h e  r a i l  w a s  
f i x e d  t o  t h e  tie, m a n y  v i b r a t i o n  m o d e s  w e r e  
e l i m i n a t e d .  S i n c e  the e i g h t  m o d e s  y o u  s h o w e d  a r e  
f ree m o d e s  o f  a rail, s o m e  o f  t h e m  w i l l  b e  e l i m i n a 
t e d  o n c e  y o u  a t t a c h  t h e  r ail to t h e  ties.

K. R. MASER: W i t h  r e g a r d  to t h e  u s e  o f  an
i m pulse, o n e  o f  the r e a s o n s  t h a t  w e  t o o k  the 
a p p r o a c h  w e  d i d  w a s  b e c a u s e  m o s t  o f  o u r  w o r k  
w a s  r e a l l y  o r i e n t e d  t o w a r d  t r y i n g  to u n d e r s t a n d  
t h e  s t r u c t u r a l  d y n a m i c s  o f  the rail. W e  f elt
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t h a t  w e  c o u l d  g e t  m o r e  i n f o r m a t i o n  b y  b e i n g  
a b l e  to s w e e p  t h e  f r e q u e n c y  -- h o l d i n g  s uch 
f r e q u e n c y  to m a k e  t h e  m o d e - s h a p e d  m e a s u r e m e n t s .
A t  s o m e  time, p e r h a p s ,  i f  t h e  m e t h o d  p r o v e s  
fr u i t f u l ,  a n  i m p u l s e - t y p e  a p p l i c a t i o n  w o u l d ' b e  
d e s i r a b l e ,  b u t  i t  w o u l d  n o t  be a b l e  to p r o d u c e  
the i n f o r m a t i o n  t h a t  w e  p r o d u c e d  t hus far.

As to t h e  q u e s t i o n  o f  w h e t h e r  t h e s e  e i ght 
m o d e s  w o u l d  s h o w  up, w e  m a d e  all o f  o u r  m e a s 
u r e m e n t s  a b o v e  1 , 0 0 0  h e r t z  a n d  a c t u a l  d i s p l a c e 
m e n t s  at t h o s e  f r e q u e n c i e s  w e r e  o n  t h e  o r d e r  o f  
10 to 1 0 " 5 . P a s t  w o r k  in l o o k i n g  at p r o p a g a t i o n  
o f  n o i s e  in r a i l s  h a s  s h o w n  t hat t h e  m a s s  o f  t h e  
t i e  p l a t e s  a n d  f a s t e n e r s  d o e s  n o t  c o u p l e  w i t h  
t h e  v i b r a t i o n  o f  the r a i l  at t h o s e  f r e q u e n c i e s  
b e c a u s e  o f  t h e  v e r y  small d i s p l a c e m e n t ,  a n d  so 
w e  w o u l d  expect, p e r h a p s ,  t o  see s o m e  d a mping.
W e  s t i l l  e x p e c t  t h a t  w e  w o u l d  see t h o s e  cross- 
s e c t i o n  a f f i r m a t i o n s .

W h a t  y o u  w e r e  t a l k i n g  a b o u t  -- w h e n  y o u  h i t  a 
r a i l  a n d  l i s t e n  -- is a r i n g i n g  w h i c h  h a s  to do 
w i t h  da m p i n g .  W e  a r e  h o l d i n g  a f r e q u e n c y  a n d  we 
a r e  n o t  l o o k i n g  at r i nging, so w e  b e l i e v e  that 
t h o s e  m o d e s  w i l l  s t i l l  s h o w  up b u t  t hat t h e y  m a y  
n o t  p r o p a g a t e  a s  f a r  or w i t h  the s a m e  a m p l i t u d e  
f r o m  t h e  e x c i t i n g  point.

D. P. M c C O N N E L L :  One f o l l o w u p  q u e s t i o n  to
Dr. K e r r ' s  c o m m e n t s :  One o f  t h e  t h i n g s  w h i c h
o c c u r s  to o n e  i n  l i s t e n i n g  t o  y o u r  m a t e r i a l  is 
t h a t  t h e  e n d  c o n d i t i o n s  w e r e  s u g g e s t e d  as one 
o f  the e x p l a n a t i o n s  f o r  the c h a n g e  in the r e s o 
n a n c e  p h e n o m e n a .  A m o n g  the m o d e - m a p p i n g  w h i c h  
w a s . d o n e ,  w e  n e v e r  a t t e m p t e d  to m a p  t h e  m o d e s  o f  
b e h a v i o r  at t h e  ends w h i c h  w o u l d  g i v e  s o m e  i n d i 
c a t i o n  o f  t h e  c h a n g e  in c o n d i t i o n  at t h a t  point, 
so I t h i n k  t h a t  t h a t  p i e c e  o f  i n f o r m a t i o n  m i g h t  
h e l p  to e x p l a i n  s o m e  o f  the b e h a v i o r  w h i c h  has 
t a k e n  plac e .  I t h i n k  one t h i n g  t h a t  m i g h t  w a n t  
to b e  c o n s i d e r e d  in t h e  f u t u r e  is t h a t  t y p e  o f  
m e a s u r e m e n t .

J. S I M M O N S :  Yes, I w o u l d  l ike to a d d r e s s  a
v e r y  s i m i l a r  issue. Y o u r  m e t h o d  c e r t a i n l y  looks 
l ike it c o u l d  b e  p r o m i s i n g .  I d i d  n o t  u n d e r s t a n d  
w h y  y o u  n e v e r  a p p l i e d  l o n g i t u d i n a l  l o a d i n g  b e c a u s e  
t h e n  y o u  a r e  a c t u a l l y  l o a d i n g  in a d i r e c t i o n  w h e r e  
t h e  l o n g i t u d i n a l  f o r c e  w o u l d  i n t u i t i v e l y  be 
t h o u g h t  to h a v e  the m o s t  influence.

In fact, l i k e  Bob G r e e n  said, w h e n  l o o k i n g  at 
c h a n g e s  in t h e  e l a s t i c  m o d u l u s  w h i c h  a r e  due to 
e l a s t i c  l o ading, a n d  t h e s e  a r e  n o n l i n e a r  changes, 
o n e  w o u l d  h a v e  e x p e c t e d  t h a t  to m o s t  a f f e c t  the 
Y o u n g ' s  m o d u l u s  w h i c h  is d i r e c t l y  c o n n e c t e d  to 
t h e  d e g r e e  o f  n o r m a l  loading, b u t  Bob G r e e n  w o u l d  
k n o w  b e t t e r  t h a n  I a n d  p r o b a b l y  s h o u l d  b e  asked.

A t  a n y  rate, r a n d o m  v a r i a t i o n s  in t h e  Y o u n g ' s  
m o d u l u s  w h i c h  w e r e  m e n t i o n e d  e a r l i e r  t o d a y  sho u l d  
a f f e c t  a t t e n u a t i o n  p a r t i c u l a r l y  at c e r t a i n  critical 
f r e q u e n c i e s  w h i c h  a r e  a s s o c i a t e d  with, y o u  m i g h t  
say, t h e  r a n g e  o f  v a r i a t i o n  o f  t h e  Y o u n g ' s  m o dulus.

For l o w e r  f r e q u e n c i e s  o r  h i g h e r  f r e q u e n c i e s ,  
e s p e c i a l l y  t h e  l o w e r  f r e q u e n c i e s ,  y o u  w o u l d  n o t  
exp e c t  a  s i g n i f i c a n t  p r o b l e m  w i t h  v a r i a t i o n s  in 
Y o u n g ' s  m o d u l u s .  H o w e v e r ,  y o u  c o u l d  e x p e c t  t hat 
the e l a s t i c  c o n s t a n t s  a r e  g o i n g  t o  c h a n g e  r e l a t i v e  
to one a n o t h e r  u n d e r  load. I f  y o u  d e c o m p o s e d  d i f 
ferent t y p e s  o f  l o ads i n t o  n o r m a l  mod e s ,  w h i c h  is 
w h a t  y o u  a r e  r e a l l y  t r y i n g  t o  do, a n d  i f  y o u  t o o k  
j u s t  a s t r a i g h t  c y l i n d e r  a n d  l o a d e d  it n o r m a l l y ,  
y o u  c o u l d  t h e n  a s k  h o w  t h a t  w o u l d  a f f e c t  the d i f 
ferent e l a s t i c  c o n s t a n t s  a n d  w h i c h  n o r m a l  m o d e s  
w o u l d  be m o s t  s e n s i t i v e  to this.

And then, o n e  c o u l d  a t t e m p t  t o  t r y  a n d  a p p l y  
t h ose p a r t i c u l a r  k i n d s  o f  n o r m a l  m o d e s  to s e e  a 
m a x i m u m  s e n s i t i v i t y  a s s o c i a t e d  w i t h  t h e  l o n g i 
tud i n a l  loading.

K. R. MAS E R :  W h e n  y o u  s a y  " l o n g i t u d i n a l  l o a d 
ing," a r e  y o u  t a l k i n g  a b o u t  e x c i t i n g  it l o n g i t u d i 
nal ly?

J. SIMMONS: No, I a m  t a l k i n g  a b o u t  j u s t  a
sta t i c  l o n g - r a n g e  f o r c e  a n d  its e f f e c t  on t r a v e l 
ing n o r m a l  m o d e s  in an i n f i n i t e  p i p e  -- i f  y o u  
w a n t  to p h r a s e  it t h a t  way. T h a t  s e ems c l o s e r  to 
the real m e a s u r e m e n t  p r o b l e m  t h a t  is f a c i n g  the 
r a i l w a y  peo p l e .

A  lot o f  the p h e n o m e n a  y o u  w e r e  l o o k i n g  at 
w e r e  c l e a r l y  r e s o n a n t  f r e q u e n c i e s  a s s o c i a t e d  to 
the fin i t e  s t r u c t u r e ;  y o u  m a d e  t h a t  p o i n t  a n d  y o u  
are a b s o l u t e l y  right.

K. R. MASER: W h a t  I w a s  s h o w i n g  e a r l i e r  in
m y  p r e s e n t a t i o n  w a s  h o w  w e  u s e d  the i n f o r m a t i o n  
t h a t  w e  d e v e l o p e d  in o u r  t e s t  r i g s  to c o m p u t e  
w h a t  the t r a v e l i n g  w a v e  v e l o c i t y  w o u l d  b e  on an 
i n f i n i t e  rail. W e  a r e  g e n e r a t i n g  t r a v e l i n g  w a v e s  
w h e n  w e  a r e  e x c i t i n g  t h e  w a v e s  at a  point. W hat 
w e  did w a s  to l o c a t e  r e s o n a n c e s  w h i c h  w e r e  w a v e  
speeds a n d  w a v e l e n g t h s  t h a t  r e i n f o r c e d  t h e m s e l v e s ,  
so that w e  w e r e  a b l e  to i d e n t i f y  the w a v e  v e l o c i t y .

We d i d  m e a s u r e  w a v e l e n g t h s  a n d  f r e q u e n c i e s  and 
c o m p u t e d  v e l o c i t i e s .  T h e s e  v e l o c i t i e s  s h o u l d  b e  
v e l o c i t i e s  t hat w e  w o u l d  m e a s u r e  in an in s i t u  
track, b u t  w e  h a v e  n e v e r  g o n e  to an in s i t u  t r a c k  
and a c t u a l l y  m a d e  t h e s e  m e a s u r e m e n t s  o r  w a v e  
v e l o c i t y  m e a s u r e m e n t s ,  b u t  o u r  m e a s u r e s  are 
r e l e v a n t  b e c a u s e  w e  a r e  m e a s u r i n g  w a v e  v e l o c i t i e s .

J. S I MMONS: M y  p o i n t  is t h a t  p e r h a p s  y o u
s h o u l d  a t t e m p t  to a s c e r t a i n  w h i c h  h i g h e r - o r d e r  
e l a s t i c  c o n s t a n t s  w e r e  b e i n g  a f f e c t e d  b y  y o u r  
e x p e r i m e n t s  and w h i c h  o n e s  w o u l d  b e  m o s t  s e n s i 
t i v e  to t h e  a c t u a l  l o n g i t u d i n a l  force, w h i c h  is 
w h a t  t h e  r a i l w a y  p e o p l e  w a n t  to know.

K. R. MASER: W e  a r e  n o t  m e a s u r i n g  e l a s t i c
c o n s t a n t s .

J. S IMMONS: H a d  y o u  c h a n g e d  t h e  e l a s t i c  c o n
stants, the e f f e c t s  o n  d i f f e r e n t  n o r m a l  m o d e s  
t r a v e l i n g  in t h e  b a r  w o u l d  h a v e  b e e n  affected.

135



C e r t a i n  n o r m a l  m o d e s  w i l l  b e  a f f e c t e d  v e r y  lit t l e  
in t h e i r  speed. O t h e r  o n e s  w i l l  b e  a f f e c t e d  v e r y  
g reatly; b y  s i n g l i n g  out t h e  c e r t a i n  n o r m a l  m o d e s  
w h i c h  are m ost s e n s i t i v e  to c h a n g e s  in e l a s t i c  
constants, y o u  m i g h t  b e  a b l e  to d e v e l o p  a m o s t  
s e n s i t i v e  way, u s i n g  y o u r  m e t h o d  f o r  f i n d i n g  the 
i n f l u e n c e  of l o n g i t u d i n a l  force.

R. E. G R E E N  (The J o h n s  H o p k i n s  U n i v e r s i t y ) :
T h e  t o p i c  is a b i g  p r o b l e m .  I d o n ' t  k n o w  the 
n u m b e r s  r i ght now, b u t  I h a v e  t h e m  co m p u t e d .  In 
a n y  case, the r e  was o n e  t hat is a f a i r l y  i s o t r o p i c  
m a t e r i a l ,  a v a r i a t i o n  o f  w h a t  I w o u l d  c all the 
e f f e c t i v e  Y o u n g ' s  m o d u l u s  b ecause, in m y  opi n i o n ,  
the Y o u n g ' s  m o d u l u s  r e f e r s  o n l y  to h o m o g e n e i t y  o f  
i s o t r o p i c  m a t e r i a l  a n d  it s h o u l d  n o t  b e  u s e d  for 
rail ma t e r i a l s .  I w o u l d  q u e s t i o n  t h e  e f f e c t i v e 
n e s s  o n  q u a s i - m o d u l u s  o r  something.

W e  h a v e  d o n e  it a b o u t  t w o  or t h r e e  t i m e s  on 
o u r  own. So, i f  y o u  a r e  g o i n g  to do s o m e t h i n g  
like r e s i d u a l  stress, it p r o b a b l y  d o e s  not c h a n g e  
t h e  Y o u n g ' s  m o d u l u s  e v e n  o n e  o r d e r  o f  m a g n i t u d e  
so t h a t  m e a n s  t h e  a n t i s o t r o p h y  o f  t h e  d i f f e r e n t  
w a v e s t r e a m .

E s s e n t i a l l y  w hat w e  are t a l k i n g  a b o u t  is the 
f act t h a t  y o u  a p p l y  a h o r i z o n t a l  f o r c e  to t h e  rail. 
It is n o  long e r  i s o t r o p i c  b e c a u s e  that d i r e c t i o n  
is s t r e t c h e d  c o m p a r e d  w i t h  the o t h e r  two, a n d  t h e n  
y o u  w a n t  to do y o u r  c a l c u l a t i o n s  b a s e d  o n  t h a t  n e w  
t y p e  material.

D. H. STONE: I h a v e  a q u e s t i o n  o f  Bob Barton.
Y o u  h a v e  done a g o o d  b i t  o f  w o r k  on p r o b l e m s  w i t h  
r e s i d u a l  s t resses i n  w h e e l s ,  w h i c h  a r e  e s s e n t i a l l y  
the s a m e  steels as r ail steels. W o u l d  y o u  like to 
c o m m e n t  o n . w h a t  l e s s o n s  y o u  l e a r n e d  t h e r e  o r  w h a t  
p i t f a l l s  we m i g h t  h a v e  in f r ont o f  us w i t h  r e s p e c t  
to t h at?

J. R. BARTON: I t h i n k  D o n  B r a y  p u t  it a b o u t
as w e l l  as a n y b o d y  is g o i n g  to p u t  it at this 
point, a n d  that is t hat w e  h a v e  b e e n  c a r r y i n g  t h e  
e x p e r i m e n t s  in t h e  l a b o r a t o r y  o n l y  so far a n d  
t h o s e  that a p p e a r  to h a v e  s ome p r o m i s e  t h e n  n e e d  
a r a t h e r  e x t e n s i v e  f i e l d  a p p r aisal. In t e r m s  o f  
e x p e r i m e n t s  that m a y  h a v e  p o t e n t i a l  f o r  y i e l d i n g  
a b s o l u t e  m e a s u r e m e n t s ,  I do n o t  k n o w  o f  v e r y  
m a n y  o f  those.

I t h i n k  t h e  fir s t  s t e p  to b e  m a d e  is to look 
for d i f f e r e n t i a l  m e a s u r e m e n t s  at p r e c i s e l y  the 
s a m e  l o c a t i o n  f r o m  t i m e  to time. F i r s t  o f  all, 
r e m o v e  the s c a t t e r  o f  the m a t e r i a l  as the f i rst 
e x p e r i m e n t .  If y o u  c a n n o t  do that one, y o u  h a v e  
to quit. But w e  m a y  f i n d  in a large p o p u l a t i o n  
t h a t  s o m e  o f  t h e s e  s k e l e t o n s  t h a t  are in t h e  
c l o s e t  w h e n  y o u  do an e x p e r i m e n t  on t w o  or t h r e e  
s p e c i m e n s  m i ght n o t  b e  q u i t e  as b a d  as w e  think.
A s  a n  example, w e  m i g h t  f i n d  c e r t a i n  r a ils or 
w h e e l s  -- let's p u t  in t h a t  f r a m e w o r k  -- on w h i c h  
y o u  c a n n o t  m a k e  m e a s u r e m e n t s .  If t his is a  small 
p e r c e n t a g e  o f  t h e  p o p u l a t i o n ,  t h e n  y o u  do n o t  
w o r r y  a b o u t  it. Y o u  m a k e  it on t h e  o nes o n  w h i c h  
y o u  c a n  make m e a s u r e m e n t s .

I t h i n k  t hat the b i g g e s t  t h i n g  t h a t  n e e d s  to 
b e  d o n e  is to get m e a s u r e m e n t s  o n  e n o u g h  s p e c i m e n s  
in t h e  f i e l d  to get some i d e a  o f  w h a t  t h e  real p o p 
u l a t i o n  looks like.

I f  w e  a r e  t a l k i n g  a b o u t  w h e e l s ,  f o r  e x a m p l e ,  
w e  h a v e  got, say, a h u n d r e d  o f  t h o s e  t h a t  fail 
a  year. A n d  i f  w e  s t art l o o k i n g  f o r  t h o s e  few 
w h e e l s  t h a t  fail out of, say, 32 m i l l i o n ,  it 
t a k e s  a p r e t t y  g o o d  s a m p l e  i f  w e  h o p e  to h a v e  in 
o u r  h a n d s  o n e  t h a t  m a y  b e  n e a r  failure.

T h e  r e a l  w o r l d  is w h e r e  w e  o f t e n  f i n d  t h a t  we 
c o m e  to a  s c r e e c h i n g  h a l t  b e c a u s e  it t a k e s  so m u c h  
m o n e y  to get t h o s e  r eal w o r l d  f igures. It t a k e s  a 
c o m m i t m e n t  o f  r e s o u r c e s ,  a n d  y o u  do n o t  a l w a y s  h a v e  
all t h e  l a b o r a t o r y  d a t a  y o u  w o u l d  l ike to h a v e  
b e f o r e  y o u  go to t h e  p e o p l e .  So y o u  h a v e  t o  t a k e  
s o m e  r i s k  in t h e s e  things, s e l e c t  a few m e t h o d s  
t h a t  s h o w  p r o m i s e ,  get out in the field, a n d  m a k e  
e x t e n s i v e  m e a s u r e m e n t s  -- n o t  j u s t  a c u r s o r y  
m e a s u r e m e n t .

F o r  ex a m p l e ,  one o f  the t h i n g s  t h a t  w e  k n o w  
a b o u t  B a r k h a u s e n  n o w  t h a t  w e  d i d  n o t  k n o w  a b o u t  
3 y e a r s  ago is that any t i m e  t h a t  w e  h a v e  g o t  a 
l a r g e  p i e c e  o f  steel e x t e n d e d ,  we are g o i n g  to 
p i c k  u p  m a n y  o f  t h e  local r a d i o  s t a t i o n s . So it 
w i l l  b e  n e c e s s a r y  to h a v e  a f i l t e r  to e l i m i n a t e  
at l e ast t h a t  c o m p o n e n t ,  w h i c h  c a n  b e  done. But 
t h e r e  a r e  t h i n g s  l ike t h a t  t hat y o u  learn. I still 
b e l i e v e  s o m e  o f  t h e s e  m e t h o d s  o u g h t  to b e  p u t  to 
t h e  f i e l d  tria l ,  b u t  it is g o i n g  t o  t a k e  a p r e t t y  
g o o d  b u d g e t  to do that.

H. BER G E R :  I a m  c o m i n g  m o r e  a n d  m o r e  t o  t h e
c o n c l u s i o n  t h a t  n o  s i n g l e  m e t h o d  is g o i n g  
to b e  a b l e  to do t his job, b e c a u s e  t h e r e  a r e  so 
m a n y  v a r i a b l e s  i n v o l v e d  in it. It seems as t h o u g h  
t h e r e  h a s  to b e  a m i x t u r e  o f  m e t h o d s  to h e l p  e l i m 
i n a t e  s ome o f  t h e  v a r i a b l e s  t h a t  are i n v o l v e d  
Mr. Barton, y o u  m e n t i o n e d  t hat y o u  a p p a r e n t l y  c a n  
i n t e r p r e t  w h a t  B a r k h a u s e n  s i g n a l s  m e a n  in t e r m s  
o f  s t r e s s  v e r s u s  o t h e r  m e t a l l u r g i c a l  c h a r a c t e r i s 
tics, s uch as texture. W h a t  o t h e r  v a r i a t i o n s  
w o u l d  c a u s e  p r o b l e m s  in the B a r k h a u s e n  s i g n a l ?
I w o u l d  p o s e  a s i m i l a r  q u e s t i o n  t o  a n y  o f  t h e  
o t h e r  s p e a k e r s  w h o  m a y  w i s h  to c omment.

W e  s h o u l d  r e c o g n i z e  that, as we a p p r o a c h  t h e  
e n d  o f  this c o n f e r e n c e ,  w e  s h o u l d  c o n c e n t r a t e  on 
t h o s e  two o r  t h r e e  m e t h o d s  t h a t  s h o w  the m o s t  
p r o m i s e .  T h e s e  c h o i c e s  w i l l  p r o b a b l y  b e  m a d e  on 
t h e  b a s i s  t h a t  i n t e r f e r i n g  s i g n a l s  f r o m  o t h e r  
v a r i a b l e s  m a y  b e  mi n i m i z e d .

J. R. BARTON: I t h i n k  h a r d n e s s  w i l l  m a k e  a
d i f f e r e n c e .  I do n o t  k n o w  t h a t  w e  u n d e r s t a n d  the 
B a r k h a u s e n  p h e n o m e n o n  w e l l  e n o u g h  t o  k n o w  in a 
r a n g e  o f  m a t e r i a l s  h o w  o n e  m i g h t  d e t e r m i n e  s ome 
i n d e p e n d e n t  m e a s u r e m e n t  t h a t  w o u l d  let o n e  c o r r e c t  
the r a w  B a r k h a u s e n  signals.

H. BERGER: A s  an example, w h e n  I ,raised the
q u e s t i o n  o f  t h e  v a r i a t i o n  in t h e  Y o u n g ' s  m o d u l u s ,  
D a n  S t o n e  i n d i c a t e d  t h a t  o n e  w o u l d  e x p e c t  c h a n g e s  
in c h e m i s t r y .  H o w  w o u l d  that a f f e c t  the 
B a r k h a u s e n  m e a s u r e m e n t ?

J. R. BARTON: I t h i n k  v a r i a t i o n s  in c h e m i s t r y
w i l l  b e  a r a t h e r  m i n o r  i n f l uence. I a m  c e r t a i n  
it w i l l  v a r y  t h e  B a r k h a u s e n  r e s p o n s e  som e w h a t ,  but 
I t h i n k  it is a s m all r e s ponse.

I b e l i e v e  h a r d n e s s  m i g h t  a f f e c t  it r a t h e r  
s i g n i f i c a n t l y .  W e  do k n o w  t h a t  g r a i n  s i z e  c a n
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i n f l u e n c e  B a r k h a u s e n  noise, but, again, t h e r e  m a y  
b e  r e g i o n s  o f  t h i s  r e s p o n s e  v e r s u s  m a g n e t i c  f i e l d  
in w h i c h  y o u  c a n  t e n d  to m i n i m i z e  s o m e  o f  this.
I b e l i e v e  it is in C z e c h o s l o v a k i a  o r  a n o t h e r  
E u r o p e a n  c o u n t r y  t h a t  B a r k h a u s e n  is u s e d  for 
d e t e r m i n i n g  g r a i n  size, so it m u s t  h a v e  a r a t h e r  
s i g n i f i c a n t  in f l u e n c e .

M o s t  o f  t h e  w o r k  is e m p i r i c a l  at t his time.
W e  do n o t  h a v e  a g o o d  m o d e l  t o  w o r k  with. I 
t h i n k  t h a t  is o n e  o f  t h e  t h i n g s  t h a t  limits 
m a g n e t i c  m e t h o d s  in t e r m s  o f  o u r  p r o g r e s s .  It is 
d i f f i c u l t  to g e t  a m o d e l  t h a t  m e a n s  a n y thing.

N. S E N A P A T I :  I w o u l d  l ike to m a k e  a c o m m e n t
on t h e  s t a t i s t i c a l  s p r e a d  o f  the d a t a  d u e  to 
c h a n g e s  in w h a t  are c a l l e d  " s t a t e  v a r i a b l e s . "
T h e s e  s t a t e  v a r i a b l e s ,  w h i c h  a f f e c t  t h e  m e a s 
u r e m e n t s  to e s t i m a t e  t h e  a x i a l  stress, i n c l u d e  
t h e  s t r e s s  t e n s o r  a n d  the local elastic, m a g n e t i c ,  
a n d  m e t a l l u r g i c a l  p r o p e r t i e s  a n d  density. T h e  
t o t a l  e f f e c t  o f  all t h e s e  local v a r i a t i o n s  leads 
to a w i d e  s t a t i s t i c a l  s p r e a d  o f  the m e a s u r e m e n t s .  
T h e  s t a t i s t i c a l  s p r e a d  is w i d e r  t h a n  t h e  e f f e c t  
o f  s t r e s s  alone.

W h a t  I see h e r e  as a b a s i c  p r o b l e m  is h o w  to 
i s o l a t e  t h e  e f f e c t  o f  s t r e s s  on one p r o p e r t y  if 
o n e  d o e s  not k n o w  h o w  t h e  o t h e r  t h i n g s  are b e h a v 
i n g  in t h e  system. T h a t  is w h y  I t h o u g h t  o f  t his 
as a d i f f e r e n t  t e c h n i q u e .  I f  one t a k e s  two m e a s 
u r e m e n t s  o f  a p h y s i c a l  p r o p e r t y  w i t h  t w o  d i f f e r e n t  
s t a t e  v a r i a b l e s  -- f o r  e xample, stre s s  a n d  m a g n e 
t i c  f i e l d  -- t h e n  t h e  d i f f e r e n c e  b e t w e e n  t h e  two 
i n d e p e n d e n t  p h e n o m e n a  w o u l d  t h e n  b e  i n d e p e n d e n t  
o f  all o t h e r  s t a t e  v a r i a b l e s  t hat w e r e  i d e n t i c a l  
d u r i n g  t h e  two m e a s u r e m e n t s ,  a n d  t h e r e f o r e  w o u l d  
c a n c e l  out.

H. B ERGER: In t h e  l i m i t e d  n u m b e r  o f  m e a s u r e 
m e n t s  y o u  h a v e  m a d e  so far, h a v e  y o u  g o t t e n  a n y  
f eel f o r  o t h e r  v a r i a b l e s  t h a t  w o u l d  i m p a c t  the 
c o m b i n a t i o n  o f  t e c h n i q u e s  w h i c h  y o u  s u g g ested, 
a n d  s p e c i f i c a l l y  s o m e  o f  the v a r i a t i o n s  w h i c h  
w e  h a v e  a l r e a d y  d i s c u s s e d  t o d a y  in t e rms o f  
m a t e r i a l  o r  s t r e s s  v a r i a t i o n ?

N. S E N A P A T I :  Yes. One o f  the t y p i c a l  v a r i 
a b l e s  is t h e  g r a i n  s i z e  o f  t h e  m a t e r i a l .  T h e  
g r a i n  s i z e  o r  t h e  r e s i d u a l  s t r e s s  in t h e  m a t e r i a l  
is g o i n g  to c h a n g e  t h e  e f f e c t s  o f  t h e  s t r e s s  and 
t h e  e f f e c t s  o f  t h e  m a g n e t i c  field. A l l  o f  the 
s t a t e  v a r i a b l e s  t h a t  a r e  a f f e c t i n g  t h e  t w o  m e a s 
u r e m e n t s  a r e  g o i n g  to be i d e n t i f i e d  at the same 
poi n t .  So all y o u  n e e d  to r e a l l y  k n o w  is the 
e f f e c t  o f  t h e  m a g n e t i c  f i e l d  on t h a t  k i n d  o f  
m a t e r i a l  u n d e r  k n o w n  stress.

S o m e  s p r e a d  in t h e  d a t a  w a s  a c t u a l l y  seen.
But w e  d i d  n o t  do a n y  s i g n a l  a v e r a g i n g  on that, 
a n d  t h e s e  a r e  o s c i l l o s c o p e  m e a s u r e m e n t s .  At this 
p o i n t ,  t h e r e  is o n l y  o n e  t h i n g  I can t h i n k  o f  that 
is c h a n g i n g  -- n o i s e  i n  t h e  system. N o t h i n g  e lse 
is c h a n g i n g ,  so b y  a v e r a g i n g  10 o r  15 data, I a m  
s u r e  w e  c a n  r e d u c e  t h e  v a r i a t i o n s .  T h a t  is t r u e  
for all v a r i a t i o n s .

T h e n  y o u  a r e  r e a l l y  l o o k i n g  f o r  a d i f f e r e n t i a l  
e f f e c t  o f  t w o  p h e n o m e n a ,  e a c h  o f  w h i c h  is a f f e c t i n g  
t h e  a t t e n u a t i o n .  I w a n t e d  t o  e m p h a s i z e  t h a t  we 
r e a l l y  do n o t  h a v e  t o  do t h e s e  m e a s u r e m e n t s  at 
u l t r a s o n i c  f r e q u e n c y .  Y o u  c o u l d  to it at a l o w e r

f r e q u e n c y  w h e r e  y o u  c o u l d  a v e r a g e  o v e r  t h e  rail 
c r o s s  section.

Q U E S T I O N - A N D - A N S W E R  P E R I O D

MR. VI N C E N T :  E a r l i e r  t h e  s t a t e m e n t  was m a d e
that, in a c o n t i n u o u s  rail, t h e r e  is no strain.
Is the r e  no l o n g i t u d i n a l  s t r a i n ?  Als o ,  is t h e r e  
n o t  a  lat e r a l  strain. A n d  is the lat e r a l  s t r a i n  
n o t  some f u n c t i o n  o f  t h e  l o n g i t u d i n a l  f o r c e ?  In 
addition, I a m  p u z z l e d  b y  t h e  l o n g i t u d i n a l  force 
con c e p t  t h a t  it is t a l k e d  a b o u t  as if it is a 
s i n g l e  number.

M y  s e c o n d  q u e s t i o n  is, w h y  do t h e  B r i t i s h  h a v e  
to m e a s u r e  this e v e r y  60 f e e t  o r  2 0 m e t e r s  if t h ere 
is n o  l o n g i t u d i n a l  s t r a i n  a n d  the l o n g i t u d i n a l  f o rce 
is a sing l e  n u m b e r  that, i f  I m e a s u r e  it in C hicago, 
is still the s ame as it is i n  N e w  Y o r k ?

J. SIMMONS: T h e  q u e s t i o n  t h a t  y o u  can ask is,
okay, h e r e  is one n u m b e r  w h i c h  r e p r e s e n t s  the total 
i n t e g r a t e d  s t r e s s  w h i c h  y o u  c a n  c a l l  t h e  l o n g i t u d i 
n a l  force o v e r  the track. But t h a t  c a n  b e  a f u n c 
t i o n  o f  l e n g t h  a l o n g  the t r a c k  -- a n d  it w ill be.
T h e  q u e s t i o n  is, w h a t  k i n d  o f  w a v e l e n g t h s  are t h ere 
i n v o l v e d ?  If t h e y  a r e  v e r y  s h o r t  -- a n d  a p p a r e n t l y  
the Bri t i s h  are c o n c e r n e d  t h e y  a r e  o r  m a y  be -- then 
y o u  h a v e  got to t a k e  m e a s u r e m e n t s  r e l a t i v e l y  c l ose 
together. If t h e y  are v e r y  long, then, m a y b e  y o u  
do not h a v e  to p u t  t h e s e  t r a n s d u c e r s  so c l o s e  
together. Th e r e f o r e ,  t h e r e  is n o t  j u s t  o n e  n u m 
b e r  for l o n g i t u d i n a l  force; it is a f u n c t i o n  of 
t h e  v a r i a t i o n s  in t r a c k  c o n d i t i o n s  f r o m  N e w  Y o r k  
to Chicago. It is u n d o u b t e d l y  n o t  co n s t a n t .  Y o u  
are l o o k i n g  at a v e r y  c o m p l e x ,  l o a d e d  s t r u c t u r e  
w h i c h  is t i e d  d o w n  to t h e  g r o u n d  at v e r y  short 
i n t e r v a l s .

MR. VI N C E N T :  I w o u l d  h a v e  t h o u g h t ,  though,
that if the f o rce is n o t  c o n s t a n t ,  y o u  w o u l d  h a v e  
w h a t  we call a f o rce g r a d i e n t  o r  stress, and, if 
t h e r e  is a stress, w h y  is t h e r e  n o t  a s t r a i n ?

D. P. M c C O N N E L L :  I t h i n k  p e r h a p s  one o f  the
s ources o f  c o n f u s i o n  in t h i s  d i s c u s s i o n  is w h e t h e r  
it is a v a r i a t i o n  in s t r e s s  a c r o s s  the rail cross 
s e c t i o n  at a n y  t r a c k  l o c a t i o n  o r  t h e  v a r i a t i o n  in 
axial or l o n g i t u d i n a l  s t r e s s  a l o n g  t h e  len g t h  o f  
the rail t hat is o f  i n t e r e s t .  T h e  t o p i c  o f  l o n g i 
tud i n a l  f o rce that is b e i n g  c o n s i d e r e d  h e r e  c o n 
s t a n t l y  gets c o n f u s e d  w i t h  t h e  t e r m  " r e s i d u a l  
s t r e s s ."

T h e r e  is a stre s s  in t h e  r a i l  d u e  to the 
p r e s e n c e  o f  an a x ial l oad i n  t h e  rail. This stress 
is a f u n c t i o n  o f  the s t a t e  o f  c o n s t r a i n e d  t h e r m a l  
e x p a n s i o n  o r  the c o n s t r a i n e d  a x i a l  " c r e e p "  o f  the 
rail. It a r i s e s  f r o m  t h e  a n c h o r i n g  o f  the rail to 
t h e  ties c o n s t r a i n i n g  a x i a l  d i s p l a c e m e n t s .

T his str e s s  w i l l  v a r y  d o w n  the l e n g t h  o f  the 
track. It w i l l  v a r y  d u e  to t h e  f a c t  t h a t  t r a i n s  
b r a k e  at one p l a c e  o r  t h e y  a r e  a l w a y s  a c c e l e r a t i n g  
u p  the hill. T h e s e  a c t i o n s  h a v e  a t e n d e n c y  to 
"bu n c h "  the r ail at v a r i o u s  p o i n t s .

A x i a l  rail force, t a k e n  as an a v e r a g e  s t r e s s  
t i m e s  the rail area, w i l l  a l s o  v a r y  w i t h  t e m p e r a 
t u r e  and the e f f i c i e n c y  o f  t h e  f a s t e n i n g s  h o l d i n g
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the r ail down. T h e r e f o r e ,  c o m p r e s s i o n  c a n  b e g i n  
to b u i l d  u p  in s o m e  r e g i o n s  a n d  r e l e a s e  in o t h e r  
regions. But i f  I w e r e  to look s o l e l y  at the 
s t r e s s e s  due to t h a t  a x i a l  f o rce in t h e  r a i l  at 
a n y  o n e  section, t h e y  w o u l d  in e s s e n c e  d i s t r i b u t e  
t h e m s e l v e s  f a i r l y  u n i f o r m l y  a c r o s s  t h a t  section.

T h i s  b e h a v i o r  is in s h a r p  c o n t r a s t  t o  the 
stre s s  d i s t r i b u t i o n s  w h i c h  a r i s e  d u e  t o  t h e  
local y i e l d i n g  o f  t h e  r ail m a t e r i a l  -- the 
" r e s i d u a l  s t r e s s e s "  w h i c h  we h a v e  t a l k e d  about. 
T h e s e  s t r e s s e s  g e n e r a l l y  h a v e  m u c h  h i g h e r  v a l u e s  
in a n y  g i v e n  c r oss s e c t i o n  and v a r y  g r e a t l y  b o t h  
a l o n g  t h e  l e n g t h  o f  t h e  rail, a n d  m o r e  i m p o r t a n t l y ,  
a c r o s s  the r ail c r o s s  section. R e s i d u a l  s t r e s s e s  
a r e  in e q u i l i b r i u m  a c r o s s  t h a t  c r o s s  section.

C o n s e q u e n t l y ,  t h e r e  a r e  t w o  d i f f e r e n t ,  c o m 
p e t i n g  p h e n o m e n a  p r e s e n t  in rails. M o s t  o f  t h e  
d i s c u s s i o n  —  e s p e c i a l l y  the q u e s t i o n s  D a n  S t o n e  
has a s k e d  -- has b e e n  f o c u s e d  o n  t w o  facts. First, 
t hat a n y  t e c h n i q u e  w h i c h  looks s o l e l y  at c h a n g e s  in 
o n e  m a t e r i a l  c h a r a c t e r i s t i c  w i t h  t h e  p r e s e n c e  o f  
str e s s  is n o t  c a p a b l e  o f  d i s t i n g u i s h i n g  b e t w e e n  
the t w o  t y pes o f  s t r e s s e s  w h i c h  h a v e  b e e n  s u p e r 
imposed. Second, w h e r e a s  r e s i d u a l  s t r e s s e s  are 
a c c o m p a n i e d  b y  strains, s t r e s s e s  d u e  to c o n 
s t r a i n e d  the r m a l  e x p a n s i o n  d o  n o t  r e s u l t  in 
s t r a i n s  exc e p t  b y  P o i s s o n ' s  effect.

A l l a n  Za r e m b s k i ,  is t h e r e  a n y t h i n g  y o u  w a n t  to 
add? Y o u  h a d  s o m e  d a t a  f r o m  the B e s s e m e r  a n d  Lake 
E r i e  w h i c h  I t h i n k  w a s  the s o u r c e  o f  s o m e  c o n 
fusion.

A. M. Z A R E M B S K I  ( A s s o c i a t i o n  o f  A m e r i c a n  
Railro a d s ) :  T h e  b a s i c  q u e s t i o n  is w h e t h e r  t h e r e
is s t r a i n  o r  w h e t h e r  t h e r e  is n o t  strain.

F i r s t  o f  all, t h e r e  is n o  l o n g i t u d i n a l  s t r a i n  
a r i s i n g  f r o m  c o n s t r a i n e d  t h e r m a l  e x p a n s i o n .  T h e  
d a t a  t h a t  I s h o w e d  w a s  l o n g i t u d i n a l  s t r a i n  a n d  if 
y o u  t a k e  the s i m p l e  a n a l o g y  o f  a s t r i p  o f  m e t a l  
c o n s t r a i n e d  at the e nds a n d  heated, the s t r i p  of 
m e t a l  has no p l a c e  to d i s p l a c e  a x ially. It does 
n o t  s t r a i n  l o n g i t u d i n a l l y .

However, y o u  m o s t  c e r t a i n l y  h a v e  a s t r e s s  
b u i l d u p  in t hat s t r i p  o f  metal; i f  y o u  h e a t  it 
h i g h  enough, i t  is g o i n g  to b u c k l e  u p  b e c a u s e  o f  
the i n s t a b i l i t y  p h e n o m e n o n .

As to w h y  y o u  c a n n o t  l ook at s t r a i n  as o c c u r 
r i n g  in a t r a n s v e r s e  pla n e ,  say, p e r p e n d i c u l a r  t o  
the a xis o f  t h e  rail, it is b e c a u s e  o f  t h e  c o m 
p l e x  s h a p e  o f  t h e  r ail section. O n c e  y o u  get 
into the cross s e ction, t h e r e  is a f a i r l y  s i g n i f i 
cant d i s t o r t i o n  o f  t h e  s t r e s s e s  d u e  to u n e v e n  
h e a t i n g  a n d  due to t h e  fact t hat y o u  do n o t  h a v e  
a r e a l l y  s y m m e t r i c  o r  h o m o g e n e o u s  shape. T o  m y  
k n o w ledge, t h e r e  h a s  b e e n  n o  s u c c e s s f u l  c o r r e l a 
t i o n  o f  the s t r a i n  o u t  o f  l o n g i t u d i n a l  p l a n e  w i t h  
f o rce in t h e  l o n g i t u d i n a l  d i r e ction.

J. SIMMONS: I j ust w a n t  to m a k e  a  q u i c k  c o m 
m e n t  to Mr. Yea g e r ,  w h o  s h o w e d  t h o s e  a t t e n u a t i o n  
c u r v e s  and s a i d  h e  w a s  a p p l y i n g  a f ast f o u r i e r  
t r a n s f o r m  ( F F T ) . I b e l i e v e  t hat t h e  c o r r e c t  
m e t h o d  t o  a p p l y  on d e c a y i n g  c u r v e s  o f  t h a t  type 
is t h e  P r o n y  m ethod. I a m  s u r p r i s e d  y o u  u s e d  
an FFT. It loo k s  i r r e l e v a n t  f o r  t h a t  k i n d  o f

curve. It is n a t u r a l l y  d o n e  b y  P r o n y  method.

D. P. M c C O N N E L L :  O n e  o f  t h e  q u e s t i o n s
a d d r e s s e d  to B r i t i s h  R ail c o n c e r n s  the d e n s i t y  
o f  t h e i r  g a g e  p l a c e m e n t .  W o u l d  y o u  c o m m e n t  on 
t h at, Dr. L a n e ?

G. S. L A N E  ( B r i t i s h  Ra i l w a y s ) :  G a g e s  h a v e
b e e n  p l a c e d  at 2 0 - m e t e r  in t e r v a l s ,  but I w o u l d  
l ike t o  c o m m e n t  on t h i s  q u e s t i o n  o f  w h e t h e r  t h e r e  
is o r  w h e t h e r  t h e r e  is n o t  l o n g i t u d i n a l  strain.

If a r ail is c o r r e c t l y  s t r e s s e d  a n d  u n i f o r m l y  
s t r e s s e d  a n d  t h e r e  is n o  i n f l u e n c e  o f  b r a k i n g  
a c c e l e r a t i o n  o r  m i n i n g  s u b s i d e n c e  or a n y t h i n g  
else, t h e r e  w i l l  b e  no l o n g i t u d i n a l  s t r a i n  so we 
h a v e  n o t h i n g  to w o r r y  about. But t h e  f act o f  t h e  
m a t t e r  is, t h e r e  is a l o n g i t u d i n a l  s t r a i n  w h e n  
t h e  s t r e s s  c o n d i t i o n s  c h a n g e  for r e a s o n s  as o u t 
l i n e d  b y  A l l a n  Z a r e m b s k i .  T h i s  l o n g i t u d i n a l  
s t r a i n  c a n  o c c u r  a n d  it is in t h e s e  c i r c u m s t a n c e s  
t h a t  y o u  h a d  b e t t e r  s t a r t  w o r r y i n g  a n d  t r y i n g  to 
m e a s u r e  it.

As to t h i s  q u e s t i o n  o f  h o w  o f t e n  w e  m e a s u r e  
t h e  r a i l  for c e s ,  I s a i d  t h a t  w e  m e a s u r e  t h e m  p o s 
s i b l y  e v e r y  20 m e t e r s .  Well, t his is a f u n c t i o n  
o f  t h e  w a v e l e n g t h  o f  t h e  e f f e c t  y o u  a r e  e x p e c t i n g  
to m e a s u r e .  T h a t  e x a m p l e  o f  20 m e t e r s  is r a t h e r  
c l o s e r  s p a c i n g  t h a n  o n e  w o u l d  n o r m a l l y  m e a s u r e  
f o r  p u r e l y  p r o d u c t i o n  p u r p o s e s .  We w e r e  c o m 
b i n i n g  t h i s  e x e r c i s e  w i t h  r e s e a r c h  p u r p o s e s  as 
w e ll. I t h i n k  a ' m o r e  n o r m a l  s p a c i n g  o n  t hat 
p a r t i c u l a r  s i t e  I d e s c r i b e d  w o u l d  b e  a b o u t  f ive 
t i m e s  t h a t  m u c h ,  s u c h  t h a t  we a r e  l o o k i n g  at 
w a v e l e n g t h s  o f  the o r d e r  o f  1 0 0 m e t e r s  o r  s o  on 
t h a t  p a r t i c u l a r  site. W e  are e x p e c t i n g  v a r i a t i o n s  
i n  f o r c e - f r e e  t e m p e r a t u r e s  in t h a t  s ort o f  w a v e 
len g t h ,  so w e  h a v e  o b v i o u s l y  h a d  to p u t  r a i l  f o rce 
t r a n s d u c e r s  f a i r l y  c l o s e  t o g ether.

D. P. M c C O N N E L L :  I t h i n k  that, i f  o n e  is
i n t e r e s t e d  in s o m e  f e e l i n g  for the d i s t r i b u t i o n  
o f  l o n g i t u d i n a l  forc e s  in fact, t h e r e  w a s  some 
w o r k  d o n e  in t h e  p e r i o d  f r o m  a b o u t  1930 u n t i l  
s o m e  t i m e  i n  t h e  e a r l y  p a r t  o f  t h e  m i d - 1 9 4 0 's 
b y  t h e  A R E A  [ A m e r i c a n  R a i l w a y  E n g i n e e r i n g  A s s o c i a 
tion] , w h i c h  is p u b l i s h e d  in its p r o c e e d i n g s ,  
v o l u m e s  29 t h r o u g h  39. T h e s e  r e p o r t s  s p e c i f i c a l l y  
d e a l  w i t h  m e a s u r e m e n t s  o f  r a i l  c r e e p a g e  o r  m o t i o n  
u n d e r  t r a i n s  a n d  a l s o  B e r r y - t y p e  m e c h a n i c a l  s t r a i n  
g a g e  m e a s u r e m e n t s .  In a d d i t i o n ,  t h e r e  w a s  a  p a p e r  
w r i t t e n  in 1 9 3 7  b y  A f r i c a n o  in t h e  A S C E  j o u r n a l  in 
w h i c h  a  t h e o r y  o f  a x i a l  f o r c e  d e v e l o p m e n t  in r a i l s  
w a s  l a i d  o u t  w h i c h  d i s c u s s e s  s ome o f  t h e s e  e ffects.

R. H. P R A U S E  (B a t t e l l e  C o l u m b u s  L a b o r a t o r i e s ) : 
W h e n  t h e  t r a c k  b u c k l e s ,  d o e s  it go s u d d e n l y  or 
d o e s  it go in a  g radual, s l o w  p r o c e s s ?  In o t h e r  
w o r d s ,  is t h e r e  a w a y  o f  l o o k i n g  d o w n  a n d  s e e i n g  
w h e n  it h a s  s t a r t e d  to b u c k l e ?

