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ABSTRACT 

Acous t ic  emiss ion  (AE) t e s t i n g  has been c a r r i e d  o u t  w i t h  u n i a x i a l  and 

b i a x i a l  ( 2 : l  s t r e s s  r a t i o )  s t r e s s i n g  o f  smooth samples o f  21-6-9 and 304 

s t a i n l e s s  s t e e l  ( S S ) .  U n i a x i a l  t e s t i n g  was done w i t h  s imp le  t e n s i l e  and 

compression samples as w e l l  as w i t h  t h e  s p e c i a l  b i a x i a l  specimens. B i a x i a l  

t e n s i l e  s t r e s s i n g  was accomplished w i t h  a s p e c i a l l y  designed specimen, which 

had been used p r e v i o u s l y  t o  c h a r a c t e r i z e  A€ i n  7075 aluminum under b i a x i a l  

s t r e s s i n g .  

21-6-9 SS. 

than the  vacuum-melt samples. For t h e  304 SS, "as rece ived"  m a t e r i a l  was 

examined. To a l l o w  AE c o r r e l a t i o n s  w i t h  m i c r o s t r u c t u r e ,  e x t e n s i v e  

c h a r a c t e r i z a t i o n  o f  t h e  21-6-9 m i c r o s t r u c t u r e  was c a r r i e d  out .  

d i f f e r e n c e s  i n  AE occur i n  b i a x i a l l y  s t r e s s e d  specimens as compared t o  

u n i  a x i  a1 ly  s t ressed  samples. 

Resu l t s  were ob ta ined  f o r  a i r - m e l t  and f o r  vacuum-melt samples o f  

The a i r - m e l t  samples c o n t a i n  cons ide rab ly  more i n c l u s i o n  p a r t i c l e s  
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INTRODUCTION - 
Studies on c h a r a c t e r i z i n g  t h e  a c o u s t i c  emiss ion (AE) response o f  me ta l s  

have gone on f o r  a t  l e a s t  30 years.  These s t u d i e s  have two major goals.  The 

f i r s t  goal  i s  t o  use AE d a t a  t o  prov de r e a l - t i m e  i n f o r m a t i o n  about t h e  

va r ious  deformat ion and m i c r o f a i l u r e  mechanisms t h a t  occur when meta l s  a re  

s t ressed  and deformed. 

a p a r t i c u l a r  me ta l  a l l o y  t o  a l l o w  us t o  b e t t e r  i n t e r p r e t  t h e  AE d a t a  ob ta ined  

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

Most o f  t h e  AE c h a r a c t e r i z a t i o n  of smooth meta l  samples was done under 

The second goal  i s  t o  c h a r a c t e r i z e  t h e  AE generated i n  

s imp le  u n i a x i a l  t e n s i l e  l o a d i n g  o f  t h e  t e s t  specimens. It was n o t  u n t i l  t h e  

mid-70 's  t h a t  t h e  AE c h a r a c t e r i z a t i o n  o f  a meta l  a l l o y  was done under u n i a x i a l  

t e n s i o n  l o a d i n g  and then  under u n i a x i a l  compression l oad ing .  1-3 

r e s u l t s  showed remarkable d i f f e r e n c e s  i n  t h e  AE generated i n  7075-T6 and i n  

7075-T651 aluminum under t e n s i l e  and compressive l oad ing .  T h i s  and o t h e r  

i n f o r m a t i o n  l e d  t o  a more complete understanding o f  t h e  AE sources o p e r a t i n g  

i n  these m a t e r i a l s .  

Recent ly ,  t h e  f i r s t  work was r e p o r t e d  on t h e  AE c h a r a c t e r i z a t i o n  o f  t e s t  

These 

4 

specimens ( t a k e n  f r o m  a s i n g l e  r o d  o f  7075-T651) under b i a x i a l  t e n s i o n  ( 2 : l  

s t r e s s  r a t i o )  as w e l l  as under u n i a x i a l - t e n s i o n  l o a d i n g  w i t h o u t  a change i n  

sample g e ~ m e t r y . ~  These r e s u l t s  showed AE generated i n  7075-T651 under 

b i a x i a l  l o a d i n g  i s  o f  h i g h e r  ampl i tude than  t h a t  generated i n  t h e  usual  

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

e l a s t i c  reg ion .  

t e s t  i s  n o t  s i g n i f i c a n t  u n t i l  macroscopic p l a s t i c  deformat ion begins. 

On t h e  o t h e r  hand, AE generated i n  t h e  l o n g i t u d i n a l  t e n s i l e  

The purpose o f  t h i s  ongoing s tudy i s  t o  extend t o  s t a i n l e s s  s t e e l s  ( S S )  

t h e  comparison o f  AE generated under u n i a x i a l  t e n s i o n  t o  AE generated under 
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b i a x i a l  tens ion.  This ,  and o t h e r  ex tens ions  t o  common s t r u c t u r a l  m a t e r i a l s ,  

i s  v e r y  impor tan t ,  because t h e  vas t  m a j o r i t y  o f  AE a p p l i c a t i o n s  f o r  f l a w  

l o c a t i o n  i n  meta l  s t r u c t u r e s  are under c o n d i t i o n s  o f  combined s t r e s s -  

l oad ing .  Hence, i t  i s  mpor tant  t o  c h a r a c t e r i z e  AE sources f r o m  nonf lawed 

samples under combined oading so t h a t  t h e  h i g h e r  ampl i tude and e a r l i e r  AE, 

which has been shown i n  7075-T651 under b i a x i a l  tens ion,  i s  n o t  m is taken  f o r  

f 1 aw growth. 

