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A B S T R A C T  

R e s u l t s  o f  an e x p l o r a t o r y  i n v e s t i g a t i o n  t o  de te rmine  capa-  

b i l i t i e s  and l i m i t a t i o n s  o f  a c o u s t i c  e m i s s i o n  t e c h n i q u e s  f o r  

d e t e c t i n g  weld d e f e c t s  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  A c o u s t i c  

e m i s s i o n s  r e v e a l  c r a c k s  w h i l e  t h e y  form d u r i n g  t h e  we ld ing  

o p e r a t i o n ;  d a t a  i n d i c a t e  t h a t  g r o s s  p o r o s i t y  can a l s o  be 

d e t e c t e d  w i t h  t h i s  t e c h n i q u e .  I n t e r f e r e n c e  s i g n a l s ,  s i m i l a r  

t o  a c o u s t i c  e m i s s i o n s  from b o n a f i d e  weld d e f e c t s ,  can be p r o -  

duced by s c a l e  f l a k i n g  away from t h e  weld s u r f a c e ,  by e l e c t r o -  

magne t i c  i n t e r f e r e n c e ,  and by impact  on t h e  weld m a t e r i a l  by 

t o o l s ,  weld ing  r o d s ,  and o t h e r  m e t a l  o b j e c t s .  S u g g e s t i o n s  f o r  

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

t h e  r e p o r t .  
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AN I N V E S T I G A T I O N  O F  A C O U S T I C  E M I S S I O N  FROM D E F E C T  F O R M A T I O N  

I N  S T A I N L E S S  S T E E L  WELD COUPONS 

C. K .  D a y  

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

Few i n  s i t u  o r  r e a l  t ime  weld q u a l i t y  t e s t s  e x i s t  t o d a y  

s i n c e  most n o n d e s t r u c t i v e  t e s t i n g  t a k e s  p l a c e  a f t e r  comple t ion  

o f  a  weld ,  o r  i n  many i n s t a n c e s ,  a f t e r  a  l a r g e  number o f  we lds .  

A t  t h i s  p o i n t  r e p a i r  can  become c o s t l y .  T h e r e f o r e ,  e a r l y  d e t e c -  

t i o n  o f  d e f e c t s  i s  v e r y  d e s i r a b l e .  One phenomenon which o f f e r s  

promise  a s  an o n - t h e - l i n e  t e s t  o f  weld q u a l i t y  i s  known a s  

a c o u s t i c  e m i s s i o n .  

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

w i t h i n  a  m a t e r i a l  by an a b r u p t  s t r e s s  change such  a s  c r a c k  f o r -  

mat ion  o r  growth .  S i n c e  emiss ion  s i g n a l s  a r e  known t o  p r o p a -  

g a t e  s e v e r a l  f e e t ,  t h e y  p r o v i d e  e x c e l l e n t  means f o r  r emote ly  

m o n i t o r i n g  weld q u a l i t y  d u r i n g  t h e  we ld ing  p r o c e s s .  

The f a c t  t h a t  a c o u s t i c  e m i s s i o n  i s  produced d u r i n g  a  weld-  

i n g  o p e r a t i o n  by t h e  f o r m a t i o n  o f  weld d e f e c t s  was demons t ra t ed  

by e a r l i e r  e x p e r i m e n t s .  ( I )  The work r e p o r t e d  h e r e  i s  e s s e n -  

t i a l l y  a  c o n t i n u a t i o n  of  t h a t  o r i g i n a l  i n v e s t i g a t i o n .  O the r  

r e s e a r c h  h a s  e s t a b l i s h e d  a  r e l a t i o n s h i p  between a c o u s t i c  emis-  

s i o n  r a t e  and t h e  t e m p e r a t u r e  a t  which weld d e f e c t s  produce  

e m i s s i o n ,  I t  i s  t h e  pu rpose  of  t h i s  r e p o r t  t o  d i s c u s s  some 

of  t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  o f  d e t e c t i n g  weld d e f e c t s  

by a c o u s t i c  e m i s s i o n  t e c h n i q u e s .  

SUMMARY 

A c o u s t i c  e m i s s i o n  i s  produced by weld d e f e c t s  such  a s  

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

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

a  n o n d e s t r u c t i v e  t e s t  f o r  weld d e f e c t s  i s  d e s c r i b e d  i n  t h i s  

r e p o r t .  



Twenty-nine b u t t  welds  were moni to red  u s i n g  p i e z o e l e c t r i c  

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

o f  d e f e c t s .  These s i g n a l s  were s t o r e d  f o r  l a t e r  a n a l y s i s  on 

magnet ic  t a p e .  D e f e c t s  r e v e a l e d  r a d i o g r a p h i c a l l y  and  m e t a l l o -  

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

d a t a .  

C O N C L U S I O N S  

From t h e  r e s u l t s  o f  t h i s  s t u d y ,  t h e  f o l l o w i n g  c o n c l u s i o n s  

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

t e c h n i q u e s  t o  t h e  problem o f  d e t e c t i n g  weld d e f e c t s  a s  t h e y  

form. 

1. A c o u s t i c  e m i s s i o n  i s  produced by c r a c k  f o r m a t i o n  and 

growth .  There a r e  a l s o  i n d i c a t i o n s  t h a t  p o r o s i t y  forma- 

t i o n  p roduces  a c o u s t i c  e m i s s i o n .  

2 .  The amount o f  a c o u s t i c  e m i s s i o n  obse rved  i s  r e l a t e d  t o  

t h e  s i z e  and number o f  d e f e c t s  i n  t h e  weld  r e g i o n ,  b u t  

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

because  o f  d i f f i c u l t y  i n  d e s c r i b i n g  a c t u a l  weld  q u a l i t y .  

3.  S c a l e  produced by o x i d a t i o n  can  f l a k e  away from t h e  

weld  r e g i o n  and produce  s i g n a l s  which c o u l d  be m i s t a k e n  

f o r  a c o u s t i c  e m i s s i o n  from weld d e f e c t s .  T h i s  s o u r c e  

of  background n o i s e  can  be  d i s c r i m i n a t e d  a g a i n s t  and 

t h e  e f f e c t s  o f  such  n o i s e  r educed  t o  a c c e p t a b l e  l e v e l s .  

4 .  Me ta l  o b j e c t s  such  a s  t h e  weld ing  t o r c h ,  t o o l s ,  and 

f i l l e r  r o d ,  which s t r i k e  t h e  sample ,  can  c r e a t e  s i g n a l s  

s i m i l a r  t o  a c o u s t i c  e m i s s i o n .  S i g n a l  p r o c e s s i n g  t e c h -  

n i q u e s  e x i s t  which can and do d i s c r i m i n a t e  between 

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

c a u s e d  by w e l d i n g - r e l a t e d  n o i s e  g e n e r a t o r s .  



5 .  No d i f f e r e n c e  i n  t h e  we ld ing  c h a r a c t e r i s t i c s  o f  304L 

and 316 S t a i n l e s s  S t e e l  from t h e  s t a n d p o i n t  o f  a c o u s t i c  

e m i s s i o n  was obse rved .  