A. D. KERR: T h e  t r a c k s  p r e s e n t l y  in u s e  g e n e r a l l y
b u c k l e  l a t e r a l l y .  A  s t r a i g h t  t r a c k  b u c k l e s  i n s t a n -  
e o u s l y  w i t h  a l oud b a n g  (en e r g y  r e l e a s e ) . T r a c k s  
w h i c h  s h o w  l a t e r a l  g e o m e t r i c a l  i m p e r f e c t i o n s  
b u c k l e  w i t h  a  s m a l l e r  bang. T h e  lar g e r  t h e  i m p e r 
f e c t i o n ,  t h e  s l o w e r  is t h e  b u c k l i n g  p r o c e s s  and 
t h e  l ess l o u d  t h e  bang. Often, t r a c k  b u c k l i n g  m a y  
o c c u r  i n  f r o n t  o f  or c l o s e l y  b e h i n d  a m o v i n g  t r a i n  
o r  b e t w e e n  t h e  i n n e r  w h e e l s  o f  a l ong f r e i g h t  car.
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A d d i t i o n a l  m a t e r i a l  o n  this s u b j e c t  m a y  b e  f o und 
in m y  pape r ,  " T h e r m a l  B u c k l i n g  o f  S t r a i g h t  
Tra c k s ;  F u n d a m e n t a l s ,  A n a l y s e s ,  and Preventive. 
M e a s u r e s "  [in P r o c e e d i n g s  o f  t h e  AREA, v o l . §0 
(1978), pp. 16-47],

I w o u l d  like to ask Dr. L a n e  a q u e stion. In 
o n e  o f  t h e  p u b l i c a t i o n s ,  it w a s  r e p o r t e d  t hat 
B r i t i s h  R ail a t t e m p t e d  o t h e r  m e t h o d s  p r i o r  to 
d e c i d i n g  o n  t h e  d e v e l o p m e n t  o f  t h e  f o rce m e a s 
u r i n g  d e v i c e  t h a t  y o u  d i s c u s s e d  e a r l i e r  [session 
I] i n  t h i s  c o n f e r e n c e .  W o u l d  y o u  l ike to c o m m e n t  
o n  w h a t  o t h e r  a t t e m p t s  y o u  m a d e  a n d  w h y  y o u  felt 
t h e y  d i d  n o t  w o r k ?

G. S. LANE: A s  far as I know, not a t r e m e n 
d o u s  n u m b e r  o f  o t h e r  t e c h n i q u e s  h a v e  b e e n  tried.
I a m  a w a r e  t h a t  one o t h e r  s e c t i o n  in o u r  d e p a r t 
m e n t  d i d  u s e  the u l t r a s o n i c  t e c h n i q u e s  s i m i l a r  to 
D o n  Bray's, b u t  a v e r y  l i m i t e d  a m o u n t  o f  e f f o r t  
w a s  p u t  o n  t h e  w o r k  and, g e n e r a l l y  sp e a k i n g ,  it 
w a s  a b a n d o n e d  w h e n  w e  s t a r t e d  w o r k i n g  o n  the 
v i b r a t i n g  w i r e  gage. A p a r t  f r o m  that, w e  h ave 
t r i e d  m e c h a n i c a l - t y p e  s t r a i n  gages, a n d  D - mec 
g a g e s  w h i c h  a r e  s i m i l a r  to t h e  B e r r y  gage; we 
g e n e r a l l y  f o u n d  e x t r e m e l y  l a r g e  a m o u n t s  o f  s c a t t e r  
f r o m  t h e  r e sults.

F r o m  t h o s e  we w e n t  o n  to v i b r a t i n g  w i r e  s t r a i n  
g a g e s  o f  a d i f f e r e n t  type, w h i c h  a r e  a b o u t  5.5 
i n c h e s  l o n g  a n d  s i m p l y  c l a m p e d  to t h e  rail foot. 
O b v i o u s l y ,  o n e  has to c l a m p  t h e m  o n  the o t h e r  side 
to t a k e  a c c o u n t  o f  lateral b e n d i n g  and so forth, 
b u t  w e  g e n e r a l l y  f o u n d  t h e y  fell o f f  u n d e r  t r a f f i c . 
It w a s  d e c i d e d  t h a t  t h e  o n l y  w a y  o f  g e t t i n g  a 
r e a s o n a b l y  l o n g - t e r m  d e v i c e  w a s  to a c t u a l l y  
p h y s i c a l l y  m o u n t  it in t h e  r a i l  w h e r e  it w o u l d  
(a) m e a s u r e  t h e  a c t u a l  p h y s i c a l  f o r c e  t hat we 
w a n t e d  to me a s u r e ,  a n d  (b) b e  m o r e  p r o t e c t e d  
f r o m  t h e  w i d e  v a r i e t y  o f  s e v e r e  i n f l u e n c e s  t hat 
g e n e r a l l y  o c c u r  in r a i l w a y  t r affic.

I n c i d e n t i a l l y ,  I s h o u l d  s a y  that, b e c a u s e  of 
t h e  c a l i b r a t i o n  te c h n i q u e ,  I w o u l d  s u g g e s t  t hat 
the e x i s t i n g  r a i l  f o r c e  t r a n s d u c e r  d oes in fact 
m e a s u r e  p r e c i s e l y  t h e  t o t a l  f o r c e  a v e r a g e d  a c r o s s  
the r a i l  s e c t i o n  b e c a u s e  the c a l i b r a t i o n  t e c h n i q u e  
a p p l i e s  a f o r c e  u s i n g  a h y d r a u l i c  t e n s o r  at a r e a 
s o n a b l e  d i s t a n c e  f r o m  the a c t u a l  t r a n s d u c e r  itself. 
B y  t h e  n a t u r e  o f  that t e c h n i q u e ,  b y  the t i m e  t h a t  
y o u  get to t h e  t r a n s d u c e r ,  t h e  f o rce w i l l  be 
a v e r a g e d  o v e r  t h e  w h o l e  s e c t i o n  and y o u  are 
r e f e r r i n g  the m e a s u r e m e n t s  to t h a t  c a l i b r a t i o n  
t e c h n i q u e .

A. D. KERR: E s s e n t i a l l y  w h a t  y o u  are d o i n g
is s e n s i t i z i n g  t h e  w e b  to v i b r a t i o n s  b y  i n t r o 
d u c i n g  t h e  w i r e  i n s t e a d  o f  t h e  m i s s i n g  d i s k  t hat 
y o u  d r i l l  out. D i d  y o u  t r y  t h e  same a p p r o a c h  to 
the w e b  i t s e l f ?

G. S. LANE: No. It w a s  s u g g e s t e d  b y  a  m e m 
b e r  o f  o u r  m a n a g e m e n t ,  b u t  w e  t h o u g h t  it 
i m p r a c t i c a l .  W e  t h o u g h t  t h e  t e c h n i q u e  w i t h  the 
v i b r a t i n g  w i r e  g a ges w a s  l i k e l y  to p r o v e  m o r e  
s u c c e s s f u l .

J. R. BARTON: O n  the f u n d a m e n t a l  i n t e r a c t i o n
o f  t h e  B r i t i s h  R ail gage, is t h a t  n o t  just the 
c h a n g e  in t h e  r e s o n a n t  f r e q u e n c y  o f  the w i r e  that 
the t e n s i o n  c h a n g e s  b e c a u s e  y o u  c h a n g e  t h e  e n d p o i n t

l o cation b y  m e a n s  o f  the d i s t o r t i o n  t h a t  t a k e s  
p l a c e  in the r a i l ?  So t h e  s t r a i n  g a g e  w o u l d  w ork 
just as w e l l .

A. D. KERR: A n o t h e r  m e t h o d  to d e t e r m i n e  the
axial for c e  c o u l d  c o n s i s t  o f  d r i l l i n g  a h o l e  in 
the u n s t r e s s e d  web, w i t h o u t  i n s t a l l i n g  anything, 
and t hen m e a s u r i n g  t h e  d e f o r m e d  h o l e  w h e n  the 
rail is s u b j e c t e d  to a t e m p e r a t u r e  change.

G. S. LANE: Well, we t r i e d  t h a t  at B r i t i s h
Rail. H o w e v e r ,  it is n o t  a v e r y  p r a c t i c a l  m e t h o d  
for y o u r  a v e r a g e  p e r m a n e n t  w a y  m a n  to go d o w n  the 
track a n d  use. It is a v e r y  s m all change.

D. P. M c C O N N E L L :  I w o u l d  like to a d d  some
co m m e n t s  to t h e  p r e v i o u s  d i s c u s s i o n ,  in t h a t  I 
a m  c o n v i n c e d  w e  h a v e  h a d  a c e r t a i n  a m o u n t  o f  
c o n f u s i o n  o v e r  t e r m i n o l o g y .

As Dr. B e n s o n  i n d i c a t e d ,  t h e r e  a r e  r e s i d u a l  
st r e s s e s  p r o d u c e d  in t h e  r ail w h i c h  are o f  the 
k i n d  m o s t  n o r m a l l y  a s s o c i a t e d  w i t h  m a n u f a c t u r i n g  
proces s e s .  T h e y  are t h e  c o n s e q u e n c e s  o f  the 
r o l l i n g  o f  the rails, t h e  w e l d i n g  o f  r a i l s  in 
c o n t i n u o u s l y  w e l d e d  s t r i n g s  and, m o s t  strongly, 
the p l a s t i c  d e f o r m a t i o n  o f  t h e  rail h e a d  u n d e r  
wheel loads. T h e  d e f o r m a t i o n  o f  t h e  h e a d  o f  the 
rail is a f u n c t i o n  o f  the f a c t  t h a t  t h e  w h e e l  
runs d i r e c t l y  on t h e  r a i l  h e a d  and, f o r  a n y  w h eel 
l oad in excess o f  a p p r o x i m a t e l y  1 9 , 0 0 0  pounds, 
p r o g r e s s i v e  m i c r o p l a s t i c  s t r a i n  o c c u r s  w i t h  each 
p a s s a g e  o f  a whee l .  T h i s  a c t i o n  p r o d u c e s  a s e v e r e  
c o l d  w o r k i n g  o f  t h e  h e a d  o f  t h e  r ail a n d  r e s i d u a l  
s t resses d u e  to t h a t  y i e l d i n g .  T h o s e  s t r e s s e s  
exist w i t h i n  t h e  r ail a n d  t h r o u g h o u t  t h e  cross 
s e c t i o n  o f  t h e  rail. T h e r e  is s o m e  i n d i c a t i o n  
t hat y o u  c a n  h a v e  s u b s t a n t i a l  s t r e s s e s  o c c u r r i n g  
in the w e b  o f  the r a i l  d u e  to this p h e n o m e n o n ,  
re s i d u a l  s t r e s s e s  l o c k e d  i nto t h e  m a t e r i a l .

The i s s u e  w i t h  w h i c h  w e  are d e a l i n g  is that, 
g i ven t h e  f act t h a t  c o l d  w o r k  o f  t h e  r ail occurs, 
the stress w h i c h  w e  a r e  i n t e r e s t e d  in m e a s u r i n g  
is t hat s t r e s s  d u e  p r e d o m i n a n t l y  to c o n s t r a i n e d  
t hermal e x p a n s i o n  o f  t h e  rai l s ,  n o t  t h a t  due to 
c old wo r k i n g .  In t e r m s  o f  m a g n i t u d e s ,  axial 
st r e s s e s  g e n e r a l l y  a r e  o f  s u b s t a n t i a l l y  l o w e r  
m a g n i t u d e  t h a n  e i t h e r  the r e s i d u a l  s t r e s s e s  loc k e d  
in b y  p r o g r e s s i v e  p l a s t i c i t y  u n d e r  p a s s i n g  w h e e l  
loads o r  t h o s e  d u e  t o  m a n u f a c t u r i n g  p r o c e s s e s .
It is the v a r i a t i o n  o f  the s t r e s s e s  d u e  s o l e l y  to 
the axial l oad on t h e  rail w h i c h  is o f  i n t e r e s t  
in the m o s t  l i k e l y  a p p l i c a t i o n s ,  s u c h  as d e t e c t 
ing i n c i p i e n t  b u c k l i n g  p r o b l e m s  w i t h  the track.

M u c h  o f  t h e  d i s c u s s i o n  o f  t h i s  c o n f e r e n c e  has 
b e e n  a d d r e s s i n g  i t s e l f  to t h e  i s s u e  o f  w h e t h e r  
one can d e t e c t  c h a n g e s  in s t r e s s  in t h e  rail 
r a t h e r  t h a n  c a n  o n e  d e t e c t  t h o s e  c h a n g e s  in 
stress i n  the r a i l  w h i c h  a r e  d u e  to a x ial forces. 
Stress is a n  i n d i r e c t  i n d i c a t o r  o f  p h e n o m e n a  
t a k i n g  p l a c e  i n  t h e  rail; t h a t  is, c o n s t r a i n e d  
t hermal e x p a n s i o n  o f  r ail creep.

So I t h i n k  it is u s e f u l  f o r  the p u r p o s e s  o f  
o u r  f u t u r e  d i s c u s s i o n s  to c l e a r l y  d i f f e r e n t i a t e  
b e t w e e n  r e s i d u a l  s t r e s s e s  d u e  to m e c h a n i c a l  w o r k 
ings o r  t h e r m a l  w o r k i n g  o f  a  r a i l  a n d  t h o s e  w h i c h  
are i n d u c e d  b y  c o n s t r a i n e d  t h e r m a l  e x p a n s i o n .  If 
this d i s t i n c t i o n  is n o t  k e p t  i n  mind, w e  w i l l  h a v e  
a m i x t u r e  o f  t e r m i n o l o g i e s  -- a p p l e s  a n d  oranges.
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S E S S I O N  III: X - R A Y  D I F F R A C T I O N  T E C H N I Q U E S

T E C H N I C A L  PAPE R S

" P r e c i s i o n  o f  t h e  X - r a y  S t r e s s  
M e a s u r e m e n t  T e c h n i q u e "

M. R. J a m e s
R o c k w e l l  I n t e r n a t i o n a l  S c i e n c e  C e n t e r

M y  m a i n  p u r p o s e  is to p r o v i d e  a r e v i e w  or 
i n t r o d u c t i o n  to t h e  X - r a y  d i f f r a c t i o n  t e c h n i q u e  
o f  m e a s u r i n g  r e s i d u a l  s t r esses. I w a n t  t o  c o v e r  
the m a i n  d e f i n i t i o n s  a n d  t e r m s  t hat a r e  u s e d  in 
t h e  t e c h n i q u e s  a n d  t h e n  d e s c r i b e  s o m e  o f  the 
a r eas w h e r e  t h e r e  a r e  m i n o r  p r o b l e m s  w i t h  it.
This w i l l  p r o v i d e  s o m e  i d e a  o f  e x a c t l y  w h a t  the 
X - r a y  t e c h n i q u e  is m e a s u r i n g ,  w h i c h  is o b v i o u s l y  
a l i t t l e  bit d i f f e r e n t  f r o m  a n y  o f  t h e  o t h e r  
i n t e r n a l  p r o b e s  o f  the m a t e r i a l ,  a n d  will s e r v e  
as a  p r e f a c e  to the f o l l o w i n g  p a p e r s  t h a t  deal 
w i t h  s p e c i f i c  a s p e c t s  o f  t h e  X - r a y  d i f f r a c t i o n  
technique.

A  p o l y c r y s t a l l i n e  m a t e r i a l  is s h o w n  in f i g 
u r e  1 h a v i n g  a  f u l l y  r a n d o m  o r i e n t a t i o n  o f  the 
g r a i n  structure. In e a c h  o f  t h e s e  grains, I 
h a v e  d r a w n  a  s p e c i f i c  h k l  p l a n e  -- for t h e  f e r 
r i t e  c r y s t a l s  in stee l s  w e  n o r m a l l y  u s e  the (2 1 1 ) 
plane. N o t e  that t h e s e  (211) p l a n e s  are o r i e n t e d  
d i f f e r e n t l y  w i t h  r e s p e c t  to t h e  s u r f a c e  i n  each 
grain.

S o m e  o f  t h e s e  g r a i n s  w i l l  b e  a l i g n e d  s o  that, 
w h e n  a n  i n c i d e n t  X - r a y  b e a m  f a lls on them, the 
L a u d  c o n d i t i o n s  for d i f f r a c t i o n  w i l l  b e  f u l f i l l e d  
a n d  a d i f f r a c t e d  X - r a y  b e a m  w i l l  b e  p r o d u c e d .

T h i s  is a d i f f r a c t e d  X - r a y  beam. It is 
d e s c r i b e d  b y  B r a g g ' s  Law, w h i c h  r e l a t e s  t h e  a n g l e  
o f  d i f f r a c t i o n ,  g i v e n  in f i g u r e  1 as 20 (the a n g l e  
b e t w e e n  the i n c i d e n t  r a d i a t i o n  a n d  the d i f f r a c t e d  
r a d i a tion), and the i n t e r p l a n a r  s p a c i n g  "d" (the 
l a t t i c e  s p a c i n g  b e t w e e n  t h e  c r y s t a l l o g r a p h i c  
p lanes). B r a g g ' s  L a w  is simply: X = 2 d s i n 0 .

It is e v i d e n t  t h a t  n o t  o n l y  is t h e r e  d i f f r a c 
t i o n  f r o m  the g r a i n  s h o w n  but, in the three- 
d i m e n s i o n a l  case, t h e r e  a r e  m a n y  g r a i n s  o r i e n t e d  
to fill d i f f r a c t i o n  c o n d i t i o n s  a n d  in r e a l  s p a c e  
a c o n e  o f  r a d i a t i o n  is p r o d u c e d .  It is i m p o r t a n t  
to n o t e  t hat s ome g r a i n s  d o  n o t  c o n t r i b u t e  at all 
to t h e  d i f f r a c t e d  r a d i ation.

F i g u r e  2 d e p i c t s  the s a m e  p h e n o m e n a .  B e c a u s e  
t h e  m a t e r i a l  is p o l y c r y s t a l l i n e ,  t h e  s a m p l e  m a y  
b e  r o t a t e d  to b r i n g  t h e  s a m e  hkl p l a n e s  -- the 
s a m e  (2 1 1 ) p l a n e s  in d i f f e r e n t  g r a i n s  -- t o  f u l 
fill t h e  d i f f r a c t i o n  c o n d i t i o n  a n d  o b t a i n  a d i f 
f r a c t e d  X - r a y  beam.

I f  the s u r f a c e  o f  the m a t e r i a l  is u n d e r  stress, 
as s h o w n  in f i g u r e  2 , t h e r e  w ill b e  a r e s o l v e d  
c o m p o n e n t  o f  t h a t  s t r e s s  a c t i n g  o n  t h e  l a t t i c e  
planes. W h e n  o n e  t i l t s  t h e  s a m p l e  a n d  l o oks at 
the s ame hkl p l a n e s  in d i f f e r e n t  grains, the 
r e s o l v e d  c o m p o n e n t  o f  t h e  s t r e s s  o n  t h o s e  hkl 
p l a n e s  is g o i n g  to b e  d i f f e r e n t  t h a n  before. We 
m e a s u r e  the a n g l e  o f  d i f f r a c t i o n ,  2 0 , r e l a t e d  to 
t h e  i n t e r p l a n a r  spacing, a n d  t hus w e  m e a s u r e  a

c h a n g e  in the i n t e r p l a n a r  s p a c i n g  b e t w e e n  t h e s e  
t w o  c o n d i t i o n s .

It is v e r y  simple. W e  h a v e  n o t  h a d  to l ook 
at a s t r e s s - f r e e  sample. W e  h a v e  n o t  h a d  t o  c o n 
t a c t  t h e  s u r f a c e  o f  t h e  s a m p l e  at all. W e  s i m 
p l y  r o t a t e  t h e  s a m p l e  w i t h  r e s p e c t  to t h e  i n c i 
d e n t  X - r a y  b e a m  a n d  w e  c a n  m e a s u r e  a  s t r a i n  in 
t h e  m a t e r i a l .

O n e  o f  t h e  i m p o r t a n t  t h i n g s  to r e c o g n i z e  
i m m e d i a t e l y  is t h a t  t h e  X - r a y s  p e n e t r a t e  t h e  s u r 
f a c e  o f  t h e  m a t e r i a l  o n l y  to a v e r y  s h a l l o w  depth. 
F o r  s t e e l s ,  t h a t  is n o r m a l l y  on t h e  o r d e r  o f  
a b o u t  1 / 1 , 0 0 0 t h  i n c h  -- 25 m i c r o n s  o r  so. W e  are 
o b t a i n i n g  a w e i g h t e d  a v e r a g e  o f  t h e  i n t e r p l a n a r  
s p a c i n g s  o v e r  t h a t  1 ,0 0 0 t h  o f  an inch.

H o w  d o  w e  o b t a i n  t h e  n e e d e d  i n f o r m a t i o n ,  20?
In t h i s  case, w e  set o n e  o r i e n t a t i o n  o f  the 
s a m p l e  w i t h  r e s p e c t  to t h e  X - r a y  b e a m ,  s c a n  t h e  
d e t e c t o r  a l o n g  t h e  20 axis, a n d  o b t a i n  a d i f f r a c 
t i o n  p e a k ,  as s h o w n  in f i g u r e  3. U s i n g  c u r v e f i t t i n g  
p r o c e d u r e s  a n d  c o r r e c t i o n  p r o c e d u r e s ,  o n e  m a y  
d e f i n e  s o m e  k i n d  o f  p o s i t i o n  on t h a t  d i f f r a c t i o n  
p e a k  -- t h a t  is, t h e  20 peak.

W e  t h e n  r o t a t e  t h e  s a m p l e  again, s w e e p  a c r o s s  
2 0 , a n d  m e a s u r e  t h e  d i f f r a c t i o n  p e a k  aga i n ;  
b e c a u s e  o f  the c h a n g e  in i n t e r p l a n a r  s p a c i n g ,  w e  
h a v e  a p e a k  shift, A20, w h i c h  is r e l a t e d  to the 
strain.

T h e  s train, o f  course, is r e l a t e d  to the 
str e s s ,  a n d  s t r e s s  is a t e n s o r  p r o p e r t y  h a v i n g  a  
d i r e c t i o n .  T h e  d i r e c t i o n  t h a t  w e  a r e  m e a s u r i n g  
t h e  s t r e s s  in is d e f i n e d  as t h e  i n t e r s e c t i o n  o f  
the c i r c l e  o f  r o t a t i o n  a n d  t h e  s u r f a c e  o f  the 
sample, as i l l u s t r a t e d  in f i g u r e  4. T h e  a n g l e

d = X/2 SIN0

F I G U R E  1. P R I N C I P L E S  O F  X - R A Y  D I F F R A C T I O N
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F I G U R E  2. P R I N C I P L E S  OF X - R A Y  
S T R E S S  M E A S U R E M E N T

\j> (psi) c o n s t i t u t e s  a m e a s u r e m e n t  o f  t h e  a n g l e  
o f  i n c l i n a t i o n  o f  t h e  s a m p l e  as it is tilted.
It is a c t u a l l y  the a n g l e  b e t w e e n  t h e  n o r m a l  to 
t h e  s p e c i m e n  s u r f a c e  a n d  t h e  n o r m a l  t o  t h e  hkl 
p l a n e s  t h a t  a r e  d i f f r a c t i n g ,  b u t  m a y  s i m p l y  be 
t h o u g h t  o f  as t h e  a n g l e  o f  s a m p l e  tilt.

W e  a l s o  d e f i n e  an a r b i t r a r y  d i r e c t i o n ,  <j>, 
w h i c h  is s h o w n  i n  f i g u r e  4 as t h e  d i r e c t i o n  o f  
t h e  m e a s u r e d  s t r e s s  w i t h  r e s p e c t  to s o m e  a r b i t r a r y  
axis. T h i s  a xis c o u l d  b e  a p r i n c i p a l  s t r e s s  axis, 
t h e  l o n g i t u d i n a l  axis, or w h a t e v e r  e l s e  o n e  w i s h e s  
t o  select. O f  course, o n e  c a n  m e a s u r e  t h e  stre s s  
in a n y  d i r e c t i o n  on t h e  s u r f a c e  o f  t h e  m a t e r i a l .

T o  i l l u s t r a t e  t h e  t y p e  o f  t y p i c a l  i n s t r u m e n t a 
t i o n  t h a t  is n o r m a l l y  u s e d  i n  a la b o r a t o r y ,  f i g 
u r e  5 is a  s c h e m a t i c  o f  a p o w d e r  d i f f r a c t o m e t e r  
A  d i v e r g i n g  p r i m a r y  b e a m  o f  r a d i a t i o n  is m a d e  to 
i l l u m i n a t e  a n  a r e a  on the s a m p l e  s u r f a c e  o f  
b e t w e e n  1 s q u a r e  m i l l i m e t e r  and, say, 1 0 s q u a r e  
m i l l i m e t e r s ,  so w e  a r e  a v e r a g i n g  the s t r e s s  over, 
say, a n  a r e a  1 0 m i l l i m e t e r s  s q u a r e  a n d  a b o u t  
1 / 1 , 0 0 0  i n c h  deep. T h e  d i f f r a c t e d  r a d i a t i o n  comes 
b a c k  in a c o n v e r g i n g  b e a m  a l m o s t  to a p o i n t  b e c a u s e  
o f  t h e  f o c u s i n g  g e o m e t r y  o f  t h e  p o w d e r  d i f f r a c t o m 
eter, a n d  it p a s s e s  t h r o u g h  a r e c e i v i n g  slit.

T h a t  r e c e i v i n g  s l i t  is u s e d  to d e f i n e  t hat 
angle, 2 0 , w h i c h  is a l s o  d e p e n d e n t  u p o n  t h e  p o s i 
t i o n  o f  the sample. It is i m p o r t a n t  to b e  c a r e 
ful o f  t h e  p o s i t i o n  o f  t h e  s a m p l e  so as n o t  to

i n t r o d u c e  an e x p e r i m e n t a l  error. In t e r m s  of 
stress m e a s u r e m e n t s  o n  ste e l s ,  t h a t  s a m p l e  s h o u l d  
be p o s i t i o n e d  to t h e  o r d e r  of, say, 1 / 5 , 0 0 0  inch 
or so to get err o r s  o n  the o r d e r  o f  1 - 2  t h o u s a n d  
p o u n d s - f o r c e  p e r  s q u a r e  i n c h  ( k s i ) .

T h e  i n s t r u m e n t a l  error, then, is in d e t e r m i n 
ing the a n g l e  20. In d e f i n i n g  t h e  p e a k  o f  the 
d i f f r a c t i o n  p r o f i l e ,  in p o s i t i o n i n g  t h e  s a m p l e  
a n d  so forth, t h e  i n s t r u m e n t a l  e r r o r s  u s u a l l y  
run on the order, o f  1 . 5 - 3  ksi in stress. This 
is r e a l l y  the p r e c i s i o n  o f  t h e  m e a s u r e m e n t .  One 
can do b e t t e r  t h a n  that, b u t  I a m  q u o t i n g  a c o n 
s e r v a t i v e  value; it d e p e n d s  o n  a lot o f  thi n g s  -- 
c o u n t i n g  s t a t i s t i c s ,  b r e a d t h  of t h e  d i f f r a c t i o n  
p r ofile, etc.

In the l a b o r a t o r y  h o w  l o n g  d o e s  the m e a s u r e 
m e n t  a c t u a l l y  t a k e  o n  i n s t r u m e n t a t i o n  like thi s ?  
D o i n g  it b y  h a n d  a n d  a s s u m i n g  a f a i r l y  s h a r p  d i f 
f r a c t i o n  p r o f i l e ,  I w o u l d  e s t i m a t e  t h a t  it c o u l d  
b e  d o n e  in 20 m i n u t e s  o r  so; f o r  b r o a d  d i f f r a c t i o n  
pr o f i l e s ,  t hough, the t i m e  w o u l d  b e  a b o u t  an h o u r  
or so.

W i t h  a u t o m a t e d  d i f f r a c t o m e t e r s  a n d  u s i n g  
c o u n t i n g  s t a t i s t i c s  t o  o p t i m i z e  t h e  t i m e  o f  d a t a  
c o l l e ction, one c a n  g e t  t h a t  t i m e  d o w n  to a r o u n d  
b e t w e e n  15 and 30 m i n u t e s ,  d e p e n d i n g  on the 
b r e a d t h  o f  the d i f f r a c t i o n  p r o f i l e .  O f  course, 
one c a n n o t  p u t  t o o  b i g  o f  a s a m p l e  on the d i f 
fracto m e t e r ,  b u t  I t h i n k  Paul P r e v e y  shows in 
his p a p e r  t h a t  it is p o s s i b l e  t o  m o u n t  s ome 
f a i r l y  l a rge s amples.

(Two o f  the f o l l o w i n g  p a p e r s  a r e  c o n c e r n e d  w i t h  
f u r t h e r  i n s t r u m e n t a t i o n  f o r  i n - f i e l d  use, w h i c h  
d oes a w a y  w i t h  the p o w d e r  d i f f r a c t o m e t e r .  T h e y  
c o v e r  r e c e n t  d e v e l o p m e n t s  in p o r t a b l e  X - r a y  stre s s  
e q u i p m e n t .)

I d o  n o t  w a n t  to go i nto a n y  d e t a i l e d  m a t h e 
m a t i c s  o f  h o w  to d e r i v e  t h e  r e l a t i o n s h i p  b e t w e e n  
the m e a s u r e d  s t r e s s  a n d  strain. H o w e v e r ,  I w ill 
m e n t i o n  a f e w  a s s u m p t i o n s .  Fir s t ,  a b i a x i a l  
stre s s  s t a t e  is a s s u m e d  o n  the s u r f a c e  o f  the 
sample; t his is n o t  t o o  b a d  b e c a u s e  w e  are l o o k i n g  
o n l y  at a  v e r y  s h a l l o w  depth. Second, it is 
a s s u m e d  t h a t  i s o t r o p i c  e l a s t i c i t y  t h e o r y  is 
a p p l i cable. T h i s  c r e a t e s  a f e w  p r o b l e m s  h e r e  
and t h e r e  but, on t h e  w h o l e ,  for m o s t  m a t e r i a l s  it 
is n q t  a b a d  a s s u m p t i o n .  O f  cou r s e ,  w h e r e  i s o 
t r o p i c  e l a s t i c i t y  is n o t  v a l i d ,  t h e  r e l a t i o n s h i p  
b e t w e e n  s t r a i n  in the l a t t i c e  p l a n e s  a n d  s u r f a c e  
stress c a n  b e  d e r i v e d  u s i n g  a n i s o t r o p i c  e l a s t icity. 
T h e  f o r m u l a  r e l a t i n g  s t r e s s  a n d  s t r a i n  is g i v e n  in

S2
fig u r e  6 for the s i n zi|i m e t h o d ,  y  is a p r o 

p o r t i o n a l i t y  c o n s t a n t  b e t w e e n  t h e  c h a n g e  in the 
i n t e r p l a n a r  spa c i n g ,  t h e  str a i n ,  a n d  t h e  stress.
T h e  stress is t h e n  r e l a t e d  to t h e  s t r a i n  b y  a 
l i n e a r  f u n c t i o n  o f  t h e  a n g l e  o f  tilt, i p.

S2
T h e  p r o p o r t i o n a l i t y  c o n s t a n t ,  y  , is a func-

$ 2 1 + vt i o n  o f  the b u l k  e l a s t i c  c o n s t a n t s  ( y  = — g— ) .

The r e l a t i o n s h i p  is n o t  a l w a y s  a p p l i c a b l e ,  h o w e v e r ,
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F I G U R E  3. O B T A I N I N G  T H E  D I F F R A C T I O N  A N G L E ,  20

b e c a u s e  o f  e l a s t i c  a n i s o t r o p y  a n d  t h e  s e l e c t i v e  
n a t u r e  o f  t h e  X - r a y  t e c h n i q u e ,  so n o r m a l l y  w e

S2
t e r m  -j- and (figure 6 ) t h e  X - r a y  e l a s t i c  c o n 

stan t s  t h a t  are e x p e r i m e n t a l l y  m e a s u r e d  i n  t h e  
l aboratory. If one l o oks at all t h e  e x p e r i m e n t a l  
v a l u e s  in t h e  l i t e r a t u r e  f o r  m e d i u m  car b o n ,  low- 
a l l o y  steels, t h e  r a i l r o a d  s t e e l  type, o n e  finds 
t h a t  t h e y  are p r e t t y  c o n s i s t e n t  to w i t h i n  1 0 p e r 
cent o f  o n e  another. P r o p e r  v a l u e s  c a n  t h u s  be 
o b t a i n e d  f r o m  t h e  l iterature.

T h e  i n t e r e s t i n g  t h i n g  to n o t e  a b o u t  t h e  s i n 2 i(j 
e q u a t i o n  is that the c h a n g e  i n  i n t e r p l a n a r  s p a c i n g  
v e r s u s  s i n 2i|i is a l i n e a r  r e l a t i o n s h i p .  So i f  we 
p l o t  t h e s e  two, w e  w i l l  f i n d  t h a t  t h e  s t r e s s  is 
p r o p o r t i o n a l  to t h e  s l o p e  d i v i d e d  b y  the X - r a y  
e l a s t i c  constant.

A l l  w e  h a v e  t o  do is d e t e r m i n e  t h e  s l o p e  b y  
m e a s u r i n g  t h e  l a t t i c e  s p a c i n g  at a n u m b e r  o f  tilts. 
A l t h o u g h  t h i s  is a  l i n e a r  r e l a t i o n s h i p ,  m a n y  p e o p l e  
u s e  f o u r  o r  s i x  m e a s u r e m e n t s  o f  the i n t e r p l a n a r  
s p a c i n g  a t  v a r i o u s  cycles. T h i s  is t e r m e d  t h e  
" s i n 2i|j t e c h n i q u e . "

Q u i t e  o f t e n  t h e  " t w o - t i l t  m e t h o d "  is u s e d  
b e c a u s e  o f  t h e  l i n e a r  p r o p o r t i o n a l i t y .  T h e  l a t t i c e  
s p a c i n g  is m e a s u r e d  o n l y  at t w o  ip v a l u e s . By 
u s i n g  B r a g g ' s  Law, o n e  c a n  d e r i v e  a n o t h e r  eq u a t i o n ,  
g i v e n  i n  f i g u r e  7, w h i c h  says t hat the s t r e s s  is 
d i r e c t l y  r e l a t e d  t o  t h e  c h a n g e  in a p e a k  p o s i t i o n  
t h r o u g h  a term, K, the X - r a y  str e s s  co n s t a n t .
A g a i n ,  K  is m e a s u r e d  e x p e r i m e n t a l 1y, a n d  m a n y  
v a l u e s  a r e  t a b u l a t e d  in t h e  l iterature.

In f i g u r e  8 , p a r t  A, t h e  lat t i c e  s p a c i n g  is 
p l o t t e d  v e r s u s  s i n 2i|i, a n d  a g o o d  s t r a i g h t  line
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is e s t a b l i s h e d .  In t h e  m a j o r i t y  o f  cases, one 
finds t his k i n d  o f  r e l a t i o n s h i p .  In his paper,
Paul P r e v e y  d i s c u s s e s  t h e  a p p l i c a t i o n  o f  this 
t e c h n i q u e  o n  r a i l w a y  s t e e l s  a n d  v e r i f i e s  t hat 
t h i s  lin e a r  r e l a t i o n s h i p  is v a l i d  f o r  t h e  t y p e  
o f  d e f o r m a t i o n  t h e  r a i l  s t e e l  u n d e r g o e s .

In t h e  l i t e r a t u r e ,  h o w e v e r ,  s ome o t h e r  cases 
a r e  r e p orted. In o n e  o r  t w o  J a p a n e s e  papers, a 
c u r v a t u r e  as s h o w n  in f i g u r e  8 , p a r t  B, has b e e n  
re p o r t e d .  T h i s  is d u e  t o  a  v e r y ,  v e r y  s t r o n g  
stre s s  g r a d i e n t  in t h e  s u r f a c e  o f  the m a t e r i a l .

In f i g u r e  8 , p a r t  D, s p l i t t i n g  o f  d  v e r s u s  
s i n 2i|i is s h o w n  w h e n  t h e  s a m p l e  is i n c l i n e d  in the 
n e g a t i v e  a n d  t h e  p o s i t i v e  iJj d i r e c t i o n .  T h i s  is 
d u e  to a n o n b i a x i a l  n a t u r e  o f  t h e  s u r f a c e  s t r e s s e s  
tensor. M y  v i e w  is t h a t  t h e  p r i n c i p a l  a xes are 
n o t  c o p l a n a r  w i t h  t h e  s u r f a c e .  T h i s  has b e e n  
s e e n  o n c e  o r  t w i c e  in t h e  g e n e r a l  litera t u r e ,  and 
w o r k  is c o n t i n u i n g  o n  its cau s e ,  b u t  it is v e r y  
r a r e l y  s e e n  a n d  n o t  i m p o r t a n t  in g e n e r a l  e n g i n e e r 
ing pr a c t i c e .

W h a t  a r e  s e e n  m o r e  o f t e n  a r e  o s c i l l a t i o n s  in 
d v e r s u s  s i n 2\Jj ( f i g u r e  8 , p a r t  C ) . T h e r e  is a 
f a i r  a m o u n t  o f  i n t e r e s t i n g  c o n t r o v e r s y  as to w h a t  
t h e y  a r e  a t t r i b u t a b l e  -- w h e t h e r  it is ela s t i c  
a n i s o t r o p y ,  p l a s t i c  a n i s o t r o p y ,  o r  the d e v e l o p m e n t  
o f  t e x t u r a l  m i c r o s t r e s s e s  d u r i n g  t h e  d e f o r m a t i o n  
pro c e s s .  T h e r e  a r e  v a r i o u s  w a y s  to t r e a t  this 
pr o b l e m .  W h a t  is m o s t  i m p o r t a n t ,  I think, is that 
w e  k n o w  f a i r l y  w e l l  w h e n  s u c h  o s c i l l a t i o n s  are 
e x p e c t e d  to occur. T h e y  a r e  n o t  e x p e c t e d  to s h o w  
u p  in a m e d i u m  c a r b o n  steel.

B e c a u s e  t h e  X - r a y  t e c h n i q u e  is so w i d e l y  
used, c o n t r o l  o f  i n s t r u m e n t a l  f a c t o r s  a n d  w e l l -  
d e f i n e d  e x p e r i m e n t a l  p r o c e d u r e s  h a v e  b e e n  
r e p e a t e d l y  p u b l i s h e d ,  so t h a t  o n e  m a y  q u i c k l y  
b e c o m e  f a m i l i a r  w i t h  t h e  t e c h n i q u e .  T h e r e  are 
c e r t a i n  w e l l - k n o w n  f u n d a m e n t a l  l i m i t a t i o n s ,  such 
as e x c e s s i v e l y  l a rge g r a i n  s i z e  (in a l u m i n u m  
a l l o y s  o r  w e l d m e n t s ,  f o r  e x a m p l e )  a n d  t h e  effects 
o f  p l a s t i c  d e f o r m a t i o n ,  t h a t  d e t r a c t  f r o m  u n i v e r 
sal a c c e p t a n c e  o f  t h e  t e c h n i q u e ,  b u t  i n v e s t i g a 
t i ons a r e  c o n t i n u i n g  i n t o  p r o p e r  i n t e r p r e t a t i o n  
o f  t h e  r e s u l t s  in t h e s e  c i r c u m s t a n c e s .  In a 
m a j o r i t y  o f  m a n u f a c t u r i n g  p r o c e s s e s  (grinding, 
m a c h i n i n g ,  s hot p e e n i n g ,  w e l d i n g ,  h e a t  treating, 
c ase c a r b u r i z i n g ) ,  t h e  X - r a y  t e c h n i q u e  is accurate.

O n e  q u i t e  c o m m o n  c o m p l a i n t  o f  t h e  X - r a y  d i f 
f r a c t i o n  t e c h n i q u e  is t h a t  it is o n l y  sur f a c e  
se n s i t i v e ,  s a m p l i n g  a  l a y e r  o f  l ess t h a n  2 0 m i c r o 
m eters. The v a l i d i t y  o f  a c c e p t i n g  the re s i d u a l  
s t r e s s e s  in t h i s  t h i n  l a y e r  as r e p r e s e n t a t i v e  o f  
t h e  b u l k  m a y  b e  s u s p e c t  f r o m  a  d e s i g n  e n g i n e e r ' s  
v i e w p o i n t ;  h o w e v e r ,  t h i s  u n i q u e  a d v a n t a g e  o f  the 
X - r a y  m e t h o d  is o f t e n  u s e d  to d e t e r m i n e  the d i s 
t r i b u t i o n  o f  s t r e s s  w i t h  d e p t h  b y  s y s t e m a t i c a l l y  
r e m o v i n g  t h i n  s u r f a c e  l a y e r s  e l e c t r o c h e m i c a l l y  
a n d  t h e n  r e m e a s u r i n g  t h e  stress. C o r r e c t i o n  
p r o c e d u r e s  for r e l a x a t i o n  d u r i n g  l a y e r  rem o v a l  
a n d  e f f e c t i v e  b e a m  p e n e t r a t i o n  h a v e  b e e n  d e v e loped. 
T h e  fact t h a t  the X - r a y  t e c h n i q u e  is n o n  c o n t a c t i n g  
m a k e s  this p r o c e d u r e  v e r y  easy. (In fact, not 
h a v i n g  p h y s i c a l  c o n t a c t  w i t h  t h e  s p e c i m e n  allows 
for r e m o t e  m e a s u r e m e n t s ,  s u c h  as at h i g h  t e m p e r a 
t u r e s  or in s p e c i f i c ,  e v e n  a g g r e s s i v e  e n v i r o n 
men t s . )  S i n c e  s u r f a c e  i n i t i a t e d  f a i l u r e s  are o f

p r i m a r y  i m p o r t a n c e  in d y n a m i c a l l y  l o a d e d  
c o m p o n e n t s ,  s u r f a c e  s t r e s s e s  a n d  t h e i r  d i s t r i 
b u t i o n  w i t h  d e p t h  is o f t e n  v e r y  i m p o r t a n t .

T h e  s e l e c t i v e  n a t u r e  o f  the X - r a y  t e c h n i q u e  
m a k e s  p o s s i b l e  the i n v e s t i g a t i o n  o f  s t r e s s e s  in 
i n d i v i d u a l  p h a s e s  t h a t  m a y  b e  c o m p e n s a t i n g  e ach 
other. T h e  a b i l i t y  to p r e c i s e l y  s e l e c t  t h e  a r e a  
o f  i l l u m i n a t i o n  b y  c o l l i m a t i n g  t h e  X - r a y  b e a m  
p r o v i d e s  the a b i l i t y  to m a p  the s t r e s s  d i s t r i 
b u t i o n  o n  a  fine scale. T h i s  t e c h n i q u e  h a s  b e e n  
u s e d  to s h o w  t h a t  l a rge v a r i a t i o n s  in s u r f a c e  
s t r e s s  m a y  o c c u r  in a b u s i v e l y  g r o u n d  4 3 4 0  s t eel 
a n d  a b u s i v e l y  e n d - m i l l e d  n i c k e l  b a s e  sam p l e s .  
R e s t r i c t i n g  the a r eas o f  s a m p l i n g  o n  a  s u r f a c e  is 
a lso u s e f u l  in d e t e r m i n i n g  s t r e s s e s  on c u r v e d  
s u r f a c e s  w i t h  r a d i i  d o w n  to a b o u t  1 m i l l i m e t e r .

It s h o u l d  b e  r e m e m b e r e d  t h a t  t h e  r e s u l t s  o f  
X - r a y  i n v e s t i g a t i o n s  h a v e  o f t e n  b e e n  u s e d  in the 
i n t e r p r e t a t i o n  o f  t h e  r o l e  o f  r e s i d u a l  s t r e s s e s  
in the d e f o r m a t i o n  a n d  f a t i g u e  r e s i s t a n c e  o f  
e n g i n e e r i n g  m a t e r i a l .  It is, in fact, t h e  o n l y  
t e c h n i q u e  u s e d  to s t u d y  the s t a b i l i t y  o f  r e s i d u a l  
s t r e s s e s  d u r i n g  d y n a m i c  loading. T h e  r e c e n t  
a d v a n c e s  in i n s t r u m e n t a t i o n  s h o u l d  h e l p  i n s t i g a t e  
a m o v e m e n t  o f  t h e  X - r a y  d i f f r a c t i o n  s t r e s s  m e a s 
u r e m e n t  t e c h n i q u e  f r o m  the l a b o r a t o r y  t o  a g e n e r a l -  
p u r p o s e  t e s t i n g  tool. A s  n o t e d  in t h e  f i n a l  two 
pap e r s ,  t h e  d e v e l o p m e n t  o f  n e w  i n s t r u m e n t a t i o n  
a n d  s p e c i f i c  p a c k a g i n g  a r r a n g e m e n t s  w i l l  a l l o w  
t h e  X - r a y  t e c h n i q u e  to b e  u s e d  in m a n y  a r e a s  w h e r e  
e q u i p m e n t  l i m i t a t i o n s  h a v e  p r o h i b i t e d  its a p p l i 
c a t i o n  in t h e  past.

" T h e  F e a s i b i l i t y  o f  E m p l o y i n g  X - r a y  D i f f r a c t i o n  
T e c h n i q u e s  f o r  M e a s u r i n g  L o n g i t u d i n a l  R a i l  S t r e s s e s "

Paul S . P r e v e y  
L a m b d a  R e s e a r c h ,  Inc.

F i r s t  o f  all, I a m  an e x p e r i m e n t a l i s t ,  a n d  I 
a m  g o i n g  to t a k e  t h e  d i s c u s s i o n  f r o m  w h e r e  
M i k e  J a m e s  left it, a n d  s h o w  an a c t u a l  a p p l i c a t i o n  
to r a i l r o a d  rails.

I w o u l d  l ike t o  m a k e  a few c o m m e n t s  at t h e  
b e g i n n i n g ,  tho u g h ,  abo u t  all o f  t h e  m e t h o d s  t h a t  
w e  h a v e  d i s c u s s e d  so far for n o n d e s t r u c t i v e  s t r e s s  
m e a s u r e m e n t .  All o f  t h e s e  are f u n d a m e n t a l l y  d e p e n d 
ent u p o n  m e a s u r i n g  c h a n g e s  in p h y s i c a l  p r o p e r t i e s  
o f  the m a t e r i a l .  T h e  m a g n e t i c ,  u l t r a s o n i c ,  a n d  
X - r a y  d i f f r a c t i o n  m e t h o d s ,  t h e r e f o r e ,  a r e  all 
g o i n g  to b e  a f f e c t e d  b y  b o t h  r e s i d u a l  a n d  a p p l i e d  
s t r esses. A c c o r d i n g l y ,  all o f  t h e  n o n d e s t r u c t i v e  
m e t h o d s  a r e  g o i n g  to r e q u i r e  m e a s u r e m e n t  b o t h  
b e f o r e  a n d  a f t e r  t h e  a p p l i c a t i o n  o f  the s t r e s s  to 
b e  m e a s u r e d  d u e  to t h e r m a l  e x p a n s i o n  in t h e  rails.
I t h i n k  t h a t  is true, j ust b y  d e f i n i t i o n ,  o f  all 
m a t e r i a l  p r o p e r t y  s e n s i t i v e  me t h o d s .

