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INTRODUCTION
4

The lo ad -b ea rin g  c a p a c ity  o f  a  component in  a s tr u c tu r e  i s  d e te r 

mined by th e  m a te r ia l 's  a b i l i t y  to  accomodate flaw s or s tre s s -c o n c e n tra -  

t o r s ,  which may be p re se n t in te n t io n a l ly  as a  r e s u l t  o f  d e s ig n -n e c e ss ity  

o r  u n in te n tio n a lly  as  a  r e s u l t  o f  a p a r t ic u la r  f a b r ic a t io n  tech n iq u e , 

such a s  w eld ing . In  t u r n ,  th e  m a te r ia l 's  a b i l i t y  to  accomodate flaw s i s  

determ ined by th e  a b i l i t y  o f  th e  m a te r ia l  to  to l e r a te  th e  accum ulation 

o f  p l a s t i c - s t r a i n  a t  a f la w , sometimes r e f e r r e d  a s  th e  n o tc h - d u c t i l i ty .  

Such flaw s o r  d is c o n t in u i t ie s  must be a n t ic ip a te d  in  r e a l  eng ineering  

s t r u c tu r e s . ;

For f r a c tu r e  in  m e ta l l ic  m a te r ia ls  to  happen, uniform  p la s t i c  flow 

must f i r s t  tak e  p la c e ,  and th en  become confined  o r lo c a l iz e d  t o  one or 

more re g io n s  o f th e  component. F ra c tu re  e v e n tu a lly  occurs a t .o r  w ith in  

one o f th e se  re g io n s  o f  lo c a l iz a t io n  o f  p l a s t i c  flow . S everal re sea rc h e rs  

(1 -3 )  have s ta te d  t h a t  th e re  a re  two means by which f r a c tu r e  may be i n i 

t i a t e d  in  m e ta l l ic  m a te r ia ls .  The f i r s t  method, termed " d u c ti le  f r a c 

t u r e " ,  in v o lv es  th e  c re a t io n  o f  d is c o n t in u i t ie s  a t  in te r f a c e s  between 

d isp e rse d  second-phase p a r t i c le s  and th e  m a tr ix , and th e  growth o f  th e se  

d is c o n t in u i t i e s  to  form th e  f r a c tu r e .  The second method, termed ' 'b r i t t l e  

f ra c tu r e "  by some (M,5) and " in s ta b i l i ty - c o n tr o l l e d  f ra c tu re "  by o th e rs  

( 1 -3 ) ,  in v o lv es  th e  lo c a l iz a t io n  o f p l a s t i c  flow  on p lanes o f  maximum 

sh ear s t r a i n  a s  p re d ic te d  by th e  th eo ry  o f p l a s t i c i t y  ( 6 ) ,  and th e  

e v e n tu a l s e p a ra tio n  o f  th e  m a te r ia l  along th e s e  p la n e s . .
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P rev ious re se a rc h  (7 ) has dem onstrated th a t  th e  c r i t i c a l  sh ea r 

s t r a i n  a t  th e  onse t o f  i n s t a b i l i t y  development ( )  i s  governed by p r io r  

s t r a i n  ( V ) ,  s t r a in  r a t e  ( y ) ,  tem pera tu re  (T ) , s t r e s s - g r a d ie n t  (g^)» and 

a  g en e ra l f a c to r  encompassing m ic ro s tru c tu ra l  e f f e c t s  (a )  which in c lu d es  

s t r e n g th - le v e l .  Values o f  y^ a re  a  measure o f  th e  m a te r ia l 's  a b i l i t y  

to  accom cdate p l a s t i c  s t r a i n  in  th e  p resence  o f  a  n o tch , o f te n  r e fe r r e d  

to  a s  th e  n o tc h - d u c t i l i ty .  These v a lu es do n o t u su a lly  c o r r e la te  w ith  

v a lu e s  oi: d u c t i l i ty -p a ra m e te r s  measured in  th e  sm ooth-bar t e n s i l e  t e s t .  

For any m a te r ia l ,  a  fu n c tio n a l r e la t io n s h ip  summarizing th e  p rev ious 

s ta tem en t may be w r i t te n  in  th e  form: •

Yi s f<Y» Y. T, ~ ,  a) <1T

he o b je c t o f  th e s e  e f f o r t s  i s  th e  d e te rm in a tio n  o f  th e  e f f e c ts  

o f  env ironm ental (y» Y» T ) ,  m e ta l lu rg ic a l  ( a ) ,  and m echanical ( ^ )  fa c to rs  

on th e  s t r a i n  a t  which th e  s t r u c tu r a l  member ceases t o  be a  r e l i a b l e  

lo a d -b e a rin g  component, and in s te a d  t e e t e r s  on th e  b r in k  o f  m echanical 

f a i l u r e .

To make such re se a rc h  t r u l y  m ean ingfu l, i t  should  be c a r r ie d  ou t on 

r e a l  en g in ee rin g  m a te r ia ls  o f  c u r re n t and fu tu re  i n t e r e s t  to  a  wide seg 

ment o f  in d u s try .  A re le v a n t  a p p lic a t io n  o f  en g in eerin g  m a te r ia ls  i s  

th e  L iqu id  Metal F a s t B reeder R eacto r (LMFBR), s a id  to  be a  s o lu tio n  to  

our c o u n try 's  develop ing  energy  c r i s i s .  W ithin t h i s  r e a c to r ,  which has 

s ta te d  design  requ irem en ts  o f  30 y ea rs  l i f e  a t  tem p era tu res  to  1200°F in  

th e  p resence  o f  l iq u id  sodium a s  a  h e a t - t r a n s f e r  f l u i d ,  many m eta l com

ponents a re  being  fa b r ic a te d  from Type 304 a u s te n i t i c  s ta in le s s  s t e e l  

( 8 ,9 ) .  T y p ica l components, t h e i r  p roduct form s, and s p e c i f i c  design



3

requ irem en ts  a re  summarized in  Table 1, Bauer and Connor ( 8 ) ,  in  t h e i r

ex ten s iv e  study  o f  m a te r ia ls  requ irem en ts  f o r  th e  LMFBR, have po in ted  o u t

th a t  d a ta  to  be used in  th e  development o f  a n a ly t ic a l  method fo r  e lev a ted

tem pera tu re  lo n e-tim e s t r u c t u r a l  design  in  th e  e l a s t i c - p l a s t i c  reg io n  may

be o b ta in ed  from t e s t s  run  in  a i r  o r  a s u i ta b le  i n e r t  environm ent to

r e ta r d  con tam ination  o f th e  specim en, r a th e r  th an  in  l iq u id  sodium: Two

a reas  o f c r i t i c a l  im portance t o  LMFBR d e s ig n e rs  were id e n t i f i e d :  ( l )

Data in v o lv in g  th e  d e te rm in a tio n  o f th e  v a lu e s  o f  s tra in -p a ra m e te rs  a t

th e  o n se t o f  c r i t i c a l  even ts  a r e  needed f o r  e le v a te d -te m p c ra tu re  d esig n -

an a ly ses  based on s t r a i n ,  r a th e r  than  s t r e s s  l im i ta t io n s ;  and (2 ) d a ta

on th e  r e l a t iv e  v a lu es  o f  s t r a i n  to  the. o n se t o f  c r i t i c a l  ev en ts  fo r

unwelded m a te r ia l and weldments made by p ro cesses  th a t  w i l l  be'employed

in  th e  f a b r ic a t io n  o f  LMFBR components. Need fo r  th e  l a t t e r  inform ation

l i e s  in  th e  f a c t  t h a t ,  even i f  th e  weldments a re  as s tro n g  o r s tro n g e r

than  th e  unwelded b a se -m e ta l, creep  o f th e  l a t t e r  may p la c e  a d d itio n a l
♦

lo ad s  on th e  weldment. I f  th e  weldment has low er v a lu es  o f s t r a in  to  

th e  o n se t o f  some c r i t i c a l  ev en t (such as  i n i t i a t i o n  o f  t e r t i a r y  creep 

o r  a f a s t  runn ing  c rack ) a s  e x is t in g  d a ta  su g g e s ts , f a i l u r e  may w ell be 

i n i t i a t e d  in  th e  " s tro n g e r"  component o f th e  s t r u c tu r e .

I t  was decided  to  e v a lu a te  one-inch  d iam eter b a r  a s  being  ty p ic a l  

o f  a  r e a d i ly  a v a i la b le  wrought product form, and a  tw o-inch  th ic k  weld

ment fa b r ic a te d  from r o l le d  p la te  and Type 308 s ta in l e s s  s t e e l  f i l l e r  

m eta l by th e  manual sh ie ld e d  m etal a rc  p ro cess  as be in g  ty p ic a l  o f a 

w elding p rocess  used in  th e  f a b r ic a t io n  o f  LMFBR components ( 9 ) .  The 

form er m a te r ia l  was ev a lu a ted  in  both th e  so lu tio n -a n n e a le d  and s e n s i

t i z e d  c o n d it io n s ,  w h ile  th e  l a t t e r  m a te r ia l  was e v a lu a ted  as welded, i . e .
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w ith  a  s e n s i t iz e d  h e a t- a f f e c te d  zone, which r e f l e c t s  th e  c o n d itio n  o f  

la rg e  welded LMFBR components a f t e r  f ie ld - e r e c t io n  w eld ing . The tem pera

tu r e  i s t r a i n - r a t e  envelope was s e le c te d  to  in c lu d e  ty p ic a l  LMFBR o p e ra t

in g  req u irem en ts : room -tem perature to  1200°F (6U9°C) and s t r a i n - r a t e s  o f

0 .0 6  to  5 p e r  m inute (1 0 ,1 1 ) .



REVIEW OF PREVIOUS WORK

1 . The Two Modes o f F ra c tu re

The two b a s ic  inodes o f  f r a c tu r e ',  a s  d e sc rib e d  in  th e  in t ro d u c t io n ,  

a r e  by pore fo rm ation  and co a le scen ce  and by i n s t a b i l i t y  fo rm atio n  and 

growth in  d ir e c t io n s  o f  pu re  s h e a r . W hile c a v i t a t io n ,  o r  p o re  fo rm atio n  

and c o a le se n c e , has been accep ted  a s  one o f  th e  two b a s ic  modes o f  f r a c 

tu r e  f o r  q u ite  some tim e , s e v e ra l  r e s e a rc h e r s  (1 2 - lh )  have s ta te d  t h a t  

i t  i s  one o f th e  l e a s t  understood  fa ilu re -m o d e s . The d i f f i c u l t y  w ith  

th e  concep t o f  c a v i ta t io n  l i e s  in  th e  d i f f i c u l t i e s  in  fo rm u la tin g  m athe

m a tic a l  c r i t e r i a  o f  th e  s t r a i n  to  f r a c tu r e  th a t  y ie ld  p r e d ic t io n s  which 

f a l l  a t  a l l  c lo se  to  ex p e rim en ta lly -o b se rv ed  v a lu e s  (1 5 ) . C o n ce p tu a lly , 

c a v i ta t io n  i s  o f te n  e n v is io n ed  as  a  n u c le a tio n  and growth p ro c e ss .

A f te r  c o n s id e ra b le  p l a s t i c  flo w , p o res  n u c le a te  a t  some m a tr ix  d is c o n -  

t i n u i t y ,  such a s  in c lu s io n s ,  p r e c i p i t a t e s ,  d is p e r s io n s ,  and  g ra in  o r  

su b g ra in  b o u n d aries . The p o res  th en  grow w ith  c o n tin u in g  p l a s t i c  de

fo rm atio n  and expand under t r i a x i a l  s t r e s s e s  u n t i l  th ey  a r e  com ple te ly  

jo in e d  on th e  f r a c tu r e  s u r f a c e .  Thus, th e  m a te r ia l  between th e  p o re s  

f a i l s  by 100% re d u c tio n  o f  a re a  in  pu re  .d u c ti le  f r a c tu r e .  Some com pli

c a t io n s  occur w ith  d i f f e r e n t  s t a t e s  o f  s t r e s s ,  f o r  in s ta n c e  in  a  round 

t e n s i l e  specimen in  which a  s t r e s s  s t a t e  fav o rin g  a  sh e a r  co a le scen ce  o f 

th e  p o re s  i s  g en era ted  in  th e  necked s e c t io n .  A lso , lo ad s  r e q u ir in g  

p u l l in g  a p a r t  from one edge c r e a te  a  ’'te a r in g "  f r a c tu r e .  These d i f f e r e n t
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s t a t e s  o f  s t r e s s  only s l i g h t l y  a f f e c t  th e  coalescence  s ta g e  o f c a v i ta t io n ;  

th e  b a s ic  node o f  f ra c tu re *  pore fo rm ation  a t  d i s c o n t in u i t ie s  and c o a l

escence by ru p tu re  between pores* i s  c o n s is te n t .

A second mode o f  f ra c tu re *  a s  d escribed  in  th e  in tro d u c tio n *  i s  

f r a c tu r e  by i n s t a b i l i t y  in  d i r e c t io n s  o f  pure s h e a r .  The o r ig in a l  sug

g e s tio n  o f  t h i s  type o f  f r a c tu r e  ap p ears  to  have been made by a Dutch 

p l a s t i c i a n ,  F . K. Th. Van I te r s o n  (1 6 ) . A fte r  o b se rv a tio n s  o f  f lo w  in  

many m e ta l l ic  and n o n -m e ta llic  m a te ria ls*  Van I te r s o n  p o s tu la ted  t h a t  

m a te r ia l  ach iev es  a new s t a t e  o f  m atter*  somewhere between s o l id  and 

l iq u id *  which he c a l le d  th e  " p la s t ic iz e d  s t a t e . "  The p la s t ic iz e d  s t a t e  

w i l l  occur in  d ir e c t io n s  o f  ze ro  e x te n s io n a l s t r a i n .  I n s t a b i l i t y  f r a c 

tu r e  i s  a f r a c tu r e  r e s u l t in g  from lo c a l iz e d  p l a s t i c  flow , th e  p l a s t i c  

flow  being  s h e a r  deform ation  in  d ir e c t io n s  o f  p u re  sh e a r. I n s t a b i l i t y  

deform ation  i s  n o t a  geom etric  i n s t a b i l i t y  as neck ing  in  th e  round te n 

s i l e  specimen* nor i s  i t  c ry s ta l lo g ra p h ic  s l i p .  Spretnak (1 7 ), in  a
♦

r e c e n t  suranary p ap er, s ta te d  th e  th r e e  requ irem en ts  fo r  th e  fo rm atio n  of 

such  lo c a l iz e d  p l a s t i c  flow : (a )  a  s t r e s s  g r a d ie n t ,  (b ) a  f re e  s u r f a c e ,

and (c )  th e  m a te r ia l  must s im u la te  th e  id e a l ly  p l a s t i c  s ta t e .

Even though th e  ty p e  o f  deform ation and d i r e c t io n  o f th a t  d e fo r 

m ation fo r  i n s t a b i l i t y  f r a c tu r e s  has been-defined*  th e re  a re  th re e  

d i s t i n c t  ty p e s  o f  f r a c tu r e  th a t  can occur through  in s t a b i l i t y  f lo w . 

Suppose th e  p la n e  o f  deform ation  h as  a  f i n i t e  w id th . Then th e  f i r s t  type 

o f  i n s t a b i l i t y  f r a c tu r e  occurs in  th e  case o f  h ig h ly  lo c a liz e d  p la s t i c  

flow  on a p lan e  o f pure shear* w ith  th e  th ic k n e ss  o f  th e  i n s t a b i l i t y  

p la n e  being sm a lle r  th an  th e  second phase p a r t i c le s  d is tr ib u te d  th ro u g h 

o u t th e  m a trix . As a  r e s u l t  o f  th e  in te n se  lo c a l iz a t io n  o f  flow* th e
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m a te r ia l  behaves homogeneously w ith  r e s p e c t  to  th e  f r a c tu r e  p ro c e ss , w ith 

l i t t l e  ev idence o f  th e  second phase p a r t i c l e s  on th e  f r a c tu r e  s u rfa c e .

T h is r e s u l t s  in  th e  topography o f  th e  f r a c tu r e  s u rfa c e  f a i l i n g  to  show 

la rg e  dim ples which would o th erw ise  be formed in  a m a te r ia l  w ith  second 

phase p a r t i c l e s  which underwent uniform  defo rm ation .

A second ty p e  o f  i n s t a b i l i t y - f r a c t u r e  may occur when th e  p lan e  on 

which i n s t a b i l i t i e s  l i e  i s  th ic k e r  th an  th e  s iz e  o f  th e  d isp e rsed  second 

phase p a r t i c l e s .  The d i f f u s e  i n s t a b i l i t y  flow  would lead  t o  pore forma

t io n  and coalescen ce  w ith in  th e  i n s t a b i l i t y ,  a s  su g g ested  by S pretnak  (1 8 ) . 

The d if fe re n c e s  between th e  two ty p es  o f  i n s t a b i l i t y  f r a c tu r e s  l i e  in  th e  

w id ths o f  th e  p lan e  o f lo c a l iz e d  flow  r e l a t iv e  to  th e  s iz e  o f  th e  d i s 

p ersed  second phase p a r t i c l e s  and th e  e f f e c t  o f  th e  w idth on th e  p ro cess  

o f  f i n a l  f r a c tu r e .

The t h i r d  type o f  f r a c tu r e  which may invo lve i n s t a b i l i t y  flow  i s  

n o t i n s t a b i l i t y  c o n tro l le d ,  and i s  c a l le d  a  mixed mode f r a c tu r e .  In  th e  

case  in  which uniform  deform ation  has le d  to  pore fo rm a tio n , th e  c o a le s 

cence co u ld  o ccu r i f  th e  fo rm ation  o f  pores f u l f i l l e d  th e  requ irem en ts  

f o r  i n s t a b i l i ty - c o n t r o l l e d  flow  ( f r e e  s u r fa c e ,  s t r e s s  g ra d ie n t ,  id e a l  

p l a s t i c  m a te r ia l ) .  In  t h i s  type o f  f r a c tu r e  th e  i n s t a b i l i t y  f r a c tu r e  

causes c o a le sce n c e , l im i t in g  th e  d u c t i l i t y  norm ally  found in  c a v i ta t io n  

by l im i t in g  th e  amount o f  p l a s t i c  flow  re q u ire d  to  jo in  th o  p o re s .

2 . C a v ita tio n

The f i r s t  o b se rv a tio n  o f  th e  fo rm ation  o f  a  la rg e  I n te r n a l  c a v ity  

in  a c y l in d r ic a l  t e n s i l e  specimen has been a t t r ib u te d  to  Ludwik (1 9 ) .

Many r e c e n t  w orkers have re p o rte d  th e  r e s u l t s  o f  o b se rv a tio n s  made on



8

c y l in d r ic a l  t e n s i l e  specim ens, and p re sen ted  conv incing  argum ents f o r  th e  

occurrence o f  d u c t i le  f r a c tu r e  by c a v i ta t io n ,  f o r  example Broek (15) 

P u tt ic k  (2 0 ), and 'R ogers (2 1 ) .  Beachem (22) has given an a n a ly s is  and 

p ro o f o f  th e  c a v i ta t io n  p ro cess  be in g  th e  c o n tro l l in g  fe a tu re  in  d u c t i le  

f r a c tu r e .  By observ ing  a c tu a l  f ra c tu re - s u r fa c e s  by e lec tro n -m ic ro sco p y , 

Beachem was a b le  to  c o r r e la te  th e  e f f e c ts  o f  s t r e s s - s t a t e  on th e  various 

modes o f  c a v ity -c o a le sc e n c e . F igure  1 p re se n ts  th e  types o f  su rfa ce  

topography and th e  mode o f  void  coalescence th a t  caused th e  topography,

A. Void form ation a t  s p h e r ic a l  p a r t ic le s

1. T heories—A sp h e ric a lly -sh a p e d  second-phase p a r t i c le  whose 

e l a s t i c  and p l a s t i c  c o n s ta n ts  d i f f e r  from those  o f  th e  m atrix  w i l l  a c t  as 

a  s tr e s s - c o n c e n tra to r ,  When th e  s t i f f n e s s  o f  th e  p a r t i c le  i s  more than  

th a t  o f  th e  m a tr ix , s tr e s s -c o n c e n tra tio n s  w i l l  o ccu r a t  i t s  p o le s . When 

th e  s t i f f n e s s  o f  th e  p a r t i c l e  i s  l e s s  than  th a t  o f  th e  m a tr ix , co n cen tra 

t io n s  o f  s t r e s s  w i l l  occur a t  th e  p a r t i c l e ’s  e q u a to r . Goodier (23) has 

p resen ted  c a lc u la t io n s  o f  th e  s t r e s s e s  developed around s p h e r ic a l  p a r t i 

c le s .

Gurland and P la teau  (24) have proposed a  sim ple model f o r  c a v i ty -  

form ation in  con junction  w ith  s p h e r ic a l  p a r t i c l e s .  They con sid e red  th e  

case  where th e  p a r t i c le  s t i f f n e s s  i s  g r e a te r  than th e  m atrix  s t i f f n e s s ,  

which would r e s u l t ,  i f  th e  sample were loaded  in  te n s io n , in  th e  s t r e s s -  

co n cen tra tio n s  a t  th e  p o le s  o f  th e  p a r t ic le s  c re a t in g  t e n s i l e  s t r e s s e s  

over th e  m atrix : p a r t i c l e  in te r f a c e .  T h e ir b a s ic  assum ptions wore th a t

(a )  s t r e s s e s  in  th e  m atrix  a re  a f fe c te d  by th e  p a r t i c le  over a volume 

whose dim ensions a re  o f  th e  o rd er o f  those  o f  th e  p a r t i c l e ,  (b ) th e  s iz e  

o f  th e  i n i t i a l  void  equals th a t  o f  th e  in c lu s io n , and (c )  th e  c r i t e r io n
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f o r  c a v ity  fo rm ation  i s  t h a t  th e  su rfac e -e n e rg y  re q u ire d  to  c re a te  th e  

new f re e - s u r fa c e s  i s  su p p lie d  by th e  r e l i e f  o f  s tr a in -c n e rg y  by v o id - 

fo rm atio n . T h e ir  r e s u l t s  a re  summarized in  eq u a tio n  (2)

r V 2  , 
avoid  a ^

where o i s  th e  nom inal s t r e s s  in  th e  m a tr ix , y i s  th e  su rfa c e -e n e rg y , 

and a i s  a  f a c to r  r e p re s e n tin g  th e  c o n c e n tra tio n  o f  s t r e s s  around th e  

p a r t i c l e .  I t  has been in d ic a te d  by R .osenfield (14) t h a t  th e  magnitude 

o f  Y in  e q u a tio n  (2) depends on th e  in te r fa c e -e n e rg y , Ymp» th e  p a r t i c l e 's  

su rfa c e -e n e rg y , yd » and th e  m atrix  s u rfa c e -e n e rg y , Ym» such th a t
r

Y B 2yn for fracture of the particle
P (3)

Y = Ym + Yp -  Yj.jp f o r  decohesion a t  th e  in te r f a c e .

Brook (15) h a s  shown th a t  th e  r e la t io n s h ip  between a  and th e  e l a s t i c -  

c o n s ta n ts  o f  th e  m atrix  and p a r t i c le  a re  v ery  complex.

A mechanism and c r i t e r i o n  developed s p e c i f i c a l ly  fo r  fo rm ation  o f  

c a v i t i e s  a t  th e  in te r f a c e  between a  s p h e r ic a l  in c lu s io n  in  a shear-band 

and th e  m a trix  has been proposed by Ashby (2 5 ) .  In  t h i s  m odel, which was 

developed t o  r a t io n a l iz e  th e  w ork-hardening b eh av io r o f  d is p e rs io n -  

s tren g th en ed  m a te r ia ls ,  th e  p a r t i c l e  i s  con sid e red  to  be i n f i n i t e l y  s t i f f ,  

w h ile  th e  m a trix  i s  p e rm itte d  to  undergo p l a s t i c  d efo rm atio n . Because o f 

i t s  p resence  in  a sh ea r-b an d , th e  p a r t i c l e  s t r e s s e s  th e  su rround ing  

m a tr ix , s in c e  th e  p a r t i c l e  w i l l  p ro v id e  a  c o n s tr a in t  to  f r e e  deform ation 

o f  th e  h o le ,  a s  i s  shown in  F igure  2 . Under lo a d , th e  s t r e s s e s  produced 

by th e  p a r t i c l e  become la rg e  enough to  exceed th e  y ie ld  s t r e s s ,  producing 

p l a s t i c  flow . Ashby co n s id e rs  t h i s  p l a s t i c  flow  to  be secondary s l i p ,  w ith
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th e  r o le  o f  r e l ie v in g  th e  s t r e s s e s  caused by th e  p a r t i c l e s .  T his r e l i e f  

can be produced by form ing i n t e r s t i t i a l  loops in  a re a s  o f  th e  m atrix  under 

com pression} and by form ing vacancy loops in  a re a s  o f  th e  m a trix  under 

te n s io n t as  shown in  F igure  2b. F in a l ly ,  co a lescen ce  o f  vacancy-loops 

a t  th e  p a r t i c le :  m a trix  in te r f a c e  c re a te s  a  c a v ity  o r  vo id  (F ig u re  2 c ) . 

Assuming a l in e a r  v a r ia t io n  o f  s t r a i n  in  th e  sh ea r-b an d , and th a t  vo id - 

fo rm ation  o ccu rred  when th e  i n t e r f a c i a l  s t r e s s  exceeded a  c r i t i c a l  

v a lu e , oy , Ashby o b ta in ed

where c i s  th e  s t r a i n  in  th e  m a trix , a  i s  th e  s iz e  o f  th e  p a r t i c l e ,  b i s  

th e  Burgers v e c to r ,  a  and 3 a re  two c o n s ta n ts ,  and L i s  th e  len g th  o f  

th e  d is lo c a t io n -p i le u p .  The m a t r ix - s t r a in , ev , o f  a  vo id  i s

E quation  (5) p re d ic te d  th a t  th e  s t r a in  f o r  v o id -fo rm atio n  would vary  

in v e r s ly  w ith  th e  p a r t i c l e - s i z e ,  a ,  w h ile  eq u atio n  (2 ) o f  Gurland and 

P la te a u  p re d ic te d  a  v a r ia t io n  w ith  th e  in v e rse  s q u a re -ro o t o f  a .  This 

d if fe re n c e  co u ld , however, be caused by a dependence o f  L on p a r t i c l e -  

s iz e .

An o b je c tio n  to  A shby's model i s  t h a t  i t  r e q u ire s  s l i p  o ccu r by 

m otion o f p r ism a tic  lo o p s. P r ism a tic  loops a re  d i f f i c u l t  t o  move, as 

h igh  s t r e s s e s  a re  re q u ire d  t o  move them in  t h e i r  g l id e -p a th .  Hence, th e  

f i r s t  vacancy loop formed should  adhere to  th e  in te r f a c e  and form th e  

r e q u ire d  c a v ity .  While p r ism a tic  loops a re  o c c a s io n a lly  seen in  a s -

(4 )

1 bL „ 
cv  -  H5T a °v (5)
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quenched m a te r ia l ,  probably  as a  r e s u l t  o f  vacancy co n d en sa tio n , they  a re  

u s u a lly  n o t observed  in  p l a s t i c a l ly - s t r a in e d  m a te r ia ls .

2 . Experim ental o b se rv a tio n s—o f  v o id -fo rm atio n  a t  s p h e r ic a l  

in c lu s io n s  a re  numerous (2 6 -2 9 ). T ip n is  and Cook (2 6 ) , in  a  study o f 

flow  and f r a c tu r e  in  r e s u lfu r iz e d  free-m ach in ing  s t e e l s ,  found evidence 

o f  v o id -fo rm atio n  a t  th e  in c lu s io n : m atrix  in te r f a c e  o f  s p h e r ic a l  MnS 

in c lu s io n s  under a  v a r ie ty  o f  lo ad in g  c o n d itio n s  ran g in g  from to rs io n  to  

to r s io n  p lu s  superposed  te n s io n  o r  com pression. Brower and Flemings (27) 

on t h e i r  s tudy  o f  c h i l l - c a s t  Iro n  p lu s  s p h e r ic a l  FeO o r  Si02 in c lu s io n s  

deformed in  te n s io n  made d i r e c t  o b se rv a tio n s  o f  in c lu s io n !  m a trix  de

cohesion  u s in g  th e  scanning  e le c tro n  m icroscope. Broek (2 8 ) ,  who i n 

v e s tig a te d  th e  mechanisms o f  v o id - in i t i a t io n  and growth in  s ix  p r e c ip i 

ta t io n -s tre n g th e n e d  aluminum-base a l lo y s ,  found evidence o f  v o id - in i t i a -  

t io n  a t  in te r f a c e s  between s p h e r ic a l  p a r t ic le s  and th e  m atrix  a f t e r  

s t r a in in g  b o th  2024 and 7075 a l lo y s  in  th e  fu lly -a g e d  c o n d itio n . Baker 

and C harles  (2 9 ) ,  who in v e s tig a te d  th e  deform ation b ehav io r o f  MnS 

in c lu s io n s  in  r e s u lfu r iz e d  s te e l s  d u rin g  h o t - r o l l in g ,  found d i r e c t  m eta l-  

lo g ra p h ic  ev idence o f  voids a t  th e  p o les  o f  s p h e r ic a l  in c lu s io n s . They 

p o s tu la te d  th a t  th e  v o id -fo rm atio n  by decohesion a t  th e  in c lu s io n : m atrix  

in te r f a c e  a t  th e  lo c a tio n s  o f  maximum s t r e s s  as  p re d ic te d  by Goodier (23) 

was due to  th e  in a b i l i t y  o f  th e  a u s te n i t i c  m atrix  to  flow around th e  non

deform ing in c lu s io n  w h ile  s im u ltan eo u sly  m a in ta in in g  c o n ta c t with i t .  