6 .  Large c r a c k s ,  m e t a l l o g r a p h i c a l l y  conf i rmed i n  two poor  

q u a l i t y  w e l d s ,  were n o t  d e t e c t e d  by r a d i o g r a p h i c  t e c h -  ,,,-I 

n i q u e s ,  b u t  gave s t r o n g  a c o u s t i c  emiss ion  s i g n a l s .  

7 .  Frequency s p e c t r a  o f  a c o u s t i c  e m i s s i o n  p u l s e s  were n o t  

u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n .  

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

R e s u l t s  o f  t h i s  work s u g g e s t  t h a t  f u t u r e  s t u d i e s  o f  t h e  

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

t h e  f o l l o w i n g :  

1. A s t u d y  o f  t h e  h i g h  f r equency  c h a r a c t e r i s t i c s  of  

a c o u s t i c  e m i s s i o n  from weld d e f e c t s  s h o u l d  be con-  

duc ted .  

2 .  Based on t h e  r e s u l t s  o f  (1)  a  m o n i t o r i n g  sys tem w i t h  

nar row band c h a r a c t e r i s t i c s  s h o u l d  be d e s i g n e d  and 

e v a l u a t e d  s i n c e  t h i s  t e c h n i q u e  minimizes t h e  i n f l u e n c e  

o f  e x t e r n a l  n o i s e s .  

3. T ransduce r s  c a p a b l e  o f  o b s e r v i n g  o n l y  l o n g i t u d i n a l  

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

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

s u r f a c e .  

4. A s t u d y  o f  t h i c k e r  and l o n g e r  welds  s h o u l d  be conducted .  

5 .  A d d i t i o n a l  s t u d i e s  o f  t h e  f r equency  c o n t e n t  o f  a c o u s t i c  

e m i s s i o n  s h o u l d  be conducted  u s i n g  improved t r a n s d u c e r s  

which would n o t  c o n d i t i o n  e m i s s i o n  s i g n a l s .  T h i s  

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

D I S C U S S I O N  

T H E O R Y  

A c o u s t i c  e m i s s i o n  i s  a  wave produced by de fo rma t ion  and 

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



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

i n  n a t u r e ,  i t  p r o p a g a t e s  t h r o u g h o u t  t h e  m a t e r i a l  and  can  be 

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

t r i c a l  s i g n a l  by u l t r a s o n i c  t r a n s d u c e r s .  T h i s  forms t h e  b a s i s  

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

C e r t a i n  t y p e s  o f  weld d e f e c t s  r e s u l t  from o v e r s t r e s s  

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

e m i s s i o n .  The most n o t a b l e  o f  t h e s e  a r e  h o t  and c o l d  c r a c k i n g .  

Cracks which form a t  h i g h  t e m p e r a t u r e s  when t h e  weld  s t a r t s  t o  

c o o l  a r e  r e f e r r e d  t o  a s  h o t  c r a c k s  and t h o s e  which form below 

4 0 0  O F  a r e  c o n s i d e r e d  c o l d  c r a c k s .  ( 3 )  A c o u s t i c  e m i s s i o n  was 

obse rved  from b o t h  t y p e s  o f  c r a c k s  d u r i n g  t h i s  i n v e s t i g a t i o n .  

E X P E R I M E N T A L  P R O C E D U R E  

The p u r p o s e  of  t h e  program was t o  d e f i n e  t h e  c a p a b i l i t i e s  

and l i m i t a t i o n s  o f  d e t e c t i n g  weld d e f e c t s  by a c o u s t i c  e m i s s i o n .  

To a c h i e v e  t h i s ,  29 g a s  t u n g s t e n  a r c  (GTA) b u t t  welds  were f a b -  

r i c a t e d .  A c o u s t i c  e m i s s i o n  d a t a  produced d u r i n g  e a c h  weld were  

r e c o r d e d  on magne t i c  t a p e  f o r  l a t e r  a n a l y s i s .  A f t e r  a  weld  was 

comple ted ,  i t  was r a d i o g r a p h e d  and t h e n  s u b j e c t e d  t o  m e t a l l o g r a -  

p h i c  examina t ion  i n  o r d e r  t o  d e f i n e  i t s  a c t u a l  q u a l i t y .  A s  a  

f i n a l  s t e p ,  a c o u s t i c  e m i s s i o n  d a t a  were compared w i t h  r a d i o g r a -  

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

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

e m i s s i o n  e v e n t s  produced.  

The d e s i r e d  v a r i a t i o n  i n  weld q u a l i t y  was n o t  e a s y  t o  p r o -  

duce ,  b u t  t h e  f o l l o w i n g  " t r i c k s "  were used :  

1. No c u r r e n t  decay .  The we ld ing  t o r c h  was e x t i n g u i s h e d  

a b r u p t l y  and p u l l e d  immedia te ly  away from t h e  weld 

r e g i o n .  

2 .  Noncompatible m e t a l l i c  f i l l e r .  T i t an ium,  t a n t a l u m ,  

and mild s t e e l  were t r i e d .  



3. Fus ion  p a s s .  S i n c e  t h e r e  would be l i t t l e  o r  no 

f e r r i t e  i n  a  f u s i o n  p a s s  t o  a i d  i n  p r e v e n t i n g  f i s -  

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

produced.  

4 .  Occas iona l  wash p a s s e s  w i t h  h i g h e r  c u r r e n t .  

5. Longer a r c  l e n g t h s  t h a n  normal .  

6 .  Bubbling t h e  a rgon  c o v e r  g a s  t h r o u g h  w a t e r .  

W E L D  C O U P O N S  A N D  H O L D I N G  F I X T U R E  

Two t y p e s  o f  s t a i n l e s s  s t e e l  m a t e r i a l s ,  304L and 316, 

were used  d u r i n g  t h e  i n v e s t i g a t i o n .  Weld coupons were con-  

s t r u c t e d  from each  o f  t h e s e  m a t e r i a l s  accord ing  t o  t h e  drawing 

shown i n  F i g u r e  1. A n o t c h  was i n c l u d e d  i n  t h e  t o p  o f  t h e  

coupon t o  a l l o w  mat ing  w i t h  t h e  r e s t r a i n i n g  p l a t e  shown i n  

F i g u r e  2 .  I n  t h i s  way maximum r e s t r a i n t  a g a i n s t  s t r e s s e s  

t e n d i n g  t o  p u l l  t h e  coupons t o g e t h e r  was ach ieved .  

The weld coupons were b e v e l e d  t o  37 1 / 2 O  t o  produce  an 

i n c l u d e d  a n g l e  o f  75" f o r  each  b u t t  weld.  F i l l e r  m e t a l  was 

added manual ly  t o  produce  weave beads w i t h  approx ima te ly  s i x  

p a s s e s  r e q u i r e d  t o  comple te  each  weld.  A d d i t i o n a l  i n f o r m a t i o n  

on t h e  we ld ing  p r o c e d u r e  i s  i n c l u d e d  i n  t h e  Appendix. 

