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AN I N  S I T U  WELD D E F E C T  D E T E C T O R  A C O U S T I C  E M I S S I O N  

W e  D. J o l l y  

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

A c o u s t l c  e m i s s i o n  has  been  i n v e s t i g a t e d  a s  a  c a n d i d a t e  f o r  

an i n  s l t u  n o n d e s t r u c t i v e  t e s t  f o r  w e l d s .  N o n d e s t r u c t i v e  methods 

f o r  i n s p e c t i n g  w e l d s ,  such  as  r a d i o g r a p h y  o r  u l t r a s o n i c  t e c h -  

n l q u e s ,  a r e  no rmal ly  a p p l i e d  on ly  a f t e r  a  weld  i s  comple ted ,  An 

i n s p e c t i o n  method which i n d i c a t e s  t h e  o c c u r r e n c e  o f  d e f e c t s  i n  a  

weld  c o u l d  p r o v i d e  immediate i n f o r m a t i o n  t o  t h e  w e l d e r ,  This  

would r e s u l t  i n  improved we ld ing  t e c h n i q u e s ,  r educed  rework t i m e ,  

and r educed  f a b r i c a t i o n  c o s t s ,  The work r e p o r t e d  h e r e  was con- 

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

o f  weld  d e f e c t s  by monitoring a c o u s t i c  e m i s s i o n  p u l s e s  r e s u l t i n g  

from t h e  f o r m a t i o n  o f  d e f e c t s ,  

A c o u s t i c  e m i s s i o n  was obse rved  from a  s e r i e s  o f  welds  i n  

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

between a c o u s t i c  e m i s s i o n  r a t e  and r a d i o g r a p h i c  a n a l y s i s  of  s i n -  

g l e  p a s s  machine welds i n  1 / 8  i n ,  304L SS p l a t e  c o n t a i n i n g  induced  

d e f e c t s  a t  s p e c l f i c  l o c a t i o n s ,  We found t h a t  t h e  o n s e t  s f  acous -  

t i c  e m i s s i o n  i s  d e l a y e d  20 t o  45  s e c  a s  t h e  d e f e c t  r e g i o n  beg;ns 

t o  c o o l ;  a l s o  t h a t  a c o u s t i c  e m i s s i o n  r a t e  from induced  d e f e c t  

r e g i o n s  i n c r e a s e s  as  t h e  d e f e c t  r e g i o n  c o o l s ,  r e a c h i n g  a peak a t  

about  400 'C,  A c o u s t i c  e m i s s i o n  r a t e  from multipass welds i n  

1 1 2  i n ,  304L and 316 SS p l a t e  was g r e a t e r  t h a n  t h e  e m i s s i o n  r a t e  

from t h e  s i n g l e  p a s s  welds  by abou t  an o r d e r  o f  magnrtude,  and 

t h e  same d i r e c t  c o r r e l a t i o n  between radiographic analysis and 

a c o u s t i c  e m i s s i o n  r a t e  was found .  

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

from t h e  induced  d e f e c t  r e g i o n s  v a r i e d  a s  much a s  a  f a e r ~ r  o f  2 

Th i s  i s  i n t e r p r e t e d  t o  mean t h a t  t h e  a c o u s t l c  e m l s s i o n  s l g n a b s  
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r e a c h  t h e  r e s e l v e r s  by I n d i r e c t  r 2 u t e s ,  The c h a r a e t e r l s t i c  

emissaon p u l s e  shape  and s p e c t r a l  d l s t r l b u t i o n  Ja ry  w i t h  d i s -  

t a n c e  o r  d i r e c t i o n  from t h e  a c ~ u s t l e  e m i s s i o n  s o u r c e ,  S i n c e  

psYse l e n g t h s  a r e  s u f f l c l e n t  t o  s e t  up complex r e f l e c t i o n  p a t -  

t e r n s  I n  *he p l a t e ,  t h e  r e c e l j e d  s i g n n l s  a r e  m o d i f i e d  by m u l t i -  

p a t h  l n t e r f e s e n c e  a t  t h e  receiver l o z a t i 3 n  Thus,  t h e  r e c e i v e d  

sigraak e h a r a c t e r i s t ~ c s  a r e  determlnr-d by s o u r c e  l ~ c a t i o n ,  

r e c e l v e r  l a c a t i o n ,  and p l a t e  geametry 

The a b n P i t y  t o  d e t e c t  c e r t a i n  t y p e s  o f  we ld  d e f e c t s  by 

a z a u s t l c  e m i s s l o n  m o n i t o r i n g  h a s  been  e s t a b l r s h e d ,  The p r i m a r y  

advan tage  o f  t h ~ s  technique i s  t h a t  d e f e c t s  can be  d e t e c t e d  

d u r l n g  t h e  weldang p r o c e s s  A c o u s t i c  e m i s s i o n  techniques a p p e a r  

t o  be s e n s i t i ~ i e  t c ~  microf  i s s u r e s  beycnd t h e  r e s o l u t i o n  l i m i t s  o f  

p r e s e n t l y  a p p l i e d  u P t s a s o n i c  and radiographic methods Used i n  

cony uner  I a n  w l t h  z ~ t h e r  we ld  i n s p e c t i o n  methods ,  t h i s  t e c h n i q u e  