S im ila r  vo id -fo rm atio n  by in c lu s io n : m atrix  decohesions in  s te e ls  con

ta in in g  non-deform ing oxide a n d /o r  s i l i c a t e  in c lu s io n s  have a ls o  been r e 

p o rte d  by P ick e rin g  (3 0 ) ,  and Rudnlk (3 1 ) , as w e ll a s  C harles and 

Uchiyama (3 1 ).
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B, V oid-form ation a t  e lo n g a ted  p a r t i c l e s

1‘. T h eo ries—Gurland and P la te a u ’s  (24) c o n d itio n  fo r  v o id -  

fo rm ation  has a lso  been a p p lie d  t o  e lo n g a ted  p a r t i c l e s .  For t h i s  c a s e , 

eq u a tio n  (2 )  i s  m odified to

0 = i  (SX) (6)
<1 X

where a i s  th e  d iam eter o f  th e  p a r t i c l e ,  X i s  le n g th ,  and q i s  now a new

f a c to r  re p re s e n tin g  th e  c o n c e n tra tio n  o f  s t r e s s  around th e  p a r t i c l e .

Hence, th e  s t r e s s  f o r  c a v ity -fo rm a tio n  depends on th e  le n g th  o f  th e

p a r t i c l e ,  r a th e r  th an  on i t s  a s p e c t - r a t io  ( r a t i o  o f  le n g th  to  w id th ).

I t  i s  o f te n  assumed th a t  p a r t ic le s  f r a c tu re  by cleavage^due t o

s t r e s s e s  c re a te d  by d is lo c a t io n s  p i l in g -u p  a g a in s t  th e  p a r t i c l e s .  Two

v a r ia t io n s  o f  an a n a ly s is  o f  p a r t i c l e - f r a c tu r e  by th e  s h e a r - s t r e s s  from

a p ile d -u p  group o f  d is lo c a t io n s  have been re p o r te d  by G urland (33) and

Barnby (3 4 ). In  i t s  g lid e -p la n e  n e a r  th e  head o f  th e  p ile d -u p  group o f
♦

n d is lo c a t io n s ,  th e  sh ea r  s t r e s s  ex e rted  by th e  group i s  

t * n Ta

where Ta i s  th e  a p p lie d  sh ea r s t r e s s .  The approxim ate number o f  d is lo c a 

t io n s  in  th e  p ile -u p  i s  g iven  by

2L.
n t r  Ta  Gb a

where L i s  th e  le n g th  o f  th e  p i le - u p ,  G i s  th e  sh ea r modulus o f  th e  

m a te r ia l ,  and b i s  th e  Burgers v e c to r .  S o lv ing  f o r  th e  s h e a r - s t r e s s  on 

th e  p a r t i c l e ,  one o b ta in s



Assuming th a t  f ra c tu re  o f  th e  in c lu s io n  ta k e s  p lace  when t h i s  s t r e s s  ex -
t

ceeds a  c r i t i c a l  value Tc r  th e  c o n d itio n  f o r  cav ity -fo rm at ion  becomes

(5) ' 1/2
t a ■ (7 )3 2L

E quation  (7 ) in d ic a te s  t h a t  th e  s t r e s s  Ta i s  n o t a  fu n c tio n  o f  p a r t i c l e -  

s iz e .  Barnby (31) claim ed  th a t  Tc r  th e  p a r t i c l e 's  f f r a c tu re - s t r e s s , must 

vary  a s  th e  square ro o t  o f  the d iam eter o f  th e  p a r t i c l e ;  r e q u ir in g  t h a t  

la rg e  p a r t i c le s  would f a i l  a t  h ig h e r  s t r e s s e s  than  sm all p a r t i c l e s ,  which
I

i s  n o t  r e a l i s t i c .  G urland (33) in c o rp o ra te s  the e f f e c t  o f  p a r t i d e - s i z e  

in  e q u a tio n  (7 ) by assum ing th e  e x is te n c e  o f  a r e la t io n s h ip  between th e  

s iz e  o f  th e  p ile -u p  and th e  spac ing  and s i z e  o f th e  p a r t i c le s .

Broek (15) in  h i s  study o f  d u c t i le  f r a c tu r e  in  p r e c ip i ta t io n -  

s tren g th en ed  aluminum a l l o y s ,  r a i s e d  the  p o in t  t h a t  second-phases formed 

by s o l i d - s t a t e  p re c ip i ta t io n - r e a c t io n s  a r e  m e ta l l ic  in  n a tu re  and should  

be cap ab le  o f  some p la s tic -d e fo rm a tio n  b e fo re  f r a c tu r e .  He th en  p ro 

posed a  c r i te r io n  fo r  f r a c tu r e  o f  l im i t e d - d u c t i l i ty  m e ta l l ic  p a r t i c l e s  

in v o lv in g  t h e i r  undergoing  p l a s t i c  deform ation in  te n s io n  d u rin g  s t r a i n 

in g  o f  th e  m atrix  u n t i l  th e  d u c t i l i t y  o f  th e  m e ta l l ic  p a r t i c le  i s  exhaus

te d  and f r a c tu r e  r e s u l t s .  S ince th e se  p a r t i c l e s  a r e  alm ost always 

s t i f f e r  th an  th e  m a tr ix , c o m p a tib ility  o f  deform ation  between th e  p a r t i 

c le  and m atrix  w ill  d ev e lo p  h ig h e r  s t r e s s e s  in  th e  p a r t i c l e  th an  in  th e  

m a tr ix . This s tr e s s - c o n c e n tra t in g  e f f e c t  r e s u l t s  in  th e  p a r t i c le s  f a i l 

ing  a t  r e la t iv e ly  low o v e r a l l  s t r a i n s .  Broek assumed th a t  th e  m e ta l l ic  

p a r t i c le s  would f ra c tu r e  when th e  maximum s t r a in  in  th e  in c lu s io n ,



M

which would be developed  a t  i t s  m id -len g th  a c co rd in g  to  h i s  e l a s t i c -  

a n a ly s i s ,  exceeds a  c r i t i c a l  v a lu e .  L im ited  agreem ent w ith  experim ent 

was o b ta in e d .
*

2 . E x p e rim en ta l o b s e rv a t io n s —o f  v o id -fo rm a tio n  a t  e lo n g a te d  

p a r t i c l e s  a re  numerous (2 6 , 29 , 35 , 3 6 ) . T ip n is  and Cook (26) found 

e x te n s iv e  ev idence o f  vo id  fo rm a tio n  a s s o c ia te d  w ith  b o th  in c lu s io n :  

m a tr ix  d eco h esio n s  a t  th e  d u p lex -p h ase  t a i l s  o f .d u c t i l e  (F e , Mn) S in c lu 

s io n s  and by f r a c tu r in g  o f  non-deform ing MnS in c lu s io n s  in  r e s u l f u r iz e d

fre e -m a c h in in g  s t e e l s  deform ed in  to r s io n  b o th  w ith o u t o r  w ith  su p e r-
«

posed a x ia l  te n s io n  o r  com pression . S im ila r  r e s u l t s  were seen  by Baker 

and C h a rle s  (29) in  t h e i r  s tu d ie s  o f  d efo rm ation  o f  MnS in c lu s ib n s  in  

r e s u l f u r i z e d  s t e e l s  by h o t  r o l l i n g .

S h ap iro  and D ie te r  (3 5 ) found ev id en ce  o f  v o i d - i n i t i a t i o n  by b o th  

in c lu s io n :  m a tr ix  d eco h es io n s  and by f r a c tu r in g  o f  in c lu s io n s ,  p ro b ab ly  

o x id e s  and c a r b o n i t r id e s , d u r in g  t o r s i o n - t e s t i n g  o f  a  Fe-C r-N i a l lo y  

( In c o n e l 600) a t  800°F t o  1200°F. Mo a tte m p t was made t o  c o r r e la t e  

m acroscop ic  lo a d in g -c o n d it io n s  ( to r s io n  v e rsu s  to r s io n  p lu s  superposed  

te n s io n  o r  com pression) w ith  th e  two modes o f  v o id -fo rm atio n *

D riv e r  (36) in  h i s  s tu d y  o f  e le v a te d - te m p e ra tu re  f a t i g u e - f a l l u r e  

i n  ty p e s  30ML, 304H, and 321 a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  found m e ta l lo -  

g ra p h ic  ev id en ce  o f  v o i d - i n i t i a t i o n  by d eco h esio n s  a t  th e  in t e r f a c e  b e 

tw een e lo n g a te d  g ra in -b o u n d a ry  c a rb id e s  and th e  a u s te n it . ic  m atrix*

In  th e  case  o f  d isp e rs io n -h a rd e n e d  m a te r ia l s ,  which a re  u s u a lly  

s tre n g th e n e d  w ith  o x id e  p a r t i c l e s ,  one would th in k  th a t  th e  co h es iv e  

s t r e n g th  betw een th e  m a tr ix  and th e  ox id e  p a r t i c l e s  i s  low . As a  conse

quence o f  th e  c o n c e n tra tio n  o f  s t r e s s e s  a t  th e  p a r t i c l e - p o l e s ,  r e l a t i v e l y
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low s t r e s s e s  a re  needed t o  exceed th e  m a trix : oxide i n t e r f a c i a l  s tr e n g th ,  

r e s u l t in g  in  c a v i t i e s  being  found a t  th e  p o le s  (3 7 -3 9 ),

On th e  o th e r  hand, evidence fo r  v o id - in i t i a t io n  by p a r t ib l e -  

f r a c tu r e  a lone  has been seen (2 8 , 34, 4 0 ) . Broek (28) .in h is  in v e s t ig a 

t io n  o f  v o id - in i t i a t io n  and growth in  p re c ip ita tio n -s tre n g th e n e d  aluminum

a l lo y ,  found e x te n s iv e  ev idence o f  v o id - in i t i a t io n  due t o  f ra c tu re  o f
o o

e lo n g a ted  in c lu s io n s  o f  sub-m icroscopic  (1000A-3000A) s iz e .  Ho evidence 

o f  f r a c tu r e  o f  O' p a r t i c l e s ,  a lso  p re se n t in  one o f  th e  a l lo y s  co n ta in in g  

th e s e  in c lu s io n s ,  was seen . Barnby (34) and Barnby and Peace (40) in  

t h e i r  s tu d ie s  o f  t e n s i l e  and f a t ig u e  deform ation o f  a u s te n i t i c  s ta in le s s  

s t e e l  s e n s i t iz e d  t o  produce ex te n s iv e  p r e c ip i ta te s  o f r o d - l ik e / M23Cg 

c a rb id e s ,  found th a t  v o id - in i t i a t io n  in  th e  m a trix  occurred  only  a t  th e  

ex ten s io n s  o f  t ra n s v e rs e  cracks o r ig in a t in g  w ith in  th e  e lo n g a ted  c a r 

b id e s .  No evidence o f  v o id - in i t i a t io n  by decohesion a t  th e  ca rb id e : 

m a trix  in te r f a c e s  was seen .

ah

C. V oid-coales cence

G urland and P la te a u  (24) have proposed a  model fo r  

o f  v o id s . T h e ir  assum ptions in c lu d e  co n s id e rin g  th e  vo id  as 

e l l i p s o i d ,  c o n s id e rin g  th e  in c lu s io n  to  be non-deform able r e l a  

m a tr ix , co n s id e rin g  th a t  growth o f  th e  vo id  i s  due to  t e n s i l e  

sh e a r  s t r a i n s ,  and assum ing th e  th e  e f f e c t  o f  s tra in -c o n c e n tra  

eq u a to r  o f  th e  e l l ip s o id a l  in c lu s io n  can be in co rp o ra ted  in  a 

c o n ce n tra tio n  f a c to r  kc , where

coalescence

dem a2•‘o - a r - 1 * V *

id e a l iz e d  

iv e  t o  th e  

r a th e r  than  

io n  a t  the  

s t r a i n -

( 9)
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In  eq u a tio n  ( 8 ) ,  a  and p a re  m ajor and minor a x is  o f  t h e  v o id , em i s  th e  

s t r a i n  a t  th e  e q u a to r , c i s  th e  nom inal s t r a i n  in  th e  m a tr ix , and C i s  a 

c o n s ta n t.  T h e ir  f i n a l  r e s u l t  f o r  th e  s t r a i n  in  th e  m a tr ix  a t  f a i l u r e ,

Cjp, i s  g iven  by

c f  = ev + i  ftn ( |  f " 1/ 3 + 1) (9 )

where ev i s  th e  s t r a i n  to  c re a te  a  v o id , and D is  th e  mean d is ta n c e  b e

tween c e n te r s  o f  th e  p a r t i c l e s  a t  th e  in s ta n t  o f  f r a c t u r e ,  and i s  r e l a t e d  

t o  th e  mean d is ta n c e  between p a r t i c l e s  in  th e  undeformed a l lo y ,  DQ, by

I
D = D0 exp [ - ( e  -  ev )3 .

4

However, G urland and P la te a u 's  assum ption f o r  t h e i r  s t r a in - c o n c e n t r a t io n  

f a c t o r ,  k c , i s  open to  q u e s tio n , c a s tin g  a  su sp ic io n  a s  th e  b a s ic  v a l id 

i t y  o f  t h e i r  a n a ly s is .

Thomason (*H) has proposed a  d i f f e r e n t  c r i t e r i o n  fo r  v o id -
»

co a le scen ce . For th e  tw o-d im ensional c a s e , h e  exam ines th e  c o n d itio n s  

f o r  necking  o f  th e  m a trix  betw een r e g u a l r ly - d i s t r ib u te d  voids o f  square  

c ro s s  s e c tio n  in  an elem ent o f  u n i t  th ic k n e ss  (F igure 3 ) .  He assumed 

t h a t  neck ing  o ccu rs  i f  a  c r i t i c a l  value i s  exceeded by an , th e  n e t  s e c 

t io n  s t r e s s .  The nom inal s t r e s s ,  o , i s  r e l a t e d  to  th e  n e t - s e c t io n  s t r e s s  

by

Odx = on (dx-nw)

o r

o * o n < ! - £ £ ) .  (10)

The v o lu m e-frac tio n  o f  c a v i t i e s  may be c a lc u la te d  from  F ig u re  3 a s



T h e re fo re , th e  c o n d itio n  fo r  necking (co a lescen c e) becomes 

of  s  C d - f 3̂ 2)

where C i s  a  c o n s ta n t,  and Of i s  th e  f r a c t u r e - s t r e s s . This equation  i s

Thomason’s  b a s ic  r e s u l t .

R ec en tly , Thomason (42) extended th e  above a n a ly s is  to  th e  case

where th e  model d e p ic te d  in  F igure 3 has th e  c a v i t i e s  f i l l e d  w ith  h ard

p r is m a tic  p a r t i c le s  t h a t  a re  f irm ly  bonded to  th e  m a tr ix . ( Thomason

assumed th a t  m atrix : p a r t i c l e  decohesion  o ccu rs  when th e  i n t c r f a c i a l
/

t e n s i l e  s t r e s s  reach es  a  c r i t i c a l  l e v e l ,  0 q , which i s  independent o f  any 

sh e a r  s t r e s s  a c tin g  a lo n g  th e  in te r f a c e .  Thomason a ls o  assumed th a t  a t  

th e  o n se t o f  in te r n a l  necking no change in  s t r e s s  occurs a t  th e  to p  and 

bottom  s u rfa c e s  o f th e  p a r t i c l e s ,  and th a t  th e  m a trix  obeyed th e  Levy- 

Von Mises f lo w -ru le  and th e  Von H ises y ie ld  c r i t e r i o n .  He s ta te d  t h a t  

two p o s s ib le  s i tu a t io n s  e x is te d  a t  th e  moment o f  m acroscopic t e n s i l e  

i n s t a b i l i t y ;  (a )  flow  w ith o u t decohesion  a t  th e  in c lu s io n : m atrix  i n t e r 

f a c e ,  and (b )  flow  w ith  decohcsion along th e  upper and low er faces  o f  the  

p a r t i c l e s  b u t n o t a lo n g  th e  s id e s  (F ig u re  h ) .  The g en e ra l c o n d itio n  fo r  

in c ip ie n t  in te r n a l  necking  between p a r t i c l e s  i s  t h a t  th e  load  to  cause  

i n t e r n a l  n eck in g , L^, becomes j u s t  eq u a l t o ,  o r  l e s s  th a n , th a t  re q u ire d  

f o r  uniform  flow jLu , i . e .

hjj = I»u (11)

A fte r  co n s id e ra b le  m athem atics, Thomason concluded th a t  when decohesion
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f a i le d  to  occur a t  th e  p a r t i c le :  m a trix  in te r f a c e ,  in te r n a l  necking  could 

a lso  n o t occur and , i f  in te r n a l  c a v i t i e s  a re  n o t c re a te d  by o th e r  mechan

ism s, such as f ra c tu ro  o f  th e  p a r t i c l e ,  t h i s  id e a liz e d  m a te r ia l  can 

’'f a i l "  only  by 100 p e rcen t re d u c tio n  in  a rea  a t  an e x te rn a l neck. For 

th e  case  o f  p a r t i c le :  m a trix  decohesion , Thomason concluded th a t  th e  

d u c t i le  m a tr ix -m a te r ia l could be s tr a in e d  in  th e  z  d i r e c t io n  u n t i l  th e  

c a v i t i e s  a t  th e  ends o f  th e  p a r t i c le s  have been e longated  enough to  

enab le  in te rn a l  necking to  tak e  p la c e .  Then, d u c t i le  f r a c tu r e  w i l l  

occur. Ho a ls o  concluded th a t  p rev en tio n  o f com plete p a r t i c l e :  m atrix  

decohesion , i . e . ,  m ain tainence o f  p a r t i c le :  m atrix  co n tac t a long  th e  

s id e s  (F ig u re  5) w i l l  d e lay  th e  o n se t o f  d u c t i le  f a i lu r e  by in te rn a l  

necking  between p a r t i c le s  and so in c re a se  th e  m acroscopic d u c t i l i t y  o f  

th e  m a te r ia l .

M cClintock, K aplan, and Berg (43) p resen ted  a  d e ta i le d  trea tm en t

o f v o id -fo rm atio n  and co a le scen ce . C onsidering a  tw o-dim ensional s e c -
*

t io n  th rough  a  1 in ea r-h a rd en in g  m a te r ia l  co n ta in in g  un iform ly-spaced  

c y l in d r ic a l  h o le s  th a t  was su b je c te d  to  a  com bination o f  sh ea r  and 

h y d ro s ta t ic  te n s io n ,  th ey  c a lc u la te d  how th e  h o le s  would deform under 

th e  s ta te d  lo a d in g -c o n d itio n s . They found th a t  th e  h o le s  e lo n g a ted  in  

th e  d i r e c t io n  o f  p r in c ip a l  s t r e s s ,  b u t th a t  th e  deform ation  o f  shear 

bands ro ta te d  th e  h o les  in to  th e  d i r e c t io n  o f p r in c ip a l  s t r e s s  and tended 

to  c lo se  them (F ig u re  6 ) ,  F ra c tu re  occurred  when th e  boundaries  o f  th e  

deform ing elem ents in  which th e  h o le s  l i e  make c o n ta c t w ith  th e  h o les  

(F ig u re  6 ) .  T h is  Im plies th a t  th e  m a jo rity  o f  th e  elem ents w i l l  be so 

un fav o rab le  lo c a te d  th a t  when boundaries and h o les  come in to  c o n ta c t ,  th ey  

touch and co a lesce  s im u ltan eo u sly . The main o b je c tio n  to  t h i s  model i s
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th a t  i t  works b e s t f o r  n o n -rig id  in c lu s io n s  i . e . ,  v o id s . In  th e  ca se  

o f  a  r e a l  m a te r ia l  in  p lac e  o f  th e  v o id ,  say a  r e l a t iv e ly  r ig id  ox ide 

o r  c a rb id e , f r e e  deform ation  of th e  v o id  i s  s e r io u s ly  re ta rd e d . An

o th e r  o b je c tio n  i s  t h a t  th e  model i s  tw o-d im ensional.

Broek (44) has proposed a model fo r  v o id -co a lescen ce  b ased , in  

p a r t ,  on th e  fo llo w in g  experim ental o b se rv a tio n s  be  made on p r e c ip i t a 

tio n -h a rd en ed  aluminum a llo y s :

(1) Voids a s so c ia te d  w ith l a r g e  in c lu s io n s ,  hence la rg e  enough 

to  be seen through th e  o p t ic a l  m icroscope, a re  n o t  e s s e n t ia l  t o  th e  

f r a c tu r e  p ro c e ss . ,

(2) F ra c tu re  o f  elongated p a r t i c l e s  le a d s  to  c rea tio n  o f  c a v i-
/

t i e s  in  th e  m atrix  long  befo re  f r a c tu r e  o f th e  sample occurs...

(3) C avity  i n i t i a t i o n  befo re  f r a c tu re  was seen to  a very  l im ite d  

e x te n t .  C av ity  i n i t i a t i o n  on a la rg e  s c a le  p ro b ab ly  led  to  spontaneous 

growth and co a le scen ce .
v

(4) Growth o f  c a v i t i e s  by s l ip - p la n e  d ecohesion , under th e  a c tio n  

o f  sh ea r s t r e s s e s ,  o ccu rred  mainly in  a  d i r e c t io n  normal to  th e  a p p lie d  

t e n s i l e  s t r e s s .

D is lo c a tio n  p i le -u p s  form a t  p a r t i c le s  d u r in g  p la s t ic - f lo w , a s  

shown in  F igu re  7 . Prim ary loops shown in  F ig u re  7a form by a mechanism 

proposed by H irsch  (45) and Ashby (4 6 ) .  T h e 'p a r t ic le  re p e ls  th e  lo o p s  

through th e  a c tio n  o f  th e  lo o p 's  image fo rc e s . Opposing th ese  image 

fo rc e s  a re  s t r e s s e s  gen era ted  by th e  p ile -u p  and th e  app lied  s t r e s s ,  

w hichare a c t in g  to  push th e  lead ing  lo o p  tow ards th e  p a r t ic le .  When th e  

image fo rc e s  a re  l e s s  th a n  the back s t r e s s  on th e  lead in g  lo o p , th e  lead 

ing  loop w i l l  move tow ards the p a r t i c l e :  m a trix  in te r f a c e .  Where s e v e ra l
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loops a re  pushed in to  th e  in te r f a c e  i t  becomes p o ss ib le  f o r  a decohesion
*

t o  ta k e  p lace  a long AD in  F igure 8 , form ing a  v o id . Form ation o f  th e  

embryonic vo id  causes th e  re p u ls iv e  fo rc e  on subsequent loops to  be 

d r a s t i c a l l y  reduced , en ab lin g  th e  m a jo rity  o f  th e  d is lo c a t io n s  in  th e  

p ile -u p  t o  empty them selves in to  th e  newly-form ed v o id . D is lo ca tio n  

so u rces  behind  th e  lo o p s , which were sh u t o f f  because o f  th e  c o n s tr a in t  

o f  th e  p i l e  ups, can resume a c t io n .  Hence, th e  p ro cess  can , in  p r in c ip le ,  

lead  to  u n s ta b le  v o id  growth and coalescence alm ost im m ediately upon f o r 

m ation o f  th e  voids (F ig u re  8 ) .  A c tu a lly , th e  s i tu a t io n  o f  a  s in g le  

g ia n t p i l e  up p robably  would n o t occur. FTiedol (47) argued th a t  p l a s t i c  

r e la x a t io n  o f th e  s t r e s s e s  c re a te d  by th e  p i le -u p  began when th e  s t r e s s  

e x e r te d  on secondary sources by th e  p ile d -u p  group exceeded th e  e l a s t i c  

l im i t .  He showed t h a t  p ile -u p s  in  fa c e -c e n te re d  cub ic  c r y s ta l s  should 

r e la x  i f  th e y  co n ta in  g re a te r  th a n  about f iv e  d is lo c a t io n s ,  which im p lies

th a t  many p ile -u p s  m ust be formed on d i f f e r e n t  s l i p  p lan es (F ig u re  8 f ) ,
*

This s i t u a t io n  would a ls o  lead  t o  decohesion a t  p a r t i c l e :  m a trix  i n t e r 

fa c e s  when one or more d is lo c a t io n s  a re  pushed in to  th e  in te r f a c e .  T here , 

newly-formed voids can  grow, due to  d is lo c a t io n s  on o th e r  s l ip -p la n e s  

th a t  a re  a t t r a c te d  t o  th e  vo ids (F ig u re  8 g ). This growth i s  d e p ic te d  in  

F igu re  9 . Broek was unable t o  ev a lu a te  th e  model because o f  th e  complex

i t y  o f  th e  m athem atical methods t h a t  a re  a v a i la b le  f o r  th re e -d im e n s io n a l 

problem s o f t h i s  n a tu r e .

3 . I n s t a b i l i t y  Flow and F ra c tu re

A, O bservations o f  f r a c tu r e  by i n s t a b i l i t i e s

L ocalized  flow  has been observed in  many n o n -m e ta llic  m a te r ia ls ,



such as  h igh polym ers (48) and molding sands (4 9 ). l i t t l e  re se a rc h  
*

e f f o r t  has been aimed a t  in v e s t ig a t in g  th i s  phenomenon. Rogers has

proposed an a d d i t io n a l  f r a c tu r e  mode, namely vo id  s h e e ts ,  t h a t  i s  In

f a c t  th e  d i f f u s e - in s ta b i l i ty - c o n t r o l l e d  f r a c tu re  (2 1 ). . These void  sh ee ts

a re  sm all reg io n s  o f  sh ea r d e fo rm atio n , u su a lly  a s so c ia te d  w ith  sh ea r

l i p s  in  a  round t e n s i l e  specimen where voids have formed and co a le sced .

S ev era l o th e r  in v e s t ig a to r s  have re p o r te d  th e  appearance o f  a  d if fu s e

lo c a liz e d , flow  a t  th e  sh ea r l i p  in  t e n s i l e  specimens (5 0 ,5 1 ) . Hayden and

Floreen  have p re sen te d  some convincing  evidence o f  d if fu s e  i n s t a b i l i t i e s

lead in g  t o  f ra c tu r e  (5 2 ). In  t h e i r  work w ith  notched b a rs  o f  26Cr-61li

s ta in le s s  s t e e l ,  ev idence o f  lo c a l iz e d  flow i s  c le a r  because o f  th e
*

duplex m ic ro s tru c tu re  o f  th e  m a te r ia l .  L ocalized  flow follow ed th e  

p re d ic te d  p a th  o f  pure s h e a r . F igu re  10 i s  a  rep ro d u c tio n  o f  a  photo

m icrograph made by Hayden and F lo re e n . That th e  d if fu s e  flow in  F ig 

ure  10 i s  In  th e  d ir e c t io n  o f  pure sh ea r  can be made by a  com parison w ith
r

Figure 11 (3 ) .

S ev e ra l e a r ly  s tu d ie s  which had as t h e i r  purpose th e  in v e s t ig a t io n  

o f  lo c a l iz e d  flow  f a i le d  to  show any c le a r -c u t  r e la t io n  between th e  

ap p aren t lo c a l iz e d  flow  and th e  f r a c tu r e  p ro cess  (5 3 -5 7 ). Host o f  

th e se  s tu d ie s  in d ic a te d  th a t  f r a c tu r e  occurred  a t  in te r f a c e s  between r e 

g ions o f  lo c a l iz e d  and uniform  flow . The w idth  o f  th e  reg io n s  o f  lo c a l 

ized  flow  in  r e l a t io n  to  th e  m ic ro s tru c tu re  was n o t determ ined.

C onsiderab le  evidence o f  coalescence o f  voids by i n s t a b i l i t y  

f r a c tu r e  has r e c e n tly  become a v a i la b le  in  th e  l i t e r a t u r e .  In  s tu d ie s  on 

hot-w orking  o f  r e s u lfu r iz e d  free-m ach in ing  s t e e l s  co n ta in in g  (F e , Mn)S 

in c lu s io n s  o f  v a rio u s  m orphologies, Baker and C harles (29) found evidence
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o f  vo id  coalescence  by a  lo c a l iz e d  sh e a r  mechanism in  th e  m a trix  d ire c te d  

tow ards nearby in c lu s io n  n e ig h b o rs . The s c a le  o f  lo c a l iz a t io n  appeared 

t o  be on th e  o rd e r  o f  th e  s iz e  o f th e  in c lu s io n s  to  s l i g h t ly  sm a lle r . 

During room tem p era tu re  to r s io n a l  deform ation  o f  r e s u lfu r iz e d  f re e -  

m achining s t e e l s  s im ila r  to  th o se  j u s t  d e sc r ib e d , T ipn is and Cook (26) 

observed lo c a l iz a t io n  o f  p l a s t i c  flow  le a d in g  t o  c rack ing  in  reg io n s  o f  

th e  m atrix  between e lo n g a ted  d u c t i le  t a i l s  o f  duplex-phase in c lu s io n s .  