B e s i d e s  p r o v i d i n g  weld coupon r e s t r a i n t ,  t h e  weld f i x -  

t u r e  shown i n  F i g u r e  2 was d r i l l e d  t o  a l l o w  w a t e r  t o  f low 

t h r o u g h  t h e  b a s e  p l a t e .  A copper  back ing  b a r  was b u i l t  i n t o  

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

r e g i o n  o f  t h e  weld. The w a t e r  f low and copper  combined t o  

p r o v i d e  a  h e a t  s i n k  t o  h o l d  t h e  t e m p e r a t u r e  o f  t h e  weld 

coupons i n  a  lower  r ange  th roughou t  each  m u l t i p a s s  weld.  T h i s  

i n s u r e d  p r o p e r  o p e r a t i o n  o f  t h e  t r a n s d u c e r s  s i n c e  t h e y  were 

mounted o n l y  2 i n .  from t h e  c e n t e r  l i n e  o f  t h e  weld and c o u l d  

have been d e s t r o y e d  by h i g h  t e m p e r a t u r e s .  The h e a t  s i n k  a l s o  

produced h i g h  s t r e s s e s  i n  t h e  weld zone by r a p i d  c o o l i n g .  



FIGURE 1. Weld Coupon  ateri rial 3 0 4 L  and 3 1 6  S t a i n l e s s  S t e e l )  



FIGURE 2 .  Weld Coupon R e s t r a i n i n g  F i x t u r e  w i t h  Coupons and 
t h e  PZT Transducers  



The r e s t r a i n i n g  p l a t e  shown i n  F i g u r e  2 was a l s o  d r i l l e d  t o  

p r o v i d e  f o r  mounting f o u r  l e a d - z i r c o n a t e - t i t a n a t e  (PZT) p i e z o -  

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

coupon and t h e  o t h e r s  a t  t h e  l o n g i t u d i n a l ,  s h e a r ,  and Ray le igh  

( s u r f a c e  wave) c r i t i c a l  a n g l e s .  The i n t e n t  was t o  s e g r e g a t e  

t h e  modes o f  a c o u s t i c  e m i s s i o n  p r o p a g a t i o n  and s t u d y  t h e  advan-  

t a g e s  and d i s a d v a n t a g e s  o f  e a c h  i n  an e f f o r t  t o  maximize t h e  

a b i l i t y  t o  d e t e c t  weld  d e f e c t s .  

The a n g l e s  f o r  t h e  mounting h o l e s  were based  on S n e l l ' s  

law 

S i n  ewe S i n  e T  
- - 

vwc vc 

where 

i s  t h e  ang le .  t h e  d i r e c t i o n  o f  sound p r o p a g a t i o n  makes 

w i t h  a  normal  t o  t h e  weld coupons (assumed t o  be 9 0 " ) .  

e T  i s  t h e  a n g l e  of  t h e  mounting h o l e s  ( t r a n s d u c e r )  o f f  a  

normal  t o  t h e  weld coupons. 

vwc i s  t h e  v e l o c i t y  o f  sound i n  t h e  weld coupons.  

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

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

t r a n s d u c e r  mounting a n g l e s :  l o n g i t u d i n a l  - 1 0 . 2 " ;  s h e a r  - 1 9 . 1 " ;  

Ray le igh  - 2 0 .  7 " .  

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

Record 

The e l e c t r i c a l  o u t p u t s  of  t h e  PZT t r a n s d u c e r s  were ampl i -  

f i e d  by two t y p e s  o f  e l e c t r o n i c  sys tems d u r i n g  t h i s  i n v e s t i g a -  

t i o n .  The more s t a n d a r d  a c o u s t i c  emiss ion  m o n i t o r  sys tem 



c o n s i s t i n g  of  low f requency  "broadband" ( 1  kHz t o  1 MHz) e l e c -  

t r o n i c s  was u s e d  t h r o u g h o u t  most o f  t h e  program, b u t  some e f f o r t  

was devo ted  t o  s t u d y i n g  a  h i g h  f r e q u e n c y  "narrowband" ( 4  t o  

6 MHz) sys tem.  I t  was t h e o r i z e d  t h a t  t h e  weld d e f e c t  mechanisms 

which p roduce  a c o u s t i c  e m i s s i o n  o c c u r  i n  f a s t  s t e p s  t h a t  c r e a t e  

h i g h  f r e q u e n c i e s ,  p e r h a p s  i n  t h e  megaher tz  r ange .  

S u c c e s s f u l  u s e  o f  t h e  narrowband e l e c t r o n i c s  sys tem con-  

f i rmed  t h a t  a  s i g n i f i c a n t  amount o f  ene rgy  i s  i n  t h e  h i g h  f r e -  

quency range  ( approx ima te ly  5 MHz). A comparison of  t h e  

broadband and narrowband showed no advan tage  o f  one o v e r  t h e  

o t h e r  a s  f a r  a s  s e n s i t i v i t y  t o  a c o u s t i c  e m i s s i o n  was conce rned .  

However, i n  some a r e a s  t h e  narrowband a p p e a r s  t o  o f f e r  o t h e r  

u s e f u l  advan tages  o v e r  t h e  more c o n v e n t i o n a l  low f requency  s y s -  

tems.  The narrowband i s  n o t  a s  s e n s i t i v e  t o  e x t e r n a l  i n f l u e n c e s  

such  a s  t o u c h i n g  o r  b r u s h i n g  t h e  weld a r e a  w i t h  o b j e c t s  such  a s  

t h e  t o o l s ,  f i l l e r  r o d ,  o r  t h e  w e l d e r ' s  hand. The low f r e q u e n c y  

sys tem was q u i t e  s e n s i t i v e  t o  t h e s e  n o i s e  s o u r c e s ,  and  t h e  

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

weld d e f e c t s .  

E x t e r n a l  low f requency  n o i s e  s o u r c e s  have i n  g e n e r a l  

c r e a t e d  problems f o r  broadband moni to r  sys tems because  o f  t h e  

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

Q u i t e  o f t e n  t h e  n o i s e  i s  coup led  th rough  t h e  a m p l i f i e r s  and 

o b s c u r e s  t h e  e m i s s i o n .  Narrowband e l e c t r o n i c s  were n o t  i n f l u -  

enced by t h e s e  n o i s e  s o u r c e s .  An a d d i t i o n a l  advan tage  o f  narrow- 

band can  be e x p l a i n e d  by F i g u r e  3. Both s i g n a l s  shown i n  A and 

B were o b s e r v e d  from t h e  same t r a n s d u c e r  and d e f e c t i v e  weld  b u t  

a t  d i f f e r e n t  t i m e s .  The PZT t r a n s d u c e r  was s e t  f o r  t h e  Ray le igh  

c r i t i c a l  a n g l e  i n  b o t h  c a s e s .  The advan tage  o f f e r e d  by t h e  

h i g h  f r e q u e n c y  sys tem (B) i s  t h e  much f a s t e r  r i s e  t ime .  S i n c e  

more a c c u r a t e  t i m i n g  i s  p o s s i b l e  w i t h  t h e  l e a d i n g  edge of  t h i s  

s i g n a l  i t  would be  p o s s i b l e  t o  t r i a n g u l - a t e  t o  w i t h i n  one i n c h  o f  

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



A. 500 kHz Observed by Broadband E l e c t r o n i c  System 

B,. High Frequency (5 rrtHz) Signal Detected by Narrowband 
Electronics 

FIGURE 3 .  A c o u s t i c  E m i s s i o n  Produced b y  Crack Format ion  i n  a 
Weld and D e t e c t e d  a t  t h e  R a y l e i g h  C r i t i c a l  Angle  



A b l o c k  diagram of  t h e  o v e r a l l  sys tem used  t o  r e c o r d  

a c o u s t i c  emiss ion  d a t a  d u r i n g  t h e  weld t e s t s  i s  shown i n  

F i g u r e  4. Because of  t h e  r e l a t i v e l y  long  t i m e  r e q u i r e d  t o  com- 

p l e t e  a  weld i t  was n o t  p o s s i b l e  t o  r e c o r d  on magne t i c  t a p e  

a l l  o f  t h e  weld t e s t  a t  t h e  t a p e  r e c o r d e r ' s  h i g h e s t  speed .  