SPECIMENS AND EXPERIMENTAL C O N D I T I O N S  

Two types o f  specimens were used: (1) a s p e c i a l l y  designed t u b u l a r  

spec men, which was loaded i n  t e n s i o n  o r  i n t e r n a l l y  p r e s s u r i z e d  t o  produce 

b i a x  a1 t e n s i o n  ( see  F ig.  1); and ( 2 )  p i n - t y p e  f l a t  t e n s i l e  samples (see 

F ig .  2) .  The s m a l l e s t  sample was used f o r  t r a n s v e r s e  t e n s i l e  samples. The 

reason f o r  u s i n g  t h e  two t ypes  o f  specimens i s  p r i m a r i l y  because o f  t h e  c o s t  

sav ings p o s s i b l e  by us ing  t h e  p i n - t y p e  specimens. The work i n  Ref. 5 i n d i c a t e d  

t h a t  t h e  two specimen t ypes  d i d  n o t  d i f f e r  (except  f o r  a s c a l e  m u l t i p l i e r )  i n  

g e n e r a t i n g  AE r e c o r d s  under u n i a x i a l  t e n s i l e  l oad ing .  

For t h e  21-6-9 m a t e r i a l ,  t e n s i l e  ( F i g .  2 a )  and b i a x i a l  samples were 

a l i g n e d  w i t h  t h e  a x i a l  d i r e c t i o n  o f  t h e - r o d  s tock .  I n  a d d i t i o n ,  some t e n s i l e  

samples were taken f r o m  t h e  t r a n s v e r s e  d i r e c t i o n  ( F i g .  2b).  For t h e  304 SS 

m a t e r i a l ,  t h e  samples were taken  f r o m  t h e  r o l l i n g  plane. O r i e n t a t i o n  w i t h  

r e s p e c t  t o  t h e  r o l l i n g  a x i s  was unknown. 

The techniques d iscussed i n  Refs. 3 and 5 were t r i e d  i n  an at tempt  t o  

e l i m i n a t e  and v e r i f y  t h e  l e v e l  o f  ext raneous AE no ise.  The techniques were 

success fu l  f o r  t h e  b i a x i a l  t e s t .  They were n o t  t o t a l l y  success fu l  f o r  

u n i  a x i  a1 t e n s i  on 1 oading because i n t e r f  ac i  a1 s t resses  between t h e  s t e e l  p i n s  
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and t h e  SS-specimen p i n  ho les  r e s u l t e d  i n  extraneous n o i s e  sources. To 

p a r t i a l l y  overcome t h i s  problem, we r a n  s p e c i a l  AE t e s t s  t o  h e l p  d i s t i n g u i s h  

r e a l  AE f r o m  extraneous AE d u r i n g  t h e  t e n s i l e  l oad ing .  These r e s u l t s  w i l l  be 

devel  oped 1 a t e r  i n  t h i s  paper. 

The 21-6-9 SS m a t e r i a l  was r e c e i v e d  i n  f o r g e d  round-bar s tock.  The two 

( 1 )  a i r - m e l t  and 21-6-9 rods  were produced by  two manu fac tu r ing  techniques:  

( 2 )  vacuum arc r e m e l t .  

a r e p r e s e n t a t i v e  sample o f  each t y p e  o f  21-6-9. 

micrographs o f  t h r e e  t y p i c a l  or thogonal  views o f  t h e  m i c r o s t r u c t u r e  ( g r a i n  

s i z e  and shape, i n c l u s i o n  s i z e  and geometry) o f  a reduced s e c t i o n  o f  a 

specimen. 

amounts o f  c o l d  work, a common heat  t rea tmen t  was c a r r i e d  ou t  t o  e l i m i n a t e  any 

d i f f e r e n c e s .  The s teps  i n  t h i s  heat  t rea tmen t  i n c l u d e d  (1) a vacuum anneal 

f o r  one hour a t  10IO°C; ( 2 )  a temperature drop t o  65OoC i n  about one 

minute;  and ( 3 )  a b a c k f i l l  o f  t h e  fu rnace  w i t h  argon t o  achieve t h e  r e d u c t i o n  

t o  ambient room temperature.  

Table 1 g i v e s  t h e  chemical  compos i t i on  determined from 

F i g u r e s  3 and 4 show 

Because t h e  two t ypes  o f  "as rece ived ' '  21-6-9 SS had d i f f e r i n g  

The second a l l o y  was 304 SS. Th is  a l l o y  was ob ta ined  i n  f l a t  p l a t e  

s tock.  

no chemical  o r  m i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n  was c a r r i e d  out.  

Since these a re  p r e l i m i n a r y  t e s t s  p r i o r  t o  e x t e n s i v e  t e s t i n g  w i t h  304, 

The AE system c o n s i s t e d  of ( 1 )  a p i e z o e l e c t r i c ,  resonan t - t ype  AE 

t ransducer  ( A c o u s t i c  Emission Technology, Model C-175B f o r  a l l  t e s t s  except  

t h e  t r a n s v e r s e  t e n s i l e  samples which r e q u i r e d  a s m a l l e r  sensor, Model MC-500), 

which i s  coupled t o  t h e  gage s e c t i o n  of t h e  specimen by  a v iscous r e s i n  and 

h e l d  i n  p l a c e  w i t h  a rubber  band; ( 2 )  a p r e a m p l i f i e r  t h a t  g i ves  a nominal 

e l e c t r o n i c  g a i n  of 60 dB; ( 3 )  an a m p l i f i e r  and f i l t e r  t h a t  g i v e s  an a d d i t i o n a l  

20-to-40 dB e l e c t r o n i c  g a i n  (bandpass s e t  f o r  100 t o  300 k H z ) ;  ( 4 )  an 

o s c i l l o s c o p e  t o  mon i to r  t h e  AE s i g n a l ;  and ( 5 )  t h e  AE d a t a  p r e s e n t a t i o n  
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system. The p r i m a r y  AE d a t a  recorded i s  t h e  dc o u t p u t  f rom a root-mean-square 

(rms) v o l t m e t e r  (Hewlet t -Packard 3400A). 