Brower and Flem ings (2 7 ) , in  t h e i r  s tu d y  o f  th e  ambient tem perature 

t e n s i l e  p ro p e r t ie s  o f  c h i l l - c a s t  Fe-FeO and Fe-Si02 a l lo y s ,  found ample 

ev idence o f  f a i lu r e  by lo c a l iz a t io n  o f  p l a s t i c  flow  between voids formed 

by in c lu s io n : m a trix  decohesions. T h e .sc a le  o f  lo c a l iz a t io n  appeared to  

be on th e  o rd e r  o f  th e  d iam eter o f th e  in c lu s io n s  to  s l i g h t l y ' l a r g e r .  In  

s e n s i t iz e d  ty p e  316 a u s te n i t i c  s ta in le s s  s t e e l ,  co n ta in in g  about 3 v /o  

r o d - l ik e  M23C6 c a rb id e  p r e c ip i ta te s ,  deformed in  e i th e r  te n s io n  o r  h ig h -  

s t r a i n  f a t ig u e ,  Barnby (3 4 ) and Barnby and Peace (40) found evidence o f  

p ro p ag atio n  o f  vo id s  by lo c a l iz a t io n  o f  p l a s t i c  flow in  th e  m atrix  b e 

tween voids formed by th e  f r a c tu re  o f  ca rb id e  ro d s . The s c a le  o f  l o c a l i 

z a tio n  appeared to  be on th e  o rd er o f  th e  d iam eter o f  th e  ro d - l ik e  p a r t i 

c l e s ,  and much l e s s  th an  th e  len g th  o f  th e  p a r t i c l e s .  A lso , some c o a le s 

cence o f  la rg e  v o id s , n o t  n e c e s s a r i ly  formed by p l a s t i c  flow  b u t p robab ly  

in h e re n t v o id s , has been seen and re p o r te d , Rogers re p o rte d  such a  con

c e n tra t io n  o f  flow  in  s t e e l  (2 1 ). T roiano and Kochera found h igh ly  

co n cen tra ted  sh e a r  flow  between la rg e  vo ids in  a c o p p e r- tin  a l lo y  (5 8 ) ,  

s u b s ta n t ia t in g  th e  concept o f  a  c a v ity  c re a t in g  th e  n ecessa ry  co n d itio n s  

fo r  in s ta b i l i ty - f lo w .
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L ocalized  p l a s t i c  flow i s  very  d i f f i c u l t  t o  d e te c t  on a  f in e  s c a le .  

L i t t l e  ev idence o f  f in d in g  a la y e r  o f  lo c a l iz e d  p l a s t i c  deform ation  which 

has  a  th ic k n e ss  sm a lle r  than  second phase p a r t i c le s  has  been r e p o r te d . 

R ecen tly , McGarry (59), in  a  s tu d y  o f  th e  e f f e c t  o f  s tre n g th  le v e l  and 

s t r a i n - r a t e  on th e  mode o f  f r a c t u r e - in i t i a t i o n  in  AISI 4340 s t e e l ,  found 

t h a t  f o r  h ig h e r  s tre n g th  le v e ls  th e  h igh s t r a i n - r a t e s  produced i n s t a b i l i t y  

f r a c tu r e s  w herein th e  lo c a l iz e d  p l a s t i c  flow  appeared to  be on a  s c a le  

sm a lle r  than  th e  tem p e r-c a rb id o s . The o n ly  o th e r  d i r e c t  ev idence o f  t h i s  

extrem e lo c a l iz a t io n  o f  p l a s t i c  flow  i s  seen  in  th e  work by Barnby (34) 

and Barnby and Peace (40) on s e n s i t iz e d  Type 316 s t a i n l e s s  s t e e l  r e fe r r e d  

to  e a r l i e r ,  w herein p ropagation  o f  the  f r a c tu r e  was by lo c a l iz e d  p l a s t i c  

flow , "sh ea r bands" to  use th e  a u th o rs ' te rm in o lo g y , on a  s c a le  o f  th e  

r o d - l ik e  c a r b id e 's  d iam e te r, which was much l e s s  than  th e  p a r t i c l e s '  

le n g th s . However, some in d i r e c t  evidence o f  i n s t a b i l i t y  f r a c tu r e  in  which 

th e  la y e r  o f  lo c a l iz e d  flow  i s  sm a lle r  th an  second phase p a r t ic le s  has 

been p u b lish e d . G r i f f i s  and S pretnak  (60) have proposed th a t  th e  p l a s t i c  

s t r e t c h  zone a s s o c ia te d  w ith  p re - fa tig u e d  f r a c tu r e  specimens i s  an i n s t a 

b i l i t y  f r a c tu r e .  The f r a c tu r e  su rfa c e  o f  th e  p l a s t i c  s t r e tc h  zone i s  

f e a lu r le s s  a s  expected  f o r  an i n s t a b i l i t y  f r a c tu r e  in  which th e  w idth  o f  

th e  re g io n o f lo c a l iz e d  p l a s t i c  flow  i s  ex trem ely  sm a ll. A lso , Spretnak 

h as  proposed th a t  q u as i-c leav ag e  f r a c tu r e  i s  an i n s t a b i l i t y  f r a c tu r e .

Some convincing  in fo rm atio n  th a t  supports  t h i s  id ea  was found by Chang (61) 

who d isco v e red  th e  e x is te n c e  o f  p l a s t i c a l l y  deformed m etal j u s t  below th e  

s u rfa c e  o f a  q u a s i-c leav ag e  f r a c tu r e .

T his o b se rv a tio n  showed th a t  th e  f r a c tu r e  i s  n o t a c l a s s i c a l  c le a v 

age f r a c tu r e ,  i . e . ,  a f r a c tu r e  t h a t  occu rred  by th e  s t r e s s e s  reach in g  th e
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cohesive s tre n g th  o f  th e  m e ta l l ic  bonds, b u t t h a t  th e re  i s  h ig h ly  lo c a l 

ized  p l a s t i c  flow a s so c ia te d  w ith  th e  f r a c tu r e  p ro ce ss . The q u a s i - d e a -  

vage f r a c tu re  s u rfa c e  has been found to  have l i t t l e  o r  no second phase 

p a r t i c le s  on i t ,  which s u b s ta n t ia te s  th e  requ irem ent of. an i n s t a b i l i t y  

f r a c tu r e  r e s u l t in g  from h ig h ly  lo c a l iz e d  p l a s t i c  flow .

B. F ac to rs  a f f e c t in g  i n s t a b i l i t y  b ehav io r

Many in v e s t ig a to r s  have s tu d ie d  th e  e f f e c t  o f  s tre n g th  le v e l  

and s t r a i n  r a t e  on i n s t a b i l i t y  fo rm atio n . Host o f  th e se  s tu d ie s  were 

conducted by to r s io n  t e s t in g  in  which i n s t a b i l i t i e s  can form and p ropa

g a te  a long th e  su rfa c e  o f  a  to r s io n  b a r .  The i n s t a b i l i t i e s  a re  v i s ib le  

w ith  th e  naked eye which makes s tu d ie s  much e a s ie r  th an  th o se  in  which 

m etallography i s  re q u ire d  t o  d e te c t  lo c a l iz e d  flow .

The e a r l i e s t  s tu d ie s  o f  i n s t a b i l i t y  b eh av io r in  to r s io n  were r e 

p o rted  by Rybalko (5 3 ) ,  who examined th e  room -tem perature to r s io n a l -

deform ation b eh av io r o f  a  quenched and tempered low a l lo y  s t e e l  a s  a
*

fu n c tio n  o f  tem pering tem pera tu re  ( s tre n g th  l e v e l ) .  He found th a t  lo c a l 

iz a t io n  o f  p l a s t i c  flow occurred  long b e fo re  f i n a l  f r a c tu r e  and th a t  th e  

s t r a i n  to  th e  f i r s t  lo c a l iz a t io n  o f  p l a s t i c  flow in c reased  w ith  in c re a s 

ing  tem pering tem p era tu re  (d ec re a s in g  s tre n g th  l e v e l ) . Rybalko suggested  

th a t  th e  value  o f  th e  s t r a i n  to  f i r s t  lo c a l iz a t io n  o f p l a s t i c  flow be 

considered  as a  new m a te r ia l  param eter c h a r a c te r i s t i c  o f  th e  in c id en ce  o f  

th e  beg inn ing  o f  th e  f a i lu r e  p ro ce ss .

Rybalko and Yakutovich (54 ,55 ) have re p o rte d  on th e  s ta t io n a r y  and 

n o n s ta tio n a ry  zones o f lo c a liz e d  s t r a i n  developed in  quenched and tempered 

s t e e l  b a rs  tw is te d  in  to r s io n .  The p h y s ic a l cause o f  n o n s ta tio n a ry  

zones was a t t r ib u te d  t o  th e  m ic ro s tru c tu ra l  h e te ro g e n e i t ie s ,  and th a t  o f
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th e  s ta t io n a r y  ty p e  to  p h y s ic a l weakening o r work so fte n in g . L o c a liz a 

t io n  o f  to r s io n a l  s t r a in  was suggested  as an im portan t s te p  in  th e  t o r 

s io n  t e s t .  I t  was su g g ested  th a t  th e  s te p s  involved  in  th e  p ro c e ss  a re

(a )  therm al h ard en in g , (b ) p h y s ic a l s o f te n in g , and (c )  therm al so fte n in g , 

They re p o rte d  th a t  th e  amount o f  s ta b le  o r  n o n -lo c a liz e d  s t r a i n  decreases 

m onoton ically  w ith  in c re a s in g  s t r a i n  r a t e .  The mechanism o f  f r a c tu r e  in  

th e se  bands o f  u n s tab le  flow  was th e  coalescence o f  m ic ro -c ra c k s , 1-2 

m icrons in  le n g th . These c rack s  were found to  be  o r ie n te d  a t  45° to  th e  

a x is  o f  th e  specimen and i t  was concluded th a t  t e n s i l e  s t r e s s e s  a re  r e s 

p o n s ib le  f o r  t h e i r  p ro p ag a tio n . I t  was proposed th a t  th e 1 s t r a i n  r a te  a t  

th e  lo c a l iz a t io n  o f  p l a s t i c  flow  may be an im portan t m a te r ia l  param eter.

Z elova , Demina, and Fridman (56) ap p lied  th e  knurled  g r id  te c h n i

que to  th e  s u rfa c e  o f  c y l in d r ic a l  s t e e l  to rs io n  specim ens. A nalysis  

o f  th e  g r id  d is to r t io n  on specimens a f t e r  tw is t in g  showed th e  g ro ss

n a tu re  o f  th e  lo c a l iz e d  flow . I t  was emphasized th a t  m eaningful s t r a in s
*

must be c a lc u la te d  from th e  lo c a l  p l a s t i c  deform ation  in  th e  zone o f 

g r e a te s t  p l a s t i c  sh e a r . I t  was a ls o  observed t h a t  low tem pering  tem pera

tu r e s  promoted heterogeneous flow in  s t e e l  to r s io n  specim ens. I t  was 

found th a t  s u r fa c e -q u a li ty  o f  th e  specimens g re a t ly  a f fe c te d  th e  s t r a in  

t o  f r a c tu r e ,  in  th a t  m ech an ica lly -p o lish ed  specimen showed much h ig h er 

va lues o f  t h i s  param eter th an  d id  th e  ground specim ens.

Polokowski and Mostovoy were th e  f i r s t  in  th e  U nited S ta te s  to  

r e p o r t  on s tu d ie s  o f  i n s t a b i l i t i e s  in  to rs io n  (5 7 ). T he ir work w ith 

copper and a two-phase copper a l lo y ,  as  w e ll as co ld  drawn AISI 1045 and 

AISI 4340 s t e e l s  r e s u l te d  in  t h e i r  concluding th a t  to r s io n a l  i n s t a b i l i t i e s
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formed in  s in g le  phase m eta ls  and a l lo y s  which have low s t r a i n  harden ing  

c o e f f i c i e n t s ,  and d id  n o t form in  tw o-phase a l lo y s .

F ie ld s  and Backofen (6 2 ) , in  t h e i r  work on 202U aluminum a l lo y ,  

observed th a t  a  low s t r a i n  harden ing  c o e f f ic ie n t  and low s t r a i n  r a t e  

s e n s i t i v i t y  a re  f a c to r s  which promote lo c a l iz e d  defo rm ation . Absence of 

s ig n i f ic a n t  lo c a l iz e d  flow was observed fo r  th e  case  o f  low s t r a i n  h a r 

dening c o e f f ic ie n t  w ith  h igh s t r a i n  r a t e  s e n s i t i v i t y .

S pretnak  (17) s tu d ie d  th e  o ccu rrence  o f  lo c a l iz a t io n  o f  p l a s t i c  

flow , b o th  in  te n s io n  and to r s io n a l  s t r a in in g ,  in  s ix  u l t r a - h ig h  s tre n g th  

lo w -a llo y  s t e e l s .  T e s tin g  was c a r r ie d  o u t a t  room -tem perature a t  a  con

s ta n t  c ro ssh ead  speed ( in  te n s io n )  o r  speed o f  r o ta t io n  ( in  t o r s io n ) .  He 

found l i t t l e  o r  no c o r re la t io n  between th e  to r s io n a l  s t r a in  a t  th e  o n se t 

o f  th e  f i r s t  lo c a l iz a t io n  o f  p l a s t i c  flow and th e  corresponding  t e n s i l e  

s t r a i n ,  o b ta in ed  from th e  maximum-load p o in t in  te n s io n , co n v erted  to

th e  s t a t e  o f  s t r a in  o f  to r s io n ,  su p p o rtin g  th e  co n ten tio n  t h a t  th e  two
*

phenomena o f lo c a l iz a t io n  o f  p l a s t i c  flow  a re  fundam entally  d i f f e r e n t .  

Reducing th e  s tr e n g th  l e v e l  o f  th e  s t e e l s ,  in  g e n e ra l,  in c rea sed  th e  

s t r a i n  to  f i r s t  i n s t a b i l i t y .  The s t r a i n  to  f i r s t  i n s t a b i l i t y  and th e  

t o t a l  to r s io n a l  f r a c tu r e  s t r a in  v a r ie d  g re a t ly  among th e  s t e e l s ,  in d i 

c a tin g  a  p o s s ib le  r e la t io n s h ip  t o  f in e  m ic ro s tru c tu ra l  d i f f e re n c e s .

H igher s t r e s s  g ra d ie n ts  (sm a lle r  specimen d iam ete rs) favored sm a lle r  

v a lu es  o f  s t r a i n  to  f i r s t  i n s t a b i l i t y .

The fo rm ation  o f  i n s t a b i l i t i e s  and th e  s t r e s s  g ra d ie n t e f f e c t  were 

a lo s  found in  slow bend t e s t s  o f  U-notch and V-notch b a rs  by G r i f f i s  and 

S pretnak  (6 3 ). In  th e  t e s t s  on notched b a rs  o f  AISI U3H0 s t e e l  a t  an 

u l t im a te  t e n s i l e  s tr e n g th  o f  180 k s i  and h ig h e r ,  i n s t a b i l i t y  fo rm ation  a s  a
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cause o f  f r a c tu r e  was proposed by th e s e  re s e a rc h e r s  because f r a c tu r e  

i n i t i a t i o n  in  th e  n o tched  b a rs  was a  d is p la c iv e  f r a c tu r e  which fo llow ed  

th e  d i r e c t io n s  o f  pu re  s h e a r  ( c h a r a c t e r i s t i c  d i r e c t io n s ) .  The V-notch 

b a rs  e x h ib ite d  s m a lle r  s t r a i n s  to  c rack  i n i t i a t i o n  th an  d id  th e  U-notch 

b a r s ,  due to  th e  h ig h e r  s t r e s s  g ra d ie n t  in  th e  V -notch b a r s  causing  

e a r l i e r  i n s t a b i l i t y  fo rm a tio n , le a d in g  t o  a  sm a lle r  s t r a i n  a t  th e  notch  

a t  th e  in s t a n t  o f  c r a c k - i n i t i a t i o n .

E rn s t  and S p re tnak  (64) s tu d ie d  th e  e f f e c t  o f  s t r a i n  r a t e  on in s t a 

b i l i t y  b eh av io r in  to r s io n  on two u l t im a te  t e n s i l e  s tr e n g th  le v e ls  (180 

and 220 k s i )  o f  AISI 4340 s t e e l ,  u n a llo y ed  t i ta n iu m , and a lp h a -b e ta  t i t a n 

ium a l lo y  (T i-1 3 V -llC r-3 A l) , and a  p re c ip i ta tio n -h a rd e n e d  aluminum a l lo y  

(7075) a t  room te m p e ra tu re . They found t h a t  th e  s t e e l  showed.an impor

t a n t  s t r a i n - r a t e  dependence o f  th e  s t r a i n  to  f i r s t  i n s t a b i l i t y  (F ig u re  1 2 ) , 

whereas th e  s t r a i n  to  f i r s t  i n s t a b i l i t y  in  th e  n o n -fe rro u s  a l lo y s  was

r e l a t i v e l y  in s e n s i t iv e  t o  sh e a r  s t r a i n - r a t e .  At a  t e n s i l e  s tr e n g th  le v e l
0

o f  180 k s i ,  th e  4340 s t e e l  e x h ib ite d  a  c r i t i c a l  s t r a i n  r a t e  below which 

no i n s t a b i l i t y  bands formed b e fo re  f a i l u r e ,  which i s  in  agreem ent w ith  

R y b alk o 's  (53) o b se rv a tio n  th a t  h ig h e r  s t r a i n - r a t e s  fav o red  low er s t r a i n s  

to  f i r s t  i n s t a b i l i t y .  The n o n -fe rro u s  a l lo y s  c o n s is te n t ly  formed a 

s in g le  s tro n g  i n s t a b i l i t y  band im m ediately  p r io r  t o  f a i l u r e ,  and showed 

s tr a in -h a rd e n in g  re sp o n se  up t d  th e  o n se t o f  th e  s in g le  s tro n g  in s t a 

b i l i t y .  The h ig h  s t r e n g th  s t e e l  showed more to le ra n c e  t o  i n s t a b i l i t y  

bands p r i o r  to  f i n a l  f r a c t u r e ,  a s  compared to  th e  n o n -fe rro u s  a l lo y .  

L o n g itu d in a l s e c t io n s  th ro u g h  f a i l e d  specim ens dem onstrated  th a t  th e  

sh e a r in g  i n s t a b i l i t y  bands p e n e tra te d  co m p le te ly  a c ro ss  th e  specimen 

c ra s s  s e c t io n .
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C h ak rab a rti (65 ) s tu d ie d  th e  flow  and f r a c tu r e  b eh av io r o f  a lp h a  

and a lp h a -b e ta  b ra s se s  a t  room tem p era tu re  in  b o th  te n s io n  and to r s io n a l  

lo a d in g . F a i lu re  o ccu rred  a f t e r  th e  o n se t o f  i n s t a b i l i t i e s ,  t h e i r  move

ment a long  th e  gage le n g th ,  and th e  developm ent o f  a  f i l i a l ,  s tro n g , 

i n s t a b i l i t y .  T his i s  in  c o n tr a d is t in c t io n  to  th e  b e h a v io r  seen  in  un

a llo y e d  t i ta n iu m  and v a rio u s  p re c ip i ta t io n - s t r e n g th e n e d  ti ta n iu m  and 

aluminum a l l o y s ,  w herein  f a i lu r e  o ccu rred  im m ediately  a f t e r  th e  develop

ment o f  th e  f i r s t  i n s t a b i l i t y  (6 4 ) . F a i lu re  to  m a in ta in  s tr a in -h a rd e n in g  

a b i l i t y  (a tta in m e n t o f  th e  id e a l  p l a s t i c  s t a t e )  p r io r  to  f a i l u r e  in  t o r 

s io n  t e s t i n g  was o b se rv ed . A dependence o f  th e  s t r a i n  t o  fc irs t i n s t a 

b i l i t y  on g ra in  s iz e  was se e n , in  t h a t  th e  c o a rse r  th e  g ra in  s i z e ,  th e  

low er th e  s t r a i n  to  f i r s t  i n s t a b i l i t y .  The observance o f  i n s t a b i l i t y  

fo rm atio n  in  th e  tw o-phase a l lo y s  i s  in  c o n t r a d is t in c t io n  t o  a  c la im  by 

Mostovoy and Polakow ski (57) t h a t  in s ta b i l i ty - fo r m a t io n  occurs o n ly  in  

s in g le -p h a s e  a l lo y s .

Vanecko (66) s ta t e d  th a t  su p p ress io n  o f  i n s t a b i l i t y  fo rm ation  in  

AISI 4340 s t e e l  t e s t e d  in  to r s io n  a t  c ry o g en ic  tem p era tu res  under co n d i

t io n s  o f  co n v ec tiv e  c o o lin g  im p lied  t h a t  th e  r a p id  rem oval o f  any l o c a l i 

z a t io n  o f  h e a t  due t o  lo c a l iz a t io n  o f  p l a s t i c  flow i s  im p o rtan t in  th e  

su p p re ss io n  o f  i n s t a b i l i t y  fo rm atio n . S im ila r  r e s u l t s  had been seen  by 

Stttwe and Asbeck (67) in  to r s io n  t e s t s  on a  rimmed low -carbon s t e e l .
i

However, no t e s t s  w ere run  in  a n o n -co n v ec tiv e  c o o lin g  medium to  d e te r 

mine specim en b eh av io r under th e s e  c o n d it io n s .  Vanecko a ls o  in v e s t ig a te d  

th e  n a tu re  o f  th e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  in  a rimmed low -carbon 

s t e e l  and found th a t  i n s t a b i l i t y  fo rm ation  and lo s s  o f  e lo n g a tio n  in  

th e  t e n s i l e  t e s t  o f  t h i s  m a te r ia l ,  and th e  lo s s  in  a b i l i t y  to  s t r a i n -
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harden as  r e f l e c te d  by a  decrease In  s tra in -h a rd e n in g  c o e f f ic ie n t  v a lu es  

w ith  d ec rea s in g  tem peratu re jw ere  d e f in i t e ly  r e l a t e d .  T his m a te r ia l  f i r s t  

underwent LUders d e fo rm atio n , fo llow ed by n eck in g , th en  by i n s t a b i l i t y -  

form ation along  t r a j e c t o r i e s  o f  pure sh ea r in  re g io n s  th a t  has p rev io u sly  

underwent LUders defo rm ation . F ra c tu re  w as, in  a l l  c a s e s , a s so c ia te d  

w ith  one o r  more i n s t a b i l i t y  bands.

M eyerer (6 8 ) , u s in g  AISI 4340 lo w -a llo y  s t e e l  h e a t - t r e a te d  to  

u ltim a te  t e n s i l e  s tr e n g th  le v e ls  o f  168 k s i  and 210 k s i ,  s tu d ie d  th e  

e f f e c ts  o f  s t r a i n  r a t e s  from 0.15 t o  2 .2  p e r  m inute and tem pera tu res  

from 200°F t o  800°F on th e  lo c a l iz a t io n  o f  p l a s t i c  flow add f r a c tu r e .  

S ev era l d i s t i n c t  modes o f  lo c a l iz e d  p l a s t i c  flow in  to r s io n  t e ? t s  were 

seen : (a )  d if fu s e  flow , d efin ed  as  a  re g io n a l sh ea r g r a d ie n t 'o v e r  a

s ig n i f ic a n t  p o r tio n  o f  th e  g a g e - le n g th , w ith o u t d i s t i n c t  b o u n d a rie s ;

(b) i n s t a b i l i t y  in t e r f a c e s ,  d e fin ed  as very  th in  reg io n s  o f  h ig h ly  con

c e n tra te d  s h e a r - s t r a in  on p lan es  norm al to  th e  specimen a x is ;  and (c) 

i n s t a b i l i t y  bands, d efin ed  as  reg io n s  o f  co n cen tra ted  sh e a r  s t r a i n  

between slow ly-advancing  in te r f a c e s  on p lanes o f  pure s h e a r ,  whose 

appearance were much more g rad u a l t r a n s i t io n s  o f  lo c a l iz e d  flow  than  

i n s t a b i l i t y  in te r f a c e s .  The f i r s t  were seen a t  low tem p era tu res  and 

s t r a i n - r a t e s ,  th e  second a t  a l l  s t r a i n  r a t e s  a t  tem p era tu res  up t o  800°F, 

and th e  t h i r d  a t  th e  low er tem p era tu res  ( to  400°F). The e f f e c t s  o f  in 

c re a s in g  tem p era tu re  on th e  s t r a i n  to  f i r s t  i n s t a b i l i t y  and s t r a i n  to  

f r a c tu r e  were ambiguous. L o n g itu d in a l s e c tio n s  through f ra c tu re d  samples 

confirm ed th a t  i n s t a b i l i t i e s  extended com pletely  through th e  c ro ss  

s e c tio n  o f  th e  sam ples. In c re a s in g  th e  s t r a i n - r a t e  decreased  th e  s t r a in  

to  f i r s t  i n s t a b i l i t y  a s  had been seen  by Rybalko (53) and E rn s t and
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Spretnak (6 4 ) . The s u s c e p t ib i l i t y  to  form ation  o f  i n s t a b i l i t i e s  was 

found to  be  h ig h e r  fo r  th e  h ig h e r -s tre n g th  low s tr a in -h a rd e n in g  c o e f f i 

c ie n t  m a te r ia l .

R ecen tly , Tanaka and S pretnak  (69) in v e s tig a te d  th e  form ation  and 

p ro p ag a tio n  o f  i n s t a b i l i t y  bands d u rin g  to r s io n  t e s t i n g  o f  AISI 43M0 low- 

a l lo y  s t e e l  a t  room tem p era tu re . They concluded th a t  i n s t a b i l i t y  bands 

formed a f t e r  s a tu r a t io n  o f  s tra in -h a rd e n in g  by d isp e rse d  ca rb id e  p a r t i 

c l e s .  Beyond th i s  s t r a i n ,  th e  m a trix  becomes tra n s p a re n t  to  th e  ca rb id e  

p a r t i c l e s .  They observed  th a t  th e  i n s t a b i l i t y  in te r f a c e s  advanced 

s p i r a l l y  in  th e  a x ia l  d ir e c t io n s  o f  th e  sam ple, and when th e  in te r f a c e  

becomes s ta t io n a r y ,  f r a c tu r e  was n u c lea te d  a t  an a x ia l  d i s to r t io n  in  th e  

in t e r f a c e .  F ra c tu re  by th e  i n s t a b i l i t y  d id  n o t in v o lv e  pore  form ation 

and c o a le scen ce , so  i s  o f  th e  "pure i n s t a b i l i t y "  mode.

C. Summary o f  f a c to r s  t h a t  a f f e c t  I n s t a b i l i t y  fo rm ation  and 

p ro p ag a tio n .

O bservation  o f  th e  c o n d itio n s  under which i n s t a b i l i t i e s  form 

and propagate  le a d  t o  s e v e ra l  c o n c lu s io n s ; (a )  i n s t a b i l i t y  form ation  i s  

fav o red  a t  h ig h e r  s t r a in  r a t e s ,  (b ) i n s t a b i l i t y  fo rm ation  a lso  i s  favo red  

a t  h ig h e r  s t r e s s  g r a d ie n ts ,  and (c )  i n s t a b i l i t i e s  form more e a s i ly  in  

m a te r ia ls  w ith  a low s tra in -h a rd e n in g  c o e f f ic ie n t  and w ith  a  low s t r a i n  

r a t e  dependence o f  flow s t r e s s .



MATERIALS AND SPECIMEN PREPARATION

The com positions o f  th e  type 304 b a r  and p la te  used in  th e  f a b r i 

c a tio n  o f  specimens i s  shown in  Table 2. Conformance to  com positional 

requ irem ents o f  ASTM S p e c if ic a tio n  A296-67 was m ain ta in ed . A lso shown 

i s  th e  com position o f  th e  w eld-m etal d ep o s ited  by th e  manual m eta l a rc  

p ro cess  d u rin g  th e  f a b r ic a t io n  o f  a  2 inch  th ic k  p la te  weldment u sing  

1 /4" d iam eter E308-15 e le c tro d e s ,  which was done by th e  Combustion 

D iv ision  o f  Combustion E n g in ee rin g , In c . accord ing  to  th q  c o n d itio n s

summarized in  F igure  13. Before m achining in to  t e s t  specim ens, b a r  s tock
/

was s o lu t io n  annealed fo r  10 m inutes a t  2000°F and w a te r quenched, A

s e n s i t iz e d  m ic ro s tru c tu re  was produced in  h a l f  o f  th e  so lu tio n -a n n e a led

sam ple-b lanks by h e a tin g  fo r  24 hours a t  1200°F and w ater-quench ing , and

s e n s i t i z a t io n  was confirm ed by o p t ic a l  m icroscopic  exam ination . Speci-
*

men c o n f ig u ra tio n s  fo r  b ase  m etal t e s t s  a re  shown in  F igure 14 , w hile 

specimen c o n f ig u ra tio n s  fo r  w eld-m etal and w o ld - jo in t t e s t s  a re  shown 

in  F igu re  15. A fte r  h e a t - t r e a t in g  o r  w eld ing , specim ens were machined 

to  th e  c o n f ig u ra tio n s  shown in  F ig u res  14 and 15. A f te r  m achining, th e  

gage s e c tio n s  were ground to  reduce o u t-o f-ro u n d n ess  and ta p e r  t o  0.0005 

inch  o r l e s s .  The gage s e c tio n s  th en  were p o lish e d  on a la th e  through 

4 /0  grade m e ta llo g rap h ic  paper and w ith  5 / m  alum ina to  e lim in a te  su rfa c e  

s c ra tc h e s  th a t  would a c t  a s  s t r e s s  r a i s e r s .  Im m ediately b e fo re  t e s t i n g ,  

th e  d iam ete rs  o f  th e  gage s e c tio n s  o f  th e  to r s io n  specimens were measured

31
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w ith  a  m icrom eter a t  th re e  p o s i t io n s  a lo n g  th e  gage s e c tio n  and a t  120° 
#

c irc u m fe re n tia l  in te rv a ls  a t  each  p o s i t io n .  A lso , each gage se c tio n  i s  

marked w ith  th r e e  ink l in e s .  These ink  l in e s  a re  e q u a lly  spaced around 

th e  c ircum ference  o f  th e  b a r  and a re  p a r a l l e l  to  th e  specimen a x is .