Th i s  i s  n o r m a l l y  d e s i r a b l e  because  f r e q u e n c y  re sponse  i s  g r e a t -  

e s t  a t  i t s  f a s t e s t  s p e e d  and t h i s  i s  n e c e s s a r y  t o  p r e s e r v e  

most o f  t h e  f r equency  c o n t e n t  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 .  

However, f r equency  c o n t e n t  was de te rmined  t o  be a  f u n c t i o n  o f  

t r a n s d u c e r  c h a r a c t e r i s t i c s  and was n o t  c o n s i d e r e d  t o  be impor-  

t .ant  i n  d e s c r i b i n g  a  weld  d e f e c t .  T h e r e f o r e ,  t h e  e l e c t r i c a l  

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

t e r e d  t o  produce  a low f requency  enve lope  which c o u l d  be p u t  

on magne t i c  t a p e  runn ing  a t  reduced  speed  which i n  t u r n  

a l lowed  a l l  d a t a  t o  be  r e c o r d e d .  

A nonmounted r e f e r e n c e  PZT t r a n s d u c e r  and e l e c t r o n i c s  

i d e n t i c a l  t o  Channel 1 ( s e e  F i g u r e  4 ) ,  which moni to red  f o r  

weld d e f e c t s ,  were used  t o  mon i to r  f o r  e l e c t r o m a g n e t i c  i n t e r -  

f e r e n c e .  The r e f e r e n c e  channe l  was used  d u r i n g  d a t a  a n a l y s i s  

by comparing i t s  o u t p u t  (Channel 4 )  a g a i n s t  t h e  weld m o n i t o r  

c h a n n e l s  (1,  2 and 3 ) .  Most e l e c t r o m a g n e t i c  n o i s e  s o u r c e s ,  

which c o u l d  a p p e a r  a s  a c o u s t i c  emiss ion  s i g n a l s ,  were e l i m i -  

n a t e d  t h i s  way. 

A n a l y s i s  

A n a l y s i s  o f  a c o u s t i c  e m i s s i o n  d a t a  was accompl ished  u s i n g  

two t e c h n i q u e s ,  bo th  o f  which i n v o l v e d  c o u n t i n g  t h e  s i g n a l s .  

One approach  counted  t h e  number o f  a c o u s t i c  e v e n t s  o c c u r r i n g  

p e r  second  th roughou t  t h e  t e s t .  The o t h e r  coun ted  t h e  number 

o f  s i g n a l s  d u r i n g  t h e  i n t e r v a l  from "welder  on" t o  "welder  on." 

Each t ime  t h e  we ld ing  a r c  was s t r u c k ,  a  h i g h  f r equency  

e l e c t r o m a g n e t i c  wave was c r e a t e d  and coup led  i n t o  t h e  i n s t r u -  

m e n t a t i o n .  A t y p i c a l  s i g n a l  i s  shown i n  t h e  lower  t r a c e  o f  



F I G U R E  4 .  B lock  Diagram o f  Sys t em Used t o  Record A c o u s t i c  Emiss ion  Data 
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F i g u r e  5 .  T h i s  s i g n a l  p r o v i d e d  a  c o n v e n i e n t  way o f  s t a r t i n g  

and s t o p p i n g  an e l e c t r o n i c  c o u n t e r  used  t o  t o t a l  a c o u s t i c  

e m i s s i o n  p e r  weld p a s s  o r  from "welder  on" t o  "welder  on ."  

Each "welder  on" p u l s e  was r e c t i f i e d  and f i l t e r e d  t o  p roduce  

t h e  c o r r e c t  t i m e  and p o l a r i t y  r e q u i r e d  by t h e  c o u n t e r ,  a s  

shown i n  t h e  t o p  t r a c e  o f  F i g u r e  5 .  

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

b l o c k  diagram o f  F i g u r e  6 ,  t r i g g e r e d  an  o s c i l l o s c o p e  which 

produced a  p u l s e  p r o p o r t i o n a l  t o  t h e  l e n g t h  of  t h e  e m i s s i o n  

s i g n a l .  These p u l s e s  were coun ted  by e l e c t r o n i c  c o u n t e r  Num- 

b e r  1 which de te rmined  t h e  p u l s e  r a t e  ( a c o u s t i c  e m i s s i o n  p e r  

second)  and c o u n t e r  Number 2 which i n t e g r a t e d  p u l s e s  from 

"welder  on" t o  "welder  on."  

The r e c o r d i n g  and a n a l y z i n g  i n s t r u m e n t a t i o n  i s  shown i n  

F i g u r e  7 .  

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

Twenty-nine m u l t i p a s s  b u t t  welds  were comple ted ,  e i g h t e e n  

on 304L and e l e v e n  on 316 S t a i n l e s s  S t e e l  b a s e  m a t e r i a l .  F ive  

o f  t h e s e  had  u n u s a b l e  a c o u s t i c  e m i s s i o ~ l  d a t a .  A summary of  

t h e  weld  q u a l i t y ,  based  on d a t a  from r a d i o g r a p h y ,  i s  shown i n  

Table  1 f o r  each  weld.  T o t a l  a c o u s t i c  e m i s s i o n  e v e n t s  a r e  

a l s o  l i s t e d .  A wide r ange  o f  s i g n a l s  were produced d u r i n g  

t h e  s t u d y ,  from a  low of  7 7  t o t a l  a c o u s t i c  e m i s s i o n  e v e n t s  

from weld Number 2 5  t o  a h i g h  o f  approx ima te ly  18,000 from 

weld Number 2 3 .  

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

a c o u s t i c  e m i s s i o n  d a t a  p r e s e n t e d  i n  Tab le  1. One o f  t h e  most 

i m p o r t a n t  was t h e  s c a l e  which f l a k e d  form t h e  s u r f a c e  o f  some 

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

s c a l e  appea red  t o  be a  f u n c t i o n  o f  t h e  we ld ing  t e c h n i q u e  and 

f i l l e r  m a t e r i a l .  An example o f  i t s  i n f l u e n c e  i s  demons t ra t ed  

by Sample 8 ,  which had 4 2 5  s i g n a l s  b u t  was one o f  t h e  b e s t  



FIGURE 5 .  W e l d e r  S t a r t i n g  T r a n s i e n t .  Lower S i g n a l  Mon i to red  
by  t h e  R e f e r e n c e  Channe l  W h i l e  Upper  T r a c e  i s  t h e  Same S i g n a l  
R e c t i f i e d  and F i l t e r e d  f o r  Use a s  a  S t a r t - S t o p  Commant Used 
i n  Data A n a l y s i s .  



