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A B S T R A C T  - 

An a c o u s t i c  e m i s s i o n  s i g n a l  from a  d e f o r m a t i o n  o r  

f r a c t u r e  mechanism i s  assumed t o  i n i t i a t e  a s  e s s e n t i a l l y  a  

p o i n t  s o u r c e  f o r  d e t e c t i o n  f r e q u e n c i e s  i n  t h e  r ange  o f  a  few 

megaher tz  o r  below. Approximate m a t h e m a t i c a l  e x p r e s s i o n s  f o r  

p r e d i c t i n g  t h e  number of  s i g n a l  r e f l e c t i o n s  and t h e i r  t ime 

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

d e r i v e d  and s t u d i e d  f o r  f l a t  specimen g e o m e t r i e s .  

A 1 / 2 - i n .  t h i c k  A-212-B s t e e l  p l a t e  was used  t o  d e t e r m i n e  

whether  e x p e r i m e n t a l  o b s e r v a t i o n s  c o u l d  b e  p r e d i c t e d  from 

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

a c o u s t i c  e m i s s i o n  s o u r c e s  were t e s t e d  under  a  v a r i e t y  of  

c o n d i t i o n s .  O b s e r v a t i o n s  o f  good e x p e r i m e n t a l  agreement  may 

p r o v i d e  a  b a s i s  f o r  o p t i m i z i n g  s i g n a l  d e t e c t i o n  i n  f l a t  

g e o m e t r i e s .  A p r e l i m i n a r y  s t u d y  o f  p u l s e  shapes  and p u l s e  

d u r a t i o n s  was a l s o  conducted  i n  e x p e r i m e n t a l  a t t e m p t s  t o  

d e t e r m i n e  s o u r c e  dep th  a s  w e l l  a s  r a n g e .  
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C .  E .  F i t c h ,  J r .  

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

An a c o u s t i c  e m i s s i o n  s i g n a l  from a  d e f o r m a t i o n  o r  f r a c t u r e  

mechanism i s  assumed t o  i n i t i a t e  a s  e s s e n t i a l l y  a  p o i n t  s o u r c e  

f o r  d e t e c t i o n  f r e q u e n c i e s  i n  t h e  r ange  o f  a  few megaher tz  and 

below. The s i g n a l s  a r e  d e t e c t e d  w i t h  s e n s o r s  wh ich ,  due t o  

t h e i r  f i n i t e  s i z e ,  a r e  s i m u l t a n e o u s l y  s e n s i t i v e  t o  a  r ange  of  

a n g l e s .  Because o f  t h i s  a n g u l a r  a p e r t u r e ,  s i g n a l s  hav ing  r a y  

p a t h s  o t h e r  t h a n  t h o s e  on a  s t r a i g h t  l i n e  between s o u r c e  and 

s e n s o r  can  be  d e t e c t e d .  For f i n i t e  t h i c k n e s s  m a t e r i a l s ,  t h e  

t o t a l  s i g n a l  from an e m i s s i o n  e v e n t  can  be  a  combinat ion  o f  

many r a y  p a t h  r e f l e c t i o n s  between b o u n d a r i e s  o f  t h e  sample .  

For a  p o i n t  r e c e i v e r ,  s i g n a l s  a r e  d e t e c t e d  h a v i n g  t ime 

d e l a y s  r a n g i n g  from a  minimum c o r r e s p o n d i n g  t o  t h e  d i r e c t  r a y s ,  

t o  a  maximum c o r r e s p o n d i n g  t o  r a y s  which r e f l e c t  between 

b o u n d a r i e s  an i n f i n i t e  number o f  t i m e s .  The s i g n a l  t ime  l e n g t h  

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

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

A s  t h e  f r e q u e n c y  i s  d e c r e a s e d ,  f i n i t e  s i z e  s e n s o r s  a p p e a r  

i n c r e a s i n g l y  more l i k e  p o i n t  r e c e i v e r s ,  and t h e r e f o r e  a r e  more 

s u s c e p t i b l e  t o  s i g n a l  t ime s p r e a d i n g .  

Converse ly  as  t h e  f r equency  i s  i n c r e a s e d  o r  t h e  s e n s o r  

s i z e  i s  i n c r e a s e d  ( o r  b o t h ) ,  t h e  a n g u l a r  a p e r t u r e  d e c r e a s e s .  

For ve ry  h i g h  f r e q u e n c i e s  and v e r y  l a r g e  r e c e i v e r  s i z e s ,  a n g l e  

s e l e c t i v i t y  c o u l d  be  l i m i t e d  t o  o n l y  d i r e c t  r a y  p a t h s .  Th i s  

l i m i t a t i o n ,  o f  c o u r s e ,  would r educe  t h e  s i g n a l  d u r a t i o n  from 

one e m i s s i o n  e v e n t  t o  a  minimum v a l u e .  

The i m p o r t a n c e ,  i n  c e r t a i n  a p p l i c a t i o n s ,  o f  a c c u r a t e l y  

c o u n t i n g  a c o u s t i c  e m i s s i o n  e v e n t s  o b v i o u s l y  becomes more d i f -  
1 

f i c u l t  when s i g n a l s  o v e r l a p  i n  t ime due t o  i n c r e a s e d  d u r a t i o n .  

A l s o ,  i n  o t h e r  a p p l i c a t i o n s ,  i t  i s  e s s e n t i a l  t o  l o c a t e  t h e  



e m i s s i o n  s i t e s  a s  c l o s e l y  a s  p o s s i b l e .  S i n c e  s i g n a l s  from s u c -  

c e s s i v e  r e f l e c t i o n s  t e n d  t o  o b s c u r e  f i r s t  a r r i v a l  i n f o r m a t i o n ,  

t h e  l o c a t i o n  o f  e m i s s i o n  s i t e s  by t r i a n g u l a t i o n  a l s o  becomes 

more d i f f i c u l t .  

From t h e  p r e c e d i n g  d i s c u s s i o n ,  i t  i s  e v i d e n t  t h a t  s e n s o r s  

s h o u l d  b e  made a s  l a r g e ,  and d e t e c t i o n  f r e q u e n c i e s  a s  h i g h  as  

p o s s i b l e .  However, a s  t h e  s e n s o r  s i z e  i s  i n c r e a s e d ,  p r a c t i c a l  

l i m i t s  and problems w i t h  c o u p l i n g  ene rgy  o u t  o f  t h e  spec imens  

a r e  e v e n t u a l l y  e n c o u n t e r e d .  A l s o ,  a s  t h e  t e s t  f r e q u e n c y  i s  

i n c r e a s e d ,  a t t e n u a t i o n  becomes s o  g r e a t  t h a t  e m i s s i o n  s i g n a l s  

do n o t  p r o p a g a t e  o v e r  s u b s t a n t i a l  d i s t a n c e s .  

I n  t h e  f o l l o w i n g  d i s c u s s  i o n ,  approximate  m a t h e m a t i c a l  

r e l a t i o n s h i p s  were d e r i v e d  which e v e n t u a l l y  may b e  used  i n  

o p t i m i z i n g  t h e  p a r a m e t e r s  e s s e n t i a l  t o  good e m i s s i o n  c o u n t i n g  

and s o u r c e  t r i a n g u l a t i o n  i n  f l a t  specimen g e o m e t r i e s .  

S U M M A R Y  

Approximate m a t h e m a t i c a l  e x p r e s s i o n s  f o r  p r e d i c t i n g  t h e  

number of  s i g n a l  r e f l e c t i o n s  and t h e i r  t ime s e p a r a t i o n ,  and 

thus  t h e  t o t a l  e x p e c t e d  s i g n a l  d u r a t i o n ,  were d e r i v e d  and 

s t u d i e d  f o r  f l a t  specimen g e o m e t r i e s .  S i m p l i f y i n g  a s sumpt ions  

were made w i t h  r e g a r d  t o  t h e  s i g n a l  r a y  p a t h s  used i n  t h e  

a n a l y s i s .  

S i n c e  t h e  a n g u l a r  a p e r t u r e  o f  a  r e c e i v e r  i n c r e a s e s  w i t h  

d e c r e a s i n g  f r equency  and s i z e ,  i t  was assumed t h a t  a  f r e q u e n c y  

a s  h i g h  a s  p o s s i b l e  and a  s e n s o r  a s  l a r g e  a s  p o s s i b l e  s h o u l d  

b e  used .  S e n s o r s  much l a r g e r  t h a n  1 i n .  i n  d imens ion  were  

c o n s i d e r e d  i m p r a c t i c a l .  A l s o ,  due t o  a t t e n u a t i o n ,  f r e q u e n c i e s  

much g r e a t e r  t h a n  5 M H z  were n o t  c o n s i d e r e d  a d v i s a b l e  b e c a u s e  

o f  t h e  d e s i r a b i l i t y  o f  s e n s i n g  e m i s s i o n  s i g n a l s  o v e r  long  

d i s t a n c e s .  

A 1 / 2  i n .  t h i c k  A-212-B s t e e l  p l a t e  a v a i l a b l e  f o r  s t u d i e s  

was used t o  d e t e r m i n e  w h e t h e r  e x p e r i m e n t a l  o b s e r v a t i o n s  c o u l d  



be  p r e d i c t e d  employing t h e  approximate  r e l a t i o n s h i p s  d e r i v e d .  