They a id  in  th e  id e n t i f i c a t io n  o f  lo c a l iz e d  p l a s t i c  flow d u rin g  subse

quent t e s t i n g .

I



EQUIPMENT DEVELOPMENT

A schem atic diagram o f  th e  e lev a ted -tem p e ra tu re  to r s io n - te s t in g  

ap p a ra tu s  i s  shown in  F igure 16. The same to r s io n  ap p ara tu s  was used f o r  

room -tem perature t e s t s ,  w ith  th e  g a s-d ry in g  t r a in  d isconnected  and th e  

specimen fu rn aces  removed.

The main specimen fu rn ace  i s  a  th re e -z o n e , 2 -1 /2  inch w ide, w a te r- 

co o le d , r a d ia n t  h e a te r  (R esearch I n c . ,  Model ZH3A), which was m odified t o  

perm it viewing o f  th e  to rs io n  specimens d u rin g  t e s t i n g .  Power to  th e  

c e n te r  zone was m anually c o n tro lle d  by a v a r ia b le  a u to tra n sfo rm e r (V a ria c , 

Type 126) and th e  end zones were c o n tro lle d  by tem pera tu re  c o n tr o l le r s  

(R esearch I n c . ,  Model 62NA) and power c o n t r o l le r s  (Model 632 P h a se rs ) .

The specimen was cen te red  in  a 3 -1 /8  in ch -lo n g  by 1 inch d iam eter 

Vycor tu b e  th a t  had end s e a ls  to  p erm it an argon flow  o f  about U c c /s  a t
9

a  sm all p o s i t iv e  p re s s u re , and specimen r o ta t io n  du ring  t e s t i n g .  The 

ta n k  argon was p u r if ie d  in  a d ry in g  t r a i n  c o n s is t in g  o f s e p a ra te  b o t t l e s  

c o n ta in in g  D r ie r i te  ( to  remove m o is tu re ) , A sc a rite  ( to  remove COg) and 

anhydrous magnesium p e rc h lo ra te  ( to  remove m o is tu re ). The argon then  

flow ed through a  U-tube immersed in  a' d ry -ice /m eth an o l m ix ture  th a t  

coo led  th e  gas to  -108°F (-78°C) to  remove m o is tu re . The argon was 

f i n a l l y  passed  th rough  l ig h t  copper trim m ings th a t  were m ain tained  a t  

275°C (527°F) to  remove oxygen.

. The specimen tem p era tu re  was m onitored by two 0 .0 2 0 -in ch  d iam eter 

s t a i n l e s s - s t e e l  sheathed  and grounded chrom el-alum el therm ocouples (Omega
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E n g in ee rin g , I n c . ,  SCA55-020G-6). They were fed  through g la s s  c a p i l la ry  

tu b in g  to  m ain ta in  alignm ent and l i g h t ly  h e ld  a g a in s t th e  specimen gage 

s e c tio n  a t  th e  p o s it io n s  o f  th e  fu rn ace  end zones w ith ru b b e r bands, 

shown in  F ig u re  17. The therm ocouple le a d s  were connected t o  th e  end- 

zone tem p era tu re  c o n t r o l l e r s .

To produce a  uniform  tem pera tu re  ( t  5°F) ( t  3°C) a lo n g  th e  t e s t  

specimen gage le n g th , a u x i l l i a r y  r e s i s ta n c e  h e a te r s  were c o n s tru c ted  and 

in s t a l l e d  between th e  r a d ia n t  fu rnace  and th e  ends o f  th e  specim ens.

The h e a te r s  were re q u ire d  to  reduce th e  flow  o f  h e a t o f  th e  ends o f th e  

gage s e c t io n ,  which had p rev io u s ly  r e s u l te d  in  a  h ig h er tem p era tu re  a t  

th e  c e n te r  o f  th e  gage se c tio n  than  a t  th e  ends. These h e a te r s t were 

c o n s tru c te d  by winding 0.035 inch d iam eter K anthal 1A w ire  on a 1-5/16 

inch  long by 1 -1 /8  inch  I .D . th read ed  ceram ic sp o o l. The h e a te r  core 

was p o s itio n e d  c o n c e n tr ic a lly  in  a  1 -5 /16  inch  long by 6 in ch  d iam eter, 

Schedule 40 , aluminum p ipe and th e  empty volume was f i l l e d  w ith  F ib re fra x  

in s u la t io n .  H eater e n d -p la te s  w ith a  3 /4  inch  diam eter open ing , and 

s l id in g  doors w ith  a  1 /2  inch  d iam eter opening , were c o n s tru c te d  from 

1 /8  inch th ic k  T ra n s ite  a sb e s to s  b oard . These h e a te rs  were p o s itio n ed  

on each s id e  o f  th e  r a d ia n t  h e a tin g  fu rn a c e , a s  shown d ia g ra m a tic a lly  in  

F igure  16 and p i c to r i a l l y  in  F igu re  18 . Power to  each h e a te r  was c o n tro lle d  

by a  v a r ia b le  au to tra n sfo rm er (V ariac  Pow ostats Types 116B and 126).

The te m p e ra tu re -c o n tro lle r  and a u x i l l ia ry - h e a te r  s e t t in g s  re q u ire d  

f o r  each t e s t  tem p era tu re  were e s ta b lis h e d  u s in g  a t e s t  specimen having a  

1 /8  inch d iam eter h o le  a long i t s  a x i s .  A chrom el-alum el therm ocouple, 

w ith  th e  le a d  w ires fed  th rough  a 17 inch  long by 3/32 inch  diam eter 

2 h o le  alum ina p ro te c tio n  tu b e , was in s e r te d  in  th e  a x ia l  h o le  w ith  th e
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welded bead in  co n tac t w ith  th e  h o le  su rfa c e . Tem peratures were measured 

a t  th re e  p o s itio n s  a lo n g  th e  reduced  gage s e c tio n  o f  th e  c a l ib r a t io n  b a r ,  

u s in g  a  m i l l iv o l t  p o ten tio m e te r (Leeds and Northrup C atalogue Number 

8686) and th e  s e t t in g s  were a d ju s te d  to  achieve a tem p era tu re  w ith in  

5°F (3°C) o f  th e  d e s ire d  t e s t  tem p era tu re  along th e  reduced gage s e c tio n . 

The c o n t r o l l e r  and h e a te r  s e t t in g s  were r e c a l ib r a te d  a f t e r  about each 6 

to r s io n  t e s t s  a t  a g iven  t e s t  tem p era tu re  and b e fo re  beg inn ing  t e s t s  a t  

a d i f f e r e n t  tem p era tu re . Using t h i s  p rocedure, th e  specimen tem p era tu res  

were m ain tained  w ith in  + 10°F (+ 6°C) o f  th e  d e s ire d  t e s t  tem p era tu res .

T w ist was a p p lie d  by a 3 /4  hp . p re c is io n  v a r ia b le -s p e e d  d .c .  

m otor th a t  was a d ju s ta b le  from abou t 500 to  2070 rpm . V arious fcombina- 

t io n s  o f  sp u r gears and worm g e a r  red u ce rs  allow ed s h e a r - s t r a in  r a te s  

in  th e  ran g e  o f  0.004 to  8 .7  min”^ t o  be achieved .

The to rq u e  was measured by th e  v o ltag e  o u tp u t o f  fo u r  r e s is ta n c e  

s t r a i n  gages bonded to  th e  s u rfa c e  o f  a  tu b u la r  lo a d  c e l l  and connected 

to  a  b r id g e  a m p lif ie r  (Honeywell A ccudata, Model 1 1 3 ). The c a l ib r a t io n  

f a c to r  f o r  t h i s  load c e l l  was determ ined by a p p lic a t io n  o f  s t a t i c  moments 

from 8 .8  to  970 in - lb  and found t o  be 1.45 |iV /in -lb /V  e x c i ta t io n .  The 

to rq u e  tra n sd u ce r  was a tta c h e d  t o  th e  n o n -ro ta tin g  g r ip  o f  th e  a p p a ra tu s . 

T his g r ip  was mounted in  b a l l -b e a r in g  bushings and was f re e  t o  move 

a x ia l ly  so th a t  a x ia l  lo ad s  were no t imposed d u rin g  to r s io n  t e s t s .  Torque 

was co n tin u o u sly  reco rd ed  d u ring  each t e s t  on a m u lti-c h a n n e l o s c i l l o 

g rap h ic  re c o rd e r  (H oneyw ell, Model 9060).



. EXPERIMENTAL PROCEDURE

During each to r s io n  t e s t ,  th e  fo llo w in g  b a s ic  d a ta  were o b ta in ed :

(1 ) Specimen g a g e -se c tio n  tem pera tu re  a t  th e  s t a r t  o f

each t e s t ,

(2 ) Shear s t r a i n  r a t e  a t  th e  specimen s u r fa c e ,  y ,

(3 ) Shear s t r a i n  a t  th e  o n se t o f  lo c a l iz e d  flow , y^ ,

(*0 Torque v ersu s tim e th roughout each t e s t ,

(5 ) Shear s t r a i n  a t  f r a c tu r e ,  Yf. '

The sh e a r  s t r a i n  r a t e s ,  y , w ere .computed from th e  measured tw is t  

r a t e s  u s in g  th e  fo llo w in g  eq u a tio n :

where r  i s  th e  r a d iu s  o f  th e  gage s e c tio n  in  in c h e s , £ i s  th e  gage len g th
*•

in  in c h e s , and 6 i s  th e  tw is t  r a t e  in  ra d ia n s  p e r m inute. Tw ist r a te s  

were determ ined from tim ed r o ta t io n  o f  th e  r o ta t in g  head.

The sh e a r  s t r a i n  a t  th e  o n se t o f  lo c a l iz e d  flow  was c a lc u la te d  as 

th e  p roduct o f  th e  s t r a i n  r a t e ,  which was c o n s ta n t,  and th e  tim e from th e  

beg inn ing  o f  th e  t e s t  t o  th e  occurrence o f th e  i n s t a b i l i t y .  The p o in t o f  

i n s t a b i l i t y  was in d ic a te d  by an even t marker connected to  a  d i f f e r e n t  

channel o f  th e  re c o rd e r  th an  th a t  used to  reco rd  to rq u e . Timing l in e s  

reco rd ed  by th e  o s c illo g ra p h  ( 100, 10, o r 1 l i n e ( s )  p er m inute) a ided  in  

a c c u ra te  measurement o f  tim e d u rin g  each t e s t .  The o s c illo g ra p h  c h a r t  

speed ( 0 .2 ,  1 , 5 , o r  25 in ch eses p e r  m inute) was s e le c te d  to  provide a

36
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re c o rd  a t  l e a s t  12 inches lo n g , and u su a lly  about 36 in ch es  lo n g , so  th a t  
«

to rq u e  and s t r a in  va lu es  could  be a c c u ra te ly  measured.

A fte r  each e le v a ted -tem p era tu re  t e s t  specimen was in s ta l l e d  in  th e  

a p p a ra tu s , th e  fo llow ing  s te p s  com prised th e  t e s t in g  sequence:

(1 ) The g la s s  c e l l  was purged w ith  h ig h -p u r ity  argon fo r  a t  l e a s t  

30 m inutes b e fo re  h e a tin g  was begun;

(2 ) The ra d ia n t-h e a t in g  fu rn ace  and a u x i l l i a r y  r e s is ta n c e  h e a te rs  

were tu rn e d  cn and th e  specimen was brought to  th e  t e s t  tem peratu re  in  1 

t o  1 1 /2  h o u rs , in  accordance w ith th e  r e s u l t s  o f  th e  c a l ib r a t io n  e x p e r i

m ents; .

(3 ) The m otor-speed s e t t in g  was a d ju s te d  to  th e  desired^ v a lu e  and 

th e  p ro p er g ea rs  were in s t a l l e d  fo r  speed re d u c tio n ;

(4 ) The s tra in -g a g e  b rid g e  a m p lif ie r  was zeroed and s e t  f o r  th e

a p p ro p ria te  f u l l - s c a l e  to rq u e  v a lu e ; j

(5 ) The o s c illo g ra p h  was s e t  a t  th e  d e s ire d  c h a r t  speed and
9

t im in g - l in e  sp ac in g ;

(6 ) The m otor was s ta r t e d  and th e  specimen s u rfa c e  was observed 

th roughou t th e  t e s t  in  o rd e r  to  in d ic a te  th e  o n se t o f  lo c a l iz e d  flow  on 

th e  re c o rd e r  and a ls o  to  p erm it d e s c r ip t io n  o f  i n s t a b i l i t y  b eh av io r. The 

r o ta t in g  head was tim ed.

(7 ) A fte r th e  specimen f r a c tu r e d ,  th e  te stin g -eq u ip m en t components 

were tu rn e d  o f f ,  th e  re c o rd in g  c h a r t  was marked fo r  id e n t i f i c a t i o n ,  and 

th e  specimen was removed fo r  d iam eter measurement and subsequent examina

t io n ;

(8 ) The to rq u e -tim e  re c o rd in g  was analysed  to  determ ine th e  shear

s t r e s s - s h e a r  s t r a i n  cu rv e .



RESULTS

1 . Base M etal

S in g le  to r s io n  t e s t s  were conducted on specimens in  th e  s o lu t io n -  

annealed  and so lu tio n -a n n e a le d  p lu s  s e n s i t iz e d  c o n d itio n s  a t  75°F (2 4 °C ), 

500°F (260°C ), 1000°F <538°C), and 1200°F (649°C) a t  nom inal sheaf s t r a i n -  

r a t e s  o f 0 ,0 7 , 0 .6 ,  2 .5 ,  and 4 .8  per m inute. S ing le  t e s t s  were a lso  con

d ucted  on so lu tio n -a n n e a led  specimens a t  a  s t r a i n - r a t e  o f  2 .5  per m inute 

a t  tem p era tu res  o f  400°F (204°C) and 600°F (316°C). These specimens had

g a g e -se c tio n s  th a t  were 0.300 inches in  d ia m e te r , which had p rev io u sly
*

been adopted a s  th e  "s tan d a rd "  gage d iam e te r . R e su lts  o f  th e se  t e s t s  a re  

summarized in  Table 3 . To a s s e s s  th e  e f f e c t s  o f  v a ry in g  th e  s t r e s s -  

g ra d ie n t on th e  s t r a i n  to  f r a c tu r e  and s t r a i n  to  f i r s t  i n s t a b i l i t y ,  

a d d i t io n a l  t e s t s  were conducted a t  500°F (260°C) and over th e  e n t ire  

s t r a i n - r a t e  envelope on so lu tio n -an n e a le d  b a rs  w ith  gage-d iam eters o f  

0 .250  inches and 0.200 in c h e s , r e s p e c t iv e ly .  R e su lts  o f  th e se  t e s t s  a r e  

summarized in  Table 4 ,

S tr a in  to  f r a c tu r e  i s  p resen ted  a s  a  fu n c tio n  o f  tem perature  in  

F ig u res  19 and 20 and s t r a in  r a t e  in  F igu re  21, For a l l  fo u r  s t r a in -  

r a t e s  fo r  th e  so lu tio n -a n n ea le d  m a te r ia l ,  and fo r  th e  f a s t e s t  th ree  

s t r a i n - r a t e s  f o r  th e  s e n s i t iz e d  m a te r ia l ,  th e  s t r a in  to  f r a c tu r e  went 

through a  maximum a t  500°F (260°C) and decreased  m onoton ically  w ith 

tem pera tu re  to  1200°F (649°C). S e n s itiz e d  m a te r ia l  t e s te d  a t  th e  s lo w est 

s t r a i n - r a t e  (0 .07  p e r m inute) showed approxim ately  eq u a l s t r a in - to -
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f r a c tu r e  v a lu es  a t  75°F (24°C) and 500°F (260°C, w ith  a monotonic d ec rease  

o f  s t r a i n  to  f r a c tu r e  w ith  in c re a s in g  tem p era tu re  t o  1200°F (649°C).

As a  fu n c tio n  o f  s t r a i n - r a t e ,  th e  s t r a i n  to  f r a c tu r e  v a lu es  fo llow  

no c le a r - c u t  p a t te rn  a t  75°F (24°C) and 500°F (260°C); b e in g  a l t e r n a te ly  

low er f o r  so lu tio n -a n n e a le d  m a te r ia l  th an  fo r  s e n s i t iz e d  m a te r ia l  a t  low 

s t r a i n - r a t e s  a t  75°F (2h°C) and high s t r a i n  r a t e s  a t  500°F (260°C). Con

v e r s e ly ,  th e  s t r a in  to  f r a c tu r e  f o r  so lu tio n -a n n e a le d  m a te r ia l  was h ig h e r  

th a n  th a t  shown by s e n s i t iz e d  m a te r ia l  a t  h igh  s t r a i n - r a t e s  a t  75°F (24°C) 

and low s t r a i n - r a t e s  a t  S00°F (260°C). However, f o r  a l l  s t r a i n - r a t e s  a t  

1000°F (53B°C) and 1200°F (649°C ), th e  s t r a in  t o  f r a c tu re  Values were 

h ig h e r  f o r  s e n s i t iz e d  m a te r ia l  th an  f o r  so lu tio n -a n n e a le d  m a te r ia l.

S tra in  to  f i r s t  i n s t a b i l i t y  i s  p re se n te d  a s  a  fu n c tio n  o f  tem pera

tu r e  in  F ig u res  19 and 20 and o f  s t r a i n  r a t e  in  F igu re  22. For th e  

f a s t e s t  two s t r a i n - r a t e s  (<♦• 8 and 2 .5  p e r m in u te ) , th e  s t r a i n  to  f i r s t  

i n s t a b i l i t y  f o r  bo th  m a te r ia l-c o n d it io n s  went through  a  maximum a t  500°F 

(260°C) and th e n  decreased  m onoton ically  w ith  in c re a s in g  tem p era tu re .

For th e  n ex t s lo w est s t r a i n - r a t e  (0 .6 0  p e r m in u te ), th e  so lu tio n -a n n e a le d  

m a te r ia l  showed a  g e n e ra l tre n d  t o  d ec reasin g  v a lu es  o f  s t r a i n  to  f i r s t  

i n s t a b i l i t y  w ith  in c re a s in g  tem p era tu re . As th e  same s t r a i n - r a t e  (0 .60  

p e r  m in u te ), th e  s e n s i t iz e d  m a te r ia l showed a maximum in  th e  s t r a i n  t o  

f i r s t  i n s t a b i l i t y  a t  1000°F (538°C). At th e  s lo w est s t r a i n - r a t e  employed 

(0 .0 7  p e r  m in u te ), i n s t a b i l i t i e s  were seen  in  th e  so lu tio n -a n n ea le d

m a te r ia l  o n ly  a t  1200°F (6U9°C), and in  th e  s e n s i t iz e d  m a te r ia l  a t  bo th
* *

1000°F (538°C) and 1200°F (6<*9°C). For bo th  m a te r ia l- c o n d it io n s ,  th e  

s t r a i n s  to  f i r s t  i n s t a b i l i t y  a t  1200°F (6**9°C), th e  v a lu e  o f  s t r a i n  to
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f i r s t  i n s t a b i l i t y  was th e  h ig h e s t  rec o rd e d  f o r  th e  s e n s i t iz e d  m a te r ia l  a t  
#

t h a t  te m p era tu re .

The v a lu es  o f  s t r a i n  to  f i r s t  i n s t a b i l i t y  as  a  fu n c tio n  o f  s t r a i n -  

r a t e  fo llo w  no c l e a r - c u t  p a t te r n  (F ig u re  2 2 ) . At lOOO^F (538°C ), th e  

s t r a i n  to  f i r s t  i n s t a b i l i t y  d ec reased  w ith  in c re a s in g  s t r a i n - r a t e s  f o r  

b o th  m a te r ia l- c o n d i t io n s .  At 1200°F (6M9°C), th e  s t r a i n  to  f i r s t  i n s t a 

b i l i t y  in c re a se d  s l i g h t l y  w ith  in c re a s in g  s t r a i n - r a t e s  f o r  bo th  m a te r ia l  

c o n d it io n s .  At 75°F (2M°C) and 500°F (260°C ), th e  s t r a i n  to  f i r s t  i n s t a 

b i l i t y  f o r  s e n s i t iz e d  m a te r ia l  went th rough  a  maximum a t  a  s t r a i n - r a t e  

o f  abou t 2 .5  p e r  m in u te , th en  d ecreased  w ith  a  f u r th e r  in c re a se  in  s t r a i n -  

r a t e .  For s o lu tio n -a n n e a le d  m a te r ia l ,  th e  s t r a i n  to  f i r s t  i n s t a b i l i t y  d e 

c re a se d  w ith  in c re a s in g  s t r a i n - r a t e  a t  75°F (2M°C) and in c re a se d  w ith  

in c re a s in g  s t r a i n - r a t e  a t  500°F (260°C ).

S t r a in  a f t e r  o n se t o f  i n s t a b i l i t y ,  d e fin ed  as  th e  d if f e re n c e  b e

tween th e  s t r a i n  to  f r a c tu r e  and th e  s t r a i n  to  f i r s t  i n s t a b i l i t y ,  i s
w

p re se n te d  a s  a  fu n c tio n  o f  tem p era tu re  in  F ig u re  23 and o f  s t r a i n  r a t e  

in  F ig u re  2M. C o n s id e ra tio n  o f  t h i s  param eter was undertaken  in  an 

a ttem p t to  a s se s s  th e  a b i l i t y  o f  th e  s t e e l  to  r e s i s t  f a i l u r e  once an i n s t a 

b i l i t y  has form ed. As a fu n c tio n  o f  te m p e ra tu re , and f o r  th e  f a s t e s t  

th r e e  s t r a i n - r a t e s ,  th e  s e n s i t iz e d  m a te r ia l  showed a  maximum in  t h i s  

p a ram ete r a t  500°F (260°C) w ith  a  monotonic d ec rease  w ith  tem p era tu res  

to  1200°F (6M9°C). The so lu tio n -a n n e a le d  m a te r ia l  showed s im ila r  b e 

h a v io r  f o r  s t r a i n - r a t e s  o f  2 .5  and 0 .6  p e r  m inu te . For a  s t r a i n - r a t e  o f  

M.8 p e r  m inu te , th e  so lu tio n -a n n e a le d  m a te r ia l  showed a  s l i g h t l y  h ig h e r  

v a lu e  o f  t h i s  param eter a t  75°F (2M°C) th an  a t  500°F (260°C ), w ith  th e  

u s u a l  m onotonic d e c rease  w ith  tem p era tu re s  above 500°F (260°C).
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The s t r a i n - r a t e  dependence o f  t h i s  param eter i s  complex. S e n s i-  
»

t i z e d  m a te r ia l te s te d  a t  75°F (24°C) and 500°F (260°C) and s o lu t io n -

annealed m a te r ia l  te s te d  a t  500°F (2G0°C) show a  minimum in  t h i s  param eter

a t  a s t r a i n - r a t e  o f  abou t 2 .5  p e r m inute. S o lu tio n -an n ea led  m a te r ia l

te s t e d  a t  75°F (2h°C) shows a  monotonic in c re a se  in  t h i s  param eter w ith

in c re a s in g  s t r a i n - r a t e .  For bo th  m a te r ia l-c o n d it io n s  te s te d  a t  1000°F

(538°C ), t h i s  param eter appears t o  go through a  maximum a t  a  s t r a i n - r a t e

o f  about 0.6 p e r  m inu te , w ith  th e  s e n s i t iz e d  m a te r ia l  b e t t e r  a b le  to

r e s i s t  th e  o n se t o f  f r a c tu r e  once an i n s t a b i l i t y  had formed. For both

m a te r ia l-c o n d it io n s  t e s t e d  a t  1200°F (6**9°C), t h i s  param eter went through

a s l i g h t  maximum a t  a  s t r a i n - r a t e  o f 0 .6  p e r m inute. L i t t l e  d iffe re n c e
/

between th e  b ehav io r o f  s e n s i t iz e d  and so lu tio n -a n n e a le d  m a te r ia l  con

d i t io n s  was seen a t  1200°F (6U9°C).

2 . S tre s s  G rad ien t E f fe c ts

E f fe c t  o f  a  s t r e s s - g r a d ie n t  on th e  flow  and f r a c tu r e  b eh av io r o f  

ty p e  30*t s ta in l e s s  s t e e l  b a r  i s  d iscu ssed  in  term s o f  th e  v a r ia t io n  o f  

s t r a i n  to  f r a c tu r e , s t r a i n  to  f i r s t  i n s t a b i l i t y ,  and s t r a in  a f t e r  f i r s t  

i n s t a b i l i t y  w ith  in c re a s in g  b a r-d iam e te r  (d e c re a s in g  s t r e s s  g r a d i e n t ) .

S tra in  to  f r a c tu r e  as a  fu n c tio n  o f  in c re a s in g  b a r  d iam ete r (d e 

c re a s in g  s t r e s s  g ra d ie n t)  a t  500°F (260°C) i s  p resen ted  in  F igu re  25,

For th e  f a s t e s t  s t r a i n - r a t e ,  *1.8 p e r  m inute , th e  s t r a in  to  f r a c tu r e  in 

c reased  w ith  in c re a s in g  s t r e s s - g r a d ie n t .  For th e  rem aining s t r a i n  r a t e s  

o f  2 .5 ,  0 .6 ,  and 0.07 p e r  m inute, th e  s t r a i n  to  f r a c tu re  decreased  w ith  

in c re a s in g  s t r e s s  g ra d ie n t .  S tr a in  to  f i r s t  i n s t a b i l i t y  as a  fu n c tio n  o f  

in c re a s in g  b a r-d ia m e te r  (d ec rea sin g  s tr e s s - g r a d ie n t )  a t  500°F (260°C) i s
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p resen ted  in  F ig u re  25. For s t r a i n - r a t e s  o f  4 .6  and 2 .5  p e r  m inute, t h i s  
*

param eter decreased  w ith  in c re a s in g  s t r e s s - g r a d ie n t .  For a  s t r a i n - r a t e  

o f  0.6 p e r  m inute, no c o n s is te n t  v a r ia t io n  o f  t h i s  param eter w ith  in c re a s 

in g  s t r e s s - g r a d ie n t  was seen . Ho i n s t a b i l i t i e s  were seen a t  a s t r a i n - r a t e  

o f  0 .07  p e r  m inute.

S tra in  a f t e r  th e  f i r s t  i n s t a b i l i t y ,  d e fin ed  a s  th e  d iffe re n c e  be

tween th e  s t r a in  t o  f r a c tu r e  and th e  s t r a in  to  f i r s t  i n s t a b i l i t y ,  i s  

p re se n ted  as a  fu n c tio n  o f  in c re a s in g  b a r-d ia m e te r  (d e c rea s in g  s t r e s s -  

g ra d ie n t)  in  F igu re  25, C o n sid e ra tio n  o f  t h i s  param eter was undertaken 

in  an a ttem p t to  a s s e s s  th e  a b i l i t y  o f  th e  s t e e l  t o  r e s i s t  f a i lu r e  once 

an i n s t a b i l i t y  has formed. For s t r a i n - r a t e s  o f  4 .8  and 2 .5  p e r  m inute, 

t h i s  param eter in c reased  w ith  in c re a s in g  s t r e s s - g r a d ie n t .  For a  s t r a in  

r a t e  o f  0.6 p e r m inu te , t h i s  param eter d e c re a se d , then  in c re a se d  w ith  

in c re a s in g  s t r e s s - g r a d ie n t .  Hence, even in  th e  p resence  o f In c rea s in g  

s t r e s s - g r a d ie n ts ,  th e  m a te r ia l  seemed ab le  to  r e s i s t  f r a c tu r e  once l o c a l i -
r

zed p l a s t i c  flew  had begun.

3 . Welded P la te

T orsion  t e s t s  were conducted on specimens c u t from th e  2 inch 

th ic k  welded p la te  p re v io u s ly  d esc rib ed  in  th e  s e c tio n  e n t i t l e d  "M ate ria ls  

and Specimen P re p a ra t io n .1' Two ty p e s  o f  specimens were u sed : a l l  w eld-

m etal specim ens, vihere a 1 in ch  long by 0.300 in ch  d iam eter gag e-len g th  

was lo c a te d  com pletely  in  th e  fu s io n -zo n e  o f  th e  m u lti-p a s s  weldment 

(F ig u re  1 5 a); and w e ld - jo in t specim ens, where a 2 .5  inch  long  by 0.300 

inch d iam ete r g ag e-len g th  was cen te red  on th e  fu s io n -z o n e , w ith  a d ja c e n t 

reg io n s  o f  h e a t- a f f e c te d  zone and base-m eta l con ta ined  ou tboard  o f th e
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fu sio n -zo n e  (F igu re  1 5 b ). S in g le  t e s t s  were conducted  on as-w elded sp ec i

mens a t  75°F (24°C), 500°F (260°C ), 1000°P (538°C ), and 1200°F (649°C) a t

nom inal s h e a r  s t r a i n - r a t e s  o f  4 .8 ,  0 .6 ,  and 0 .07  p e r  m inute. R esu lts  o f  1
' 11

th e se  t e s t s  a re  sunm arized in  T able S . Deformation du ring  to r s io n  t e s t 

in g  a t  a l l  tem p era tu res  and s t r a i n - r a t e s  was un iq u e  in  th a t  th e  la rg e -  

g ra in ed  w eld -m etal underw ent ex trem ely  heterogeneous p l a s t i c  flow  w ith 

each grain s ta n d in g  ou t i n  r e l i e f  soon a f te r  th e  s t a r t  o f  to r s io n  te s t in g .