: ~ u l d  reduce  s a g n n f l c a n t l y  t h e  r e  j e c t l o n  r a t e  I n  f l n a l  i n s p e c t i o n  

of  we lds  

A C O U S T I C  E M I S S I O N  

R e s e a r t h  i n t o  t h e  a p p l l c a t l o n  o f  a c o u s t i c  e m i s s i o n  a s  a  non-  

des t i ruz - t~ve  t ~ s i  h a s  been d l r e z t e d  primarily t o  t h e  p r e d i c t i o n  

a f  failure r n  s t r u c t u r e s  under  s t r e s s ,  s u c h  a s  r e a c t o r  p r e s s u r e  

v e s s e l s  ' 1 9 2 1  o r  a i r c r a f t  s t r u c t u r a l  members ' 3 '  ~ c o u s t l c  e m l s -  

s l o n  r e f e r s  t o  t h e  p r e s s u r e  wave which r e s u i t s  f rom t h e  r e l e a s e  

of  e n e r g y  i n  a  m a t e r i a l  by d e f a r m s t i o n  o r  f r a c t u r e ,  Two t y p e s  o f  

a c o u s t l c  e m i s s l o n  s i g n a l s  have been i d e n t i f i e d :  a  r e p e t a t i v e ,  

low ampl i%ude e m i s s i a n  whlch i n c r e a s e s  i n  i n t e n s i t y  w i t h  r n e r e a s -  

i n g  s t r e s s  and s t r e s s  r a t e ,  and a  p u l s e  type  s i g n a l  which 

I n c r e a s e s  nn r e p e t r t i o n  r a t e  w l t h  i n c r e a s i n g  s t r e s s  and s t r e s s  

r a t e  (l '  A f l a w  i n  a  m a t e r l a l  unde r  l o a d  c a u s e s  s t r e s s  concen-  

t s a t l o n s ,  which i n  Turn c a u s e  a  l o c a l i z e d  I n c r e a s e  I n  a z o u s t i c  

emxss ion  p u l s e  r a t e .  



The h e a t  a f f e c t e d  zone o f  a  weld  s a t i s f i e s  a l l  t h e  c o n d i -  

t i o n s  n e c e s s a r y  t o  produce  a c o u s t i c  e m i s s i o n .  Dur ing  and 

f o l l o w i n g  t h e  we ld ing  o p e r a t i o n ,  s t r e s s  caused  by t h e r m a l  

g r a d i e n t s  can be s u f f i c i e n t  t o  c a u s e  p l a s t i c  d e f o r m a t i o n  o f  t h e  

m a t e r i a l ,  a s  w e l l  as  c r a c k i n g  i n  t h e  weld  m e t a l  o r  a long  t h e  

f u s i o n  l i n e .  ( 4 )  Weld f l aws  such  a s  i n c l u s i o n s ,  p o r o s i t y ,  

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

t i c  e m i s s i o n  t o  i n c r e a s e  because  of  t h e  h i g h  s t r e s s  g r a d i e n t s  

which s u r r o u n d  f l a w s .  

E X P E R I M E N T A L  R E S U L T S  

A c o u s t i c  e m i s s i o n  from t h r e e  s i n g l e  p a s s ,  g a s  t u n g s t e n -  

a rc ,  machine welds  i n  304L SS p l a t e  i s  shown i n  F i g u r e  1. The 

d a t a  shown a r e  a c o u s t i c  e m i s s i o n  p u l s e s  i n  a  f r e q u e n c y  band o f  

50 kHz t o  300 kHz which exceed  a  t h r e s h o l d  p r e s e t  t o  e x c l u d e  

background n o i s e  and c o n t i n u o u s  a c o u s t i c  e m i s s i o n  s i g n a l s  

r e s u l t i n g  from d e f o r m a t i o n .  The p u l s e s  have been r e c t i f i e d  

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

a c o u s t i c  e n e r g y .  The h o r i z o n t a l  s c a l e  r e p r e s e n t s  t i m e  ( 2  min/ 

i n . )  from t h e  s t a r t  o f  t h e  we ld .  The weld  r a t e  was 4  7/16 

in /min .  The r a d i o g r a p h s  show d e f e c t s  which c o n s i s t  l a r g e l y  of  

c r a c k s  i n d u c e d  by t h e  a d d i t i o n  o f  s m a l l  amounts of  t i t a n i u m  t o  

t h e  weldment.  The r a d i o g r a p h s  a r e  l o c a t e d  above t h e  a c o u s t i c  

e m i s s i o n  r e s u l t i n g  from e a c h  d e f e c t .  A marker  i n d i c a t e s  t h e  

t ime  a t  which t h e  d e f e c t  r e g i o n  was welded .  The t ime  d e l a y  

between we ld ing  and t h e  o n s e t  of  a c o u s t i c  e m i s s i o n  i s  c l e a r l y  

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

o u t  t h e  w e l d s ,  b u t  r a d i o g r a p h i c  a n a l y s i s  showed d e f e c t s  on ly  

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

p u l s e s  a r e  b e l i e v e d  t o  be t h e  r e s u l t  o f  m i c r o f i s s u r e s  which 

normal ly  o c c u r  i n  t h i s  weld  c o n f i g u r a t i o n  b u t  a r e  t o o  s m a l l  t o  

show on t h e  r a d i o g r a p h .  The two d e f e c t s  i n  Weld 3  ( C )  and t h e  

second  d e f e c t  i n  Weld 2  ( B )  show as  s i n g l e  l a r g e  c r a c k s  i n  t h e  



I 1 Z (  I defects 1 

A .  W e l d  1  ( 1 2  i n . )  
2 

I detects 1 defects 

7 
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I defects 1 I defects 
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F I G U R E  1 .  A c o u s t i c   mission from S i n g l e  Pass Welds 
i n  3 0 4 L  SS  w i t h  Radiographs o f  Induced  
D e f e c t s  
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r a d i o g r a p h s ,  b u t  t h e  a c o u s t i c  e m i s s i o n  p u l s e s  i n d i c a t e  t h a t  

t h e s e  c r a c k s  developed i n  s t e p s .  A c o u s t i c  e m i s s i o n  d e n s i t y  

from t h e  d e f e c t  i n  Weld 1 and t h e  f i r s t  d e f e c t  i n  Weld 2 i n d i -  

c a t e s  t h e  p r e s e n c e  o f  m i c r o c r a c k s .  