T e n s i l e  loads were a p p l i e d  i n  a s tandard t e n s i l e - t e s t i n g  machine a t  

cons tan t  crosshead r a t e s  t o  y i e l d  a cons tan t  t o t a l  s t r a i n  r a t e  i n  t h e  p l a s t i c  

reg ion .  I n t e r n a l  p r e s s u r i z a t i o n  was p r o v i d e d  by a feedback c o n t r o l  system 

t h a t  gave a c o n s t a n t  t o t a l  h o o p - s t r a i n  r a t e  (about  0.2%/min) th roughou t  t h e  

t e s t .  C l i p  gages were used t o  measure t h e  a x i a l  and hoop s t r a i n s  and t o  

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

A l l  t e n s i l e  t e s t s  w i t h  t h e  b i a x i a l  specimen were c a r r i e d  ou t  w i t h  f l u i d  i n  t h e  

specimen so t h a t  t e s t  c o n d i t i o n s  i n  t h e  reduced s e c t i o n  would be as near as 

p o s s i b l e  (except  f o r  t h e  s t r e s s  f i e l d )  t o  those i n  t h e  i n t e r n a l  p r e s s u r i z a t i o n  

t e s t s .  

ACOUSTIC E M I S S I O N  TESTS AND RESULTS 

For t h e  21-6-9 m a t e r i a l ,  we made t e n s i l e  t e s t s  w i t h  b o t h  t e n s i l e  samples 

and b i a x i a l  samples and made b i a x i a l  t e s t s  ( 2 : l  s t r e s s  r a t i o )  w i t h  t h e  b i a x i a l  

samples. F i g u r e  5 shows r e s u l t s  f o r  two a i r - m e l t  samples under b ' i a x i a l  l o a d i n g  

w h i l e  F ig .  6 shows those  t y p i c a l  o f  t h e  b i a x i a l  specimen under u n i a x i a l  t e n s i l e  

l oad ing .  The corresponding da ta  f o r  t h e  vacuum-melt specimens o f  t h e  b i a x i a l  

t y p e  are presented i n  F igs.  7 and 8. F i g u r e  9 shows u n i a x i a l  t e n s i o n  r e s u l t s  

f o r  t r a n s v e r s e  t e n s i o n  samples o f  b o t h  a i r -  and vacuum-melt types. I n  t e s t s  

f o r  r e l o a d i n g  t h e  t r a n s v e r s e  t e n s i o n  samples (see F ig .  l o ) ,  t h e  sample was 

removed f r o m  t h e  t e s t  machine and then  r e i n s t a l l e d  p r i o r  t o  r e l o a d i n g .  

u n i a x i a l  t e n s i o n  r e s u l t s  f o r  l o n g i t u d i n a l  samples o f  t h e  a i r -  and vacuum-melt 

m a t e r i a l s  are g i v e n  i n  F ig .  11. 

For 
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Only a few t e s t s  w i t h  304 SS were completed. F igu res  12 and 13 show 

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

t e n s i o n  o f  a p i n - t y p e  t e n s i l e  sample, r e s p e c t i v e l y .  

RESULTS AND DISCUSSION 

From F igs .  5 and 6, as w e l l  as f rom 7 and 8, i t  i s  c l e a r  t h a t  when a 

smooth sample o f  21-6-9 SS i s  sub jec ted  t o  a b i a x i a l  t e n s i o n  s t r e s s ,  t h e  

ampl i tude and amount o f  AE increases.  A lso t h e r e  i s  cons ide rab le  AE i n  t h e  

macroscopic e l a s t i c  r e g i o n  f o r  t h e  b i a x i a l l y  loaded sample and l i t t l e  AE i n  

t h e  u n i a x i a l l y  loaded b i a x i a l  specimen f o r  t h e  same load  reg ion .  These 

r e s u l t s  a re  s i m i l a r  t o  e a r l i e r  ones w i t h  7075-T651 aluminum. 

Even though no 304 SS samples o f  t h e  b i a x i a l  t y p e  were t e s t e d  i n  u n i a x i a l  

tens ion ,  t h e  ev idence suggests t h e  same conc lus ions  can be made f o r  304 SS as 

were made f o r  21-6-9 SS ( see  F igs .  12 and 13).  

i n  specimen geometry c o u l d  account f o r  t h e  d i f f e r e n c e  between these f i g u r e s  

can be overcome by t h e  f o l l o w i n g  fac t .  

SS, t h e  e s s e n t i a l  quas i -cont inuous  c h a r a c t e r i s t i c s  o f  t h e  AE-rms r e s u l t s  were 

t h e  same i n  s imp le  t e n s i o n  whether t h e  b i a x i a l  specimen o r  t h e  s imp le  p i n - t y p e  

specimen was used (see Ref. 5 and F igs .  6, 8, and 11) .  

apparent d i f f e r e n c e  i s  one o f  r e l a t i v e  ampl i tude o f  t h e  quas i -cont inuous  r m s  

l e v e l .  Th is  i s  most e a s i l y  exp la ined  by a volume d i f f e r e n c e  between t h e  two 

samples. The reduced s e c t i o n  of t h e  b i a x i a l  specimen i s  about 10 t imes l a r g e r  

i n  volume than t h a t  o f  t h e  l a r g e r  o f  t h e  two p i n - t y p e  samples i n  F ig .  2. 