F I G U R E  6 .  BZock Diagram of  System Used t o  AnaZyze Acous t i c  Emission Data 
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F I G U R E  7 .  Recording  and Ana lyz ing  I n s t r u m e n t a t i o n  



TABLE I .  Summary o f  Weld ~ u a l i t ~ ' ~ )  V e r s u s  ~ o t a l  A c o u s t i c  Emiss ion  

W e l d  S a m p l e  
Number 

B a s e  
M a t e r i a l  

304L 
304L 
304L 
304L 
304L 
304L 
304L 
30 4L 
30 4L 
304L 
304L 
304L 
30 4L 
304L 
304L 
304L 
316  
316  
316  
316  
316  
3  1 6  
316 
316  
316  
316 
316  
304L 
304L 

F i l l e r  I n c o m p l e t e  
M a t e r i a l  P e n e .  F u s i o n  

308 
308  X 
30 8  
308 X 
3  0  8  

OXY-656308 X 
OXY-65 X 

316 
OXY-65 X 

3  1 0  

310 ( b )  310 Fr T i  
310 X 

3 4 7  & T i  X 
310 & T i  X 

347 X 
316 
310 
3  1 0  X 

OXY-65 X 
310 X 
316 
3  1 6  X 
316 X 
308 X  

310 & T i ( c )  X 
310  & Ta  

310 X 
310 & T a  

P o r o s i t y  C r a c k s  
T o t 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  Comments 

No A.E. D a t a  
No A.E. D a t a  
No A.E. Data 

1 9 0  
1 0  1 

8  6  
4 2 6  
42 5  
4  6  6  
2 8 5  
2  0 0  
3 9 1  
3 9 0  

1 0 3 0 0  
1 3 0 0 0  

No A.E. D a t a  
N o A . E . D a t a  tf 

1 0 4 9  
1 3 8  
4 1 1  
3 2 4  
6 0  7  

1 8 0 0 0  
3  0  6  

7  7 
6 7 1  
4 8 7  
2  6  4  
2 0 7  

Ca) T a k e n  from r a d i o g r a p h i c  d a t a .  
( b )  T i t a n i u m  
( c )  TantaZum 
( d )  C r a c k s  r e v e a l e d  by  m e t a l Z o g r a p h i c  s t u d i e s  b u t  n o t  by  r a d i o g r a p h y  
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welds  made d u r i n g  t h e  s t u d y .  More t h a n  h a l f  o f  t h e s e  s i g n a l s  

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

s u r f a c e ,  i t s  i n f l u e n c e  might  be reduced  by s e t t i n g  t h e  t r a n s -  

d u c e r s  a t  t h e  l o n g i t u d i n a l  c r i t i c a l  a n g l e  t o  g e t  away from 

d e t e c t i n g  s u r f a c e  waves. 

O t h e r  e r r o r s  i n  t h e  a c o u s t i c  e m i s s i o n  d a t a  were produced 

by s t r i k i n g  t h e  weld coupons w i t h  o b j e c t s  such  a s  t h e  f i l l e r  

r o d ,  t o o l s ,  t h e  weld ing  t o r c h ,  e t c .  Cleaning  t h e  weld  r e g i o n  

by b r u s h i n g  can  a l s o  r e s u l t  i n  a c o u s t i c  e m i s s i o n - l i k e  s i g n a l s .  

However, s p e c i a l  a t t e n t i o n  was g i v e n  each  o f  t h e s e  i t e m s  i n  

o r d e r  t o  minimize t h e  e r r o r s .  

Radiographs  o f  each  weld were used  a s  a  b a s i s  f o r  d e t e r -  

mining where t o  make t r a n s v e r s e  s e c t i o n s  th rough  t h e  samples  

f o r  m e t a l l o g r a p h i c  s t u d i e s .  I f  a  d e f e c t  was v i s i b l e  on t h e  

X-ray  f i l m ,  t h e  weld was c u t  and p o l i s h e d  i n  t h i s  a r e a .  When 

t h e  f i l m  showed no d e f e c t s ,  random c u t s  were made. I n  a l l  

c a s e s  a t  l e a s t  t h r e e  s e c t i o n s  were made a c r o s s  e a c h  weld.  A l l  

s e c t i o n s  removed from a  weld were p o l i s h e d  and e t c h e d .  Pho to -  

g raphs  were t h e n  made o f  t h e  samples  a t  a  m a g n i f i c a t i o n  o f  5 X .  

Examinat ion  f o r  p o s s i b l e  c o r r e l a t i o n s  between t h e  a c t u a l  

weld q u a l i t y  and  a c o u s t i c  e m i s s i o n  was made u s i n g  t h e  p h o t o -  

mic rographs  and t h e  d i g i t a l  a c o u s t i c  e m i s s i o n  d a t a  r e s u l t i n g  

from t h e  "welder  on" t o  "welder  on" a n a l y s i s  t e c h n i q u e  d i s -  

c u s s e d  under  A n a l y s i s  i n  t h e  I n s t r u m e n t a t i o n  S e c t i o n .  T o t a l  

c r a c k  l e n g t h  was de te rmined  from each  photomicrograph a c c o r d -  

i n g  t o  t h e  r e g i o n  ( s e e  F i g u r e  8 )  o f  t h e  weld.  The approx ima te  

l e n g t h s  o f  a l l  c r a c k s  were de te rmined  and added t o  p roduce  a  

number f o r  e a c h  r e g i o n  r e p r e s e n t i n g  t o t a l  l e n g t h .  I f  a  c r a c k  

e x t e n d e d  i n t o  two r e g i o n s ,  i t s  t o t a l  l e n g t h  was c o n s i d e r e d  t o  

be  i n  b o t h  r e g i o n s  and c o u n t e d  a s  s u c h .  S i n c e  t h e r e  were t h r e e  

m e t a l l o g r a p h i c  s e c t i o n s  p e r  we ld ,  c r a c k  l e n g t h  was d e t e r m i n e d  

from e a c h  and added t o g e t h e r  t o  produce  a  s i n g l e  number f o r  

e a c h  r e g i o n .  
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R e g i o n  
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F I G U R E  8 .  T r a n s v e r s e  Meta l lograph ic  S e c t i o n  
o f  a  Weld Divided i n t o  Three Regions for  Crack 
Length De termina t ions  and C o r r e l a t i o n  S t u d i e s  



Approximate ly  s i x  we ld ing  p a s s e s  were r e q u i r e d  t o  com- 

p l e t e  a  weld.  A c o u s t i c  e m i s s i o n  s i g n a l s  from t h e  f i r s t  two 

p a s s e s  were assumed t o  have come from t h e  bot tom r e g i o n ,  t h e  

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

p a s s e s  from t h e  t o p  r e g i o n .  Using t h e  "welder  on" t o  "we lde r  

on" a n a l y s i s  t e c h n i q u e ,  a  number was produced t h a t  r e p r e s e n t e d  

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

A s  one might  e x p e c t ,  a  d i r e c t  c o r r e l a t i o n  between acous -  

t i c  e m i s s i o n  and c r a c k  l e n g t h  f o r  t h e  t h r e e  r e g i o n s  was n o t  

o b t a i n e d ,  ma in ly  because  d e t e r m i n i n g  c r a c k  l e n g t h  from o n l y  

t h r e e  photomicrographs  t a k e n  o u t  o f  a  two- inch  l e n g t h  i s  a  

v e r y  rough approx ima t ion .  However, f o r  t h e  c e n t e r  r e g i o n  

t h e r e  were i n d i c a t i o n s  t h a t  a  r e l a t i o n s h i p  e x i s t s  between 

e m i s s i o n  and weld  q u a l i t y .  T h i s  i s  p l o t t e d  i n  F i g u r e  9 f o r  

t h e  24 u s a b l e  welds  made d u r i n g  t h e  i n v e s t i g a t i o n .  