In  a l l  c a s e s ,  f a i lu r e  was e i th e r  e n t i r e ly  in  th e  fu s io n -z o n e ; o r  p a r t i 

a l l y  in  th e  fu s io n -z o n e , p a r t i a l l y  in  th e  h e a t- a f f e c te d  zone.

S t r a in  to  f r a c tu r e  a s  a  fu n c t io n  o f tem p era tu re  i s  ‘summarized in  

F igure  26 f o r  a l l  w eld -m etal sam ples and in  F ig u re  27 f o r  w e ld - jo in t  

sam ples. F o r a l l  w eld -m etal sam p le s , minimum v a lu e s  o f  s t r a i n - t o  f ra c tu re  

were seen a t  1000°F (538°C) fo r  a l l  s t r a in - r a t e s  employed. Maximum values 

o f  s t r a in  t o  f ra c tu re  w ere seen a t  1200°F (649°C) f o r  a l l  s t r a i n  r a t e s ,  

w ith  th e  sam ple te s te d  a t  a  s t r a i n  r a t e  o f 4 .8  p e r  minute showing a  

s u b s id ia ry  maximum a t  500°F (260°C ). For w e ld - jo in t  sam ples, minimum 

valu es  o f  s t r a i n  to  f r a c tu r e  were se e n  a t  1200°F (649°C) f o r  a l l  s t r a in -  

r a t e s  used . For s t r a i n - r a t e s  o f  0 .6  and 0.07 p e r  m in u te , maxima in  the 

s t r a i n  to  f r a c tu r e :  tem p era tu re  p l o t s  o f  w e ld - jo in t  samples w ere seen a t  

500?F (260°C ). V e ld - jo in t  samples t e s te d  a t  a  s t r a i n - r a t e  o f  4 .8  p er 

m inute showed a  pronounced maximum a t  1000°F (538°C) in  th e  s t r a i n  to  

f r a c tu r e .

The s t r a i n - r a t e  dependence o f  t h i s  param eter i s  summarized in  

F ig u re  28 and i s  complex. For a l l  w eld-m etal sa m p le s , th e  s t r a i n  to  

f r a c tu r e  in c re a se d  s l i g h t l y  w ith  in c re a s in g  s t r a i n - r a t e  a t  tem p era tu res  

o f  75°F (24°C) and 500°F (260®C). At 1000°F (5 3 8 °C ), th e  s t r a i n  to
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f r a c tu r e  o f  a l l  w e ld -m e ta l sam ples i s  e s s e n t i a l l y  in d ep en d en t o f  s t r a i n1 
0

r a t e .  At 1200°F (649°C) s t r a i n  to  f r a c t u r e : s t r a i n - r a t e  r e l a t io n s h ip  

f o r  a l l  w eld -m eta l sam ples went th ro u g h  a  s l i g h t  maximum a t  a  s t r a i n -  

r a t e  o f  0 .6  p e r  m in u te . F or w e ld - jo in t  sam p les , th e  s t r a i n  to  f r a c tu r e  

a t  75°F (24°C) and  1000°F (538°C) in c re a s e d  w ith  in c r e a s in g  s t r a i n  r a t e .  

At 500°F (2 6 0 °C ), th e  s t r a i n  t o  f r a c t u r e  f o r  w e ld - jo in t  sam ples w ent 

th ro u g h  a  sh a llo w  minimum a t  a  s t r a i n - r a t e  o f  0.6 p e r  m in u te , w h ile  a t  

1200°F (6 4 9 °C ), th e  w e ld - jo in t  sam ple s t r a i n  t o  f r a c tu r e  v a lu e s  went 

th ro u g h  a  sh a llo w  maximum a t  th e  same s t r a i n  r a t e .

S t r a in  t o  f i r s t  i n s t a b i l i t y  a s  a  f u n c t io n  o f  te m p e ra tu re  i s  sum

m arized  in  F ig u re  26 f o r  a l l  w e ld -m e ta l sam ples and in  F ig u re  27 f o r
,  0

w e ld - jo in t  sam ples. For a l l  w e ld -m eta l sam p les , th e  minimum v a lu e s  o f  

s t r a i n  t o  f i r s t  i n s t a b i l i t y  were, e x p e rie n c e d  a t  75°F (2 4 °C ). F or a  

s t r a i n - r a t e  o f  4 .8  p e r  m in u te , a  maximum v a lu e  o f  t h i s  p a ram ete r f o r  a l l  

w e ld -m eta l sam p les , was observed  a t  1000°F (5 3 8 °C ), w h ile  f o r  s lo w er
9

s t r a i n  r a t e s ,  maximum v a lu e  o f  t h i s  p a ram e te r was seen  a t  1200°F (649°C ). 

For w e ld - jo in t  sam p les , minimum v a lu e s  o f  th e  s t r a i n  t o  f i r s t  i n s t a b i l i t y  

were seen  a t  1200°F (649°C) f o r  a  s t r a i n  r a t e  o f  4 .8  p e r  m inute and  a t  

75°F (24°C) f o r  s lo w er s t r a i n  r a t e s .  Maximum v a lu e s  o f  th e  s t r a i n  t o  

f i r s t  i n s t a b i l i t y  f o r  w e ld - jo in t  sam ples w ere seen  a t  1000°F (538°C) f o r  

sam ples t e s t e d  a t  s t r a i n - r a t e s  o f  4 .8  and 0 .0 7  p e r  m in u te , and a t  1200°F 

(649°C) f o r  sam ples t e s t e d  a t  a  s t r a i n - r a t e  o f  0 .6  p e r  m in u te .

The s t r a i n - r a t e  dependence o f  t h i s  p aram eter i s  summarized in  

F ig u re  29 and in c re a s e d  w ith  in c re a s in g  s t r a i n - r a t e  o v e r  th e  e n t i r e  ran g e  

o f  te m p e ra tu re s  f o r  a l l  w eld -m eta l sam p les . Fop w e ld - jo in t  sam p les , th e  

q t f a in  t o  f i r s t  i n s t a b i l i t y  in c re a se d  w ith  in c re a s in g  s t r a i n - r a t e  a t  75°F
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(2 4 °C ), 5 0 0 °r (260°C )i and  1200°F (649°C ). At 1000°F (53B °C ), th e  v a lu e
• '  ' ' 

o f  t h i s  p a ra m e te r  f o r  w e ld - jo in t  sam ples went th ro u g h  a  sh a llo w  minimum

a t  a  s t r a i n - r a t e  o f  0.6 p e r  m in u te , th e n  in c re a s e d  s h a rp ly  t o  a  maximum

a t  a  s t r a i n  r a t e  o f  4 .8  p e r  m in u te .

S t r a in  a f t e r  f i r s t  i n s t a b i l i t y ,  d e f in e d  a s  th e  d i f f e r e n c e  betw een

th e  s t r a i n  t o  f r a c tu r e  and th e  s t r a i n  t o  f i r s t  i n s t a b i l i t y ,  i s  p re s e n te d

as  a  fu n c t io n  o f  tem p era tu re  in  F ig u re  30 . C o n s id e ra tio n  o f  t h i s  p a ra -  j

m e te r  was u n d ertak en  in  an a tte m p t t o  d e te rm in e  th e  a b i l i t y  o f  th e  w eld ■

m e ta l and w e ld - jo in t  t o  r e s i s t  f a i l u r e  once i n s t a b i l i t i e s  had form ed. As j
jI

a  fu n c tio n  o f  te m p e ra tu re  f o r  a l l  w e ld -m eta l sam ples t h i s  p a ram e te r  went . |

th ro u g h  maxima a t  1200°F (649°C) and minima a t  1000°F (538°C) f o r  a l l  j
0  > i

s t r a i n  r a t e s  em ployed. For w e ld - jo in t  sam p les , t h i s  param eter,.w ent i
'" S  ■ V-

th ro u g h  minima a t  1000°F (538°C) and maxima a t  500°F (260°C) f o r  sam ples j

t e s t e d  a t  s t r a i n - r a t e s  o f  0.6 and 0 .0 7  p e r  m in u te . H e ld - jo in t  sam ples

t e s t e d  a t  a  s t r a i n - r a t e  o f  4 .8  p e r  m inu te  re c o rd e d  a  minimum v a lu e  o f  '
*

t h i s  p a ram e te r a t  1200°F (649°C) and a  maximum v a lu e  a t  1000°F (53B°C).

The s t r a i n - r a t e  dependence o f  t h i s  p a ram ete r i s  summarized in  

F ig u re  31 . F or a l l  w e ld -m eta l sam p les , th e  s t r a i n  a f t e r  i n s t a b i l i t y  was 

e s s e n t i a l l y  c o n s ta n t a t  75°F (2 4 °C ), and d e c re a se d  w ith  in c re a s in g  s t r a i n -  !

r a t e s  a t  500°F (260°C ), 1000°F (S 3 8 °C ), and 1200°F (649°C ). For w eld - j
/  • i

j o i n t  sam p le s , t h i s  p a ram e te r  in c re a s e d  w ith  in c re a s in g  s t r a i n - r a t e  f o r  1
sam ples t e s t e d  a t  75°F (24°C) and  1000°F <S38°C), d ec rea se d  w ith  in c r e a s -  j

in g  s t r a i n - r a t e  f o r  sam ples t e s t e d  a t  1200°F (6 4 9 °C ), and went th ro u g h  a  ;

sh a llo w  minimum f o r  sam ples t e s t e d  a t  500°F <260°C). j



Com parison o f  Welded and Unwelded P r o p e r t ie s
# ' 1 " ’' 1

Comparison w ith  unwelded ( s o lu t io n  t r e a t e d )  b a r  s to c k  p ro p e r t ie s  

was accom plished  by ta k in g  th e  r a t i o  o f  th e  p a r t i c u l a r  p a ra m e te r  fo r  a  

w elded sam ple t o  t h a t  v a lu e  f o r  s o lu t io n -a n n e a le d  b a r - s to c k  and  an a ly z in g  

th e  b eh a v io r  o f  th e  r e s u l t i n g  r a t i o s  a s  f u n c t io n s  o f  te m p e ra tu re  and 

s h e a r  s t r a i n - r a t e .

The r a t i o  o f  w eld -m eta l s t r a i n  t o  f r a c tu r e  t o  base  m e ta l  s t r a in  

t o  f r a c tu r e  a s  a  fu n c tio n  o f  te m p e ra tu re  i s  summarized in  F ig u re  32. For 

a l l  w e ld -m eta l sam p les , th e  v a lu e s  o f  t h i s  p a ram ete r were l e s s  th an  0 .5  

f o r  sam ples t e s t e d  a t  a l l  s t r a i n  r a t e s  a t  te m p e ra tu re s  from  75°F (24°C) 

t o  1000°F (538°C ). At 1200°F (6 4 9 °C ), th e  v a lu e s  o f  t h i s  p a ram ete r f o r  

a l l  w e ld -m eta l sam ples in c re a se d  t o  ap p ro x im a te ly  1.0 f o r  sam ples t e s te d  

a t  s t r a i n - r a t e s  o f  0 .07  and 0 .6 - p e r  m inute and  t o  about 1 .5  f o r  th e  

sam ples t e s t e d  a t  a  s t r a i n - r a t e  o f  4 .8  p e r  m in u te . Maximum v a lu e s  o f . 

t h i s  p a ram ete r for. a l l  w e ld -m eta l sam ples w ere seen  a t  1200°F (649°C) 

and minimum v a lu e s  a t  500°F (260°C) f o r  sam ples t e s te d  a t  a l l  th re e  

s t r a i n - r a t e s .  For w e ld - jo in t  sam p les , v a lu e s  o f  t h i s  p a ra m e te r  were 

l e s s  th a n  0 .5  f o r  a l l  s t r a i n - r a t e s  ex cep t th e  sam ple t e s t e d  a t  1000°F 

(538°C) and 4 .8  p e r  m in u te , which e x h ib i te d  a  v a lu e  o f  1 .5 4 .  At 1200°F 

(649°C ), th e  v a lu e s  o f  th e  p a ra m e te r  f o r  w e ld - jo in t  sam ples in c re a se d  f o r  

th e  sam ples t e s t e d  a t  s t r a i n - r a t e s  o f  0 .6  and 0 .0 7  p e r  m in u te , and de

c re a se d  f o r  th e  sample t e s t e d  a t  a  s t r a i n - r a t e  o f  4 .8  p e r  m in u te . Maxi

mum v a lu e s  o f  t h i s  p a ram ete r f o r  w e ld - jo in t  sam ples were se e n  a t  1200°F 

(649°C) f o r  th e  sam ples t e s t e d  a t  th e  slow er s t r a i n - r a t e s ,  and  a t  1000°F

(538°C) f o r  th e  sample t e s t e d  a t  a  s t r a i n - r a t e  o f  4 .8  p e r  m in u te . Minimum

v a lu e s  o f  t h i s  p aram eter f o r  w e ld - jo in t  sam ples were seen  a t  75°F (24°C)



f o r  th e  sam ples t e s t e d  a t  th e  two slow er s t r a i n - r a t e s ,  and a t  500°F (260°C)1
•  • V  ‘

f o r  th e  sam ples t e s t e d  a t  **.8 p e r  m inu te.

The s t r a i n - r a t e  dependence o f  t h i s  param eter i s  summarized in  F ig

u re  33. At tem p era tu res  o f  75°F (24°C) t o  1000°F (538°C), th e  va lue  o f  

t h i s  p aram eter fo r  a l l  w eld-m etal sam ples in c re a se d  w ith  in c re a s in g  s t r a i n -  

r a t e  and n ev er exceeded 0 .5 0 . At a  tem p era tu re  o f  1200°F (649°C ), th e  

v a lu e  o f  t h i s  param eter fo r  a l l  w eld -m etal sam ples decreased  w ith  in c re a s 

in g  s t r a i n  r a t e ,  from 1.54 a t  0 .07  p e r  m inute t o  1 .0  a t  4 .8  p e r  m inute.

For w e ld - jo in t  sam ples t e s te d  a t  tem p era tu res  o f  75°F (24°C) t o  1000°F 

(538°C ), th e  va lue  o f  t h i s  param eter in c re a se d  w ith  in c re a s in g  s t r a i n -  

r a t e  and n ev e r exceeded a  va lue  o f  0 .50  ex cep t f o r  th e  sample te s te d  a t  

a  s t r a i n - r a t e  o f  4 .8  p e r  m inute and a  tem p era tu re  o f  1000°F ($38°C) wherein 

th e  observed  value  was 1 .5 4 . At a  tem p era tu re  o f  1200°F (649°C ), values 

o f  t h i s  param eter f o r  w e ld - jo in t  sam ples la y  between 0 .05 and 0 .8 5 , w ith 

a  minimum a t  a  s t r a i n - r a t e  o f  0.6 p e r  m inute.
* - - 

The r a t i o  o f  w eld-m etal s t r a i n  t o  f i r s t  i n s t a b i l i t y  to  b ase-m eta l

s t r a i n  t o  f i r s t  i n s t a b i l i t y  as  a  fu n c tio n  o f  tem p era tu re  i s  summarized

i n  F ig u re  34. For a l l  w eld-m etal sam p les, th e 'v a lu e  o f  t h i s  param eter

in c re a se d  t o  1000°F (538°C ), th en  d e c rea se d , f o r  samples t e s t e d  a t  a

s t r a i n  r a t e  o f  4 .8  p e r  m inute . V alues ranged from 0,30 to  0 .5 0 . For

a l l  w eld-m etal sam ples te s te d  a t  a  s t r a i n - r a t e  o f  0.6 p e r  m inu te , th e

v a lu e  o f  t h i s  apram eter in c re a se d  from about 0 .06  a t  75°F (24°C) t o  0.60

a t  1200°F (649°C). Minimum v a lu es  o f  t h i s  param eter f o r  a l l  w eld-m etal

sam ples were a t ta in e d  a t  75°F (24°C) w hile  maximum v a lu es  were a t ta in e d

a t  1000°F (538°C) f o r  sam ples te s te d  a t  a  s t r a in - r a t e * o f  4 .8  p e r  m inute

and a t  1200°F (649°C) fo r  sam ples t e s t e d  a t  a  s t r a i n - r a t e  o f  0 .60  p er
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m in u te . F or w e ld - jo in t  sam p les , th e  v a lu e s  o f  t h i s  p a ra m e te r  f o r  sam ples
*

t e s t e d  a t  a  s t r a i n - r a t e  o f  4 .8  p e r  m inute went th ro u g h  a  minimum o f  abou t

0 .3 0  a t  500°F (2 6 0 °C ), th e n  ro s e  t o  a  maximum o f  ab o u t 1 .3 4  a t  1000°F 

(5 3 8 °C ), th e n  d e c re a se d  w ith  an in c r e a s e  in  te m p e r a tu r e 'to  1200°F (649°C ). 

For w e ld - jo in t  sam ples t e s t e d  a t  a  s t r a i n - r a t e  o f  0 .6  p e r  m in u te , th e  

v a lu e  o f  t h i s  p a ram e te r in c re a se d  w ith  in c r e a s in g  tem p era tu re  from a  

minimum o f  ab o u t 0 .0 4  a t  7S°F (24°C) t o  a  maximum o f  0 .3 0  a t  1200°F (649°C) 

The s t r a i n - r a t e  dependence o f  t h i s  p a ram ete r i s  summarized in  F ig 

u re  35 . F or a l l  w e ld -m e ta l sam ples t h i s  p a ram ete r in c re a se d  w ith  in c r e a s 

in g  s t r a i n - r a t e  a t  te m p e ra tu re s  betw een 75°F (24°C) and 1000°F (5 3 8 °C ),

a t t a i n i n g  v a lu e s  l e s s  th a n  0 .5 0 , e x c e p t f o r  th e  sam ple t e s t e d  q t  1000°F
*

(538°C) and  a  s t r a i n - r a t e  o f  4 .8  p e r  m in u te , w hich e x h ib i te d  a -v a lu e  o f

ab o u t 0 .8 5 . F or a l l  w eld -m eta l sam ples t e s t e d  a t  1200°F (649°C ), t h i s

p a ra m e te r  was e s s e n t i a l l y  in d e p e n d e n t-o f  s t r a i n - r a t e ,  and was ab o u t 0 .5 5 .

For w e ld - jo in t  s a m p le s , t h i s  p a ra m e te r  in c re a se d  w ith  in c re a s in g  s t r a i n -
*

r a t e  a t  te m p e ra tu re s  betw een 75°F (24°C) and 1000°F (538°C ), w ith  v a lu e s  

l e s s  th an  0 .5 0  e x c e p t f o r  th e  sam ple t e s t e d  a t  1000°F (538°C) and  a  s t r a i n -  

r a t e  o f  4 .8  p e r  m in u te , which e x h ib i te d  a  v a lu e  o f  abou t 1 .4 4 . For w eld- 

j o i n t  sam ples t e s t e d  a t  1200°F (6 4 9 °C ), t h i s  p a ra m e te r  was e s s e n t i a l l y  

in d ep en d en t o f  s t r a i n - r a t e ,  and was ab o u t 0 .3 5 .

The r a t i o  o f  w e ld -m eta l s t r a i n  a f t e r  f i r s t  i n s t a b i l i t y  t o  b a s e -  

m e ta l  s t r a i n  a f t e r  f i r s t  i n s t a b i l i t y  a s  a  fu n c tio n  o f  tem p e ra tu re  i s  

sum m arized i n  F ig u re  3 6 . F or a l l  w e ld -m eta l sam ples t e s t e d  a t  a  s t r a i n -  

r a t e  o f  4 .8  p e r  m in u te , t h i s  p a ra m e te r  d e c rea se d  a s  th e  te m p e ra tu re  i n 

c re a se d  from  75°F (24°C) t o  1000°F (5 3 8 °C ), th e n  in c re a se d  a s  th e



tem pera tu re  in c re a se d  to  1200°F (6«t9°C). Values ranged  from a  minimum o f

0 .1 5  a t  1000°F (538°C) t o  a  maximum o f  1 .52  a t  1200°F (6i*9°C). For a l l

w eld-m etal sam ples te s te d  a t  a  s t r a i n - r a t e  o f  0.6 p e r  m inute, th e  value

o f  t h i s  param eter decreased  slow ly  w ith  in c re a s in g  tem p era tu re  from a

maximum o f  3 .9 5  a t  75°F (2h°C ) to  a minimum o f  0 .1 8  a t  500°F (260°C ),

th e n  in creased  a s  the  tem p era tu re  in c re a se d  to  1200°F (6U9°C). For w eld-

j o i n t  samples t e s t e d  a t  a  s t r a i n - r a t e  o f  h .8 p e r  m in u te , t h i s  param eter

in c re a se d  w ith  in c re a s in g  tem p era tu re  from  a minimum value o f  0 .38  a t  75°F

(2h°C) to  a  maximum value o f  1.66 a t  1000°F (538°C) th en  d ecreased  w ith  a

f u r th e r  in c re a se  in  tem p era tu re  to  1200°F (649°C). For w e ld - jo in t  sam ples

te s t e d  a t  a s t r a i n - r a t e  o f  0.6 p e r m in u te , t h i s  param eter d ec reased  w ith
•  •  

in c re a s in g  tem p era tu re  from a  maximum v a lu e  o f  h .3  a t  75°F (24°C) to  a

minimum value o f  0.31 a t  500°F (260°C) th e n  in c rea sed  s l ig h t ly  w ith  in 

c re a s in g  tem p era tu res  to  1200°F (6<f9°C)~.

The s t r a i n - r a t e  dependence o f  t h i s  param eter i s  summarized in  F ig 

u re  37 . For a l l  w eld-m etal sam ples, t h i s  param eter decreased  w ith  in c re a s 

in g  s t r a i n - r a t e  a t  tem p era tu res  o f  75°F (2U°C) and 1000°F (538°C ), was 

e s s e n t i a l ly  independent o f  s t r a i n - r a t e  a t  500°F (260°C) w ith a  v a lu e  o f  

a h o u t 0 .2 , and a t  1200°F (6**9°C) went th rough  a minimum a t  a  s t r a i n - r a t e  

o f  0 .6  p er m inu te . For w e ld - jo in t  sam p les, t h i s  param eter d e c re a se s  w ith  

in c re a s in g  s t r a i n - r a t e  a t  75°F (24°C), in c re a sed  w ith  in c re a s in g  s t r a i n -  

r a t e  a t  500°F (260°C) and 1000°F (538°C ), and went through  a  minimum a t  a 

s t r a i n - r a t e  o f  0 .6  per m inute a t  1200°F (6<t9°C).
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METALLOGRAPHY

1 . Specimen P re p a ra t io n

P re p a ra tio n  o f  sam ples f o r  m e ta llo g ra p h lc  exam ination  c o n s is te d  o f  

s e c t io n in g ,  m ounting , g r in d in g , rough p o l is h in g ,  f in e  p o l i s h in g ,  and 

e tc h in g  w ith  s u i t a b l e  r e a g e n ts .  S e c tio n in g  was perform ed u s in g  a* s i l i 

c o n -c a rb id e  c u to f f  w heel, w h ile  f lo o d in g  the  sam ple w ith  an ex cess  o f  

c o ld  w a te r  to  p re v e n t o v e r -h e a tin g  o f  th e  sam ple . Samples w ere mounted

in  an epoxy m ounting m a te r ia l  (B u eh le r Ho. 20-8130 AB) w ith  an a d d i t io n
*

o f  IS  volume p e r c e n t  5 m icron a lum ina powder t o  in c re a se  th e  h a rd n ess  o f  

th e  mount and a id  i n  r e t e n t io n  o f  th e  edgeB o f  th e  sam ple during- su b se -  

q u en t p o lis h in g  o p e r a t io n s .  A f te r  c u r in g  th e  epoxy, w hich took  24 h o u rs  

a t  room te m p e ra tu re , th e  sam ples w ere s u rfa c e -g ro u n d , rem oving 0 .005  

in c h e s  p e r  p ass  so  a s  n o t t o  co ld -w ork  th e  s t a i n l e s s - s t e e l ,  u n t i l  a  

s u f f ic ie n t ly - w id e  s e c t io n  o f  th e  g a g e -len g th  was exposed. 'Rough p o l i s h 

in g  o f  sam ples was accom plished  on p o w e r-ro ta te d  w a te r-co o led  w h ee ls , 

u s in g  240, 320, 4 0 0 , and 600 g r i t  s i l i c o n  c a rb id e  p ap e r. F ine p o l is h in g  

— o f  sam ples was accom plished  on p o w er-ro ta ted  w h e e ls , u s in g  B ueh ler L td . 

M ic ro c lo th  c lo th s  and  p o l is h in g  w ith  9 m icro) 6 m icron , and  3 m icron d ia -  

m ond-paste . Between each p o l is h in g  o p e r a t io n ,  sam ples w ere c lean ed  in  

an u l t r a s o n ic  a g i t a t o r  and r in s e d  w ith  m ethano l. E tc h a n ts  used  w ere 

g ly c e re g ia  (2  p a r t s  by volume HC1, 2 p a r t s  g ly c e r in e ,  1 p a r t  HNO3 ) f o r  

g e n e ra l  m ic ro o tru c tu ra l  d e t a i l s ,  and o x a l ic  a c id  (10 volume p e rc e n t in

50
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w a te r) f o r  develop ing  th e  m ic ro s tru c tu re  o f  s e n s i t iz e d  m a te r ia l .  Examina- 
*

t io n  was perform ed on an  American O p tic a l Company Model 21400 m eta llo g rap h .

2 . Exam ination*of Incoming M a te ria l
»

The m ic ro s tru c tu re  o f  s o lu tio n -a n n e a le d  b a r  i s  shown in  F igure 38 

and c o n s is ts  o f  a  r e l a t i v e ly  c o a rse -g ra in e d  (ASTM 5) a u s te n i t i c  m icro

s t r u c tu r e  w ith  ra n d o m ly -d is tr ib u te d  c a rb id e s . The h ardness was 2B0 

V ick ers . F ig u res  39 and 40 show th e  m ic ro s tru c tu re  o f  so lu tio n -a n n e a le d  

and s e n s i t iz e d  b a r e tch ed  w ith  g ly c e re g ia  and o x a lic  a c id ,  r e s p e c t iv e ly .

The form er m ic ro s tru c tu re  i s  q u i te  s im ila r  t o  t h a t  e x h ib ite d  by th e
«

s o lu tio n -a n n e a le d  b a r  (F ig u re  3 8 ) ,  w hile  th e  l a t t e r  m ic ro s tru c tu re  c le a r ly

shows ev idence o f  ex te n s iv e  s e n s i t iz a t io n  caused by g ra in  boundary p re -
*

c ip i t a t i o n  o f  M23C5 c a rb id e s ,  due to  th e  p r e f e r e n t i a l  a t ta c k  o f  g ra in -  

boundary re g io n s  by th e  o x a lic  a c id .  Note a ls o  th e  o u t l in in g  o f  some 

tw in -b o u n d a ries  (F ig u re  40) by p r e c ip i ta t io n  o f  c a rb id e s . F igure <41

I s  r e p re s e n ta t iv e  o f  fu s io n -zo n e  m ic ro s tru c tu re s  in  th e  m u lti-p a s s  manual 

m e ta l-a rc  weld su p p lie d  by Combustion E n g in ee rin g , In c . Note th e  a s -  

d e p o s ite d  c o a rse -g ra in e d  w eld-m etal a d ja c e n t t o  th e  f in e -g ra in e d  w eld- 

m eta l which has  been rem elted  and r e - s o l i d i f i e d  by a  subsequent w eld- 

p a s s . F ig u re  >42 i s  a  ty p ic a l  re g io n  o f  th e  h e a t- a f f e c te d  zone in  th e  ‘ 

tw o-inch  th ic k  p la t e  used in  f a b r ic a t io n  o f  th e  w e ld e d - jo in t. Note th e  

p resen ce  o f  a  la m in a tio n , p ro b ab ly  a s so c ia te d  w ith  c a rb o n itr id e  in c lu 

s io n s  e lo n g a ted  in  th e  r o l l i n g  d i r e c t io n ,  which may have been opened by

t e s s e l l a t e d  s t r e s s e s  developed by the  m u ltip le  th e rm a l-c y d e s  a sso c ia te d
\

w ith  f a b r ic a t io n  o f  th e  m u lti-p a s s  weldment. F igure <43 shows a  ty p ic a l  

s e c t io n  a t  th e  f u s io n - l in e ,  and p re se n ts  ev idence o f a  sm all fu s io n - lin e
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h o t t e a r  as w e ll  a s  a n o th e r lam in a tio n  in  th e  o r ig in a l  b a s e -p la te  which 
*

appeared to  be a s so c ia te d  w ith  a  p o s s ib le  h e a t- a f f e c te d  zone c rack .