Both a r t i f i c i a l  and r e a l  a c o u s t i c  e m i s s i o n  s o u r c e s  were used  

i n  a  v a r i e t y  o f  t e s t  c o n d i t i o n s .  Good e x p e r i m e n t a l  agreement  

was obse rved  i n  a l l  b u t  a few s i t u a t i o n s  and t h e  method may 

e v e n t u a l l y  p r o v i d e  a  b a s  is  f o r  o p t i m i z i n g  a c o u s t i c  e m i s s i o n  

s i g n a l  d e t e c t i o n  i n  f l a t  g e o m e t r i e s .  More s t u d i e s ,  however,  

w i l l  b e  n e c e s s a r y  b e f o r e  g e n e r a l  a p p l i c a b i l i t y  i s  a s c e r t a i n e d .  

Curved g e o m e t r i e s  must a l s o  b e  c o n s i d e r e d .  

I n  o r d e r  t o  o b t a i n  u s e f u l  i n f o r m a t i o n  a b o u t  p u l s e  shapes  

a s  w e l l  a s  t h e i r  d u r a t i o n s ,  a  p r e l i m i n a r y  s t u d y  was conduc ted .  

At tempts  t o  s y n t h e s i z e  a  p u l s e  by c a l c u l a t i o n  and t o  compare 

t h e  c a l c u l a t i o n  w i t h  t h e  measured r e s u l t  were made. An 

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

and t h e n  added t o  i t s e l f  a  number o f  t i m e s  i n  t h e  p r o p e r  

ampl i tude  and phase  p r o p o r t i o n s  s o  a s  t o  s i m u l a t e  a  p u l s e  

measured a t  a  g r e a t e r  d i s t a n c e .  The measured and c a l c u l a t e d  

s i g n a l s  were o f  comparable  s h a p e .  P r e l i m i n a r y  e v i d e n c e  t h a t  

s o u r c e s  can  be  l o c a t e d  i n  d e p t h  a s  w e l l  a s  i n  range  was a l s o  

p r o v i d e d  i n  t h e s e  e x p e r i m e n t s .  Th i s  t e c h n i q u e ,  o f  c o u r s e ,  

h a s  t h e  p o s s i b i l i t y  o f  d e t e r m i n i n g  c r a c k  s e v e r i t y  by l o c a t i n g  

i t s  t i p  d e p t h  below t h e  s u r f a c e .  

S I G N A L  D U R A T I O N  

A F l A L Y S I S  

I n  o r d e r  t o  s t u d y  t h e  complex b e h a v i o r  o f  a c o u s t i c  emis-  

s i o n  s i g n a l s  i n  f l a t  spec imens ,  a  s i m p l e  geometry i s  needed.  

I n  F i g u r e  l a ,  a  p l a t e  i s  shown w i t h i n  which a  number o f  r a y  

p a t h s  a r e  c o n s t r u c t e d .  For  an e m i s s i o n  s o u r c e  l o c a t e d  a t  

e i t h e r  edge o f  t h e  p l a t e ,  t h e  f i r s t  few r a y  p a t h s  a r r i v i n g  

a t  a  s e n s o r  p o s i t i o n e d  a t  X a r e  shown. The f i r s t  a r r i v a l  r a y  

t r a v e l s  a t  t h e  90 -degree  a n g l e  B o ,  and i s  p a r a l l e l  and a d j a c e n t  

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

i n t o  t h e  c o u p l a n t  a t  an a n g l e  8; e q u a l  t o  t h e  c r i t i c a l  



a n g l e  8'. I t  i s  assumed h e r e  t h a t  t h e  c o u p l a n t  v e l o c i t y  V' i s  
C 

l e s s  t h a n  t h e  m a t e r i a l  v e l o c i t y  V .  The c r i t i c a l  a n g l e  i s  

d e f i n e d  i n  te rms o f  S n e l l ' s  law a s :  

S i n  8; S i n  8; 
- - - - V' 

S i n  B c  1 V 

The n t h  r a y  emerges a s  an a n g l e  o f  8; and i s  a l s o  d e f i n e d  i n  

terms of  S n e l l ' s  law a s :  

S i n  8; 
= V' 

S i n  O n  V 

The b u n d l e  o f  r a y s  e n c l o s e d  w i t h i n  t h e  a n g l e  8; minus 8; i s  o f  

i n t e r e s t  i n  l a t e r  d i s c u s s i o n .  

The e m i s s i o n  s o u r c e  can ,  i n  f a c t ,  b e  l o c a t e d  w i t h  e q u a l  

p r o b a b i l i t y  anywhere a c r o s s  t h e  p l a t e  t h i c k n e s s .  F i g u r e  l b  

shows t h e  f i r s t  few r a y  r e f l e c t i o n s  f o r  a  s o u r c e  l o c a t e d  a t  

t h e  p l a t e  c e n t e r .  I t  i s  obvious  t h a t  t h e  most g e n e r a l  p i c t u r e ,  

which i n c l u d e s  a l l  p o s s i b l e  r a y s  f o r  a l l  p o s s i b l e  s o u r c e  l o c a -  

t i o n s ,  becomes complex and d i f f i c u l t  t o  a n a l y z e .  However, i t  

can be  s e e n  from an i n s p e c t i o n  o f  F i g u r e  1 t h a t  w i t h i n  t h e  

bund le  d e s c r i b e d  by 8; minus 81; ( i n  F i g u r e  l a ) ,  t h e  b u n d l e  

d e s c r i b e d  by 8; minus 8' ( i n  F i g u r e  l b )  i s  a l s o  i n c l u d e d .  T h i s  
n  

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

of  t h e  p l a t e  a r e  d e t e c t e d ,  t h e n  s i g n a l s  from a l l  o t h e r  r a y s  

w i l l  a l s o  b e  i n c l u d e d  r e g a r d l e s s  o f  t h e  l o c a t i o n  o f  t h e  emis -  

s i o n  s o u r c e .  T h e r e f o r e ,  a l t h o u g h  t h e  r e s u l t s  a r e  o n l y  a p p r o x i -  

mate ,  t h e  a n a l y s i s  can  b e  s i m p l i f i e d  by u s i n g  o n l y  s u r f a c e  

s o u r c e s .  

With F i g u r e  l a  r e p r e s e n t i n g  t h e  g e o m e t r i c a l  s i t u a t i o n ,  t h e  

m a t h e m a t i c a l  e x p r e s s i o n s  p r e d i c t i n g  t h e  number o f  r e f l e c t i o n s  

( - 1 ,  t h e  e x p e c t e d  t o t a l  s i g n a l  d u r a t i o n ,  A t n ,  and t h e  s p a c i n g  

between r e f l e c t i o n s  A t n  minus a r e  s o u g h t .  These e x p r e s -  
b 

s i o n s  a r e  t o  b e  f u n c t i o n s  o f  t h e  p l a t e  t h i c k n e s s  T ,  t h e  d i s t a n c e  

from t h e  s o u r c e  t o  t h e  s e n s o r  X ,  t h e  v e l o c i t y  o f  t h e  m a t e r i a l  
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and c o u p l a n t  V and V', t h e  s e n s o r  d i a m e t e r  D ,  and f r e q u e n c y  f .  

The f i n a l  o b j e c t i v e  o f  t h e  f o l l o w i n g  and s u b s e q u e n t  a n a l y s e s  

and e x p e r i m e n t s  i s  t h e n  t o  d e t e r m i n e  t h e  p r a c t i c a l  t r a n s d u c e r  

s i z e  and f r e q u e n c y  and c o u p l a n t  v e l o c i t y  which w i l l  minimize  

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

t h i c k n e s s .  

Befo re  t h e  a n a l y s i s  p r o c e e d s ,  f u r t h e r  d i s c u s s i o n  abou t  

t h e  a c t u a l  a c o u s t i c  e m i s s i o n  s o u r c e  i s  d e s i r a b l e .  I f  t h e  

m a t e r i a l  und.er s t r e s s  e m i t s  a c o u s t i c  waves a s  t h e  r e s u l t  o f  

d e f o r m a t i o n  o r  f r a c t u r e ,  i t  i s  l i k e l y  t h a t  a l l  t y p e s  of  waves ,  

t h e  l o n g i t u d i n a l ,  s h e a r ,  and R a y l e i g h ,  c o u l d  b e  i n i t i a t e d .  

An u l t r a s o n i c  t r a n s d u c e r  had  been  used  i n  p r e v i o u s  p r e l i m i n a r y  

e x p e r i m e n t a l  s t u d i e s  a s  an a r t i f i c i a l  s o u r c e  o f  l o n g i t u d i n a l  

a c o u s t i c  e m i s s i o n  waves.  L o n g i t u d i n a l  waves were i n t r o d u c e d  

a t  t h e  edge o f  a  p l a t e .  I t  was obse rved  t h a t  mode c o n v e r s i o n  

t o  s h e a r  waves produced what  was b e l i e v e d  t o  be  an i n t o l e r a b l e  

number o f  s i g n a l  echoes  f o l l o w i n g  t h e  f i r s t  a r r i v a l  s i g n a l .  