T h e  X - r a y  d i f f r a c t i o n  t e c h n i q u e s  t h a t  I a m  
g o i n g  to d i s c u s s  a r e  q u i t e  w e l l  e s t a b l i s h e d .
T h e y  h a v e  b e e n  a r o u n d  s i n c e  t h e  1 9 3 0 ' s. T h e r e  is 
a p u b l i c a t i o n  b y  the S o c i e t y  o f  A u t o m o t i v e  
E n g i n e e r s ,  S A E J  784-A, w h i c h  d e s c r i b e s  t h e  s t a n d 
a r d  met h o d .  All X - r a y  d i f f r a c t i o n  t e c h n i q u e s  
m e a s u r e  s t r a i n  in the c r y s t a l  l a t t i c e  a n d  are 
n o n d e s t r u c t i v e  w h e n  a p p l i e d  to a s u rface.
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X - r a y  d i f f r a c t i o n  t e c h n i q u e s  h a v e  n o t  b e e n  
u s e d  in m a n y  a p p l i c a t i o n s ,  f o r  t w o  r e a s o n s .
First, t h e  a p p a r a t u s  i t s e l f  is n o t  r e a d i l y  p o r t 
able, a l t h o u g h  t h a t  s i t u a t i o n  h a s  n o w  c h a n g e d ,  
as n o t e d  in t h e  f o l l o w i n g  papers. T h e r e  a r e  a 
n u m b e r  o f  p o s i t i o n - s e n s i t i v e  d e t e c t o r  d e v i c e s  
t h a t  a r e  a v a i l a b l e  a n d  w ill m a k e  p o r t a b l e  e q u i p 
m e n t  p r a c t i c a l .  T h e r e  is w o r k  g o i n g  o n  i n  J a p a n  
a n d  Ger m a n y ,  as w e l l  as in the U n i t e d  S t a t e s ,  
w h i c h  will l ead to p o r t a b l e  e q u i pment. T h e r e  
w i l l  p r o b a b l y  s h o r t l y  b e  a v a r i e t y  o f  d i f f e r e n t  
t y p e s  o f  a p p a r a t u s  a v a i lable. Second, X - r a y  
m e t h o d s  a p p a r e n t l y  h a v e  n o t  b e e n  a p p l i e d  b e c a u s e  
t h e r e  is a f e a r  o f  the eff e c t  t h a t  p r i o r  p l a s t i c  
d e f o r m a t i o n  o f  the s p e c i m e n  w i l l  h a v e  on t h e  
a c c u r a c y  o f  the s t r e s s  m e a s u r e m e n t s .  T h e r e  h a s  
b e e n  e n o u g h  w o r k  d o n e  in t his field, as M i k e  J a m e s  
has p o i n t e d  out, to d e m o n s t r a t e  t hat c e r t a i n  t y p e s  
o f  p l a s t i c  d e f o r m a t i o n  d i f f i c u l t i e s  c a n  arise.

W h a t  I set o u t  to do for this c o n f e r e n c e  w a s  
to e x a m i n e  the e f f e c t s  o f  p r i o r  p l a s t i c  d e f o r m a 
t i o n  o n  the a c c u r a c y  o f  str e s s  m e a s u r e m e n t s  in 
rails, w h i c h  is o n e  m a j o r  s o u r c e  o f  p o s s i b l e  
error, p a r t i c u l a r l y  o n  t h e  r ail head. S e c o n d ,  I 
i n v e s t i g a t e d  t h e  e f f e c t  o f  a n y  s u b s u r f a c e  s t r e s s  
g r a d i e n t s  p r e s e n t  that c a n  c a u s e  e r r o r s  i n  s i m p l e  
s u r f a c e  m e a s u r e m e n t s . T o  e x a m i n e  t h e  i m p a c t  o f  
a c t u a l  f i e l d  c o n d i t i o n s  o n  str e s s  m e a s u r e m e n t s  o n  
t h e  r a il, I i n v e s t i g a t e d  the e f f e c t  o f  t h e  p r o 
t e c t i v e  t a r - l i k e  c o a t i n g  u p o n  m e a s u r e m e n t  a c c u r a c y .  
D o e s  the c o a t i n g  h a v e  to be r e m o v e d  o r  c a n  m e a s 
u r e m e n t s  b e  m a d e  r i g h t  t h r o u g h  it? O n e  a d v a n t a g e  
o f  t h e  X - r a y  t e c h n i q u e  is t h a t  the r a d i a t i o n  
p e n e t r a t e s  t h r o u g h  t h i n  s u r f a c e  films. F i n a l l y ,
I t r i e d  to e s t a b l i s h  the r e p e a t a b i l i t y  o f  m e a s 
u r e m e n t s  o n  a n  a c t u a l  r ail sample.

A f t e r  h a v i n g  i n v e s t i g a t e d  the a c c u r a c y  o f  t h e  
t e c h n i q u e ,  I w e n t  on to d e m o n s t r a t e  t h e  m e t h o d  b y  
d e t e r m i n i n g  the l o n g i t u d i n a l  s t r e s s  d i s t r i b u t i o n  
a c r o s s  a f l a s h  b u t t w e l d ,  w h i c h  I t h o u g h t  w o u l d  b e  
o f  i n t e r e s t  to t h e  p a r t i c i p a n t s  in t h i s  c o n f e r e n c e .

I n t r o d u c t i o n

T h e  i n c r e a s e  in the u s e  o f  c o n t i n u o u s l y  w e l d e d  
r a i l r o a d  r a i l  h a s  b e e n  a c c o m p a n i e d  b y  an i n c r e a s e  
in the f r e q u e n c y  o f  rai-l fai l u r e s  d u e  to t h e r m a l  
s t r e s s e s  c a u s e d  b y  a m b i e n t  t e m p e r a t u r e  c h a n g e s  in 
t h e  field. The f a i l u r e s  h a v e  led t o  i n c r e a s i n g  
i n t e r e s t  in n o n d e s t r u c t i v e  l o n g i t u d i n a l  s t r e s s  
m e a s u r e m e n t  t e c h n i q u e s  t h a t  c o u l d  b e  a p p l i e d  to 
r ail in t h e  field. T o  date, c o n s i d e r a b l e  e f f o r t  
has b e e n  d e v o t e d  to the d e v e l o p m e n t  o f  t h e  r e l a 
t i v e l y  n e w  t e c h n o l o g i e s  o f  u l t r a s o n i c  [1, 2, 3] 
a n d  m a g n e t i c  [4, 5] m e t h o d s  o f  s t r e s s  m e a s u r e m e n t ,  
w h i l e  l i t t l e  e f f o r t  h a s  b e e n  m a d e  to a p p l y  the 
e s t a b l i s h e d  t e c h n i q u e s  o f  X - r a y  d i f f r a c t i o n  s t r e s s  
m e a s u r e m e n t  to t h e  pro b l e m .  B e c a u s e  e x p e r i m e n t a l  
d i f f i c u l t i e s  a r i s i n g  f r o m  p r e f e r r e d  o r i e n t a t i o n ,  
t r a n s d u c e r  coupli n g s ,  a n d  stress s t a n d a r d s  h a v e  
l i m i t e d  t h e  u s e f u l n e s s  o f  t h e  u l t r a s o n i c  a n d  
m a g n e t i c  m e t h o d s  to date, a t t e n t i o n  h a s  b e e n  
f o c u s e d  on t h e  a p p l i c a t i o n  o f  X - r a y  d i f f r a c t i o n  
m e t h o d s  o f  s t r e s s  m e a s u r e m e n t .

X - r a y  d i f f r a c t i o n  m e t h o d s  o f  s t r e s s  m e a s u r e 
m e n t  h a v e  n o t  b e e n  p r e v i o u s l y  a p p l i e d  b e c a u s e  o f

the n o n p o r t a b i l i t y  o f  c o n v e n t i o n a l  s t r e s s  m e a s 
u r e m e n t  a p p a r a t u s ,  a n d  b e c a u s e  t h e  e f f e c t  o f  
p r i o r  p l a s t i c  d e f o r m a t i o n  o f  t h e  r ail s t e e l  u p o n  
t h e  a c c u r a c y  o f  X - r a y  d i f f r a c t i o n  s t r e s s  m e a s u r e 
m e n t s  h a s  n o t  b e e n  e s t a b l i s h e d  [6 ]. T h e  r e c e n t  
d e v e l o p m e n t  o f  v a r i o u s  p o s i t i o n - s e n s i t i v e  d e t e c 
t ors h a s  m a d e  f e a s i b l e  t h e  p o r t a b i l i t y  o f  X - r a y  
d i f f r a c t i o n  a p p a r a t u s  [7, 8 , 9, 10] t h a t  c o u l d  
b e  d e s i g n e d  for r ail s t r e s s  m e a s u r e m e n t  i n  the 
field.

In l i ght o f  t h e  above, it w a s  t h e  p u r p o s e  of 
t h i s  i n v e s t i g a t i o n ,  e m p l o y i n g  c o n v e n t i o n a l  X - r a y  
d i f f r a c t i o n  t e c h n i q u e s  in t h e  l a b o r a t o r y ,  to 
e s t a b l i s h  t h e  f e a s i b i l i t y  o f  p e r f o r m i n g  X - r a y  
d i f f r a c t i o n  s t r e s s  m e a s u r e m e n t s  o n  b o t h  n e w  and 
p l a s t i c a l l y  d e f o r m e d  u s e d  rail. N o n d e s t r u c t i v e  
X - r a y  d i f f r a c t i o n  s u r f a c e  s t r e s s  m e a s u r e m e n t s  
m a d e  in the f i e l d  c o u l d  b e  p o t e n t i a l l y  s u b j e c t  to 
s i g n i f i c a n t  e x p e r i m e n t a l  e r r o r  d u e  t o  t w o  effects:

a. T h e  p r e s e n c e  o f  a  n o n r a n d o m  d i s t r i 
b u t i o n  o f  m i c r o s t r e s s e s  o n  a  s e v e r e l y  d e f o r m e d  
s u r f a c e  r e s u l t i n g  i n  a n o n l i n e a r  d e p e n d e n c e  of
a  l a t t i c e  sp a c i n g ,  d, u p o n  s i n 2jj (where ip is the 
a n g l e  o f  t i l t  e m p l o y e d  d u r i n g  m e a s u r e m e n t  [1 1 ,
12, 13, 14, 15, 16],

b. A  l a r g e  s u b s u r f a c e  s t r e s s  g r a d i e n t  
r e s u l t i n g  in e r r o n e o u s  s u r f a c e  m e a s u r e m e n t s  due 
to t h e  e x p o n e n t i a l  w e i g h t i n g  o f  t h e  d a t a  o b t a i n e d  
at the s u r f a c e  a n d  in t h e  l a y e r s  b e n e a t h  [17].

If n e i t h e r  o f  t h e  a b o v e  p r o v e d  to b e  a s o u r c e  
o f  s e r i o u s  e x p e r i m e n t a l  error, the e f f e c t  o f  the 
t a r - l i k e  p r o t e c t i v e  s u r f a c e  c o a t i n g  (used in t h e  
f i e l d  to m i n i m i z e  c o r r o s i o n  o f  t h e  rail) u p o n  
X - r a y  d i f f r a c t i o n  r e s i d u a l  s t r e s s  m e a s u r e m e n t s  
m a d e  w i t h o u t  r e m o v i n g  the c o a t i n g ,  a n d  the 
r e p e a t a b i l i t y  o f  s u c h  m e a s u r e m e n t ,  w e r e  t o  be 
i n v e s t i g a t e d .  As a n  e x a m p l e  o f  t h e  u s e  o f  X - r a y  
d i f f r a c t i o n  s t r e s s  m e a s u r e m e n t ,  t h e  t e c h n i q u e  
was t h e n  to b e  a p p l i e d  to a  s p e c i f i c  c a s e  s t u d y  
t o  d e t e r m i n e  t h e  l o n g i t u d i n a l  r e s i d u a l  s t r e s s  
d i s t r i b u t i o n  a c r o s s  a f l a s h  b u t t w e l d  in h a r d e n e d  
r a i l .

S a m p l e  P r e p a r a t i o n

T w o  r a i l  s a m p l e s  w e r e  s u p p l i e d  b y  t h e  S o u t h e r n  
R a i l w a y  f o r  u s e  in t his i n v e s t i g a t i o n .  T h e  f i rst 
s a m p l e  w a s  a n o m i n a l l y  6 - i n c h - l o n g  s e c t i o n  o f  u s e d  
rai l ,  i d e n t i f i e d  as s a m p l e  D - 44, w h i c h  is r e p o r t e d l y  
o f  t h e  s h a l l o w  i n d u c t i o n  h e a d - h a r d e n e d  v a r i e t y  m a n u 
f a c t u r e d  in 1974. T h i s  sam p l e ,  w h i c h  w a s  a s s u m e d  
to b e  t y p i c a l  o f  u s e d  r a i l  f o u n d  i n  the field, was 
b r o u g h t  to the l a b o r a t o r y  f o r  t h e  p u r p o s e  o f  this 
i n v e s t i g a t i o n  w i t h  t h e  p r o t e c t i v e  c o a t i n g  intact.

A  cro s s  s e c t i o n  o f  t h e  u s e d  r a i l  s a m p l e  s h o w 
i n g  t h e  f o u r  l o n g i t u d i n a l  s t r e s s  m e a s u r e m e n t  l o c a 
t i o n s  i n v e s t i g a t e d  is s h o w n  in f i g u r e  1. L o c a t i o n  
1 , c o n s i d e r e d  the m o s t  l i k e l y  f o r  u s e f u l  i n - f i e l d  
l o n g i t u d i n a l  s t r e s s  m e a s u r e m e n t ,  w a s  at t h e  c e n t e r  
o f  t h e  web. L o c a t i o n  2 w a s  o n  t h e  f i e l d  s i d e  o f  
t h e  r ail h e a d  b e n e a t h  t h e  l a y e r  p l a s t i c a l l y  d e f o r m e d  
b y  c o n t a c t  w i t h  t h e  w h e e l . L o c a t i o n  3 w a s  on the 
t o p  o f  t h e  r ail h e a d  in the r e g i o n  o f  s e v e r e  p l a s t i c  
d e f o r m a t i o n .  L o c a t i o n  4, o n  t h e  e d g e  o f  t h e  flange
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at the b a s e  o f  t h e  rail, w a s  a  l o c a t i o n  c o v e r e d  
w i t h  the t a r - l i k e  a n t i c o r r o s i o n  coating. L o c a t i o n  
4  w a s  e m p l o y e d  f o r  c o m p a r i n g  t h e  r e p e a t a b i l i t y  o f  
m e a s u r e m e n t s  m a d e  t h r o u g h  t h e  c o a t i n g  w i t h  those 
m a d e  a f t e r  r e m o v a l  o f  t h e  c o a t i n g .  T h e  o riginal 
o u t l i n e  o f  the r a i l  h e a d ,  p r i o r  t o  w e a r  and p l a s t i c  
d e f o r m a t i o n  in t h e  fiel d ,  is s h o w n  in f i g u r e  1 w ith 
a  d a s h e d  o u t l i n e .  T h e  i n d u c t i o n  h a r d e n e d  zone s u r 
r o u n d i n g  t h e  h e a d  o f  t h e  r a il, as r e v e a l e d  b y  a 
N i t a l  etch, is i n d i c a t e d  b y  shading.

T h e  s e c o n d  s a m p l e  c o n s i s t e d  o f  a n o m i n a l l y  
1 8 - i n c h - l o n g  s e c t i o n  o f  n e w ,  d e e p e r  i n d u c t i o n  
h a r d e n e d  rail, w h i c h  w a s  f l a s h  b u t t w e l d e d  at the 
center. T h e  b u t t w e l d e d  s a m p l e  w a s  e m p l o y e d  to 
d e t e r m i n e  the l o n g i t u d i n a l  r e s i d u a l  str e s s  d i s t r i 
b u t i o n  a l o n g  t h e  a x i s  o f  t h e  w e l d m e n t  as a fu n c t i o n  
o f  d i s t a n c e  f r o m  t h e  w e l d  c e n t e r l i n e .

The r ail s a m p l e s  e m p l o y e d  b y  this i n v e s t i g a t i o n  
w e r e  r e p o r t e d l y  " C u r v e  M a s t e r "  r a i l  m a n u f a c t u r e d  b y
U.S. S t e e l  C o r p o r a t i o n  a n d  h a v i n g  a n o m i n a l  chemical 
c o m p o s i t i o n  o f  0 . 7 5  c a r b o n ,  0 . 8 3  m a n g a n e s e ,  0 . 013 
p h o s p h o r u s ,  0 . 0 2 8  s u l f u r ,  a n d  0.09 silicon, and a
0 . 2  p e r c e n t  o f f s e t  y i e l d  s t r e n g t h  o f  a p p r o x i m a t e l y  
118 t h o u s a n d  p o u n d s - f o r c e  p e r  s q u a r e  i n c h  (ksi)
[18], T h e  s a m p l e s  w e r e  r e p o r t e d l y  h o t - r o l l e d  
f o l l o w e d  b y  a  c o n t r o l l e d  c o o l  f r o m  1 6 0 0 ° F  to 
700°F, b e n t  to o f f s e t  r a i l  h e a d  h a r d e n i n g  d e f o r m 
ation, a n d  i n d u c t i o n  h a r d e n e d .

E x p e r i m e n t a l  P r o c e d u r e

B e c a u s e  all m e a s u r e m e n t s  m a d e  in t his i n v e s t i 
g a t i o n  w e r e  p e r f o r m e d  in a l a b o r a t o r y  environment, 
r a t h e r  t h a n  o n  c o n t i n u o u s  r a i l  s e c t i o n s  in the

field, t h e  r e s u l t s  reveal, b y  d e f i n i t i o n ,  the 
r e s i d u a l  s t r e s s e s  p r e s e n t  in t h e  rail. H a d  t h e s e  
s a m p l e s  b e e n  c o n s t r a i n e d  in t r a c k  in t h e  field, 
the t o tal s t r e s s  p r e s e n t  in the r a i l  w o u l d  b e  
s i m p l y  t h e  s u p e r p o s i t i o n  o f  r e s i d u a l  and a p p l i e d  
s t r e s s e s  d u e  to t h e  c o n s t r a i n t  i m p o s e d  b y  the 
t i e s .

All X - r a y  d i f f r a c t i o n  r e s i d u a l  s t r e s s  m e a s 
u r e m e n t s  w e r e  m a d e  e m p l o y i n g  a m o d i f i e d  h o r i 
zontal G e n e r a l  E l e c t r i c  d i f f r a c t o m e t e r  f i x t u r e d  
for r e s i d u a l  s t r e s s  m e a s u r e m e n t  w i t h  a p p a r a t u s  
d e s i g n e d  b y  t h e  author. M e a s u r e m e n t s  w e r e  m a d e  
e m p l o y i n g  the d i f f r a c t i o n  o f  c h r o m i u m  K a r a d i a 
t i o n  f r o m  the (2 1 1 ) p l a n e s  o f  t h e  b o d y - c e n t e r e d  
t e t r a g o n a l  o r  b o d y - c e n t e r e d  c u b i c  s t r u c t u r e s  o f  
the m a r t e n s i t e  a n d  f e r r i t e  p h a s e s ,  r e s p e c t i v e l y .
A  s o l i d  s t a t e  d e t e c t o r  w a s  e m p l o y e d  as a m o n o 
c h r o m a t o r  in a p a r a f o c u s i n g  t e c h n i q u e  to d e t e c t  
t h e  d i f f r a c t e d  X - r a y  beam. T h e  d i f f r a c t i o n  p e a k  
a n g u l a r  p o s i t i o n s  w e r e  d e t e r m i n e d  e m p l o y i n g  a 
f i v e - p o i n t  p a r a b o l i c  r e g r e s s i o n  p r o c e d u r e  a f t e r  
c o r r e c t i o n  f o r  the L o r e n t z  p o l a r i z a t i o n  a n d  
a b s o r p t i o n  e f f e c t s  a n d  for a l i n e a r l y  s l o p i n g  
b a c k g r o u n d  in t e n s i t y .  D e t a i l s  o f  the d i f f r a c t o m 
e t e r  f i x t u r i n g  e m p l o y e d  in t his i n v e s t i g a t i o n  are 
s h o w n  in t a b l e  1 .

£
The s i n g l e  c r y s t a l  e l a s t i c  c o n s t a n t  ---- ?------- ,

( 1 + v ) ( 2 1 1 )
in the c r y s t a l l o g r a p h i c  d i r e c t i o n  n o r m a l  to the 
(211) p l a n e s  w a s  d e t e r m i n e d  p r e v i o u s l y  f o r  4 3 4 0  
steel, 50 R c , b y  l o a d i n g  a s i m p l e  r e c t a n g u l a r  
b e a m  m a n u f a c t u r e d  f r o m  4 3 4 0  s t eel o n  the d i f 
f r a c t o m e t e r  in f o u r - p o i n t  b e n d i n g  a n d  d e t e r m i n i n g  
the c h a n g e  in l a t t i c e  s p a c i n g  o f  t h e  (2 1 1 ) p l a n e s  
as a f u n c t i o n  o f  a p p l i e d  s t r e s s  [19]. N o  a t t e m p t  
was m a d e  in t his i n v e s t i g a t i o n  to d e t e r m i n e  the 
s i n g l e  c r y s t a l  e l a s t i c  c o n s t a n t s  f o r  t h e  a l l o y  
e m p l o y e d  in t h e  m a n u f a c t u r e  o f  the rail, b e c a u s e  
the s i n g l e  c r y s t a l  e l a s t i c  c o n s t a n t s  r e p o r t e d  for 
a v a r i e t y  o f  s t e e l s  in the (2 1 1 ) d i r e c t i o n  do n o t  
d i f f e r  s i g n i f i c a n t l y  f r o m  t h o s e  o b t a i n e d  b y  the 
a u t h o r  for 4 3 4 0  s t e e l  [20].

I n v e s t i g a t i o n  o f  P r e s e n c e  o f  N o n r a n d o m  M i c r o s t r e s s  
D i s t r i b u t i o n s . In the a p p l i c a t i o n  o f  X - r a y  d i f 
f r a c t i o n  t e c h n i q u e s  for the d e t e r m i n a t i o n  o f  b o t h  
r e s i d u a l  a n d  a p p l i e d  s t r e s s e s ,  a c o n d i t i o n  o f  
p l a n e  s t r e s s  is a s s u m e d  to e x i s t  at t h e  s u r f a c e  
o f  t h e  s a m p l e  b e i n g  i n v e s t i g a t e d .  T h e  p r i n c i p a l  
s t r e s s e s  a r e  a s s u m e d  to lie in the p l a n e  at the 
surface. T h e  str e s s ,  a^, b e i n g  m e a s u r e d  at s ome 
a r b i t r a r y  a n d  u n k n o w n  angle, *, to the p r i n c i p a l  
s t r e s s e s  a n d  a 2 at t h e  su r f a c e ,  g i v e  r i s e  to 
a d e p e n d e n c e  o f  t h e  l a t t i c e  s pacing, d(i]>) , m e a s 
u r e d  at a n y  g i v e n  a n g l e  o f  tilt, *, to the s u r 
f ace of,

d 0 !0 = C ^ - f ^ t h k l )  %  d 0 s i n 2*

- C ^ ( h k l )  d ° (al + + d o> C1 )

w h e r e  the e l a s t i c  c o n s t a n t s ,  v a n d  E, s h o w n  a r e  
s i n g l e  c r y s t a l  c o n s t a n t s  in t h e  d i r e c t i o n  n o r m a l  
t o  t h e  l a t t i c e  p l a n e s  e m p l o y e d  f o r  m e a s u r e m e n t ,  
a n d  d is t h e  u n s t r e s s e d  l a t t i c e  s p a c i n g  o f  t h o s e  
p l a n e s .
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T h e  l a t t i c e  spacing, d(<|i) is t h e n  a  l i n e a r  
f u n c t i o n  o f  s i n 2i(j w i t h  a c o n s t a n t  i n t e r c e p t  for 
a n y  f i x e d  l o c a t i o n  a n d  d i r e c t i o n ,  <p, on t h e  
s u rface. E q u a t i o n  (1 ) can b e  s o l v e d  f o r  t h e  
str e s s ,  Of t ,  i f  the lat t i c e  s pacing, d(t|0 , is 
d e t e r m i n e d  for at least two angles, i|i,

---- —  is kno w n ,  and t h e  a s s u m p t i o n  is m a d e  t hat
E (hkl)
d0 = d ( 0 ) . (The v a l u e s  d Q a n d  d(0) t y p i c a l l y  
d i f f e r  b y  less t h a n  0 . 1  p e r cent.)

T h e  s i m p l e s t  m e t h o d  o f  so l u t i o n ,  the two- 
a n g l e  t e c h n i q u e ,  u s e d  e x t e n s i v e l y  in t h e  U n i t e d  
S t a t e s  in a  m a n n e r  r e c o m m e n d e d  b y  t h e  S o c i e t y  o f  
A u t o m o t i v e  E n g i n e e r s  (21) u s u a l l y  e m p l o y s  t h e  
m e a s u r e m e n t  o f  the lattice s p a c i n g  at i|i = 0 ° a n d  
i|i = 45°.

A l t e r n a t i v e l y ,  the v a l u e  o f  the l a t t i c e  
spa c i n g ,  d(i|0 , can b e  d e t e r m i n e d  for s e v e r a l  
v a l u e s  o f  ip, a n d  e q u a t i o n  (1 ) c a n  b e  s o l v e d  b y  
s i m p l e  l i n e a r  r e g r e ssion. T h e  r e s u l t i n g  s i n 2i|; 
m e t h o d ,  in g e n e r a l  u s e  in Japan, m a k e s  a n y  n o n 
l i n e a r i t y  in t h e  d e p e n d e n c e  o f  d(i|i) u p o n  s i n 2i|) 
i m m e d i a t e l y  apparent. A  s i x - a n g l e  s i n 2ij) t e c h n i q u e  
w a s  e m p l o y e d  in this inves t i g a t i o n .

W o r k  b y  M a r i o n  a n d  C o h e n  [22] on the p h e n o m e n o i  
o f  a n o n l i n e a r  d e p e n d e n c e  o f  d(i|0 u p o n  s i n 2i|i, 
w h i c h  h a s  b e e n  s h o w n  t o  r e s u l t  in some c a s e s  f r o m  
e x t e n s i v e  u n i a x i a l  o r  b i a x i a l  p l a s t i c  d e f o r m a t i o n ,  
led t o  the d e v e l o p m e n t  o f  t h e i r  m o d e l  f o r  t h e  
d e p e n d e n c e  o f  l a t t i c e  s p a c i n g  u p o n  i)i in t h e  
p r e s e n c e  o f  a d e f o r m a t i o n  t e x t u r e  r e p r e s e n t e d  b y  
the d e f o r m a t i o n  t e x t u r e  function, f(i|i) (a n o r m a l 
i z e d  d i s t r i b u t i o n  o f  t h e  p o l e  d e n s i t y  f o r  t h e  
l a t t i c e  p l a n e s  e m p l o y e d  for m e a s u r e m e n t ) . A c c o r d 
i n g  t o  t h e  M a r i o n - C o h e n  mod e l ,  t h e  d e p e n d e n c e  o f  
d(i|i) u p o n  s i n 2i|i in the p r e s e n c e  o f  a n o n r a n d o m  
m i c r o s t r e s s  d i s t r i b u t i o n  p r o d u c e d  b y  u n i a x i a l  or 
b i a x i a l  p l a s t i c  d e f o r m a t i o n  is

d W  = f « 0  (dmax- dB) + c H ^ (hkl)

d o %  s i n 2 * - d B ’ (2)

w h e r e  t h e  q u a n t i t i e s  dm a x  a n d  dg a r e  t h e  m a x i m u m  
a n d  m i n i m u m  l a t t i c e  s p a c i n g  r e s u l t i n g  f r o m  the 
d e f o r m a t i o n  pr o c e s s .

E q u a t i o n  (2) is s o l v e d  b y  m u l t i p l e  l i n e a r  
r e g r e s s i o n  a f t e r  m e a s u r i n g  d(i|i) a n d  f(i|i) for 
s e v e r a l  v a l u e s  o f  ip. T h e  p r e s e n c e  o f  a c o u p l i n g  
b e t w e e n  d(<|i) and f(i|i) c a u s e d  b y  a n o n r a n d o m  
d e f o r m a t i o n  p r o d u c e d  m i c r o s t r e s s  d i s t r i b u t i o n  
w i l l  l e a d  to s i g n i f i c a n t  d i f f e r e n c e s  in the 
v a l u e s  o f  cu o b t a i n e d  f r o m  t h e  s o l u t i o n  o f  
e q u a t i o n  (1) a n d  e q u a t i o n  (2). O n l y  n o n r a n d o m  
p l a s t i c  d e f o r m a t i o n  w i l l  r e s u l t  in s i g n i f i c a n t  
d i f f e r e n c e s  [23].

M e a s u r e m e n t s  w e r e  m a d e  o f  the l a t t i c e  s p a c i n g  
d(i|i) a n d  f(i|i) as a f u n c t i o n  o f  s i x  k n o w n  angles, 
i|i, at t h e  s u r f a c e  a n d  at s u b s u r f a c e  d e p t h s  o f
0 . 0 0 1  a n d  0 . 0 0 2  i n c h  ( b e y o n d  t h e  m a x i m u m  d e p t h  o f  
p e n e t r a t i o n  o f  t h e  X - r a y  b e a m  i n t o  t h e  s u b s u r f a c e  
o f  t h e  s a m p l e  d u r i n g  s u r f a c e  m e a s u r e m e n t s )  at 
l o c a t i o n s  1, 2, a n d  3 o n  t h e  u s e d  rail sample.
In all cases, m e a s u r e m e n t s  w e r e  m a d e  in the 
l o n g i t u d i n a l  d i r e c t i o n .  T h e s e  d a t a  w e r e  t h e n  
r e d u c e d  b y  t h e  t w o - a n g l e ,  s i n 2 i(i, a n d  M a r i o n -  
C o h e n  m e t h o d s  t o  d e t e r m i n e :

a. T h e  d e v i a t i o n  f r o m  l i n e a r i t y  o f  the 
d e p e n d e n c e  o f  t h e  l a t t i c e  sp a c i n g ,  d(ip), u p o n  
s i n 2i(j.

b. T h e  m a g n i t u d e  o f  a n y  c o n t r i b u t i o n  o f  
a  n o n r a n d o m  m i c r o s t r e s s  d i s t r i b u t i o n  due to 
c o u p l i n g  o f  t h e  l a t t i c e  s p a c i n g ,  d ( ^), w i t h  the 
t e x t u r e  f u n ction, f(i|0 , a f t e r  t h e  m o d e l  o f  
M a r i o n - C o h e n .

c. T h e  m a g n i t u d e  o f  t h e  p r e f e r r e d  
o r i e n t a t i o n  p r e s e n t  in the s a m p l e s  as a p o t e n t i a l  
c o m p l i c a t i o n  o f  r e s i d u a l  s t r e s s  m e a s u r e m e n t s  in 
r a i l s .

M a t e r i a l  was r e m o v e d  f o r  s u b s u r f a c e  m e a s u r e 
m e n t  b y  e l e c t r o p o l i s h i n g  in a s u l p h u r i c -  
p h o s p h o r i c - c h r o m i c  a c i d  s o l u t i o n  to m i n i m i z e  the 
i n f l u e n c e  o f  l a y e r  r e m o v a l  u p o n  t h e  s u b s u r f a c e  
s t r e s s  d i s t r i b u t i o n  p r e s e n t  in t h e  samples.

T A B L E  1

D I F F R A C T O M E T E R  F I X T U R I N G

I n c i d e n t  B e a m  H o r i z o n t a l  D i v e r g e n c e  .............. 3.0° (1.0°)*

R e c e i v i n g  S l i t ............................................0.5°

D e t e c t o r ....................................................Si (Li) set for 90% a c c e p t a n c e  o f  t h e
c h r o m i u m  K a e n e r g y

C o u n t s  p e r  P o i n t .........................................  100 , 0 0 0

ijj R o t a t i o n .................................................  0.0, 18.4, 26.6, 33.2, 39.2, 4 5 . 0 * *

— -----1 ........ ............................................. 2 .45 ± 0.04 x  1 0 7 p s i(i * v)(2U)
I r r a d i a t e d  A r e a .........................................  0 .30 x  0.40 in. (0.10 x  0 . 3 0  i n .)*

*( ) = t e c h n i q u e  f o r  b u t t w e l d  s a m p l e

**ip a n g l e s  o f  0.0° a n d  4 5 .0° u s e d  for t w o - a n g l e  m e a s u r e m e n t s
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E f f e c t  o f  S u b s u r f a c e  S t r e s s  G r a d i e n t . T h e  r a d i 
a t i o n  e m p l o y e d  f o r  r e s i d u a l  s t r e s s  m e a s u r e m e n t  is 
a t t e n u a t e d  e x p o n e n t i a l l y  as it p e n e t r a t e s  into the 
s u r f a c e  o f  t h e  sample. As a r e s u l t  o f  t his effect, 
a  " s u r f a c e "  m e a s u r e m e n t  is a c t u a l l y  an e x p o n e n t i a l l y  
w e i g h t e d  a v e r a g e  o f  t h e  s t r e s s  at the s u r f a c e  o f  
the s a m p l e  a n d  in l a y e r s  i m m e d i a t e l y  b e neath. 
A l t h o u g h ,  in t h e  c a s e  o f  e m p l o y i n g  c h r o m i u m  Ka 
r a d i a t i o n  t o  m a k e  s t r e s s  m e a s u r e m e n t s  in steel 
s amples, 50 p e r c e n t  o f  the r a d i a t i o n  o r i g i n a t e s  
f r o m  d e p t h s  o f  l ess t h a n  a p p r o x i m a t e l y  0 . 002 inch, 
s t r e s s  g r a d i e n t s  o n  m a c h i n e d  s u r f a c e s  are f r e 
q u e n t l y  o b s e r v e d  t h a t  c a n  r e s u l t  in err o r s  in 
s i m p l e  s u r f a c e  m e a s u r e m e n t  as l a r g e  as 20 ksi.

T h e  e f f e c t  o f  t h e  s u r f a c e  s t r e s s  g r a d i e n t  can 
be c o r r e c t e d  k n o w i n g  t h e  l i n e a r  a b s o r p t i o n  c o e f 
f icient, n, f o r  t h e  m a t e r i a l  a n d  r a d i a t i o n  employed, 
a n d  the m e a s u r e d  d(i(i) d i s t r i b u t i o n s  as f u n c t i o n s  o f  
depth. E x p r e s s e d  in t e r m s  o f  the d i f f r a c t i o n  angle. 
20, i n d e p e n d e n t l y  f o r  e a c h  o f  the i|i ang l e s  c h o s e n  
f o r  m e a s u r e m e n t ,  t h e  t r u e  d i f f r a c t i o n  a n g l e  in the 
p r e s e n c e  o f  a s t r e s s  g r a d i e n t  is g i v e n  b y

20 t (Z) = 2 0 m (Z) - I  (3)

w h e r e  A  is a f u n c t i o n  o f  p, 0, a n d  i|i; Z is the 
depth; a n d  2 0 ^  is t h e  m e a s u r e d  d i f f r a c t i o n  
a n g l e  [24].

T o  i n v e s t i g a t e  the m a g n i t u d e  o f  the n e a r 
s u r f a c e  s t r e s s  g r a d i e n t  at p o s s i b l e  m e a s u r e m e n t  
sit e s  o n  u s e d  r a il, t h e  r e s i d u a l  stre s s  was 
d e t e r m i n e d  b y  t h e  t w o - a n g l e  m e t h o d  as a f u n c t i o n  
o f  d e p t h  at the s u r f a c e  a n d  at n o m i n a l  d e p t h s  o f
0.001, 0.002, 0.005, 0.0 0 8 ,  0.012, 0.016, and
0.020 i nch b e n e a t h  t h e  o r i g i n a l  s u r f a c e  o f  the 
s a m p l e  at l o c a t i o n s  1, 2, a n d  3. T h e  results, 
b o t h  w i t h  a n d  w i t h o u t  g r a d i e n t  c o r r e c t i o n ,  w e r e  
c o m p a r e d  to e s t a b l i s h  t h e  m a g n i t u d e  o f  p o t e n t i a l  
e r r o r  in u n c o r r e c t e d  s u r f a c e  m e a s u r e m e n t s .

E f f e c t  o f  I n - F i e l d  S u r f a c e  C o n d i t i o n s . To d e t e r 
m i n e  t h e  i n f l u e n c e  u p o n  X - r a y  d i f f r a c t i o n  stre s s  
m e a s u r e m e n t s  o f  t h e  p r o t e c t i v e  c o a t i n g  p r e s e n t  on 
the s u r f a c e  o f  t h e  u s e d  rail, r e p e a t  m e a s u r e m e n t s  
w e r e  m a d e  b o t h  b e f o r e  a n d  a f t e r  r e m o v i n g  a n o m i -  
a l l y  0 . 0 0 2 - i n c h  l a y e r  o f  the c o a t i n g  m a t e r i a l  
f r o m  the s u r f a c e  o f  t h e  r ail at l o c a t i o n  4. T h e  
m e a n  s t r e s s  a n d  s t a n d a r d  d e v i a t i o n  for m e a s u r e 
m e n t s  m a d e  t h r o u g h  t h e  c o a t i n g  a n d  a f t e r  r e m o v a l  
o f  the c o a t i n g  w i t h  s o l v e n t s  w e r e  c o m p a r e d  to 
e s t a b l i s h  t h e  i n f l u e n c e  o f  t h e  c o a t i n g  u p o n  m e a s 
u r e m e n t s  m a d e  w i t h o u t  c l e a n i n g  the rail in the 
field.

A p p l i c a t i o n  to a  F l a s h  B u t t w e l d e d  R a i l . Two-
a n g l e  r e s i d u a l  s t r e s s  m e a s u r e m e n t s  w e r e  m a d e  on 
the n e w  r a i l  s a m p l e  in t h e  l o n g i t u d i n a l  d i r e c t i o n  
i n  a  t r a v e r s e  a c r o s s  t h e  s u r f a c e  o f  t h e  r a i l  h e a d  
c e n t e r e d  o n  t h e  b u t t w e l d .  T h e  s a m p l e  h a d  b e e n  
g r o u n d  to r e m o v e  t h e  f l a s h  p r o d u c e d  d u r i n g  w e l d 
ing, a n d  B r i n e l l  h a r d n e s s  i n d e n t a t i o n s  w e r e  
p r e s e n t  a l o n g  t h e  t o p  s u r f a c e  o f  t h e  rail. T h e  
m e a s u r e m e n t  t r a v e r s e  w a s  l o c a t e d  o f f  c e n t e r  o f  
the h e a d  o f  t h e  r a i l  to a v o i d  local str e s s e s  
p r o d u c e d  b y  t h e  h a r d n e s s  i n d e n t a t i o n s .  P r i o r  to 
p e r f o r m i n g  t h e  m e a s u r e m e n t s ,  a p p r o x i m a t e l y  0.008 
i nch o f  ste e l  w a s  e l e c t r o p o l i s h e d  f r o m  the s u r 
f ace o f  t h e  r a i l  h e a d  t o  e l i m i n a t e  the s u r f a c e  
s t r e s s e s  p r o d u c e d  b y  g r i n d i n g .

R e s u l t s  a n d  D i s c u s s i o n

The r e s u l t s  p r e s e n t e d  h e r e  a r e  in u n i t s  o f  
ksi (103 p s i ) . C o m p r e s s i v e  s t r e s s e s  a r e  r e p o r t e d  
as n e g a t i v e  v a l u e s .  A l l  r e s u l t s  a r e  i n  t h e  d i r e c 
t i o n  p a r a l l e l  to t h e  l o n g i t u d i n a l  a x i s  o f  t h e  r ail 
s e g m e n t s .

I n v e s t i g a t i o n  o f  P r e s e n c e  o f  N o n r a n d o m  M i c r o s t r e s s  
D i s t r i b u t i o n s . T h e  d a t a  o b t a i n e d  f o r  s i x  angles, 
i(j, at t h e  s u r f a c e  a n d  at n o m i n a l  d e p t h s  o f  0 . 001 
a n d  0 . 0 0 2  i nch b e n e a t h  t h e  s u r f a c e  at l o c a t i o n s  
1, 2, a n d  3, r e d u c e d  b y  t h e  s i n 2 ^ m e t h o d ,  M a r i o n -  
C o h e n  met h o d ,  a n d  t w o - a n g l e  met h o d ,  a r e  p r e s e n t e d  
in t a b l e  2. For t h e  s i n 2 i|i met h o d ,  t h e  e r r o r  s h o w n  
is ± o n e  s t a n d a r d  d e v i a t i o n  b a s e d  u p o n  t h e  u n c e r 
t a i n t y  r e s u l t i n g  f r o m  a l e ast s q u a r e s  fit to the 
d a t a  a n d  t h e  r a n d o m  e r r o r  in t h e  e m p i r i c a l l y  
d e t e r m i n e d  c r y s t a l  e l a s t i c  c o n s t a n t s .  F o r  t h e  
t w o - a n g l e  m e t h o d ,  t h e  e r r o r  is ± o n e  s t a n d a r d  
d e v i a t i o n  d u e  to r a n d o m  e r r o r  in t h e  e l a s t i c  
c o n s t a n t s  a n d  an e s t i m a t e  o f  t h e  u n c e r t a i n t y  in 
the d i f f r a c t i o n  p e a k  p o s i t i o n s  b a s e d  u p o n  the 
t h r e e - p o i n t  p a r a b o l i c  t e c h n i q u e  r e c o m m e n d e d  b y  
t h e  S o c i e t y  o f  A u t o m o t i v e  E n g i n e e r s  [25],

T h e s e  d a t a  a r e  p r e s e n t e d  g r a p h i c a l l y  in f i g 
u r e s  2 t h r o u g h  10 f o r  e ach o f  t h e  m e a s u r e m e n t  
sites. In each figure, the l a t t i c e  s p a c i n g ,  d, 
o f  the [211) p l a n e s  a n d  t h e  t e x t u r e  d i s t r i b u t i o n  
f u n ction, f(t(0 the n o r m a l i z e d  (211) p o l e  d e n s i t y ,  
a r e  s h o w n  as f u n c t i o n s  o f  s i n 2i(i.

As is a p p a r e n t  f r o m  t h e  m a g n i t u d e  o f  t h e  
e r r o r  s h o w n  for t h e  s i x - a n g l e  m e t h o d  o f  d a t a  
r e d u c t i o n  a n d  f r o m  the figures, e v e n  o n  t h e  m o s t  
s e v e r e l y  p l a s t i c a l l y  d e f o r m e d  h e a d  o f  t h e  rail 
(l o c a t i o n  3), t h e  l a t t i c e  s p a c i n g  is a q u i t e  
l i n e a r  f u n c t i o n  o f  s i n 2t|j, a s s u m i n g  a r a n d o m  e r r o r  
in the m e a s u r e m e n t  o f  d(i(j) o f  a p p r o x i m a t e l y  
± 0 . 0 0 0 0 4  an g s t r o m .  As s h o w n  in t a b l e  2, t h e r e  
is a d i f f e r e n c e  o f  less t h a n  2 k s i  b e t w e e n  the 
str e s s  d e t e r m i n e d  b y  t h e  s i n 2i(; a n d  M a r i o n - C o h e n  
r e s u l t s  at a n y  o f  the stre s s  m e a s u r e m e n t  s i t e s  
ex a m i n e d ,  i n d i c a t i n g  an i n s i g n i f i c a n t  e f f e c t  o f  
n o n r a n d o m  m i c r o s t r e s s e s  u p o n  t h e  s t r e s s  
m e a s u r e m e n t s .  F u r t h e r m o r e ,  w h e n  t h e  d a t a  are 
r e d u c e d  b y  t h e  t w o - a n g l e  m e t h o d ,  t h e  r e s u l t s  are 
f o u n d  to a g r e e  w i t h i n  e x p e r i m e n t a l  e r r o r  in all 
c a s e s  w i t h  the s i n 2 i|j results.