Two manual ,  m u l t i p a s s ,  gas  t u n g s t e n - a r c  welds  made i n  

1 / 2  i n .  304L and 316 SS a r e  shown i n  F i g u r e  2 .  (Note: The 

v e r t i c a l  s c a l e  o f  F i g u r e  2 i s  r educed  by a  f a c t o r  o f  2 r e l a t i v e  

t o  F i g u r e  1 ;  t h e  h o r i z o n t a l  b a r s  b e n e a t h  each  graph i n d i c a t e  

s u c c e s s i v e  weld  p a s s e s  s e p a r a t e d  by p e r i o d s  o f  c o o l i n g . )  The 

a c o u s t i c  ene rgy  and e m i s s i o n  r a t e  i n  b o t h  t h e  good we ld  (A) and 

t h e  d e f e c t i v e  w e l d  ( B )  a r e  n o t i c e a b l y  g r e a t e r  t h a n  t h a t  from 

t h e  1 / 8  i n .  p l a t e  welds shown i n  F i g u r e  1. Th i s  i s  due t o  t h e  

combina t ion  of a  l a r g e r  volume o f  h e a t e d  m a t e r i a l  and more 

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

of  t h e  good we ld  i n  304L SS shows no  v i s i b l e  d e f e c t s ,  b u t  

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

d e f e c t i v e  weld  i n  316 S S .  (The weld i n  316 SS was c a u s e d  t o  

c r a c k  by t h e  a d d i t i o n  of t i t a n i u m  t o  t h e  we ld  on t h e  second  and 

f o u r t h  we ld  p a s s e s . )  The o n s e t  of c r a c k  f o r m a t i o n  i s  e v i d e n c e d  

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

b e g i n n i n g  of  t h e  second  p a s s ,  w h i l e  e m i s s i o n  d u r i n g  t h e  f i r s t  

p a s s  compares f a v o r a b l y  w i t h  t h a t  from t h e  good weld .  The s h a r p  

i n c r e a s e  i n  a c o u s ' t i c  e m i s s i o n  a t  t h e  b e g i n n i n g  of  t h e  t h i r d ,  

f o u r t h ,  and f i f t h  p a s s e s  i n  t h e  d e f e c t i v e  weld  i s  b e l i e v e d  t o  be 

caused  by t h e  e s t a b l i s h m e n t  of  t h e r m a l l y  induced  s t r e s s  g r a d i e n t s  

i n  t h e  a l r e a d y  d e f e c t i v e  weldment . 
The t ime  d e l a y  between o r i g i n a t i n g  a  d e f e c t i v e  weld r e g i o n  

and t h e  o n s e t  o f  e m i s s i o n  v a r i e s  from a p p r o x i m a t e l y  20 s e c  t o  

45 s e c  f o r  t h e  welds  shown i n  F i g u r e s  1 and 2 .  A d e l a y  i s  t o  be  

e x p e c t e d  s i n c e  t h e  weldment must a t  l e a s t  b e g i n  t o  s o l i d i f y  b e f o r e  

s t r e s s  g r a d i e n t s  b u i l d  up ,  b u t  t h e  t ime d e l a y  s h o u l d  v a r y  w i t h  
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F I G U R E  2 .  Comparison o f  A c o u s t i c  Emiss ion  
from a  Good WeZd ( A )  and a  D e f e c t i v e  
Weld ( B )  i n  1 / 2  i n .  S t a i n Z e s s  S t e e Z  
P l a t e  



m a t e r i a l ,  c o o l i n g  r a t e ,  and  t y p e  o f  d e f e c t .  P h o t o g r a p h s  o f  t h e  

c o m p l e t e d  w e l d  s p e c i m e n s  wh ich  show t h e  r e s u l t s  o f  r a d i o g r a p h i c  

a n a l y s i s  a r e  p r e s e n t e d  i n  F i g u r e  3 .  The 1 / 8  i n .  p l a t e  w e l d s  

show marks  b r a c k e t i n g  t h e  d e f e c t i v e  r e g i o n s .  A l o n g  s e c t i o n  o f  

Weld 2 ( b l )  i s  marked f o r  l a c k  o f  p e n e t r a t i o n .  The a c o u s t i c  

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

A C O U S T I C  E M I S S I O N  R A T E  

The 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 e s e n t e d  i n  F i g u r e  1 were  

o r i g i n a l l y  r e c o r d e d  on m a g n e t i c  t a p e  w i t h  a  b a n d w i d t h  o f  3 0 0  H z  

t o  3 0 0  kHz t o  a l l o w  f u r t h e r  a n a l y s i s  o f  t h e  d a t a .  The t a p e s  

were  compu te r  p r o c e s s e d  t o  g e n e r a t e  a  r u n n i n g  t o t a l  o f  a c o u s t i c  

e m i s s i o n  p u l s e s  aAd a c o u s t i c  e m i s s i o n  r a t e  a s  a  f u n c t i o n  o f  t i m e  

f rom t h e  s t a r t  o f  t h e  w e l d .  The smoo thed  a c o u s t i c  e m i s s i o n  r a t e  

p l o t s  o f  F i g u r e  4 were  o b t a i n e d  u s i n g  a  d i f f e r e n t i a l  t i m e  i n t e r -  

v a l  o f  1 / 2  min.  D e f e c t  m a r k e r s  i n d i c a t e  t h e  t i m e  a t  wh ich  t h e  

w e l d e r  p a s s e d  o v e r  t h e  d e f e c t  r e g i o n ,  a s  i n  F i g u r e  1. 