When l e a s t  s q u a r e  f i t t i n g  and a  s t r a i g h t  l i n e  were assumed, 

t h e  r e s u l t i n g  c o e f f i c i e n t s  produced t h e  l i n e  a l s o  shown i n  

F i g u r e  9 .  A d d i t i o n a l  d a t a  from t h e  t h r e e  welds which l i e  

a l o n g  t h i s  l i n e  (25 ,  2 7 ,  and 23) a r e  shown i n  F i g u r e  10 .  I n  

t h i s  f i g u r e  t h e  amount o f  a c o u s t i c  e m i s s i o n  produced e a c h  s e c -  

ond f rom t h e  weld i s  p l o t t e d  a g a i n s t  t e s t  t ime .  The f a c t  t h a t  

Weld Number 2 5  was m e t a l l o g r a p h i c a l l y  one of  t h e  b e s t  p roduced  

i s  conf i rmed  by t h e  s m a l l  amount o f  e m i s s i o n  o b t a i n e d  from t h i s  

specimen.  Weld Number 2 7  was d e f e c t i v e  because  o f  t h e  a d d i -  

t i o n  o f  a  1 /16  i n .  d i a m e t e r  1 / 4  i n .  long  p i e c e  o f  t a n t a l u m ,  

and Number 23 was one o f  t h e  w o r s t  welds  produced a s  a  r e s u l t  

o f  adding  t i t a n i u m  on t h e  t h i r d  p a s s .  

T y p i c a l  photomicrographs  o f  t h e  weld r e g i o n  f o r  t h e s e  

samples  a r e  shown i n  F i g u r e  11. The r e l a t i v e  c r a c k  l e n g t h s  

were 0.52 f o r  Sample 25, 5 . 4  f o r  Weld 2 7 ,  and 6 . 9  f o r  Weld 

Number 23.  As can  be  s e e n  from t h e  pho tomic rographs ,  t h e r e  i s  

a  wide v a r i a t i o n  i n  t h e  q u a l i t y  o f  27 and 23 b u t  t h e y  have 
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T o t a l  A c o u s t i c  E m i s s i o n  C e n t e r  R e g i o n  

FIGURE 9 .  A c o u s t i c  E m i s s i o n  V e r s u s  Crack L e n g t h  ( a s  Measured from T h r e e  M e t a l l o -  
g r a p h i c  S e c t i o n s  Each)  f o r  t h e  C e n t e r  R e g i o n  o f  2 4  W e l d s .  (The  Numbered We lds  
Corre spond  t o  t h o s e  Samples  f o r  Which Data Ape Shown i n  F i g u r e  1 0  and 2 1 . )  
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FIGURE 10.  A c o u s t i c  Emiss ion  from Three  Welds o f  D i f f e r e n t  
Q u a l i t y .  T o t a l  R e l a t i v e  Crack Lengths  from Three  M e t a l l o g r a p h i c  
S e c t i o n s  o f  Each weld Are:  A.  Weld No. 25, 0 .  52; B .  Weld No. 2 7 ,  
5. 8 ;  C .  weld No. 23, 6 .  9 .  ( S e e  Figure  11 f o r  Photomicrographs .  ) 



A .  T e s t  Weld  No.  2 5  B .  T e s t  W e l d  No.  2 7  

C .  T e s t  We ld  No .  2 3  

FIGURE 11. ~hotomicrographs of Test Welds with Differing Weld Quality 



a p p r o x i m a t e l y  t h e  same c r a c k  l e n g t h s .  Th i s  i s  because  o f  t h e  

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

c r a c k s  p roduced  by t h e  a d d i t i o n  o f  t i t a n i u m .  

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  d a t a  p r e s e n t e d  above 

a r e  o n l y  f o r  t h e  c e n t e r  r e g i o n  and t h a t  a  good c o r r e l a t i o n  

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

bot tom r e g i o n s  was n o t  o b t a i n e d .  For  t h e s e  r e g i o n s  t h e r e  was 

even more s c a t t e r i n g  t h a n  t h a t  shown i n  F i g u r e  9 .  

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

t o p  r e g i o n .  F i r s t  was t h e  s c a l e  which f l a k e d  o f f  from t h e  weld  

o f  some samples  d u r i n g  t h e  p a s s e s .  T h i s  produced a c o u s t i c  

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

samples .  Also  on some w e l d s ,  e s p e c i a l l y  t h o s e  where t i t a n i u m  

and t a n t a l u m  were added,  e m i s s i o n  was r e c e i v e d  on weld  p a s s e s  

c o r r e s p o n d i n g  t o  t h e  t o p  r e g i o n  t h a t  were produced by d e f e c t s  

forming i n  t h e  c e n t e r  r e g i o n  of t h e  weld  ( long  a f t e r  t h e  c e n t e r  

p a s s e s  were comple ted ) .  The r e s u l t  was h i g h  a c o u s t i c  e m i s s i o n  

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

A c o u s t i c  e m i s s i o n  c o r r e s p o n d i n g  t o  t h e  bot tom r e g i o n  

v a r i e d  from 11 c o u n t s  t o  1 5 0  and c r a c k  l e n g t h s  from 0 t o  2 . 4  i n .  

w i t h  t h e  o t h e r  welds  s c a t t e r e d  i n  t h e s e  r a n g e s .  I n  g e n e r a l  

t h e r e  were a  l o t  o f  emiss ions  compared t o  t h e  a c t u a l  d e f e c t s  a s  

de te rmined  from t h e  photomicrographs  f o r  t h e  bot tom r e g i o n .  

C o n t r i b u t i n g  t o  t h i s  i n c o n s i s t e n c y  were h o t  c r a c k s  which 

formed immedia te ly  beh ind  t h e  c o o l i n g  puddle  o f  t h e  f i r s t  

p a s s e s  i n  s e v e r a l  samples .  These c r a c k s  were d e t e c t e d  d u r i n g  

t h e  v i s u a l  i n s p e c t i o n  which f o l l o w e d  each  p a s s .  They were i n  

g e n e r a l  q u i t e  s h a l l o w  and some a p p a r e n t l y  r e m e l t e d  on s u b s e -  

quen t  weld  p a s s e s  because  s e v e r a l  photomicrographs  showed no 

c r a c k s  i n  t h e  r e g i o n  where t h e y  were obse rved  d u r i n g  t h e  weld 

o p e r a t i o n .  