E f f e c t  o f  S u b s u r f a c e  S t r e s s  G r a d i e n t . T h e  r e s i d u a l  
s t r e s s  m e a s u r e d  b y  t h e  t w o - a n g l e  m e t h o d  as a f u n c 
t i o n  o f  d e p t h  at l o c a t i o n s  1, 2, a n d  3 is p r e s e n t e d  
t o  a  d e p t h  o f  0 . 0 0 2  i nch i n  t a b l e  3, b o t h  w i t h  a n d  
w i t h o u t  c o r r e c t i o n  f o r  the p e n e t r a t i o n  o f  the r a d i 
a t i o n  e m p l o y e d  f o r  m e a s u r e m e n t  i n t o  t h e  s u b s u r f a c e  
s t r e s s  g r a d i e n t  a l o n g  w i t h  t h e  m a g n i t u d e  o f  t h e  
c o r r e c t i o n .  T h e  c o m p l e t e  d a t a  s ets o b t a i n e d  at 
t h e  t h r e e  l o c a t i o n s  a r e  s h o w n  g r a p h i c a l l y  in 
f i g u r e s  11, 12, a n d  13. The. m a x i m u m  e r r o r  o b s e r v e d t h a t  
w o u l d  r e s u l t  f r o m  f a i l u r e  to c o r r e c t  a n o n d e s t r u c t i v e  
s u r f a c e  s t r e s s  m e a s u r e m e n t  f o r  t h e  p e n e t r a t i o n  o f  
the r a d i a t i o n  i n t o  t h e  s u b s u r f a c e  s t r e s s  g r a d i e n t  
w a s  - 3 . 7  ksi, o b s e r v e d  at t h e  s u r f a c e  o f  the 
s e v e r e l y  p l a s t i c a l l y  d e f o r m e d  h e a d  o f  t h e  rail, 
l o c a t i o n  3. A n  e r r o r  o f  - 1.8 ksi, on t h e  o r d e r  o f  
t h e  r a n d o m  e x p e r i m e n t a l  error, w a s  o b s e r v e d  at t h e  
s u r f a c e  o f  t h e  f i e l d  s i d e  o f  the r a i l  h e ad, l o c a 
t i o n  2. T h e  m o s t  l i k e l y  s i t e  f o r  i n - f i e l d
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(y) (nz)p

S i n

F I G U R E  2. M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) a n d  f ( W  V E R S U S  S I N 2 ^ ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) : 
W E B  C E N T E R  ( L O C A T I O N  1) S U R F A C E

T w o - A n g l e  -26.0 ± 0.7 ksi

S i n 2i|i -27 . 6  ± 0.8

F I G U R E  3. M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) A N D  f(i|0 V E R S U S  S I N 2 ^ ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) :  
W E B  C E N T E R  ( L O C A T I O N  1), 0 . 0 0 1  I N C H  D E P T H

T w o - A n g l e  - 2 1 . 6  ± 0.7 ksi

S i n 2 i|j - 2 1 . 0  + 0.2

M a r i o n - C o h e n  -25.9 M a r i o n - C o h e n  - 1 8.7
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1 . 1 7 0 2

J Sin V 1  Sin  ^

F I G U R E  4. M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) a n d  f(i|i) V E R S U S  S I N 2 tji (I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) : 
W E B  C E N T E R  ( L O C A T I O N  1), 0 . 0 0 2  I N C H  D E P T H

F I G U R E  5. M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) A N D  f(iJ0 V E R S U S  S I N 2i|i ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) : 
F I E L D  S I D E  O F  H E A D  ( L O C A T I O N  2), S U R F A C E

T w o - A n g l e

S i n 2iji

M a r i o n - C o h e n

- 2 2 . 8  ± 0 . 7  ksi 

- 2 2 . 6  + 0.7 

- 2 4 . 6

T w o - A n g l e

S i n 2i|i

M a r i o n - C o h e n

- 2 1.6 ± 0.7 ksi 

- 21.8  ±  0.2 

- 22.2
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F I G U R E  6 . M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) a n d  f(i|0 V E R S U S  S I N 2 .|) ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N )  : 
F I E L D  S I D E  O F  H E A D  (LOCATION 2), 0 . 0 0 1  
I N C H  D E P T H

T w o - A n g l e  -15.7 ± 0.8 ksi

S i n 2i(/ -15.3 + 0 . 3

M a r i o n - C o h e n  -17.1

F I G U R E  7. M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) a n d  f(i|0 V E R S U S  S I N 2i|j ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) : 
F I E L D  S I D E  O F  H E A D  ( L O C A T I O N  2), 0 . 0 0 2 
I N C H  D E P T H

T w o - A n g l e  - 1 7 . 9 +  0.7 k s i

S i n 2 iJj -17.1 ± 0.5

M a r i o n - C o h e n  - 1 6 . 6
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(V) (IU)P

F I G U R E  8 . M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) a n d  f(i|i) V E R S U S  S I N 2t|i ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) : 
D E F O R M E D  H E A D  ( L O C A T I O N  3), S U R F A C E

T w o - A n g l e  - 5 2 . 0  ± 1.5 ksi

S i n 2 i|i - 5 1.3 ± 0.3

M a r i o n - C o h e n  -56.2

FIGURE 9. M I C R O S T R E S S  D I S T R I B U T I O N  -- 
d(211) a n d  f(iJ0 V E R S U S  S I N 2 i|j ( I N D U C T I O N  
H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N ) : 
D E F O R M E D  H E A D  ( L O C A T I O N  3), 0 . 001 I NCH 
D E PTH

T w o - A n g l e  - 3 8 . 3  ± 1 . 2  ksi

S i n 2ijj - 3 6.0 ± 1.1

M a r i o n - C o h e n  - 3 6.6
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F I G U R E  10. M I C R O S T R E S S  D I S T R I B U T I O N  -- (1(211) A N D  f(i|i) V E R S U S  
S I N 2 i|/ ( I N D U C T I O N  H A R D E N E D  RAIL, L O N G I T U D I N A L  D I R E C T I O N )  : 
D E F O R M E D  H E A D  (L O C A T I O N  3), 0 . 0 0 2  I N C H  D E P T H

T w o - A n g l e  - 4 3 . 5  ± 1.1 k s i

S i n 2ij) - 4 2 . 8  ± 1.1

M a r i o n - C o h e n -42.1

T A B L E  2

C O M P A R I S O N  O F  R E S I D U A L  S T R E S S  M E A S U R E M E N T S  IN N E A R - S U R F A C E  L A Y E R S  O F  U S E D  R A I L

L o c a t i o n D e p t h  (inches)
R e s i d u a l  S t r e s s  (ksi)

S i x - A n g l e  M e t h o d M a r i o n - C o h e n  M e t h o d T w o - A n g l e  M e t h o d

1 S u r f a c e - 2 7.6 ± 0.8 - 25.9 - 2 6.0 ± 0.7
1 0 . 0 0 1 - 2 1 . 0  ± 0 . 2 - 18.7 - 2 1.6 ± 0 . 7
1 0 . 0 0 2 - 2 2 . 6  ± 0 . 7 - 2 4 . 6 - 2 2.8 ± 0 . 7

2 S u r f a c e - 2 1 . 8  ± 0 . 2 - 2 2 . 2 - 2 1 . 6  ± 0.7
2 0 . 0 0 1 - 15.3 ± 0.3 - 17.1 - 15.7 ± 0 . 8
2 0 . 0 0 2 - 17.1 ± 0.5 - 16.6 - 17.9 ± 0 . 7

3 S u r f a c e - 5 1 . 3  ± 0 . 3 - 5 6.2 - 5 2 . 0  ± 1 . 5
3 0 . 0 0 1 - 3 6.0 ± 1.1 - 3 6 . 6 - 38.3 ± 1.2
3 0 . 0 0 2 - 4 2 . 8  ± 1.1 - 4 2.1 - 43.5 ± 1 . 1
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T A B L E  3

N E A R - S U R F A C E  S T R E S S  G R A D I E N T  C O R R E C T I O N

L o c a t i o n D e p t h  (inches)
T w o - A n g l e  R e s i d u a l  S t r e s s  (ksi)

M e a s u r e d C o r r e c t e d A

1 S u r f a c e - 26.0 - 2 6.7 - 0.7
1 0.001 - 21.6 - 2 1.6 0.0
1 0.002 - 22.8 - 22.7 + 0.1

2 S u r f a c e - 21.6 - 23.4 - 1.8
2 0.001 - 15.7 - 16.4 - 0.7
2 0.002 - 17.9 - 17.9 0.0
3 S u r f a c e - 52.0 - 55.7 - 3.7
3 0.001 - 38.3 - 39.1 - 0.8
3 0.002 - 43.5 - 4 3 . 2 + 0.3

T A B L E  4

R E P R O D U C I B I L I T Y  O F  T W O - A N G L E  
X - R A Y  D I F F R A C T I O N  S T R E S S  M E A S U R E M E N T S  
O N  C O A T E D  A N D  C L E A N  R A I L  ( L O CATION 4)

R u n  N u m b e r

L o n g i t u d i n a l  R e s i d u a l  
Str e s s  (ksi)

C o a t e d * C l e a n * C l e a n * *

1 - 7.0 - 1 0 . 0 - 7.6
2 - 5.5 - 3.8 - 6.7
3 - 3.4 - 8 . 6 - 7.4
4 -14.6 - 8.7 - 7.6
5 - 7.8 - 8 . 0 - 8 . 2

M e a n - 7.6 - 7.8 - 7 . 5 0
S t a n d a r d  D e v i a t i o n 4.2 2.4 0.54

* S a m p l e  r e p o s i t i o n e d  b e t w e e n  m e a s u r e m e n t s

* * S a m p l e  s t a t i o n a r y
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F I G U R E  11. L O N G I T U D I N A L  R E S I D U A L  S T R E S S  V E R S U S  DEPTH: 
U S E D  RAIL, WEB, C E N T E R  ( L O C A T I O N  1)

F I G U R E  12. L O N G I T U D I N A L  R E S I D U A L  S T R E S S  V E R S U S  DEPTH: 
U S E D  RAIL, R A I L  H E AD, F I E L D  S I D E  ( L O C A T I O N  2)
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F I G U R E  13. L O N G I T U D I N A L  R E S I D U A L  S T R E S S  V E R S U S  DEPTH: 
U S E D  RAIL, R A I L  HEAD, T O P  ( L O C A T I O N  3)

Distance From Weld Centerline (in.)

3 2 1 0  1 2  3

F I G U R E  14. L O N G I T U D I N A L  R E S I D U A L  S T R E S S  A C R O S S  
F L A S H  BUTTWELD: N E W  I N D U C T I O N  H A R D E N E D  RAIL,

R A I L  HEAD, T O P  S U R F A C E
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l o n g i t u d i n a l  s t r e s s  m e a s u r e m e n t ,  l o c a t i o n  1 , in 
t h e  web, w a s  o b s e r v e d  to h a v e  an e r r o r  o f  o n l y  
- 0 . 7 k s i  at t h e  surface. As s e e n  in t h e  p l o t t e d  
data, t h e  m a g n i t u d e  o f  the e r r o r  d u e  to the 
p r e s e n c e  o f  t h e  s u b s u r f a c e  str e s s  g r a d i e n t  is 
g r e a t e s t  n e a r  t h e  s u r f a c e  o f  the sam p l e s .

E f f e c t  o f  I n - F i e l d  S u r f a c e  C o n d i t i o n s . T h e  
r e p e a t  s u r f a c e  str e s s  m e a s u r e m e n t s  m a d e  b e f o r e  
a n d  a f t e r  r e m o v a l  o f  the t a r - l i k e  s u r f a c e  p r o 
t e c t i v e  c o a t i n g  at l o c a t i o n  4 a r e  p r e s e n t e d  in 
t a b l e  4. S u r f a c e  str e s s  m e a s u r e m e n t s  m a d e  
t h r o u g h  t h e  n o m i n a l l y  0 .0 0 2 - i n c h  p r o t e c t i v e  
c o a t i n g  w h i l e  r e p o s i t i o n i n g  t h e  s a m p l e s  t o  the 
m e a s u r e m e n t  s i t e  m a n u a l l y  b e t w e e n  m e a s u r e m e n t s  
y i e l d e d  a  m e a n  v a l u e  o f  - 7 . 6 k s i  w i t h  a  s t a n d a r d  
d e v i a t i o n  o f  ± 4.2 ksi.

M e a s u r e m e n t s  m a d e  at t h e  s a m e  site, w i t h  m a n 
ual r e p o s i t i o n i n g  o f  t h e  rail b e t w e e n  m e a s u r e m e n t s  
a n d  r e m o v a l  o f  the p r o t e c t i v e  c oating, y i e l d e d  a 
m e a n  v a l u e  o f  -7.8 ksi a n d  a s t a n d a r d  d e v i a t i o n  
o f  ± 2.4 ksi. T h e  r a n d o m  e r ror s h o w n  f o r  t h e  
c o a t e d  a n d  c l e a n e d  rail s u r f a c e  s t r e s s  m e a s u r e 
m e n t s  i n c l u d e s  the e r r o r  due to u n c e r t a i n t y  in 
r e p o s i t i o n i n g  t h e  s a m p l e  to the p r e c i s e  m e a s u r e 
m e n t  l o c a t i o n  in t h e  p r e s e n c e  o f  an u n d e t e r m i n e d  
s u r f a c e  str e s s  gradient, a n d  r a n d o m  e x p e r i m e n t a l  
e r r o r  d u e  to d i s p l a c e m e n t  of t h e  s a m p l e  f r o m  the 
c e n t e r  o f  t h e  d i f f r a c t o m e t e r  b e t w e e n  m e a s u r e m e n t s .  
In o r d e r  to e s t a b l i s h  t h e  r a n d o m  i n s t r u m e n t a l  
e r r o r  w i t h o u t  t h e  i n f l u e n c e  o f  r e p o s i t i o n i n g  t h e  
sample, r e p e a t  m e a s u r e m e n t s  w e r e  p e r f o r m e d  at 
l o c a t i o n  4 on t h e  c l e a n e d  s u r f a c e  w i t h o u t  r e p o 
s i t i o n i n g  t h e  s a m p l e  b e t w e e n  m e a s u r e m e n t s .  T h e s e  
d a t a  y i e l d e d  a m e a n  stress o f  - 7.50 ksi a n d  a 
s t a n d a r d  d e v i a t i o n  o f  0 .54 ksi, t h e  r e s u l t  o f  
i n s t r u m e n t a l  e r r o r  a n d  c o u n t i n g  s t a t i s t i c s  
alone.

A p p l i c a t i o n  to F l a s h  B u t t w e l d e d  R a i l . T h e  r e s u l t s  
o f  l o n g i t u d i n a l  t w o - a n g l e  r e s i d u a l  s t r e s s  m e a s 
u r e m e n t s  m a d e  as a f u n c t i o n  o f  d i s t a n c e  a c r o s s  
t h e  s u r f a c e  o f  the h e a d  o f  t h e  n e w  b u t t w e l d e d  
i n d u c t i o n  h a r d e n e d  rail s a m p l e  are p r e s e n t e d  in 
f i g u r e  14. T h e  d a t a  are s h o w n  as a  f u n c t i o n  o f  
d i s t a n c e  f r o m  t h e  w e l d  center l i n e .  It s h o u l d  b e  
n o t e d  t h a t  t h e s e  r e s u l t s  w e r e  o b t a i n e d  o n  a r a i l  
h e a d  t h a t  h a d  n o t  b e e n  p l a s t i c a l l y  d e f o r m e d  b y  
r o l l i n g  stock. Initial m e a s u r e m e n t s ,  s h o w n  as 
solid- c i r c l e s  in f i g u r e  14, w e r e  m a d e  a t  i n t e r 
v a l s  o f  0 . 3 5  i n c h  a c r o s s  the s u r f a c e  o f  the 
w e l d m e n t .  T h e  c o m p l e x i t y  o f  the s t r e s s  p a t 
t e r n  o b s e r v e d  in the initial d a t a  w a r r a n t e d  
r e p e a t  m e a s u r e m e n t s  m a d e  s e v e r a l  d a y s  later; 
t h e s e  a r e  s h o w n  as o p e n  circles. T h e  r e p e a t  
m e a s u r e m e n t s  w e r e  m a d e  to v e r i f y  t h e  r a p i d l y  
o s c i l l a t i n g  p a t t e r n  o f  r e s i d u a l  s t r e s s  t h a t  h a d  
n o t  b e e n  a n t i c i p a t e d .  . T h e  s t r e s s  d i s t r i b u t i o n  
a p p e a r s  to s t a b i l i z e  at a d i s t a n c e  o f  a p p r o x 
i m a t e l y  2.5 i n c h e s  on e i t h e r  s ide o f  t h e  w e l d  
c e n t e r l i n e  at a c o m p r e s s i v e  v a l u e  c h a r a c t e r i s t i c  
o f  t h e  i n d u c t i o n  h a r d e n e d  rail head. T h e  c o m 
p r e s s i v e  v a l u e s  o f  a p p r o x i m a t e l y  - 33 a n d  - 42 ksi 
o b s e r v e d  at e x t e n d e d  d i s t a n c e s  f r o m  t h e  w e l d  c e n 
t e r l i n e  i n  e a c h  o f  t h e  t w o  rail s e c t i o n s  c o r r e s p o n d  
f a v o r a b l y  w i t h  t h e  s u b s u r f a c e  c o m p r e s s i v e  s t r e s s e s  
o b s e r v e d  i n  the u s e d  i n d u c t i o n  h a r d e n e d  r a i l  h e a d  
b e n e a t h  the s e v e r e l y  d e f o r m e d  s u r f a c e  l a y e r  s h o w n  
i n  f i g u r e  13. T h e  d i f f e r e n c e  in c o m p r e s s i o n

o b s e r v e d  in the t w o  r a i l  s e g m e n t s  b e y o n d  2.5 
i n c h e s  f r o m  the w e l d  c e n t e r l i n e  m a y  b e  i n d i c a 
t i v e  o f  v a r i a t i o n s  in t h e  h e a d  h a r d e n i n g  h eat 
t r e a t m e n t .

A l t h o u g h  n o  t e n s i l e  s t r e s s e s  w e r e  o b s e r v e d  
at t h e  s u r f a c e  o f  t h e  r a i l  h e a d ,  t h e  r e l a t i v e l y  
low c o m p r e s s i o n  z one at a  d i s t a n c e  o f  a p p r o x 
i m a t e l y  1.27 i n c h e s  f r o m  t h e  w e l d  c e n t e r l i n e ,  at 
w h i c h  a p p r o x i m a t e l y  - 14 k s i  w a s  m e a s u r e d ,  c o u l d  
r i s e  i n t o  t e n s i o n  w i t h  t h e  s u p e r p o s i t i o n  o f  
a p p l i e d  s t r e s s e s  d u e  to t h e r m a l  c o n t r a c t i o n  o f  
the r a i l  a n d / o r  w h i l e  b e a r i n g  l o a d  in service.
It is f u r t h e r  p o s s i b l e  that local p e a k  s t r e s s e s  
o f  t h e  type s h o w n  in f i g u r e  14 c o u l d  e x t e n d  
i nto t e n s i o n  in s o m e  i n s t a n c e s  d e p e n d i n g  u p o n  
t h e  d e t a i l s  o f  t h e  w e l d i n g  p r o c e d u r e .

C o n c l u s i o n s

O n l y  l i m i t e d  d a t a  h a v e  b e e n  o b t a i n e d  on 
s p e c i f i c  t y p e s  o f  rail. H o w e v e r ,  i f  t h e s e  sam p l e s  
c a n  b e  c o n s i d e r e d  t y p i c a l  o f  t h e  r a i l  n o w  in s e r 
vice, the f o l l o w i n g  c o n c l u s i o n s  a p p e a r  to b e  w a r 
r a n t e d  as a r e s u l t  o f  t his i n v e s t i g a t i o n .

I n v e s t i g a t i o n  o f  Presence, o f  N o n r a n d o m  M i c r o -  
s t r e s s  D i s t r i b u t i o n s . T h e  d a t a  o b t a i n e d  at all 
m e a s u r e m e n t  l o c a t i o n s ,  e v e n  on the s e v e r e l y  
d e f o r m e d  r ail h e ad, a p p e a r  to b e  f r e e  f r o m  any 
s i g n i f i c a n t  e f f e c t  o f  a n o n r a n d o m  m i c r o s t r e s s  
d i s t r i b u t i o n .  T h e  l a t t i c e  s p a c i n g  d(211) is 
f o u n d  t o  b e  a  l i n e a r  f u n c t i o n  o f  s i n 2i(j. W h e n  
the d a t a  a r e  r e d u c e d  a s s u m i n g  e i t h e r  the l i n e a r  
m o d e l  or t h e  m o d e l  o f  M a r i o n  a n d  Cohe n ,  the 
r e s u l t s  a g r e e  w i t h i n  a  r e a s o n a b l e  e s t i m a t e  o f  
t h e  t o tal r a n d o m  e x p e r i m e n t a l  error.

T h e  t e x t u r e  o r  p r e f e r r e d  o r i e n t a t i o n  o b s e r v e d  
for the (2 1 1 ) p o l e s  w a s  n o t  severe, a n d  s h o u l d  not 
a d v e r s e l y  e f f e c t  t h e  a p p l i c a t i o n  o f  x - r a y  d i f f r a c 
t i o n  t e c h n i q u e s  to s t r e s s  m e a s u r e m e n t .

E f f e c t  o f  S u b s u r f a c e  S t r e s s  G r a d i e n t . T h e  s u b 
s u r f a c e  r e s i d u a l  s t r e s s  g r a d i e n t  e s t a b l i s h e d  b y  
the t w o - a n g l e  m e a s u r e m e n t s  i n d i c a t e s  t h a t  errors 
o n  t h e  o r d e r  o f  4 k s i  c o u l d  r e s u l t  f r o m  this 
p h e n o m e n o n  o n  the r a i l  hea d ,  2 k s i  o n  t h e  fie l d  
s i d e  o f  t h e  head, a n d  l e s s  t h a n  1 k s i  at the web 
o f  t h e  rail, a s i t e  t h a t  is a l s o  o b s e r v e d  to b e  
f r e e  f r o m  q u e s t i o n a b l e  m i c r o s t r e s s  d i s t r i b u t i o n s .  
S i m p l e  s u r f a c e  m e a s u r e m e n t s  m a d e  on the w e b  o f  
the. r ail in the l o n g i t u d i n a l  d i r e c t i o n ,  th e r e f o r e ,  
s h o u l d  b e  f ree f r o m  e r r o r s  in e x c e s s  o f  1 ksi due 
to the e f f e c t  o f  t h e  s u b s u r f a c e  s t r e s s  gradient.

E f f e c t  o f  I n - F i e l d  S u r f a c e  C o n d i t i o n s . R e p e a t  
m e a s u r e m e n t s  m a d e  t h r o u g h  a n o m i n a l l y  0 .0 0 2 -in c h  
l a y e r  o f  t h e  t a r - l i k e  p r o t e c t i v e  c o a t i n g  at l o c a 
t i o n  4 i n d i c a t e  t h a t  a r a n d o m  e r r o r  o f  a p p r o x i 
m a t e l y  4 ksi m a y  r e s u l t  f r o m  m e a s u r e m e n t s  m a d e  
t h r o u g h  t h e  c o ating. T h e s e  r e s u l t s  w e r e  o b t ained, 
h o w e v e r ,  w i t h  a Si( L i )  s o l i d  s t a t e  d e t e c t o r  w i t h  
h i g h e r  e f f i c i e n c y  a n d  g r e a t e r  i m m u n i t y  to b a c k 
g r o u n d  f l u o r e s c e n c e  t h a n  w o u l d  b e  p o s s i b l e  w i t h  
the g a s - f i l l e d  p r o p o r t i o n a l  p o s i t i o n - s e n s i t i v e  
d e t e c t o r s  c u r r e n t l y  a v a i l a b l e .  R e s u l t s  m a d e  a f t e r  
r e m o v a l  o f  t h e  r a i l  i n d i c a t e  r e p e a t a b i l i t y  o n  the 
o r d e r  o f  ± 2 ksi w h e n  t h e  s a m p l e  w a s  r e p o s i t i o n e d  
b e t w e e n  m e a s u r e m e n t s  a n d  ± 0.5 k s i  t h a t  w e r e  due
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to i n s t r u m e n t a l  e r r o r s  a n d  c o u n t i n g  s t a t i s t i c s  
alone. T h e  a b s o l u t e  a c c u r a c y  o f  t h e  m e a s u r e m e n t s  
w i l l  b e  f u r t h e r  l i m i t e d  b y  r a n d o m  e r r o r  in 

E
-r=------ -̂------ , w h i c h  w a s  ± 1 . 6  p e r c e n t  f o r  the
( 1 + v )(hkl)
4 340 steel v a l u e  u s e d  in t h e  i n v e s t i g a t i o n .  In 
f i e l d  a p p l i c a t i o n s ,  the l a r g e s t  r a n d o m  e r r o r  w ill 
b e  t h e  r e s u l t  o f  e r r o r s  in p o s i t i o n i n g  t h e  i n s t r u 
m e n t  w i t h  r e s p e c t  to t h e  m e a s u r e m e n t  location.

A p p l i c a t i o n  to a F l a s h  B u t t w e l d e d  R a i l . T h e  d a t a  
o b t a i n e d  on a f l a s h  b u t t w e l d e d  s a m p l e  o f  n e w  
i n d u c t i o n  h a r d e n e d  r a i l  i n d i c a t e s  a n  o s c i l l a t i n g  
p a t t e r n  o f  r e s i d u a l  s t r e s s  a c r o s s  the weld, 
e x h i b i t i n g  t w o  t e n s i l e - g o i n g  p e a k s  t hat w e r e  n o t  
a n t i c i p a t e d .  W e l d s  o f  t h i s  t y p e  m a y  b e  e x p e c t e d  
to h a v e  a  s i n g l e  t e n s i l e - g o i n g  p e a k  at t h e  l o c a 
t i o n  o f  t h e  w e l d  c e n t e r l i n e .  A l t h o u g h  n o  t e n s i l e  
str e s s e s  w e r e  o b s e r v e d  at t h e  s i t e  o f  m e a s u r e m e n t ,  
it m a y  b e  t h e  c a s e  t h a t  loc a l  t e n s i l e  s t r e s s e s  
c o u l d  r e s u l t  in s o m e  c a s e s  d e p e n d i n g  u p o n  the 
w e l d i n g  p r o c e d u r e ,  o r  t h a t  t h e  s u p e r p o s i t i o n  o f  
a p p l i e d  t e n s i l e  s t r e s s e s  in t h e  f i e l d  c o u l d  
r e s u l t  in local a r e a s  in t h e  v i c i n i t y  of the 
w e l d m e n t  r i s i n g  i n t o  t e n s i o n  a n d  b e c o m i n g  s u b j e c t  
to f a t i g u e  failure.

A c k n o w l e d g m e n t s

T h e  a u t h o r  w i s h e s  t o  a c k n o w l e d g e  t h e  a s s i s t 
a n c e  o f  Mr. J. J. Y a v e l a k  o f  t h e  S o u t h e r n  R a ilway, 
b o t h  i n  p r o v i d i n g  t h e  t e s t  s a m p l e s  t h e m s e l v e s  and 
for p r o v i d i n g  l i t e r a t u r e  a n d  s i g n i f i c a n t  t e c h n i c a l  
s u p p o r t  c o n c e r n i n g  r a i l  p r o p e r t i e s  a n d  rail m a n u 
f a c t u r i n g  a n d  i n s t a l l a t i o n  p r a c t i c e s  in the r a i l 
r o a d  industry.
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" X - R a y  D i f f r a c t i o n  A n a l y s i s  for R a i l r o a d  R a i l "

C l a y t o n  0. R uud 
D e n v e r  R e s e a r c h  I n s t i t u t e  

U n i v e r s i t y  o f  D e n v e r

X - R a y  D i f f r a c t i o n  P r i n c i p l e

T h e  p r i n c i p l e  o f  t h e  X - r a y  d i f f r a c t i o n  (XRD] 
t e c h n i q u e  lies in the fact t hat the a n g l e  at 
w h i c h  an X - r a y  b e a m  is r e f l e c t e d  f r o m  a t o m i c  
p l a n e s  o f  a  c r y s t a l l i n e  m a t e r i a l  is i n d i c a t i v e  
o f  the d i s t a n c e  b e t w e e n  t h e s e  pla n e s .  A c c o r d i n g  
to t h e  B r a g g  e q u ation,

nA = 2d s i n 6 (1 )

w h e r e  n  = i n t e g e r  u s u a l l y  equal to 1 ,

A = w a v e l e n g t h  o f  X-radi a t i o n ,  

d = i n t e r a t o m i c  spacing, and 

0 = B r a g g  angle.

W h e n  a s i n g l e  c r y s t a l  o f  m e t a l  is p l a c e d  in 
a w e l l - c o l l i m a t e d  X - r a y  beam, some o f  t h e  e n e r g y  
f r o m  t hat b e a m  c a n  b e  d i f f r a c t e d  w i t h  n o  c h a n g e  
in f r e q u e n c y  at an a n g l e  o f  20 w i t h  r e s p e c t  to

the i n c i d e n t  beam, p r o v i d i n g  t h a t  t h e  c r y s t a l  is 
o r i e n t e d  suitably. K n o w i n g  t h e  w a v e l e n g t h  o f  the 
r a d i a t i o n ,  A, a n d  m e a s u r i n g  the a n g l e  b e t w e e n  the 
i n c i d e n t  a n d  d i f f r a c t e d  X - r a y  beam, 20, the inter- 
p l a n a r  s p a c i n g  o f  the a t o m i c  p l a n e s  r e f l e c t i n g  the 
X - r a y  b e a m  can b e  mea s u r e d .  If b y  s o m e  m e a n s  the 
i n t e r p l a n a r  s p a c i n g  is a l t e r e d ,  f o r  e x a m p l e  b y  
m e c h a n i c a l  e x p a n s i o n  o r  c o n t r a c t i o n  o f  the s i n g l e  
c r y s t a l  w i t h i n  its e l a s t i c  rang e ,  a n e w  d r e s u l t s  
a n d  t h e  a n g l e  0 o f  d i f f r a c t i o n  is t h e r e b y  altered. 
T h i s  is t h e  p r i n c i p a l  o f  X - r a y  s t r e s s  a n a l y s i s ,  
w h i c h  is r e a l l y  s t r a i n  a n a l y s i s ;  t h a t  is, i f  an 
e x t e r n a l  s t r e s s  is p l a c e d  on a m e t a l  p a r t ,  the 
d i s t a n c e  b e t w e e n  the a t o m i c  p l a n e s  in t h e  m e t a l  
c h a n g e s .

W h e n  a p o l y c r y s t a l l i n e  m e t a l  w i t h  a r a n d o m l y  
o r i e n t e d  f ine g r a i n  is p l a c e d  n o r m a l  t o  a m o n o 
c h r o m a t i c  X - r a y  beam, the b e a m  is d i f f r a c t e d  b a c k  
f r o m  t h e  s u r f a c e  as c o nes o f  X - r a y  beam s ,  as s h o w n  
in f i g u r e  1. T h e  n u m b e r  a n d  a n g l e  o f  t h e  c o nes 
d e p e n d  u p o n  the m e t a l  a n d  its s t r e s s  co n d i t i o n .
If a s h e e t  o f  X - r a y  f i l m  w e r e  p l a c e d  n o r m a l  to the 
i n c i d e n t  X - r a y  beam, the d i f f r a c t e d  c o n e s  w o u l d  be 
s e e n  as c o n c e n t r i c  c i r c l e s  w i t h  t h e  i n c i d e n t  b e a m  
at the center. E a c h  o f  t h e s e  c i r c l e s  r e p r e s e n t s  
t h e  s u m  o f  t h o u s a n d s  o f  m e t a l  gra i n s ,  e a c h  r e f l e c t 
ing a s m all p o r t i o n  o f  the i n c i d e n t  X - r a y  b e a m  and 
e ach in a  s l i g h t l y  d i f f e r e n t  o r i e n t a t i o n .  As the 
g r a i n  s i z e  o f  a m e t a l  i n c r e a s e s ,  t h e  D e b y e  r i n g s  
c a n  b e  s e e n  to f o r m  r i n g s  o f  s p o t s  i n s t e a d  o f  
a p p e a r i n g  as c o n t i n u o u s  rings. I f  t h e  i n c i d e n t  
X - r a y  b e a m  w e r e  t i l t e d  to the s p e c i m e n  s urface, 
the r i n g  p a t t e r n  w o u l d  n o t  c h a n g e  s i g n i f i c a n t l y  
u n l e s s  t h e r e  was a  u n i d i r e c t i o n a l  s t r e s s  i n  the 
s u r f a c e  o f  t h e  m e t a l  sp e c i m e n .  I f  the stre s s  
w e r e  t e n s i l e  a n d  in t h e  p l a n e  o f  t h e  s u rface, and 
the X - r a y  b e a m  w e r e  t i l t e d  in the s t r e s s  d i r e c t i o n ,  
t h e  D e b y e  r i n g  w o u l d  t e n d  to b e c o m e  s l i g h t l y  
e l l i p t i c a l ,  w i t h  its m a j o r  d i a m e t e r  in t h e  d i r e c t i o n  
o f  stress. M o r e o v e r ,  the l a r g e r  t h e  s t r e s s  the 
g r e a t e r  w o u l d  b e  the d i f f e r e n c e  b e t w e e n  t h e  m a j o r  
and m i n o r  d i a m e t e r  o f  the ellipse.

metal
sample

F I G U R E  1. D I F F R A C T E D  C O N E  O F  X - R A Y S  F R O M  A  P O L Y C R Y S T A L L I N E  M E T A L .
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T h e r e  a r e  a n u m b e r  o f  t e c h n i q u e s  for X - r a y  
s t r e s s  a n a l y s i s ,  i n c l u d i n g  the s i n g l e  exposure, 
d o u b l e  e x p o s u r e ,  a n d  s i n 2 0 m e t h o d s  [1] . T h e  
r e l a t i o n  b e t w e e n  t h e  u n i a x i a l  m a c r o  stress, a, 
in t h e  p l a n e  o f  t h e  s u r f a c e  o f  a m e t a l  s p e c i m e n  
to X - r a y  p a r a m e t e r s  f o r  the s i n g l e  e x p o s u r e  
t e c h n i q u e  (SET) is

(sin 2 0 2 - sin 2 0 j
a  = -------------------------y j -  (2 )

4 s i n 2 0g sin 20 +v

w h e r e  0 1; 0 2 = B r a g g  a n g l e  for d i f f r a c t i o n  
f r o m  sets o f  p l a n e s  at two 
d i f f e r e n t  o r i e n t a t i o n s  w i t h  
t h e  s u rface,

0 q — B r a g g  a n g l e  f o r  u n s t r e s s e d  
p o w d e r ,

0 = a n g l e  b e t w e e n  i n c i d e n t  X - r a y  
b e a m  a n d  s p e c i m e n  s u r f a c e  
n o r m a l , a n d

E, v = e l a s t i c  consta n t s .

S i n 0 2 - s i n 0 i c a n  b e  v i e w e d  as t h e  d e v i a t i o n  
o f  t h e  D e b y e  r i n g  f r o m  a p e r f e c t  e l l i p s e  w h e n  the 
i n c i d e n t  b e a m  is t i l t e d  at a n  a n g l e  6 f r o m  the 
n o r m a l  in a p l a n e  c o n t a i n i n g  t h e  s u r f a c e  norm a l  
a n d  t h e  s t r e s s  axis.

T h e  e f f e c t  o f  g r a i n  s i z e  on t h e  r i n g  o f  d i f 
f r a c t e d  X - r a y s  h a s  a l r e a d y  b e e n  mentio n e d ;  
h o w e v e r ,  i f  t h e  m e t a l  is c o l d  work, m i c r o  s t r a i n s  
t h a t  r e s u l t  w i l l  b r o a d e n  t h e  l ine f o r m i n g  the 
D e b y e  ring. E x t r e m e l y  f i n e  g r a i n  s ize a l s o  w ill 
c a u s e  b r o a d e n i n g .  P r e f e r r e d  o r i e n t a t i o n ,  or 
tex t u r e ,  c a u s e d  b y  t h e r m o m e c h a n i c a l  t r e a t m e n t s  
w i l l  t e n d  t o  s e g m e n t  t h e  r i n g  to the e x t e n t  t hat 
t h e r e  w o u l d  b e  f e w  i f  a n y  g r a i n s  r e f l e c t i n g  
X - r a y s  at c e r t a i n  o r i e n t a t i o n s .

L i m i t a t i o n  o f  X - R a y  D i f f r a c t i o n

b e  m a i n t a i n e d  at a  p r e d e t e r m i n e d  s e t t i n g  w i t h o u t  
m u c h  d i f f i c u l t y  in the a p p l i c a t i o n  to long, r e a 
s o n a b l y  s t r a i g h t  specim e n s .  H o w e v e r ,  t h e  p a r a m 
e t e r  Ro m u s t  b e  d e t e r m i n e d  o r  h e l d  t o  an a c c u r a c y  
o f  ± 0.5 m i l l i m e t e r  to a s s u r e  g o o d  p r e c i s i o n  and 
accuracy. F o r  s t a t i o n a r y  r e a d i n g s ,  it w o u l d  be 
s u i t a b l e  to u s e  c o i n c i d e n t  l i ght b e a m s ,  lens 
focusing, o r  a s t a n d a r d  c r y s t a l l i n e  p o w d e r  
a p p l i e d  to the s p e c i m e n  s urface. T h e  l i ght b e a m s  
a l s o  m a y  b e  u s e f u l  for R q d e t e r m i n a t i o n s  in 
i n - m o t i o n  X - r a y  a p p l i c a t i o n .

M i l l  S c a l e  a n d  C o r r o s i o n . B y  t h e i r  nat u r e ,
X - r a y  d i f f r a c t i o n  t e c h n i q u e s  r e q u i r e  the a p p l i 
c a t i o n  o f  m o n o c h r o m a t i c  X - r a y s  o f  r a t h e r  low 
e n e r g y  t h a t  do n o t  p e n e t r a t e  d e e p  i n t o  s t eel or 
m o s t  o t h e r  m e t a l  a l l o y s  o f  p r a c t i c a l  i m p o r t a n c e .  
T h e  X - ray m e t h o d s  are u s e d  to m e a s u r e  s u r f a c e  
s t r esses, as the X - r a y  p e n e t r a t i o n  is u s u a l l y  no 
m o r e  t h a n  1 mil (.025 m i l l i m e t e r )  into the 
steel. Thus, i f  m e a s u r e m e n t s  a r e  to b e  m a d e  a n y 
w h e r e  o t h e r  t h a n  in t h e  r u n n i n g  s u r f a c e  o f  the 
r ail head, t h e  o x i d e  a n d / o r  c o r r o s i o n  p r o d u c t  
m u s t  be r e moved. T h i s  r e m o v a l  c a n n o t  b e  d o n e  
s o l e l y  b y  m a c h i n i n g  o r  g r i n d i n g ,  b e c a u s e  t h a t  is 
l i k e l y  to i n d u c e  s u r f a c e  st r e s s e s .  T h e  m o s t  
a p p l i c a b l e  c l e a n i n g  t e c h n i q u e  has b e e n  f o u n d  to 
b e  e l e c t r o p o l i s h i n g ;  B o l s t a d  a n d  Q u i s t  [2] h a v e  
d e s c r i b e d  o n e  p r a c t i c a l  e l e c t r o p o l i s h i n g  a p p a r a t u s  
f o r  f i eld a p p l i c a t i o n .  T h e  l i m i t a t i o n  is t hat it 
r e q u i r e s  sev e r a l  s e c o n d s  to c l e a n  an a r e a  o f  a f e w  
s q u a r e  c e n t i m e t e r s .  T h i s  w o u l d  n o t  b e  a p r o b l e m  
f o r  s t a t i o n a r y  r e a d i n g s ,  b u t  w o u l d  p r e s e n t  a 
s e v e r e  p r o b l e m  for i n - m o t i o n  a p p l i c a t i o n  o f  X R D  
te c h n i q u e s .  It s h o u l d  be n o t e d  t h a t  s t a t i o n a r y  
stress m e a s u r e m e n t s  h a v e  b e e n  m a d e  o n  w r o u g h t  
s t eel r a i l w a y  whe e l s ,  a n d  this t e c h n i q u e  h a s  b e e n  
f o u n d  to b e  p a r t i c u l a r l y  a p p r o p r i a t e  f o r  r e c o r d i n g  
v a r i a t i o n s  in r e s i d u a l  s t r e s s  p a t t e r n s  w i t h  
s e r v i c e  a n d  wear. F u r t h e r m o r e ,  as the r e s u l t  o f  
s u s t a i n e d  b r a k i n g ,  t h e  r e s i d u a l  s t r e s s e s  h a v e  
b e e n  k n o w n  to e x c e e d  20 M P a  (29 k s i ) , l e a d i n g  to 
f r a c t u r e  f r o m  t h e r m a l  c r a c k s  i n i t i a t i n g  in the 
t r e a d  [3].

A s  s h o w n  in t h e  p r e v i o u s  section, i n f o r m a t i o n  
a b o u t  m a c r o s t r e s s ,  c o l d  work, g r a i n  size, and 
t e x t u r e  in a m e t a l  s p e c i m e n  is a v a i l a b l e  f r o m  the 
d i f f r a c t e d  X - r a y  D e b y e  ring. H owever, t h e r e  are 
l i m i t a t i o n s  as to t h e  a c c u r a c y  and a p p l i c a t i o n  o f  
the X R D  t e c h n i q u e s  to o b t a i n  t hat inform a t i o n .  
T h e s e  l i m i t a t i o n s  are d i s c u s s e d  b e l o w  in t e rms o f  
h o w  t h e y  a p p l y  to t h e  c h a r a c t e r i z a t i o n  o f  s t r e s s e s  
in rails.

S t r e s s  S e n s i t i v i t y . E q u a t i o n  (2) m a y  b e  r e w r i t t e n  
as
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w h e r e  S 2 - Si a r e  t h e  p o s i t i o n s  o f  the d i f f r a c t e d  
X - r a y  b e a m  w i t h  r e f e r e n c e  to the i n c i d e n t  X - r a y  
beam; R 0 is t h e  d i s t a n c e  f r o m  the X - r a y  s e n s i n g  
s u r f a c e s  t o  t h e  s p e c i m e n  o r  rail; a n d  0 is the 
a n g l e  b e t w e e n  t h e  i n c i d e n t  X - r a y  b e a m  and the 
s p e c i m e n  s u r f a c e  n o r m a l .

T h e  a c c u r a c y  a n d  p r e c i s i o n  o f  the p a r a m e t e r  
S 2 - Si a r e  m a i n l y  a f u n c t i o n  o f  the X - r a y  i n s t r u 
m e n t  a n d  w i l l  b e  d i s c u s s e d  later. T h e  a n g l e  0 c a n

Te x t u r e ,  C o l d  Work, a n d  P s e u d o  M a c r o  S t r e s s . 
M a r i o n  a n d  C o h e n  [4] a n d  C u l l i t y  [5] h a v e  d i s 
c u s s e d  t h e  e f f e c t  o f  t e x t u r e  a n d  c o l d  w o r k  on 
the p r e c i s i o n  a n d  a c c u r a c y  o f  X - r a y  s t r e s s  m e a s 
ur e m e n t s .  T h e s e  e f f e c t s  w o u l d  be o f  l i t t l e  or 
no p r o b l e m  for t h e  r ail w e b  a n d  b u tt; how e v e r ,  
for the w h e e l  c o n t a c t  s u r f a c e  o f  t h e  r ail head, 
t h e y  w o u l d  be o f  m a j o r  c o n s i d e r a t i o n .  M o r e o v e r ,  
t h e  c l e a n  u p p e r  s u r f a c e  o f  t h e  r a i l  h e a d  w o u l d  
p r e s e n t  n o  c l e a n i n g  p r o b l e m s  a n d  f r o m  that 
s t a n d p o i n t  o f f e r s  the p r o m i s e  o f  i n - m o t i o n  X - r a y  
str e s s  an a l y s i s .  M a n y  r e s e a r c h e r s  h a v e  a p p l i e d  
X R D  to m e a s u r e  t h e  a m o u n t  o f  c o l d  w o r k  i n d u c e d  
in m e t a l s  b y  v a r i o u s  t r e a t m e n t s  [6 ], [7], T h e  
t e c h n i q u e  o f  d e c o n v o l u t i o n  o f  the c o l d  w o r k  and 
g r a i n  s i z e  e f f e c t  on X - r a y  p e a k  b r o a d e n i n g  h a v e  
b e e n  r e c o g n i z e d  b y  m a n y  w o r k e r s  (Hall [8 ] and 
K l u g  a n d  A l e x a n d e r  [9]) a n d  d e s c r i b e d  in the 
c l a s s i c  p a p e r  o f  W a r r e n  a n d  A v e r b a c h  [10] . If 
the e f f e c t  o f  c o l d  w o r k  o n  the m a c r o  s t r e s s  
c o u l d  be s e p a r a t e d  f r o m  the t r u e  m a c r o  stress, 
p e r h a p s  the p r o p e n s i t y  o f  a g i v e n  r a i l  s e c t i o n  
to b u c k l e  c o u l d  b e  d e t e r m i n e d .  It s h o u l d  be 
e m p h a s i z e d  t h a t  the m a c r o  s t r e s s  t h u s  m e a s u r e d  
w o u l d  b e  an a b s o l u t e  s t r e s s  -- t h a t  is, the sum 
o f  ini t i a l  r e s i d u a l  s t r e s s  a n d  t h e  s u b s e q u e n t

161



a d d e d  s t r e s s  f r o m  t e m p e r a t u r e  c h a n g e s  a n d  s e r 
v i c e  i n d u c e d  s t r e s s  -- a n d  t h u s  w o u l d  b e  the 
t o tal stre s s  t h a t  c o u l d  b e  c o r r e l a t e d  w i t h  
b u c kling.

T a i r a  et al. [11] d e s c r i b e d  s u c h  a t e c h n i q u e  
in 1973 a n d  its a p p l i c a t i o n s  to p l a s t i c a l l y  
d e f o r m e d  c a r b o n  steels. T h e  p r o b l e m  a d d r e s s e d  
in t h a t  p a p e r  (and in m a n y  e a r l i e r  ones) w a s  o n e  
o f  p s e u d o  m a c r o  stress, a n  e r r o r  s o u r c e  in m a g n e 
tic s t r e s s  m e a s u r i n g  t e c h n i q u e s  as w e l l  as 
XRD [12], T h e  t e x t u r i n g  o f  the rail h e a d  d u e  to 
c o l d  w o r k  can b e  a s o u r c e  o f  e r r o r  in s u c h  X - r a y  
work; how e v e r ,  M a r i o n  a n d  C o h e n  [4] h a v e  p r o p o s e d  
a m e t h o d  that is b a s e d  u p o n  t h e  s i n 2 0 t e c h n i q u e  
to o v e r c o m e  t e x t u r e  i n d u c e d  e r r o r s  a n d  t h a t  a l s o  
h a s  a b e a r i n g  u p o n  t h e  p s e u d o  m a c r o  stre s s  
problem.

E v e n  if XRD s t r e s s  a n a l y s i s  p r o v e d  u n s u i t a b l e  
for r a i l r o a d  r ail a p p l i c a t i o n  for s ome r eason, the 
a b i l i t y  to m e a s u r e  c o l d  w o r k  at t h e  s u r f a c e  o f  the 
rail h e a d  c o u l d  b e  u s e f u l  t o  j u d g e  s p a l l i n g  s u s 
c e p t i b i l i t y  o r  wear. W i t h  a n o t h e r  t ype o f  X - r a y  
m e a s u r e m e n t ,  it w o u l d  b e  p o s s i b l e  to c h a r a c t e r i z e  
t h e  t e x t u r e  at t h e  s u r f a c e  o f  t h e  r a i l  head, w h i c h  
c o u l d  i m p r o v e  t h e  v e r a c i t y  o f  o t h e r  s t r e s s  m e a s 
u r e m e n t  t e c h n i q u e s  [13].

I n s t r u m e n t a t i o n . A n  i m p o r t a n t  l i m i t a t i o n  o f  the 
XRD t e c h n i q u e  h a s  b e e n  t h e  n a t u r e  o f  the i n s t r u 
m e n t a t i o n  a p p l i e d  to m e a s u r e  the a n g l e  at w h i c h  
the X-r a y s  a r e  d i f f r a c t e d  f r o m  the specimen. The 
m o s t  w i d e l y  u s e d  t e c h n i q u e  is b a s e d  o n  a s c a n n i n g  
goniometer. T h i s  c o n s i s t s  o f . a n  e l e c t r o n i c  X - r a y  
d e t e c t q r  m o u n t e d  o n  a  m e c h a n i c a l  d e v i c e  c a p a b l e  
o f  s c a n n i n g  it t h r o u g h  s e v e r a l  d e g r e e s  o f  20 angle.

T h i s  p r o d u c e s  a r e a d o u t  o f  d i f f r a c t e d  X - r a y  i n t e n 
s i t y  o v e r  s e v e r a l  d e g r e e s  o f  a r c  f r o m  w h i c h  the 
p o s i t i o n  o f  the p e a k  i n t e n s i t y  c a n  b e  m e a s u r e d  b y  
g r a p h i c  o r  m a t h e m a t i c a l  mean s .  U n f o r t u n a t e l y ,  
t h e s e  d e v i c e s  a r e  bulky, slow, d e l i c a t e  a n d  p r o n e  
to m i s a l i g n m e n t  i f  m o v e d  f r o m  the l a b o r a t o r y .
B e c a u s e  the s c a n n i n g  g o n i o m e t e r  a n d  X - r a y  f i l m  
d e v i c e s  h a v e  h i s t o r i c a l l y  b e e n  t h e  m a i n s t a y  o f  
X R D  i n s t r u m e n t a t i o n ,  s e v e r e  l i m i t a t i o n s  h a v e  b e e n  
p l a c e d  u p o n  p r a c t i c a l  f i e l d  a p p l i c a t i o n  o f  X R D  
a n a l y s i s ,  e s p e c i a l l y  w i t h  r e s p e c t  to s t r e s s  
m e a s u r e m e n t .

A d v a n c e s  i n  X - R a y  D i f f r a c t i o n  I n s t r u m e n t a t i o n

T h i s  s e c t i o n  d e s c r i b e s  t h e  a p p l i c a t i o n  a n d  
a d v a n t a g e s  o f  a n e w  c o n c e p t  in X R D  a p p l i c a t i o n  
t h r o u g h  t h e  u s e  o f  p o s i t i o n  s e n s i t i v e  X - r a y  
d e t e c t o r s .

T h e  l i m i t a t i o n  o f  s c a n n i n g  g o n i o m e t e r s  in t h e  
a p p l i c a t i o n  o f  X R D  m e t h o d s  h a s  b e e n  p o i n t e d  o u t  in 
a  n u m b e r  o f  pap e r s .  T h e  m a i n  p r o b l e m s  a r e  in p r o 
v i d i n g  s p e e d  a n d  p o r t a b i l i t y  w i t h o u t  s a c r i f i c i n g  
a c c u r a c y .  T h e  d e v e l o p m e n t  o f  p o s i t i o n - s e n s i t i v e  
X - r a y  d e t e c t o r s  h a s  o f f e r e d  t h e  p o s s i b i l i t y  o f  
c i r c u m v e n t i n g  t h e  n e c e s s i t y  o f  h a v i n g  a n y  m o v i n g  
p a r t s  in X R D  eq u i p m e n t .  " P o s i t i o n  s e n s i t i v e "  
m e a n s  t h a t  n o t  o n l y  is t h e  d e t e c t o r  c a p a b l e  o f  
q u a n t i f y i n g  the n u m b e r  o f  X - r a y  p h o t o n s  s t r i k i n g  
its s e n s i n g  s u r f a c e  b u t  it is a b l e  to a s c e r t a i n  
the p o s i t i o n  on t h e  s e n s i n g  s u r f a c e  t h a t  a p h o t o n  
s truck. J a m e s  a n d  C o h e n  [14] h a v e  d e s c r i b e d  the 
a p p l i c a t i o n  o f  a p o s i t i o n - s e n s i t i v e  p r o p o r t i o n a l  
d e t e c t o r  (PSPD) t o  stre s s  a n a l y s i s  w o rk, a n d  S t e f f e n  
a n d  R u u d  [15] h a v e  d e s c r i b e d  a  p o s i t i o n - s e n s i t i v e
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I n d u c e d  M i c r o  S t r a i n

F I G U R E  3. C A L I B R A T I O N  C U R V E  F O R  C O L D  R O L L E D  M I L D  S T E E L  S H O W I N G  
X - R A Y  P E A K  S H I F T  V E R S U S  M I C R O  S T R A I N  I N D U C E D  BY F O U R  P O I N T  J I G

s c i n t i l l a t i o n  d e t e c t o r  ( P S S D ) , w h i c h  is s h o w n  in 
f i g u r e  2. T h e  PSSD, w h i c h  was o r i g i n a l l y  b u i l t  
u n d e r  U.S. A r m y ,  M E R D C O M ,  s p o n s o r s h i p ,  seems to 
p r e s e n t  m o r e  p o s s i b i l i t i e s  for f i eld a p p l i c a t i o n s  
b e c a u s e  o f  t h e  v e r s a t i l i t y  its d e s i g n  a l l o w s  in 
X - r a y  g e o m e t r y  d e s i g n  [16], [17].