Smooth ing  t h e  e m i s s i o n  r a t e  p l o t s  c a u s e d  two u n d e s i r a b l e  

e f f e c t s .  The d e f e c t  i n  Weld 1 (A) and  t h e  s e c o n d  d e f e c t  i n  

Weld 2 (B) a p p e a r  t o  b e g i n  e m i s s i o n  b e f o r e  b e i n g  we lded  o v e r ,  

and  t h e  f i r s t  d e f e c t  i n  Weld 3  ( C )  i s  l o s t  c o m p l e t e l y .  R e f e r e n c e  

t o  F i g u r e  1 shows t h a t  t h e  f i r s t  d e f e c t  i n  Weld 3  p r o d u c e d  o n l y  

two i n t e n s e  p u l s e s  a n d  f o u r  weak p u l s e s  i n  a  2 min p e r i o d  s o  

t h e  e m i s s i o n  r a t e  t a k e n  a t  1 / 2  min i n t e r v a l s  does  n o t  e x c e e d  t h e  

b a c k g r o u n d  l e v e l .  

A c o u s t i c  e m i s s i o n  r a t e  r e a c h e d  a  maximum v a l u e  w i t h i n  1 min 

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

l e v e l  f o r  1 t o  1 1 / 2  m in .  The v a l u e s  a r e  a p p r o x i m a t e  b e c a u s e  o f  

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

c u l a r  g r o u p  o f  e m i s s i o n s  c a n  be  a s s o c i a t e d  w i t h  a  p a r t i c u l a r  

d e f e c t .  A weak c o r r e l a t i o n  i s  n o t i c e a b l e  be tween  maximum a c o u s  - 

t i c  e m i s s i o n  r a t e  and  t h e  number o f  c r a c k s  i n  a  d e f e c t  r e g i o n .  



a .  We ld  1  - l e n g t h  
12 i n .  1 / 8  i n .  
304L S S  p l a t e  

b .  Weld  2  - l e n g t h  
36 i n .  1 / 8  i n .  
304L S S  p l a t e  

c .  We ld  3  - l e n g t h  
36 i n .  1 / 8  i n .  
304L S S  p l a t e  

I 

d .  D e f e c t i v e  We ld  - l e n g t h  
2  i n .  1 / 2  i n .  316 SS 
p l a t e  

e .  Good w e l d  - l e n g t h  
2  i n .  1 / 2  i n .  
304L SS p l a t e  

FIGURE 3 .  Spec imens  Used f o r  t h e  EvaZua t ion  
o f  A c o u s t i c  E m i s s i o n  from heZds 



Weld  1  ( 1 2  i n . )  

B .  We ld  2  ( 3 6  i n . )  

0 2  4 6  8 
T ime f r o m  S t a r t  o f  Weld ,  m i n  

C .  We ld  3  ( 3 6  i n . )  

F I G U E E  4 .  A c o u s t i c  E m i s s i o n  R a t e  f rom S i n g l e  
Pass  W e l d s  R e l a t i v e  t c  D e f e c t  
L o c a t i o n  



The h i g h  i n i t i a l  r a t e  o f  a c o u s t i c  e m i s s i o n  i n  Welds 2 and 

3 was c a u s e d  by i n t e r f e r e n c e  from t h e  a l t e r n a t i n g  e x c i t e r  

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

T E M P E R A T U R E  D E P E N D E N C E  

Thermocouples were mounted b e s i d e  each  we ld  seam s o  t h a t ,  

a s  t h e  w e l d e r  p a s s e d  b y ,  t h e  thermocouples  would be embedded i n  

t h e  f u s i o n  zone ,  Only two of t h e  thermocouples  d i d  embed i n  

t h e  f u s i o n  zone ,  Tempera ture  v e r s u s  t ime d a t a  were r e c o r d e d  on 

t h e  magne t i c  t a p e  a l o n g  w i t h  a c o u s t i c  e m i s s i o n  and w e l d e r  p o s i -  

t i o n L  The t e m p e r a t u r e  d a t a  o b t a i n e d  from t h e  two the rmocoup les  

were a v e r a g e d  and p l o t t e d  i n  F i g u r e  5 a s  a  f u n c t i o n  of  t ime  

s t a r t i n g  a s  t h e  w e l d e r  p a s s e d  o v e r  t h e  the rmocoup le ,  I t  s h o u l d  

be p o i n t e d  o u t  t h a t  t h e  t e m p e r a t u r e  v e r s u s  t ime r e l a t i o n s h i p  

shown h e r e  i s  approx ima te  and o n l y  a p p l i e s  t o  a  p a r t i c u l a r  weld  

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

Based on t h e  assumpt ion  t h a t  t h i s  t e m p e r a t u r e  v e r s u s  t ime  

r e l a t i o n s h i p  a p p l i e s  t o  any p o i n t  a l o n g  t h e  we ld ,  a  t ime t o  

t e m p e r a t u r e  c o n v e r s i o n  was made f o r  each  of  t h e  d e f e c t s  shown i n  