S i n c e  a l l  t h e s e  echoes  emerge i n t o  t h e  c o u p l a n t  a t  t h e  same 

a n g l e ,  t h e i r  e l i m i n a t i o n  by t h e  methods o f  r e d u c i n g  t h e  a n g u l a r  

a p e r t u r e  of t h e  s e n s o r  c o u l d  n o t  b e  a f f e c t e d .  For  t h i s  r e a s o n ,  

s h e a r  modes were  assumed i n  t h e  f o l l o w i n g  s t u d i e s  t o  b e  t h e  

more i m p o r t a n t  o f  t h e  a c o u s t i c  e m i s s i o n  waves.  

Ray le igh  waves a l s o  r e q u i r e  d i s c u s s i o n .  With an e m i s s i o n  

s o u r c e  a t  o r  n e a r  t h e  sample s u r f a c e ,  t h e  g e n e r a t i o n  o f  

Ray le igh  waves i s  a n t i c i p a t e d .  S i n c e  t h e  v e l o c i t y  o f  t h e s e  

waves i s  n e a r  t h e  s h e a r  wave v e l o c i t y ,  t h e i r  e l i m i n a t i o n ,  a g a i n  

by d e c r e a s i n g  t h e  s e n s o r  a n g u l a r  a p e r t u r e ,  i s  a l m o s t  i m p o s s i b l e .  

However, s i n c e  Ray le igh  waves p r o p a g a t e  w i t h  l a r g e  s u r f a c e  

p a r t i c l e  d i s p l a c e m e n t s ,  i t  is  r e l a t i v e l y  e a s y  t o  damp them o u t  

and  y e t  n o t  a p p r e c i a b l y  a f f e c t  t h e  s h e a r  waves.  Assuming t h a t  

t h e  Ray le igh  waves can  b e  e s s e n t i a l l y  damped o u t ,  c o n f i n i n g  o f  

t h e  a n a l y s i s  t o  s h e a r  waves ,  a s  p r e v i o u s l y  men t ioned ,  can  a l s o  

b e  assumed. 



R e t u r n i n g  t o  F i g u r e  l a ,  t h e  b u n d l e  o f  r a y s  between t h e  

a n g l e s  9; and 9; w i l l  b e  d e s i g n a t e d  a s :  

I t  i s  f u r t h e r  assumed t h a t  any r e c e i v e r  under  c o n s i d e r a t i o n  

w i l l  b e  s u f f i c i e n t l y  c l o s e  t o  t h e  sample t o  i n t e r c e p t  a l l  t h e  

r a y s  e m i t t i n g  from t h e  s e n s o r  p o s i t i o n  X shown i n  F i g u r e  1. 

S i n c e  t h e  s e n s o r  h a s  f i n i t e  s i z e ,  i t  w i l l  a l s o  d e t e c t  r a y s  

emerging a t  p o s i t i o n s  o t h e r  t h a n  X .  However, s i n c e  X i s  

a lmos t  a lways l a r g e  compared w i t h  t h e  s e n s o r  d i a m e t e r  D ,  

n o t  much e r r o r  i s  e n c o u n t e r e d  i n  assuming a l l  r a y s  t o  emerge 

from t h e  p o i n t  l o c a t e d  a t  X .  

The bund le  of  r a y s  d e f i n e d  by Equa t ion  (3)  w i l l  n e x t  b e  

e x p r e s s e d  i n  terms of  s e n s o r  and c o u p l a n t  p a r a m e t e r s .  The 

d i v e r g e n c e  a n g l e  o f  a  s e n s o r  i s  e x p r e s s e d  by 

% 1 . 2 2  V' S i n  B % f3 

where V' i s  t h e  c o u p l a n t  v e l o c i t y ,  f  i s  t h e  f r e q u e n c y ,  and D 

i s  t h e  d i a m e t e r  ( o r  o t h e r  c o n t r o l l i n g  d imens ion  i f  i t  i s  n o t  

of  c i r c u l a r  s h a p e ) .  A c t u a l l y ,  B i s  t h e  a n g l e  between t h e  n o r -  

mal t o  t h e  s e n s o r  and t h e  ou te rmos t  r a y  assumed t o  b e  d e t e c t -  

a b l e  by i t .  U s u a l l y ,  t h e n ,  t h e  d i v e r g e n c e  a n g l e  i s  2 B .  How- 

e v e r ,  i n  t h e  p r e s e n t  s i t u a t i o n ,  t h e  normal  l i e s  a t  t h e  c r i t i c a l  

a n g l e  a s  d e f i n e d  by Equa t ion  ( I ) ,  and r a y s  emerging from t h e  

sample t h e o r e t i c a l l y  do n o t  exceed  t h i s  a n g l e .  Consequen t ly ,  

E q u a t i o n  (4) a d e q u a t e l y  r e p r e s e n t s  t h e  bund le  of  r a y s  d e s c r i b e d  

by E q u a t i o n  ( 3 ) .  S o l v i n g  f o r  D i n  E q u a t i o n  (4)  

D = 
1 . 2 2  V' 
f  S i n  6 

and S i n  B must t h e n  be  e x p r e s s e d  i n  te rms o f  t h e  r a y  p a t h  

a n g l e s  i n  t h e  sample a s  shown i n  F i g u r e  l a .  A method t h u s  i s  

p r o v i d e d  f o r  l i m i t i n g  6, which l i m i t s  t h e  d e t e c t i o n  t o  a  

s p e c i f i e d  number o f  r a y  r e f l e c t i o n s  by choos ing  t h e  c o r r e c t  

s e n s o r  D and f .  From E q u a t i o n  (3) 



S i n  B = S i n  (B;-e;) 

= S i n  0; C O S  8; - COS 0; S i n  8; (6 

Al so  r e p e a t i n g  E q u a t i o n  (1) 

v ' 
S i n  0; = - v 

where V i s  now t h e  s h e a r  v e l o c i t y  o f  t h e  t e s t  sample .  From 

Equa t ion  (1) 

I n s p e c t i o n  o f  F i g u r e  l a  shows t h a t  

X 
Tan e n  = - 

nT 

where n - 1  i s  t h e  number o f  r a y  r e f l e c t i o n s  p e r m i s s i b l e  by B 

i n  E q u a t i o n  ( 4 ) .  From (8) 
-7  

and from E q u a t i o n  (2)  and E q u a t i o n  (9)  

and then  

Then p u t t i n g  Equa t ions  (1) , ( 7 )  , ( l o ) ,  and (11) i n t o  (6)  and ,  
I 

s u b s e q u e n t l y ,  Equa t ion  (6) i n t o  ( 5 ) ,  

Equa t ion  (12) c a n ,  t h e r e f o r e ,  be  used  t o  c a l c u l a t e  t h e  s e n s o r  

d i a m e t e r  D needed t o  l i m i t  t h e  r e c e i v e d  s i g n a l  t o  a  p r e s c r i b e d  

number o f  r e f l e c t i o n s  (n -1 )  f o r  a  g i v e n  f ,  V ,  V' ,  T ,  and X .  



I t  i s  u s u a l l y  h a n d i e r  t o  assume t h a t  a  c e r t a i n  d i a m e t e r  

and f r e q u e n c y  s e n s o r  i s  a v a i l a b l e .  I t  i s  b e t t e r ,  t h e r e f o r e ,  

t o  s o l v e  Equa t ion  (12) f o r  n  which t h e n  c a l c u l a t e s  t h e  t o t a l  

number o f  r e f l e c t i o n s  e x p e c t e d  f o r  a  g i v e n  e x p e r i m e n t a l  s i t u a -  

t i o n .  S o l v i n g  Equa t ion  (12) f o r  n  y i e l d s  

where 

and 

E q u a t i o n  (13) t h u s  c a l c u l a t e s  t h e  number o f  e x p e c t e d  r e f l e c -  

t i o n s  f o r  t h e  g i v e n  t e s t  c o n d i t i o n s .  

I t  i s  a l s o  u s e f u l  t o  d e t e r m i n e  t h e  e x p e c t e d  s i g n a l  d u r a -  

t i o n  f o r  any number o f  r e f l e c t i o n s .  R e f e r r i n g  back t o  

F i g u r e  l a ,  t h e  f i r s t  a r r i v a l  r a y  t r a v e l s  t h e  d i s t a n c e  X i n  an 

amount o f  t ime 

The n t h  r a y  a r r i v e s  a t  a  t ime 

- 1 2  
1 / 2  

t n  - (X 

and t h e  t i m e  d i f f e r e n c e  i s  

By c a l c u l a t i n g  n from Equa t ion  ( 1 3 ) ,  and i n s e r t i n g  i t s  

v a l u e  i n t o  Equa t ion  ( l a ) ,  t h e  approximate  r e c e i v e d  s i g n a l  

d u r a t i o n  f o r  a s i n g l e  a c o u s t i c  e m i s s i o n  e v e n t  i s  o b t a i n e d .  By 

choos ing  d i f f e r e n t  n  v a l u e s ,  E q u a t i o n  (18) can  a l s o  b e  used  

t o  d e t e r m i n e  t h e  t ime  d u r a t i o n  between s u c c e s s i v e  r e f l e c t i o n s .  