Prev ious  work showed t h a t  t h e  quas i -cont inuous  rms l e v e l  i s  expected t o  

The argument t h a t  a d i f f e r e n c e  

For b o t h  7075-T651 aluminum and 21-6-9 

I n  f a c t ,  t h e  o n l y  

6 

i nc rease  w i t h  t h e  square r o o t  o f  t h e  volume o f  t h e  sample t h a t  i s  deformed. 
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Comparisons o f  F igs .  5 and 7, o f  F igs.  6 and 8, as w e l l  as o f  a and b o f  

F ig .  9, i n d i c a t e  t h a t  t h e  AE r e c o r d s  f o r  a i r - m e l t  21-6-9 SS d i f f e r  

s i g n i f i c a n t l y  f r o m  those  o f  t h e  vacuum m e l t  a l l o y  f o r  n o t  o n l y  t h e  b i a x i a l l y  

loaded case b u t  a l s o  f o r  u n i a x i a l  t e n s i o n  o f  t h e  t r a n s v e r s e  p i n - t y p e  samples 

o r  t h e  b i a x i a l  specimens o f  t h e  two m e l t s .  It i s  necessary t o  d i scuss  t h e  

m e l t  AE d i f f e r e n c e s  f o r  t h e  s h o r t  t r a n s v e r s e  samples i n  d e t a i l  because o f  t h e  

g r i p  n o i s e  problems i n d i c a t e d  by t h e  d a t a  i n  F ig .  10. Because o f  t h e  smal l  

specimen s i z e  r e q u i r e d  t o  make t r a n s v e r s e  samples f r o m  e x i s t i n g  m a t e r i a l s ,  

some compromises were r e q u i r e d  i n  t h e  specimen design. 

t h e  p i n  diameter,  r e s u l t e d  i n  two separate sources o f  extraneous g r i p  no i se .  

F i r s t ,  because t h e  p i n s  were n o t  s u f f i c i e n t l y  s t r o n g  t o  c a r r y  t h e  loads, 

The major  compromise, 

AE was generated by m i c r o c r a c k i n g  o f  t h e  s t e e l  p i n s  ( t o o l  s t e e l ) .  T h i s  

c o n c l u s i o n  was reached because r o t a t i n g  t h e  p i n s  180' f r o m  t h e  p o s i t i o n  i n  

which t h e y  were p r e v i o u s l y  loaded r e s u l t e d  i n  a maximum (as a f u n c t i o n  o f  

ang le  o f  r o t a t i o n )  o f  ext raneous b u r s t - t y p e  AE. 

f a i l e d  ( w i t h  AE warning o f  impending f a i l u r e )  a t  loads below t h e  maximum 

e l a s t i c  l oad  o f  t h e  t e s t  specimens. 

A lso  some new p i n s  a c t u a l l y  

The second extraneous g r i p  n o i s e  r e s u l t e d  f r o m  t h e  b e a r i n g  s t r e s s e s  o f  

t h e  s t e e l  p i n s  aga ins t  t h e  p i n  h o l e  i n  t h e  SS sample. This  problem was a l s o  a 

r e s u l t  o f  t h e  s i z e  o f  t h e  p i n  hole.  

p o s i t i o n  between mat ing  su r faces  between t h e  f i r s t  and second l o a d  cyc les ,  t h e  

AE f r o m  t h i s  source was n o t  de tec ted  d u r i n g  t h e  second cyc le .  But, i f  t h e  p i n  

was moved by s l i d i n g  i t  t r a n s v e r s e  t o  t h e  l o a d  a x i s ,  ext raneous AE n o i s e  was 

p resen t  d u r i n g  t h e  second l o a d  cyc le .  

As l o n g  as t h e r e  was no change o f  r e l a t i v e  

Because t h e  extraneous AE was a random b u r s t - t y p e  o f  i n s u f f i c i e n t  number 

t o  change t h e  r e l a t i v e l y  quasi -cont inuous rms l e v e l s ,  i t  was p o s s i b l e  t o  use 

these l e v e l s  i n  F i g .  9 ( a  and b )  t o  d i s t i n g u i s h  t h e  a i r - m e l t  samples f r o m  t h e  
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vacuum-melt samp es. 

sample t y p i c a l l y  was broader and occurred a t  a h i g h e r  s t r a i n  l e v e l ,  w h i l e  t h e  

peak f o r  t h e  vacuum-melt sample was sharper and a t  a lower s t r a i n  l e v e l .  

A s  a f u n c t i o n  o f  s t r a i n ,  t h e  rms peak f o r  t h e  a i r - m e l t  

The problem o f  t h e  b e a r i n g  s t resses  l e a d i n g  t o  random extraneous AE 

b u r s t s  was a l s o  p resen t  t o  a degree i n  t h e  u n i a x i a l  t e n s i l e  t e s t s  o f  t h e  

b i a x i a l  sample. 

s t r e s s e s  than  i n  t h e  aluminum work,5 where t h i s  extraneous no ise  was n o t  a 

problem, b u t  it seems t o  be because a s t e e l - t o - s t e e l  i n t e r f a c e  causes 

Th is  s i t u a t i o n  d i d  n o t  w h o l l y  r e s u l t  f rom h ighe r  b e a r i n g  

s i g n i f i c a n t l y  more ext raneous AE than  does a s tee l - to-a luminum i n t e r f a c e .  

suggest t h e  r e l a t i v e  sur face softness o f  7075-T651 aluminum compared t o  

s t a i n l e s s  s t e e l  may m i t i g a t e  t h e  genera t i on  o f  AE by b e a r i n g  s t resses.  