Hot c r a c k s  which formed i n  t h e  bot tom r e g i o n  appea red  t o  

"flow" a p a r t  f o r  some d i s t a n c e  f o l l o w i n g  t h e  pudd le  o f  f i l l e r  

m a t e r i a l  a s  i t  coo led .  During t h i s  growing p e r i o d  a c o u s t i c  
C 

emiss ion  was n o t  produced,  which i s  c o n t r a r y  t o  e x p e r i e n c e  

w i t h  emiss ion  from c r a c k  growth .  (4 )  F i g u r e  1 2  shows, however,  

t h a t  i n  g e n e r a l  more a c o u s t i c  e m i s s i o n  was o b t a i n e d  from sam- 

p l e s  where v i s i b l e  c r a c k s  were d e t e c t e d  d u r i n g  t h e  f i r s t  

p a s s e s  t h a n  f o r  t h o s e  where c r a c k s  were n o t  obse rved .  

F i g u r e  1 3  i s  made up o f  photomicrographs  o f  t h e  f o u r  welds 

l i s t e d  on F i g u r e  1 2 .  Each o f  t h e s e  welds had  h o t  c r a c k s  t h a t  

were obse rved  d u r i n g  we ld ing ,  b u t  some were a p p a r e n t l y  r e m e l t e d  

s i n c e  t h e y  a r e  n o t  a l l  d e t e c t a b l e  i n  t h e  photomicrographs .  

Crack forma, t ion  appea red  t o  be  t h e  weld  d e f e c t  c a u s i n g  

most of  t h e  a c o u s t i c  e m i s s i o n  th roughou t  t h i s  s t u d y .  There 

were ,  however, i n d i c a t i o n s  t h a t  g r o s s  p o r o s i t y  f o r m a t i o n  p r o -  

duced some o f  t h e  e m i s s i o n  s i n c e  h i g h  s i g n a l  l e v e l s  were 

o b t a i n e d  from Samples 7 ,  9 ,  and 20, shown i n  F i g u r e  14.  These 

samples  c o n t a i n  l a r g e  amounts o f  p o r o s i t y  a s  demons t ra t ed  by 

t h e  r a d i o g r a p h s  and pho tomic rographs .  However, some c r a c k i n g  

accompanied t h e  p o r o s i t y ,  and t h i s  may have been t h e  s o u r c e  o f  

a l l  e m i s s i o n .  

A comparison of  d a t a  from a l l  3 0 4 L  welds w i t h  t h o s e  from 

t h e  316 S t a i n l e s s  S t e e l  welds  d i d  n o t  i n d i c a t e  a  s i g n i f i c a n t  

d i f f e r e n c e  between t h e  m a t e r i a l s .  S i m i l a r  d e f e c t s  were p r o -  

duced i n  b o t h  m a t e r i a l s  and a c o u s t i c  e m i s s i o n  from t h e  d e f e c t s  

gave no i n d i c a t i o n  o f  d i f f e r e n c e s .  

A l l  o f  t h e  d e f e c t i v e  welds  produced a c o u s t i c  e m i s s i o n  i n  

v a r y i n g  d e g r e e s .  Two c r a c k e d  welds  produced e m i s s i o n  b u t  were 

n o t  c o n s i d e r e d  a s  having  c r a c k s  by r a d i o g r a p h y .  These were 

Samples 11 and 14 shown i n  F i g u r e  15 .  Two hundred s i g n a l s  

were produced by Sample 11 w h i l e  Weld 14 was one o f  t h e  w o r s t  
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A .  B o t t o m  R e g i o n  B .  B o t t o m  R e g i o n  
No V i s i b l e  C r a c k s  V i s i b l e  C r a c k s  

FIGURE 1 2 .  A c o u s t i c  E m i s s i o n  from ( A )  W e l d s  Which  
Had No V i s i b l e  Hot C r a c k s  A f t e r  t h e  F i r s t  o r  Second  
P a s s  and f B )  from W e l d s  Which C o n t a i n e d  V i s i b l e  Hot 
C r a c k s  During t h e  Same P a s s e s .  ( S e e  F i g u r e  1 3  f o r  
P h o t o m i c r o g r a p h s  o f  t h e  Numbered W e l d s  i n  t h i s  F i g u r e . )  



Hot 
Cracks 

A. Test Weld 21 B. Test Weld 13 

. . * : ' , .  

I 

Hot Cracks ? 
Apparently 
Remelted . I * 

C. Test Weld 15 D. Test Weld 24 

F I G U R E  1 3 .  B o t t o m  R e g i o n  o f  Weld Samp le s  
Where Hot Cracks  Formed and Were ~ e t e c t e d  
V i s u a l l y  During t h e  We ld ing  O p e r a t i o n  



R a d i o g r a p h s  P h o t o m i c r o g r a p h s  

A.  T e s t  W e l d  N o .  7 
T o t a l  A c o u s t i c  E m i s s i o n  4 2 6  

B .  T e s t  W e l d  No .  9 
T o t a l  A c o u s t i c  E m i s s i o n  4 6 6  

C .  T e s t  W e l d  No.  2 0  
T o t a l  A c o u s t i c  E m i s s i o n  4 1 1  

F I G U R E  1 4 .  T e s t  Welds Con ta in ing  P o r o s i t y .  (Large  Amounts o f  
A c o u s t i c  Emiss ion  Were Produced by These  W e l d s . )  



A. Test Weld No. 14 
Total Acoustic Emission 10300 

B. Test Weld No. 11 
Total Acoustic Emission 200 

F I G U R E  1 5 .  Welds Producing A c o u s t i c  Emiss ion  from Cracks t h d t  
Were Not Detec ted  b y  ConventionaZ Radiographic Techn iques .  



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

10 ,000 s i g n a l s  obse rved .  Photomicrographs  o f  t h e s e  samples  

a r e  shown i n  F i g u r e  15 .  

C O M M E N T S  ON P R O T O T Y P E  M O N I T O R  S Y S T E M  

A d e s c r i p t i o n  o f  t h e  comple te  a c o u s t i c  e m i s s i o n  weld  moni- 

t o r  sys t em,  based  on t h e  d a t a  from t h i s  i n v e s t i g a t i o n ,  would 

be d i f f i c u l t  due t o  t h e  l i m i t e d  scope  of  t h e  program. The 

304L and 316 S t a i n l e s s  S t e e l  b a s e  m e t a l s  used  were t y p i c a l  

r e a c t o r  m a t e r i a l s ,  b u t  t h e  coupon geometry and t h e  way d e f e c t s  

were produced may n o t ,  i n  most c a s e s ,  be t y p i c a l .  However, 

some g e n e r a l  comments c o u l d  a p p l y  t o  any f u t u r e  sys t em.  

S i n c e  a c o u s t i c  e m i s s i o n  o c c u r s  a s  d i s c r e t e  p a c k e t s  o f  

energy  and  i t  i s  t h o u g h t  t h a t  a t  l e a s t  one o r  more i s  produced 

by each  c r a c k  f o r m a t i o n  o r  movement, a  method o f  summing t h e  

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

would a p p e a r  t o  be t h e  most u s e f u l  p r o c e s s i n g  t e c h n i q u e s .  