Another  u s e f u l  form o f  Equa t ion  ( 1 3 ) ,  o b t a i n e d  by assuming 

t h a t  V = V',  e x p r e s s e s  t h e  s i t u a t i o n ,  f o r  i n s t a n c e ,  where t h e  

s e n s o r  i s  coup led  d i r e c t l y  t o  t h e  edge  o f  a  p l a t e ,  r e c e s s e d  i n  

a  h o l e ,  o r  i n  some o t h e r  way a l i g n e d  t o  r e c e i v e  ene rgy  a t  an 

emergency a n g l e  8' a p p r o x i m a t e l y  e q u a l  t o  90  d e g r e e s .  When 
c ' 

T h i s  i s  a  d e s i r a b l e  t e s t  c o n d i t i o n ,  s i n c e  i t  can  be  shown f o r  

a  g i v e n  D ,  f ,  X ,  and T t h a t  n  i s  a  s m a l l e r  number when V' = V 

t h a n  when V' <V.  

E X P E R I M E N T S  

E x p e r i m e n t a l  s t u d i e s  were u n d e r t a k e n  t o  d e t e r m i n e  how w e l l  

t h e  p r e v i o u s l y  d e r i v e d  e x p r e s s i o n s  p r e d i c t  a c t u a l  obse rved  

r e s u l t s .  A s o u r c e  o f  r e a l  a c o u s t i c  e m i s s i o n  s i g n a l s  a s  w e l l  a s  

a  sample s u i t a b l e  f o r  u s i n g  a r t i f i c a l  s i g n a l  s o u r c e s  was con-  

s i d e r e d  d e s i r a b l e .  An a r t i f i c a l  s i g n a l  s o u r c e  was r e g a r d e d  

u s e f u l  f o r  check ing  t h e  a n a l y t i c a l  r e s u l t s  and f o r  e v e n t u a l  

comparison w i t h  t h e  a c t u a l  e m i s s i o n  s i g n a l  b e h a v i o r .  

A 1 / 2  i n .  t h i c k  A - 2 1 2 - B  s t e e l  p l a t e  hav ing  an a r e a  o f  

abou t  2 f t  by 3 f t  was a v a i l a b l e .  A "V" groove was c u t  a c r o s s  

t h e  2 - f t  d imens ion  abou t  6  i n .  from one end o f  t h e  p l a t e .  T h i s  

6 - i n .  s e c t i o n  was t h e n  c u t  w i t h  a  band saw i n t o  abou t  1 / 2 - i n .  

s t r i p s  p a r a l l e l i n g  t h e  3 - f t  d imens ion  and e x t e n d i n g  from t h e  

end t o  j u s t  beyond t h e  "V" groove .  I t  was t h e n  p lanned  t h a t  

t h e  bend ing  o f  t h e s e  s t r i p s  t o  e v e n t u a l  f a i l u r e  would p r o v i d e  

a  good s o u r c e  of m u l t i p l e  a c o u s t i c  e m i s s i o n  s i g n a l s .  

P r i o r  t o  t h e  e m i s s i o n  s i g n a l  s t u d i e s ,  a r t i f i c a l  s o u r c e s  

were s t u d i e d .  A s m a l l  u l t r a s o n i c  s h e a r  wave t r a n s d u c e r  was 

mounted on t h e  end o f  t h e  p l a t e  o p p o s i t e  t o  where t h e  s t r i p s  

h a d  been  c u t .  A s e c t i o n  o f  t h i s  edge  had been  machined f l a t  



and smooth f o r  good t r a n s d u c e r  c o u p l i n g .  The p u l s i n g  o f  t h i s  

s m a l l  t r a n s d u c e r  w i t h  a  s h o r t ,  r e p e t i t i v e  b u r s t  s i g n a l  t r a n s -  

m i t t e d  s h e a r  waves i n t o  t h e  p l a t e .  

A s  ment ioned e a r l i e r ,  u s e  o f  t h e  h i g h e s t  p o s s i b l e  f r e -  

quency f o r  d e t e c t i n g  a c o u s t i c  e m i s s i o n  s i g n a l s  i s  d e s i r a b l e  

f o r  good c o u n t i n g  and t r i a n g u l a t i o n .  Most i n d u s t r i a l  s t e e l s  

and s t a i n l e s s  s t e e l s  have h i g h  s h e a r  wave a t t e n u a t i o n  due t o  

g r a i n  s c a t t e r i n g  f o r  f r e q u e n c i e s  o f  5  MHz and above.  S i n c e  i t  

i s  a l s o  d e s i r a b l e  t o  b e  a b l e  t o  d e t e c t  e m i s s i o n  s i g n a l s  a s  

f a r  from t h e  s o u r c e  a s  p o s s i b l e ,  t h e  d e t e c t i o n  f r e q u e n c i e s  

s h o u l d  n o t  be  t o o  h i g h .  A t  t h e  p r e s e n t  t i m e ,  o n l y  l i m i t e d  

a t t e n u a t i o n  d a t a  a r e  a v a i l a b l e  f o r  A-212-B s t e e l .  I t  i s  

a n t i c i p a t e d ,  however,  t h a t ,  f o r  f r e q u e n c i e s  i n  t h e  r ange  o f  

a  few megaher t z ,  o n l y  a  few d B / f t  o f  s i g n a l  a t t e n u a t i o n  w i l l  

o c c u r .  The ma jo r  l o s s  mechanism, of  c o u r s e ,  i s  due t o  t h e  

i n v e r s e  d i s t a n c e  l o s s  by t h e  s p r e a d i n g  o u t  o f  waves from a  

p o i n t  s o u r c e .  

F r e q u e n c i e s  o f  2 MHz and 4 .5  MHz w e r e ,  t h e r e f o r e ,  chosen  

f o r  s t u d i e s  s i n c e  s e n s o r s  were a l s o  a v a i l a b l e .  The e x p e c t e d  

number of  r e f l e c t i o n s  and s i g n a l  d u r a t i o n s  were c a l c u l a t e d  f o r  

t h e s e  f r e q u e n c i e s ,  assuming t r a n s d u c e r s  were l o c a t e d  a t  X 

d i s t a n c e s  from t h e  s o u r c e  o f  5 ,  1 5 ,  and 30 i n c h e s .  I t  was 

c o n v e n i e n t ,  i n  most o f  t h e  e x p e r i m e n t s ,  t o  u s e  w a t e r  t o  coup le  

ene rgy  o u t  o f  t h e  p l a t e  i n t o  t h e  s e n s o r s .  For  w a t e r  

V/ = 0.587 x  l o 5  i n . / s e c  and f o r  A-212-B s t e e l  

V = 1 . 2 8  x  10' i n . / s e c .  The t r a n s d u c e r  d i a m e t e r s  a v a i l a b l e  f o r  

f r e q u e n c i e s  of  2 MHz and 4 . 5  MHz were 0 .215 and 0 .75  i n . ,  and 

0.1875 and 0 .75  i n ,  r e s p e c t i v e l y .  Tab le  1 shows t h e  number 

of  r e f l e c t i o n s  n - 1 ,  w i t h  n  de te rmined  by Equa t ion  ( 1 3 ) ,  and 

t h e  e x p e c t e d  s i g n a l  d u r a t i o n s  A t ,  a s  de te rmined  by Equa- 

t i o n  ( 1 8 ) .  Also  a s  an a i d  t o  d e t e r m i n i n g  t h e  t o t a l  s i g n a l  

d u r a t i o n  (At) from t h e  t o t a l  number o f  r e f l e c t i o n s  ( n - 1 ) ,  a  

graph was p r e p a r e d  i n  F i g u r e  2 t o  show t h e  t h r e e  X p o s i t i o n s .  



T A B L E  I .  S i g n a l  R e f l e c t i o n s  and D u r a t i o n s  

V = 1 . 2 8  x 10' i n . / s e c  

V' = 0 .587  x 10' i n . / s e c  

T = 0 . 5  i n .  

f. MHz 9, i n .  

0 .215 

0.215 

0 .215 

0 .75  

0 .75  

0 . 7 5  

0.1875 

0.1875 

0 .1875 

0 . 7 5  

X ,  i n .  

5  

1 5  

3  0  

5  

A t ,  u s e c  

14 .4  

44.5 

88 

3 .5  

1 0 . 5  

2 1 

6  

1 8 . 5  

36.5 

1 . 6  

4.8 

9 .4  

T h i s  g raph  can a l s o  be  used  t o  d e t e r m i n e  t h e  t ime between 

s u c c e s s i v e  r e f l e c t i o n s  ( e . g . ,  A t  f o r  t h e  second  r e f l e c t i o n  

minus A t  f o r  t h e  f i r s t ,  e t c . )  

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

s h e a r  waves c o r r e s p o n d i n g  t o  t h o s e  c a l c u l a t e d  i n  T a b l e  1 a r e  

shown i n  F i g u r e s  3  and 4. A s  mentioned p r e v i o u s l y ,  t h e  s m a l l  

s h e a r  t r a n s m i t t i n g  t r a n s d u c e r  was mounted a t  t h e  p l a t e  edge 

and t h e  r e c e i v i n g  s e n s o r s  were p l a c e d  a t  t h e  v a r i o u s  X l o c a -  

t i o n s .  The c a l c u l a t e d  A t  v a l u e s  a r e  s e e n  t o  be  a p p r o x i m a t e l y  

r e p r e s e n t a t i v e  o f  t h e  measured s i g n a l s .  