T o  i l l u s t r a t e  t h e  a p p l i c a b i l i t y  o f  the P S S D  to 
s e v e r a l  p r a c t i c a l  X - r a y  d i f f r a c t i o n  m e a s u r e m e n t s ,  
s o m e  p r o g r a m s  p r e s e n t l y  in p r o g r e s s  at the U n i 
v e r s i t y  o f  D e n v e r  R e s e a r c h  I n s t i t u t e  (DRI) w i l l  be 
d e s c r i b e d .  T w o  p r o j e c t s  to b u i l d  stre s s  m e a s u r i n g  
i n s t r u m e n t s  a r e  u n d e r w a y  in t h e  E l e c t r o n i c s  
Di v i s i o n .  O n e  is to b u i l d  a p o r t a b l e  X - r a y  stre s s  
a n a l y z e r  f o r  f i e l d  a p p l i c a t i o n s  to m e a s u r e  r e s i d u a l  
a n d  a p p l i e d  s t r e s s e s  in a l u m i n u m  a n d  steel c o m p o 
n e n t s  f o r  t h e  U.S. A r m y ,  M E R D C O M .  T h e  s e c o n d  is 
to b u i l d  a n  i n s t r u m e n t  to m e a s u r e  s t r e s s e s  i n s i d e  
o f  4 - i n c h  S c h e d u l e  80 s t a i n l e s s  steel p i p e  f o r  the 
E l e c t r i c  P o w e r  R e s e a r c h  I n s t i t u t e .  T h i s  p r o g r a m  
r e q u i r e s  t h a t  a h i g h - p o w e r  m i n i a t u r e  X - r a y  d i f 
f r a c t i o n  t u b e  b e  b u i l t  as t h e  X - r a y  source, and 
t hat the X - r a y  s e n s i t i v e  s u r f a c e s  b e  l o c a t e d  a few 
f eet f r o m  t h e  r e s t  o f  t h e  p o s i t i o n - s e n s i t i v e  
de t e c t o r .  D R I ' s  M a t e r i a l s  A n a l y s i s  L a b o r a t o r y  has 
n o t e d  t h a t  a u s t e n i t i c  s t a i n l e s s  steel is one o f  
the most" d i f f i c u l t  m e t a l l u r g i c a l  m a t e r i a l s  in 
w h i c h  to m e a s u r e  r e s i d u a l  s t r e s s  a n d  r e q u i r e s  c a r e 
ful o p t i m i z a t i o n  o f  the R 0 a n d  g p a r a m e t e r s  s h o w n  
in e q u a t i o n  (3]. T h i s  is a  d i f f i c u l t  t a s k  i n s i d e  
a 4 - i n c h  d i a m e t e r  p i p e  a n d  is i m p o s s i b l e  for a n y  
X - r a y  s t r e s s  m e a s u r e m e n t  d e v i c e  e x c e p t  f o r  one 
u s i n g  the a b o v e - m e n t i o n e d  PSSD.

D R I ' s  M a t e r i a l s  A n a l y s i s  L a b o r a t o r y  has 
d e m o n s t r a t e d  t h a t  s t r e s s e s  can b e  m e a s u r e d  n o n -  
d e s t r u c t i v e l y  i n s i d e  10-irich S c h e d u l e  80 p i p e  
[18]. P r e s e n t l y  t w o  p r o g r a m s  a r e  u n d e r  w a y  in 
t h e  l a b o r a t o r y  to m e a s u r e  s t r e s s e s  as a  p a r t  o f

a w e l d i n g  s t u d y  f o r  t h e  G e n e r a l  E l e c t r i c  C o m p a n y  
and a f a i l u r e  a n a l y s i s  p r o g r a m  f o r  t h e  E l e c t r i c  
P o w e r  R e s e a r c h  I n s t i t u t e  o n  a b o i l i n g  w a t e r  
r e a c t o r  i n s t a l l a t i o n .  T h e s e  p r o g r a m s  a r e  b e i n g  
c o n d u c t e d  o n  o u r  l a b o r a t o r y  s t r e s s  a n a l y z e r  
w h i c h  is b a s e d  u p o n  t h e  PSSD. F o r  a l l  o f  the 
a u s t e n i t i c  s t a i n l e s s  s t eel s t u d i e s ,  c h r o m i u m  
K - b e t a  r a d i a t i o n  is b e i n g  u s e d  f o r  s t r e s s  m e a 
s u r e m e n t  [19]. T h e  v e r y - l o w - i n t e n s i t y  d i f 
f r a c t i o n  p e a k  t h a t  is o b t a i n e d  r e q u i r e s  d a t a  
c o l l e c t i o n  t i mes o f  75 sec o n d s ,  b u t  t h e  p r e c i s i o n  
o f  s t r e s s  d e t e r m i n a t i o n s  f r o m  a f o u r - p o i n t  b e n d  
s p e c i m e n  [2 0 ] h a s  b e e n  s h o w n  to b e  b e t t e r  t han
1.5 [18]. T h i s  is b e t t e r  p r e c i s i o n  t h a n  a n y  
X - r a y  s t r e s s  d a t a  p u b l i s h e d  o n  s t a i n l e s s  steel 
to date.

W i t h  o u r  X - r a y  s t r e s s  d evice, w e  h a v e  a l s o  
p e r f o r m e d  p r e l i m i n a r y  s t r e s s  m e a s u r e m e n t s  on 
f e r r i t i c  a n d  m a r t e n s i t i c  steels. H e r e  d a t a  
c o m p a r a b l e  to t h o s e  f o r  a u s t e n i t i c  s t a i n l e s s  
steel c a n  b e  c o l l e c t e d  in l ess t h a n  15 seconds. 
F i g u r e  3 s h ows a c a l i b r a t i o n  c u r v e  w e  o b t a i n e d  
f r o m  a 4 7 p o i n t  b e n d  s p e c i m e n  o f  c o l d  r o l l e d  m i l d  
steel.

T h e  M a t e r i a l s  A n a l y s i s  L a b o r a t o r y  a l s o  is 
a p p l y i n g  t h e  DRI p o s i t i o n - s e n s i t i v e  d e t e c t o r  to 
o t h e r  X - r a y  d i f f r a c t i o n  a p p l i c a t i o n s .  T h e  
d e v e l o p m e n t ,  des i g n ,  a n d  b u i l d i n g  o f  a p o w d e r  
d i f f r a c t o m e t e r  for t h e  a n a l y s i s  o f  a i r b o r n e  
p a r t i c u l a t e s  c o l l e c t e d  on f i l t e r s  is p r e s e n t l y  
u n d e r  w a y  a n d  is a m o r e  s o p h i s t i c a t e d  a p p l i c a 
t i o n  t h a n  s t r e s s  an a l y s i s .  T h i s  c o n c e p t  c o u l d  
w e l l  r e s u l t  in an X R D  i n s t r u m e n t  w i t h  n o  m o v i n g  
p a rts a n d  c a p a b l e  o f  m e a s u r i n g  t h e  c o n c e n t r a t i o n  
o f  v a r i o u s  c r y s t a l l i n e  s p e c i e s  i n  o n e  h u n d r e d t h  
the t i m e  o f  s t a t e - o f - t h e - a r t  i n s t r u m e n t s  and 
w i t h  p e r h a p s  t e n  t i m e s  b e t t e r  s e n s i t i v i t y .  T h i s
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l a b o r a t o r y  a l s o  is i n v e s t i g a t i n g  s e v e r a l  a d v a n c e d  
e l e c t r o - o p t i c a l  d e v i c e s  t h a t  c o u l d  w e l l  e x p a n d  
the a p p l i c a t i o n  o f  t h e  p r e s e n t  DRI p o s i t i o n -  
s e n s i t i v e  d e t e c t o r  in a r e a s  o f  m o r e  r a p i d  d a t a  
c o l l e c t i o n  a n d  lar g e  g r a i n  size m e t a l s  stre s s  
appli c a t i o n .

P o s s i b l e  A p p l i c a t i o n  to R a i l r o a d  R a i l s

T h e r e  a r e  sev e r a l  t y p e s  o f  i n f o r m a t i o n  a b o u t  
the s t r e s s e d  a n d  w o r k - h a r d e n e d  c o n d i t i o n  o f  r a i l s  
t hat c a n  b e  o b t a i n e d  b y  X - r a y  d i f f r a c t i o n  w i t h  
the DRI p o s i t i o n - s e n s i t i v e  d e t ector. F i g u r e  4 
s h ows X - r a y  p e a k  i n f o r m a t i o n  c o l l e c t e d  f r o m  the 
(2 1 1 ) p l a n e s  o f  a  c o l d - r o l l e d  m i l d  s t eel s h e e t  
u s i n g  c h r o m i m u m  K - a l p h a  X - r a d i a t i o n .  T h i s  is a 
p h o t o g r a p h  o f  the c a t h o d e - r a y  t u b e  (crt) d i s p l a y  
f r o m  d a t a  c o l l e c t e d  in f i f t e e n  s e c o n d s  f r o m  D R I ' s  
l a b o r a t o r y  s t r e s s  i n s t r u m e n t .  F i g u r e  5 w a s  
r e c o r d e d  f r o m  a h i g h l y  c o l d  w o r k e d  s t a i n l e s s  steel 
a n d  s h ows t h e  r e s u l t s  o f  s e v e r e  c o l d  w o r k i n g .
N o t e  the b r o a d e n i n g  o f  t h e  X - r a y  p e a k  in f i g u r e  5 
t h a t  is due to the m i c r o  str a i n s  i n d u c e d  b y  t h e  
c o l d  work. T h e  i n f o r m a t i o n  s h o w n  in t h e  f i g u r e s  
is s t o r e d  in a  d e d i c a t e d  m i n i c o m p u t e r  u p o n  c o l 
l e c t i o n  o f  t h e  d a t a  b y  t h e  PSSD. T h e  d a t a  are 
t h e n  e a s i l y  a v a i l a b l e  f o r  s u b s e q u e n t  r e f i n e m e n t ,  
s uch as c o l d  w o r k  d e t e r m i n a t i o n ,  t h r o u g h  u s e  o f  
a  c a l c u l a t i o n  m e t h o d  s u c h  as H a l l ' s  [8 ],

I n f o r m a t i o n  r e g a r d i n g  t h e  a m o u n t  o f  c o l d  w o r k  
a b s o r b e d  b y  a r a i l - i s  a v a i l a b l e  f r o m  a l m o s t  a n y  
o f  the h i g h  B r a g g  a n g l e  (gr e a t e r  t h a n  60 d e g r e e s )  
b a c k - r e f l e c t e d  X - r a y  p e a k s  t h a t  m a y  b e  u s e d  to 
m e a s u r e  stress. H o w e v e r ,  to m e a s u r e  t e xture,
X - r a y  r e f l e c t i o n s  f r o m  m o r e  t h a n  o n e  B r a g g  a n g l e  
a r e  n e c e s s a r y ,  a n d  t h i s  is n o t  the u s u a l  p r a c t i c e  
in X - r a y  stress ana l y s i s .  W i t h  the DRI PSSD, 
ho w e v e r ,  it is p o s s i b l e  to p l a c e  a t h i r d  s e n s i n g  
s u r f a c e  to i n t e r c e p t  a n o t h e r  D e b y e  ring, t hus 
p e r m i t t i n g  c o m p a r i s o n s  o f  t h e  i n t e n s i t i e s  o f  the 
r e f l e c t i o n s  f r o m  two o r  m o r e  c r y s t a l l o g r a p h i c  
f a m i l i e s  o f  p l a n e s  t hat w o u l d  p e r m i t  c o n c l u s i o n s  
to be d r a w n  r e g a r d i n g  texture.

T o  f a c i l i t a t e  e i t h e r  o f  t h e s e  t y p e s  o f  m e a s 
ur e m e n t s ,  c o l d  w o r k  o r  tex t u r e ,  it w o u l d  f i r s t  be 
n e c e s s a r y  to p e r f o r m  s t u d i e s  c h a r a c t e r i z i n g  the

F I G U R E  4. C A T H O D E - R A Y  T U B E  P H O T O G R A P H  O F  C r K a i  2 
P E A K S  D I F F R A C T E D  F R O M  (211) P L A N E S  OF 
C O L D  R O L L E D  M I L D  S T E E L  S H E E T  S A M P L E

e f f e c t  o f  c o l d  w o r k  a n d / o r  t e x t u r e  o n  t h e  m e t a l - 
l o g r a p h i c  a n d  X - r a y  d i f f r a c t i o n  p r o p e r t i e s  o f  
r a i l  steel. A t  t h i s  w r i t i n g ,  X - r a y  d i f f r a c t i o n  
i n f o r m a t i o n  o n  t e x t u r e  in u s e d  r ail h e a d  is 
s p a r s e  a n d  a n y  c o n j e c t u r e  as to its n a t u r e  is 
b e s t  left u n t i l  m o r e  s t u d y  is done. T h e  q u a n t i 
f i c a t i o n  o f  the d e g r e e  o f  c o l d  w o r k  a n d  o f  the 
n a t u r e  a n d  d e g r e e  o f  tex t u r e ,  e v e n  w i t h o u t  s t r e s s  
m e a s u r e m e n t s ,  c o u l d  b e  o f  v a l u e  to t h e  d e v e l o p 
m e n t  o f  u l t r a s o n i c  s t r e s s  m e a s u r e m e n t s  a n d  c o u l d  
p r o v i d e  n o n d e s t r u c t i v e  t e s t i n g  (NDT) i n f o r m a t i o n  
b e a r i n g  o n  r ail h e a d  p r o b l e m s  c a u s e d  b y  h e a v y  
lo a d i n g ,  age, o r  sp a l l i n g .  T h e r e  is a  d i s t i n c t  
p o s s i b i l i t y  t h a t  t h e s e  m e a s u r e m e n t s  c o u l d  b e  m a d e  
in m o t i o n  b y  c o u p l i n g  h i g h - i n t e n s i t y  X - r a y  s o u r c e s  
w i t h  r e c e n t l y  d e v e l o p e d  e l e c t r o - o p t i c a l  c o m p o n e n t s .

S t r e s s  A n a l y s i s ,  S t a t i c . A t  t h i s  w r i t i n g ,  an 
a t t r a c t i v e  a p p r o a c h  to the X - r a y  s t r e s s  m e a s u r e 
m e n t  o f  r a i l r o a d  r ail f o r  u s e  w h e n  t h e  m e a s u r e 
m e n t  i n s t r u m e n t  m a y  r e m a i n  s t a t i c  f o r  a  few 
m i n u t e s  is to m e a s u r e  s t r e s s e s  in t h e  web. T o  do 
this, t h e  o x i d e  o r  c o r r o s i o n  s c a l e  m u s t  b e  r e m o v e d  
b y  a n  e l e c t r o c h e m i c a l  t e c h n i q u e  p r i o r  t o  X - r a y  
m e a s u r e m e n t ,  a n d  t his o p e r a t i o n  w o u l d  r e q u i r e  
m o s t  o f  t h e  a n a l y s i s  time. F u r t h e r m o r e ,  the 
e f f e c t  o f  rail f a b r i c a t i o n  on the X - r a y  p e a k  
p o s i t i o n  (for ex a m p l e ,  p s e u d o  m a c r o  str e s s )  w o u l d  
h a v e  t o  b e  c h a r a c t e r i z e d .  W i t h  s t a n d a r d  X - r a y  
s o u r c e s  a n d  n o  i m p r o v e m e n t  o n  t h e  s e n s i t i v i t y  o f  
t h e  p r e s e n t  DRI d e t e c t o r  sys t e m ,  less t h a n  15 
s e c o n d s  w o u l d  b e  r e q u i r e d  for a c t u a l  d a t a  
c o l l e c t i o n .  T h e  m e a s u r e m e n t  o f  the B a n d  Ro 
p a r a m e t e r s  in e q u a t i o n  (3) s h o u l d  p r e s e n t  n o  
p r o b l e m  a n d  the p r e c i s i o n  a n d  a c c u r a c y  o f  t h e  
t e c h n i q u e  s h o u l d  a l l o w  s t r e s s  d e t e r m i n a t i o n  to 
less t h a n  ± 3 ksi.

S t r e s s  A n a l y s i s ,  I n - M o t i o n . By f a r  t h e  m o s t  c h a l 
l e n g i n g  a p p l i c a t i o n  o f  X - r a y  s t r e s s  a n a l y s i s  is 
t h e  d e v e l o p m e n t  o f  i n s t r u m e n t a t i o n  a n d  t e c h n i q u e s  
f o r  i n - m o t i o n  s t r e s s  an a l y s i s .  A t  t his w r i t i n g ,  
t h e  m o s t  d i r e c t  a p p r o a c h  to t h i s  w o u l d  b e  t o  m a k e  
m e a s u r e m e n t s  o n  t h e  rail head. C o l d  w o r k  w i l l  
c a u s e  c o m p l i c a t i o n s  in the a p p l i c a t i o n  o f  t h e  
X - r a y  s t r e s s  t e c h n i q u e  b e c a u s e  o f  t h e  p r e s e n c e  o f  
p e a k  b r o a d e n i n g ,  p s e u d o  m a c r o  stresses, a n d  p r e 
f e r r e d  o r i e n t a t i o n .  H o w e v e r ,  it is h i g h l y  l i k e l y

F I G U R E  S. C A T H O D E - R A Y  T U B E  P H O T O G R A P H  O F  C r K B  
P E A K  D I F F R A C T E D  F R O M  (311) P L A N E S  O F  A  

H I G H L Y  C O L D  W O R K E D  A U S T E N I T I C  S T A I N L E S S  S T E E L  P I P E

164



t h a t  b o t h  t e x t u r e  a n d  c o l d  w o r k  w i l l  b e  f o u n d  to 
b e  i n t e r r e l a t e d  and, t h r o u g h  a p p l i c a t i o n  o f  t e c h 
n i q u e s  s u c h  as t h o s e  c i t e d  b y  T a i r a  [11] a n d  
M a r i o n  a n d  C o h e n  [4], t h e  e r r o r  c a u s e d  b y  rail' 
u s a g e  o n  t h e  X - r a y  s t r e s s  r e a d i n g s  c o u l d  be 
c h a r a c t e r i z e d  a n d  t h e r e b y  q u a n t i f i e d .  T h e  fact 
t h a t  r a i l r o a d  r o l l i n g  s t o c k  c a n  a c c o m m o d a t e  b u l k y  
h i g h - i n t e n s i t y  X - r a y  s o u r c e s  is f a v o r a b l e  to 
h i g h - s p e e d  op e r a t i o n .  T h e  v e r s a t i l i t y  a n d  r u g 
g e d n e s s  o f  D R I ' s  X - r a y  s t r e s s  i n s t r u m e n t a t i o n  is 
a l s o  f a v o r a b l e .  In short, it s e e m s  p o s s i b l e  to 
c o l l e c t  X - r a y  i n f o r m a t i o n  i n  s e c o n d s  o r  f r a c t i o n s  
o f  a  s e c o n d  w h i l e  in m o t i o n  a l o n g  a  track. T h e  
t e x t u r e  a n d  c o l d  w o r k  i n f o r m a t i o n  m a y  b e  u s e f u l  
n o t  o n l y  in s t r e s s  a n a l y s i s  b y  X - r a y s  b u t  a l s o  
i n  a n a l y s i s  b y  o t h e r  m e t h o d s .  T h e  v a l u e  o f  
i n f o r m a t i o n  o n  s u r f a c e  s t r e s s e s  in the r a i l  h e a d  
w o u l d  be o b v i o u s  i f  it c o u l d  b e  r e l a t e d  t o  the 
t e n d e n c y  f o r  a  r a i l  t o  buc k l e .

C o n c l u s i o n

T h e  i n h e r e n t  c h a r a c t e r i s t i c s  o f  t h e  n o n c o n 
t a c t  X - r a y  d i f f r a c t i o n  t e c h n i q u e s  for stress, 
t e x t u r e ,  a n d  c o l d  w o r k  m e a s u r e m e n t s  c o u p l e d  w i t h  
n e w  d e v e l o p m e n t s  i n  X - r a y  m e t h o d s  a n d  e l e c t r o 
o p t i c s  t e c h n o l o g y  c o u l d  w e l l  l e a d  to p r a c t i c a l  
N D E  m e t h o d s  o f  r a i l r o a d  rail.

A c k n o w l e d g e m e n t s

T h e  a u t h o r  t h a n k s  Drs. C h a r l e s  S. B a r r e t t  
a n d  P aul K. P r e d e c k i  f o r  t h e i r  c o n s t r u c t i v e  
c r i t i c i s m s  a n d  h e l p f u l  s u g g e s t i o n s  and 
J a m e s  F. S m i t h  f o r  h i s  e f f o r t  o n  t h e  g r a phics.

A d d e n d u m

P r e p a r e d  p r i o r  to t h e  c o n f e r e n c e ,  t his p a p e r  
was w r i t t e n  w i t h  t h e  a s s u m p t i o n  t h a t  X - r a y  s t r e s s  
r e a d i n g s  c o u l d  n o t  b e  m a d e  o n  t h e  r ail w e b  w i t h 
o u t  f i r s t  r e m o v i n g  t a r  a n d / o r  c o r r o s i o n  p r o d u c t s .  
H o w e v e r ,  P aul P r e v e y ' s  p a p e r  s h o w e d  t h a t  it is 
h i g h l y  l i k e l y  t h a t  X - r a y  m e a s u r e m e n t s  m a y  be 
m a d e  t h r o u g h  the t a r  p r o t e c t i v e  c o a t i n g  on u s e d  
rail. H e  i n d i c a t e d  t h a t  h e  h a d  m a d e  s o m e  c u r s o r y  
m e a s u r e m e n t s  o n  u s e d  r ail in h i s  l a b o r a t o r y  and 
t h a t  r e a d i n g s  h a d  b e e n  t a k e n  o n  the w e b  w i t h  no 
s u r f a c e  p r e p a r a t i o n .  T h i s  a p p r o a c h  is g e n 
e r a l l y  a p p l i c a b l e  to i n - s e r v i c e  rail, it w o u l d  
b e  s u p e r i o r  to m e a s u r e m e n t s  o n  t h e  r ail h e a d  as 
p r o p o s e d  in t h i s  paper. T h a t  is to say., X - r a y  
m e a s u r e m e n t s  on t h e  w e b  w o u l d  n o t  b e  t r o u b l e d  
w i t h  t h e  p e r t u r b a t i o n s  i m p o s e d  o n  t h e  r ail h e a d  
b y  the c o l d  w o r k  i n d u c e d  b y  r a i l - w h e e l  contact.

T h e  f a c t  t h a t  X - r a y  d i f f r a c t i o n  r e a d i n g s  can 
b e  p e r f o r m e d  o n  u s e d  r a i l  w e b  in the l a b o r a t o r y  
w i t h  n o  s u r f a c e  p r e p a r a t i o n  p o i n t s  to a h i g h  
p r o b a b i l i t y  t h a t  X - r a y  t e c h n i q u e s  c a n  b e  a p p l i e d  
t o  t h e  i n - m o t i o n  m e a s u r e m e n t  o f  l o n g i t u d i n a l  
for c e  in r a i l r o a d  rails.

In h i s  t e c h n i c a l  i n t r o d u c t i o n  to t h e  c o n 
f e r e n c e ,  Dr. A. M. Z a r e m b s k i  o f  the A m e r i c a n  
A s s o c i a t i o n  o f  R a i l r o a d s  n o t e d  t h a t  a u s e f u l  
l o n g i t u d i n a l  rail f o r c e  m e a s u r e m e n t  m e t h o d  
s h o u l d  b e  r u g g e d ,  e a s y  t o  h a n d l e ,  n o n d e s t r u c t i v e ,  
r e q u i r e  n o  d i s t u r b a n c e  o f  t h e  t r a c k  st r u c t u r e ,  
r e q u i r e  m i n i m u m  o r  n o  c a l i b r a t i o n ,  r e q u i r e

m i n i m u m  o r  n o  s u r f a c e  p r e p a r a t i o n ,  p r o v i d e  for 
d i r e c t  m e a s u r e m e n t  o f  n e t  l o n g i t u d i n a l  f o rce 
( a b s o l u t e ) , n o t  b e  p e r m a n e n t l y  a f f i x e d  to t h e  
r a i l  o r  t r a c k  s t r u c t u r e ,  a n d  p e r m i t  c o n t i n u o u s  
or v e r y  f r e q u e n t  m e a s u r e m e n t  o f  rail f o r c e  f r o m  
a m o v i n g  ve h i c l e .  It is the a u t h o r ' s  c o n c l u s i o n  
t h a t  t h e  X - r a y  t e c h n i q u e  is the o n l y  m e t h o d  
a v a i l a b l e  t h a t  h a s  a h i g h  p r o b a b i l i t y  o f  m e e t i n g  
all o f  t h e s e  r e q u i r e m e n t s .  In all li k e l i h o o d ,  
t his c o u l d  b e  a c c o m p l i s h e d  t h r o u g h  d e v e l o p m e n t  
a n d  d e s i g n  o f  a n  i n s t r u m e n t  u s i n g  a v a i l a b l e  c o m 
p o n e n t s  (X-r a y  tubes, c o m p u t e r s ,  p o s i t i o n -  
s e n s i t i v e  d e t e c t o r s ,  etc.).
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" T h e  R a p i d  F i e l d  M e a s u r e m e n t  o f  
R e s i d u a l  S t r e s s e s  w i t h  X - R a y s " *

J. B. C o h e n
The T e c h n o l o g i c a l  I n s t i t u t e  

N o r t h w e s t e r n  U n i v e r s i t y

and

M. R. J a m e s
R o c k w e l l  I n t e r n a t i o n a l  S c i e n c e  C e n t e r

T h e  n o r m a l  X - r a y  m e t h o d  f o r  s t r e s s  m e a s u r e 
m e n t  is b a s e d  o n  r e c o r d i n g  a  d i f f r a c t i o n  p e a k  b y  
m o v i n g  a d e t e c t o r  a r o u n d  t h e  s p e c i m e n  to r e c o r d  
the p e a k  shape, t i l t i n g  it o n e  o r  m o r e  tj> angles, 
a n d  r e p e a t i n g  the p r o c e s s .  T h i s  is u s u a l l y  d o n e  
in a c o n v e n t i o n a l  d i f f r a c t o m e t e r  a n d  r e q u i r e s  
e x p e nsive, h e a v y  gearing. T h e  u s u a l  d i f f r a c t o m 
e t e r  a l s o  r e q u i r e s  b u l k y  t r a n s f o r m e r s  a n d  is 
h a r d l y  po r t a b l e ,  a l t h o u g h  i n s t r u m e n t s  m o u n t e d

* P r e s e n t a t i o n  at c o n f e r e n c e  d e l i v e r e d  b y  
J. B. Cohen.

o n  a d o l l y  f o r  t r a n s p o r t i n g  in a p l a n t  are 
a v a i l a b l e .  T h e  s h o r t e s t  t i m e  o f  m e a s u r e m e n t  is in 
the o r d e r  o f  m i n u t e s .  T h e  stre s s  is o b t a i n e d  
f r o m  t h e  shift, in p e a k  p o s i t i o n  w i t h  tilt, as 
h a s  b e e n  e x p l a i n e d  in p r e v i o u s  p apers.

Is it r e a l l y  n e c e s s a r y  to m o v e  the c o u n t e r  to 
t h e  v a r i o u s  p o i n t s  o v e r  a  p e a k ?  A  n e w  X - r a y  
d e t e c t o r  c a l l e d  a  p o s i t i o n - s e n s i t i v e  d e t e c t o r  
(PSD) h a s  r e c e n t l y  b e e n  d e v e l o p e d  [1]. It is 
c a p a b l e  o f  y i e l d i n g  i n f o r m a t i o n  o n  b o t h  the 
q u a n t i t y  a n d  r e l a t i v e  p o s i t i o n  o f  i n c o m i n g  X - r a y  
p h o t o n s .  T h e  u n i t  w e  u s ed, m a n u f a c t u r e d  b y  
T e n n e l e c ,  Inc. (Oak Ridge, T e n n e s s e e ) ,  e m p l o y s  
an a r g o n - 3 - p e r c e n t  c a r b o n  d i o x i d e  m i x t u r e  f l o w i n g  
a r o u n d  a h i g h - r e s i s t a n c e  g r a p h i t e - c o a t e d  wire.
W h e n  a n  X - r a y  p h o t o n  i o n i z e s  the gas in t h e  
d e t e c t o r ,  a  p u l s e  r u n s  a l o n g  the wire. B y  c o m 
p a r i n g  t h e  p u l s e  s h a p e  at b o t h  e nds o f  the w i re, 
the i o n i z a t i o n  e v e n t  can b e  l o c a t e d  to a p r e 
c i s i o n  o f  a b o u t  180 m i c r o m e t e r s .  W i t h  s u i t a b l e  
e l e c t r o n i c s ,  t h e  e n t i r e  p e a k  can t h e n  b e  " o b s e r v e d "  
o v e r  s e v e r a l  d e g r e e s  b y  m e a n s  o f  a m u l t i c h a n n e l  
a n a l y z e r  ( M C A ) . (The t i m e  d i f f e r e n c e s  at b o t h
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B A S I C  D E S I G N  (b) OF P ARS

166



F I G U R E  2. P ARS I N S T R U M E N T

e nds a r e  u s e d  to l o c a t e  a  p u l s e  in a ch a n n e l . )  
Also, the p u l s e s  at e i t h e r  end c a n  b e  s u m m e d  to 
a l l o w  for e n e r g y  d i s c r i m i n a t i o n .  (If the 
e n e r g y  is n o t  w i t h i n  p r e s c r i b e d  val u e s ,  s t o r a g e  
i n  t h e  M C A  d o e s  n o t  occur.) T h i s  r e d u c e s  
b a c k g r o u n d .  T h e  h o r i z o n t a l  a xis o n  the M C A  is 
c o n v e r t e d  to d e g r e e s  20 b y  c a l i b r a t i o n  w i t h  
k n o w n  pea k s .  W h i l e  t h e  d e t e c t o r  is flat a n d  not 
c u r v e d  to fit a c i r c l e  a r o u n d  t h e  s p e c i m e n  (as 
is a d i f f r a c t o m e t e r ) ,  t h e  r e s u l t i n g  e r r o r s  is 
s m a l l  [2]. F o r  e xample, f o r  a p e a k  s h ift o f  
2 d e g r e e s  i n d i c a t i n g  a s t r e s s  o f  1 , 4 0 0  M P a  
(200 ksi) in steel, the e r r o r  is o n l y  5 MPa.
N o  m o t i o n  o f  t h e  c o u n t e r  is n e e d e d  w i t h  such a 
device, t h e r e b y  e l i m i n a t i n g  t h e  h e a v y  and 
e x p e n s i v e  g e a r i n g  o f  a c o n v e n t i o n a l  d i f f r a c t o m 
eter. T h e  d e t e c t o r  e m p l o y e d  o c c u p i e d  a v o l u m e  
o f  0.2 x  0 . 1 3  x 0 . Q45 m e t e r ,  w i t h  a n  a c t i v e  
l e n g t h  o f  0.1 meter. B e c a u s e  t h e  e n t i r e  p e a k  
is c o l l e c t e d  s i m u l t a n e o u s l y ,  the t i m e  to m e a s u r e  
a s t r e s s  is r e d u c e d  b y  l a r g e  factors, 8 to 1 0 0  
[3], t h e  l a r g e r  v a l u e  b e i n g  f o r  s h a r p e r  peaks.
A  l e a s t - s q u a r e s  p a r a b o l i c  fit c a n  b e  m a d e  o n  a 
m i c r o p r o c e s s o r  o r  m i n i p r o c e s s o r  to all t h e  d a t a  
p o i n t s  in t h e  top 15 p e r c e n t  o f  the p e a k  (gen
e r a l l y  15 to 2 0 0  p o i n t s  in t h a t  region, the 
n u m b e r  d e p e n d i n g  o n  the p e a k  b r e a d t h ) .  A l l  t h e s e  
p o i n t s  a r e  o b t a i n e d  s i m u l t a n e o u s l y  in t h e  m u l t i 
c h a n n e l  an a l y z e r .  P e a k s  c a n  b e  l o c a t e d  w i t h  a 
P S D  f r o m  ± 0.01 to ± 0 .02 d e g r e e s  20 b y  f i t t i n g  
a  p a r a b o l a .

T h e  g a s - f l o w - t y p e  P S D  u s e d  in t h i s  s t u d y  can 
be p r e s s u r i z e d  f o r  a d a y  so t h a t  it is n o t  n e c e s 
s a r y  to c o n s i d e r  gas s u p p l y  as p a r t  o f  the design. 
Sea l e d  u n i t s  are a l s o  a v a i l a b l e  c o m m e r c i a l l y .  
A n o t h e r  i m p o r t a n t  t e c h n o l o g i c a l  adv a n c e ,  the 
m i n i a t u r e  X - r a y  tube, w a s  a d o p t e d  to m a k e  the 
i n s t r u m e n t  t r u l y  p o r t a b l e .  W e  c h o s e  one m a n u 
f a c t u r e d  b y  W a t k i n s - J o h n s o n  C o m p a n y  (Scotts 
Valley, C a l i f o r n i a ) . T h e  t u b e  is o n l y  a b out
0 .06 m e t e r  l ong and, w i t h  its s h i e l d i n g ,  w e i g h s  
2.3 ki l o g r a m s .  It is a i r - c o o l e d  b y  m e a n s  o f  
fins. T h e  c h r o m i u m  X - r a y  t a r g e t  o b t a i n e d  for 
t his s t u d y  w a s  d e s i g n e d  f o r  f l u o r e s c e n c e  but 
p r o v e d  to b e  a d e quate. P a r t l y  b e c a u s e  o f  t his 
d e s i g n  a n d  p a r t l y  b e c a u s e  o f  t h e  s p e c i a l  g r i d  
s y s t e m  e m p l o y e d  in t h e  t u b e ' s  c o n s t r u c t i o n ,  it 
w a s  f o u n d  that, for t h e  s a m e  b e a m  size, at the 
tube ' s  m a x i m u m  r a t i n g  (50 k i l o v o l t s ,  2 m i l l i -  
a m p e r e s ) , the i n t e n s i t y  w a s  20 p e r c e n t  g r e a t e r  t han 
t hat f r o m  a s t a n d a r d  w a t e r - c o o l e d  X - r a y  t u b e  
o p e r a t e d  at 50 k i l o v o l t s  a n d  11 m i l l i a m p e r e s . 
F u r t h e r m o r e ,  t h e s e  m i n i a t u r e  t u b e s  a r e  a v a i l a b l e  
at r a t i n g s  u p  t o  5 m i l l i a m p e r e s .  (In g e n e r a l  
t h e  d a t a  r e p o r t e d  h e r e  w e r e  t a k e n  at 40 ki l o v o l t s ,
1.7 m i l l i a m p e r e s .  T h e  b e a m  s i z e  at t h e  s p e c i m e n  
was u s u a l l y  a b o u t  0 . 0 0 3  x  0 . 0 0 4  meter.)

T h e  b a s i c  c o n f i g u r a t i o n  o f  t h e  p o r t a b l e  a n a l 
y z e r  f o r  r e s i d u a l  s t r e s s e s  (PARS) [4] is sho w n  
in f i g u r e  1(a). F o r  t h e  d i f f r a c t i o n  a n g l e  for
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FIG U R E  3. T H E  T W O  P E A K S  E M P L O Y E D  IN A  S T R E S S  M E A S U R E M E N T  O B T A I N E D  W I T H  PARS, 
S H O W N  O N  A  B O X  T H A T  S I M U L A T E S  T H E  P O S S I B L E  T O T A L  E L E C T R O N I C S  P A C K A G E

steel, a b out 156 d e g r e e s  20, t h e  PSD h a d  to be 
l o c a t e d  b e h i n d  the tube. T h e  b a s i c  d e s i g n  o f  
the i n s t r u m e n t  is s k e t c h e d  in f i g u r e  1 ( a ) . The 
d e t e c t o r  and t ube m o v e  o n  a d o v e t a i l  t r a c k  to a 
stop f o r  a i|> tilt o f  45 d e grees. F o r  t h ese 
d e v e l o p m e n t a l  studies, f lat s p e c i m e n s  w e r e  u s e d  
and t h r e e  p o s i t i o n i n g  r ods (Aj, A 2 , A 3 ) t h a t  were 
n o t  c o - p l a n a r  w e r e  e m p l o y e d  to l o c a t e  the 
t u b e - t o - s p e c i m e n  d i s t a n c e  p r o p e r l y .  O t h e r  p o s i 
t i o n i n g  d e v i c e s  are p o s s i b l e  f o r  o t h e r  s a m p l e  
g e o m e t r i e s ,  a n d  the i n s t r u m e n t  c o u l d  b e  r e a d i l y  
d e s i g n e d  to a l l o w  a s i m p l e  i n t e r c h a n g e  b e t w e e n  
these. Furthe r m o r e ,  e l e c t r o m a g n e t s  o r  s u c t i o n  
p a d s  c o u l d  be u s e d  to h o l d  the p o s i t i o n  m o r e  
easily. O n l y  a s i n g l e  c a l i b r a t i o n  e x p e r i m e n t  
is n e c e s s a r y  to t r a n s f o r m  p o s i t i o n a l  d a t a  f r o m  
the P S D  into s c a t t e r i n g  angles.

T h e  p r o t o t y p e  i n s t r u m e n t  is s h o w n  in f i g u r e
2. A  s t a n d  w i t h  w h e e l s  c o u l d  a l s o  b e  u s e d  to 
m o v e  t h e  instru m e n t  f r o m  p l a c e  to p l a c e  w i t h i n  a 
plant. T h e r e  are two g r i p s  f o r  P A R S  t hat c a n  be 
s e e n  in t h e  f i g u r e  -- a h a n d l e  a n d  a  r u b b e r -  
c o v e r e d  r o d  for tilting. F o r  safety, a t r i g g e r  
c o u l d  b e  i n c o r p o r a t e d  in t h e  h a n d l e  t o  s t a r t  the 
X - r a y  t u b e  o n l y  i f  all p o s i t i o n i n g  d e v i c e s  w e r e  
p l a c e d  on a specimen. Als o ,  n o t e  t h e  p l a s t i c  
b a c k - s c a t t e r  s a f e t y  shield.

F i g u r e  3 s h o w s  t h e  p e a k s  o n  t h e  o s c i l l o s c o p e  
at t h e  t w o  t i l t s  f r o m  a steel s p e cimen. O n e  o f  
the i n t e r e s t i n g  a d d i t i o n a l  f e a t u r e s  o f  the 
d e v i c e  is the f act t h a t  the e n t i r e  p e a k  s h a p e  is 
r e c o r d e d  a n d  t h e r e f o r e  the b r e a d t h  is o b t a i n e d ,  
w h i c h  is o f t e n  u s e f u l  in v i e w  o f  t h e  k n o w n  
e m p i r i c a l  r e l a t i o n s h i p s  b e t w e e n  t his q u a n t i t y  
a n d  h a r d n e s s .  B e c a u s e  o f  the w i d e  a n g u l a r  r a n g e  
c o v e r e d  b y  t h e  d e t e c t o r  (about 20 d e g r e e s  2 0 ), 
p e a k s  f r o m  t w o  o r  m o r e  p h a s e s  c o u l d  b e  ex a m i n e d .  
W i t h  d i f f e r e n t  s t o p s  a l o n g  the t r a c k  for the 
d e t e c t o r  a n d  X - r a y  tube, e i t h e r  s t r e s s e s  in d i f 
fer e n t  m a t e r i a l s  c a n  b e  m e a s u r e d  o r  the q u a n t i t y  
o f  r e t a i n e d  a u s t e n i t e  c a n  b e  d e t e r m i n e d  f r o m  the 
r a t i o  o f  t w o  p e a k s ,  o n e  f r o m  the a u s t e n i t e ,  one 
f r o m  m a r t e n s i t e ,  b o t h  r e c o r d e d  s i m u l t a n e o u s l y .  
A l so, b y  m o v i n g  a s p e c i m e n  r a p i d l y  p a s t  the bea m ,  
t h e  o s c i l l a t i o n  in i n t e n s i t y  c a n  b e  e m p l o y e d  to 
m e a s u r e  g r a i n  s i z e  [5].

N o t  s h o w n  in t h e s e  f i g u r e s  a r e  the a s s o c i a t e d  
e l e c t r o n i c s ,  w h i c h  w e r e  n o t  p a c k a g e d  for this 
pr o t o t y p e .  T h e  e n t i r e  X - r a y  g e n e r a t o r  is o n l y
0.5 x  0.5 x 0 .15 m e t e r  in v o l u m e  (about t h e  s i z e  
o f  a lar g e  d i g i t a l  v o l t m e t e r )  and w e i g h  23 
k i l o g r a m s .  T h e  e n t i r e  e l e c t r o n i c s  f o r  the PSD, 
the MCA, a n d  a h a r d - w i r e d  m i c r o c o m p u t e r  c o u l d  be 
d e s i g n e d  i nto a  b o x  0.5 x 0.5 x  0.2 met e r ,  as
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T A B L E  1. R E P L I C A T E  M E A S U R E M E N T S  W I T H  P A R S  O N  S T E E L  S P E C I M E N S :
\f> T I LT: 45 D EGREES; C r K  R A D I A T I O N ,  211 R E F L E C T I O Na

S t r e s s  w i t h  N o r m a l  
D i f f r a c t o m e t e r

A v e r a g e  Stress,
5 T e s t s  w i t h  P ARS PARS, T i m e O b s e r v e d  Error, 

5 T e s t s  - P A R S

C a l c u l a t e d  S t a 
t i s t i c a l  C o u n t 

ing E r r o r

S t eel
Samp l e M P a M P a sec M P a M P a

1 +32 -12 10* ± 25 + 20

2 - 699 -703 20 ± 28 ± 29

3 - 3 9 7 -396 20 ± 43 ± 37

* M e a s u r e m e n t s  to ± 34 M P a  c o u n t i n g  e r r o r  in 4 sec o n d s

seen in f i g u r e  3. T h e  o n l y  c o n t r o l s  n e e d e d  
d a i l y  are two s w i t c h e s  -- o n - o f f  a n d  h i g h  
v o ltage. T h e  p e a k  s t r e s s  (and p e r h a p s  h a r dness) 
w o u l d  a p p e a r  o n  t h e  o s c i l l o s c o p e  screen. C a b l i n g  
to the p o r t a b l e  h e a d  as l o n g  as 7 m e t e r s  is 
p o s s i b l e .

T a b l e  1 c o m p a r e s  d a t a  o n  a  v a r i e t y  of 
s p e c i m e n s  w i t h  r e s u l t s  f r o m  o u r  (automated) c o n 
v e n t i o n a l  d i f f r a c t o m e t e r .  N o t e  t h a t  w i t h  PARS, 
m e a s u r e m e n t s  at b o t h  t i l t s  c a n  b e  p e r f o r m e d  in a 
t o tal t i m e  o f  4 to 20 s e c o n d s  -- a n d  w e  d i d  not 
e m p l o y  the full p o w e r  o f  the tube. T h e  o b s e r v e d  
v a r i a t i o n  in f i v e  t e s t s  o n  e a c h  m a t e r i a l  is n e a r l y  
the s ame as the e r r o r  r e s u l t i n g  f r o m  c o u n t i n g  
st a t i s t i c s ,  i n d i c a t i n g  t h a t  t h i s  e r r o r  is the 
o n l y  p r i n c i p a l  o n e  w i t h  PARS. (For t h e  sample 
w i t h  the l o w e s t  stress, t h e r e  a p p e a r s  to b e  a 
d i f f e r e n c e  in b o t h  s i g n  a n d  m a g n i t u d e  o f  the 
s t r e s s  m e a s u r e d  b y  t h e  p o r t a b l e  u n i t  a n d  the 
c o n v e n t i o n a l  d i f f r a c t o m e t e r .  But the stress is 
so small t h a t  t h e  s u m  o f  t h e  e r r o r s  w i t h  both 
m e t h o d s  b r a c k e t s  t h i s  d i f f e r e n c e . )

T h e  p r o t o t y p e  o f  t h e  p o r t a b l e  h e a d  w e i g h s  
a b out 11 k i l o g r a m s ,  b u t  t h e  t r a c k s  are m u c h  
b u l k i e r  t h a n  a c t u a l l y  n e e d e d  a n d  t h e  s l i d e  for 
the t u b e  a n d  d e t e c t o r  is n o t  n e c e s s a r y .  A  s e c 
o n d  m o d e l  w o u l d  w e i g h  o n l y  7 kilogr a m s .

T h i s  d e v i c e  h a s  b e e n  d e m o n s t r a t e d  e x t e n s i v e l y  
to i n d u s t r y  a n d  a' c o p y  is b e i n g  d e l i v e r e d  to the
U.S. N a v y  t h i s  m o n t h  ( F e b r u a r y  1979). C o m m e r c i a l  
d e v e l o p m e n t  h a s  a l s o  b e e n  i n i t i a t e d ,  a n d  a U.S. 
p a t e n t  no. 81 9 , 9 8 5 ,  h a s  b e e n  granted. O u r  c u r 
r ent O f f i c e  o f  N a v a l  R e s e a r c h  a c t i v i t i e s  in this 
a rea i n c l u d e  t h e  b e h a v i o r  o f  r e s i d u a l  st r e s s e s  
d u r i n g  f a t i g u e  [6].

A  few final c o m m e n t s  a r e  w o r t h  adding. P o r t 
able X - r a y  t u b e s  w i t h  s t ill g r e a t e r  p o w e r  are 
a v a i lable, a n d  x e n o n - f i l l e d  d e t e c t o r s  a r e  a b out 
t w i c e  as e f f i c i e n t  as t h e  o n e  w e  employed. Thus 
it is q u i t e  f e a s i b l e  to m a k e  m e a s u r e m e n t s  in 
a b o u t  1 second. T h e  b e a m  is s t r o n g  e n o u g h  to 
p e n e t r a t e  t h i n  l a y e r s  o f  p a i n t  o r  oxide, so that 
t h e r e  are m i n i m a l  p r o b l e m s  w i t h  u s e  in the field.

T h e s e  X - r a y  m e t h o d s  a l s o  can b e  e m p l o y e d  to 
p r o f i l e  the s t r e s s  t h r o u g h  a  part. W h i l e  this 
inv o l v e s  the r e m o v a l  o f  m a t e r i a l  and is t h e r e f o r e

d e s t r u c t i v e ,  it c a n  b e  o f  c o n s i d e r a b l e  a i d  in 
d e v e l o p m e n t a l  s tudies.