We 

I n  t h e  a x i a l  t e n s i l e  d a t a  i n  F i g .  l l ( a  and b ) ,  i n d i c a t i o n s  a re  t h a t  t h e  

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

vacuum m e l t .  The low AE s i g n a l  l e v e l  makes t h i s  d i f f i c u l t  b u t  does n o t  

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

these  two manu fac tu r ing  processes when a s imp le  p i n - t y p e  sample i s  used. We 

conclude t h i s  because a d i f f e r e n t  sensor was used f o r  t h e  t r a n s v e r s e  t e n s i l e  

t e s t s .  T h i s  AE t ransducer  had a h i g h e r  resonant  f requency and a lower 

background e l e c t r o n i c - n o i s e  l e v e l ,  which meant more g a i n  c o u l d  be used. 

Hence, t h e  ne t  e f f e c t  may have been a more s e n s i t i v e  t ransducer  f o r  t h e  

t r a n s v e r s e  sample r a t h e r  than  a spec imen-o r ien ta t i on  e f f e c t .  

Several  o the r  obse rva t i ons  were made. F i r s t ,  under b i a x i a l  l oad ing ,  t h e  

AE r e c o r d  i s  much more compl icated f o r  21-6-9 than  f o r  304 SS, which i n d i c a t e s  

more types of AE mechanisms and s i g n i f i c a n t  changes i n  these mechanisms w i t h ,  

p r o g r e s s i v e  deformat ion.  Second, t h e  vacuum-melt b i a x i a l  AE r e s u l t s  a re  more 

c o n s i s t e n t  f r o m  sample t o  sample than  t h e  a i r - m e l t  AE r e s u l t s  ( o n l y  one r o d  of 

each t y p e  m a t e r i a l  was used). Th i s  i s  expected s i n c e  t h e  vacuum m e l t  process 
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i s  more c o n s i s t e n t .  Th i rd ,  t h e  change i n  t h e  304 AE p a t t e r n  f rom t h a t  

observed under u n i a x i a l  l o a d i n g  i s  sma l le r  than f o r  t h e  21-6-9 AE p a t t e r n .  

Hence, i t  should be more s t r a i g h t f o r w a r d  t o  c o r r e l a t e  t h e  304 AE data, r a t h e r  

than  t h e  21-6-9 data, w i t h  m i c r o s t r u c t u r e .  Th is  t h e s i s  cannot y e t  be t e s t e d  

because a d e t a i l e d  m i c r o s t r u c t u r a l  s tudy  has o n l y  been c a r r i e d  o u t  on t h e  

b i a x i a l l y  loaded 21-6-9 samples. 

CORRELATION WITH MICROSTRUCTURAL RESULTS 

The main d i f f e r e n c e s  between t h e  a i r  and vacuum m e l t s  o f  21-6-9 were 

expected t o  r e l a t e  t o  i n c l u s i o n s .  Table 2 summarizes t h e  r e s u l t s  o f  a s tudy  of 

t h e  i n c l u s i o n s  i n  b o t h  t ypes  o f  samples. Micrographs o f  t y p i c a l  i n c l u s i o n s  f o r  

t h e  vacuum- and a i r - m e l t  samples are shown i n  F igs.  14 and 15, r e s p e c t i v e l y .  

Before d i s c u s s i n g  t h e  i n c l u s i o n  r e s u l t s ,  we must p o i n t  o u t  why we are n o t  

a t t e m p t i n g  t o  c o r r e l a t e  t h e  AE r e s u l t s  w i t h  d i s l o c a t i o n  mot ion.  F i r s t ,  when a 

compression t e s t  o f  t h e  304 SS was monitored, no AE was detected.  Because AE 

had been de tec ted  i n  t e n s i o n  (see F i g .  13) ,  we concluded t h a t  d i s l o c a t i o n  

m o t i o n  was not  t h e  source. D i s l o c a t i o n  mo t ion  depends on shear s t resses  and 

t h u s  i s  n o t  dependent on whether t h e  shear s t r e s s e s  are induced by e x t e r n a l  

t e n s i o n  o r  by compression l oad ing .  Second, AE, which i s  assoc ia ted  w i t h  

d i s l o c a t i o n  mo t ion  i n  commercial m a t e r i a l s ,  i s  u s u a l l y  apparent a t  t h e  onse t  

o f  macroscopic y i e l d i n g  (see, f o r  example, Ref .  7 ) .  I n  t h e  c u r r e n t  records,  

t h e r e  a re  no AE peaks i n  t h e  quasi -cont inuous rms l e v e l  a t  t h i s  p o i n t  i n  t h e  

s t r e s s - s t r a i n  curves. Because t h e  21-6-9 d a t a  does n o t  i n d i c a t e  any o f  t h i s  

t y p e  o f  d i s l o c a t i o n - b a s e d  AE and because we expect compression t e s t s  o f  21-6-9 

t o  be s i m i l a r  t o  those  o f  304 SS, w e  assume t h a t  d i s l o c a t i o n  mo t ion  i s  n o t  a 

s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  AE observed. 
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The d i s t i n c t i v e  c h a r a c t e r i s t i c s  o f  t h e  21-6-9 b i a x i a l  AE behavior  a re  

summarized i n  Table 3. 

of 21-6-9 SS and because no s i n g l e  t y p e  o f  i n c l u s i o n  was p resen t  i n  bo th  t h e  

Because o f  t h e  c o m p l e x i t i e s  o f  t h e  AE c h a r a c t e r i s t i c s  

a i r -  and vacuum-melt samples, we w i l l  d i scuss  o n l y  t h e  main f a c t o r s  t h a t  must 

be r e c o n c i l e d  i n  o rde r  t o  c o r r e l a t e  t h e  AE w i t h  t h e  m i c r o s t r u c t u r a l  i n c l u s i o n s .  