3 . Base M etal Specimens

M ic ro s tru c tu re s  o f  so lu tio n -a n n e a le d  specimens a f t e r  to r s io n -  

t e s t i n g  a t  v a rio u s  tem p era tu res  and sh e a r  s t r a i n - r a t e s  a re  p re sen ted  in  

F ig u res  44 through 61. Development o f  g rain-boundary  c o n tr a s t  a f t e r  

heavy p l a s t i c  s t r a in in g  was q u ite  d i f f i c u l t ,  due to  th e  very  ra p id  

g e n e ra l a t ta c k  by a l l  o f  th e  e tc h a n ts  employed. F ig u res  44 and 45 a re  

r e p re s e n ta t iv e  o f  th e  m a te r ia l 's  appearance a f t e r  e x te n s iv e  to r s io n a l -  

deform ation  a t  room -tem perature; r o ta t io n s  o f  g ra in s  and in c lu s io n s  from 

th e  o r ig in a l  specimen a x is  (F ig u re  44) and form ation  o f  many sm all se c -
* i

*

ondary c rack s  t h a t  a re  a lig n e d  w ith  th e  f ib r e - o r ie n ta t io n  o f  th e  specimen 

(F ig u re  4 5 ). Some o f  th e se  cracks appear t o  have o r ig in a te d  from in c lu 

s io n s ,  p robably  "MC" type c a r b o n i t r id e s , and a re  p ro p ag a tin g  in  a  t r a n s -  

g ra n u la r  manner a lo n g  th e  f ib r e - a x i s  in  th e  h e a v ily  p la s tic a lly -d e fo rm e d  

a u s te n i t i c  m a trix  (F ig u re  45) a s  suggested  by Spretnak  (1 8 ). F igure 46 

i l l u s t r a t e s  th e  e x te n s iv e  secondary c rack in g  a s s o c ia te d  sam ples th a t  ex

h ib i te d  h igh  v a lu e s  o f  s t r a i n  t o  f r a c tu r e ,  in  t h i s  case  a  f r a c tu r e  s t r a i n  

o f  4 .00  a t  room tem p era tu re . F igu re  47 i l l u s t r a t e s  th e  a s s o c ia t io n  o f a  

growing c rack  w ith  in c lu s io n s  in  th e  a u s te n i t i c  m a trix . E x tensive  c rack 

in g  p a r a l l e l  t o  th e  main crack  in  F ig u re  4 6 , in  a d d it io n  t o  b lu n tin g  a t  

th e  growing crack  t i p ,  a re  ev idence o f  th e  c r a c k 's  growth be in g  d riv en  by 

c o n tin u a l p l a s t i c  s t r a in in g .  F ig u res  48 and 49 d e p ic t  a  ty p ic a l  room- 

tem p era tu re : h igh  s t r a i n - r a t e  f r a c tu r e .  Note th e  growth o f  a  secondary

crack  in  from th e  f r a c tu r e  su rfa c e  by form ation  o f  p o res  a t  in c lu s io n :



n a tr ix  in te rfa c e s  and t h e  c o a le sc e n c e  o f  th e s e  p o re s  ahead o f  th e  advan

cing c rack -tip  (Fif*uro 13 )•  The in h e re n t  good d u c t i l i t y  o f  t h i s  m a te r ia l  

i s  evidenced by th e  b l u n t ,  ro u n d ed , n a tu re  o f  th e  grow ing c r a c k - t ip .

D eta ils  o f  th e  f r a c tu r e - s u r f a c e  (F ig u re  SO) a n d ‘i n t e r i o r  (F ig u re  

SI) o f  the  s o lu tio n -a n n e a le d  sam ple t h a t  e x h ib i te d  th e  h ifd ie s t  s t r a i n  t o  

f ra c tu re  o f  a l l  b a r sam p les  (6 .7 6  a t  a  te m p e ra tu re : s t r a i n - r a t e  confcina- 

t io n  o f  500°F (260°C): 0 .6 2  p e r  m inute) show th e  e x te n s iv e  seco n d ary - 

cracking asso c ia ted  w ith  a  h ig h - d u c t i l i t y  f r a c tu r e  (F ig u re  5 0 ) .  F ig u re  

SI shows th a t  th e  mode o f  c r a c k - i n i t i a t i o n  i s  b y  fo rm a tio n  o f  v o id s  a t  

inc lusion : m atrix  i n t e r f a c e s  and growth o f  c ra c k s  by l o c a l i z a t i o n  o f  

p la s tic -f lo w  along s t r e a n - l i n e s  in  th e . a u s te n i t e  m a tr ix . C a re fu l  exam in- 

a tio n  o f  Figure SI f a i l e d  t o  r e v e a l  any ev id en ce  o f  f r a c tu r in g  o f  in c lu 

s io n s . Figures 52 and 53 show th e  m ic ro s t ru c tu r a l  d e t a i l s  o f  a  sam ple 

te s te d  a t  500°F (260°C) a n d  a  v e ry  slow  s t r a i n - r a t e  t h a t  f a i l e d  w ith o u t 

any v isu a l evidence o f  i n s t a b i l i t y  fo rm a tio n . N ote th e  exam ple o f  e x te n 

s iv e  secondary c rack in g  (F ig u re  53) which was seen  a l l  th ro u g h o u t th e  

gage-length. Figure 53 shows t h a t  c ra c k s  grew from  in c lu s io n  t o  in c lu 

sion  by lo c a liz a tio n  o f  p l a s t i c - f lo w  a lo n g  s t r e a m - l in e s  in  th e  a u s t e n i t i c  

n a tr ix .

Figures 54 th ro u g h  58 show m icros t r u c t u r a l  f e a tu r e s  o f  a  sam ple 

te s te d  a t  a tem p era tu re : s t r a i n - r a t e  com bination  o f  1000°F (538°C ): >1.72 

per minute. Note th e  ex trem e  amount o f  r o t a t i o n  o f  th e  g r a in - s t r u c tu r e  

and inclusions away from  th e  o r ig in a l  b a r  a x is  (F ig u re  5 1 ) ,  w hich was in  

evidence throughout th e  e n t i r e  d iam e te r o f  th e  b a r .  C racks appeared  t o  

nucleate both a t  in c lu s io n ;  m a tr ix  in te r f a c e s  w ith in  th e  g r a in s  (F ig u re



56) and a t  p o res  form ed a t  c a r b id e - f r e e  g ra in -b o u n d a r le s  (F ig u re  57) andf ' - *
»

grow by l o c a l i z a t i o n  o f  p la s t i c - f lo w  alo n g  s t r e a m - l in e s  in  th e  a u s t e n i t i c

m a tr ix . No d e a r c u t  ev id en ce  o f  in c lu s io n -c ra c k in g  was s e e n .

F ig u re s  59 th ro u g h  61 show m ic r o s t r u c tu r a l  f e a tu r e s  o f  a  sam ple

t e s t e d  a t  a  te m p e ra tu re : s t r a i n - r a t e  com bination  o f  1200°F (649°C ):■ 0 .073

p e r  m in u te . Note th e  extrem e amount o r  r o t a t i o n  o f  th e  g r a in - s t r u c tu r e

from th e  o r ig in a l  b a r - a x is  by  to r s i o n a l  d e fo rm atio n  (F ig u re  5 9 ) , a s  w e ll

a s  th e  lo c a l i z a t i o n  o f  p l a s t i c  flow  betw een two c rac k s  grow ing to w ard s  *

each  o th e r  in  a  t r a n s g r a n u la r  manner. T h is  p h o to m icro g rap h , ta k en  j u s t

beh ind  th e  f r a c tu r e  s u rfa c e  on th e  b a r  c e n t e r - l i n e ,  i l l u s t r a t e s  th e

extrem e l o c a l i z a t i o n  o f  p l a s t i c  flow  t h a t  o cc u rred  w ith in  th e  s t r o n g -

i n s t a b i l i t y  th a t  le d  t o  f a i l u r e .  C o n tra s t th e  h eav ily -w o rk ed  ap p earan ce

o f  th e  m ic ro s tru c tu re  in  F ig u re  59 w ith  t h a t  in  F ig u re  6 0 , which was a l s o

tak e n  a lo n g  th e  b a r  c e n t e r - l i n e ,  b u t  a t  a  lo c a t io n  n e a r  th e  specim en

s h o u ld e r ,  which h a v in g  n o t  r e t a in e d  ev id en ce  o f  lo c a l iz e d  p l a s t i c  f lo w ,
•  ■

shows o n ly  a  un iform  r o t a t i o n  o f  g ra in s  and in c lu s io n s  a s  a  r e s u l t  o f

to r s i o n a l  d e fo rm a tio n . A lthough some r o ta t i o n  o f  g ra in s  away from th e

o r ig in a l  b a r - c e n te r  l i n e  i s  e v id e n t i n  F ig u re  6 0 , a s  w e ll  a s  a  few sm a ll
»

c r a c k s ,  th e  r e l a t i v e l y  undeform ed m ic ro s tru c tu re  o f  F ig u re  60 , compared 

w ith  t h a t  o f  F ig u re  59 s t r i k i n g l y  i l l u s t r a t e s  th e  m ic ro s t ru c tu ra l  e f f e c t s  

o f  l o c a l i z a t i o n  o f  p la s t i c - f lo w  p r i o r  t o  f a i l u r e .  F ig u re  61 , an e n la r g e 

ment o f  th e  re g io n  around th e  grow ing t i p  o f  one o f  th e  c ra c k s  shown in  

F ig u re  59 , c l e a r ly  i l l u s t r a t e s  th e  t r a n s g r a n u la r  n a tu re  o f  th e  f r a c t u r e ,  

a  common f e a tu r e  in  s o lu t io n -a n n e a le d  m a te r ia l  even In  th e  p re sen ce  o f  

s o m e 'in te rg ra n u la r  c a rb id e s  t h a t  were found on h e a t in g  t o  and t e s t i n g  

a t  1200°F (6U9°C): 0 .073  p e r  m in u te .
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M icro s tru c tu re s  o f  so lu tio n -a n n e a led  and s e n s i t iz e d  specim ens,
t

a f t e r  to r s io n - te s t in g  a t  v ario u s  tem p era tu res  and sh ea r s t r a i n - r a t e s , a re  . 

p re sen te d  in  F igures 62 through 76, M ic ro s tru c tu ra l f e a tu re s  o f  a  sample 

t e s t e d  a t  a  tem p era tu re : s t r a i n - r a t e  com bination o f  75°F (24°C): 2 .34  per 

m inute a re  shown in  F ig u res  62 th rough  65. At th e  f r a c tu r e - s u r f a c e  (F ig 

u re  62) v th e  g ra in s  and in c lu s io n s  have been r o ta te d  a lm ost 90 d eg rees 

from th e  o r ig in a l  b a r -a x is  by th e  extrem e lo c a l iz a t io n  o f  p la s t ic - f lo w  

w ith in  th e  i n s t a b i l i t y  t h a t  was a s so c ia te d  w ith  th e  f r a c tu r e .  T h is  ex

trem e r o ta t io n  o f  g ra in s  and in c lu s io n s  was e v id e n t a c ro s s  th e  e n t i r e  ' 

d iam ete r o f  th e  sample a t  th e  f r a c tu r e - s u r f a c e , n o t j u s t  n e a r  th e  e x te r 

n a l  su rfa c e  o f  th e  b a r  where th e  maximum s h e a r - s t r a in  would be expected

d u rin g  uniform  deform ation  o f  th e  specim en• F igure  63 i l l u s t r a t e s  th e
»•

much le s s  in te n se  deform ation  th a t  occu rred  f a r  from th e  f r a c tu r e - s u r f a c e . 

Form ation o f  m icrocracks a t  ca rb id e  netw orks a t  g ra in -b o u n d a rie s  and 

tw in -b o u n d aries  a re  shown in  F igures 64 and 65 , a s  w e ll a s  a t  i s o la te d  

in c lu s io n s  w ith in  th e  i n t e r i o r  o f  th e  g ra in . P ropagation  o f  th e  c rack s  

seems t o  ta k e  p lace  b o th  a lo n g  th e  in te rg r a n u la r  ca rb id e  networks (F ig 

u re  64) and w ith in  th e  i n t e r i o r  o f  th e  g ra in  (F ig u res  64 and 65). In  the  

l a t t e r  c a s e ,  th e  crack s  appear t o  grow from in c lu s io n  t o  in c lu s io n  w ith in  

th e  g r a in ,  o r  from a  s i t e  w ith in  th e  g ra in  to  th e  near-b y  grain-boundary  

ca rb id e  netw ork th a t  i s  fav o ra b le  o r ie n te d  w ith  re s p e c t t o  a  p lane  o f  

maximum sh e a r  s t r a i n .  Only a  m oderate number o f  secondary cracks were 

seen  in  t h i s  sam ple, which f a i le d  a t  a  s t r a i n  t o  f r a c tu r e  o f  2 .3 2 , which 

was low fo r  b ase -m e ta l specim ens t e s t e d  a t  room -teroperature.

F ig u res  66 and 69 summarize m ic ro s tru c tu ra l  f e a tu re s  o f  a  sample 

t e s te d  a t  a  tem p era tu re : s t r a i n - r a t e  com bination o f  500°F (260°C): 0.065
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pep m inute . T h is  sam ple, which f a i le d  a t  a  r e l a t i v e ly  h ig h  s tr a in  t o  

f r a c tu r e  o f  4 .5 6 ,  which was a  maximum f o r  s e n s i t iz e d  b a r - s to c k ,  showed 

ev idence o f  extrem e r o ta t io n  o f  g ra in s  and in c lu s io n s  due to  to rs io n a l  

d efo rm atio n , b o th  a t  th e  ou term ost su rfa c e  o f  th e  b a r  a t  th e  f ra c tu re  

(F ig u re  66) and n e a r  th e  s u r fa c e  o f  b a r  f a r  from  th e  f ra c tu re - s u r fa c e  

(F ig u re  67). N ear th e  b a r  c e n te r - l in e ,  l i t t l e  ev idence o f  p la s t ic - f lo w  

in  th e  form o f  g r a in - r o ta t io n  was seen (F ig u re  68) .  The d e ta i ls  o f  th e  

f r a c tu r e  a re  p re se n te d  in  F ig u re  69, w herein  pores a re  seen  forming a t  

b o th  in te rg r a n u la r  ca rb id e  networks and a t  i s o la te d  c a rb id e s  and o th e r  

in c lu s io n s  w ith in  th e  g r a in s ,  by e i th e r  decohesion  a t  th e  a u s te n ite :

c a rb id e  in te r f a c e  o r  p o s s ib ly  c rack in g -o f th e  r e l a t i v e ly  hard , ' b r i t t l e ,
* ♦

r •*.
c a rb id e s  as h as  been re p o r te d  by Barnby (34) f o r  s h o r t- t im e  te n s i le  d e 

fo rm ation  o f  s e n s i t iz e d  Type 316 s ta in le s s  s t e e l ,  and by Barnby and 

Peace (40) f o r  low cycle  fa tig u e -d e fo rm a tio n  o f  th e  same m a te r ia l. Growth 

o f  th e  cracks i s  p redom inantly  in te rg r a n u la r ,  w ith  an o c c a s io n a l t r a n s 

g ra n u la r  ex cu rsio n  along a  reg io n  o f  h i. M y -lo c a liz e d  p la s t ic - f lo w , - 

u s u a lly  tow ards an o th er c ra c k  o r  accum ulation o f  pores a t  a  g ra in-boundary .

F igu res 70 and 71 p re s e n t  m ic ro s tru c tu ra l  f e a tu r e s  o f  a  sample 

t e s t e d  a t  a  tem p era tu re : s t r a i n - r a t e  com bination o f  500°F (260°C): 2 .64  

p e r  m inute. T h is  sam ple, which fa i le d  a t  a  r e l a t i v e ly  h ig h  s tr a in  to  

f r a c tu r e  o f  5 .7 8  appeared to  i n i t i a t e  po res  m ostly  a t  g ra in  boundary 

c a rb id e  netw orks and o c c a s io n a lly  a t  i s o la t e d  in c lu s io n s  w ith in  th e  

g ra in s  (F ig u re  7 1 ). Growth o f  cracks ap p eared  to  be m ainly  in te rg r a n u la r ,  

w ith  o c c a s io n a l t ra n s g ra n u la r  excursions tow ards an in c lu s io n  o r an i s o 

l a t e d  m icrocrack  in  a  n e a r-b y  g ra in -boundary .



The d e t a i l s  o f  a  sam ple  t e s t e d  a t  1000°F (53BeC ): **.81 pep m inute 
*

a r e  p re se n te d  in  F ig u re s  72 and 73 w hich d e p ic t  th e  p ro p a g a tio n  o f  a 

seco n d ary  c ra c k  j u s t  b eh in d  th e  f r a c tu r e  s u r f a c e  by l in k in g  up w ith  a  

c ra c k  em anating  from a  sm a ll  in c lu s io n .  O th er d e t a i l s - o f  th e  f r a c tu r e  

and  a s s o c ia te d  m ic ro s tru c tu re  w ere q u i t e  s im i l a r  to  F ig u re s  70 and  71.

In  F ig u re s  74 th ro u g h  76 a re  p re se n te d  the- p e r t in e n t  m ic ro s tru c 

t u r a l  f e a tu r e s  o f  a  sam ple t h a t  was t e s t e d  a t  a  te m p e ra tu re : s t r a i n - r a t e  

com b in atio n  o f  1200°F (649°C ): 0 .0731 p e r  m in u te . C o n tra s t  th e  extrem e 

r o t a t i o n  o f  g r a in s  and in c lu s io n s  w ith in  th e  i n s t a b i l i t y  t h a t  was a s so c 

i a t e d  w ith  th e  f r a c tu r e  (F ig u re  74) w ith  th e  r e l a t i v e l y  l i g h t  amount o f

g r a in  and in c lu s io n  r e - o r i e n t a t i o n  shown in  F ig u re  76 w hich wps ta k e n
* (i

n e a r  th e  b a r - s u r f a c e  f a r  from  th e  f r a c tu r e - lo c a t io n .  T h is c l e a r l y  *
|

i l l u s t r a t e s  th e  m ic r o s t r u c tu r a l  d i f f e r e n c e s  produced by lo c a l i z a t i o n  o f  

p l a s t i c - f lo w .  I n  F ig u re  74 i s  a l s o  i l l u s t r a t e d  how p o res  form  and grow 

i n  an in t e r g r a n u la r  manner a lo n g  g ra in -b o u n d a ry  c a rb id e  n e tw o rk s. Note 

a l s o  th e  ex trem e l o c a l i z a t i o n  o f  p l a s t i c  flow  on th e  m ic ro - le v e l  a s  two 

c ra c k s  grow to w a rd s .ea ch  o th e r  (F ig u re  7 5 ) .

*1. Welded Specimens

M ic ro s tru c tu re s  o f  a l l  w e ld -m eta l specim ens a f t e r  t o r s i o n - t e s t i n g  

a t  v a r io u s  te m p e ra tu re s  and s t r a i n - r a t e s  a r e  p re se n te d  in  F ig u re s  77 th ro u g h  

87 . In  F ig u re s  77 and 78 a r e  shown m ic ro s t ru c tu r a l  f e a tu r e s  o f  a  w eld- 

m e ta l sam ple t h a t  was t e s t e d  a t  a  te m p e ra tu re : s t r a i n - r a t e  com bination  o f  

75°F  (2 4 °C ): 0.0688> p e r  m in u te , and re co rd e d  a  s t r a i n  t o  f i r s t  i n s t a b i l i t y  

v a lu e  o f  0 .0 6 2 4 , th e  lo w e s t o f  any  w eld -m eta l sam ple. Note th e  in te n s e  

lo c a l i z a t i o n  o f  p l a s t i c  flo w  w ith in  th e  i n s t a b i l i t y  a s s o c ia te d  w ith  f a i l u r e



f a i l u r e  (F ig u re  7 7 ). Exam ination o f  F ig u re  78 re v e a ls  th e  fo rm ation  o f  

v o id s  w ith in  in te r d e n d r i t i c  f e r r i t e  p o o ls , and th e  growth o f  th e se  vo ids 

in to  c ra c k s , f i r s t  w ith in  th e  f e r r i t e ,  th en  by in te n se  lo c a l iz a t io n  o f  

p la s t ic - f lo w  in  th e  a u s te n i t i c  m a trix  between m icrocracks w ith in  n ear-b y  

f e r r i t e - p o o l s .  S im ila r  ty p es  o f  f r a c tu r e  o f  duplex a u s t e n i t i c - f e r r i t e  

w eId-m etals on ty p es  304 and 316 base  m eta ls  have been re p o r te d  fo r  i s o 

th erm al f a t ig u e - lo a d in g  in  th e  ran g e  o f  room tem p era tu re  to  1100°? (593°C) 

by S h ah in ian , Sm ith, and Hawthorne (70) and Janies (71) and f o r  s t r e s s -  

ru p tu re  lo ad in g  a t  1200°F (649°C) by Goodwin, C o le , and S la u g h te r  (7 2 ).

F ig u res  79 th rough  81 p re se n t p e r t in e n t  m ic ro s tru c tu ra l  f e a tu re s

o f  two w eld-m etal sam ples t e s t e d  a t  500°F (260°C) and s t r a i n - r a t e s  o f

4 .8 5  p e r  m inute (F ig u re s  79 and 80) and 0.0651 p e r  m inute (F ig u re  8 1 ),
•  •

r e s p e c t iv e ly .  The form er sample e x h ib ite d  th e  h ig h e s t  v a lu es  o f  s t r a i n  

to  f i r s t  i n s t a b i l i t y  and s t r a i n  to  f r a c tu r e  reco rd ed  a t  500°F (260°C) 

w h ile  th e  second sample e x h ib ite d  th e  low est v a lu e s  o f  th e se  param eters
e

a t  500°F (260°C). In  th e  form er c a s e , e x te n s iv e  secondary  c ra c k in g , 

b o th  a t  th e  f r a c tu r e  s u rfa c e  (F ig u re  79) and f a r  away from i t ,  was seen . 

N ote th e  ex te n s iv e  c rack in g  p a r a l l e l l i n g  b o th  s id e s  o f  th e  secondary 

c ra c k . C racks i n i t i a t e d  by v o id -fo rm atio n  in  f e r r i t e  poo ls  and grew by 

p ro p ag a tio n  o f  v o id s , f i r s t  w ith in  th e  f e r r i t e  p o o ls ,  th en  by lo c a l iz a 

t i o n  o f  p l a s t i c  flow  in  th e  a u s te n i t i c  m a trix  between v o id - f i l l e d  f e r r i t e  

p o o ls .  In  th e  l a t t e r * c a s e ,  on ly  a  few secondary c rack s were seen  on th e  

f r a c tu r e  s u rfa c e  (F ig u re  81) and none in  th e  i n t e r i o r  o f  th e  bar*

M ic ro s tru c tu ra l f e a tu re s  developed in  w eld-m etal sam ples t e s te d  a t  

1000°F (538°C) and 1200?F (649°C) were q u ite * s im ila r .  In  F ig u re s  82 

th rough  87 a r e  p re sen ted  p e r t in e n t  m ic ro s tru c tu ra l  f e a tu re s  f o r  two w eld-



m etal sam ples t e s te d  a t  1200°F (649°C). The form er sample was te s te d  a t

a  s t r a i n  r a t e  o f  4 .80  p e r m inute and e x h ib ite d  th e  h ig h e s t s t r a in  to

f i r s t  i n s t a b i l i t y  and low est s t r a i n  t o  f r a c tu r e  o f  w eld-m etal sam ples

te s te d  a t  1200°F (649°C ), w hile  th e  l a t t e r  was te s te d  a t  a  s t r a i n - r a t e

o f  0 .580 p e r m inute and e x h ib ite d  th e  low est s t r a i n  to  f i r s t  i n s t a b i l i t y

and h ig h e s t s t r a i n  to  f r a c tu r e  o f  w eld-m etal sam ples te s te d  a t  1200DF

(649°C). F ig u res  82 and 83 i l l u s t r a t e  th e  p a u c ity  o f  secondary c ra c k -

form ation  along  th e  f r a c tu r e - s u r fa c e  o f  th e  low s t r a i n  to  f r a c tu r e  sam ple.

Note th e  p ropagation  o f one o f  th e se  cracks along in te rd e n d r l t ic  f e r r i t e

poo ls (F ig u re  8 3 ). L i t t l e  secondary crack-developm ent was* seen away from

th e  f r a c tu r e - s u r f a c e  in  t h i s  sam ple. F ig u re  84 i l l u s t r a t e s  th e  appearance
♦ ♦ 

o f  th e  f r a c tu r e  s u rfa c e  in  th e  h igh  s t r a in  t o  f r a c tu r e  sam ple.- Note th e

d i s to r t io n  and bending o f  th e  f e r r i t e  poo ls  in  th e  w eld-m etal a t  and j u s t

behind th e  f r a c tu r e  s u r f a c e ,  which i s  ev idence o f  cm s tro n g  i n s t a b i l i t y

having caused lo c a l iz a t io n  o f  p l a s t i c  flow  p r io r  to  f r a c tu r e .  E x tensive
#

secondary c rack in g  was seen  th roughou t th e  i n t e r i o r  o f  th e  specimen and 

a l l  a lo n g  th e  e x te r io r  s u rfa c e  o f  th e  g ag e-len g th  (F igure  85). In  F igure  

86 and 87 a re  shown th e  d e t a i l s  o f  th e  secondary crack  d ep ic ted  i n  F igure 

85. Note th e  p ro p ag atio n  o f  th e  c rack  a lo n g  poo ls  o f  in te r d e n d r l t ic  f e r 

r i t e  and th e  fo rm ation  o f  po res  w ith in  th e  f e r r i t e  ahead o f  and a lo n g s id e  

th e  growing c ra c k . F igure 87 shows c le a r ly  th e  ex ten s iv e  lo c a l iz a t io n  o f  

p la s t ic - f lo w  in  th e  a d ja c e n t a u s te n ite  a s so c ia te d  w ith  p ropagation  o f  th e  

c rack .

M ic ro s tru c tu re s  o f  ty p ic a l  w e ld - jo in t  sam ples a f t e r  to r s io n - te s t in g  

a t  v a rio u s  tem p era tu res  and s t r a i n - r a t e s  a r e  p re sen ted  in  F igu res 88 
th rough 98. In  F ig u res  88 th rough 90 a re  p re se n te d  m ic ro s tru c tu ra l



f e a tu re s  o f  a  sam ple, which when t e s te d  a t  a  tem p era tu re : s t r a i n - r a t e
! 1 •

#

com bination o f  75°F (2h°C): H.BO p e r  m in u te , showed th e  only  d e a r  e v i 

dence o f  a l l  w e ld - jo in t  samples o f  i n s t a b i l i t y  fo rm ation  in  th e  h e a t -  

a f f e c te d  zone. Hote t h a t  th e  f r a c tu re -p a th  i s  p a r t i a l l y  th rough th e  

s e n s i t iz e d  h e a t- a f f e c te d  zone (F ig u re .88) and p a r t i a l l y  'through th e  

fu sio n -zo n e  (F ig u re  8 9 ) , and does n o t show much secondary  cracking* In 

F igure  90 i s  p re sen te d  th e  d e t a i l s  o f  a  crack  em anating from a  m icro- 

sh rin k ag e  c a v i ty  in  th e  fu s io n -zo n e . Note the  p o re -fo rm atio n  in  f e r r i t e  

poo ls  th roughou t th e  re g io n  o f  th e  fu sio n -zo n e  n e a r  th e  m icroshrinkage 

c a v ity  and a s so c ia te d  c rac k . ,

In F ig u res  91 and 92 a re  p re se n te d  m ic ro s tru c tu ra l  d e t a i l s  o f  a  

w e ld - jo in t  sample t h a t  was te s te d  a t  a  tem p era tu re : s t r a i n - r a t e  combina

t io n  o f  500°F (250°C): 0.0690 p e r m inu te . This sample e x h ib ite d  m oderate 

secondary c rack in g  th roughou t th e  h e a t- a f f e c te d  zone and fu s io n  zone,

w ith  f a i l u r e  o cc u rrin g  e n t i r e ly  w ith in  th e  fu s io n -zo n e . Hote th e  form a-
♦

t io n  o f  p a re s  w ith in  th e  f e r r i t e  poo ls  and th e  growth o f  th e se  po res in to  

sm all c rac k s  e n t i r e ly  w ith in  th e  f e r r i t e  (F igure  9 2 ) ,  a s  w e ll  a s  th e  f o r 

m ation o f in c lu s io n : m a trix  decohesions w ith in  th e  a u s te n i te .  F igure  91 

shows th e  developm ent o f  secondary c rack s  from th e  f r a c tu r e  s u rfa c e  and 

th e  lo c a l iz a t io n  o f  p l a s t i c  flow  around th e se  m icro c rack s .

F ig u res  93 and 9U summarize th e  p e r t in e n t  m ic ro s tru c tu ra l  f e a tu re s  

o f  a  w e ld - jo in t  sample t h a t  was te s te d  a t  a  tem p era tu re : s t r a i n - r a t e  com

b in a t io n  o f  1000°F (538°C): H.87 p e r m inu te . Note th e  e x te n s iv e  secondary 

c ra c k in g , b o th  a t  th e  f r a c tu r e  s u rfa c e  and behind i t  (F ig u re  9 3 ). Propa

g a tio n  o f  a  secondary crack  j u s t  behind th e  f r a c tu r e  appears t o  have 

occu rred  by lo c a l iz a t io n  o f  p l a s t i c  flow  in  th e  a u s te n i t i c  m a trix  le a d in g
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t o  te a r in g  between m icrocracks t h a t  developed w ith in  f e r r i t e  p o o ls  (F ig -  .
B

u re  9 4 ) . F a i lu re  was e n t i r e ly  w ith in  th e  fu s io n -z o n e .