W e  w o u l d  e s p e c i a l l y  like to t h a n k  
Dr. Bruce M c D o n a l d  o f  the O f f i c e  o f  N a v a l  R e s e a r c h  
for h i s  s u p p o r t  a n d  c o n t i n u e d  c o n f i d e n c e  in o u r  
goals.
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D. H. STONE: I w o u l d  like to a d d r e s s  a
g e n e r a l  q u e s t i o n  to t h e  authors. I f  w e  a r e  
m e a s u r i n g  s t r a i n  w i t h  an X - r a y  t e c h n i q u e ,  w i l l  
t his t e c h n i q u e  g ive us the p r o p e r  s t r e s s  or 
l o a d  t h a t  w e  a r e  l o o k i n g  for?

P. S. PREVEY: I t h i n k  t hat t h e  p h e n o m e n a
t h a t  w e  are t a l k i n g  a b o u t  h e r e  is f u n d a m e n t a l l y  
s t r a i n - o r i e n t e d .  S t r e s s e s  are d e r i v e d  q u a n t i t i e s .  
O n e  m e a s u r e  str a i n s  directly. F o r c e s  a r e  d e r i v e d  
f r o m  s t r esses, but a n y  m e t h o d  o f  " s t r e s s "  m e a s 
u r e m e n t  i n v o l v e s  a m e a s u r e m e n t  o f  strain.

D. P. M c C O N N E L L :  Let m e  r e c a s t  D a n  S t o n e ' s
q u e s t i o n  in the s o m e w h a t  d i f f e r e n t  t e r m s  o f  a 
s t r u c t u r a l  m e c h a n i c i a n .  A l l e n  Z a r e m b s k i  d i s 
p l a y e d  d a t a  t a k e n  on the B e s s e m e r  and L a k e  E r i e  
R a i l r o a d  s o m e  t i m e  a g o  w h i c h  s h o w e d  t hat t h e r e  
w e r e  n o  m a c r o  s t r a i n s  d e t e r m i n a b l e  in t h e  r ail 
s e c t i o n  due to c o n s t r a i n e d  t h e r m a l  e x p a n s i o n .
T h i s  is due to t h e  n a t u r e  o f  the p h e n o m e n a  o f  
c o n s t r a i n e d  e x p a n s i o n .  It is c l e a r  t hat the 
v a r i a t i o n  in i n t e r p l a n a r  lat t i c e  s p a c i n g  w i t h  
m e c h a n c i a l  s t r e s s e s  can b e  d e t e c t e d  b y  X - r a y  
t e c h n i q u e s .  T h e  q u e s t i o n  w h i c h  h a s  a r i s e n  is 
this: In a n  i n s t a n c e  w h e r e  t h e r e  is n o  d e t e c t 
a b l e  m a c r o  strain, is the s t r a i n  d u e  t o  c o n 
s t r a i n e d  t h e r m a l  e x p a n s i o n  o n  t h e  i n t e r a t o m i c  
level d e t e c t a b l e ?

J. B. COHEN: T h e r e  m a y  n o t  b e  a n y  l o n g i t u 
d i n a l  strain, b u t  t h e r e  is o b v i o u s l y  g o i n g  to 
b e  a s t r a i n  in o t h e r  d i r e c tions. T h e  m a t e r i a l  
has to e x p r e s s  its e l a s t i c i t y  in one w a y  o r  
an o t h e r .  I a m  n o t  all t hat f a m i l i a r  w i t h  e v e r y 
b o d y ' s  m e a s u r e m e n t ,  b u t  I a m  s ure t h a t  e v e r y 
b o d y ' s  m e a s u r e m e n t ,  X-r a y s  or a n y  other, is 
g o i n g  t o  b e  s e n s i t i v e  in the o t h e r  d i r e c t i o n s  to 
w h a t  t h e  l o a d  w a s  in t h e  l o n g i t u d i n a l  d i r e c t i o n .
I w o u l d  s u s p e c t  t h a t  the X - r a y  m e t h o d  as w e l l  as 
the o t h e r  m e t h o d s  w i l l  m e a s u r e  t his d i f f e r e n c e  
a n d  I do not see t hat t h e r e  is a n y  p a r t i c u l a r  
p r o b l e m  a b o u t  this.

It s h o u l d  n o t  be m o r e  t h a n  a n  a f t e r n o o n ' s  
w o r k  to f ind out. Y o u  p i c k  a d a y  w h e n  it is 
2 0°F a n d  c ome b a c k  w h e n  it is 6 0 ° F  o u t s i d e  and 
f i n d  o u t  i f  y o u  h a v e  got a change. It s h o u l d  
n o t  b e  a n y  g r e a t  p r o b l e m  to p r o v e  this.

C. 0. RUUD: A s  l o n g  as y o u  c o n s t r a i n  t h e
r a i l  a l o n g  its l e n g t h  a n d  it w a n t s  to e x p a n d ,  
it is g o i n g  to, as P r o f e s s o r  C o h e n  says, e x p r e s s  
t h a t  b y  e x p a n d i n g  in a n o t h e r  d i r e ction.

P. S. PREVEY: A l l  the o t h e r  d a t a  w e r e  in
t h e  l o n g i t u d i n a l  d i r e c t i o n  only, r i g h t ?

A. M. ZA R E M B S K I :  Yes, w h e n  s t r a i n  g a g e s
h a v e  b e e n  a p plied, though, to c h e c k  v e r t i c a l  
o r i e n t a t i o n ,  g e n e r a l l y  t h e r e  h a s  b e e n  v e r y  
p o o r  c o r r e l a t i o n .  T h e  s e n s i t i v i t y  w a s  n o t  there.

J. B. COHEN: Well, s e n s i t i v i t y  is n o t  a
p r o b l e m .  W i t h  X - r a y  te c h n i q u e s ,  y o u  c a n  c e r 
t a i n l y  b e  q u i t e  c o n f i d e n t  w i t h  s t r e s s e s  o f
8,000 o r  m a y b e  1 0 , 0 0 0  p o u n d s  p e r  s q u a r e  inch.

A. M. ZA R E M B S K I :  To a n s w e r  t h e  q u e s t i o n  o f
e l a s t i c i t y ,  i f  y o u  go b a c k  to y o u r  b a s i c  e q u a t i o n

f o r  s t r a i n  a n d  f o r  stress, the s t r e s s  is p r o 
p o r t i o n a l  to t h e  m e c h a n i c a l  s t r a i n  p l u s  the 
a l p h a - T  term.

G o i n g  b a c k  to t h e  s i m p l e  a n a l o g y  o f  a s t r a i g h t  
b a r  and the s t r a i n  on it, i f  y o u  w a n t e d  to a s s u m e  
it w o u l d  be a s i n g l e  d i m e n s i o n a l  bar, n o t h i n g  
e x i s t s  in the o t h e r  t w o  d i m e n s i o n s ;  t h e r e  w o u l d  
b e  a b s o l u t e l y  n o  strain. H o w e v e r ,  o n c e  y o u  a s s u m e  
t hat it has fini t e  t h i c k n e s s  a n d  depth, w h i c h  y o u  
h a v e  to in t hat e v e r y t h i n g  does, t h e n  y o u  do h a v e  
a strain. T h e  p r o b l e m  is m e a s u r i n g  it; u n t i l  now, 
n o  s t r a i n  m e a s u r i n g  s y s t e m  h a s  e v e r  b e e n  s e n s i t i v e  
e n o u g h  to m e a s u r e  t h e m  a n d  r e l a t e  t h e m  t o  force.

R. B. T H O M P S O N  (Rockwell I n t e r n a t i o n a l  S c i e n c e  
C e n t e r ) : A r e  y o u  q u e s t i o n i n g  w h e t h e r  o n e  can get
t r u e  d a t a  u n d e r  t h e s e  c o n d i t i o n s ,  o r  a r e  y o u  s u g 
g e s t i n g  t h a t  t h e  d a t a  o n e  o b t a i n s  d oes n o t  c o r 
r e l a t e  w i t h  force?

A. M. Z A R E MBSKI: S t r a i n s  i n  t h e  o p p o s i t e  d i r e c t i o n ?

R. B. T H O M P S O N :  Yes.

A. M. ZA R E M B S K I :  I h a v e  n o t  s e e n  a n y t h i n g
t h a t  c o r r e l a t e s .  I h a v e  n o t  s e e n  a n y  s i g n i f i 
c ant d a t a  at all.

J. R. B A R T O N  (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 ) : 
H a s  e v e r y b o d y  b e e n  so c o n c e r n e d  a b o u t  l o o k i n g  in 
t h e  l o n g i t u d i n a l  d i r e c t i o n  t h a t  t h e y  h a v e  not 
b o t h e r e d  to m a k e  t h o s e  m e a s u r e m e n t s  i n  t h e  
t r a n s v e r s e ?  C a n  y o u  n o t  f i n d  t h e m  b e c a u s e  n o b o d y  
has t r i e d ?

A. M. ZA R E M B S K I :  I h a v e  n e v e r  p e r s o n a l l y
g o n e  o u t  a n d  tried. H o w e v e r ,  t h e r e  are cases 
w i t h  w h i c h  I a m  f a m iliar; t h e y  t r i e d  b u t  h a v e  
n o t  b e e n  a b l e  to g e t  a n y  s o r t  o f  r e a l  r e l a t i o n 
s h i p  w i t h  force.

R. B. TH O M P S O N :  W h a t  t e c h n i q u e s  w e r e
e m p l o y e d ?

A. M. ZA R E M B S K I :  S t r a i n  gages.

C. 0. RUUD: I f  y o u  t a k e  a b e a m  a n d  c o n s t r a i n
it an y o u  l ook at v a r i o u s  a n g l e s  w i t h  r e s p e c t  to 
t h e  c o n s t r a i n t  axis, y o u  c a n  m e a s u r e  t h e  d i s t a n c e  
b e t w e e n  the a t o m s  at t h e s e  v a r i o u s  d i s t a n c e s  a n d  
t h e y  w i l l  c h a n g e  a c c o r d i n g  to t h e  i n c i d e n t  a n g l e  
o f  y o u r  X - r a y  a n d  r e f l e c t e d  a n g l e  o f  y o u r  X-ray, 
a n d  t his d i f f e r e n c e  in t h e  l a t t i c e  p a r a m e t e r  or 
the d i s t a n c e  b e t w e e n  a n g l e s  is a s y m p t o m  o f  c o n 
s t r a i n t  a n d  it c a n  b e  q u a n t i f i e d .  Is that 
r e a s o n a b l e ?

A. M. Z A R E M B S K I :  Yes. T h e  q u e s t i o n  t h e n  is,
is it d i r e c t l y  r e l a t a b l e ?  In t h i n k i n g  a b o u t  it 
r i g h t  now, y o u  w o u l d  t e n d  to g u e s s  t h a t  i f  it is 
s e n s i t i v e  e n o u g h  y o u  s h o u l d  b e  a b l e  to r e l a t e  it.

J. B. COHEN: Well, o n e  o f  t h e  t h i n g s  y o u  do 
is to t a k e  it in a l a b o r a t o r y .  It d oes n o t  h a v e  
to b e  d o n e  out in Pueblo, C o l o r a d o  [ T r a n s p o r t a t i o n  
T e s t  C e n t e r ] . Y o u  c o u l d  set u p  b a s i c  m a t e r i a l  on 
t h e  d i f f r a c t o m e t e r ,  on a p o r t a b l e  dev i c e ,  and 
m e a s u r e  it, h e a t  it up, a n d  c o n f i n e  it, a n d  see
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h o w  m u c h  s t r e s s  y o u  m e a s u r e  a n d  see w h a t  c o r 
r e l a t i o n s  y o u  have. I t h i n k  t h a t  is a l a b o r a 
t o r y  t a s k  t h a t  w o u l d  b e  e a s i l y  r e s o l v a b l e  in a 
few weeks' work.

J. R. BARTON: W h a t  y o u  a r e  t a l k i n g  about
is e x a c t l y  t h e  k i n d  o f  t e s t  w e  d i d  w i t h  
B a r k h a u s e n  -- c o n s t r a i n  t h e  e n d  o f  the r ail w h e r e  
it w o u l d  n o t  m o v e  a n d  w e  got t h e  i n d i c a t i o n  on 
t h o s e  c u r v e s  o f  a b o u t  1 1 , 0 0 0  p s i  c h a n g e  in the 
l o n g i t u d i n a l  d i r e c t i o n .  T h i s  .was u n d e r  heat, 
w i t h  t h e  e nds c o n s t r a i n e d .

C. 0. RUUD: I w o u l d  b e t  y o u  w o u l d  m o s t
l i k e l y  f i n d  a s i m i l a r  t e s t  in the l i t e r a t u r e  -- 
m a y b e  n o t  o n  r a i l  s t eel b u t  p r o b a b l y  on steels 
o r  s i m i l a r  m a t e r i a l s .  I w o u l d  a lso b e t  that in 
t h e  l i t e r a t u r e  y o u  c a n  f i n d  a t est s i m i l a r  to 
w h a t  w e  h a v e  b e e n  t a l k i n g  a b o u t  r e g a r d i n g  X-rays.

J. B. COHEN: Y o u  a l s o  s h o u l d  k e e p  in m i n d
t h a t  t h e  X - r a y  t e c h n i q u e  is t h e  o l d e s t  one and 
c e r t a i n l y  .is t h e  m o s t  e s t a b l i s h e d  one. Y o u  do 
n o t  w a n t  to u s e  c u t t i n g  o r  g r i n d i n g  o r  h o l e  
d r i l l i n g  o r  t h i n g s  l i k e  t his b e c a u s e  t h e y  can 
l e a d  to a d d i t i o n a l  p r o b l e m s ,  e v e n  in the m e a s 
u r e m e n t s ,  n o t  o n l y  in h o w  the p a r t  b e h a v e s  in 
service.

It c e r t a i n l y  w o u l d  b e  h e l p f u l  if p e o p l e  u s i n g  
o t h e r  t e c h n i q u e s  w o u l d  o c c a s i o n a l l y  let us see 
c o m p a r a t i v e  data. I a m  a l i t t l e  s u r p r i s e d  that 
t his d o e s  n o t  h a p p e n  m u ch. W i t h  all the o t h e r  
t e c h n i q u e s ,  w e  h a v e  n o t  s e e n  a n y  c o m p a r a t i v e  
data, so w e  are a  l i t t l e  b i t  u n c e r t a i n  as to 
w h a t  is g o i n g  on.

D. E. B R A Y  (Texas A S M  U n i v e r s i t y ) : Let m e
c o m m e n t  r i g h t  h e r e  b e c a u s e ,  o n  o n e  o f  the slides 
w e  h a d  in S e s s i o n  I o n  t h e  P u e b l o  data, we 
a c t u a l l y  saw t h e  d a t a  f r o m  t h e  s t r a i n  gages t hat 
w e r e  i n s t a l l e d  there. T h e  d a t a  s h o w e d  a b o u t  a 
5 0 0 - m i c r o s t r a i n  d i f f e r e n c e  in the l o n g i t u d i n a l  
d i r e c t i o n  f o r  t h e  d i u r n a l  period.

A. M. Z A R E M B S K I :  L o n g i t u d i n a l ?

D. E. BRAY: Y e s  a n d  w e  a l s o  h a d  t r a n s v e r s e
a n d  v e r t i c a l  s t r a i n  g a g e s  i n s t alled.

A. M. Z A R E M B S K I :  W e ll, y o u  h a v e  got to b e
c a r e f u l  a b o u t  g e t t i n g  a bui l d u p .

D. E. BRAY: I f  y o u  h a v e  a n  u n e q u a l  stre s s
d i s t r i b u t i o n  u p  a n d  d o w n  t h e  r a i l , as it hea t s  
a n d  c o o l s  it w i l l  t r y  t o  r e d i s t r i b u t e  itself.

J. B. COHEN: W e  h a d  all b e t t e r  sta r t  c o m 
p a r i n g  d i f f e r e n t  t e c h n i q u e s ,  b e c a u s e  it is 
p r e t t y  h a r d  t o  u n d e r s t a n d  w h a t  is g o i n g  on or 
w h a t  t h e  l i m i t a t i o n s  o f  the t e c h n i q u e  are w h e n  
e v e r y b o d y  is t r y i n g  to sell h i s  o w n  p a r t i c u l a r  
tool. T h e r e  is n o  w a y  f o r  c o m p a r i s o n  and this 
is a  r e a l  p r o b l e m  i n  t h i s  b u s i n e s s .  It is time 
to s t a t e  t h a t  y o u  s h o u l d  n o t  p r e s e n t  a n y  d a t a  on 
a n e w  t e c h n i q u e  u n l e s s  y o u  h a v e  s u c h  compar i s o n s ,  
b e c a u s e  o t h e r w i s e  it is j u s t  c o n f u s i n g  everybody.

J. J. Y A V E L A K :  F i r s t  o f  all, I w o u l d  like to
m a k e  a  c o m m e n t  t h a t  I e n j o y e d  t h e  t a lks v e r y  m u c h  
a n d  I w o u l d  l i k e  t o  t h a n k  y o u  [the authors] all

for c o m i n g  b e c a u s e  I t h i n k  t h i s  r e p r e s e n t s  some 
o f  the b e s t  k n o w l e d g e  t h a t  w e  h a v e  in t h i s  field.
I w i l l  n o w  a d d r e s s  q u e s t i o n s  to e ach o f  you.

Dr. James, y o u  said, r e g a r d i n g  y o u r  l i m i t a t i o n  
on y o u r  sam p l e s ,  t h a t  y o u r  e x c i t a t i o n  a r e a  is a n y 
w h e r e  f r o m  1 m i l l i m e t e r  to 10 m i l l i m e t e r s .  Do y o u  
h a v e  a n y  feel h o w  t h a t  w o u l d  r e f l e c t  in w h a t  m i m i m u m  
g r a i n  size or m a x i m u m  g r a i n  s i ze?

M. R. JAM E S :  G r a i n  s ize s o m e t i m e s  p r e s e n t s
a p r o b l e m  in a l l o y s  s u c h  as a l u m i n u m ,  w h e r e  the 
g r a i n s  can b e  as l a r g e  as 1 m i l l i m e t e r  a n d  no 
s u b g r a i n  d e v e l o p m e n t  has t a k e n  plac e .  A l o n g  a 
s i m i l a r  line, p r e f e r r e d  o r i e n t a t i o n ,  s u c h  as in 
a w e l d m e n t ,  also c r e a t e s  d i f f i c u l t i e s .  In b o t h  
cases, the d i f f r a c t e d  X - r a y  b e a m  is p r o d u c e d  f r o m  
o n l y  a few c r y s t a l s  a n d  is n o t  r e p r e s e n t a t i v e  o f  
a r a n d o m  s t r u cture. It is p o s s i b l e  to o v e r c o m e  
a g r a i n  size p r o b l e m  b y  o s c i l l a t i n g  t h e  s a m p l e  o r  
X - r a y  m e a s u r i n g  h e a d  a few deg r e e s .  T h e  lat t e r  
t e c h n i q u e  has b e e n  b u i l t  i nto s ome c o m m e r c i a l  
X - r a y  stre s s  a n a l yzers.

J. B. COHEN: Can I a d d  a c o m m e n t  to t h a t ?
It is not t h e  g r a i n  s i z e  a l o n e  t h a t  is t h e  
p roblem. It is t h e  d e g r e e  o f  d e f o r m a t i o n  to 
w h i c h  the m a t e r i a l  h a s  b e e n  su b j e c t e d .  Y o u  can 
t ake a  p i e c e  o f  a l u m i n u m  w i t h  1 - i n c h  g r a i n s  and, 
i f  it has b e e n  h e a v i l y  def o r m e d ,  the s t r e s s  m e a s 
u r e m e n t  is still o k a y  b e c a u s e  the X - r a y  m e a s u r e 
m e n t  in t h a t  c a s e  is a v e r a g i n g  o v e r  the s u b g r a i n s  
t hat h a v e  d e v e l o p e d  i n  t h e  m a t e r i a l  a n d  t h e y  are 
q u i t e  small. So it is r e a l l y  a c o m p l i c a t e d  b u s 
iness and it o c c u r s  m o s t l y  as M i k e  J a m e s  said, 
in a l u m i n u m  a l l o y s  a n d  a l s o  in t h e  t u r b i n e  
i n d u s t r y  a n d  N i m o n i c  a l l o y s  w h i c h  are c a s t  a n d  
h a v e  g r a i n s  y o u  c a n  see w i t h  the n a k e d  eye.
I h a v e  n e v e r  c ome a c r o s s  t h i s  w i t h  a steel.

J. J. Y A V E L A K :  Y o u  h a v e  n e v e r  c o m e  to a m e a s 
u r e m e n t  o n  a s a m p l e  a n d  f o u n d  t h a t  y o u  c o u l d  n o t  
get y o u r  d i f f r a c t i o n  cone?

J. B. COHEN: N o t  in a steel. In fact, w e
m e a s u r e d  s ome e n g i n e  b l o c k s  a few y e a r s  ago a n d  
t h e y  w e r e  c ast a n d  w e  d i d n ' t  h a v e  a n y  p r o b l e m s  
w i t h  t h o s e  either. I a m  s ure t h e r e  a r e  cases, 
b u t  in t h e  ste e l  b u s i n e s s  it is u n u s u a l  b e c a u s e  
t h e  s e c o n d  p h a s e  d o e s  two t h i n g s  f o r  you. It 
m i n i m i z e s  t h e s e  o s c i l l a t i o n s  t h a t  s o m e  p e o p l e  
h a v e  b e e n  t a l k i n g  a b o u t  today, a n d  it a l s o  r e d u c e s  
the g r a i n  size. So it is r e a l l y  a p r o b l e m  in 
e s s e n t i a l l y  s i n g l e - p h a s e  m a t e r i a l s ,  e s p e c i a l l y  
N i m o n i c s  a n d  a l u m i n u m  alloys.

P. S. P R E V E Y : I h a v e  e x a m i n e d  a  l a r g e  n u m b e r
o f  steel a l l o y  s amples, a n d  I h a v e  n e v e r  s e e n  a 
p r o b l e m  w i t h  g r a i n  size. In c ast m a t e r i a l s ,  like 
Dr. C o h e n  h a s  c o m m e n t e d ,  t h e r e  a r e  g r a i n  size 
p r o b l e m s  t h a t  m a y  arise.

J. B. COHEN: I w o u l d  like to a d d  a n o t h e r
point. P e o p l e  h a v e  m e n t i o n e d  s o m e  s o u r c e s  o f  
s t r e s s e s  i n  rails, b u t  t h e r e  are t w o  o t h e r  
s o u r c e s  t h a t  I a m  s u r e  e v e r y b o d y  in t h e  r a i l  b u s 
iness k n o w s  about. O n e  is t h a t  t h e  r a i l s  are 
s t r a i g h t e n e d  in t h e  shop, so t hat is g o i n g  to 
i n t r o d u c e  a h u g e  r e s i d u a l  stress. T h e  o t h e r  is 
t h a t  t h e y  c r e e p  u n d e r  u s e  a n d  so, w h e n  y o u  t ake 
t h e m  off, t h e y  h a v e  a  p e r m a n e n t  s h a p e  a n d  t hat

171

/



i n t r o d u c e s  s t r esses. T h e s e  t h i n g s  s h o u l d  n o t  b e  
f o r g o t t e n  w h e n  y o u  are t a l k i n g  a b o u t  s t r e s s  p a t 
t e r n s  in rails.

J. J. Y A V E L A K :  W h i c h  b r i n g s  m e  to m y  q u e s t i o n
to you. W h e n  y o u  m e a s u r e ,  h o w  s e n s i t i v e  t o  the 
l o c a t i o n  a r e  y o u  i f  y o u  a r e  m e a s u r i n g  b e f o r e  a n d  
a f t e r ?  Do y o u  h a v e  t o  line it u p  w i t h  t h e  l a s e r ?  
S a y  w e  w e n t  out to a s e c t i o n  o f  t r a c k  a n d  d i d  t h e m  
anyway, m a r k i n g  t h e m  w i t h  a p i e c e  o f  c h a l k  or 
s o m e t h i n g  l ike that. W e  a r e  c o m i n g  b a c k  2 
days lat e r  w h e n  t h e  t e m p e r a t u r e  is 50 d e g r e e s  
warmer.

J. B. COHEN: N o  p a r t i c u l a r  p r o b l e m  there.
T h e  t e c h n i q u e  o f  s a m p l e  p o s i t i o n i n g  has e s p e c i a l l y  
b e e n  w o r k e d  o n  b y  the J a p a n e s e ,  a n d  t h e y  h a v e  
d e v e l o p e d  a  t e c h n i q u e  t h e y  call " P a r a l l e l  B e a m  
G e o m e t r y "  t h a t  m i n i m i z e s  t h e  e f f e c t  o f  s a m p l e  
d i s p l a c e m e n t  there. It d e p e n d s  o n  the stre s s  
y o u  a r e  t a l k i n g  about. If y o u  are g o i n g  to a s k  
m e  i f  the s t r e s s  c h a n g e d  b y  1,500 psi, I s a y  I 
c a n ' t  do it. But i f  y o u  a r e  g o i n g  to tell m e  
the s t r e s s  c h a n g e d  b y  10,0 0 0  psi, g i v e n  a  d e v i c e  
d e s i g n e d  t o  m e a s u r e  s t r e s s e s  o n  rails, I t h i n k  
t h a t  that c o u l d  b e  done. But n o t  1 , 500 psi.

P. S. PREVEY: T h e r e  is a n o t h e r  p r o b l e m ,
though, b e c a u s e  the P a r a l l e l  B e a m  G e o m e t r y  is a 
m e a n s  o f  c o r r e c t i n g  f o r  d i s p l a c e m e n t  a w a y  f r o m  
t h e  sample, w h i c h  is a s o u r c e  o f  s y s t e m a t i c  
e r r o r  o f  the i n s t r u m e n t s .  I t h i n k  the b i g g e s t  
p r o b l e m  w i l l  b e  d u e  to s u r f a c e  str e s s  gr a d i e n t s .
I f  a r e g i o n  has b e e n  w i r e - b r u s h e d  o r  ground, 
t h e n  y o u  can h a v e  v e r y  s e v e r e  s u r f a c e  str e s s  
g r a d i e n t s  a c r o s s  t h e  surface. In t h e  p o s i t i o n 
ing, it w o u l d  p r o b a b l y  b e  a d v i s a b l e  to h a v e  s o m e  
s ort o f  p i n  l o c a t i n g  o r  o t h e r  means, i f  y o u  w a n t  
s t a t i c  m e a s u r e m e n t s ,  o f  g e t t i n g  b a c k  to t h e  s a m e  
s pot w i t h i n  s ome r e a s o n a b l e  f r a c t i o n  o f  t h e  s i z e  
o f  t h e  i r r a d i a t e d  a r e a  t h a t  y o u  a r e  using.

As for t h e  sizes, a  q u a r t e r - i n c h  s q u a r e  a r e a  
m a y  b e  i r r a d i a t e d ,  a n d  y o u  m a y  be a b l e  t o  t o l e r a t e  
an e r r o r  o f  a 6 4 t h  o f  an inch. O b v i o u s l y ,  i f  y o u  
u s e  a 10- m i l  a r e a  a n d  y o u  h a v e  a 10- m i l  error, 
y o u  a r e  m a k i n g  t h e  s e c o n d  m e a s u r e m e n t  in d i f f e r e n t  
m e t a l . T h e r e  h a v e  b e e n  s t u d i e s  p e r f o r m e d  on 
g r o u n d  s u r faces, f o r  example, t h a t  w o u l d  i n d i c a t e  
t h a t  f a i l u r e  t o  p r o p e r l y  r e l o c a t e  t h e  b e a m  w o u l d  
a p p e a r  to p r o d u c e  a n  error, b u t  a c t u a l l y  y o u  a r e  
s i m p l y  w o r k i n g  on d i f f e r e n t  m a t e r i a l  t h a n  y o u  
w e r e  t h e  f i r s t  time. To that extent, p o s i t i o n i n g  
c o u l d  b e  a pro b l e m .

M. R. JAMES: But y o u  a r e  g o i n g  to h a v e  t h a t
e x act s ame e r r o r  w i t h  a n y  t e c h n i q u e  u n l e s s  y o u  
p h y s i c a l l y  m o u n t  the t r a n s d u c e r  on the r a i l  a n d  
k e e p  it there. T h a t  w o u l d  b e  a p r o b l e m  in l o o k 
ing at the r ail w i t h  a t r a i n  m o v i n g  at 60 m i l e s  
a n  h o u r  and t r y i n g  to d e t e r m i n e  a c h a n g e  in the 
l o n g i t u d i n a l  force. Y o u  h a v e  to d e t e r m i n e  a 
r e s i d u a l  s t r e s s  w h e n  y o u  f i rst lay d o w n  t h e  t r a c k  
a n d  y o u  h a v e  to c o m p a r e  it l a ter a n d  y o u  h a v e  to 
c o m p a r e  the s ame p o s i t i o n .

J. J. YA V E L A K :  W h e n  we are t a l k i n g  a b o u t
change, w e  s i m p l y  h a v e  to h a v e  s o m e  b a s i s  for 
c h a n g e .

J. B. COHEN: I t h i n k  w e  a r e  all a w a r e  o f  the
t e c h n i c a l  p r o b l e m s  o f  m e a s u r e m e n t ,  p r o b a b l y  m o r e  
in t h e  X - r a y  f i eld t h a n  in a n y  o t h e r  f i e l d  b e c a u s e  
it is the o l d e s t  one, b u t  I t h i n k  a n s w e r s  to t h e s e  
q u e s t i o n s  can o n l y  b e  h a d  b y  s o m e b o d y  g o i n g  o u t  in 
t h e  f i e l d  a n d  m a k i n g  s ome m e a s u r e m e n t s .  F o r  
ex a m p l e ,  t h i s  is w h a t  the B r i t i s h  R a i l  p e o p l e  are 
doing. M a y b e  p e o p l e  do n o t  l ike d r i l l i n g  h o l e s  
in a rail, b u t  at least t h e y  a r e  g o i n g  t o  g e t  some 
data. W e  can sit a r o u n d  the t a b l e  f o r  d a y s  a n d  
d i s c u s s  this, b u t  s o m e b o d y  h a s  got to go out 
t h e r e  a n d  m a k e  s o m e  m e a s u r e m e n t s  a n d  t h e n  w e  c a n  
b e g i n  t o  s e e  w h a t  a r e  t h e  p r o b l e m s .

J. J. YAV E L A K :  I do n o t  t h i n k  t h a t  w e  are
a t t e m p t i n g  to q u e s t i o n  y o u r  t e c h n i c a l  ab i l i t y .

J. B. COHEN: No, I a m  n o t  s a y i n g  that, but
y o u  c a n ' t  a n s w e r  t h o s e  k i n d s  o f  q u e s t i o n s  w i t h o u t  
g e t t i n g  a feel -- r a i l  in C l e v e l a n d  a n d  r a i l  in 
A t l a n t a ,  Ge o r g i a ,  a r e  d i f f e r e n t  r a i l s  in t e r m s  o f  
w h a t  t h e y  l ook like a n d  h o w  t h e y  act.

J. J. Y A VELAK: W e  h a v e  a  r a r e  o p p o r t u n i t y  to
h a v e  y o u  p e o p l e  h e r e  a n d  l i s t e n i n g  t o  o u r  p r o b 
lems, so m a y b e  s o m e t h i n g  w i l l  c o m e  o u t  o f  that.

J. B. COHEN: I w o u l d  s t r o n g l y  r e c o m m e n d  that
s o m e  m e a s u r e m e n t s  in t h e  f i e l d  b e  m a d e  o f  the 
k i n d  w e  a t t e m p t e d  o n e  a f t e r n o o n  w i t h  A l l a n  
Z a r e m b s k i ,  b u t  o f  c o u r s e  t h a t  w i l l  t a k e  w e e k s  • 
a g a i n  t o  get e n o u g h  d a t a  to b e  use f u l .

C. 0. RUUD: P e r h a p s  y o u  c o u l d  m o u n t  o n e  o f
t h e s e  d e v i c e s  on s ome k i n d  o f  a t r o l l e y  a n d  y o u  
c o u l d  m a k e  a n u m b e r  o f  m e a s u r e m e n t s  v e r y  r a p i d l y  
a n d  t h e n  c o m e  b a c k  w h e n  t h e  t e m p e r a t u r e  c h a n g e d  
a n d  m a k e  t h e  same m e a s u r e m e n t s  again.

P. S. PREVEY: T h e  d a t a  t h a t  I s h o w e d  was
o b t a i n e d  d e l i b e r a t e l y  to s h o w  r e p r o d u c i b i l i t y .
Y o u  c o u l d  s i m p l y  c o n d u c t  m o r e  tests. M y  r e s u l t s  
w e r e  o b t a i n e d  b y  m a n u a l l y  r e p o s i t i o n i n g  r ail 
s e c t i o n s  w i t h o u t  the u s e  o f  f i x t u r i n g  to p e n c i l  
m a r k s  o n  the rail. Y o u  get t w o  s l a b s  o f  rail 
cut out in d i f f e r e n t  pla c e s .  T h e s e  w e r e  just 
manually, p o s i t i o n e d .  T h e r e  w a s  n o  j i g  used, 
j ust a p e n c i l  line on the rail.

A. M. Z A R E MBSKI: Yes b u t  w e  h a v e  d o n e  s o m e
tests. Y o u  are a w a r e  o f  t h e  tests, Mr. Prevey, 
t h a t  w e  d i d  o n  t w o  s a m p l e s  o f  r ail w e b  t h a t  w e r e  
cut out o f  t h e  w e b  a n d  s ent to t h e  s a m e  o u t f i t  in 
O h i o  t hat w a s  b u i l d i n g  t h e  a p p a r a t u s .  O n e  s a m p l e  
w a s  t a k e n  f r o m  a b r a n d - n e w  p i e c e  o f  r a i l  t h a t  h a d  
n e v e r  s e e n  s e r v i c e  a n d  o n e  p i e c e  w a s  t a k e n  out o f  
a p i e c e  o f  r ail t hat h a d  s e e n  s e r v i c e .  I b e l i e v e  
t h e  s a m p l e  w a s  p o s i t i o n e d  u s i n g  p o s i t i o n i n g  t e c h n i 
q ues i n c o r p o r a t e d  as p a r t  o f  t h e  u n i t  a n d  t h e r e  was, 
o v e r  t h r e e  or f our m e a s u r e m e n t s ,  I think, o v e r  20- 
25 p e r c e n t  scatter.

A. J. O P I N S K Y  ( A s s o c i a t i o n  o f  A m e r i c a n  R a i l 
roads): T h e  level w a s  a b o u t  3 0 , 0 0 0  o r  4 0 , 0 0 0  p s i
c o m p r e s s i v e .

A. M. Z A R E M B S K I :  Now, t h a t  w a s  t h e  s a m e  p i e c e
t h a t  I a s s u m e  h a d  all the p o s i t i o n i n g  d e v i c e s  t hat 
w e r e  i n c o r p o r a t e d  i nto t h e  P A R S  u n i t .
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J. B. COHEN: T h o s e  tests, as I recall, w e r e
m a d e  i n  a b o u t  a n  h o u r ' s  t i m e  w i t h o u t  m u c h  thought, 
j ust to d e m o n s t r a t e  t h e  unit. I w a s  j u s t  s t a n d i n g  
t h e r e  w a t c h i n g .  I t h i n k  t h o s e  k i n d s  o f  e x p e r i 
m e n t s  a r e  e x p e r i m e n t s  y o u  w o u l d  w a n t  for y o u r  own 
p e r s o n a l  u s e  a n d  I w o u l d  n o t  q u o t e  t h o s e  tests.
I w o u l d  l ike t o  do an e x p e r i m e n t  o n  r a ils but 
w o u l d  n o t  e x p e c t  to d o  the w o r k  in an hour.

D. P. M c C O N N E L L :  T h e r e  h a v e  b e e n  a n u m b e r
o f  r e f e r e n c e s  m a d e  to t h e  f act t hat X - r a y  d i f 
f r a c t i o n  is a  t e c h n i q u e  w h i c h  d oes n o t  T e q u i r e  
zeroing, b a s i c a l l y  b e c a u s e  the i n t e r p l a n a r  s p a c 
ing a c t s  as t h e  r e f e r e n c e  f o r  all s t r a i n  m e a s u r e 
ments. R e c a l l i n g  t h e  d i s t i n c t i o n  t hat we h a v e  
b r o u g h t  u p  b e f o r e  o n  t h e  d i f f e r e n c e s  b e t w e e n  
s t r a i n s  due to r e s i d u a l  s t r e s s  in t h e  rail and 
s t r a i n s  d u e  t o  a x i a l  l o a d  in track, I b e l i e v e  
t h e r e  is a  p r o b l e m  w i t h  e s t a b l i s h i n g  a  zero 
r e f e r e n c e .

W i t h  t h e  X - r a y  t e c h n i q u e s ,  an a b s o l u t e  stress 
s t a t e  r e l a t i v e  to v i r g i n  m a t e r i a l  p r o p e r t y  can be 
d e t e r m i n e d .  W h a t  o n e  c a n n o t  do is to w a l k  o u t  to 
a r a n d o m  r a i l  a n d  d e t e r m i n e  w h a t  the a x ial f o rce 
a c t i n g  o n  t h a t  r a i l  is w i t h o u t  h a v i n g  p r e v i o u s l y  
d e t e r m i n e d  w h a t  t h e  l o c a l  s t r a i n  c o n d i t i o n s  at a 
p a r t i c u l a r  p o i n t  w e r e  p r i o r  t o  the i m p o s i t i o n  o f  
any a x i a l  force. R e a l i z i n g  that this d i l e m m a  is 
i n h e r e n t  to t h e  t e c h n i q u e ,  I t h i n k  one o f  the 
p r o b l e m s  w i t h  w h i c h  o n e  is f a ced in t his e n v i r o n 
m e n t  is t h e  e x i s t e n c e  o f  t h o u s a n d s  o f  m i l e s  o f  
c o n t i n u o u s l y  w e l d e d  r a i l s  f o r  w h i c h  the initial 
s t ate o f  s t r a i n  d u e  to c o l d  w o r k i n g  is not 
known. T h i s  is t h e  c e n t r a l  p r o b l e m  w i t h  this 
t e c h n i q u e .

P. S. PREVEY: T h a t  is b y  d e f i n i t i o n  t r u e  o f
a n y  m a t e r i a l  p r o p e r t y  m e a s u r i n g  t e c h n i q u e  -- 
u l t r a s o n i c ,  X-ray, or w h a t e v e r  m a t e r i a l  p r o p e r t y  
s e n s i t i v e  t e c h n i q u e  is employed.

D. P. M c C O N N E L L :  E x actly. I a m  n o t  s a y i n g
it is X - r a y  t e c h n i q u e ,  b u t  I t h i n k  I did w a n t  to 
c l a r i f y  t h e  b u s i n e s s  o f  n o n - z e r o  r e f e r e n c e  since 
t h a t  h a s  c o m e  u p  a n u m b e r  o f  t i mes in the p a nel 
d i s c u s s i o n s  on all t h e  o t h e r  techni q u e s .

J. J. Y A V E L A K :  H o w e v e r ,  s t ill y o u  h a v e  to
c o n s i d e r  t h e  f l u c t u a t i o n  o f  str e s s  that m i g h t  
o c c u r  b e t w e e n  d a y  a n d  n i g h t .  T h i s  is an im p o r t a n t  
q u a n t i t y  t h a t  w e  a r e  v e r y  i n t e r e s t e d  in. As to 
g o ing o u t  and m a k i n g  a  r e f e r e n c e  p o i n t  or a zero 
m e a s u r e m e n t ,  y o u  c o u l d  m a k e  it a n y  w a y  y o u  want 
and t h e n  s i m p l e  s u b t r a c t i o n  w i l l  tell y o u  w h a t  
t h e  c h a n g e  is -- a n d  I t h i n k  the c h a n g e  is the 
i m p o r t a n t  i d e a  here.

Dr. R u u d  m e n t i o n e d  s o m e t h i n g  a b out g o i n g  a l o n g  
at 30 m i l e s  an h o u r  (0.4 s e c o n d  i f  y o u  are g o ing 
to m e a s u r e  20 feet o f  t r a c k ] . I t h i n k  that that 
l e nds i t s e l f  to s o m e  v e r y  g o o d  ideas. One t h i n g  
t h a t  y o u  p e o p l e  m i g h t  w a n t  to look at a l o n g  tho s e  
lines is t h e  f act t h a t  i f  y o u  c o u l d  m a k e  m e a s u r e 
m e n t s  o n  a p i e c e  o f  r a i l  a l o n g  a c e r t a i n  length 
and t h e n  p u l l  t h a t  r a i l  in f r ont o f  the b e a m  and 
do t h e  s ame t y p e  o f  a m e a s u r e ,  w o u l d  y o u  get a 
w e i g h t e d  a v e r a g e  o f  w h a t  t h o s e  m e a s u r e m e n t s  m i g h t  
be? I f  t h a t  w e r e  the case, t h e n  w e  m i g h t  w a n t  to 
r i d e  a l o n g  a n d  m e a s u r e  s e g m e n t s  o n  the railway.

D o e s  a n y o n e  h a v e  a n y  c o m m e n t  on t h a t ?

P. S. P REVEY: I p u b l i s h e d  a  p a p e r  to i n v e s t i 
g ate t h e  e f f e c t  o f  a v e r a g i n g  o v e r  d i f f e r e n t  s i z e d  
areas o n  a g r o u n d  s u r f a c e  i n  t h e  p r e s e n c e  o f  
s e v e r e  s u r f a c e  str e s s  g r a d i e n t s  o f  t h e  t y p e  I 
d e s c r i b e d  e a r l i e r  o n  the a c c u r a c y  o f  X - r a y  s t r e s s  
m e a s u r e m e n t s .  M e a s u r e m e n t s  w e r e  m a d e  w i t h  a
0.5 x 0 . 2 5 - i n c h  i r r a d i a t e d  a r e a  at a l o c ation. 
N u m e r o u s  m e a s u r e m e n t s  w e r e  t h e n  m a d e  w i t h  a 
0.020 x  0 . 2 5 - i n c h  i r r a d i a t e d  a r e a  a c r o s s  t h e  s ame 
region. T h e  s t r e s s  d e t e r m i n e d  w i t h  t h e  l a rge 
a r e a  w a s  v e r y  n e a r l y  t h e  a r i t h m e t i c  a v e r a g e  o f  
the r e s u l t s  o b t a i n e d  w i t h  t h e  s m a l l  area, e ven 
t h o u g h  t h e  s m all a r e a  r e s u l t s  i n c l u d e d  b o t h  t e n s i l e  
a n d  c o m p r e s s i v e  s t r e s s e s  b e c a u s e  o f  t h e  s u r f a c e  
str e s s  g r a d i e n t  pr e s e n t .

If y o u  w e r e  r i d i n g  a l o n g  t h e  r a i l  m a k i n g  m e a s 
u r e m e n t s ,  y o u  s h o u l d  a l s o  o b t a i n  a n  a r i t h m e t i c  
a v e r a g e  s t r e s s  o v e r  the a r e a  c o v e r e d  d u r i n g  the 
t i m e  s p a n  o f  t h e  m e a s u r e m e n t .  I h a v e  u s e d  a 
stre s s  m e a s u r e m e n t  t e c h n i q u e  o n  S t e l l i t e  v a l v e  
seats, w h e r e  t h e  samp l e  w a s  p l a c e d  in m o t i o n  by 
s p i n n i n g  t h e  v a l v e  a b o u t  t h e  a x i s  o f  t h e  v a l v e  
s t e m  to o b t a i n  a n  a r i t h m e t i c  a v e r a g e  s t r e s s  o v e r  
the c i r c u m f e r e n c e  o f  the v a l v e  s eat u s i n g  a 1 / 8 — 
i n c h - s q u a r e  i r r a d i a t e d  a r e a  for m e a s u r e m e n t .

J. J. YAV E L A K :  I t h i n k  t h a t  is s o m e t h i n g  t h a t
w e  w a n t  to l ook at.

J. B. COHEN: I do n o t  t h i n k  t h e r e  is a n y
p r o b l e m  in p u t t i n g  t o g e t h e r  a d e v i c e  t h a t  y o u  c a n  
r u n  d o w n  a r ail and, m o v i n g  slowly, m e a s u r e  the 
r a i l  in 2 0 - foot s e c t i o n s  a n d  in a c o u p l e  o f  s e c 
o n d s  p e r  s e ction, a n d  be s a t i s f i e d  w i t h  the 
a v e r a g e  t h a t  y o u  get. I mean, it is n o t  a p i e c e  
o f  e q u i p m e n t  t h a t  y o u  c a n  go o u t  a n d  b u y  to m o r r o w .

J. J. YAV E L A K :  Right, b u t  d o n ' t  y o u  t h i n k  t h a t
w o u l d  l ead o f f  w h a t  e v e r y o n e  is a l l u d i n g  to h e r e ?
T h e  p r o b l e m  w i t h  X - r a y  is, y o u  m i g h t  get. a  local 
e r r o r  b y  m e a s u r i n g  -- f r o m  h e a v y  r e s i d u a l  s t r e s s e s  
in a c e r t a i n  l o c a t i o n  f r o m  g r i n d i n g  o r  s c r a t c h i n g  
o r  so m e t h i n g .  T h e n  w h y  w o u l d  t h a t  a r i t h m e t i c  
m e a n  n o t  b e  j ust e x a c t l y  w h a t  w e  w o u l d  w a n t ?

J. B. COHEN: Yes, a s t amp m a r k  o r  a h e a v i l y
a b r a i d e d  a r e a  o r  s o m e t h i n g  like t h a t  c a n  c a u s e  
pr o b l e m s .  H o w e v e r ,  b y  p u t t i n g  t h i s  r e s u l t  in 
w i t h  m a n y  others, it is s w a l l o w e d  b y  t h e  a v e r a g 
ing p r o c e s s .

J. J. YAV E L A K :  O n e  final q u e s t i o n :  W h a t  d i f 
f e r e n c e s  in e r r o r s  do w e  e x p e c t  b y  t h e  t w o  d e t e c t o r s  
t h a t  w e r e  p r e s e n t e d  h e r e ?  T h e  d i f f e r e n c e  b e t w e e n  
f i b e r  o p t i c s  v e r s u s  w i r e ?  A r e  w e  t a l k i n g  a b out 
the same t y p e  o f  an error, r e l a t i v e l y ?

C. 0. RUUD: T h e y  a r e  b o t h  u s i n g  X - r a y s ,  a n d
i n h e r e n t  d i s a d v a n t a g e s  o f  o n e  o v e r  t h e  o t h e r  o f t e n  
can be o v e r c o m e  b y  i n n o v a t i v e  a p p l i c a t i o n  design.

J. J. Y AVELAK: So it is j u s t  an e l e c t r o n i c s
p r o b l e m ?

C. 0. RUUD: I t h i n k  it is. O n e  o f  t h e m  is a
p o s i t i o n - s e n s i t i v e  s c i n t i l l a t i o n  t e c h n i q u e ,  the 
o t h e r  is a p o s i t i o n - s e n s i t i v e  p r o p o r t i o n a l  de t e c t o r .
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T h e  p r o p o r t i o n a l  d e t e c t o r  has some a d v a n t a g e s  
o v e r  t h e  s c i n t i l l a t i o n  d e t e c t o r  a n d  v i c e  versa.
I t h i n k  w h a t  y o u  h a v e  got to do is to get d o w n  
to t h e  basics, w h e r e  y o u  are t a l k i n g  a b o u t  t h e  
s i t u a t i o n  in w h i c h  y o u  are d o i n g  the m e a s u r e 
m e n t  and i d e n t i f y i n g  y o u r  p r o b l e m s  w i t h  
r e s p e c t  to c o a tings, b a c k g r o u n d s ,  etc. T h e n  
y o u  can s t art i r o n i n g  out w h a t  y o u  are g o i n g  
to h a v e  to g i v e  y o u  t h e  m o s t  advantage.

J. B. COHEN: I a g r e e  w i t h  C l a y  R u u d  in the
s e n s e  t h a t  I d o n ' t  t h i n k  y o u r  errors in t h e s e  
k i n d s  o f  m e a s u r e m e n t s  a r e  g o i n g  to h a v e  a n y 
t h i n g  to do w i t h  w h i c h  d e t e c t o r  y o u  chose.
T h e y  a r e  g o i n g  to b e  p r o p e r t i e s  a s s o c i a t e d  w i t h  
the p r o b l e m s  o f  t h e  r a i l s  a n d  h a v e  n o t h i n g  to 
do w i t h  the d e t e c t o r  itself.