Hence, i t  appears l i k e l y  t h a t  t h e  b u r s t - t y p e  AE must be assoc ia ted  w i t h  

f r a c t u r e  and/or decohesion of l a r g e  i n c l u s i o n  p a r t i c l e s  o r  o f  i n c l u s i o n  

p a r t i c l e s  t h a t  r e l e a s e  r e l a t i v e l y  l a r g e  amounts o f  energy under these  

processes. I n  e i t h e r  case, t h e  i n c l u s i o n s  a re  n o t  numerous. On t h e  o t h e r  

hand, t h e  quasi -cont inuous AE i s  assoc ia ted  w i t h  t h e  same o r  o t h e r  t ypes  o f  

i n c l u s i o n s  t h a t  a re  s m a l l e r  i n  s i z e  o r  r e l e a s e  l e s s  energy and, i n  e i t h e r  

case, are o r d e r s  o f  magnitude g r e a t e r  i n  number. Fo r  example, a We ibu l l  

d i s t r i b u t i o n  o f  i n c l u s i o n  s i z e s  may l e a d  t o  t h e  observed r e s u l t s ,  i.e., a few 

l a r g e  p a r t i c l e s  g i v i n g  r i s e  t o  b u r s t  t y p e  AE and many p a r t i c l e s  near t h e  mean 

s i z e  g i v i n g  r i s e  t o  t h e  quas i - con t inuous  AE. 

The l e v e l  o f  t h e  quas i - con t inuous  AE i n  F ig .  5a ( a i r  m e l t  No. 1 )  r e q u i r e s  

s p e c i a l  d i scuss ion .  Th is  sample had a r e l a t i v e l y  h i g h  rms value, which 

increased f r o m  near y i e l d  t o  1-1/2% s t r a i n  b e f o r e  dropping v e r y  g r a d u a l l y .  

c o n t r a s t ,  a i r  m'el t  No. 3 ( F i g .  5b) d i d  n o t  show t h i s  h i g h  l e v e l  o f  quas i -  

I n  

cont inuous AE. The obv ious d i f f e r e n c e  between these  two m e l t s  (Tab le  2 )  was 

t h e  presence i n  a i r  m e l t  No. 1 o f  [Cr-Mn-0-Si]-rich ( t y p e  C) i n c l u s i o n s ,  which 

showed e x t e n s i v e  c rack ing .  Poss ib ly ,  if enough o f  these t y p e  C i n c l u s i o n s  

were p resen t  i n  t h e  gage volume i n  a i r  m e l t  No. 1, t h e y  would r a i s e  t h e  l e v e l  

of quasi -cont inuous emiss ion t o  t h a t  observed i n  F ig .  5a. 

A l t e r n a t i v e l y ,  one can a l s o  specu la te  on t h e  p o s s i b l e  occurrence o f  

M23C6-type ca rb ides  t h a t  o f ten  f o r m  i n  t h e  g r a i n  boundar ies o f  21-6-9 SS 

because o f  f a u l t y  hea t  t rea tmen t .  These ca rb ides  by  c r a c k i n g  o r  decohesion 
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may c o n t r i b u t e  t o  t h e  h i g h  l e v e l  o f  quasi -cont inuous AE. 

be smal l  enough t o  go undetected i n  o p t i c a l  me ta l l og raphy ,  t h e  c h a r a c t e r i z a t i o n  

techn ique  employed i n  t h e  p resen t  work. 

t h a t  sho r t - range  order ,  when present ,  can g i v e  r i s e  t o  AE c h a r a c t e r i s t i c s  

s i m i l a r  t o  those d e p i c t e d  i n  F ig .  5a. We are unaware a t  p resen t  o f  any x - r a y  

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

any o r d e r i n g  phenomenon i n  21-6-9 s t e e l .  

Type M23c6 can 

Another p o s s i b i l i t y  suggested8 i s  

The AE reco rds  o f  b i a x i a l l y  loaded vacuum-melt specimens (F ig .  7 )  a re  

v e r y  i r r e g u l a r ,  showing t h e  e x i s t e n c e  of two humps i n  t h e  quasi -cont inuous AE 

r e c o r d  and a gradual  r i s e  i n  t h e  rms va lue  a f t e r  app rox ima te l y  2% s t r a i n .  By 

o p t i c a l  me ta l l og raphy  (Tab le  2 ) ,  we de tec ted  o n l y  one t y p e  o f  i n c l u s i o n  ( t y p e  

0) and l a r g e  v a r i a t i o n s  i n  i n c l u s i o n  s i z e .  The l a r g e r  i n c l u s i o n s  had a 

tendency t o  be grouped toge the r ,  whereas t h e  s m a l l e r  i n c l u s i o n s  were more 

randomly d i spe rsed .  

i n c l u s i o n  i s  d i f f i c u l t .  The p o s s i b i l i t y  e x i s t s  t h a t  t h e  observed AE r e s u l t s  

f r o m  c r a c k i n g  or  decohesion (unde tec ted  by  me ta l l og raphy )  o f  a d i f f e r e n t  t y p e  

o f  i n c l u s i o n  o r  o f  one t y p e  o f  i n c l u s i o n  hav ing two s i z e  d i s t r i b u t i o n s  (e.g., 

bimodal or  a more comp l i ca ted  d i s t r i b u t i o n  f u n c t i o n ) .  