F ig u res  95 through 99 p re se n ts  m ic ro s tru c tu ra l  f e a tu re s  o f  a  w eld- 

j o i n t  sample th a t  was te s te d  a t  a  tem p era tu re : s t r a i n - r a t e  com bination o f  

1200°F (649°C): 4 .8 6  p e r m inu te . F a i lu re  o ccu rred  e n t i r e ly  w ith in  th e  

fu s io n -z o n e , which shows ev idence  o f  e x ten s iv e  secondary c rack -d ev e lo p 

ment (F ig u re  9 5 ) . Note th e  b ranch ing  o f  one o f  th e se  secondary cracks 

(F ig u re  9 5 ) . At and n ea r th e  f r a c tu r e  su rfa c e  (F ig u re  9 5 ) , i s  ev idence 

o f  in te n s e  lo c a l iz a t io n  o f  p l a s t i c  flo w , in  th e  form o f  bending o f  i n t e r -  

d e n d r i t ic  f e r r i t e  p o o ls ,  t h a t  o ccu rred  du rin g  d e fo rm a tio n ,o f th e  s tro n g  

i n s t a b i l i t y  a s s o c ia te d  w ith  f r a c tu r e .  F ig u res  97 and 98 a re  en largem ents 

o f  th e  growing end o f  th e  secondary  c rack  shown in  F ig u re  95. . Note p ropa- 

g a tio n  o f  th e  c rack  through th e  a u s te n i te  from one f e r r i t e  pool to  a n o th e r , 

and a lo n g  an in c lu s io n :  a u s te n i te  in t e r f a c e ,  a s  w e ll a s  ev idence o f  l o c a l 

iz a t io n  o f  p l a s t i c  flow  on th e  a u s te n i t i c  m a trix  ahead o f  th e  growing
*

c r a c k - t ip  (F ig u re  9 8 ) .



DISCUSSION

1 . I d e n t i f i c a t io n  o f  Mode o f  F ra c tu re  .

I r r e s p e c t iv e  o f  th e  le v e l  o f  d u c t i l i t y  a t  f r a c t u r e ,  a s  t y p i f i e d  by

s t r a i n  t o  f r a c tu r e  v a lu e s ,  th e  mechanism o f  f r a c t u r e - i n i t i a t i o n  in  wrought 

ty p e  304 a u s te n t ic  s t a i n l e s s  s t e e l ,  e i t h e r  so lu tio n -a n n e a le d  o r  s e n s i t i z e d ,  

was th e  d u c t i l e  f r a c tu r e  mechanism a s  d e s c r ib e d  in  th e  "Review o f  P rev ious 

Vork". Evidence f o r  t h i s  s ta te m en t was g a th e re d  by c a r e f u l  o p t i c a l -  

m icro sco p ic  exam ination  o f  f a i l e d  sam ples. S in ce  a l l  f r a c tu r e s  w ere d r i 

ven by co n tin u ed  p l a s t i c  s t r a i n i n g ,  th e y  o ccu rred  by th e  s ta b le  mode.

V alues o f  sh e a r  s t r a i n  r e p o r te d  h e re in  a re  a  m easure o f  th e  m a te r i a l 's
#■

a b i l i t y  t o  accomodate p l a s t i c - s t r a i n  in  th e  p resen ce  o f  a  n o tc h , o f te n  

r e f e r r e d  to  a s  th e  n o tc h - d u c t i l i ty .  These v a lu e s  do n o t  u s u a lly  c o r r e la te  

w ith  v a lu e s  o f  d u c t i l i ty -p a ra m e te r s  m easured in  th e  sm ooth-bar te n s io n
r

t e s t .

Compare th e  m ic ro s tru c tu re  o f  two s o lu tio n -a n n e a le d  sam ples; AH 

(500°F (260°C ): 0 .62  p e r  m inu te) t h a t  e x h ib ite d  th e  maximum v a lu e  o f  

s t r a i n  t o  f r a c tu r e  o f  6 .7 6 , and sample A ll (1000°F (538°C ): 4 .72  p e r  

m inu te) t h a t  e x h ib i te d  a  r e l a t i v e ly  low v a lu e  o f  s t r a i n  t o  f r a c tu r e  o f  

2 .4 2 ,  a s  p re se n te d  in  F ig u res  50 to  51 and 54 t o  58 , r e s p e c t iv e ly .  Both 

sam ples show ev idence  o f  i n i t i a t i o n  o f  f r a c tu r e  by decohesion  a t  random ly 

d isp e rs e d  ox ide  and c a r b o -n i t r id e  in c lu s io n :  m a trix  in t e r f a c e s ,  and p ropa

g a tio n  o f  c rac k s  by lo c a l iz a t io n  o f  p la s t i c - f lo w  on a  m icroscop ic  l e v e l .



S im ila r  m ic r o s t r u c tu r a l  e f f e c t s  w ere seen  in  th e  ca se  o f  s e n s i t i z e d  
*

m a te r ia l ,  a s  shown by com paring th e  m ic ro s tru c tu re s  o f  sam ple AS3 (500°F 

(260°C): 2.6** p e r  m inu te) t h a t  re c o rd e d  th e  maximum v a lu e  o f  s t r a i n  to  

f r a c tu r e  o f  5 .7 8  and sam ple AS15 (1200°F  (649°C ): 0 .0731 p e r  m inu te) 

t h a t  had th e  minimum v a lu e  o f  s t r a i n  t o  f r a c tu r e  o f  1 . 1*2 a s  p re s e n te d  in  

F igu res 70 t o  71 and 74 t o  76 , r e s p e c t iv e ly .  In  a d d i t io n  to  o x id e  and 

c a r b o -n i t r id e  in c lu s io n :  m a tr ix  i n t e r f a c e s  s e rv in g  a s  s i t e s  f o r  c r a c k -  

i n i t i a t i o n  a s  was seen  f o r  th e  s o lu t io n -a n n e a le d  m a t e r i a l ,  th e  in t e r f a c e s  

c re a te d  betw een  th e  a u s t e n i t i c  m a tr ix  and th e  (F e , C r)23C6 c a rb id e s  t h a t  

p r e c ip i ta te d  on g ra in  b o u n d a r ie s  and  tw in  b o u n d aries  (F ig u re s  6i* and 65)

could  be e x p e c te d  to  s e rv e  a s  p o t e n t i a l  s i t e s '  f o r  second  phase s m a tr ix
« * 

decohesions t o  form . T h a t th e s e  r e g io n s  d id  s e rv e  a s  p r e f e r r e d  lo c a t io n s

f o r  c r a c k - i n i t i a t i o n  i s  shown f o r  s e n s i t i z e d  sam ples t e s t e d  a t  am bien t

(AS17, 75°F (2 4 °C ): 2 .3 4  p e r  m in u te ) and e le v a te d  te m p e ra tu re s  (A S H ,

500°F (260°C ): 0 .065  p e r  m in u te , F ig u re s  64 t o  65 and 6 9 ) .  P rev io u s
r

evidence o f  t h e  r o le  o f  tw in  b o u n d a rie s  a s  c r a c k - i n i t i a t i o n  s i t e s  i n  type 

304 s t a i n l e s s  s t e e l  deform ed a t  e le v a te d  te m p e ra tu re s  h a s  been r e p o r te d  

by M ichel, Nahm, and M oteff (7 3 ) . D e sp ite  th e  many a d d i t io n a l  in c lu s io n  

(o r  second p h a s e ) :  m a tr ix  i n t e r f a c e s  in  th e  s e n s i t i z e d  m a te r ia l ,  r e l a t i v e  

t o  th e  s o lu t io n -a n n e a le d  m a te r ia l , th e  ran g e  o f  s t r a i n  t o  f r a c tu r e  v a lu es  

f o r  th e  two m a te r ia l - c o n d i t io n s  was from  1 .4 2  to  5 .78  f o r  th e  s e n s i t i z e d  

m a te r ia l  and from  1 ,23  t o  6 .76  f o r  th e  s o lu t io n -a n n e a le d  m a te r ia l .  Hence, 

s e n s i t i z a t i o n  ap p ears  t o  have o n ly  a  s l i g h t  e f f e c t  on re d u c in g  th e  ran g e  

o f  s t r a i n  t o  f r a c tu r e  v a lu e s  seen  in  t h i s  in v e s t ig a t io n .

S im ila r  t o  th e  t r e n d  s e t  in  th e  w rought m a te r i a l ,  a s  t y p i f i e d  by 

s t r a i n  t o  f r a c t u r e  v a lu e s ,  th e  mode o f  f r a c t u r e - i n i t i a t i o n  in  w elded type



304 a u s te n i t i c  s ta in le s s  s t e e l  was by th e  d u c t i le  f r a c tu r e  mechanism.
»

C onsider th e  m ic ro s tru c tu re  o f  two a l l  w eld-m etal sam ples; t h a t  o f  sample 

W12 (75°F (24°C ): 0.0688 p e r  m inute) t h a t  had a r e la t iv e ly - lo w  s t r a in  to  

f r a c tu r e  v a lu e  o f  1.11 (F ig u re s  77 and 7 8 ), and th a t  o f  sample W9 (1200°F 

(649°C): 0,0720 p e r  m inute) t h a t  had a  r e l a t iv e ly  h igh  s t r a i n  to  f r a c tu r e  

v a lu e  o f  1 .78 (F ig u res  84-87). I r r e s p e c tiv e  o f  th e  r e l a t iv e  s t r a in  to
jm

f r a c tu r e  v a lu e s , f r a c t u r e - in i t i a t i o n  involved th e  form ation  o f  decohe

s io n s  a t  two d i f f e r e n t  ty p es  o f  s i t e s .  The more p re v a le n t s i t e  was 

a s s o c ia te d  w ith  th e  pools o f  d e l t a - f e r r i t e  con ta ined  in  a  predom inantly  

a u s te n i t i c  m a trix . Pores tended  to  nuclea te .a t th e  in te r f a c e s  between

d e l t a - f e r r i t e  and th e  a u s te n i t i c  m a tr ix , and en la rg e  e i th e r  w ith in  th e
«

f e r r i t e  o r  w ith in  th e  a u s te n i te .  This tre n d  was seen n o t on ly  in  th e

above-m entioned specim ens, b u t  in  specimens deformed over th e  e n t i r e

range o f  tem p era tu res  and s t r a i n - r a t e s  employed. A d d itio n a l examples a re

shown on F ig u res  80, 92 and 97. The le s s  p re v a le n t f r a c tu r e - in i t i a t i o n
*

s i t e  was a s so c ia te d  w ith  decohesions formed a t  an o ccas io n a l n o n -m e ta llic  

in c lu s io n -m a tr ix  in te r f a c e  (F ig u res  91 and 92) s im ila r  in  n a tu re  to  one 

o f  th e  sou rces o f  f r a c t u r e - in i t i a t i o n  seen in  wrought m a te r ia l .

D eciding on th e  mode o f  f r a c tu r e  p ropagation  re q u ire s  c o n s id e ra 

t io n  o f  n o t on ly  th e  m e ta llo g ra p h ic ’ ev idence b u t a lso  th e  ty p es  o f  

i n s t a b i l i t i e s  observed d u rin g  to r s io n - te s t in g .  For th e  moment; d iv id e

th e  specim ens in to  two c la s s e s ,  using  a s  a  b a s is  f o r  th e  se p a ra tio n  th e  

p resence  o r  absence o f i n s t a b i l i t i e s  v i s ib le  w ith  th e  naked eye d u rin g  

to r s io n  t e s t i n g ,  h e r e a f te r  r e f e r r e d  to  as "m acroscopic i n s t a b i l i t i e s . "  

T ables 2 th rough  5 , which summarize th e  d e ta i l s  o f  a l l  t o r s io n - t e s t s  

perform ed, in d ic a te  th a t  specim ens te s te d  under th e  fo llo w in g  tem p era tu re :
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n om inal s t r a i n  r a t e  c o n d it io n s  f a i l e d  w ith o u t th e  o ccu rren c e  o f  m acrosco-
*

p i c  i n s t a b i l i t i e s  b e in g  g e n e ra ted  d u r in g  t o r s i o n - t e s t i n g :  s o lu t io n -  

a n n e a le d  b a r ;  75°F (2M°C), 500°F (2 6 0 °C ), and 1000°F (538°C) a t  a  nom inal 

s t r a i n - r a t e  o f  0 ,07  p e r  m inu te ; and s e n s i t i z e d  b a r ;  75°F (2M°C) and 50Q°F 

(260°C ) a t  a nom inal s t r a i n - r a t e  o f  0 .0 7  p e r m in u te . A ll w elded sam ples 

showed evidence o f  one o r  more m acroscop ic  i n s t a b i l i t i e s  p r i o r  t o  f a i l 

u r e .  These c o n d it io n s  a re  summarized i n  Table 6 .

S ince a  few sam ples f a i l e d  w ith o u t th e  developm ent o f  m acroscop ic  

i n s t a b i l i t i e s ,  i . e .  underw ent u n ifo rm  d efo rm atio n  up to  th e  i n s t a n t  o f  

f a i l u r e ,  l e t  us  c o n s id e r  th e  r e s u l t i n g  m ic r o s t r u c tu r a l  ch an g es . The 

m ic ro s tru c tu re  o f sam ple AM (500°F (260°C ): 0 .0634  p e r  m inute)^w as ty p i 

c a l  o f  s o lu tio n -a n n e a le d  sam ples which underw ent o n ly  u n ifo rm -d efo rm atio n  

p r i o r  t o  f a i l u r e .  F ig u re  50 shows no ev idence  o f  m icro sco p ic  i n s t a b i l i t y  

fo rm a tio n  on a  s c a le  e q u a l t o  o r  l a r g e r  th an  th e  d isp e rs e d  in c lu s io n s  a t

o r  n e a r  th e  f r a c tu r e  s u r f a c e .  Growth o f  secondary  c rack s  b eh in d  th e
*

f r a c tu r e - s u r f a c e  ap p e a red  t o  have o c c u rre d  by t e a r in g  th e  m a te r ia l  be

tw een decohesions form ed a t  n o n -m e ta l l ic  in c lu s io n :  m a tr ix  in te r f a c e s  

(F ig u re  51), im plying t h a t  l o c a l i z a t i o n  o f  p l a s t i c  flow  took  p la c e  on a  

s c a le  sm a lle r  th an  t h e  n o n -m e ta ll ic  in c lu s io n s .  The m ic ro s tru c tu re  o f  

sam ple ASH (500°F (260°C ): 0 .065  p e r  m inute) was ty p ic a l  o f  s e n s i t i z e d  

sam ples which underw ent on ly  u n ifo rm -d efo rm atio n  p r io r  t o  f a i l u r e . F ig 

u r e  66 shows no e v id e n c e  o f  i n s t a b i l i t y  fo rm atio n  on a  s c a le  l a r g e r  th a n  

t h e  p a r t i c l e - s i z e  o f  th e  g ra in -b o u n d a ry  c a rb id e s ,  w h ile  F ig u re  67 shows 

ev id en ce  o f  seco n d ary  c ra c k -p ro p a g a tio n  o c c u rr in g  a lo n g  g ra in -b o u n d a ry  

c a rb id e  netw orks. An en largem ent o f  th e  f r a c tu r e  s u rfa c e  and th e  re g io n  

im m ediately  b eh in d  i t ,  shown in  F ig u re  69 , showed ev idence o f  p ro p a g a tio n
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o f  c ra ck s  along a  g ra in -b o u n d ary  by lo c a l i z a t io n  o f  p l a s t i c  flow  between 

c a rb id e  p a r t i c l e s  on a  s c a le  e q u a l to  o r l e s s  than  th e  s iz e  o f  th e  i n t e r -  

g ra n u la r  c a rb id e s . P ro p ag atio n  o f  c racks in  s e n s i t iz e d  ty p e  316 s t a i n 

le s s  s t e e l  deformed in  s t a t i c  te n s io n  on a  s c a le  sm a lle r  th a n  th e  c a r 

b id e  p a r t i c l e s  has  been re p o r te d  by Barnby (3*0. E v id e n tly , specim ens 

which deform ed t o  f r a c tu r e  w ith o u t the  fo rm atio n  o f  m acroscopic i n s t a 

b i l i t i e s  f a i le d  by what McGarry (74) d e sc rib e d  as a  "mixed mode" f r a c 

tu r e ;  i . e . ,  one in  which un iform  defo rm ation  le d  to  fo rm ation  o f  pores 

a t  in te r f a c e s  between second phase p a r t i c l e s  and th e  a u s te n i t i c  m a tr ix , 

b u t where co a lescen ce  o f  p o res  occu rred  by means o f  m icroscop ic  i n s t a 

b i l i t y -  fo rm ation  .

Most o f  th e  sam ples developed one o r  more in s ta b i l i ty - b a n d s  which 

a r e ,  t o  u se  th e  te rm in o lo g y  o f  E rn s t  and S pre tnak  (6 4 ) , " re g io n s  o f  con

c e n tra te d  s h e a r - s t r a in  between slow ly  advancing  in te r f a c e s  on p lan es  o f

pure s h e a r" .  These bands appeared  to  be ab o u t 1/4 inch  w ide, formed a t
*

th e  moving end o f  th e  sam ple, and tra v e rs e d  th e  g a g e -le n g th  tow ards th e  

s ta t io n a r y  end o f  th e  sample a t  a  speed o f  abou t 0 .5  inch  p e r  second. 

O ccas io n a lly  more th a n  one i n s t a b i l i t y  band was moving a long  th e  . gage- 

le n g th  a t  th e  same t im e , b u t n ev e r was one in s ta b i l i ty - b a n d  seen  to  o v e r

ta k e  a n o th e r  o r r e v e r s e  d i r e c t io n s  in  i t s  t r a v e l  a lo n g  th e  g a g e - le n g th .

No ev id en ce  o f  d i f f u s e  flow , which was d e f in e d  by E rn s t and S pretnak  (64) 

as  b e in g  " c h a ra c te r iz e d  by a  r e g io n a l  s h e a r -g ra d ie n t  over a  s ig n i f i c a n t  

p o r tio n  o f  th e  g a g e - le n g th ,"  was e x h ib ite d  by any specimen* M icrohardness 

v a lu es  ta k e n  bo th  n e a r  th e  f r a c tu r e  s u r f a c e ,  in  th e  s tro n g  i n s t a b i l i t y  

a s s o c ia te d  w ith  th e  f r a c tu r e ,  and n e a r  th e  undeformed sh o u ld e r  o f  th e  

sam ple, which appeared  to  have undergone o n ly  uniform  p la s t i c - f lo w ,  a re
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summarized in  F igure  99 , and in d ic a te  t h a t :  (1 ) m a te r ia l  w ith in  in s t a -

b i l i t y  bands underwent a  g r e a te r  degree o f  w ork-hardening th a t  ad jacen t 

m a te r ia l  which appeared  to  have undergone on ly  uniform  p l a s t i c  s t r a i n ;  

and ( 2) lo c a l iz e d  p l a s t i c  flow  i s  n o t j u s t  a  su rfa c e  phenomenon, b u t 

ex tends through th e  e n t i r e  c ro s s -s e c t io n  o f  th e  b a r ,  as  in d ic a te d  by th e  

in c re a se  in  c e n te r l in e  hardness w ith in  an i n s t a b i l i t y  band r e l a t iv e  to  

c e n te r l in e  hardness v a lu es  in  p o r tio n s  o f  th e  specimen o u ts id e  th e  i n s ta 

b i l i t y  band. S im ila r  o b se rv a tio n s  have been re p o rte d  by Meyerer (75) fo r  

h e a t - t r e a te d  AISI 4340 s t e e l .

Exam ination o f  m ic ro s tru c tu re s  o f  samples which e x h ib ite d  one o r 

more m acroscopic i n s t a b i l i t i e s  p r io r  to  f ra c tu re  in d ic a te  t h a t ,  w hile 

some ev idence o f  c r a c k - in i t i a t io n  by second phase: m a trix  decohesions 

e x is te d  in  reg io n s  o f  th e  samples f a r  from th e  s t r o n g - in s ta b i l i ty  th a t  

le d  to  f r a c tu r e  (F ig u re s  45 , 55, 7 6 ) , a much g re a te r  in c idence  o f  secon

dary  c ra c k in g , d e fin ed  as  c rack s  th a t  a re  n o t a s so c ia te d  w ith  th e  f in a l
*

f r a c tu r e ,  was seen in  re g io n s  o f  th e  sam ples c lo se  t o  th e  f r a c tu r e  s u r 

face  and a s so c ia te d  i n s t a b i l i t y .  Compare F ig u res  59 w ith  60 and

74 w ith  76. These o b se rv a tio n s  in d ic a te  t h a t ,  a t  f i r s t ,  c r a c k - in i t i a t io n  

occurs as  a  r e s u l t  o f  m a trix : second phase decohesions caused by uniform  

defo rm ation . Once lo c a l iz a t io n  o f  p l a s t i c  flow o ccu rs  in  th e  form o f 

m acroscopic i n s t a b i l i t y  bands t h a t  a re  wide compared to  th e  s iz e  o f  th e  

second-phase p a r t i c l e s ,  a d d i t io n a l  decohesions o r  p o re -fo rm a tio n , ta k e s  

p lace  w ith in  th e  reg io n  undergoing in te n se  lo c a l iz e d  p l a s t i c  f lo w , as  

has been suggested  by Spretnak  (1 8 ). P ropagation  o f  cracks in  s o lu t io n -  

annealed  type 304 s ta in le s s  s t e e l  b a r  occurred  in  a  t ra n s g ra n u la r  mode, 

a f t e r  th e  f ib r e  a x is  had been r o ta te d  approxim ately  90 degrees from i t s



i n i t i a l  o r ie n ta t io n  p a r a l l e l  t o  th e  b a r -a x is  to  an  o r ie n ta t io n  ap p ro x i-
*

m ately p a r a l l e l  to  th e  p la n e s  o f maximum s h e a r - s t r a in  a long which macro

scopic. i n s t a b i l i t i e s .w e r e  seen to  form and move du rin g  to r s io n - te s t in g .

On th e  m icroscop ic  l e v e l ,  p ropagation  o f  c rack s  appeared to  be a s so c ia te d  

w ith  very  narrow  re g io n s  o f  h ig h ly - lo c a l iz e d  p l a s t i c  flow , whose w idths 

appeared to  be g re a te r  th an  th e  s iz e  o f  th e  n o n -m e ta llic  in c lu s io n s  

a s so c ia te d  w ith  c r a c k - in i t i a t io n .  Use o f  Homarski d i f f e r e n t i a l  i n t e r 

fe ren ce  c o n t r a s t  d u rin g  m eta llo g rap h ic  exam ination in d ic a te d  th a t  th e se  

reg io n s  o f  h ig h ly - lo c a l iz e d  p l a s t i c  flow  were s e v e ra l  g ra in s  w ide, and 

e x is te d  on b o th  s id e s  o f  a s  w ell a s  ahead o f  th e  c ra c k s . ,The b e s t  ex

amples o f  t h i s  b eh av io r a re  seen in  welded sam ples in  F ig u res  87 and 98.
*

The o r ie n ta t io n  o f  th e s e  m icroscopic re g io n s  o f  h ig h ly  lo c a l iz e d  p l a s t i c  

flow a lso  ten d ed  to  be a t  approxim ately  90° t o  th e  o r ig in a l  b a r  a x i s ,

i . e . ,  p a r a l l e l  to  p lan es  o f  maximum s h e a r - s t r a in  (F ig u res  59 , 62 , 77 , 64).

P ropagation  o f  c rack s  in  s e n s i t iz e d  ty p e  304 s ta in l e s s  s t e e l  b ar
*

occurred  m ainly by in te rg ra n u la r  c rack s  th a t  appeared t o  grow a lo n g  in t e r 

fa ces  between g rain-boundary  p r e c ip i ta te s  o f  ( F e .C r ^ C g  ca rb id e s  and th e  

a u s te n i t ic  m a trix  (F ig u re s  64 , 65, 67 , 69 , 71 , 7 5 ). O rie n ta tio n  o f  th e  

c rack s  seemed to  be a t  approxim ately  r i g h t  an g les  to  th e  o r ig in a l  b a r -  

a x is  i . e . ,  p a r a l l e l  to  p lan es  o f  maximum s h e a r - s t r a in .  O ccas io n a lly , 

cracks d e v ia te d  from t h e i r  in te rg ra n u la r  p a th s  t o  t r a v e l  e i t h e r  towards 

decohesions formed a t  n o n -m e ta llic  in c lu s io n :  m a tr ix - in te r f a c e s  (F ig 

ure  6 4 ) , o r  from a sm a ll crack  formed a t  th e  in te r f a c e  between tw in -  

boundary c a rb id e s  and a u s te n ite  tow ards a  c a rb id e -la d e n  grain-boundary  

favo rab ly  o r ie n te d  fo r  c rack -p ro p ag a tio n  (F ig u re  65).
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P ropagation  o f  c rack s  in  welded sam ples took p lace  by growth o f 

decohesions formed a t  d e l t a  f e r r i t e :  a u s te n i te  in te r f a c e s  and by e x ten - ' 

s io n  o f  th e se  c rack s  through  th e  a u s te n i t i c  m atrix  accompanied by an in 

te n se  lo c a l iz a t io n  o f  p l a s t i c  flow on a s c a le  l a r g e r  th a t  th e  pools o f 

d e l t a - f e r r i t e .  (F ig u res  87, 9 8 ). S im ila r  c rack -p ro p ag a tio n  behav io r 

has been re p o rte d  fo r  duplex a u s te n i te :  d e l t a - f e r r i t e  weldments d ep o sited  

on types 304 and 316 base m etals  by a  v a r ie ty  o f  p ro cesses  by S hah in ian , 

Sm ith, and Hawthorne (7 0 ) , James (7 1 ) ,  and Goodwin, C ole, and S la u g h te r  (7 2 ). 

The predom inant d ir e c t io n  o f  p ropagation  was c lo se  to  r ig h t  an g les  to  th e  

b a r  c e n te r l in e ,  a long p lan es  o f  maximum sh e a r  s t r a i n  (F ig u res  77 , 81, 8 4 ,

87, 90 , 97 , 9 8 ). The " in te n se  lo c a l iz a t io n  o f  p l a s t i c  flow " r e f e r r e d  to  

above was seen to  e x i s t  a t  th e  edges o f  th e  f r a c tu r e  s u rfa c e  o f  s e v e ra l 

samples (F ig u res  77 , 84, 91 , 93) and m ight be th e  th in n e r  p o r tio n  o f  th e  

m acroscopic in s ta b i l i ty - b a n d  a s so c ia te d  w ith  f r a c tu r e .

In  summation, c rack -p ro p ag a tio n  in  b o th  c o n d itio n s  o f  wrought
*

m a te r ia l ,  a s  w e ll as  th e  c a s t  w eld -m eta l, appears  to  have invo lved  lo c a l 

iz a t io n  o f  p l a s t i c  flow on p lan es  o f  maximum s h e a r - s t r a in  w ith  th e  th ic k 

ness o f  th e  p la n es  be ing  g r e a te r  th an  th e  s iz e  o f  th e  d isp e rse d  second 

p h ase , be i t  one o r  more o f  th e  fo llo w in g ; n o n -m e ta llic  in c lu s io n s ,  

(FejOcOjgCg c a rb id e s ,  o r  d e l t a - f e r r i t e .  A lthough some p o re-fo rm atio n  

undoubtedly  occu rred  under th e  a c tio n  o f  uniform  d efo rm atio n , th e  e x i s t 

ence o f  m acroscopic i n s t a b i l i t y  b an d s , to g e th e r  w ith  th e  m e ta llo g rap h lc  

o b se rv a tio n s  o f  re g io n s  o f  in te n se  p l a s t i c  flow  o f  w id ths g r e a te r  than 

th e  d isp e rsed  second p h ase , confirm s th a t  th e  mode o f  f r a c tu r e  was i n s t a 

b i l i t y  c o n tro lle d  a s  d esc rib ed  by McGarry (7 4 ) . However, s in c e  th e se



f r a c tu r e s  were d riv en  by con tinued  s t r a in in g ,  achievem ent o f  th e  id e a l

p l a s t i c  s t a t e  ( ~  B 0) was n o t a t ta in e d .  
dG

2. Comments on Deformation o f  Welded Samples

The tendency f o r  each g ra in  in  th e  ag g reg a te  o f  th e  c o a rse -g ra in e d  

w eld-m etal t o  s tand  o u t in  r e l i e f  soon a f t e r  to r s io n - te s t in g  began c re a 

te d  a  system  o f  m echanical no tches on th e  su rfa c e  o f  th e  sample a k in  to  a 

ro u g h ly -k n u rled  su rfa c e . S ince Z ilo v a , Demina,- and Fridman (56) have 

shown th a t  s t r a in - to - f r a c tu r e  v a lu es  in c re a se  w ith d ec re a s in g  su rfa ce

ro u g h n ess , and th a t  th e  s t r a in  to  th e  o n se t o f . th e  f i r s t  i n s t a b i l i t y  a lso1
in c re a se s  w ith  d ec reasin g  su rfa c e  roughness (7 6 ) , th e  low er v a lu es  o f  

bo th  param eters ex h ib ited  by welded specimens r e l a t i v e  to  unwelded s p e c i-
r*

mens m ight have been due, in  p a r t ,  t o  th e  m echanical n o tc h -e f f e c t  i n t r o 

duced by t h i s  deform ation-induced  su rface -ro u g h en in g . A lso , C h ak rab arti 

(77) found th a t  th e  s t r a i n  to  th e  o n se t o f  th e  f i r s t  i n s t a b i l i t y  d ec rea 

sed w ith  in c re a s in g  g ra in  s iz e .  In  a d d itio n  t o  th e se  e f f e d t s ,  which a re  

r e s p e c t iv e ly  m echanical and m e ta l lu rg ic a l  in  n a tu re ,  in h e re n t d if fe re n c e s  

in  th e  f in e -g ra in e d  wrought p roduct and th e  c o a rse -g ra in e d  c a s t  weldment, 

due t o  such f a c to r s  a s  r e l a t io n s  between m icro seg reg a tio n  and a b i l i t y  to  

- undergo e x te n s iv e  uniform  p l a s t i c  defo rm atio n , would be expected  to  r e 

duce th e  t o t a l  d u c t i l i t y  ( s t r a in  t o  f r a c tu r e ) .