Because b o t h  o f  t h e s e  p r o c e s s e s  a r e  dependent  on t h e  a m p l i t u d e  

o f  t h e  e m i s s i o n  s i g n a l ,  i t  would be i m p o r t a n t  t o  c a l i b r a t e  t h e  

sys tem on t h e  m a t e r i a l  and geometry which i s  t o  b e  welded.  

Based on t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  i t  a p p e a r s  

t h a t ,  f o r  t h i s  geometry m a t e r i a l  and weld ing  t e c h n i q u e ,  an 

a c o u s t i c  e m i s s i o n  summation exceed ing  200 would i n d i c a t e  

e i t h e r  c r a c k s  o r  p o r o s i t y .  With t i t a n i u m  i n c l u d e d  i n  t h e  we ld ,  

a  t o t a l  o f  1000 s i g n a l s  o r  more would be p o s i t i v e  i n d i c a t i o n  of  

a  d e f e c t i v e  weld.  S t a t i n g  a  number, above which t h e  weld  i s  

known i s  t o  be bad,  however,  depends on s e v e r a l  t h i n g s  w i t h  

t h e  t e c h n i q u e s  used  i n  t h i s  work. I f  t h e  w e l d e r  s t r i k e s  t h e  

sample w i t h  t o o l s  o r  t h e  t o r c h ,  t h i s  c o u l d  r a i s e  t h e  t o t a l  

coun t  because  o f  t h e  i n t e r f e r e n c e  produced.  Also,  t h e  e n v i r o n -  

ment i n  which t h e  we ld ing  i s  conduc ted  i s  i m p o r t a n t .  That  i s ,  

a r e  t h e r e  s w i t c h i n g  r e l a y s  and o t h e r  equipment which can  i n t e r -  

f e r e ?  I n  s h o r t ,  each  weld s i t u a t i o n  would be c o n s i d e r e d  by 

i t s e l f  and a  new s e t  o f  s t a n d a r d s  developed.  



Any f u t u r e  programs t o  produce  a  p r o t o t y p e  sys tem s h o u l d  

devo te  more e f f o r t  t o  p roduc ing  weld d e f e c t s  which a r e  more 

t y p i c a l  t h a n  t h e  ones  r e s u l t i n g  from t h e  a d d i t i o n  o f  incom- 

p a t i b l e  m a t e r i a l s  a s  used  i n  t h i s  program. Th i s  would a l l o w  

more c o n f i d e n c e  t o  be p l a c e d  i n  any f a i l u r e  l e v e l s  t h a t  were 

e s t a b l i s h e d .  A l so ,  improved d e t e c t i o n  t e c h n i q u e s  s h o u l d  be 

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

A c c u r a t e  l o c a t i o n  o f  t h e  s o u r c e  o f  a c o u s t i c  e m i s s i o n  

(weld d e f e c t s )  would be p o s s i b l e  w i t h  a  h i g h  f r equency  sys tem.  

However, i t s  need  s h o u l d  a g a i n  be de te rmined  by t h e  weld  t o  be 

comple ted .  I f  t h e  sample i s  s m a l l ,  i t  may n o t  be  n e c e s s a r y  t o  

use  t r i a n g u l a t i o n  s i n c e  t h e  w e l d e r  would p r o b a b l y  have an i d e a  

o f  t h e  d e f e c t  l o c a t i o n .  I f ,  on t h e  o t h e r  hand, t h e  m a t e r i a l  

t o  be welded were a  l a r g e  p l a t e  o r  v e s s e l ,  t r i a n g u l a t i o n  

s h o u l d  be  a  r equ i remen t  because  o f  t h e  amount o f  we ld ing  

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

p r o p e r  r e g i o n .  
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A P P E N D I X  

W E L D I N G  P R O C E D U R E  

A d e t a i l e d  d e s c r i p t i o n  of  t h e  weld ing  p rocedure  and e q u i p -  

ment f o l l o w s :  

1. M a t e r i a l s  

1.1 Base M a t e r i a l s  - 3 0 4 L  and 316 S t a i n l e s s  S t e e l  

1 / 2  x 2 x 6  i n .  

1 . 2  F i l l e r  M a t e r i a l s  - 308L, 310, 316, 347, O X Y - 6 5 ,  

t a n t a l u m ,  and t i t a n i u m .  

1 . 3  E l e c t r o d e  - two p e r c e n t  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, t y p e  

EWTH-2 s p e c i f i c a t i o n .  

1 . 4  I n e r t  Gas - Welding g rade  a rgon  of  99.99% 

minimum p u r i t y  was used f o r  t h e  s h i e l d i n g  g a s .  

2 .  J o i n t  Design 

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  vee groove 

having  a  75"  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 -  

ma te ly  1 /16  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 ~ a r a t i o n  

3 . 1  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 machin ing .  

3 .2 C lean ing  - Some weld coupons were d e g r e a s e d  w i t h  

a c e t o n e .  

4 .  Welding P r o c e s s  

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

c e s s  w i t h  manual f i l l e r  rod  f e e d .  

5 .  Welding Equipment 

The we lde r  was a  Sure  Weld Model DR 401 w i t h  a  400 A 

d i r e c t  c u r r e n t  r e c t i f i e r  t y p e  power s u p p l y .  A p o r t a b l e  

i n e r t  g a s  sys tem was used  i n  c o n j u n c t i o n  w i t h  t h e  

w e l d e r .  



6 .  Weld ing  F i x t u r e  

The coupons  t o  b e  w e l d e d  we re  g r o o v e d  t o  a l l o w  m a t i n g  

w i t h  a  r e s t r a i n i n g  p l a t e  wh ich  was b o l t e d  t o  a  b a s e  

p l a t e  o v e r  t h e  coupons  t o  fo rm a  r i g i d  f i x t u r e .  A 

c o p p e r  b a c k i n g  b a r  ( 1 /2  x 3  x 10 i n . )  t o  b a c k  up  t h e  

we ld  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  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  w e l d .  A s m a l l  g r o o v e  

3 /16  i n .  w ide  by 1 / 1 6  i n .  deep  was mach ined  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  10 i n .  l e n g t h .  The 

b a s e  p l a t e  c o n t a i n e d  t h r e e  1 / 2  i n .  d i a m e t e r  h o l e s  

t h r o u g h  t h e  10  i n .  d i m e n s i o n  t o  a l l o w  f o r  w a t e r  f l o w .  

The t o p  ( r e s t r a i n i n g )  p l a t e  was d r i l l e d  t o  a l l o w  f o r  

t h e  moun t ing  o f  f o u r  1 / 2  i n .  d i a m e t e r  t r a n s d u c e r s .  

7 .  Welding P o s i t i o n  

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

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

8 . 1  Welds were  made i n  m u l t i p a s s e s .  F i r s t  p a s s  b e a d  

and t h e  r e m a i n i n g  weave.  
3  8 . 2  S h i e l d i n g  g a s  f l o w  r a t e  was 30 f t  /min .  

8 . 3  S h i e l d i n g  g a s  n o z z e l  d i a m e t e r  was 5 / 8  i n .  

8 . 4  The e l e c t r o d e  d i a m e t e r  was 3 /32  i n .  The a r c  end  

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 / 3 2  i n .  d i a m e t e r .  

8 . 5  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 .  

8 . 6  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  p o s i t i v e  and  work p l a t e  

n e g a t i v e ) .  
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