To r e c o n c i l e  t h e  AE reco rds  w i t h  o n l y  one t y p e  o f  

One c l e a r  o b s e r v a t i o n  i n  t h e  p resen t  s e r i e s  o f  t e s t s  i s  t h a t  b u r s t - t y p e  

AE i s  p resen t  i n  t h e  b i a x i a l  t e s t s  whereas none o r  v e r y  l i t t l e  i s  observed i n  

u n i a x i a l  tensi,on. One i s  tempted t o  e x p l a i n  t h i s  i n  terms o f  an o r i e n t a t i o n  

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

t h i s  case) w i t h  r e s p e c t  t o  t h e  s t r e s s  s t a t e  (here,  t h e  presence o f  two- 

dimensional  t e n s i l e  s t resses  i n .  t h e  b i a x i a l  t e s t ) .  Th is  c o u l d  conce ivab ly  be 

t h e  t r u e  exp lana t ion .  

f a c t  t h a t  a f t e r  a l l o w i n g  f o r  d i f f e r e n c e s  o f  t ransducer  s e n s i t i v i t y ,  s t r a i n  

r a t e ,  extraneous n o i s e  and specimen volume, t h e  r e s u l t s  d e p i c t e d  i n  F igs .  6 

However, t h i s  e x p l a n a t i o n  i s  somewhat tempered by  t h e  
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and l l a  on one hand and F igs.  8 and l l b  on t h e  o t h e r  hand a re  n o t  a l l  t h a t  

d i s s i m i l a r  w i t h  r e s p e c t  t o  b u r s t - t y p e  AE. I f  o r i e n t a t i o n  o f  t h e  i n c l u s i o n  

w i t h  respec t  t o  s t r e s s - s t a t e  were a major  f a c t o r ,  we shou ld  have seen a b i g g e r  

d i f f e r e n c e  between AE r e c o r d s  f r o m  l o n g i t u d i n a l - t e n s i o n  and those f rom 

t r a n s v e r s e - t e n s i o n  specimens. 

CONCLUSIONS 
M 

1. 

2. 

3. 

4. 

5. 

Acous t i c  emiss ion f r o m  304 SS and 21-6-9 SS i nc reases  s i g n i f i c a n t l y  under 

b i a x i a l  t e n s i l e  l o a d i n g  compared t o  u n i a x i a l  t e n s i l e  loading.  

Acous t i c  emiss ion f r o m  these m a t e r i a l s  seems t o  be p r i m a r i l y  assoc ia ted  

w i t h  inclusion contents. 

For 21-6-9 S S ,  a i r  m e l t  can be d i s t i n g u i s h e d  f r o m  vacuum m e l t  by t h e  AE 

p a t t e r n s .  

As a f u n c t i o n  o f  s t r a i n  under b i a x i a l  loading,  AE f r o m  21-6-9 SS i s  much 

more comp l i ca ted  t h a n  AE f r o m  304 SS. 

More research  i s  r e q u i r e d  t o  s p e c i f i c a l l y  a s s o c i a t e  p a r t i c u l a r  i n c l u s i o n s  

w i t h  t h e  AE generated under b i a x i a l  and under u n i a x i a l  l o a d i n g  o f  

s t a i n l e s s  s t e e l .  
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Table 1 Chemical composition (wt%) o f  21-6-9 stainless steel 

~~ ~ 

Air-melt stock, 64-mn diam Vacuum-melt stock, + 
Element No. 1 No. 3 51-mm diam 

b 

Cr 20.0 20.0 20.2 

Ni 6.3 6.3 6.5 

Mn 8.2 8.2 9.1 

Si 0.22 0.22 0.45 

cu 0.2 0.2 0.2 

Mo 0.2 0.2 0.06 

A1 0.1 0.1 0.1 

co 0.1 0.1 0.1 

Ca 0.01 0.01 0.01 

Ag 0.001 0.001 0,001 

Sr 0.0004 0.0004 0.0004 

S 0.016 0.016 0.003 

C 0.024 0.029 0.021 

Ti 0.008 0.01 0.003 

Nitrogen 0.353 0.350 0.299 

Oxygen 0.013 0.018 0.009 

P 0.030 0.019 0.013 
,’. 
0 

i 
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Table 2 Inclusion character izat ion of 21-6-9 b i a x i a l l y  loaded specimens 

~ ~~ ~ 

Segregat i on Degree (%) 
Spec i men Type Size 1 /wa tendency Compos i t i  on of cracking Color 

A i r  melt A 3-10 pm 1:l Found i n  s t r i n g e r s  Mn,Cr ,T i ,O  
No. 1 some larger  and globules 

B 2-5 pm 4 : l  Occasionally Mn, S 
x 10-20 pm mixed w i t h  type A 

C 10-20 pm 1 O : l  Intermixed often; Cr,Mn,O,Si 
x 75-200 pm i ncl usi ons w i t h  

other phases 
present 

20-30%, Dark gun-metal 
mainly large grey 
i nc 1 us i ons 

No cracking Grey-yellow t inge ,  
l i g h t e r  t h a n  A 

300%b, Lighter than A 
para l le l  t o  or B 
forging 
direct ion 

Air melt A 

No. 3 Characterization i s  the same as for  No. 1 a i r  melt. 
6 

Vacuum D 1-50 pm 1:l No s t r i n g e r s  b u t  Mn,Si,Mg,Cr,Ca,O 10% 
me1 t Nos. larger inclusions 
2 and 4 tended t o  group 

together,  small e r  
ones randomly 
dispersed 

About same color 
as type C 

~ ~~~~~ 

aLength t o  w i d t h  r a t i o .  
b300% implies 3 cracks per inclusion. 
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Table 3 Acoust ic  emiss ion  c h a r a c t e r i z a t i o n  o f  21-6-9 s t a i n l e s s  s t e e l  b i a x i a l  

t e s t s  

c 

A i r  m e l t  No. 1 A i r  m e l t  No. 3 Vacuum m e l t  Nos. 2 and 4 

0 

i )  High l e v e l  o f  i) Lower l e v e l  t han  i )  About t h e  same as 

cont inuous  AE No. 1 cont inuous  AE a i r  m e l t  No. 3 

ii) Increase i n  c o n t i n -  ii) Peak i n  cont inuous  i i )  Continuous AE s t a r t s  