B. R. F O R C I E R  ( B e s s e m e r  a n d  L a k e  E r i e  R a i l 
r o a d  C o m p a n y ) : T h e r e  w a s  a c o m m e n t  I w a s  g o i n g
to m a k e  in S e s s i o n  II, b u t  I h a v e  w a i t e d  f o r  the 
X - r a y  p e o p l e  to c o m e  on.

H o w  f e a s i b l e  w o u l d  it b e  to c o r r e l a t e  all 
t h e  f e a t u r e s  o f  all t h e  d i f f e r e n t  m e t h o d s  b y  
t aking, say, a h a l f  a  d o z e n  sam p l e s  of, say, a 
p i e c e  o f  rail 5 or 6 feet l ong (wh a t e v e r  c a n  b e  
a g r e e d  o n  as b e i n g  a p p r o p r i a t e  to all m e t h o d s )  
a n d  in t u r n  s e n d  t h e  sam p l e s  to e i t h e r  a c e n t r a l  
p l a c e  o r  to e a c h  p l a c e  in t u r n  a n d  s u b j e c t  the 
r ail to the l o n g i t u d i n a l  t e s t s  -- b o t h  c o m p r e s 
s ive a n d  tensile, a n d  t h e n  r e a d  also w h a t  the 
B a r k h a u s e n  w o u l d  m e a s u r e  or the u l t r a s o n i c  
m e t h o d s  w o u l d  m e a s u r e  a n d  the X - r a y  m e t h o d  
w o u l d  m e a s u r e ?

Y o u  w o u l d  k n o w  w h a t  the loads w o u l d  be, b o t h  
t e n s i l e  a n d  c o m p r e s s i v e ,  a n d  the re a d i n g s ,  a n d  
let's e v e n  p u t  in the B r i t i s h  Rail g age to m a k e  
s u r e  t h a t  the t e n s i l e  for c e  is r e a d  also a n d  c a n  
b e  the same. H o w  f e a s i b l e  is t his a n d  w h y  d o n ' t  
w e  s t a r t  it s o on?

M. R. JAMES: I f  y o u  w a n t e d  to l ook at
a p p l i e d  st r e s s e s ,  I s h o u l d  h o p e  t hat t h e y  all 
w o u l d  m e a s u r e  p r e t t y  m u c h  the same v a l u e  w i t h i n  
the p r e c i s i o n  o f  the techni q u e .  But i f  y o u  w a n t  
to m e a s u r e  r e s i d u a l  s t r esses, t h e n  y o u  are l o o k 
i n g  at d i f f e r e n t  p e n e t r a t i o n  d e p t h s  in a sample, 
a n d  t h a t  is w h e r e  y o u  h a v e  a p r o b l e m  o f  c o m p a r i n g  
the two. X-r a y s  o n l y  p e n e t r a t e  1 , 0 0 0 t h  o f  an 
inch. B a r k h a u s e n  m i g h t  go 1 , 5 0 0 t h  o f  a n  inch.
T h e  b i r e f r i n g e n t  u l t r a s o n i c  t e c h n i q u e  goes 
t h r o u g h  the w h o l e  bulk, so t h e r e  y o u  are l o o k i n g  
at d i f f e r e n t  r e s i d u a l  stresses.

W i t h  an a p p l i e d  stress, it is di f f e r e n t .  It 
s h o u l d  b e  c o n s t a n t  a n d  u n i f o r m  t h r o u g h o u t  the 
sample, and the m e t h o d s  s h o u l d  all b e  f a i r l y  
compar a t i v e .

J. J. Y A VELAK: As a r a i l r o a d  o p e r a t o r ,  I
t h i n k  w h a t  y o u  are s u g g e s t i n g  is a g o o d  idea.
W h a t  y o u  w a n t  to do, though, is n o t  s hip p i e c e s  
o f  r a i l  a r o u n d  b e c a u s e  o f  the v a r i a b i l i t i e s  o f  
w h a t  c a n  h a p p e n  to it in flight, etc. W h a t  y o u  
m i g h t  w a n t  to do is set up a s e r i e s  o f  m a y b e  
h a l f  a d o z e n  d i f f e r e n t  s a m p l e s  u n d e r  l oad or 
t e m p e r a t u r e  in a lab a n d  s u p p l y  all t h o s e  p e o p l e  
w h o  m a k e  m e a s u r e m e n t s  w i t h  a p i e c e  o f  r ail ste e l

so t h a t  t h e y  c a n  m e a s u r e  w h a t e v e r  p h y s i c a l  p r o p 
e r t i e s  it is that t h e y  n e e d  to c a l i b r a t e  t h e i r  
d e v i c e .  T h en, say, t h e y  c o m e  d o w n  h e r e  a n d  w e  
w i l l  g i v e  t h e m  two days to m e a s u r e  all t h e s e  
s a m p l e s ,  etc.

T h e n  y o u  h a v e  a c c o m p l i s h e d  the t e s t  u n d e r  y o u r  
c o n t r o l l e d  c o n d i t i o n s .  T h e r e  is no q u e s t i o n  o f  
m a k i n g  a m i s t a k e  b e c a u s e  t h e  t h i n g  w a s  b o u n c e d  
o n  a n  a i r l i n e  f l i g h t  o r  s o m e t h i n g  l ike that. 
E v e r y b o d y  h a s  to m e e t  t h e  s t a n d a r d s  t h a t  y o u  set 
up.

I t h i n k  t h a t  w o u l d  b e  a v e r y  u s e f u l  t e s t  and 
v e r y  i n t e r e s t i n g .  Y o u  c o u l d  h a v e  a p i e c e  o f  rail 
t h a t  h a s  got n o  l oad o n  it a n d  t h e n  s i m u l a t e  a 
l o a d  w i t h  t e m p e r a t u r e  a n d  c o n f i n e m e n t  o r  p u t  a 
l o a d  on it o r  a n y t h i n g  y o u  w o u l d  want.

B. R. F ORCIER: As a r a i l r o a d  o p e r a t o r ,  I
w o u l d  c o m m e n t  that, w h e n  I l o o k  at a p i e c e  o f  
tra c k ,  it m a y  b e  i m p o r t a n t  to k n o w  t h e  r e s i d u a l  
s t r e s s e s  i f  t h e y  are g o i n g  to c a u s e  t r a c k  
b u c k l i n g .  I f  t h e y  are not, I a m  n o t  i n t e r e s t e d  
in r e s i d u a l  s t r esses. H o w e v e r ,  as a r a i l r o a d  
o p e r a t o r ,  I a m  i n t e r e s t e d  in t h o s e  s t r e s s e s  t hat 
a r e  j u s t  l a y i n g  t h e r e  l ike a s t i c k  o f  d y n a m i t e  -- 
r e a d y  to explode.

J. R. COHEN: T o  m e a s u r e  the s t r e s s e s  y o u
a r e  i n t e r e s t e d  in, y o u  h a v e  to m a k e  two m e a s u r e 
m e n t s  -- as l a i d  a n d  later, a n d  y o u  c a n  h a v e  t h e s e  
s i m u l a t e d  in t h e  labora t o r y .  Y o u  c o u l d  h a v e  h a l f  
a d o z e n  s t a t i o n s .  S o m e o n e  c o m e s  in w i t h  h i s  
d e v i c e  a n d  t his t i m e  t h e r e  is no h a n k y - p a n k y .
Y o u  see it in op e r a t i o n .  H e r e  a r e  t h e  n u m b e r s  
a n d  t h a t  is that. A n d  t h e r e  is n o  c h a n c e  to go 
b a c k  a n d  " c a l i b r a t e "  it again, o r  a n y t h i n g  l ike 
that. H e  k n o w s  w h e t h e r  the d e v i c e  w o r k s  o r  it 
d o e s  not. If h e  n e e d s  a p i e c e  o f  the s a m e  
m a t e r i a l  f o r  c a l i b r a t i o n ,  s e n d  it to h i m  in 
a d v a n c e  a n d  that is t h e  w a y  I t h i n k  y o u  w i l l  find 
y o u r  a n s w e r  as to w h i c h  t e c h n i q u e  is f a s t  a n d  
r e l i a b l e  —  o r  at l e ast s t a r t  to f i n d  y o u r  
answer. T h e r e  are all k i n d s  o f  c o n d i t i o n s ,  a n d  
it s e e m s  to m e  t h a t  y o u  c o u l d  r e a d i l y  s e t  u p  
s u c h  t e s t s  a n d  in a m o n t h ' s  p e r i o d  h a v e  p e o p l e  
c o m e  in a n d  go a h e a d  a n d  m a k e  t h o s e  m e a s u r e m e n t s .

U N I D E N T I F I E D  S PEAKER: M a y  I r e p l y ?  W e  d i d
s o m e  w o r k  some y e a r s  ago, w h e n  I w a s  a  g r a d u a t e  
s t u d e n t  a t  B r o w n  U n i v e r s i t y  m a k i n g  u l t r a s o n i c  
m e a s u r e m e n t s  a n d  a g i v e n  p e a k  f o r  t h e  m a t e r i a l  
w i t h  a t r a n s i s t o r  e p o x i e d  o n  t h e  sub j e c t .  It w a s  
s e n t  a r o u n d  t o  all t h e s e  g o o d  labs in t h e  c o u n t r y  
m a k i n g  u l t r a s o n i c  m e a s u r e m e n t s  a n d  t h e  o n l y  c o r 
r e l a t i o n  w e  c o u l d  get was, the f u r t h e r  a w a y  f r o m  
P r o v i d e n c e ,  R h o d e  Island, t h e y  wer e ,  t h e  m o r e  
d e c i b e l s  i n  t h e  p r i m e  m e a s u r e m e n t s .  A n d  so I a m  
s u r e  y o u  c a n n o t  k i c k  it a round. I w o u l d  s u g g e s t  
that, i f  y o u  do s o m e t h i n g  like that, y o u  s h o u l d  
h a v e  m o r e  t h a n  o n e  p e r s o n  m a k e  one t y p e  o f  
m e a s u r e m e n t .

B. R. FO R C I E R :  Well, in m y  s u g g e s t i o n  I s a i d
e i t h e r  in o n e  p l a c e  o r  s hip it a r o u n d  a n d  I agree, 
s h i p p i n g  a r o u n d  w o u l d  b e  a p r o b l e m  b u t  t h e  A s s o c i 
a t i o n  o f  A m e r i c a n  R a i l r o a d s '  t e c h n i c a l  c e n t e r  in 
C h i c a g o  p r o b a b l y  is as g o o d  a l o c a t i o n  as a n y  as far 
as s e t t i n g  up.
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A. J. O P I N S K Y :  I h a v e  s e v e r a l  questi o n s .
First, to P aul P revey. I t h i n k  y o u  s h o w e d  t hat 
t h e r e  was n o t  m u c h  o f  a g r a d i e n t  e f f e c t  b e c a u s e  
t h e r e  was n o t  m u c h  o f  a g r a d i e n t  in two o f  y o u r  
samples. B u t  in t h e  t h i r d  one, t h e  h e a d  (which 
to m e  is a t r i v i a l  case), t h e r e  is m o r e  o f  a 
g r a d i e n t  eff e c t .  I w o u l d  l i k e  to m a k e  a p o i n t  
here. I t h i n k  w e  a r e  g o i n g  to h a v e  to t a k e  o u r  
r e a d i n g  o n  t h e  w e b  o r  m a y b e  on the foot, b u t  
a n y h o w  n o t  o n  t h e  h e a d  b e c a u s e  t h e r e  w e  h a v e  the 
s h i f t i n g  sands, s h a l l  w e  say? W e  are alw a y s  
g o i n g  to b e  w o n d e r i n g  w h a t  w e  have.

P. S. P R E V E Y :  I a g r e e  c o m p l e t e l y .  I l o o k e d
at the r a i l  h e a d  b e c a u s e  it is t h e  m o s t  s e v e r e  
c a s e  o f  p l a s t i c  d e f o r m a t i o n ,  a n d  I w a n t e d  to 
d e t e r m i n e  i f  e v e n  t h e  h e a d  w o u l d  c a u s e  m e a s u r e 
m e n t  d i f f i c u l t i e s .  S o m e o n e  m i g h t  w a n t  to d e t e r 
m i n e  i f  t h e r e  w e r e  s t r e s s e s  i n d u c e d  b y  the r o l 
l i n g  c o n t a c t ,  a l t h o u g h  the h e a d  is not a l i k e l y  
p l a c e  to m e a s u r e  t h e r m a l  e x p a n s i o n  stresses.

A. J. O P I N S K Y :  T h e  p o i n t  is, the 3 or 3.7
ksi -- is t h a t  a p r o b l e m ?  It p r o b a b l y  is not.

P. S. P R E V E Y :  T h e  3 k s i  v a r i a t i o n  o n  the
h e a d ?  It c o u l d  be, d e p e n d i n g  on the m a g n i t u d e  
o f  s t r e s s  y o u  a r e  t r y i n g  t o  m easure. If 12 ksi 
w ill b u c k l e  a  rail, I w o u l d  n o t  s e t t l e  for a 
3 k s i  error. B u t  t h a t  is w h y  y o u  w o u l d  w o r k  on 
t h e  web, f o r  the t h e r m a l  s t r e s s  applic a t i o n .

A. J. O P I N S K Y :  Yes. N o w ,  C l a y  Ruud, I h a v e
a c o u p l e  o f  q u e s t i o n s .  F i r s t  o f  all, on the 
m e c h a n i c s  o f  the c o n v e r s i o n ,  the s c i n t i l l a t i o n  
c o u n t  a n d  the f i b e r  o p t i c s  -- h o w  m u c h  e r r o r  do 
y o u  e x p e c t  to h a v e ?

C. 0. RUUD: I a m  n o t  s u r e  I u n d e r s t a n d  the
q u e stion.

A. J. OPI N S K Y :  Well, t h e  s c i n t i l l a t i o n
c o a t i n g  is a p p l i e d  d i r e c t l y  to t h e  f i b e r  optics. 
O k ay?

C. 0. RUUD: Okay.

A. J. O P I N S K Y :  B u t  y o u  are n o w  m a k i n g  t h e s e
d i s crete, a r e n ' t  y o u ?  Do y o u  h a v e  d i s c r e t e  
fib e r s ?

C. 0. RUUD: Yes, w e  do.

A. J. O P I N S K Y :  S o  d o n ' t  y o u  get an e r r o r
f r o m  t h a t  s t a n d p o i n t ?

C. 0. RUUD: T h e  e r r o r  in the fibers t h e m 
sel v e s  is n e g l i g i b l e .  W e  l ose s patial r e s o l u 
t i o n  d u e  to t h e  c o n v e r s i o n .  Now, p e r h a p s  t hat 
is w h a t  y o u  a r e  a l l u d i n g  to.

A. J. O P I N S K Y :  Yes.

C. 0. RUUD: So, w e  h a v e  a f i b e r  optic, the
fibers o f  w h i c h  a r e  10 m i c r o n s  in d i a meter. It 
is c o a t e d  w i t h  a  s c i n t i l l a t i o n  m a t erial. We 
h a v e  d o n e  v e r y  l i t t l e  d e v e l o p m e n t  to i m p r o v e  our 
s c i n t i l l a t i o n  coa t i n g .  T h e r e  are d e f i n i t e  p o s 
s i b i l i t i e s  f o r  i m p r o v e m e n t  o f  e f f i c i e n c y  and 
r e s o l u t i o n  i n  t h i s  coa t i n g .  W i t h  o u r  p r e s e n t

s i l i c o n  d i o d e  array, o u r  l i m i t i n g  r e s o l u t i o n  is 
25 mi c r o n s .  P r e s ently, w e  are g e t t i n g  60 m i c r o n s  
for the w h o l e  system.

A. J. O PINSKY: O b v i o u s l y  y o u  h a v e  n o t  gone
i nto t r y i n g  to m a k e  this u nit p o r t a b l e .  In o t h e r  
words, y o u  are s t uck w i t h  a r e g u l a r  t u b e  w h i c h  
m e a n s  y o u  h a v e  p r o b a b l y  got a f a i r l y  l a r g e  p o w e r  
s u p p l y  a n d  so forth, b u t  h a v e  y o u  t h o u g h t  o f  
m a k i n g  t his t h i n g  p o r t a b l e ?

C. O. RUUD: B y  the way, I n e g l e c t e d  to m e n 
t i o n  t h a t  the M o b i l i t y  E q u i p m e n t  R e s e a r c h  and 
D e v e l o p m e n t  C o m m a n d  at F o r t  B e l v o i r  s u p p l i e d  
m o n e y  for o u r  o r i g i n a l  d e v e l o p m e n t .  T o  p r o v e  
out the i d e a  o f  the d e t e c t o r ,  the D e n v e r  R e s e a r c h  
I n s t i t u t e ' s  e l e c t r o n i c s  d i v i s i o n  p r e s e n t l y  has a 
c o n t r a c t  to b u i l d  a p o r t a b l e  unit.

Let m e  q u a l i f y  " p o r t a b l e . "  T h e  h e a d  itself, 
the X - r a y  source, X - r a y  tube, and d e t e c t o r ,  w ill 
w e i g h  p e r h a p s  8 p o u n d s  a n d  w i l l  b e  on the end 
o f  a 20- o r  3 0 - f o o t  c a b l e  that w e i g h s  a b o u t  a 
t h i r d  o f  a p o u n d  p e r  foot. T h a t  is c o n n e c t e d  to 
the e l e c t r o n i c s ,  p o w e r  supply, etc., w h i c h  w e i g h s  
a b o u t  500 or 600 p o u n d s .

A. J. O P INSKY: A r e  y o u  t h i n k i n g  a b o u t  t r y i n g
to get t hat sma l l e r ?

C. 0. RUUD: W e  a c t u a l l y  h a v e  l o o k e d  at the
s a m e  X - r a y  tube t hat J e r r y  C o h e n  is p r e s e n t l y  
using, a n d  w e  h a v e  f o u n d  t h a t  it w o u l d  b e  q u ite 
a d e q u a t e  for f e r r i t i c  a n d  m a r t e n s i t i c  steels.

J. B. COHEN: In b o t h  c a s e s  -- the i n s t r u m e n t
that M i k e  J a m e s  and I h a d  and t h e  o n e  in C l a y  
Ruud ' s  c a s e  -- it is o n l y  a m a t t e r  o f  d o l l a r s  
to m i n i a t u r i z e  things. T h e r e  is o n l y  so m u c h  
t h a t  t h o s e  o f  u s  i n  t h e  u n i v e r s i t y  e n v i r o n m e n t  o r  
r e s e a r c h  i n s t i t u t e  e n v i r o n m e n t  c a n  do. I c h e c k e d  
w i t h  an e l e c t r o n i c s  f i r m  as to h o w  to t a k e  that 
p a c k a g e  a n d  c o n d e n s e  it to s o m e t h i n g  t h e  s ize o f  
that lectern, t o tal p a c k a g e .  It o n l y  c o s t s  abo u t  
$25,000. T h e r e  is n o  p r o b l e m  in h a v i n g  a b o x  that 
is that b i g  t h a t  y o u  c o u l d  c a r r y  w i t h  a handle, and 
I a m  sure the same t h i n g  is t r u e  o f  C l a y  Ruud. The 
p r o b l e m  is money, and s i n c e  w e  h a v e  n o  r e a s o n  to 
t r y  to w a l k  a r o u n d  w i t h  a s u i t c a s e  f i l l e d  w i t h  
e l e c t r o n i c s ,  w e  d i d  n o t  s p e n d  the $ 25,000. But it 
is a o n e - m a n - y e a r  d e v e l o p m e n t .  T h e r e  a r e  out f i t s  
to do t h a t  sort o f  thing, i f  t hat is w h a t  y o u  are 
after.

A. J. OPINSKY: Is t h e r e  a n y  p o s s i b i l i t y  the
v i b r a t i o n  c o u l d  s e v e r  s o m e  o f  t h e s e  f i b e r  o p t i c s ?
In o t h e r  words, s u p p o s i n g  y o u  f i n a l l y  w i n d  up 
p u t t i n g  t h i s  o n  a r a i l r o a d  car?

C. 0. RUUD: I a s k e d  t hat q u e s t i o n  o f  the
p e o p l e  t h a t  m a k e  t h e  f i b e r  o p t i c s  a n d  t h e y  s aid 
t hat t h e y - h a d  p u t  t h e s e  t h r o u g h  9 0 - d e g r e e  b e n d s  
for s e v e r a l  m i l l i o n  c y c l e s  and h a d  o b s e r v e d  a 
n e g l i g i b l e  n u m b e r  o f  breaks.

A. J. OPINSKY: Now, at the r i s k  o f  m u d d y i n g
t h e  w aters, to g e t  b a c k  to t h e  q u e s t i o n  o f  w h a t  
w e  are g o i n g  to d e t e r m i n e  as the t e m p e r a t u r e  goes 
up, it is m y  u n d e r s t a n d i n g  o f  X - r a y s  t h a t  w e  h a v e  
t h e  i n t e r n a l  c a l i b r a t i o n  o f  the l a t t i c e  space,
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w h i c h  w a s  s u p p o s e d  to change, e v e n  if w e  a r e  
c o nstrained. Is this n o t  c o r r e c t ?

So t h a t  i f  w e  m o v e  u p  50 d e g r e e s  w e  see no 
m a c r o  s t r a i n  b y  s t r a i n  gages, yet o u r  l a t t i c e  
p a r a m e t e r  zero h a s  c h a n g e d  so s h o u l d n ' t  w e  see 
that?

P. S. P R E V E Y : A  c o n d i t i o n  o f  p l a n e  str e s s
is a s s u m e d  to e x i s t  at the s a m p l e  surface. Then, 
the i n t e r p l a n a r  spacing, d(iJ0, u s e d  for str e s s  
m e a s u r e m e n t  v a r i e s  w i t h  the a n g l e  o f  i n c l i n a t i o n ,  
jj, o f  t h e  lat t i c e  p l a n e s  to the s a m p l e  s u r f a c e  
n o r m a l  as,

d ( »  = (1 + v)/EOjjd() s i n 2i|j - (v/E) 

do (oi + a 2 ) + do-

Thus, d(t) is a  l i n e a r  f u n c t i o n  o f  s i n 2t(i w i t h  
slope,

M  = (1 + v ) / E  d 0a^, 

a n d  intercept,

d(<J) = 0) = d 0 - (v/E) do (<Ji + o 2 ),

w h e r e  a .  = str e s s  to b e  me a s u r e d ,9
do = u n s t r e s s e d  l a t t i c e  s p a c i n g  o f  p l a n e s  

u s e d  for m e a s u r e m e n t ,

(1 + v )/E = m a t e r i a l - d e p e n d e n t  s i n g l e  c r y s t a l  
e l a s t i c  c o n s t a n t  o b t a i n e d  
e m p i r i c a l l y ,

(v/E) = m a t e r i a l - d e p e n d e n t  s i n g l e  c r y s t a l  
e l a s t i c  c o n s t a n t  that n e e d  n o t  be 
k n o w n , a n d

(aj + a 2 ) = s u m  o f  m a x i m u m  a n d  m i n i m u m  n o r m a l  
p r i n c i p a l  s t r e s s e s  at m e a s u r e m e n t  
l o c a t i o n s .

T h e  u n s t r e s s e d  i n t e r p l a n a r  s p a c i n g  do is 
u n known, but d i f f e r s  f r o m  d ( i(j = 0 ) b y  less t h a n  
0.1 p e r c e n t  due to t h e  P o i s s o n ' s  r a t i o s  term,
- (v/E) d 0 (®i + o 2 ) . If do is a p p r o x i m a t e d  b y  
d(<Ji = 0), w h i c h  is s i m p l y  the i n t e r p l a n a r  s p a c i n g  
m e a s u r e d  at ip = 0, t h e n

a = E/(l + v) l/d(i|) = 0) M.
4>

In p r a c t i c e ,  (E/l + v) is d e t e r m i n e d  e m p i r i 
c a l l y  b y  m e a s u r i n g  t h e  c r y s t a l  lat t i c e  s t r a i n  
for t h e  p l a n e s  to b e  u s e d  f o r  m e a s u r e d  as a 
f u n c t i o n  o f  a p p l i e d  stress.

T h e  slo p e  is s i m p l y

M  _ d(i(i = i|i )  - d ( 9  = 0) 

s i n 2t|i

Then, the s t r e s s  to b e  m e a s u r e d  is

a  E / dQ|> = i|Q = d(i|i = 0) \  1 ■

^ (1 + v) \  d(i|i = 0) / s i n 2i|i

E v e n  i f  n o  l o n g i t u d i n a l  s t r a i n  is p r e s e n t  due 
to e x t e r n a l  c o n s t r a i n t s ,  as in t h e  c a s e  o f  
t h e r m a l l y  l o a d e d  c o n t i n u o u s  rail, a d i f f e r e n c e  
w i l l  e x i s t  b e t w e e n  d(i|> = iJj) a n d  d(i|i = 0) as a 
r e s u l t  o f  the P o i s s o n ' s  r a t i o s  term, b e c a u s e  the 
r a i l  w i l l  s t r a i n  l a t e rally. T h e  s t r e s s  in the 
r a i l  m a y  still b e  m e a s u r e d  u s i n g  X - r a y  d i f f r a c t i o n  
t e c h n i q u e s .

J. B. COHEN: A n d  t hat will b e  t h e  c o r r e c t
str e s s ,  w h e n  y o u  get the slope. It w i l l  n o t  be 
s o m e  e m p i r i c a l  c o r r e l a t i o n .

A. J. O P INSKY: So y o u  are n o w  s a y i n g  t h a t  we
w i l l  get t h e  r i g h t  stress.

J. B. COHEN: Yes.

A. J. O PINSKY: E v e n  t h o u g h  w e  do n o t  s u p 
p o s e d l y  h a v e  s t r a i n ?

J. B. COHEN: But y o u  do, in t h e  o t h e r
d i r e c t i o n .

P. S. PREVEY: Yes, as Dr. C o h e n  said, in a
w e e k  y o u  c o u l d  t est t h e  t e c h n i q u e  i f  y o u  are 
s t ill w o r r i e d  a b o u t  it.

A. J. OPI N S K Y :  W h a t  w e  r e a l l y  w a n t  to k n o w
is, is it b i g  e n o u g h  for us to see?

J. B. COHEN: Yes. A n  t hat is a  job y o u  c a n
e a s i l y  do in a f e w  days. It is n o t  a b i g  deal.

A. J. OPI N S K Y :  I w a n t  the a u t h o r s  to g i v e  me
an i d e a  as to w h e t h e r  w e  h a v e  to c l e a n  u p  the 
s u r f a c e  at all o r  h o w  m u c h  w e  s h o u l d  c l e a n  the 
s u r f a c e  b e f o r e  w e  m a k e  t h e s e  m e a s u r e m e n t s .

P. S. PREVEY: Y o u  saw t h e  d a t a  I p r e s e n t e d .
T h o s e  m e a s u r e m e n t s  w e r e  m a d e  t h r o u g h  0 . 0 0 2  i n c h  
o f  t h a t  t a r - l i k e  c o ating, w h i c h  a d d e d  to the 
u n c e r t a i n t y  in the m e a s u r e m e n t s .  T h e  m e a s u r e 
m e n t s  w e r e  made, b y  the way, w i t h  1 0 0 , 0 0 0  c o u n t s  
u s i n g  a f i v e - p o i n t  p a r a b o l i c  te c h n i q u e .

A.
o n  it?

J. O P INSKY: H o w  m u c h  r u s t d i d  y o u  h a v e

P. S. PREVEY: T h e  s u r f a c e  was n o t  s i l v e r y
w h e n  w e  c l e a n e d  it. I d o n ' t  k n o w  h o w  m u c h  r u s t  
w a s  o n  it. T h e  rail was l aid in 1975. The 
r a i l  p r e s e r v a t i v e  was still o n  t h e  s u r f a c e ,  so 
t h a t  t h e  r u s t  was no p r oblem.

A. J. OPI N S K Y :  We h a v e  the i m p r e s s i o n ,  t h e r e 
fore, t h a t  w e  do n o t  h a v e  to do a n y  s u r f a c e  p r e p 
a r a t i o n  o f  t h e  rail.

J. B. COHEN: T h a t  d e p e n d s  on the c o n d i t i o n  o f
t h e  r a i l  on site. I w o u l d  like to do s o m e  m o r e  
w o r k  o n  the real r a i l s  b e f o r e  I w o u l d  i n s i s t  t hat 
w e  d o n ' t  h a v e  to worry. Agai n ,  t h a t  is n o t  a 
m a j o r  p r o b l e m ,  really, b e c a u s e  t h e r e  a r e  h a n d - h e l d  
e l e c t r o p o l i s h i n g  d e v i c e s  t hat y o u  c a n  t a k e  in the 
f i e l d  i f  y o u  w a n t  to, b u t  in o r d e r  to d o  a n y t h i n g  
l i k e  t h a t  y o u  j ust h a v e  to look at a  f e w  t y p i c a l  
s i t u a t i o n s .
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In t h e  o n e  w e  t r i e d  t o  m e a s u r e ,  t h e r e  was 
g o i n g  to b e  a c h a n g e  in t h e  s t r e s s  a n d  w e  f o u n d  
a c h a n g e  i n  t h e  stress. W e  d i d  n o t  t r y  to get 
h i g h l y  a c c u r a t e  re s u l t s ,  b u t  I a m  n o t  s ure h o w  
m u c h  s c a t t e r  w o u l d  c o m e  f r o m  the r o u g h e n i n g  o f  
the surface.

Y o u  h a v e  s o m e  p l a c e s  w h e r e  o x i d e  h a s  f l a k e d  
o f f  a n d  s ome p l a c e s  w h e r e  it h a s  not; i f  t h e y  are 
b o t h  u n d e r  t h e  X - r a y  b e a m  at t h e  s ame time, t his 
is l i k e  a s m all s a m p l e  d i s p l a c e m e n t .

A g a i n ,  I t h i n k  t h e s e  a r e  d e t a i l e d  q u e s t i o n s  
w h i c h  are e a s i l y  a n s w e r e d  i f  y o u  do s o m e  w o r k  in 
a  l a b o r a t o r y .  It is n o t  n e c e s s a r y  to go o u t  on 
the r a i l r o a d  l i n e s  to f i n d  t h e  k i n d s  o f  answers, 
but I d o  n o t  t h i n k  t h a t  w e  a r e  in a p o s i t i o n  to 
a n s w e r  that.

I m e a s u r e d  r a i l r o a d  w h e e l s ,  w h i c h  h a d  all 
k i n d s  o f  c o l o r e d  o x i d e s  o n  t h e m  t hat were, s u p 
p o s e d l y ,  i n d i c a t i o n s  o f  w h e n  t h e y  w e r e  bad. We 
d i d  n o t  t a k e  o f f  t h e  oxi d e s .  We j u s t  w e n t  r i g h t  
t h r o u g h  t h e m  a n d  n e v e r  h a d  a n y  pr o b l e m s .

Now, y o u  h a v e  to s p ecify, w h a t  y o u  want.
Let m e  a s k  y o u  a qu e s t i o n .  D o  y o u  w a n t  to k n o w  
the s t r e s s  to 500 p o u n d s  load, 500 p o u n d s  p e r  
s q u a r e  inch, 1 , 0 0 0  p o u n d s ?  T h e  k e y  to all o f  
t h e s e  t e c h n i q u e s  is y o u  t e l l i n g  us w h a t  y o u  
w a n t  to k n o w  a n d  I k n o w  y o u  w a n t  to m e a s u r e  
c h a n g e s  in t e m p e r a t u r e .  I t h i n k  all t h e  t e c h n i 
q ues t h a t  h a v e  b e e n  d e s c r i b e d  h e r e  c l a i m  that 
t h e y  h a v e  a p r e c i s i o n  o f  a b o u t  ± 2.5 k s i  or 
bet t e r .  N o w  all o f  y o u  h a v e  t o  do is set u p  a 
t est a n d  all t h e s e  p e o p l e  w i t h  all t h e i r  c l a i m s  
c a n  c o m e  d o w n  a n d  y o u  c a n  see if t h e y  are real.

C. 0. RUUD: Let m e  s a y  s o m e t h i n g  a b o u t  this
o f f s e t  scale, b e c a u s e  I h a v e  n o t  l o o k e d  at steel 
t h i n g s  b u t  I h a v e  l o o k e d  at a l u minum. I h a v e  
l o o k e d  a t  a l u m i n u m  p a r t s  t hat h a v e  b e e n  l a y i n g  
a r o u n d  o u t s i d e  at F o r t  Be l v o i r ,  V a . , f o r  8 years, 
a n d  I h a v e  d o n e  so w i t h o u t  r e m o v i n g  t h e  scale.
I h a v e  a l s o  l o o k e d  t h r o u g h  o l i v e  d r a b  paint.
Let m e  a l s o  s a y  this, w h e n  y o u  c hip a w a y  the 
s n o w  a r o u n d  a  r a i l  a n d  c l e a n  it, it t u r n s  out 
n o t  to l o o k  v e r y  pre t t y .

P. S. P R E V E Y :  I w o u l d  l ike to a d d  one t h i n g  
to the s u r f a c e  o x i d e  q u e stion. I h a v e  w o r k e d  on 
n u m e r o u s  s t eel s p e c i m e n s ,  m a k i n g  s t r e s s  m e a s u r e 
m e n t s  o n  t h e m  w i t h  a n d  w i t h o u t  scale for t h e  last 
8 years, a n d  t h e r e  is o n e  p h e n o m e n o n  that c l e a r l y  
s h o u l d  b e  noted. Y o u  c a n  m a k e  m e a s u r e m e n t s  
t h r o u g h  t h e  s c a l e  i f  it is t h i n  enough. It is 
t h a t  simple. T h e  o x i d e  c o a t i n g  is g o i n g  to 
a f f e c t  t h e  d i f f r a c t i o n  p e a k  i n t e n s i t y ,  n o t  the 
a n g u l a r  p o s i t i o n  o f  the p e a k s  o r  the stress 
me a s u r e d .  But t h e r e  is one p r o b l e m  that m a y  
a r i s e  d u e  t o  t h e  s t r e s s  a s s o c i a t e d  w i t h  the 
o x i d e - s t e e l  i n t e r f a c e .  W h e n  m a t e r i a l s  c o rrode, 
t h e r e  c a n  b e  s t r e s s e s  at t h a t  i n t e r f a c e  that 
f o r m  b e c a u s e  o f  t h e  s h r i n k a g e  o r  e x p a n s i o n  o f  
t h e  oxide, as t h e  c a s e  m a y  be. It w o u l d  b e  a 
g o o d  i d e a  to w o r k  o n  a r e p r o d u c i b l e  surface.

B. R. F O R C I E R :  Yes, t h e  p o i n t  h a s  b e e n  w ell
d o n e  as f a r  as t e m p e r a t u r e  change; as far as 
r a i l  is c o n c e r n e d  it is p r o b a b l y  the m ost

f l u c t u a t i n g  thing. In t h e  t r a c k  s t r u c t u r e  itself, 
y o u  m a y  b e  w o r k i n g  in an a r e a  w h e r e  t h e  t r a c k  is 
in a sag w h e r e  r a i l  a c c u m u l a t e s ,  so t h a t  y o u  know, 
in this p a r t i c u l a r  case, a 15° to 20° r i s e  in 
t e m p e r a t u r e  m i g h t  r e s u l t  in a d d i n g  t h e  c r i t i c a l  
f o r c e  n e c e s s a r y  to b u c k l e  t h a t  tra c k ;  y e t  o v e r  a 
crest, y o u  c o u l d  t a k e  a  5 00° r i s e  i n  t e m p e r a t u r e ,  
b e c a u s e  t h e  r ail is in s uch a t e n s i l e  s t a t e  to 
b e g i n  w i t h  that y o u  m a y  b e  j u s t  a p p r o a c h i n g  w h a t  
w e  c all t h e  neu t r a l ,  o r  laying, t e m p e r a t u r e .  T h i s  
p o i n t  s h o u l d  n o t  b e  f o r g otten.

O n  r e p e a t a b i l i t y  o f  a n y  o f  t h e  m e t h o d s  that 
are u s e d  f o r  t e s t i n g  in t h e  5- o r  6 - f o o t  rail 
len g t h s  t h a t  w e  use, say, in C h i c a g o ,  t h e  v a r i o u s  
lo c a t i o n s  on the r ail t hat y o u  p i c k  a r e  g o i n g  to 
s h o w  w h e t h e r  the s u r f a c e  c o n d i t i o n  is g o i n g  to 
h a v e  a n y  g r e a t  e f f e c t  as to c h a n g i n g  the k i n d  o f  
reading. So t hat is o n e  o f  t h e  a r e a s  t h a t  is 
g o i n g  to h e l p  e v e r y b o d y  in u s i n g  t h e  s a m e  s a m p l e s .

A. J. 0PINSKY: W h a t  a r e a  s h o u l d  w e  i r r a d i a t e
b e f o r e  w e  h a v e  a n u m b e r  t hat is " r e p r e s e n t a t i v e " ?

J. B. COHEN: W h a t  is it r e p r e s e n t a t i v e  of?
Rail b e t w e e n  C h i c a g o  a n d  C l e v e l a n d ?  - R e p r e s e n t a t i v e  
o f  w h a t ?  W h a t  is it t h a t  is b e i n g  r e p r e s e n t e d ?
On a c u r v e ?  On a b e n d ?  O n  a n  i n c l i n e ?  W h a t  is 
it that y o u  w a n t  to k n o w ?  I m e an, y o u  a r e  not 
s t a t i n g  e x a c t l y  w h a t  y o u  w a n t  to k n o w  b e f o r e  we 
can a n s w e r  t h a t  qu e s t i o n .  It h a s  t o  b e  b i g g e r  
t h a n  the g r a i n  size, d e f i n i t e l y  a lot b i g g e r  t han 
the g r a i n  size.

P. S. PRE V E Y :  W e  s h o u l d  m a k e  the m e a s u r e m e n t
a r e a  as l a r g e  as p o s s i b l e  to m e a s u r e  t h e  c h a n g e  in 
a p p l i e d  str e s s  and m i n i m i z e  t h e  o t h e r  errors.

J. B. COHEN: I d o n ' t  t h i n k  w e  c a n  a n s w e r  t h o s e
questions. N o b o d y  h a s  d a t a  a l o n g  t h e  l e n g t h  o f  a 
rail. T his is the k i n d  o f  t h i n g  that, if y o u  are 
intere s t e d ,  y o u  h a v e  t o  f o l l o w  u p  o n  a n d  get some 
r e s e a r c h  done, e i t h e r  i n - h o u s e  o r  s o m e p l a c e  else.

A. J. O P INSKY: W h a t  a r e  the r a d i a t i o n  h a z a r d s
if w e  h a d  t h i s  thing, n o t  as a m o v i n g  d e v i c e  b u t  as 
a s t a t i o n a r y  d e v i c e ?

J. B. COHEN: Are y o u  t a l k i n g  a b o u t  X - r a y s ?
I mean, I do n o t  k n o w  w h a t  u l t r a s o n i c s  does, 
but --. A n y b o d y  t hat t e l l s  y o u  n o  e f f e c t  -- 
tomorrow, s o m e b o d y  e l s e  w i l l  f i n d  an effect.
Any w a y ,  w e  do k n o w  t h a t  X - r a y s  h a v e  a n  e f f e c t  and 
y o u  j ust s h i e l d  it. Y o u  b o x  y o u r  d e v i c e  in to 
y o u r  p a r t i c u l a r  use. It c a n  b e  s h i e l d e d  in s uch 
a w a y  that it w ill n o t  b e  a n y  p r o b l e m  a n d  t h ere 
is n o  p e r m a n e n t  d a m a g e  to t h e  piece.

C. 0. RUUD: T h e  X - r a y s  w h i c h  a r e  u s e d  for
X - r a y  d i f f r a c t i o n  are very, v e r y  l o w - e n e r g y  
X-rays. W e  are not t a l k i n g  a b o u t  m e d i c a l  X-rays.
W e  are not t a l k i n g  a b o u t  i n d u s t r i a l  X-r a y s .  We 
a r e  t a l k i n g  a b o u t  X - r a y s  t h a t  a q u a r t e r - i n c h  o f  
p l e x i g l a s s  w i l l  a b s o r b  a l m o s t  c o m p l e t e l y .

P. S. PREVEY: T h a t  is all I u s e d  f o r  s h i e l d 
ing on t hat X - r a y  i n s t r u m e n t .

C. 0. RUUD: It is o n l y  t h e  p r i m a r y  b e a m  t hat
w i l l  be a p r o b l e m ,  n o t  the s c a t t e r e d  r a d i a t i o n .

177



P. S. PREVEY: Y o u  c e r t a i n l y  have' to w o r r y
a b out safety. It is a m a t t e r  o f  s h i e l d i n g  the 
d e v i c e  pr o p e r l y .  O n c e  y o u  h a v e  s p e c i f i e d  t h e  
a p p l i c a t i o n  a n d  b u i l t  the e q u i pment, y o u  s h i e l d  
it accord i n g l y .

Q U E S T I O N - A N D - A N S W E R  P E R I O D

R. C. F A U L K N E R  (I l l i n o i s  C e n t r a l  G u l f  
Railroad): Dr. Cohen, is t h e r e  i n f o r m a t i o n
a v a i l a b l e  for t h e  m a n u f a c t u r e r s  o f  t hat m i n i 
a t u r i z e d  e q u i p m e n t  t h a t  y o u  sho w e d ?

J. B. COHEN: A l l a n  Z a r e m b s k i  h a s  some
information.

R. E. G R E E N  (The J o h n s  H o p k i n s  U n i v e r s i t y ) :
Is t his n e w  tube, t h a t  y o u  a r e  t a l k i n g  a b o u t  a 
m o d e r n  v e r s i o n  o r  a n e w e r  v e r s i o n  o f  J e r r y  
C o h e n ' s  or is it a r o t a t i n g  a n o d e - t y p e  t u b e ?

C. 0. RUUD: As a m a t t e r  o f  fact, it is m a d e
b y  t h e  same peo p l e ,  b u t  it is n o t  a  r o t a t i n g  
anode.

J. B. COHEN: In fact, t h e y  sell one o f f  the
shelf. It goes to 10 m i l l i a m p e r e s . It is a i r  
cooled, but a b i t  b u l k i e r  t h a n  the zma tube.

C. 0. RUUD: B u t  t h e  o n e  t h e y  are d e v e l o p i n g
for us w i l l  be w a t e r - c o o l e d .

J. R. BARTON: T h i s  q u e s t i o n  o f  l a t t i c e
s p a c i n g  or c h a n g e  in l a t t i c e  s p a c i n g  w i t h  
t e m perature: A s  the r a i l  t e m p e r a t u r e  ris e s ,  the
l a t t i c e  s p a c i n g  in a  t r a n s v e r s e  d i r e c t i o n  w h e r e  
y o u  a r e  n o t  c o n s t r a i n e d  changes. O n  t o p  o f  t h a t  
change, f rom the t e m p e r a t u r e  e x p a n s i o n  alone, 
y o u  c a n  h ave the i n f l u e n c e  o f  the c o n s t r a i n t  and 
P o i s s o n s  e f f e c t  so y o u  h a v e  to k n o w  in t e n s i t y ,  
do y o u  not?

J. B. COHEN: Y o u  k n o w  the t h e r m a l  e x p a n s i o n
c o efficient.

J. R. BARTON: Is t h e  p o i n t  t h a t  y o u  n e e d  to
k n o w  t h e  t e m p e r a t u r e  o f  t h e  r a i l ?  N o t  n e c e s s a r i l y  
t h e  a m b i e n t  t e m p e r a t u r e ?

J. B. COHEN: No, b e c a u s e  y o u  m a k e  t h e  m e a s 
u r e m e n t  in d i f f e r e n t  d i r e c t i o n s ,  a n d  the t h e r m a l  
e x p a n s i o n  c o e f f i c i e n t  in steel, w h i c h  is e s s e n 
t i a l l y  cubic, is i n d e p e n d e n t  o f  d i r e c t i o n .  So 
w h e n  y o u  t a k e  a d i f f e r e n c e ,  y o u  c a n c e l  out the 
t h e r m a l  e x p a n s i o n  par t .  Y o u  m e a s u r e  o n l y  the 
s t r e s s .

I still t h i n k  the t h e r m a l  e x p a n s i o n  p a r t  -- 
n o t  at the l o n g i t u d i n a l  d i r e c t i o n  b u t  in the o t h e r  
d i r e c t i o n s  t h a t  y o u  are m e a s u r i n g ,  p e r p e n d i c u l a r  
to t h e  rail a n d  o t h e r  a n g l e s  -- is g o i n g  to can c e l  
in t h e  difference.

R. B. T H O M P S O N :  I w o u l d  s a y  that, i f  y o u
c o u l d  m e a s u r e  o n  t h e  r ail h e a d  a n d  o n  t h e  side, 
that w o u l d  work. Y o u  w o u l d  h a v e  g o o d  a c c e s s  to 
the top o f  t h e  rail, b u t  i n t e r p r e t a t i o n  m a y  b e  
l i m i t e d  b e c a u s e  o f  all t h e  o t h e r  c o l d  w o r k i n g  
e f f e c t s .

J. B. COHEN: I d o n ' t  know. I h a v e  to t h i n k
a b o u t  t h a t .

A. M. ZAREMBSKI:. The top o f  the r a i l  j ust 
c a n ' t  r e a l l y  be a p r a c t i c a l  m e a s u r e m e n t  b e c a u s e  
y o u  h a v e  to r u n  t r a i n s  in b e t w e e n  a n d  y o u  a r e  
b a s i c a l l y  c h a n g i n g  y o u r  s t r e s s  e v e r y  t i m e  y o u r  
t r a i n  r u n s  by.

D. P. M c C O N N E L L :  T h e r e  h a v e  b e e n  t e s t s  c o n 
d u c t e d  in w h i c h  p e o p l e  h a v e  o b s e r v e d  s u r f a c e  
s t r a i n s  c h a n g i n g  w i t h  t r a i n  p a s s a g e .  Y o u  c a n  see 
m a t e r i a l  f l o w i n g  in d i f f e r e n t  d i r e c t i o n s ,  d e p e n d 
i n g  o n  b o t h  t h e  d i r e c t i o n  o f  t r a i n  m o t i o n  a n d  o n  
t h e  r e l a t i v e  p o s i t i o n i n g  o f  the w h e e l s  o n  t h e  r a i l  
hea d ,  so t h e  t r e a d  s u r f a c e  b e c o m e s  a r o u g h  p l a c e  
to m a k e  a n y  k i n d  o f  m e a s u r e m e n t  in t h i s  con t e x t .

R. E H R E N B E C K  ( T r a n s p o r t a t i o n  S y s t e m s  Cen t e r ,
D O T ) : Dr. Ruud, y o u  m e n t i o n e d  a p o s s i b i l i t y  o f
p u t t i n g  t h i s  o n  a  v e h i c l e  and t r a v e l i n g  a l o n g  at 
30 m i l e s  a n  h o u r  o r  w h a t e v e r  it is. But i s n ' t  
y o u r  s y s t e m  s e n s i t i v e  to the p o i n t  o f  i n t e r e s t  on 
t h e  r a i l  f r o m  the t i m e  o f  t r a n s m i s s i o n  u n t i l  the 
i n f o r m a t i o n  is r e c o r d e d  o n  y o u r  c o u n t e r  w h e r e  
y o u r  a c t u a l  l i nes fall?

C. 0. RUUD: Y o u  mean, w h a t  is t h e  d i s t a n c e
b e t w e e n  the c o u n t e r  a n d  t h e  r a i l ?

R. E H R E N B E C K :  No, I a m  s a y i n g  t h a t  in o r d e r
to o b t a i n  d e t e c t a b l e  s i gnals, y o u  h a v e  to sit 
o v e r  a  f i x e d  l o c a t i o n  to get y o u r  r e a d i n g s .