F i g u r e  4 ,  Data  from t h e  f o u r  d e f e c t s ,  n o r m a l i z e d  and a v e r a g e d ,  

a r e  shown i n  F i g u r e  6 .  The g raph  shows t h a t  t h e  n o r m a l i z e d  

e m i s s i o n  r a t e  r e a c h e s  a  maximum n e a r  4 0 0  O C  a s  t h e  d e f e c t  r e g i o n  

c o o l s ,  T h i s  i n d i c a t e s  t h a t  a  ma jo r  p o r t i o n  of  t h e  e m i s s i o n  

obse rved  i s  due t o  h o t  c r a c k i n g  of  t h e  m e t a l  i n  t h e  weldment ,  ( 4 )  

Th i s  e m i s s i o n  r a t e  v e r s u s  t e m p e r a t u r e  r e l a t i o n s h i p  i s  p r o b a b l y  

a  s t r o n g  f u n c t i o n  of t h e  method o f  i n d u c i n g  d e f e c t s  i n  t h e  weld-  

ment.  One would n o t  e x p e c t  no rmal ly  o c c u r i n g  d e f e c t s  t o  e x h i b l t  

t h e  same e m i s s i o n  r a t e  v e r s u s  t e m p e r a t u r e  r e l a t i o n s h i p  a s  shown 

h e r e ,  b u t  t h e  p o i n t  i s  made t h a t  a  r e l a t i o n s h i p  does e x i s t  

between e m i s s i o n  r a t e  and weld  t e m p e r a t u r e .  

V E L O C I T Y  MEASUREMENT 

Two a c o u s t i c  e m i s s i o n  r e c e i v e r s  were p o s i t i o n e d  on a  l i n e  

p a r a l l e l  t o  t h e  weld  seam i n  Weld 3 n e a r  t h e  ends  of  t h e  p l a t e  



F I G U R E  5 .  We l d m e n t  T e m p e r a t h r e  as a  F ~ n c t i o n  
o f  Time f r o x  t h e  bloZten S t a t e  

D e f e c t  R e g i o n  T e m p . ,  " C  

F I G U R E  6 .  A c o u s t i c  E m i s s i o n  Rats a s  a  F ~ n c t i o n  
o f  De f e e t  T e m p e r a t u r e  ( A v e r a g e  
o f  4 I n d u c e d  D e f e c t s )  



( F i g u r e  7A) f o r  t h e  p u r p o s e  o f  l o c a t i n g  i n d i v i d u a l  e m i s s i o n  

s o u r c e s  i n  t h e  we ld .  T h i s  was t o  be accompl i shed  by comput ing 

t h e  p a t h  d i f f e r e n c e  ( d l - d 2 ,  F i g u r e  7A) f rom an e m i s s i o n  s o u r c e  

t o  t h e  two r e c e i v e r s  u s i n g  t h e  v e l o c i t y  o f  p r o p a g a t i o n  ( v )  and  

t h e  measured  d i f f e r e n c e  i n  t ime  o f  a r r i v a l  n t  a t  t h e  two 

r e c e i v e r s .  

Examples o f  t h e  measurement o f  A t  a r e  shown i n  F i g u r e  7 B  f o r  

p u l s e s  f rom d e f e c t s  F1 (n t12  = 1 8  psec )  and F 2  (At = 1 1 3  psec )  

which c o u l d  be i d e n t i f i e d  by a u d i b l e  c r a c k s  r e c o r d e d  on t h e  

v o i c e  c h a n n e l  of t h e  t a p e  r e c o r d e r .  ( C o r r e c t i o n  f o r  a  d i f f e r e n c e  

i n  r e c o r d  t o  p l a y b a c k  h e a d  s p a c i n g  o f  1 7  p sec  h a s  been  made . )  

Using  t h e s e  v a l u e s  o f  n t  and t h e  v a l u e s  o f  nd shown i n  F i g u r e  7 B ,  

t h e  a p p a r e n t  v e l o c i t y  o f  p r o p a g a t i o n  was d e t e r m i n e d  f rom F1 and  

F 2 '  

T h i s  i s  s u r p r i s i n g  s i n c e  t h e  v e l o c i t y  o f  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  i s  g e n e r a l l y  t a k e n  t o  be  a p p r o x i m a t e l y  s h e a r  wave 

v e l o c i t y ( ' )  which  f o r  304L SS i s  1 . 2 1  x  l o 5  i n . / s e c .  ( 5 )  

F i v e  o t h e r  v a l u e s  of  a p p a r e n t  a c o u s t i c  e m i s s i o n  v e l o c i t y  

were  o b t a i n e d  i n  a  s i m i l a r  manner f rom Weld 2 and o t h e r  i d e n t i f i -  

a b l e  p u l s e s  f rom Weld 3 .  Va lues  o f  v e l o c i t y  o b t a i n e d  a r e  shown 

i n  T a b l e  I .  
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weld l i n e  
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B. Acous t i c  Emission Pulses f rom Induced Defects  ( r e c t i f i e d )  

FIGURE 7 .  Measurement o f  A c o u s t i c  Emiss ion  Ve l o c i t y  
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A c c u r a t e  measurement  o f  d i f f e r e n c e  i n  t i m e  o f  a r r i v a l  

depends  on t h e  a b i l i t y  t o  i d e n t i f y  a  f e a t u r e  common t o  b o t h  

s i g n a l s  o f  a  s i g n a l  p a i r .  F i g u r e  8  d e m o n s t r a t e s  t h e  d i f f i c u l t y  

e n c o u n t e r e d :  t h e  s i g n a l  p a i r s  do n o t  e x h i b i t  a  common f e a t u r e  

e v e n  a t  t h e  l e a d i n g  e d g e .  