t o  i nc rease  a t  about 

t h e  1-1/2 t o  2% 

uous AE f rom y i e l d  

up t o  about 1-1/2%, 

then  f a l l s  o f f  s t r a i n  s t r a i n  l e v e l  and 

g r a d u a l l y  w i t h  s t r a i n  reaches a h ighe r  

l e v e l  than f o r  a i r  

m e l t  No. 3 

AE j u s t  a f t e r  y i e l d ,  

t hen  f a l l s  o f f  w i t h  

i i i )  S u b s t a n t i a l  h igh -  i i i )  S u b s t a n t i a l  h igh -  iii) Fewer l a r g e  ampl i -  

ampl i tude-burs t  AE ampl i tude-burs t  AE tude  bu rs ts ;  t o t a l  

about 100 

i v )  B u r s t  AE more i n t e n s e  i v )  B u r s t  AE more i v )  Most b u r s t  AE occurs 

b e f o r e  2% s t r a i n  i n t e n s e  b e f o r e  2% b e f o r e  1 1/2% s t r a i n  
./- 

s t r a i n  b u t  n o t  a t  as low a m 

s t r a i n  as i n  t h e  

a i r  me1 t s  
b 
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L i s t  o f  F iau res  

F ig .  1. Drawing o f  AE b i a x i a l - t e s t  specimen. 

F ig .  2. Geometry o f  t e n s i l e  samples. 

Fig. 3. Micrographs showing g r a i n  s t r u c t u r e  ( a )  and i n c l u s i o n s  ( b )  i n  t h r e e  

p e r p e n d i c u l a r  p lanes taken  f rom t h e  reduced s e c t i o n  of a b i a x i a l  

specimen o f  vacuum-melt 21-6-9 ss ( a f t e r  a p r e s s u r i z a t i o n  t e s t ) .  

F ig .  4. Micrographs showing g r a i n  s t r u c t u r e  ( a )  and i n c l u s i o n s  ( b )  i n  t h r e e  

p e r p e n d i c u l a r  p lanes taken f r o m  t h e  reduced s e c t i o n  of a b i a x i a l  

specimen o f  a i r - m e l t  21-6-9 SS ( a f t e r  a p r e s s u r i z a t i o n  t e s t ) .  

F ig .  5. Root-mean-square o f  AE and hoop s t r e s s  shown as f u n c t i o n s  o f  hoop 

s t r a i n  f o r  b i a x i a l l y  t e s t e d  21-6-9 SS ( g a i n  88 dB, background n o i s e  

l e v e l  0.016 V ) .  ( a )  A i r  m e l t  No. 1. ( b )  A i r  m e l t  No. 3. 

F ig .  6. Root-mean-square o f  AE and a x i a l  s t r e s s  shown as f u n c t i o n s  o f  a x i a l  

s t r a i n  for u n i a x i a l  t e s t  o f  b i a x i a l  specimen o f  21-6-9 a i r  m e l t  ( g a i n  

88 dB, background n o i s e  l e v e l  0.020 V, s t r a i n  r a t e  i n  p l a s t i c  r e g i o n  

0.02%/s). 

F ig .  7. Root-mean-square o f  AE vs. hoop s t r a i n  f o r  b i a x i a l l y  t e s t e d  samples 

of 21-6-9 vacuum m e l t s  2 and 4 ( g a i n  88 dB, background n o i s e  l e v e l  

0.016 V ) .  



Fig.  8. Root-mean-square o f  AE and a x i a l  s t r e s s  vs. a x i a l  s t r a i n  f o r  u n i a x i a l  

t e s t  o f  b i a x i a l  specimen o f  21-6-9 vacuum m e l t  ( g a i n  88 dB, 

background no ise  l e v e l  0.020 V, s t r a i n  r a t e  0.02%/s). 

Fig.  9. Root-mean-square o f  AE and s t r e s s  as f u n c t i o n s  o f  s t r a i n  t e n s i o n  o f  

21-6-9 SS ( g a i n  90 dB, background no ise  l e v e l  0.009 V, s t r a i n  r a t e  

e. ( b )  Transverse 0.25%/s). ( a )  Transverse vacuum-me 

a i r - m e l t  sample. 

t samp 

Fig.  10. Reload o f  samples f r o m  Fig.  9. ( a )  Sample f rom F ig .  9a. ( b )  Sample 

f r o m  Fig.  9b. 

Fig .  11. Root-mean-square o f  AE and s t r e s s  vs. s t r a i n  f o r  a x i a l  sample o f  

21-6-9 SS ( g a i n  86 dB, background n o i s e  0.015 V, s t r a i n  r a t e  

0.13%/)s. ( a )  A i r - m e l t  sample. ( b )  Vacuum-melt sample. 

F ig .  12. Root-mean-square o f  AE and hoop s t r e s s  vs. hoop s t r a i n  f o r  b i a x i a l  

t e s t  of 304 SS ( g a i n  88 dB, background n o i s e  0.020 V ) .  

F ig .  13. Root-mean-square o f  AE and s t r e s s  vs. s t r a i n  o f  t e n s i o n  o f  p i n - t y p e  

sample 304 SS ( g a i n  88 dB, background n o i s e  0.017 V, s t r a i n  r a t e  

0.20%/s). 

Fig .  14. T y p i c a l  t y p e  D i n c l u s i o n  i n  a vacuum-melt b i a x i a l  sample o f  a 21-6-9 

ss. 

F ig .  15. T y p i c a l  t y p e  A, B y  and C i n c l u s i o n s  i n  an a i r - m e l t  sample o f  21-6-9 

ss. 
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