An i m p o r t a n t  a s p e c t  of t h e  measured s i g n a l s  h a s  n o t  y e t  

been  d i s c u s s e d .  The s h e a r  waves were mode c o n v e r t e d  t o  



0 10 20 30 40 50 60 70 

No. Reflections (n -1) 

F I G U R E  2 .  Number o f  R e f l e c t i o n s  Versus  Time Durat ion  
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D = 0.215 inches, X = 5 inches  D = 0.75 inches, X - 5 inches 
Calc. At = 14.4 psec Calc. At = 3.5 psec 
Time Scale = 10 pseclcm Time Scale = 10 yseclcm 

D = 0.215 inches, X = 15 inches D = 0.75 inches, X = 15 inches 
Calc. At = 44.5 psec Calc. At = 10.5 psec 
Time Scale = 10 pseclcm Time Scale = 10 pseclcm 

3 11 

I.. . I .  

D = 0.215 inches, X = 30 inches D = 0.75 inches, X = 30 inches 
Calc. At I 88 psec Calc. At 21 psec 
Time Scale = 10 pseclcm Time Scale 10 pseclcm 

F I G U R E  3.  Measured S i g n a Z s  f o r  A r t i f i c i a l  S o u r c e  
a t  F r e q u e n c y  o f  2 MHz 



D = 0.1875 inches, X 5 inches D 0.75 inches, X = 5 inches 
Calc. At = 6 psec Calc. At = 1.6 psec 
Time Scale = 10 pseclcm Time Scale = 10 pseclcm 

D = 0.1175 inches, X 15 inches D = 0.75 inches, X = 15 inches 
Calc. At = 18.5 psec Calc. At = 4.8 psec 
Time Scale = 10 pseclcm Time Scale = 10 pseclcm 

D = 0.1875 inches, X = 30 inches D = 0.75 inches, X = 30 inches 
Calc. At 36.5 psec Calc. At = 9.4 psec 
Time Scale = 10 yseclcm Time Scale 10 ~ s e c l c m  

FIGURE 4 .  Measured S i g n a l s  for  A r t i f i c i a l  Source 
a t  Frequency o f  4 . 5  MHz 



l o n g i t u d i n a l  waves and rece ived  through a  wa te r  couplan t  between 

the  sample and s e n s o r .  Thus, l o n g i t u d i n a l  r e c e i v e r s  were used.  

The t r ansmis s ion  f a c t o r  between a  s o l i d  (metal)  and a  l i q u i d  

(water)  f o r  s h e a r  waves conver t ing  t o  l o n g i t u d i n a l  waves var i , es  

a s  a  f u n c t i o n  of s h e a r  wave i n c i d e n t  ang le .  A sma l l  bundle o f  

shea r  wave r ays  p ropaga t ing  down t h e  p l a t e  approximately  

p a r a l l e l  t o  i t s  s u r f a c e s  w i thou t  app rec i ab l e  r e f l e c t i o n  a t  t h e  

s u r f a c e s  has  a  low t r ansmis s ion  f a c t o r .  The t r ansmis s ion  

f a c t o r  i s  h i g h e r  f o r  a  s i m i l a r  bundle  propagat ing a t  a  s l i g h t l y  

ob l ique  ang le  w i th  r e s p e c t  t o  t h e  s u r f a c e s .  The f i r s t  a r r i v i n g  

u n r e f l e c t e d  s i g n a l s  a r e ,  t h e r e f o r e ,  of  sma l l e r  ampli tude than  

subsequent  s i g n a l s  from ob l ique ly  t r a v e l i n g  rays  r e f l e c t e d  

between t h e  s u r f a c e s .  The s i g n a l  thus  s t a r t s  a t  a  low 

ampli tude and b u i l d s  up w i th  time u n t i l  subsequent  r e f l e c t i o n s  

a t  r e f r a c t i o n  ang les  e v e n t u a l l y  exceeding B i n  Equat ion ( 4 )  

f i n a l l y  i n i t i a t e  decay.  These r i s e  and decay e f f e c t s  a r e  

i l l u s t r a t e d  i n  F igures  3 and 4 .  

I n  F igures  5 and 6 ,  measured s i g n a l s  a r e  shown f o r  

a c t u a l  a c o u s t i c  emiss ion sou rces .  The s enso r s  were p o s i t i o n e d  

a t  t he  va r ious  l o c a t i o n s  corresponding t o  those  i n  Figures  3 

and 4 .  The s e n s o r s  were always p laced  i n  a  s t r a i g h t  l i n e  

extending from t h e  p a r t i c u l a r  s i n g l e  edge notch t a b  be ing  b e n t .  

A s e p a r a t e  s h e a r  wave c r i t i c a l  angle  s enso r  was p laced  as  nea r  

as  p o s s i b l e  t o  t h e  notch t o  supply  a  s i g n a l  f o r  t r i g g e r i n g  

t h e  d i s p l a y  o s c i l l o s c o p e .  Because each a c o u s t i c  emiss ion 

even t  i s  expected t o  be unique,  comparison of s i g n a l s  a t  

va r ious  d . is tances  r e q u i r e d  t h e  s imul taneous  obse rva t ion  of  t h e  

same s i g n a l  a t  two l o c a t i o n s .  This comparison was accomplished 

wi th  a  dua l  beam o s c i l l o s c o p e ,  and t h e  t r a c e s  shown i n  Fig- 

u r e s  5 and 6 were a d j u s t e d  w i t h  independent time de l ays  t o  

p r e s e n t  t h e  s i g n a l s  s imul taneous ly .  

I n  comparing t he  s i g n a l s  i n  Figures  5 and 6 w i t h  those  

of  F igures  3 and 4 ,  t he  a c t u a l  a c o u s t i c  emiss ion s i g n a l s  appear 



D 0.215 inches, X 5 inches 
Calc. At = 14.4 psec 
Time Scale = 10 pseclcm 

D = 0.215 inches, X 15 inches 
Calc. At = 44.5 ysec 
Time Scale 10 pseclcm 

D 0.75 inches, X = 5 inches 
Calc. At 3.5 psec 
Time Scale = 10 pseclcm 

D = 0.215 inches, X = 15 inches 
Calc. At =44.5 ysec 
Time Scale = 10 pseclcm 

D = 0.215 inches, X = 5 inches 
Calc. At = 14.4 psec 
Time Scale = 10 pseclcm 

D = 0.75 inches, X 15 inches 
Calc. At = 10.5 psec 
Time Scale = 10 pseclcm 

FIGURE 5. Measured S i g n a l s  f o r  A c t u a l  Emiss ion  
Source  a t  Frequency o f  2 MHz 
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D = 0.1875 inches, X = 5 inches 
Calc. At = 6 psec 
Time Scale = 10 pseclcm 

D = 0.1875 inches, X = 15 inches 
Calc. At = 18.5 psec 
Time Scale = 10 pseclcm 

D = 0.1875 inches, X = 5 inches 
Calc. At = 6 psec 
Time Scale 10 pseclcm 

D = 0.1875 inches. X 30 inches 
Calc. At 36.5 ~ s e c  
Time Scale = 10 pseclcm 

D 2 0.75 inches, X 5 inches 
Calc. At = 1.6 psec 
Time Scale = 10 pseclcm 

D = 0.1875 inches, X = 15 inches 
Calc. At = 18.5 psec 
Time Scale = 10 psec 

ID I 0.1875 inches, X = 5 inches 
'- "'Y4r. - -  Y *- ---_ 

Calc. At = 6 psec 
Time Scale = 10 pseclcm 

444,P'<W1@ at*' 

D 0.75 inches, X = 15 inches 
Calc. At = 4.8 psec 

2 A -- L 

Time Scale = 10 pseclcm 

' ., . + ' 1  

F I G U R E  6 .  Measured S ignaZs  f o r  A c t u a l  Emiss ion  
Source  a t  Frequency o f  4 .  5 MHz : 



t o  a l s o  b e  approx imate ly  r e p r e s e n t e d  by t h e  p r e v i o u s l y  

d e r i v e d  e x p r e s s i o n s .  D i f f e r e n c e s ,  however,  shou ld  b e  

e x p e c t e d  between s i g n a l s  from a r t i f i c i a l  a s  opposed t o  r e a l  

e m i s s i o n  s o u r c e s  because  an e m i s s i o n  b u r s t  can occur  randomly 

a t  any t ime o r  p o s i t i o n  ( n e a r  t h e  n o t c h ) ,  whereas t h e  

a r t i f i c i a l  s o u r c e  h a s  p e r i o d i c i t y  and a  f i x e d  p o s i t i o n .  

I n  some i n s t a n c e s ,  e m i s s i o n  s i g n a l s  a r e  n o t  shown i n  

F i g u r e s  5 and 6 f o r  t h e  3 0 - i n .  c r i t i c a l  a n g l e  s e n s o r  p o s i t i o n s  

f o r  t h e  r e a s o n  t h a t  t h e  e m i s s i o n  s i g n a l s  were n o t  v i s i b l e  

most o f  t h e  t ime above t h e  n o i s e  a t  t h e  3 0 - i n .  p o s i t i o n .  