The d i f f e r e n c e  i n  r e c e i v e d  s i g n a l  c h a r a c t e r i s t i c s  i s  f u r -  

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

p a i r  f r om a  s i n g l e  e m i s s i o n  s o u r c e  ( F i g u r e  9 ) .  The s i g n a l  

r e c e i v e d  by T1 h a s  s p e c t r a l  p e a k s  a t  a b o u t  19 kHz a n d  73  kHz, 

b u t  t h e  s i g n a l  a t  T2 h a s  s p e c t r a l  p e a k s  a t  a b o u t  11 kHz a n d  

9 4  kHz. O t h e r  a c o u s t i c  e m i s s i o n  p u l s e s  e x h i b i t e d  f rom one t o  

n i n e  s p e c t r a l  p e a k s  r a n g i n g  f rom 10 kHz t o  270 kHz. The s p e c t r a l  

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

t o  r e c e i v e r  i n  an  a p p a r e n t l y  random manner .  

The most  p l a u s i b l e  e x p l a n a t i o n  o f  t h e  v a r i a t i o n  i n  s i g n a l  

c h a r a c t e r i s t i c s  and  v e l o c i t y  w i t h  r e s p e c t  t o  s o u r c e  l o c a t i o n  and  

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

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

i n s t a n t a n e o u s  a l g e b r a i c  sum o f  t h e  d i s p l a c e m e n t  components  n o r -  

mal t o  t h e  p l a t e  s u r f a c e  o f  a l l  a c o u s t i c  waves  s i m u l t a n e o u s l y  

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

f r o m  an  e m i s s i o n  s o u r c e  a  few i n c h e s  away would  e x c i t e  t h e  

r e c e i v e r  o n l y  s l i g h t l y  b e c a u s e  o f  t h e  c o l l i m a t i o n  imposed  by t h e  

1 / 8  i n .  p l a t e .  The r e c e i v e r s  wou ld  b e  e x c i t e d  p r i m a r i l y  by s u r -  

f a c e  waves .  The s i g n a l s  r e c e i v e d  i n  a  b a n d w i d t h  o f  300 Hz t o  

300 kHz a r e  s u s t a i n e d  f o r  up  t o  10 msec wh ich  c o r r e s p o n d s  t o  a 

d i s t a n c e  i n  t h e  p l a t e  f o r  s u r f a c e  waves  up t o  9 3  f t .  S i n c e  t h e  

a c o u s t i c  waves  r a d i a t e  i n  e v e r y  d i r e c t i o n  f rom t h e  e m i s s i o n  

s o u r c e ,  a  c o m p l i c a t e d  s t a n d i n g  wave p a t t e r n  g r a d u a l l y  b u i l d s  up 

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

t h e  waves  which  i n t e r s e c t  a t  t h e  r e c e i v e r  l o c a t i o n ,  t h e  r e c e i v e d  

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

r e c e i v e r  l o c a t i o n ,  and  p l a t e  g e o m e t r y .  



FIGURE 9 .  S p e c t r a l  Power D i s t r i b u t i o n  from a  S i n g l e  
A c o u s t i c  E m i s s i o n  P u l s e  - 1 kHz t o  3 2 0  kHz 
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A c o u s t i c  e m i s s i o n  and  r e l a t e d  d a t a ,  s u c h  a s  w e l d  t e m p e r a -  

t u r e  and  w e l d e r  p o s i t i o n ,  were  r e c o r d e d  on m a g n e t i c  t a p e  f o r  

l a t e r  a n a l y s i s .  A b l o c k  d i a g r a m  o f  t h e  a c o u s t i c  e m i s s i o n  moni-  

t o r i n g  s y s t e m  i s  shown i n  F i g u r e  1 0 .  An Ampex 1 4  c h a n n e l  

FR-1300 was u s e d  t o  accommodate t h r e e  d i f f e r e n t  p r e a m p l i f i e r  

o u t p u t s  f rom e a c h  o f  t h r e e  a c o u s t i c  e m i s s i o n  r e c e i v e r s ,  two 

t h e r m o c o u p l e s ,  a  w e l d e r  p o s i t i o n  i n d i c a t o r ,  and  a  v o i c e  c h a n n e l .  

One o f  t h e  t h r e e  a c o u s t i c  e m i s s i o n  r e c e i v e r s  was n o t  mounted on 

t h e  w e l d  p l a t e  b u t  was u s e d  t o  m o n i t o r  backg round  n o i s e  a n d  
2 3  power l i n e  i n t e r f e r e n c e .  P r e a m p l i f i e r s  w i t h  g a i n s  o f  10  , 10 , 

and l o 4  i n  a  p a s s b a n d  o f  50 t o  300 kHz w i t h  6  dB p e r  o c t a v e  r o l l  

o f f  were  c o n n e c t e d  t o  e a c h  a c o u s t i c  e m i s s i o n  r e c e i v e r  s o  t h a t  

e m i s s i o n  p u l s e s  o f  b o t h  low and  h i g h  a m p l i t u d e  would  b e  r e c o r d e d  

a t  a c c e p t a b l e  l e v e l s  on t h e  m a g n e t i c  t a p e .  S i g n a l s  were  r e c o r d e d  

a t  a  t a p e  s p e e d  o f  60 i n . / s e c  which  r e s u l t s  i n  a  r e c o r d - t o - p l a y b a c k  

t r a n s f e r  f u n c t i o n  o f  u n i t y  f o r  t h e  d i r e c t  r e c o r d - p l a y b a c k  modules  

w i t h  a  b a n d w i d t h  o f  300 H z  t o  300 kHz. 