C. 0. RUUD: Y o u  c a n  c o l l e c t  t h e  d a t a  w h i l e
it is b e i n g  g e n e rated. W e  a r e  t a l k i n g  m i c r o  s ets 
v e r s u s  m i l l i  sets.

R. E H R E N B E C K :  But y o u  a r e  a l s o  m o v i n g  o v e r
t h e  o r i g i n a l  p o s i t i o n .  In o t h e r  w o r d s ,  are y o u  
t h i n k i n g  o f  p u l s i n g  an X - r a y  a n d  t h e n  t a k i n g  a 
r e a d i n g  a n d  m o v i n g  on?

C. 0. RUUD: No, w h a t  I w a s  t h i n k i n g  w h e n  I
t h r e w  t h a t  o u t  w a s  t h e  a v e r a g i n g  bit. Y o u  a v e r a g e d  
o v e r  s e v e r a l  feet.

J. B. COHEN: A s s u m i n g  t hat the g e o m e t r y  w o r k s
out, t h e  s a m p l e  is g o i n g  to b e  s c a t t e r i n g  all t h e  
t i m e  the p i e c e  is m o v i n g  p a s t  the d e t e c t o r ,  so it 
is j u s t  l i k e  h a v i n g  a h u g e  s a m p l e  all at o n e  t i m e  
as it is s c a t t e r i n g .  T h e  o n l y  t i m e  e l e m e n t  r e q u i r e 
m e n t  is h a v i n g  e n o u g h  t ime to get e n o u g h  c o u n t s  to 
get g o o d  s t a t i s t i c s .  But t h a t  d o e s  n o t  n e c e s 
s a r i l y  m e a n  t h a t  the s a m p l e  h a s  t o  b e  s t a t i o n a r y .
It c a n  b e  mov i n g .

B y  t h e  way, y o u  c a n  get o t h e r  t h i n g s  o u t  o f  
t h e s e  m e a s u r e m e n t s .  T h e  o s c i l l a t i o n s  in i n t e n s i t y  
w i l l  t e l l  y o u  t h e  g r a i n  size. W h i l e  t h i s  p i e c e  is 
m o v i n g  p a s t  t h e  20 feet, y o u  c o u l d  o b t a i n  b o t h  the 
s t r e s s  a n d  t h e  g r a i n  size, i f  t h a t  is o f  a n y  
a s s i s t a n c e .

R. E H R E N B E C K :  But y o u  a l s o  h a v e  got an e r r o r
d u e  to the p o s i t i o n i n g  o f  t h e  t r a n s m i t t e r  o n  t h e  
r a i l ' s  c u r v e d  s u r f a c e  a n d  the c u r v a t u r e  o f  the 
co l l e c t o r .
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J. B. COHEN: T h a t  is the g e o m e t r y  q u e s t i o n
w h i c h  is n o t  clear. It d e p e n d s  o n  h o w  w e l l  y o u  
can m a i n t a i n  d i s t a n c e s  a n d  t h i n g s  like that.

C. 0. RUUD: T h a t  is right. It is a l s o  h o w
y o u  w o u l d  m a i n t a i n  d i s t a n c e s .  I h a v e  h e a r d ' s o m e  
ideas, s o m e  o f  t h e m  w i ld, s o m e  o f  t h e m  n o t ’so 
wild. W e  h a v e  n o t  a p p r o a c h e d  that, b u t  c e r t a i n l y  
y o u  d o n ' t  h a v e  t o  h o l d  t h e  d i s t a n c e  constant.
Y o u  j u s t  h a v e  t o  k n o w  w h a t  t h e  d i s t a n c e  is at the 
i n s t a n t  y o u  a r e  m a k i n g  the m e a s u r e m e n t s .  A n d  
t h a t  is a  m a t t e r  o f  h o w  fast a n  e l e c t r o n i c  d e v i c e  
will respond.

D. E. BRAY: A s  I m e n t i o n e d  in S e s s i o n  I, I
h a v e  m e l l o w e d  c o n s i d e r a b l y  in m y  e n t h u s i a s m  for 
t h e  6 0 - m i l e - a n - h o u r  ve h i c l e .  As a result, I 
h a v e  b e e n  t h i n k i n g  in the last 2 o r  3 y e ars a b out 
the u s e f u l n e s s  a n d  the a p p l i c a b i l i t y  o f  a h a n d 
h e l d  p o r t a b l e  dev i c e .  O f  course, w h e n  y o u r  c a p 
a b i l i t i e s  d i m i n i s h ,  y o u  t r y  t o  e n h a n c e  the c a p 
a b i l i t i e s  o f  w h a t  y o u  h a v e  left, b u t  I t h ink 
w h a t  t h i s  p o i n t s  o u t  is this, a n d  t h e s e  c o m m e n t s  
r e a l l y  a p p l y  to e v e r y b o d y .

I t h i n k  t h e  e s s e n t i a l  t h i n g  t h a t  w e  c o u l d  
d e v e l o p  t h a t  w o u l d  b e  m o s t  u s e f u l  at t his t i m e  
is a m a i n t e n a n c e  t o ol, a  d e v i c e  u s e d  w h e n  t r a c k  
is i n s t a l l e d  so t h a t  t h e  t r a c k  m e n  c a n  ins u r e  
t h a t  t h e  s t r e s s e s  a r e  e v e n l y  d i s t r i b u t e d  w h e n  
t r a c k  is i n s t alled.

Now, i n  an i d e a l  c a s e  -- t h a t  is, s t r a i g h t  
t r a c k  w i t h  n o  p e r t u r b a t i o n s  -- it w o u l d  b e  sim p l e  
to p e r i o d i c a l l y  c o m e  b a c k  and, at k e y  p o i n t s  on 
t h e  rail, m a k e  m e a s u r e m e n t s  a n d  take the t e m p e r a 
ture. T h i s  is r e a l l y  all t h a t  y o u  w o u l d  need.
W e  do h a v e  inputs, as s o m e  p e o p l e  h a v e  m e n t i o n e d ,  
o f  b r a k i n g  d o w n h i l l  a n d  o t h e r  a b n o r m a l i t i e s .  
N e v e r t h e l e s s ,  l o o k i n g  at t h i s  as a  m a i n t e n a n c e  
tool, t h e  p r u d e n t  p e r s o n  c a n  d e c i d e  w h e r e  the 
t e s t i n g  s h all t a k e  place. I t h i n k  t h e r e  is a 
lot o f  b e n e f i t  f o r  the o p e r a t i n g  r a i l r o a d  f o r  a 
t r a c k  m a n  t o  p o s s e s s  a p o r t a b l e  s t r e s s  m e a s u r i n g  
d evice. It c a n  b e  c a r r i e d  in a h i g h  r a i l  c a r  or 
a m a i n t e n a n c e  o f  w a y  t r u c k  or a n y t h i n g  like that. 
J u s t  so as t h e  m a n  h a s  a c c e s s  to a  d e v i c e  w h i c h  
g i v e s  s o m e  i n d i c a t i o n  o f  b o t h  the s t r e s s  a n d  the 
t e m p e r a t u r e  at a p o i n t  o n  t h e  rail. A t  this 
time, t h i s  b e c o m e s  a p a r t  o f  t h e  m a i n t e n a n c e  
data. I t h i n k  t h a t  w o u l d  b e  a u s e f u l  tool. It 
is less t h a n  t h e  f i r s t  goal, b u t  as s o m e b o d y  
m e n t i o n e d  e a r l i e r ,  it is a  h e c k  o f  a  lot m o r e  
t h a n  no t h i n g .

N. S E N A P A T I  ( B a t t e l l e  C o l u m b u s  Labor a t o r i e s ) :  
T h e r e  a r e  s ome i m p l i c a t i o n s  t h a t  w e  h a v e  to m a k e  
two m e a s u r e m e n t s  -- w h e n  it is at low t e m p e r a t u r e  
a n d  w h e n  it is a t  h i g h  t e m p e r a t u r e .  I d o n ' t  
r e a l l y  s e e  t h e  n e c e s s i t y  f o r  a l w a y s  m a k i n g  two 
m e a s u r e m e n t s .  I b e l i e v e  t h a t  e v e n  t h e  X - r a y  
t e c h n i q u e  o r  t h e  u l t r a s o n i c  t e c h n i q u e  o r  the 
t e c h n i q u e  I p r o p o s e d  w o u l d  s i m p l y  m o n i t o r  some 
a v e r a g e  v a l u e  o f  t h e  s t r e s s  w i t h o u t  a n y  r e f e r e n c e  
to d a t a  w h e n  it is cold.

J. B. COHEN: I w o u l d  like to m a k e  a c o m m e n t
o n  t h a t  p o i n t .  Y o u  h a v e  got all k i n d s  o f  thi n g s  
g o i n g  o n  in t h a t  rail. A s  P a u l  P r e v e y  w a s  s h o w 
ing, s t r e s s  is all t h e  w a y  t h r o u g h  t h e  b u l k  and
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t h ose s t r e s s e s  a r e  g o i n g  t o  b e  a f u n c t i o n  o f  h o w  
the rail w a s  m a n u f a c t u r e d ,  h o w  it w a s  laid, 
w h e t h e r  it is u p h i l l  o r  d o w n h i l l ,  w h e t h e r  it is 
g o i n g  to curve, w h e t h e r  it is g o i n g  to cre e p  and 
l e ave u n e q u a l  st r e s s e s ,  a n d  so forth.

A s s u m e  f o r  e x a m p l e  j ust the i d eal s i t u a t i o n  
that, w h e n  w e  are all done, the r a i l  has u n i f o r m l y
50, 0 0 0  p o u n d s  p e r  s q u a r e  i n c h  o f  c o m p r e s s i o n .  The 
b u c k l i n g  load h a s  to o v e r c o m e  t h a t  b e f o r e  the 
t e n s i l e  p a r t  o f  t h e  b u c k l i n g  l o a d  c a u s e s  any 
problems. So y o u  h a v e  to k n o w  w h a t  it w a s  to 
sta r t  w i t h  a n d  w h a t  it is l a t e r  on t o  k n o w  
w h e t h e r  y o u  a r e  g o i n g  to get i nto t rouble.

N. SENAPATI: I d o n ' t  t h i n k  so. If y o u  h a v e
a r e s i d u a l  s t r e s s  d i s t r i b u t i o n  d u e  to, say, c o l d  
w o r k i n g  o r  the c r e e p  o r  due to t h i n g s  t h a t  h a v e  
b e e n  c h a n g i n g  f r o m  d a y  to day, u n l e s s  the n e t  
effe c t  is an a v e r a g e  c o m p r e s s i v e  s t r e s s  a l o n g  a 
p i e c e  o f  f a i r l y  l a rge l e n g t h  ( c o m p a r a b l e  to "the 
w a v e l e n g t h " ) , it is n o t  g o i n g  to c a u s e  a n y  
buckling.

D. P. M c C O N N E L L :  I t h i n k  the i s s u e  to c o n 
s i d e r  at t his p o i n t  is t hat t h e  t r a c k  s t r u c t u r e  
h a s  e v o l v e d  o v e r  a p e r i o d  o f  time. It is a 
r e m a r k a b l y  w e l l - a d a p t e d  s t r u c t u r e  at t h i s  p o i n t  
in time. H o w e v e r ,  it is a r e m a r k a b l y  u n c o n t r o l l e d  
structure. It v a r i e s  d r a s t i c a l l y  f r o m  p o i n t  to 
p o i n t  a l o n g  t h e  rail o r  b e t w e e n  t w o  rails. T h e r e  
are m o v e m e n t s  w h i c h  t ake p l a c e  in t h e  r ail w i t h  
r e s p e c t  to t h e  ties. T h e  t i e s  t h e m s e l v e s  can 
m o v e  t h r o u g h  the ba l l a s t .  F u r t h e r m o r e ,  the t i e s  
do not p r o v i d e  a f i x e d  r e f e r e n c e  p o i n t  for ideal 
r e s t r a i n t  o f  t h e  rails.

T h e r e  are m a n y  r e a s o n s  w h y  r a i l  moves.
Ber n i e  F o r c i e r  a l l u d e d  to the f a c t  b e f o r e  that, 
o n  v i r t u a l l y  a n y  p i e c e  o f  r a i l r o a d  y o u  l ook at, 
rail does n o t  w a n t  to b e  at the top o f  the hill, 
b u t  w o u l d  l ike to b e  at t h e  b o t t o m  o f  the hill. 
T h a t  is l a r g e l y  b e c a u s e  the t r a i n  w o u l d  l ike to 
c r oss the top o f  the h i l l  a n d  the r a i l  is the 
o n l y  t h i n g  t h a t  is r e s i s t i n g  t h e  t r a c t i o n  f o rce 
r e q u i r e d  to get it over.

As a c o n s e q u e n c e ,  f r o m  the v i e w p o i n t  o f  the 
c o n f e r e n c e  w e  a r e  n o w  c o m p l e t i n g ,  all o f  tho s e  
m e c h a n i c a l  e f f e c t s  w h i c h  p r o d u c e  s t r e s s e s  o n  t h e  
r a i l s  w h i c h  w e  h a v e  g o n e  t h r o u g h  o v e r  a n d  o v e r  
a g a i n  become, a g a i n s t  t h e  i s s u e  o f  l o n g i t u d i n a l  
f o rce o n  t h e  rail, t h e  n o i s e  b a c k g r o u n d  a g a i n s t  
w h i c h  w e  a r e  t r y i n g  to m a k e  m e a s u r e m e n t s .  U n f o r 
t u n a t e l y  the n o i s e  level is v e r y  h i g h  a n d  it is 
v e r y  i n c o n s t a n t  as y o u  m o v e  a l o n g  t h e  rail. So I 
t h i n k  that one o f  t h e  k e y  i s s u e s  h e r e  is that 
t e m p e r a t u r e  is b e i n g  u s e d  as a s u r r o g a t e  for t h e  
a x ial f o rce b e h a v i o r  w i t h i n  t h o s e  r a i l s  a n d  I 
t h i n k  w e  o u g h t  to k e e p  t h a t  in m i n d  as w e  p r o c e e d  
w i t h  o u r  c o n c l u d i n g  r e m a r k s .

Let m e  e x p l a i n  t h e  p r o b l e m  a b o u t  w h i c h  the 
t r a c k  m e c h a n i c i a n  w o r r i e s .  It is a v i e w  s o m e w h a t  
d i f f e r e n t  f r o m  t h a t  o f  the t r a c k ‘e n g i n e e r ,  b e c a u s e  
w e  do n o t  c ome d o w n  f r o m  the i v o r y  t o w e r  o f t e n  
e n o u g h  to h a v e  h i s  p r o b l e m s .

F u n d a m e n t a l l y ,  w i t h  c o n s t r a i n e d  a x i a l  loads 
w i t h i n  the t r a c k  d u e  to t h e r m a l  e x p a n s i o n  o r  d u e



to a c c u m u l a t i o n  o f  c r e e p  due to t r a i n  action, 
t h e r e  is a  b u i l d u p  o f  a x ial f o r c e  e i t h e r  over 
t i m e  o r  t h r o u g h  the d a i l y  t e m p e r a t u r e  cycle.

L ike a n y  s t r u c t u r a l  e l e m e n t  u n d e r  c o m p r e s s i v e  
load, t h e r e  is s o m e  b u c k l i n g  l o a d  at w h i c h  t h e r e  
is a p r oblem. W i t h  t h e  rail, c u r r e n t  t h e o r i e s  
b a s i c a l l y  i n d i c a t e  t h a t  the p r o b l e m  e x h i b i t s  the 
t y p e  o f  b e h a v i o r  w h i c h  is s h o w n  in the diagram.
If I look at d i s p l a c e m e n t  o f  the t r a c k  v e r s u s  
t h e  axial load, N, t h e  type o f  b e h a v i o r  w h i c h  
is e x h i b i t e d  is s o m e t h i n g  that, r o u g h l y  s p e aking, 
looks like this.

A b o v e  N cr, the p o r t i o n  o f  t h e  b r a n c h  to the 
left o f  the m i n i m a  p o i n t  is u n s t a b l e  a n d  c o n s e 
q u e n t l y  is d i s p l a c e m e n t  w h i c h  c a n n o t  b e  m a n i f e s t e d  
d u r i n g  the act u a l  b u c k l i n g  p h e n o m e n a .  So w hat 
w o u l d  h a p p e n  in an i d eal c ase is t h a t  y o u  w o u l d  
l oad u p  a l o n g  t h e  v e r t i c a l  bra n c h ;  t h a t  is, t h e r e  
w o u l d  b e  an i n c r e a s i n g  l oad b u t  n o  f u r t h e r  
d e f o r m a t i o n .

A t  a n y  l oad b e l o w  the N c r , t h e r e  is n o  a d j a 
c e n t  s t a t e  o f  e q u i l i b r i u m .  T h e r e  is n o  p r o b l e m  
w i t h  b u c kling. O n c e  t h e  load e x c e e d s  N c r , the 
t r a c k  can a c h i e v e  a  s t a t e  w h e r e  a n y  e x t e r n a l  
i n p u t  m a y  c a use t h e  t r a c k  to c r oss a n  e n e r g y  
t h r e s h o l d  a n d  buc k l e .  It w i l l  go f r o m  p o i n t  A  
t o  p o i n t  C. In an a c t u a l  track, that r e p r e s e n t s  
a  d i s p l a c e m e n t  s o m e w h e r e  b e t w e e n  12 a n d  18 inches 
o v e r  a len g t h  o f  40 to 60 feet. T h a t  r e p r e s e n t s  
a n  i r r e g u l a r i t y  in the t r a c k  d i f f i c u l t  t o  t r a v e r s e  
w i t h  a  train. W h e n  t his hap p e n s ,  t h e r e  is a shift 
w i t h i n  t h a t  a x i a l  l o a d  w i t h i n  the track, as the 
t r a c k  m o v e s  to a l o w e r  e n e r g y  state.

I t h i n k  t h a t  o n e  o f  the i s s u e s  w h i c h  is o f  
g r e a t  c o n c e r n  h e r e  is that, for a n y  g i v e n  t r a c k  
struct u r e ,  this a l l o w a b l e  i n c r e m e n t  in a x i a l  
f o r c e  and its a s s o c i a t e d  a l l o w a b l e  c h a n g e  in 
t e m p e r a t u r e  v a r i e s  w i t h  the b a l l a s t  r e s t r a i n t  
p r o p e r t i e s  a n d  w i t h  t h e  s t r u c t u r a l  p r o p e r t i e s  o f  
t h e  t r a c k  panel. W e  do n o t  k n o w  a p r i o r i  w h a t  
t h e  c r i t i c a l  a x ial l o a d  for a n y  g i v e n  p i e c e  o f  
t r a c k  is. It c a n  b e  c a l c u l a t e d  o n l y  o n c e  we h a v e  
t h e  local r e s t r a i n t  c h a r a c t e r i s t i c s  at t h a t  p a r t i 
c u l a r  location. T h e  c r i t i c a l  q u e s t i o n  in the c o n 
t e x t  o f  this c o n f e r e n c e  is the q u e s t i o n  o f  h o w  to 
d e t e c t  the a x ial f o r c e  in the track, so that

s u b s e q u e n t l y  o n e  c a n  d e t e r m i n e  h o w  c l o s e  t h e  t r a c k  
is t o  the c r i t i c a l  a x i a l  l oad f o r  t h a t  track.

C o n v e r s e l y ,  w h e n  the t r a c k  g oes i nto t e n s i o n ,  
t e n s i l e  f o r c e s  act in c o n s o r t  w i t h  t h e  s t r e s s e s  
i n d u c e d  b y  w h e e l  p a s s a g e  to a c t  as a p r o m u l g a t i n g  
m e c h a n i s m  f o r  cracks. So w e  a r e  i n t e r e s t e d  in 
l o o k i n g  at t h e  m a n a g e m e n t  o f  t e n s i l e  f o r c e s  l a r g e l y  
b e c a u s e  t h e y  r e p r e s e n t  a t h r e a t  f r o m  r a i l  f a ilure.
In v e r y  g r o s s  terms, t h a t  is t h e  b a l l p a r k  w i t h i n  
w h i c h  w e  a r e  t e s t i n g  to see i f  t h e r e  is s o m e t h i n g  
h a p p e n i n g  to t h e  a x ial f o rce in t h e  rail.

T h e  r e a s o n s  t hat b u c k l i n g  is s u c h  a p r o b l e m  
is b e c a u s e ,  due to t h e  n a t u r e  o f  t h e  j u m p  d i s 
c o n t i n u i t y  in t h e  r e s ponse, y o u  c a n  b e  in a p o s i 
t i o n  w h e r e  t h e  t r a c k  c o u l d  h a v e  j u s t  s l i g h t l y  less 
t h a n  s u f f i c i e n t  a x i a l  f o rce to b u c k l e  a n d  a s m all 
a m o u n t  o f  e n e r g y  input, for exa m p l e ,  p a s s a g e  o f  a 
t r a i n ,  c a n  c a u s e  it t o  go out. T h a t  is w h y  it is 
t h a t  r a i l r o a d  p e o p l e  are so c o n c e r n e d  a b o u t  c o n 
s t r a i n e d  t h e r m a l  e x p a n s i o n  r a i l s  a n d  w h a t  t h e y  
r e p r e s e n t .  It is an i n c i p i e n t  p r o b l e m  t h a t  r e s u l t s  
in o v e r  2 0 0  d e r a i l m e n t s  p e r  year.

R. H. P R A U S E  (Battelle C o l u m b u s  L a b o r a t o r i e s ) : 
J u s t  a  g e n e r a l  q u e s t i o n  to t h e  r a i l r o a d  m e m b e r s  
o f  t h e  p a n e l  o r  e l s e  to the au d i e n c e :  H o w  d o  y o u
v i e w  t h e  r e l a t i v e  p r a c t i c a l  d i f f i c u l t y  o f  o f f e r i n g  
s o m e  t y p e  o f  m o v i n g  i n s p e c t i o n  t h a t  e i t h e r  l o oks at 
t h e  h e a d  o f  t h e  r a i l  o r  g oes a r o u n d  the s i d e  a n d  
l o oks at t h e  w e b  o f  t h e  r a i l ?  I k n o w  it is d e s i r 
a b l e  to l o o k  at t h e  h e ad, b u t  h o w  m u c h  m o r e  d i f 
f i c u l t  d o  y o u  t h i n k  it is to l ook at t h e  w e b  w i t h  
t h e  o b s t r u c t i o n s  o f  j o i n t  b a r s  a n d  t u r n o u t s ,  etc.?-

B. R. FOR C I E R :  F o r  t h o s e  o f  y o u  w h o  are f a m i 
l i a r  w i t h  d e t e c t i n g  o r  c h e c k i n g  f o r  r a i l  f a i l u r e s  
o r  flaws, r i d i n g  o r  c h e c k i n g  the h e a d  o f  the rail 
is m u c h  e a s i e r  b e c a u s e  it is a v a i l a b l e  to y o u  at 
all times. T h e  w e b  o f  the r ail w o u l d  b e  a v a i l a b l e  
t o  y o u  f o r  c h e c k i n g  m o s t  o f  t h e  time, b u t  y o u  w o u l d  
h a v e  r a i l r o a d  cr o s s i n g s ,  h i g h w a y  c r o s s i n g s ,•s w i t c h e s , 
o r  t u r n o u t s ,  a n d  so o n  t h a t  c o u l d  b e  a p r o b l e m .  
N a t u r a l l y  y o u  c o u l d  r a i s e  the e q u i p m e n t  f o r  that, 
b u t  l o o k i n g  at t h e  web, the p r e p o n d e r a n c e  o f  the 
c h e c k i n g  w o u l d  b e  easy, b o t h  i n s i d e  a n d  o u t s i d e ,  
e i t h e r  one.

R. H. PRA U S E :  Y o u  can a l s o  get d e b r i s  a n d  lots
o f  o t h e r  o b s t r u c t i o n s  b e t w e e n  t h e  rails, a n d  t h e s e  
c a n  b e  as h i g h  as the l o wer p a r t  o f  the head.

B. R. F O RCIER: G e o g r a p h i c a l l y  it c o u l d  b e  a
p r o b l e m ,  o n c e  t h e y  get a lot o f  s a n d  a n d  so on 
b u i l t  up.

R. H. PRA U S E :  I h a v e  s e e n  o l d  t i r e s  l y ing
b e t w e e n  t h e  rails, too.

U N I D E N T I F I E D  S PEAKER: Yes, b u t  i f  y o u  c a n ' t
s o l v e  t h a t  p r o b l e m ,  t h e n  y o u  a r e  in r e a l  tro u b l e .

D. P. M c C O N N E L L :  It is a g e n e r a l  r u l e  in r a i l 
r o a d i n g  tha t ,  i f  e q u i p m e n t  is n o t  in t h e  s h a d o w  o f  
the axle, f o r g e t  a b o u t  it; it w o n ' t  b e  t h e r e  t h e  
n e x t  t ime y o u  look for it.

J. H. S U L L I V A N  (Federal R a i l r o a d  A d m i n i s t r a t i o n ) :  
I h a v e  a c o m m e n t  a b o u t  the d i f f i c u l t y  o f  l o o k i n g  at
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t h i n g s  o n  t h e  h e a d  o f  t h e  r a i l  o r  o n  t h e  w e b  o f  
the r a i l  o r  o n  t h e  base. I w a s  p e r s o n a l l y  
r e s p o n s i b l e  f o r  o p e r a t i n g  a  t r a c k  i n s p e c t i o n  c a r  
f o r  a b o u t  12 y e a r s  b e f o r e  w o r k i n g  f o r  t h e  FRA.
I f  y o u  c a n  s t a y  o n  t h e  h e a d  o f  the rail, y o u  
h a v e  g o t  a  p r e t t y  g o o d  chalice o f  e v e r y t h i n g  
o p e r a t i n g  all d a y  l o n g  w i t h o u t  t o o  m u c h  t r ouble.
A s  s o o n  as y o u  g e t  to t h e  g a g e  s i d e  o f  t h e  h e a d  
o f  t h e  rail, y o u  h a v e  to s t a r t  b e i n g  c o n c e r n e d  
a b o u t  s u c h  t h i n g s  as s w i t c h  f r o g s  a n d  h o w  y o u  
get t h r o u g h  them. W h e n  y o u  g e t  to t h e  s ide o f  
t h e  rail, w h i c h  is r i g h t  u n d e r  t h e  h e a d  o f  the 
rail, y o u  g e t  i n t o  a  p r o b l e m  t h a t  m y  f r i e n d  
J. J. Y a v e l a k  o v e r  t h e r e  at S o u t h e r n  R a i l w a y  
gets i n t o  a b o u t  e v e r y  day, I expect, o n  t h e i r  
A R W I S S  car.

W h e n  y o u  get t o  t h e  b a s e  o f  t h e  rail, y o u  
h a v e  g o t  t o  r e a c h  d o w n  f u r t h e r  y e t  a n d  it s e ems 
to m e  that, f o r  a  m o v i n g  v e h i c l e ,  it is g o i n g  to 
b e  a  v e r y  d i f f i c u l t  p r o b l e m  t o  l o o k  at t h e  web, 
w h i c h  m a y  b e  a n  i n c h  a b o v e  t h e  spikes. O n c e  y o u  
get d o w n  t h a t  l o w  y o u  d o n ' t  h a v e  to w o r r y  a b o u t  
a  spike. Y o u  h a v e  g o t  r a i l  a n c h o r s  a n d  e v e r y 
t h i n g  else, s o  it s e e m s  t o  m e  t h a t  o n c e  y o u  get 
d o w n  o n  t h e  w e b  o f  t h e  rail, y o u  are a p p r o a c h i n g  
t h e  r a i l  w i t h  a n  i m p o s s i b l y  d i f f i c u l t  p r o b l e m .

A. M. Z A R E M B S K I :  W h y  d o n ' t  y o u  t r y  s o m e t h i n g
w i t h  a c o n t a c t ,  w i t h  a  c o n t a c t  s h oe?

U N I D E N T I F I E D  SPE A K E R :  W h y  d o  y o u  w a n t  a
r o l l i n g  v e h i c l e ?  W h y  n o t  h a v e  o n e  t hat is m a d e  
p o r t a b l e  a n d  t h a t  c a n  c o m e  u p  h e r e  a n d  c h e c k  a 
p i e c e  o f  r a i l  a n d  t h e n  m o v e  o n  to a n o t h e r  
se c t i o n .  W e  h a v e  got t o  l e a r n  s o m e t h i n g  a b out 
w h a t  is i n  a  p a r t i c u l a r  l o c ation. W e  h a v e  got
2 4 , 0 0 0  m i l e s  o f  r a i l r o a d s .  W e  d o n ' t  c a r e  a b o u t  
f i n d i n g  o u t  a b o u t  t h e  w h o l e  thing.

G. A. D A V I D S  (F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n ) :  
T o  g o  a  l i t t l e  f u r t h e r  o n  t h i s  m a t t e r  o f  r a i l  flaws 
a n d  t r a c k  g e o m e t r y ,  w e  want, t o  m a k e  a f a i r l y  c o n 
t i n u o u s  s e a r c h  b e c a u s e ,  o f  c ourse, t h e r e  is l i a b l e  
to b e  a  f l a w  o r  a  g e o m e t r y  d e f e c t  in an 
a r e a  t h a t  w e  m i g h t  h a v e  skipped. But as far as 
t r y i n g  t o  d e t e r m i n e  s t r e s s e s  a n d  f o r c e s  in the 
rail, I j u s t  d o  n o t  see t hat t h e r e  c a n  b e  t hat 
g r e a t  a  c h a n g e  in f o r c e  t h r o u g h  a h i g h w a y  .crossing 
o r  t u r n o u t  o r  e v e n  t h r o u g h  a t r a c k  crossing. We 
w o u l d  n o t  m i s s  v e r y  m u c h  b y  s k i p p i n g  t h o s e  areas.
In o t h e r  w o r d s ,  i f  w e  m a d e  t w o  o r  t h r e e  s t r e s s  
m e a s u r e m e n t  in a  rail, s a y  a 3 9 - f o o t  rail length, 
w e  w o u l d  b e  d o i n g  p r e t t y  well. I d o n ' t  s e e  a n y  
p r o b l e m  t h e r e  at all, f o r  now.

U N I D E N T I F I E D  S P EAKER: Y o u  m i g h t  find one
later, o n  tho u g h .

D. P. M c C O N N E L L :  If t h e r e  a r e  n o  f u r t h e r
q u e s t i o n s  a n d  c o m m e n t s ,  I w o u l d  l ike to t h a n k  
all o f  t h e  a u t h o r s  f r o m  all o f  t h e  s e s s i o n s  for 
a j o b  w e l l  d o n e  a n d  I w o u l d  e s p e c i a l l y  l ike to 
t h a n k  t h e  p e r m a n e n t  p a n e l  m e m b e r s  w h o  h a v e  h a d  
to b e  h e r e  u n d e r  r a p t  a t t e n t i o n  for t h e  last d a y  
a n d  a  h a lf. I w o u l d  a l s o  like, t o  t h a n k  the s u p 
p l e m e n t a l  p a n e l  m e m b e r s  f o r  a job w e i l  d o n e  a n d  
at t h i s  p o i n t  i n  t i m e  w e  e n d  as w e  b e g a n  w i t h  
A l l e n  Z a r e m b s k i .

C L O S I N G  R E M A R K S

A. M. Z a r e m b s k i
A s s o c i a t i o n  o f  A m e r i c a n  R a i l r o a d s

I w o u l d  like to e n d  t h i s  c o n f e r e n c e  b y  b r i e f l y  
r e e x a m i n i n g  w h a t  I i n i t i a l l y  i d e n t i f i e d  as the 
r e q u i r e m e n t s  f o r  a  l o n g i t u d i n a l  f o r c e  m e a s u r e m e n t  
s y s t e m  a n d  then, b a s e d  o n  w h a t  w e  h a v e  s e e n  for 
the last t w o  days, t r y  to e v a l u a t e  w h a t  is p r a c t i 
cal and f e a sible, w h a t  m a y  b e  p r a c t i c a l  a n d  f e a s 
ible, and w h e r e  w e  a r e  sort o f  w h i s t l i n g  in t h e  
wind.

A s  g i v e n  in m y  i n t r o d u c t o r y  r e m a r k s ,  the 
r e q u i r e m e n t s  for t h e  m e a s u r e m e n t  s y s t e m  a r e  as 
follows:

1. It s h o u l d  b e  r u g g e d l y  c o n s t r u c t e d  and 
c a p a b l e  o f  s u r v i v i n g  in t h e  field.

2. It s h o u l d  b e  e a s y ' t o  h a n d l e  a n d  r e q u i r e  
o n l y  l i m i t e d  i n t e r p r e t a t i o n  o f  data.

3. It s h o u l d  b e  n o n d e s t r u c t i v e  t o  the rail 
a n d  t r ack s t r u cture.

4. It s h o u i d  n o t  r e q u i r e  t h e  d i s t u r b a n c e  
o f  the t r a c k  s t r u c t u r e  e i t h e r  d u r i n g  a p p l i c a t i o n  or 
d u r i n g  " z e r o i n g , "  i f  t h e  l a t t e r  is at a l l  n e c e s s a r y

5. It s h o u l d  r e q u i r e  m i n i m u m  o r  n o  c a l i 
bration. I f  c a l i b r a t i o n  is n e e d e d ,  it s h o u l d  n o t  
r e q u i r e  h e a v y  e q u i p m e n t  o r  s i g n i f i c a n t  t r a c k  time.

6 . It s h o u l d  b e  i n d e p e n d e n t  o f  o r  r e a d i l y  
c o m p e n s a t e d  f o r :

a. r ail s i z e

b. rail m e t a l l u r g y

c. heat t r e a t m e n t

d. rail h e a d  w e a r

e. w o r k
r ail

h a r d e n i n g  o r  s o f t e n i n g  o f  the 
h e a d

7.. It s h o u l d  r e q u i r e  m i n i m u m  o r  n o  s u r f a c e  
p r e p a r a t i o n  o f  the rail.

8 . It s h o u l d  p r o v i d e  f o r  d i r e c t  m e a s u r e 
m e n t  o f  n e t  l o n g i t u d i n a l  f o r c e  ( a b s o l u t e ) .

9. It s h o u l d  n o t  h a v e  to b e  p e r m a n e n t l y  
a f f i x e d  to the r a i l  o r  t r a c k  s t r u c t u r e .

10. It s h o u l d  p e r m i t  " c o n t i n u o u s "  o r  at a 
m i n i m u m  v e r y  f r e q u e n t  m e a s u r e m e n t  o f  r ail f o rce 
f r o m  a m o v i n g  ve h i c l e .

The f i rst r e q u i r e m e n t  is easy. I t h i n k  t h e r e  
is no q u e s t i o n , t h a t  w e  c a n  b u i l d  a r u g g e d  d e v i c e  
as the p i c t u r e s  t h a t  Dr. C o h e n  a n d  I h a v e  s h o w n  
e a r l i e r  o n  the s n o w - b o u n d  C h e s a p e a k e  a n d  O h i o  
t r a c k a g e  h a v e  p r o v e n ;  y o u  c a n  b u i l d  a d e v i c e  t h a t  
can go out in 1 0°F w e a t h e r  a n d  c o n d u c t  
m e a s u r e m e n t s .
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T h e  sec o n d  r e q u i r e m e n t  is a q u e s t i o n  o f  
p a c k a g i n g  a n d  i n s t r u m e n t a t i o n .  If y o u  g e t  the 
p r o p e r  design, e v e n  i f  it is j u s t  a  p a i r  o f  r e d  
a n d  g r e e n  lights, y o u  c a n  c ome u p  w i t h  a d e s i g n  
t hat is e a s y  to h a n d l e  a n d  use.

T h e  t h i r d  r e q u i r e m e n t  is n o t  a p r o b l e m .  I 
t h i n k  the t e c h n i q u e s . w e  a r e  l o o k i n g  at a r e  g e n 
e r a l l y  n o n d e s t r u c t i v e  in n a t u r e  in t hat t h e y  do 
n o t  d o  any p e r m a n e n t  d a m a g e  to t h e  t r a c k  o r  r ail 
w h i l e  measuring.

T h e  fourth, fifth, a n d  s e v e n t h  r e q u i r e m e n t s  -- 
m i n i m u m  d i s t u r b a n c e ,  m i n i m u m  c a l i b r a t i o n ,  a n d  n o  
s u r f a c e  p r e p a r a t i o n  -- a r e  s u c h  t h a t  I t h i n k  we 
h a v e  a good c h a n c e  o f  a c c o m p l i s h i n g  all t h r e e  o f  
them. S u r f a c e  p r e p a r a t i o n  s e ems to b e  a f a i r l y  
s t r a i g h t  f o r w a r d  pr o b l e m .  M i n i m u m  t r a c k  d i s t u r 
b a n c e  and c a l i b r a t i o n ,  w h i l e  p o s i n g  m o r e  s i g n 
i f i c a n t  pro b l e m s ,  s t ill a p p e a r  to b e  s o l vable.

T h e  s i xth r e q u i r e m e n t  -- to b e  a b l e  t o  u s e  
the d e v i c e  o n  all r a i l s  -- c o n s t i t u t e s  o n e  o f  
the m o r e  d i f f i c u l t  p r o b l e m s .  T h e r e  are still 
s ome q u e s t i o n s  r e g a r d i n g  t h e  e f f e c t  o f  m a t e r i a l  
v a r i a t i o n s  w i t h i n  the s a m e  t y p e  o f  w h a t  w e  call 
s t a n d a r d  c a r b o n  rail, v a r i a t i o n s  b e t w e e n  heat- 
t r e a t e d  and n o n - h e a t - t r e a t e d  r a il, a n d  b e t w e e n  
a l l o y  rails, a n d  e v e n  q u e s t i o n s  as to d i f f e r e n c e s  
in u s i n g  r ail t h a t  h a s  s e e n  s i g n i f i c a n t  a m o u n t  
o f  s e r v i c e  (and, c o n s e q u e n t l y ,  wear) a n d  r a i l  t hat 
h a s  not. How e v e r ,  I t h i n k  (and t h i s  is j u s t  m y  
o w n  opinion) t h a t  w e  c a n  o v e r c o m e  t hat p r o b l e m  
w i t h  time a n d  money.

T h e  e i g h t h  r e q u i r e m e n t  i n v o l v e s  m e a s u r i n g  
n e t  force. T o w a r d s  t h e  e n d  o f  t his d i s c u s s i o n  
p e o p l e  s e e m e d  to be r e a c h i n g  t h e  c o n c l u s i o n ,  
p o s s i b l y  r i g h t l y  so, that y o u  are g o i n g  to n e e d  
to m a k e  two m e a s u r e m e n t s  to m e a s u r e  n e t  force, 
one at a s t r e s s - f r e e  s t a t e  a n d  o n e  at a 
n o n - s t r e s s - f r e e  s t a t e  (a l o a d e d  state), a n d  t h e n  
u s e  t h e  d i f f e r e n c e  to g i v e  y o u  y o u r  f o r c e  v a l u e s . 
T h a t  m a y  b e  p r a c t i c a l  -- e x c e p t  f o r  the m a g n i t u d e  
o f  t h e  problem.

T h e  N o r t h  A m e r i c a n  r a i l r o a d  s y s t e m  c o n s i s t s  
o f  300 , 0 0 0  m i l e s  o f  t r a c k a g e ,  o f  w h i c h  a b o u t
7 0 , 0 0 0  m i l e s  is c o n t i n u o u s l y  w e l d e d  r ail ( C W R ) . 
B e i n g  c o n s e r v a t i v e ,  let us s a y  w e  n e e d  t o  t a k e  a 
m e a s u r e m e n t  e v e r y  q u a r t e r  o f  a m i l e  -- a n d  I ' 
t h i n k  that m a y  b e  t o o  f a r  a p a r t  b u t  l e t's b e  
g e n e r o u s  and s a y  e v e r y  q u a r t e r  o f  a m i le. F u r 
thermore, let us s a y  w e  c a n  r u l e  out a p p r o x i 
m a t e l y  h a l f  the C W R  t e r r i t o r y  w h e r e  w e  c o m 
f o r t a b l y  feel t h a t  w e  do n o t  h a v e  a  b u c k l i n g  
p r o b l e m .  (I a m  n o t  s u r e  t h a t  w e  c a n  do that, 
b e c a u s e  I k n o w  o f  d e r a i l m e n t s  t h a t  h a v e  o c c u r r e d  
in c o l d  w eather. A s  a m a t t e r  o f  fact, I w a s  just 
l o o k i n g  at d a t a  o n  a n  a c c i d e n t  w h e r e  t h e  b u c k l e  
o c c u r r e d  at 15°F. C o n v e n t i o n a l  t r a c k  b u c k l i n g ? )

W e  h ave n o w  cut d o w n  t o  t h e  t o t a l  t r a c k a g e  
w i t h  w h i c h  w e  a r e  c o n c e r n e d  to 3 5 , 0 0 0  m i l e s  -- 
a n d  f o u r  m e a s u r e m e n t s  p e r  mile. W e  are t a l k i n g  
a b o u t  140,000 m e a s u r e m e n t s ,  e a c h  o n e  r e q u i r i n g  
a s t r e s s - f r e e  (zero) m e a s u r e m e n t .

S o m e b o d y  a l l u d e d  t o  the f act t h a t  y o u  c a n  go 
out w h e n  the t r a c k  g a n g  is l a y i n g  t h e  r a i l  a n d

t a k e  y o u r  s t r e s s - f r e e  m e a s u r e m e n r t  d u r i n g  the 
l a y i n g  p r o c e d u r e .

H o w e v e r ,  r a i l  in m a i n - l i n e  s e r v i c e s  is r e p l a c e d  
r o u g h l y  e v e r y  8 to 10 years. A s  f o r  r a i l s  on 
b r a n c h  lines, e v e r y  o n c e  in a w h i l e  I s t u m b l e  over 
s o m e  r a i l  t h a t  h a s  b e e n  s t a m p e d  1 910 o r  1 920 a n d  
is s t i l l  out in t h e  field; t h e s e  r a i l s  h a v e  b e e n  
k n o w n  t o  l ast 50 o r  60 years. T h e r e f o r e ,  for 
r a i l s  a l r e a d y  in p l a c e  a n d  n o t  s c h e d u l e d  f o r  n e a r -  
t e r m  r e p l a c e m e n t ,  y o u  h a v e  to go out a n d  o b t a i n  a 
s t r e s s - f r e e  m e a s u r e m e n t ,  a n d  t h a t  r e p r e s e n t s  a 
s i g n i f i c a n t  c o n c e n t r a t i o n  o f  t ime a n d  effort.

T h i s  is a p r o b l e m ,  a n d  to t his p r o b l e m  I w ant 
to a d d  b o t h  the n i n t h  r e q u i r e m e n t  (nonf i x a t i o n )  
a n d  t h e  t e n t h  r e q u i r e m e n t  ( c o n t i n u o u s  m e a s u r e 
m e nt) . I d o  t h i n k  t hat y o u  can u s e  a d i s c r e t e  
m e a s u r e m e n t  s y s t e m  f o r  m a j o r  p r o b l e m  a r e a s  -- 
t h a t  is, l o c a t i o n s  w h e r e  y o u  h a v e  a h i s t o r y  o f  
b u c k l i n g .  H o w e v e r ,  t h e r e  are o t h e r  t h i n g s  a r a i l 
r o a d  c a n  d o  i f  t h e y  k n o w  one p a r t i c u l a r  a r e a  is 
s u s c e p t i b l e  to bu c k l i n g .  ' A s  w a s  a l l u d e d  to : 
e a r l i e r ,  y o u  c a n  m a i n t a i n  t hat p a r t i c u l a r  p i e c e  
o f  t r a c k  to a b e t t e r  s t a n d a r d  i f  y o u  k n o w  it is 
a  p r o b l e m ' l o c a t i o n .  W h a t  r e a l l y  c a u s e s  t r o u b l e  
is t h e  b u c k l i n g  o f  t r a c k  that y o u  do n o t  e x p e c t  to 
b u c k l e .  F o r  t h a t  y o u  h a v e  to b e  a b l e  t o  go out a n d  
m e a s u r e  all o f  y o u r  track, and as o n e  r a i l r o a d  
r e p r e s e n t a t i v e  noted, h i s  r a i l r o a d  h a s  2 4 , 0 0 0  
m i l e s  o f  track.

T h us, t o  p e r f o r m ' m e a s u r e m e n t s  o n  a  d i s c r e t e  
b a s i s  b e c o m e s  a p r o b l e m  o f  scale. G i v e n  e n o u g h  
time, m o n e y ,  a n d  p e o p l e ,  y o u  p r o b a b l y  c a n  do it, 
b u t  r a i l r o a d s  are c u t t i n g  b a c k  o n  b a s i c  m a i n t e 
n a n c e ,  so I w o u l d  like to s u b m i t  t h a t  t h i s  p r o b l e m  
is s t i l l  v e r y  s i g n i f i c a n t .

T o  c o n c l u d e ,  I t h i n k  t h a t  t h i s  c o n f e r e n c e  h a s  
s e r v e d  a m o s t  u s e f u l  p u r p o s e .  T h e  b a s i c  r e s u l t  
o f  t h e s e  t w o  d ays has b e e n  t hat w e  h a v e  h e l p e d  to 
l a y  d o w n  a c o n s i s t e n t  f o r m u l a t i o n  o f  a p r o b l e m .
W e  h a v e  l a i d  the g r o u n d w o r k  f o r  t r y i n g  t o  a t t a c k  
t h e  p r o b l e m  in a c o n s i s t e n t  a n d  o r g a n i z e d  man n e r .

I d o  t h i n k  w e  h a v e  m a n a g e d  to s p a r k  some 
i n t e r e s t  at this c o n f e r e n c e ,  a n d  feel w e  h a v e  h a d  
a v e r y  u s e f u l  e x c h a n g e  o f  i n f o r m a t i o n .  A s  a m a t 
t e r  o f  fact, I w a s  v e r y  s u r p r i s e d  to s e e  p e o p l e  
c o m e  in w i t h  t e s t s  t h e y  p e r f o r m e d  o n  t h e i r  own, 
n o t  s u p p o r t e d  b y  e i t h e r  the A s s o c i a t i o n  o f  A m e r i c a n  
R a i l r o a d s  (AAR) o r  the Fed e r a l  R a i l r o a d  A d m i n i s t r a 
t i o n  ( F R A ) . I g u e s s  w h e n  t h e r e  is a  s u i t a b l e  i n c e n 
tive, p e o p l e  go out a n d  d o  i n i t i a t e  r e s e a r c h  efforts. 
I w o u l d  l i k e  to see t hat continue.

W e  d o  h a v e  p r o g r a m s  c u r r e n t l y  u n d e r  w a y  to 
l o o k  i n t o  t h e s e  areas; as not e d ,  t h e  T r a n s p o r t a t i o n  
S y s t e m s  C e n t e r  ( T S C ) , t h e  FRA, and t h e  A A R  h a v e  
s p o n s o r e d  a n d  a r e  c u r r e n t l y  s p o n s o r i n g  r e s e a r c h  
p r o g r a m s  in t h i s  area, a n d  this p a r t i c u l a r  c o n 
f e r e n c e  is a p a r t  o f  this o n g o i n g  r e s e a r c h  e f f o r t .

C e n t r a l  to t h i s  c o n f e r e n c e  is t h a t  w e  h a v e  
g o t t e n  m a n y  p e o p l e  t a l k i n g  a b o u t  the s a m e  p r o b l e m  
in the s a m e  p l a c e  at the s ame time, a n d  I c e r t a i n l y  
h o p e  t h a t  t h e  e f f o r t  w e  h a v e  s e e n  d u r i n g  t h e s e  two 
d a y s  s o o n  c a n  c o m e  u p  w i t h  a s u c c e s s f u l  a n d  u s e f u l  
m e a s u r e m e n t  t e c h nique.
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