Those few t h a t  were  l a r g e r  i n  ampl i tude  were on ly  b a r e l y  

p e r c e p t i b l e  above t h e  n o i s e .  Th i s  r e s u l t  i s  n o t  s u r p r i s i n g  

s i n c e  t h e  a c o u s t i c  e m i s s i o n s  a r e  e s s e n t i a l l y  from p o i n t  

s o u r c e s .  The major  l o s s  i n  energy t h e n  i s  due t o  t h e  s p r e a d i n g  

o u t  of  t h e  s p h e r i c a l  waves. S i n c e  t h e  s e n s o r s  a r e  p r e s s u r e  

s e n s i t i v e ,  t h e  l o s s  of s i g n a l  ampl i tude  v a r i e s  i n v e r s e l y  w i t h  

d i s t a n c e  from t h e  s o u r c e .  For  i n s t a n c e ,  a  s e n s o r  p l a c e d  a t  

30 i n .  would show o n l y  1 /100 th  t h e  ampl i tude  measured a t  

0 . 3  i n .  A d d i t i o n a l  l o s s e s  o c c u r  due t o  a t t e n u a t i o n ,  and 

ampl i tude  l o s s e s  i n  t h e  f i r s t  a r r i v a l  wave f r o n t s  occur  due 

t o  t h e  t r a n s m i s s i o n  f a c t o r  v a r i a t i o n s  mentioned p r e v i o u s l y .  

A l l  o f  t h e s e  e f f e c t s  makes i t  d i f f i c u l t  t o  d e t e c t  a c o u s t i c  

e m i s s i o n  s i g n a l s  a t  d i s t a n c e s  much beyond a  few f e e t  from t h e  

s o u r c e .  The ampl i tude  o f  t h e  s i g n a l  can  b e  i n c r e a s e d  somewhat 

by an i n c r e a s e  i n  a n g u l a r  a p e r t u r e  ( 6 )  due t o  t h e  i n c r e a s e  i n  

t h e  n e t  t r a n s m i s s i o n  f a c t o r .  However, a s  h a s  been  shown i n  

t h e  p r e c e d i n g  examples ,  t h e  t ime i n c r e a s e  i n  s i g n a l s  may 

make d i f f i c u l t  t h e  a c c u r a t e  l o c a t i o n  o f  s o u r c e s  by t r i a n g u -  

l a t i o n  methods.  Accura te  measures o f  c r a c k  p r o p a g a t i o n  r a t e ,  

a s  de te rmined  by s i g n a l  coun t  r a t e ,  may a l s o  be  d i f f i c u l t .  

Higher  d e t e c t i o n  s e n s i t i v i t y  would make t r i a n g u l a t i o n  and 

c o u n t i n g  e a s i e r  i n  most a p p l i c a t i o n s .  



One n o t a b l e  improvement i n  s e n s i t i v i t y  was ach ieved  by 

u s i n g  s h e a r  wave s e n s o r s  i n  p l a c e  o f  t h e  c r i t i c a l  ang le  

s e n s o r s .  About an o r d e r  of  magnitude i n c r e a s e  i n  s i g n a l  was 

observed by mounting t h e  s h e a r  s e n s o r s  on t h e  edge o f  t h e  

1 / 2 - i n .  p l a t e .  The s i g n a l  a l s o  dec r ea sed  i n  time d u r a t i o n  

because  o f  t he  s m a l l e r  angu l a r  a p e r t u r e  a s  c a l cu l a . t ed  by 

Equat ion ( 4 ) .  An example of  t h e  s i g n a l  f o r  an edge-mounted 

2 MHz s h e a r  s e n s o r  having about  1 / 2 - i n .  dimensions i s  shown 

i n  F igure  7 .  I n  Table  1, A t  was a l s o  c a l c u l a t e d  f o r  X = 30 i n .  

and V = V' ,  and t h e  r e s u l t  was compared t o  t h e  observed s i g n a l  

i n  F igure  7 .  The cor responding  s i g n a l  a t  X = 30 i n .  f o r  about  

t h e  same s i z e  ( D  = 0.215 i n . )  c r i t i c a l  ang le  s e n s o r  i s  a l s o  

shown. 

The q u e s t i o n  a r i s e s  a s  t o  how such  s h e a r  s e n s o r s  can be 

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

S ince  t h e  s e n s o r s  can be d imens iona l ly  q u i t e  s m a l l ,  a  sha l l ow  

h o l e  o r  i n d e n t a t i o n  enab l i ng  t h e  s e n s o r  t o  be  r e c e s s e d  may be  

p e r m i s s i b l e .  A l so ,  t h e  geometry o f  t h e  t e s t  sample may p r o -  

v i d e  n a t u r a l  co rne r s  f o r  a t t a c h i n g  s h e a r  s e n s o r s  i n  d e s i r a b l e  

l o c a t i o n s  and o r i e n t a t i o n s .  Other  ways o f  i n c r e a s i n g  s e n s i -  

t i v i t y  may a l s o  be p o s s i b l e .  



Edge Mounted Shear Sensor 
D = 0.1875 inches, X 30 inches 
Calc. At = 23.5 psec 
Time Scale = 10 pseclcm 

Crit ical Angle Sensor 
D = 0.215 inches, X = 30 inches 
Calc. At = 88 psec 
Time Scale = 10 pseclcm 

F I G U R E  7 .  Edge Mounted S h e a r  V e r s u s  C r i t i c a l  
Ang l e  S e n s o r  
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S I G N A L  P U L S E  S H A P E  

I n  a n a l y z i n g  a c o u s t i c  e m i s s i o n  wave b e h a v i o r ,  t h e  s i g n a l  

p u l s e  s h a p e s  a s  w e l l  a s  t h e i r  d u r a t i o n s  must  b e  d e t e r m i n e d .  

Knowledge of  p u l s e  s h a p e s  a s  a  f u n c t i o n  o f  sample t h i c k n e s s ,  

r e c e i v e r  d i s t a n c e  from t h e  s o u r c e ,  e t c . ,  a r e  i m p o r t a n t  f o r  

o b t a i n i n g  s o u r c e  l o c a t i o n  by t r i a n g u l a t i o n  and f o r  p r o p e r l y  

d e v i s i n g  c o u n t i n g  sys t ems  c a p a b l e  o f  d e t e r m i n i n g  c r a c k  growth .  

When t h e  p r e v i o u s l y  d i s c u s s e d  p u l s e  d u r a t i o n  s t u d i e s  were  under -  

t a k e n ,  i n f o r m a t i o n  a b o u t  r e f l e c t i o n  f a c t o r  a m p l i t u d e  and p h a s e  

and t h e  s h e a r  wave a t t e n u a t i o n  c o e f f i c i e n t s  f o r  A - 2 1 2 - B  were  

n o t  known. The p a r t i a l  d e t e r m i n a t i o n  o f  t h e s e  q u a n t i t i e s  h a s  

made p o s s i b l e  t h e  p r e l i m i n a r y  s t u d y  o f  p u l s e  s h a p e s .  

I n  o r d e r  t o  d e t e r m i n e  a c t u a l  s i g n a l  p u l s e  s h a p e s  from 

a c o u s t i c  e m i s s i o n  e v e n t s ,  knowledge o f  t h e  f a i l u r e  mechanism 

would b e  n e c e s s a r y  i n  d e s c r i b i n g  t h e  i n i t i a l  d i s t u r b a n c e .  Then, 

s i n c e  a  wide  band o f  f r e q u e n c i e s  w i l l  be  l i k e l y  i n  t h e  i n i t i a l  

d i s t u r b a n c e ,  a t t e n u a t i o n  c o e f f i c i e n t s  must b e  known o v e r  t h e  

r ange  o f  f r e q u e n c i e s  i n  t h e  p u l s e .  T h i s  knowledge would b e  

n e c e s s a r y  i n  d e t e r m i n i n g  p u l s e  shape  changes due  t o  e x c e s s i v e  

h i g h  f r e q u e n c y  s c a t t e r i n g  which removes h i g h e r  f r e q u e n c i e s  from 

t h e  p u l s e  i n  g r e a t e r  amounts t h a n  t h e  lower  f r e q u e n c i e s .  I t  

would b e  n e c e s s a r y ,  f i n a l l y ,  t o  have a c c u r a t e  knowledge of  

r e c e i v i n g  t r a n s d u c e r  t r a n s f e r  f u n c t i o n s  and o t h e r  a c o u s t o -  

e l e c t r i c a l  q u a n t i t i e s  t o  o b t a i n  t h e  e v e n t u a l  p u l s e  shape  

e s t i m a t e s .  These q u a n t i t i e s  a r e  n o t  e n t i r e l y  a v a i l a b l e  a t  t h e  

p r e s e n t  t ime  and some would b e  d i f f i c u l t  t o  o b t a i n .  