A c o u s t i c  e m i s s i o n  r e c e i v e r s  were  0 .240  i n .  d iam PZT-5 u n i t s .  

The r e c e i v e r s  were  mounted p a r a l l e l  t o  t h e  w e l d  coupon s u r f a c e  by 

means of  a  p h e n o l i c  s u p p o r t  b l o c k  and  a c o u s t i c a l l y  c o u p l e d  w i t h  

u n c u r e d  RTV s e a l a n t  compound. 

F requency  m o d u l a t i o n  p l u g - i n  modules  w i t h  f r e q u e n c y  r e s p o n s e  

f rom d i r e c t  c u r r e n t  t o  2 0  kHz were  u s e d  t o  r e c o r d  and  p l a y b a c k  

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

A c o u s t i c  e m i s s i o n  d a t a  were  r e p r o d u c e d  d i r e c t l y  on an X - Y  

p l o t t e r  by  r e c t i f y i n g  t h e  e m i s s i o n  s i g n a l s .  The i n e r t i a  o f  t h e  

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

t h e  d a t a  shown i n  F i g u r e s  1 and  2 .  

Spec t rum a n a l y s i s  of  i n d i v i d u a l  p u l s e s  was a c c o m p l i s h e d  by 

r e - r e c o r d i n g  s i n g l e  p u l s e s  on s h o r t  t a p e  l o o p s .  The t a p e  l o o p s  

were  t h e n  p l a y e d  back  i n t o  a  T e k t r o n i x  1L5 Spec t rum A n a l y z e r  

u n i t  t o  p r o d u c e  t h e  d a t a  shown i n  F i g u r e  9 .  



F I G U R E  1 0 .  A c o u s t i c  E m i s s i o n  Mon i to r ing  S y s t e m  

"1 analysis 
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a s s i s t a n c e  i n  t h e  d e s i g n  o f  t h e  we ld ing  f i x t u r e  and f a b r i c a t i o n  

of  t h e  welds  used  i n  t h i s  I n v e s t i g a t i o n ,  
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A P P E N D I X  

W E L D  F A B R I C A T I O !  

The f o l l o w i n g  i s  a  d e t a i l e d  d e s c r i p t i o n  of  t h e  equipment  

and p r o c e d u r e s  used  i n  t h e  f a b r i c a t i o n  of t h e  welds used  i n  t h i s  

i n v e s t i g a t i o n ,  

1, M a t e r i a l s  

Base M a t e r i a l  - The b a s e  m a t e r i a l  was on ASTM, Type 304 SS 

p l a t e  1 / 8  i n ,  t h i c k ,  

F i l l e r  M a t e r i a l  - The f i l l e r  m a t e r i a l  conformed w i t h  

ASTM A371-62T, Type 308L s p e c i f i c a t i o n s ,  

E l e c t r o d e  - A 2 %  t h o r i a t e d  t u n g s t e n  e l e c t r o d e  conforming 

w i t h  ASTM B297-65T, Type EWTH-2 s p e c i f i c a t i o n s  was u s e d ,  

I n e r t  Gas - Welding g rade  argon of 99 .99% minimum p u r i t y  

was u s e d  f o r  t h e  s h i e l d i n g  g a s ,  

2 ;  J o i n t  Desien 

The j o i n t  d e s i g n  was a  b u t t  j o i n t  w i t h  a  s i n g l e  v -g roove  

h a v i n g  a  75 degree  i n c l u d e d  a n g l e ,  The r o o t  f a c e  was a p p r o x i -  

m a t e l y  1 /32  i n .  The r o o t  opening  was approx ima te ly  3/32 i n ,  

3 ,  Base M a t e r i a l  P r e p a r a t i o n  

Edge P r e p a r a t i o n  - The p l a t e  edges  were b e v e l e d  by mach in ing-  

C l e a n i n g  - P r i o r  t o  w e l d i n g ,  t h e  p l a t e s  were d e g r e a s e d  w i t h  

ace  t o n e ,  

4. Welding P r o c e s s  

Welding was accompl ished  by t h e  a u t o m a t i c  gas  t u n g s t e n - a r e  

p r o c e s s  w i t h  an a u t o m a t i c  f i l l e r  w i r e  f e e d ,  

5 Welding Equipment 

The w e l d i n g  equipment  was a  f u l l y  a u t o m a t i c  S c i a k y  B r o t h e r s  

Company w e l d i n g  machine w i t h  a  330 A dc r e c t i f i e r  t y p e  

power s u p p l y ,  The w i r e  f e e d i n g  mechanism and t h e  t o r c h  were 



mounted on an a u t o m a t i c a l l y  c o n t r o l l e d  movable c a r r i a g e .  

I n  a d d i t i o n  t o  c o n t r o l l i n g  w e l d i n g  c u r r e n t ,  w e l d i n g  v o l t a g e ,  

s p e e d  and  w i r e  f e e d ,  t h e  equ ipmen t  was programmed t o  p r o v i d e  

a  c u r r e n t  r i s e  f rom a  low l e v e l  a t  t h e  s t a r t  o f  t h e  w e l d  t o  

t h e  w e l d i n g  c u r r e n t  and  t o  decay  t h e  c u r r e n t  t o  a  low l e v e l  

a t  t h e  e n d  o f  t h e  w e l d .  Gas p r e f l o w  and  p o s t f l o w  was u s e d  

t o  p u r g e  ga s  l i n e s  and p r e v e n t  o x i d a t i o n  t o  t h e  we ld  m e t a l  

and  t u n g s t e n  e l e c t r o d e  a t  t h e  e n d  o f  t h e  w e l d .  