Another  approach  r e q u i r i n g  o n l y  a  l i m i t e d  knowledge o f  

t h e s e  e f f e c t s  i s  a v a i l a b l e .  I n  most p r a c t i c a l  a p p l i c a t i o n s ,  t h e  

p r o p a g a t i o n  o f  a c o u s t i c  e m i s s i o n  s i g n a l s  ove r  s u b s t a n t i a l  

d i s t a n c e s ,  a s  mentioned p r e v i o u s l y  i s  d e s i r a b l e .  Many o f  t h e  

h i g h e r  f r e q u e n c y  components i n  t h e  i n i t i a l  d i s t u r b a n c e  a r e  

q u i c k l y  removed i n  a  s h o r t  p a t h  l e n g t h  due t o  s c a t t e r i n g .  For  

example,  t h e  a t t e n u a t i o n  c o e f f i c i e n t  i n  F i g u r e  8 i s  p l o t t e d  a s  





a  f u n c t i o n  of  f r equency  f o r  s h e a r  waves i n  s m a l l  g r a i n  304L 

s t a i n l e s s  s t e e l .  S c a t t e r i n g  l o s s e s  i n c r e a s e  beyond t h e  knee 

i n  t h e  c u r v e  i n  approximate  p r o p o r t i o n  t o  t h e  f o u r t h  power o f  

f r e q u e n c y .  I t  i s  e v i d e n t  t h e n  t h a t  f r e q u e n c i e s  beyond a  few 

MHz do n o t  p r o p a g a t e  more t h a n  a  few i n c h e s  b e f o r e  t h e y  a r e  

much s m a l l e r  i n  ampl i tude  t h a n  t h e  lower  f r e q u e n c i e s .  

Although t h e  c u r v e  shown i n  F i g u r e  8 a p p l i e s  t o  3 0 4 L  s t a i n -  

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

A-212-B c a r b o n  s t e e l  used  f o r  t h e  p r e s e n t  s t u d i e s .  T h e r e f o r e ,  

e m i s s i o n  e v e n t s  i n i t i a l l y  h a v i n g  a  wide f r equency  band become 

f i l t e r e d  s o  t h a t  t h e i r  dominant f r e q u e n c i e s  a r e  e s s e n t i a l l y  l e s s  

t h a n  a  few MHz a f t e r  t r a v e l i n g  a  few i n c h e s .  S i g n a l  f r e q u e n c i e s  

below 1 MHz can  o f t e n  be  assumed u n d e s i r a b l e  i n  p r a c t i c a l  

a p p l i c a t i o n s  b e c a u s e  o f  h y d r a u l i c  n o i s e s ,  e t c .  These lower  

f r e q u e n c i e s ,  moreover ,  have t h e  e f f e c t  of  e x c e s s i v e l y  i n c r e a s i n g  

r e c e i v e d  s i g n a l  d u r a t i o n s .  For t h e s e  r e a s o n s ,  i t  a p p e a r s  t h a t  

r e l a t i v e l y  nar row band r e c e i v e r s  w i t h  c e n t e r  f r e q u e n c i e s  o f  

1 t o  2 MHz s h o u l d  b e  used  i n  f i e l d  t e s t s .  A c t u a l  optimum band 

w i d t h s ,  a l t h o u g h  a p p a r e n t l y  i n  t h e  r ange  o f  0 .5  t o  0 .75  MHz, 

s h o u l d  b e  d e t e r m i n e d .  

I t  was t h e r e f o r e  d e c i d e d  i n  t h e  p u l s e  s h a p e  s t u d i e s  t o  u s e  

a  narrow f r e q u e n c y  band w i d t h  l e s s  t h a n  1 . 5  MHz s o  t h a t  o n l y  

t h e  a t t e n u a t i o n  a t  t h e  c e n t e r  f r e q u e n c y  i s  1 . 5  MHz. The 

a t t e n u a t i o n  f a c t o r  f o r  s h e a r  waves i n  A-212-B a t  t h i s  f r e q u e n c y  

was measured t o  b e  about  1 . 3  d B / f t .  Also  b e c a u s e  of  t h e  narrow 

band w i d t h  and t h i s  low a t t e n u a t i o n ,  no a p p r e c i a b l e  p u l s e  

d i s t o r t i o n  due t o  t h e  a fo remen t ioned  s c a t t e r i n g  e f f e c t  was 

e f f e c t e d .  

A s  ment ioned  p r e v i o u s l y ,  t h e  i n i t i a l  e m i s s i o n  p u l s e  s h a p e s  

w i t h i n  t h e  A-212-B p l a t e  and t r a n s d u c e r  t r a n s f e r  f u n c t i o n s  

s h o u l d  b e  de te rmined .  However, i t  was assumed i n  t e s t i n g  

t h e  f e a s i b i l i t y  o f  s i g n a l  s y n t h e s i s  methods t h a t  t h e  s i g n a l s  

could  be  measured n e a r  t o  t h e  e m i s s i o n  s i t e  s o  t h a t  no 



i n t e r f e r e n c e  from r e f l e c t i o n s  w i t h i n  t h e  p l a t e  c o u l d  o c c u r .  

Then, by u s i n g  t h e  same r e c e i v e r  and e l e c t r o n i c  s y s t e m ,  t h e  

s i g n a l  c o u l d  b e  measured a g a i n  a t  a  g r e a t e r  d i s t a n c e  from 

t h e  s o u r c e  t o  i n c l u d e  t h e  e f f e c t s  o f  many r e f l e c t i o n s .  The 

number of  r e f l e c t i o n s ,  t h e i r  r e f l e c t i o n  f a c t o r  ampl i tudes  and 

p h a s e s ,  and t h e i r  d i f f e r e n c e s  i n  a t t e n u a t i o n  (because  o f  d i f -  

f e r e n t  p a t h  l e n g t h s )  and t h e  p u l s e  shape  a t  t h e  c l o s e r  d i s -  

t a n c e  a r e  known. I t  was t h o u g h t  p o s s i b l e ,  t h e r e f o r e ,  t o  

p r e d i c t  t h e  p u l s e  shapes  a t  g r e a t e r  d i s t a n c e s .  

T h i s  method of  d e t e r m i n i n g  p u l s e  shapes  does n o t  r e q u i r e  

a c t u a l  a c o u s t i c  d i s t u r b a n c e s  w i t h i n  t h e  p l a t e  o r  t r a n s d u c e r  

t r a n s f e r  f u n c t i o n s  t o  be  known. P rov ided  t h a t  t h e  e m i s s i o n  

s i g n a l s  f o r  a  p a r t i c u l a r  t e s t  a p p l i c a t i o n  can  b e  measured 

b e f o r e  r e f l e c t i o n s  o c c u r ,  and assuming t h e  t e s t  sample 

geometry i s  known, i t  s h o u l d  t h e n  be  p o s s i b l e  t o  p r e d i c t  

p u l s e  s h a p e s  i n  most o f  t h e  f i e l d  t e s t  a p p l i c a t i o n s  e n c o u n t e r e d  

i n  p r a c t i c e .  

P r e l i m i n a r y  p u l s e  shape  s y n t h e s i s  expe r imen t s  were con-  

d u c t e d  on t h e  1 / 2 - i n .  t h i c k  A-212-B c a r b o n  s t e e l  p l a t e  used  

i n  p r e v i o u s  s t u d i e s .  A s m a l l  p o i n t  s o u r c e  s h e a r  wave t r a n s -  

d u c e r  was used  a s  t h e  s i g n a l  s o u r c e .  The r e c e i v e r  was a l s o  a  

s m a l l  s h e a r  wave s e n s o r  mounted a t  t h e  p l a t e  edge a s  i n  t h e  

p r e v i o u s  expe r imen t  shown a t  t h e  t o p  o f  F i g u r e  7 .  The u n r e -  

f l e c t e d  s i g n a l  t r a n s m i t t e d  th rough  a  s m a l l  d i s t a n c e  ($1 i n . )  

was d e t e c t e d  by t h e  edge-moun.ted r e c e i v e r  and. r e c o r d e d .  Using 

t h e  same t r a n s m i t t e r  s o u r c e  and r e c e i v e r ,  t h e  s i g n a l  w i t h  

many r e f l e c t i o n s  p r e s e n t  was t h e n  d e t e c t e d  a t  a  d i s t a n c e  o f  

30 i n .  from t h e  s o u r c e .  These two s i g n a l s  a r e  shown i n  

F i g u r e s  9 a  and 9b. 

The u n r e f l e c t e d  p u l s e  was a l s o  r e c o r d e d  on an X-Y r e c o r d e r  

a t  t h e  o u t p u t  o f  a  sampl ing  o s c i l l o s c o p e .  Th i s  X-Y r e c o r d i n g  

p e r m i t t e d  a c c u r a t e  d e t e r m i n a t i o n  of  a m p l i t u d e s  i n c r e m e n t a l l y  

a l o n g  t h e  p u l s e .  The p u l s e  was t h e n  added t o  i t s e l f  i n  



BNWL- 1008 

ampl i tude  w i t h  phase  s h i f t  i n f o r m a t i o n  d e t e r m i n e d  f o r  t h e  d i f -  

f e r e n t  r a y  p a t h s  r e f l e c t e d  w i t h i n  t h e  p l a t e .  These r e f l e c t i o n  

f a c t o r s  and phase  s h i f t s  were a v a i l a b l e  u s i n g  an  EDPM program 

c a l l e d  " S n e l l  D e t a i l "  p r e v i o u s l y  s e t  up a t  BNW. A t t e n u a t i o n  

d i f f e r e n c e s  f o r  d i f f e r e n t  r a y  p a t h s  were found t o  be  s m a l l ,  

s i n c e  t h e  a t t e n u a t i o n  was o n l y  abou t  1 . 3  d B / f t  a t  t h e  f r e -  

quency u s e d  ( a b o u t  1 . 6  M H z ) .  

I n  T a b l e  2 ,  t h e  t o t a l  t ime  d e l a y s  ( i n  p s e c )  o f  t h e  f i r s t  

20 r e f l e c t e d  r a y  p a t h s  a r e  g i v e n  i n  Column 7 .  I n  a d d i t i o n ,  

Columns 1 - 6  g i v e  t h e  r a y  p a t h  r e f l e c t i o n  n - 1 ,  t h e  r e f l e c t i o n  

a n g l e  8, t h e  p h a s e  d e l a y  p e r  r e f l e c t i o n  A @  (from " S n e l l  

D e t a i l " ) ,  t h e  t o t a l  r e f l e c t i o n  phase  d e l a y  (n -1 )  A @ ,  t h e  t o t a l  

r e f l e c t i o n  phase  d e l a y  i n  p s e c  and t h e  t ime d i f -  

f e r e n c e  A t ,  i n  p s e c  due t o  g e o m e t r i c  d i f f e r e n c e s  i n  r a y  p a t h s .  

The f r e q u e n c y  f  and t h e  p e r i o d  P  f o r  t h e  p u l s e  a r e  a l s o  g i v e n .  

The t o t a l  d e l a y s  were t h e n  u s e d  t o  d i s p l a c e  i n  t ime each  o f  t h e  

f i r s t  20 r e f l e c t e d  r a y  p a t h s .  The 8 v a l u e s  o f  a l l  r a y s  were  

such  t h a t  t h e  r e f l e c t e d  r a y  a m p l i t u d e s  were w i t h i n  l e s s  t h a n  

0 . 1 %  o f  b e i n g  t o t a l l y  r e f l e c t e d  a s  c a l c u l a t e d  by " S n e l l  D e t a i l . "  

The r e s u l t i n g  s y n t h e s i z e d  s i g n a l  i s  shown i n  F i g u r e  9 c ,  and i t s  

s i m i l a r i t y  t o  t h e  measured s i g n a l  a t  30  i n .  i s  a p p a r e n t .  

S e v e r a l  o t h e r  i t e m s  a r e  wor thy  o f  d i s c u s s i o n .  The s h e a r  

wave r e c e i v e r  used  i n  t h e  measurements was a b o u t  0 .15  i n .  

a c r o s s  i t s  f a c e .  From E q u a t i o n  (19) i n  t h e  p r e v i o u s  s e c t i o n ,  

t h e  v a l u e  o f  n  i s  47 f o r  t h e  1 / 2 - i n .  A-212-B p l a t e  t h i c k n e s s ,  

when t h e  d i s t a n c e  i s  30 i n .  from t h e  s o u r c e ,  and t h e  f r e q u e n c y  

i s  1 . 6  M H z .  These v a l u e s  make t h e  c a l c u l a t e d  number o f  r e f l e c -  

t i o n s ,  n - 1 ,  e q u a l  t o  46. I n c l u s i o n s  o f  t h e  a d d i t i o n a l  r e f l e c -  

t i o n s  i n  F i g u r e  9c would add f u r t h e r  s t r u c t u r e  i n  t h e  s i g n a l  

beyond a b o u t  16  us. However, t h e  a d d i t i o n  o f  t h e s e  many r e f l e c -  

t i o n s  by  hand c a l c u l a t i o n  appea red  t o o  t ime consuming, and 

on ly  t h e  f i r s t  20 were added.  A l s o ,  hand c a l c u l a t i o n s  a r e  

e a s i l y  s u b j e c t  t o  e r r o r s  which may b e  a c c u m u l a t i v e .  I t  a p p e a r s  
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a )  Source near  same s i d e  of 
P l a t e  edge a s  Receiver 

b) Source a t  Center  and 
Receiver a t  one s i d e  of 
P l a t e  Edge 

c )  Source and Receiver 
Located near  Opposite 
Sur faces  of P l a t e  edge 

F I G U R E  2 0 .  S i g n a l s  as  Received  from Various  

Source E l e v a t i o n s  
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t h a t  p u l s e  s y n t h e s i s  could b e s t  be done i n  f u t u r e  s t u d i e s  

e l e c t r o n i c a l l y  w i t h  l a b o r a t o r y  equipment o r  w i th  EDPM 

c a l c u l a t i o n s .  

I t  should  be no ted  t h a t ,  i n  adding subsequent  ray  p a t h  

s i g n a l s ,  a l l  of  t h e  f i r s t  20 were i n a d v e r t e n t l y  used.  Inspec-  

t i o n  of  F igure  l a  shows t h a t  t h e  o r i g i n a l  assumptions p e r m i t t e d  

l o c a t i o n  of t h e  source  a t  e i t h e r  s u r f a c e ,  b u t  n o t  bo th .  

The re fo re ,  i f  t h e  edge-mounted t r a n s m i t t i n g  sou rce  and r e c e i v e r  

had been l o c a t e d  nea r  t h e  same s u r f a c e  of  t h e  p l a t e ,  on ly  

t he  odd r a y  pa th  r e f l e c t i o n s  should  have been used.  With 

sou rce  and r e c e i v e r  l o c a t e d  nea r  oppos i t e  s u r f a c e s ,  only  t h e  

even r e f l e c t i o n s  should  have been used.  However, a l l  r e f l e c  

t i o n s  r e p r e s e n t i n g  t h e  u n l i k e l y  occurrence of  i d e n t i c a l  sources  

a t  bo th  s u r f a c e s  were used i n  t h e  c a l c u l a t i o n s .  

The s i t u a t i o n  i n  Figure  l b ,  a l though inc lud ing  a l l  

r e f l e c t i o n s ,  i s  only  approximately r ep re sen t ed  by t h e  equa t ions  

de r ived  e a r l i e r .  Since  c o r r e c t i o n s  i n  t h e  hand c a l c u l a t i o n s  

would be  e x c e s s i v e l y  time consuming, t r a n s m i t t i n g  sou rces  

were used a t  bo th  s u r f a c e s  and t h e  r e c e i v e r  was l o c a t e d  a t  one 

s u r f a c e .  While t h i s  arrangement used i n  ob t a in ing  t h e  measured 

s i g n a l  (F igure  9b) i s  considered i m p r a c t i c a l ,  i t  e f f e c t i v e l y  

r e p r e s e n t s  t he  p o s s i b i l i t i e s  of  t h e  s i g n a l  p u l s e  s y n t h e s i s  

method. 

Following completion of t h e  p rev ious ly  desc r ibed  e x p e r i -  

ments,  photographs o f  o t h e r  s i g n a l s  were taken wi th  t h e  t r a n s -  

m i t t i n g  sou rce  l o c a t e d  a t  only  one e l e v a t i o n  p o s i t i o n .  The 

source  was l o c a t e d  f i r s t  a t  t he  same s i d e  a s  t h e  r e c e i v e r ,  then  

a t  t h e  c e n t e r  of  t he  p l a t e ,  and then a t  t he  s i d e  oppos i t e  t h e  

r e c e i v e r ,  as  shown i n  Figure  10a ,  l o b ,  and 10c ,  r e s p e c t i v e l y .  

This experiment i l l u s t r a t e s  an e f f e c t  important  t o  p r a c t i c a l  

t e s t  a p p l i c a t i o n s .  S u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  t h r e e  

s i g n a l s  prove t h e  f e a s i b i l i t y  of determining n o t  only  t h e  range 

of an a c o u s t i c  emiss ion source  b u t  a l s o  i t s  d i s t a n c e  below 
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c) Calculated Signal at 
30 Inches 

F I G U R E  9 .  Measured Cons t ruc ted  U l t r a s o n i c  S i g n a l s  



T A B L E  2 .  T o t a l  T i m e  Delays 

Ray P a t h  R e f l e c t i o n s ,  n - 1  

D i r e c t  Ray f r o m  Top 

D i r e c t  Ray f r o m  Bot tom 
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f = 1 . 6 2  MHz 

P = 0 . 6 1 7  LIS 

T o t a l  
D e l a y ,  

LI s 



t h e  s u r f a c e .  I n  making p o s s i b l e  t h e  p r a c t i c a l  u s e  o f  t h i s  

c a p a b i l i t y ,  i t  w i l l  p r o b a b l y  be  n e c e s s a r y  t o  g e n e r a l i z e  t h e  

r a y  r e f l e c t i o n  s t u d i e s  and pe r fo rm more e l a b o r a t e  c a l c u l a t i o n s  

and d e m o n s t r a t i o n  e x p e r i m e n t s .  
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t e s t  problems f o r  a  v a r i e t y  o f  s i t u a t i o n s  e n c o u n t e r e d  i n  

p r a c t i c e  can  e v e n t u a l l y  b e  s i m u l a t e d  i n  t h e  l a b o r a t o r y .  P r i o r  

t o  a c t u a l  f i e l d  a p p l i c a t i o n s ,  t e s t  p a r a m e t e r s  s h o u l d  b e  i n v e s t i -  

g a t e d  and o p t i m i z e d .  The p u l s e  s y n t h e s i s  a n a l y s i s  s h o u l d  b e  

m a t h e m a t i c a l l y  g e n e r a l i z e d  and made e a s i e r  t o  use  through EDPM 

c a l c u l a t i o n s  o r  s u i t a b l e  l a b o r a t o r y  e l e c t r o n i c  equipment .  The 
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