6 .  Weld ing  F i x t u r e  

The p l a t e s  t o  be  we lded  were  s l o t t e d  t o  accommodate 1 / 2  i n .  

diam ho ld-down b o l t s  which  c lamped t h e  p l a t e s  t o  a  

3 / 4  x  1 2  x  36 i n . ,  Type 304 SS b a s e  p l a t e .  A c o p p e r  back -  

i n g  b a r  ( 3 / 8  x 36 i n . ) ,  t o  b a c k  up t h e  w e l d  j o i n t ,  was 

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

t u d i n a l  a x i s .  A s m a l l  g rove  3/16 i n .  wide by 0 .030  t o  

0 . 040  i n .  deep  was machined  i n t o  t h e  c e n t e r  o f  t h e  c o p p e r  

b a r  a l o n g  t h e  36 i n .  l e n g t h .  

7 .  Weld ine  P o s i t i o n  

Welding was done i n  t h e  f l a t  p o s i t i o n .  

8 .  Weld ine  P r o c e d u r e  

Welds were  made i n  a  s i n g l e  p a s s .  
3  

S h i e l d i n g  ga s  f l ow  r a t e  was 30 f t  /min.  

S h i e l d i n g  g a s  n o z z l e  was 5 / 8  i n .  d iam.  

The e l e c t r o d e  was 3/32 i n .  d iam.  The a r c  e n d  o f  t h e  e l e c -  

t r o d e  was t a p e r e d  t o  a p p r o x i m a t e l y  1 /32  i n .  d iam.  

No p u r g i n g  g a s  a t  t h e  back  s i d e  o f  t h e  j o i n t  was u s e d .  

D i r e c t  c u r r e n t ,  s t r a i g h t  p o l a r i t y  was u s e d  ( t u n g s t e n  e l e c -  

t r o d e  n e g a t i v e  and work p l a t e  p o s i t i v e ) .  

The s p e e d  o f  t r a v e l  was 4  7/16 i n . / m i n .  

The f i l l e r  w i r e  f e e d  s p e e d  was 40 i n . / m i n  a s  i n d i c a t e d  on 

t h e  w i r e  f e e d e r  i n d i c a t o r  m e t e r .  
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The f i l l e r  w i r e  was 0 , 0 3 5  i n .  diam, 

The a r c  v o l t a g e  was 1 0  V ,  

The w e l d i n g  c u r r e n t  was a s  f o l l o w s :  

F i r s t  weld  on 1 2  i n ,  l ong  p l a t e  - f i r s t  3  i n .  - 133 A; 

l a s t  9 i n .  - 130 A ,  

Second weld  on 36 i n ,  l ong  p l a t e  - 125 A ,  

T h i r d  weld  on 36 i n ,  l ong  p l a t e  - 130 A ,  

9 D i s c u s s i o n  of  R e s u l t s  

S i n c e  t h e  o n l y  f i l l e r  w i r e  a v a i l a b l e  a t  t h e  t i m e  was 0 ,035  i n  

diam, i t  was u s e d  f o r  t h i s  s t u d y .  Although t h e  bead  p r o f i l e  

was f a i r ,  0 .045 diam w i r e  would have  produced a  more s a t i s -  

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

t h e  end  of  t h e  weld  on t h e  f i r s t  36 i n ,  j o i n t  and p e n e t r a t i o n  

was n o t  e n t i r e l y  s a t i s f a c t o r y ,  On t h e  s e c o n d  36 i n ,  j o i n t ,  

t h e  c u r r e n t  was i n c r e a s e d  and t h e  hold-down b o l t s  were 

t i g h t e n e d  more t h a n  on t h e  p r e v i o u s  j o i n t ,  The a d d i t i o n a l  

t i g h t e n i n g  o f  t h e  b o l t s  p r e v e n t e d  t h e  p l a t e s  f rom drawing 

t o g e t h e r ,  Because t h e  p l a t e s  d i d  n o t  p u l l  t o g e t h e r ,  t h e  

i n c r e a s e  i n  c u r r e n t  was n o t  n e c e s s a r y  and a s  a  r e s u l t  t h e  weld  

had  t h e  appearance  of h a v i n g  a  s l i g h t  amount o f  e x c e s s  p e n e -  

t r a t i o n ,  I f  more we lds  a r e  t o  be made by t h i s  method, a t t e n -  

t i o n  t o  t h e  above i t e m s  s h o u l d  improve t h e  p r o c e d u r e  and t h e  

r e s u l t s ,  

Weld coupons f o r  t h e  manual welds  shown i n  F i g u r e  2 

(1 /2  x 2 x  6  i n , )  were p r e p a r e d  from 304 and 316 SS, The 

coupons were b e v e l e d  a l o n g  t h e  2 i n .  d imens ion  t o  form a  

75 degree  i n c l u d e d  a n g l e  a t  t h e  weld  seam, The welds  were 

made by t h e  GTA p r o c e s s  u s i n g  308 SS f i l l e r  m e t a l ,  I n  a d d i -  

t i o n ,  s h o r t  p i e c e s  o f  t i t a n i u m  r o d  were l a i d  i n  t h e  weld  

t r o u g h  p r i o r  t o  t h e  second  and f o u r t h  weld  p a s s e s  and me l t ed  

i n t o  t h e  weld  i n  316 SS i n  o r d e r  t o  p roduce  d e f e c t s  i n  t h a t  

w e l d ,  The coupons were clamped t o  a  1 1 2  i n ,  t h i c k  s t e e l  

p l a t e  t o  p r e v e n t  warpage d u r i n g  t h e  w e l d ,  
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