D iffe ren ce s  in  d e ta i le d  b ehav io r o f  s t r a i n  t o  f r a c tu r e  and t o  th e  

o n se t o f  th e  f i r s t  i n s t a b i l i t y  between a l l  w eld-m etal samples and w eld- 

j o in t  samples a re  a t t r ib u te d  to  th e  d if fe re n c e  in  th e  components o f  th e  

weldment p re se n t in  th e  two ty p es  o f  specim en. In  th e  form er c a s e , where 

th e  gage s e c tio n  i s  composed e n t i r e ly  o f  w eld -m eta l, th e  resp o n se  to  t o r 

s io n a l  s t r a in in g  i s  th a t  o f a  c a s t ,  c o a rse -g ra in e d , m u lti-p h ase  a l lo y
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c o n ta in in g  a u s te n ite *  d e l t a - f e r r i t e ,  and n o n -m e ta llic  in c lu s io n s .  In  th e9

l a t t e r  c a s e ,  where th e  gage s e c t io n .is  composed o f the  c e n t r a l ly - lo c a te d  

weld m e ta l, sandwiched between th e  wrought h e a t-a f fe c te d  zone with a  

v a r ia t io n  in  g r a in - s iz e  due t o  th e  v a r ia t io n  in  peak te m p e ra tu re  d u r in g  

w eld in g , and surrounded f in a l l y  by th e  f in e -g ra in e d  w rought base m e ta l ,  

th e  re sp o n se  t o  to r s io n a l  s t r a in in g  i s  expected  to  be com plex , and r e 

f l e c t  th e  r e l a t i v e  a b i l i t i e s  o f  th e s e  th re e  r a d i c a l ly - d i f f e r e n t  m ic ro -  

s t r u c tu r e s  t o  r e s i s t  lo c a l iz a t io n  o f  p l a s t i c  flow  and f r a c t u r e  when su b 

je c te d  to  th e  same degree o f  s t r a i n .

3 . Dynamic S t r a in  Aging
r

In  th e  p re se n t in v e s t ig a t io n ,  ev idence  o f  dynamic s tr a in - a g in g  was
r

seen  in  th e  wrought b a r s to c k  in  b o th  m a te r ia l-c o n d itio n s  b u t  not a t  a l l  

in  tem p e ra tu re : s t r a i n - r a t e  co m b in a tio n s. The occurrence o f  s e r ra te d  

f lo w -cu rv es  ( a c tu a l ly  to rq u e - tw is t  r e c o rd s )  i s  summarized i n  Table 7 .  

T hus, th e  o ccu rren ce  o f  dynamic s t r a in - a g in g ,  as  in d ic a te d  *by s e r r a te d  

f lo w  c u rv e s , i s  confined  to  th e  s lo w est s t r a i n - r a t e  (0 .0 7  p e r  m inute) a t  

tem p e ra tu re s  o f  500°F (260°C) and 1000°F (538°C ), and a l l  s t r a i n  r a t e s  

(0 .0 7  p e r  m inute to  U.8 p e r m inu te) a t  1200°F (649°C).

Evidence o f  dynamic s t r a in - a g in g  in  th e  form o f s e r r a t e d  to rq u e -  

tw i s t  curve was seen in  some w e ld - jo in t  specim ens, which co n ta in ed  h e a t -  

a f f e c te d  zone and b ase-m eta l a s  w e ll  a s  w eld -m eta l, b u t w as absen t i n  th e  

t e s t s  perform ed on a l l  w eld-m etal sam ples (T ab le  7 ) . S e r ra te d  to rq u e -  

t w i s t  cu rv es  on t e s t s  ru n  on w e ld - jo in t  sam ples were seen  f o r  the s lo w e s t 

s t r a i n - r a t e  (0 .0 7  p e r  m inute) a t  te m p e ra tu re s  o f  500°F (260°C ) and 1000°F 

(538°C ), and a l l  s t r a i n - r a t e s  (0 .0 7  p e r  m inu te  to  >1.8 p e r  m inute) a t
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1200°F (6H9°C). .T hese  c o n d itio n s  o f occurrence e x a c tly  p a r a l l e l  th e  con

d i t io n s  f o r  th e  o ccu rrence  o f  s e r r a te d  to rq u e - tw is t  curves e x h ib ite d  by 

so lu tio n -a n n e a le d  b a r -s to c k . Hence, i t  i s  concluded th a t  th e  p o r tio n  o f 

th e  g ag e-len g th  in  w e ld - jo in t sam ples t h a t  i s  com prised o f  base  m etal was 

re sp o n s ib le  fo r  th e  s e r ra te d  to rq u e - tw is t  cu rv es . The w eld-m etal o r  h e a t-  

a f f e c te d  zone d id  n o t  appear t o  c o n tr ib u te  t o  th e  occurrence o f  s e r ra te d  

to rq u e - tw is t  c u rv e s .

The occurrence o f  n e g a tiv e  s t r a i n - r a t e  s e n s i t i v i t y ,  o r  th e  decrease  

in  f lo w -s tre s s  w ith  in c re a s in g  s t r a i n - r a t e ,  was examined by p lo t t in g  th e  

f lo w -s tre s s  a t  10% s ig n i f ic a n t  s t r a in  determ ined on base ri’ie ta l  sam ples, 

c a lc u la te d  by a  method o u tlin e d  in  D ie te r  (7 8 ) , v e rsu s  nom inal^shear- 

s t r a in  r a t e ,  as  shown in  F ig u re  100. Both m a te r ia l-c o n d itio n s  show some 

evidence o f  n e g a tiv e  s t r a i n - r a t e  s e n s i t i v i t y  a t  a l l  tem p era tu re s .

Barnby (2 9 ) ,  in  h is  in v e s t ig a t io n  o f  dynamic s tr a in -a g in g  in  Type 

316 s ta in l e s s  s t e e l ,  made use o f  a "w ork-hardening p a ram ete r" , which he 

d e fin e d  a s  th e  s tre s s - in c re m e n t between th e  i n i t i a l  y ie ld  s t r e s s  and th e  

f lo w -s tr e s s  fo r  a  g iven  amount o f  s t r a i n .  To exclude th e  tem peratu re  

v a r ia t io n  o f  e la s t ic - c o n s ta n ts  from th e  comparison o f  s t r e s s - l e v e l s  a t  

d i f f e r e n t  tem p e ra tu re s , Barnby norm alized t h i s  s tre s s - in c re m e n t w ith  r e s 

p ec t t o  Young' b modulus a t  room -tem pera tu re , P lo t t in g  i t  v e rsu s  in c re a s 

ing t e s t  te m p era tu re , he found i t  to  in c re a se  r a th e r  th an  d ec rease  as  ex

pected  f o r  pure m e ta ls ,  and concluded t h a t  t h i s  in c re a se  was a d d it io n a l  

ev idence o f  dynamic s tr a in - a g in g .

B arnby 's d e f in i t io n  o f  h i s  "w ork-hardening param eter" was adopted 

to  a n a ly s is  of to rq u e - tw is t  cu rves by conversion  o f  to rq u e - tw is t  p lo ts  to
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p lo t s  o f  s ig n i f i c a n t  s t r e s s  v e rsu s  s ig n i f i c a n t  s t r a i n  by th e  method d e s 

c r ib e d  by D ie te r  ( 7 8 ) ,  d e te rm in a tio n  o f  f lo w -s tr e s s e s  a t  v a rio u s  in c r e 

m ents o f  s ig n i f i c a n t  s t r a i n  (10%, 15%, 25%, and 50%) from in te rp o la t io n s  

from  th e  s ig n i f i c a n t  s t r e s s - s i g n i f i c a n t  s t r a i n  p l o t s ,  and rep lacem ent o f  

Barnby*s tem p era tu re  n o rm a liz a tio n  w ith  a  c o r re c t io n  based on th e  sh ea r 

modulus r a t h e r  th an  Young’s  m odulus. Because th e  i n i t i a l  y ie ld  s t r e s s  

in  to r s io n  i s  masked by movement o f  th e  e l a s t i c :  p l a s t i c  boundary inward 

from th e  s u r fa c e  o f  th e  b a r  a s  y ie ld in g  p ro g re s se s , th e  w r i te r  chose to  

d e f in e  a  m o d ified  "w ork-hardening  p aram eter a s  th e  s tre s s - in c re m e n t b e 

tw een th e  f lo w -s t r e s s  a t  an in d ic a te d  amount o f  s ig n i f ic a n t  s t r a i n  and 

th e  flow  s t r e s s  a t  10% s ig n i f i c a n t  s t r a i n ,  norm alized  f o r  tem p era tu re  

e f f e c t s  a s  m odified  above. P lo ts  o f  t h i s  p a ram e te r, determ ined  a t  s ig n i 

f i c a n t  s t r a i n - l e v e l s  o f  15%, 25%, and 50%, a g a in s t  tem p era tu re  a re  p re 

sen te d  in  F ig u re s  101 th rough  104 f o r  nom inal s t r a i n  r a t e s  o f  4 .8 ,  2 .5 ,

0 .6 ,  and 0 .0 7  p er m in u te , r e s p e c t iv e ly .  The so lu tio n -a n n e a le d  m a te r ia l  

showed some ev idence  o f  dynamic s t r a in - a g in g  a t  500°F (260°C) th rough  

1000°F (538°C ), w ith  th e  g r e a te s t  ev idence seen a t  a  s t r a i n - r a t e  o f 0 .07  

p e r  m inu te . The s e n s i t iz e d  m a te r ia l  showed ev idence o f  dynamic s t r a i n -  

ag in g  a t  1000°F-1200°F (538°C-649°C) fo r  th e  th re e  f a s t e s t  s t r a i n - r a t e s  

(4 . 8 , 2 .5 ,  and 0 .6  p e r  m in u te ). At a  s t r a i n - r a t e  o f  0 .07  p e r  minute^ th e  

s e n s i t iz e d  m a te r ia l  showed ev idence o f  dynamic s t r a in - a g in g  a t  500°F- 

1200°F ( 260°C-649°C) .  In summ ation, i t  app ears  th a t  dynamic s t r a in - a g in g  

does o ccu r in  bo th  s o lu t io n  annealed  and s e n s i t iz e d  Type 304 s ta in l e s s  

s t e e l .  The most p robab ly  tem p era tu re -ran g e  o f  o ccu rrence  o f  500°F-1200°F 

(260°C-649°C) f o r  s o lu tio n -a n n e a le d  m a te r ia l ,  and 1000°F-1200°F (538°C- 

649°C) f o r  s e n s i t iz e d  m a te r ia l .



A sim p le  k in e t i c  r e la t io n s h ip  f o r  th e  s t r a i n  a t  th e  o n se t o f  s e r 

r a t io n s  may be w r i t te n  (8 0 -8 1 ) ,

Q
YS = A exp <— )

where Ys i s  sh e a r  s t r a i n  a t  th e  o n se t o f  s e r r a te d  f lo w , A i s  a  f a c to r  

independen t o f  YS and T , b u t dependent on s t r a i n - r a t e ,  Q i s  an en erg y , 

and R and T have t h e i r  u s u a l  m eanings.

Assuming such a  r e l a t io n s h ip  i s  t r u e ,  th e n  s t r a i g h t  l in e s  o f  con

s t a n t  s lo p e  should  r e s u l t  from a  p lo t  o f  In  Ys v e rsu s  ^  i f  th e  p ro cess  

cau s in g  th e  s e r r a t io n s  i s  induced by s t r a i n ,  f ig u r e  105 p re s e n ts  such

g rap h s fo r  th e  s o lu t io n -a n n e a le d , s e n s i t i z e d ,  and w e ld - jo in t  sam ples
«

t e s t e d  a t  a  nominal s t r a i n - r a t e  o f  0.07 p e r  m inu te . Note that-i d e s p ite  

th e  change in  s lo p e s , th e  l in e s  f o r  th e  so lu tio n -a n n e a le d  b a r  and w eld- 

j o i n t  sam ples c lo s e ly  p a r a l l e l  each o th e r ,  su g g e s tin g  t h a t  th e  same p ro 

c e s s  o r  p ro c e sse s  may be re sp o n s ib le  f o r  cau s in g  th e  s e r r a te d  to rq u e -
»

tw i s t  c u rv e s . The s lo p e s  o f  th e se  l in e s  su g g es t a c t iv a t io n  e n e rg ie s  o f  

ab o u t 7 K cal p e r mole i n  th e  h ig h  tem p era tu re  re g io n  and 1 Kcal per mole 

in  th e  low -tem pera tu re  re g io n . L im ited d a ta  f o r  s e n s i t iz e d  bar s tock  

su g g e s ts  an  a c t iv a t io n  energy o f  about 13 K cal p e r  m ole. The change in  

s lo p e s  o f  th e  cu rv es  f o r  th e  s o lu tio n -a n n e a le d  b a r and w e ld - jo in t  sam ples 

su g g e s ts  a  change i n  th e  mechanism f o r  s e r r a t i o n s .  A lso , th e  p re-exponen

t i a l  f a c t o r .  A, does n o t seem t o  be independent o f  s t r a i n  and tem p e ra tu re . 

A d if f e r e n c e  in  th e  form o f  th e  s e r r a t io n s  in  th e  two re g io n s  o f  tem pera

t u r e  (500°F to  1000°F (260°C-538°C), 1000°F t o  1200°F (53B°C- 6<*9°C)) 

co u ld  n o t be d is t in g u is h e d .  Jen k in s  and Sm ith (8 2 ) ,  in  t h e i r  s tu d ie s  o f  

th e  causes o f  dynamic s t r a in - a g in g  in  Type 330 s t a i n l e s s  s t e e l ,  found t h a t
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th e  a c t iv a t io n  energy fo r  th e  o n se t o f  s e r r a t io n s  in  t e n s i l e - t e s t s  was 

about 32 K cal p e r  mole f o r  so lu tio n -a n n e a le d  m a te r ia l .  They a ls o  found 

th a t  a p lo t  o f  th e  s t r a in  fo r  th e  f i r s t  s e r r a t io n  v e rsu s  r e c ip ro c a l  tem

p e ra tu re ,  c o n s is te d  o f  two s t r a ig h t  l i n e ,  s im ila r  t o  F igu re  105. How

e v e r ,  t h e i r  a c t iv a t io n -e n e rg ie s  f o r  th e  low -tcm perature and high tem pera

tu r e  reg io n s  were co n sid e rab ly  h ig h e r  th an  th o se  determ ined from th e  t o r 

s io n  specim ens, being  about 8.8 Kcal p er mole and 20 t o  30 Kcal p e r  m ole, 

r e s p e c t iv e ly .  Since th e  d if f e re n c e  in  a c t iv a t io n -e n e rg ie s  between Jen k in s  

and S m iths' r e s u l t s  and th e  p re se n t r e s u l t s  do n o t d i f f e r  by a  co n s ta n t 

amount th ro u g h o u t, th e  most th a t  may be concluded from th ^ s  a n a ly s is  i s

t h a t  two s e p a ra te  p ro cesses  may be re sp o n s ib le  f o r  a  dynamic s t r a in - a g in g
*

response  in  type  304 s ta in l e s s  s t e e l  over th e  range o f  tem p era tu res  em

ployed.

C h ak rab arti (77) has c o r re la te d  s e r ra te d  to rq u e - tw is t  cu rves ob

ta in e d  w ith  room -tem perature t o r s io n - t e s t s  o f  a lp h a  and a lp h a -b e ta  

b ra s se s  w ith  th e  development o f  weak i n s t a b i l i t i e s ,  which m anefested 

them selves a s  " f le e t in g  i l lu m in a tio n s  o f  very  th in  bands o f  m a t e r i a l . . , " .  

No such c o r re la t io n  was seen f o r  th e  a u s te n i t ic  s t a in le s s  s t e e l  employed 

in  t h i s  in v e s t ig a t io n ,  p o ss ib ly  hecause: (1 ) no weak o r  d if fu s e  i n s t a 

b i l i t i e s  were observed; and ( 2) " f le e t in g  i l lu m in a tio n s "  would be q u ite  

d i f f i c u l t  t o  d e te c t  a g a in s t  th e  in te n se  background r a d ia t io n  emmitted by 

th e  tu n g s te n -f ila m e n t q u a rtz  lamps used to  h e a t th e  g ag e -len g th .

P o ss ib le  causes fo r  dynamic s t r a i n  aging  o f ty p e  30M- s ta in le s s  

s t e e l  can be d iv ided  in to  two c a te g o r ie s :  (a )  d is lo c a t io n :  p r e c ip i ta te

in te r a c t io n s ;  and (b) d is lo c a t io n :  s o lu te  atom in te r a c t io n s .  The f i r s t  

c au se , d is lo c a t io n :  p r e c ip i ta te  in te r a c t io n s ,  h as  been s tu d ie d  by Harding
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and Honeycombe (8 2 ) ,  who determ ined th a t  th e  cause o f  s e r r a te d  t e n s i l e  

s t r e s s - s t r a i n  curves in  ty p es  321 (18% Cr-10% Hi-1% Ti-0.09% C) and 347 

(18% Cr-10% Ni-1% Cb-0,07% C) s ta in le s s  s te e l s  was th e  lo ck in g  o f  d i s lo 

c a t io n s  by form ation  o f  f in e  p r e c ip i ta te s  o f  TiC and CbC, r e s p e c t iv e ly ,  

on th e  d is lo c a tio n s*  S im ila r  r e s u l t s  were seen in  a  m odified  ty p e  330 

grade (15% Ni-35% Cr-1% Ti-0.11% C) and were a t t r ib u te d  to  TiC p r e c ip i ta 

t io n  on , and lo ck in g  o f  d is lo c a t io n s .  Naybour (83), in  h is  s tudy  o f  . 

s t r a in - a g in g  o f  a  ty p e  347 s ta in l e s s  s t e e l ,  found th a t  a  p o r tio n  o f  th e  

dynamic s tr a in - a g in g  e f f e c t  was due to  an O row an-dispersion hardening 

in te r a c t io n  between d is lo c a tio n s  and CbC p r e c ip i ta te s  t h a t  d id  n o t n eces

s a r i l y  form d i r e c t ly  on th e  d is lo c a tio n s*  Barnby (7 9 ) , in  h is ,,s tu d y  o f  

dynamic s tr a in - a g in g  o f  a  ty p e  316 (17% Cr-11% Ni-2.5% Mo-0.05% C) 

s ta in le s s  s t e e l ,  id e n t i f ie d  th e  cause o f  h i s  s e r r a te d  flow -cu rves as  th e  

p r e c ip i ta t io n  o f  (F e ,C r)23C6 p a r t i c le s  on d is lo c a t io n s  d u rin g  te s t in g .

The second cau se , d is lo c a t io n - s o lu te  atom in te r a c t io n s ,  has been 

s tu d ie d  by Tamhankar, P la te a u , and C russard  (84) on a  10% Cr-35% Ni-0.03%

C a u s te n i t i c  a l lo y ,  who a t t r ib u te d  s e r r a t io n s  in  t h e i r  flow -curves to  

in te r a c t io n  o f  d is lo c a t io n s  w ith  s o lu te  atm ospheres. No a ttem p t was made 

t o  id e n t i f y  th e  n a tu re  o f  th e  s o lu te - s p e c ie s . R ecen tly , Marek and 

Hochman (85) s tu d ie d  th e  s t a t i c  s tr a in - a g in g  behav io r o f  a  type  316 s t a in 

l e s s  s t e e l ,  and t e n ta t iv e ly  id e n t i f ie d  th e  cause o f th e  in c re a sed  flow - 

s t r e s s  a s  in v o lv in g  th e  se g re g a tio n  o f  carbon atoms to  d is lo c a t io n s .  

However, no m ention was made o f  any a ttem p ts  to  r u le  o u t th e  e x is te n c e  o f 

a  f in e  p r e c ip i ta te  by e le c tro n  m icroscopic exam ination o f  aged sam ples. 

Naybour (83) id e n t i f ie d  th e  cause o f  s t r a in - a g in g  a t  low p l a s t i c  s t r a in s  

(up t o  1%) In a  ty p e  347 s ta in l e s s  s t e e l  a s  being  th e  fo rm ation  o f
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colunibium atm ospheres on d is lo c a t io n s  p r io r  to  a c tu a l  p r e c ip i ta t io n  o f  

CbC.

E x ten siv e  s tu d ie s  o f  dynamic s tr a in -a g in g  in  a u s te n lte s  w ith  and 

w ith o u t chromium have been conducted by Rose and Glover (80) and Jenk ins 

and Smith (8 1 ) . The form er group worked w ith iro n -n ic k e l  and i ro n - n ic k e l -  

carbon a u s te n i te s ,  w ith  th e  e lim in a tio n  o f  chromium being done t o  p re 

v en t p r e c ip i ta t io n  o f  (F e jC r^ C g  c a rb id e s  on d is lo c a t io n s  d u rin g  t e s t 

in g . They found th a t  th e  s e r r a t io n s  were produced by d is lo c a tio n - lo c k in g  

a s so c ia te d  w ith  s tre s s - in d u c e d  o rd e rin g  o f  carbon-vacancy p a i r s  (Snoek 

e f f e c t ) .  The l a t t e r  group worked w ith  type 330 s ta in le s s  . s t e e l  w ith  and 

w ith o u t carb o n , as w e ll as  i ro n -n ic k e l  and iro n -n ic k e l-c a rb o n  a l lo y s .
4 '

Dynamic s tr a in - a g in g  was a t t r ib u te d  to  s tro n g  in te ra c t io n s  between d i s 

lo c a t io n s  and s o lu te  atom s. Between 392°F (200°C) and 932°F (400°C),

th e  d e fe c t in te r a c t in g  w ith  d is lo c a t io n s  was suggested  to  be a  carbon- 

vacancy p a i r ,  s im ila r  t o  th e  o b se rv a tio n s  o f  Rose and Glover (8 0 ) . Above
r

932°F (400°C ), th e  d e fe c t  in te r a c t in g  w ith  d is lo c a t io n s  was though t to  be 

chromium atom atm ospheres.

In  summation, ty p e  304 s ta in l e s s  s t e e l  e x h ib ite d  d e f in i t e  s ig n s  o f  

dynamic s tr a in - a g in g ,  in  th e  form o f  s e r r a te d  to rq u e - tw is t  c u rv e s , in  th e  

ran g e  o f  tem p era tu res  500°F-1200°F (260°C-649°C) f o r  s o lu tio n  annealed  

m a te r ia l  and 1000°F-1200°F (538°C-649°C) f o r  s e n s i t iz e d  m a te r ia l .  Ob

se rv ed  as  in d i r e c t  ev idence f o r  th e  occurrence o f  t h i s  phenomenon was 

n e g a tiv e  s t r a i n - r a t e  s e n s i t i v i t y  o f  th e  flow  s t r e s s  a t  10% s t r a i n  (F ig u re  

100) and an in c re a se  in  w ork-hardening w ith  in c re a s in g  tem pera tu re  (F ig 

u re s  101-104). A p lo t  o f  th e  sh ea r s t r a i n  a t  th e  f i r s t  s e r r a t io n  a g a in s t  

r e c ip ro c a l  tem p era tu re  (F igu re  105) in d ic a te d  t h a t  dynamic s t r a i n  aging
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was p ro b ab ly  cau sed  by two d i f f e r e n t  p ro c e s s e s . Comparison o f  o b se rv a -
t

t i o n s  w ith  p re v io u s ly - re p o r te d  work on dynamic s t r a in - a g in g  in  iro n -b a s e  

a u s te n i t e s  le d  th e  w r i te r  t o  fa v o r  some form o f  so lu te -a to m : d i s lo c a t io n  

in t e r a c t io n  as th e  cause o f  th e  phenomenon. However, c a r e f u l  e le c t r o n
“t-

m icroscopy would be n e c e s sa ry  t o  e l im in a te  th e  e x is te n c e  o f  (F e ,C r)23C6 

o r  some o th e r  p hase  a s  a  p o s s ib le  p r e c i p i t a t e  on d i s lo c a t io n s  a s  an 

a l t e r n a t i v e  e x p la n a tio n .

«



APPLICATION TO DESIGN OF LIQUID METAL FAST BREEDER REACTOR

Two se p a ra te  b u t r e la te d  s a fe ty  p ro b le m -a re a s , b o th  o f  which in 

vo lve  im pulsive o r  h igh s t r a i n - r a t e  lo a d in g , a re  th e  response  o f  th e  

la rg e  containm ent v e s s e l  and to p -c o v e r  d u rin g  im pact from w ith in ,  and th e  

b eh av io r o f  th e  r e a c to r -c o re  components d u rin g  c o n d itio n s  o f  ra p id  therm al 

v a r ia t io n s  a n d /o r m echanical lo ad in g  (1 0 ). A ttem pts t o  e x tr a p o la te  th e  

r e s u l t s  o f  t h i s  in v e s t ig a t io n ,  w ith  a  maximum s t r a i n - r a t e  o f  about 5 p e r 

m inute, to  c o n d itio n s  in v o lv in g  im pulsive lo a d in g , w ith  e s tim a ted  s t r a i n -

r a t e s  o f  102- 103 p e r m inute (10) ,  a re  r i s k y ,  e s p e c ia l ly  s in ce  th e  work o f
*

S te ich en  (11) on smooth t e n s i l e  p ro p e r t ie s  o f  ty p es  304 and 316 s ta in le s s
f'

s t e e l  a s  a  fu n c tio n  o f  tem p era tu re  [600°F to  1200°F (316°C to  871°C)] and 

s t r a i n  r a t e  ( 10-3 p e r m inute to  10** p er m inute] in d ic a te s  t h a t  a t  tem pera

tu r e s  above about 1000°F (538°C) th e  p ro p e r t ie s  o f  th e  m a te r ia ls  become
r

q u ite  s e n s i t iv e  t o  s t r a i n - r a t e .

What i s  a more f r u i t f u l  u se  o f  th e  r e s u l t s  o f  t h i s  in v e s t ig a t io n  i s  

a  c o n s id e ra tio n  o f  th e  p o s s ib le  e f f e c t s  on m echanical i n t e g r i t y  r e s u l t in g  

from th e  in te r a c t io n  o f  ir ra d ia tio n -p ro d u c e d  d e fe c ts  and m echanical 

s t r a i n s .  At tem p era tu res  o f  i r r a d i a t i o n  below 1030°F (554°C), which i s  

50% o f  th e  a b so lu te  m e ltin g  tem p era tu re  f o r  ty p e  304 s ta in le s s  s t e e l ,  

th e  predom inant e f f e c t  o f  r a d ia t io n  i s  th e  p ro d u c tio n  o f  p o in t d e fe c ts  

( i n t e r s t i t i a l  atoms and v acan t l a t t i c e  s i t e s ) ,  many p o in t-d e fe c t  c lu s te r s ,  

and v acan cy -rich  co re s  in  th e  c e n te r  o f  d isp lacem en t-cascad es (86) .

S ince  th e  i n t e r s t i t i a l s  a re  very  m obile and anneal o u t a t  tem p era tu res
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below about 35%,o f  th e  a b so lu te  m eltin g  p o in t ,  most o f  th e  e f f e c t s  on 

m echanical behav io r a re  p robably  a s so c ia te d  w ith  v a ca n c y -re la te d  d e fe c ts .  

M ic ro s tru c tu ra l o b se rv a tio n s  on s ta in le s s  s te e l s  (87-90) in d ic a te  t h a t  

th e  passage  o f  d is lo c a t io n s  removes d e fe c t  c lu s te r s |a n d  th a t  in  i r r a 

d ia te d  m a te r ia l  s l i p  i s  lim ite d  to  narrow channels o f  r e l a t iv e ly  s o f t  

m a te r ia l  surrounded by la rg e  m asses o f  ir ra d ia tio n -h a rd e n e d  m a te r ia l ,  

r e s u l t in g  in  sharp  d ec rease s  in  s tra in -h a rd e n in g  c o e f f ic ie n t  (9 1 ) . These 

r e s u l t in g  low v alu es o f  s tra in -h a rd e n in g  c o e f f ic ie n t  could  be in d ic a t iv e  

o f  th e  impending achievm ent o f  th e  " id e a l  p l a s t i c  s t a t e . "  I f  th e  id e a l  . 

p l a s t i c  s t a t e  i s  a t t a in e d ,  and i f  one o r  more o f  th e  nartfow channels  o f  

r e l a t i v e ly  s o f t  m a te r ia l  were t o  be so o r ie n te d  as to  l i e  aloijg a  d i r e c 

t io n  o f  maximum sh e a r  s t r a i n ,  m icrocracks i n i t i a t e d  a t  in c lu s io n : m a trix  

in te r f a c e s  a s  d e sc rib e d  in  th e  "D iscussion" could e a s i ly  p ropagate  by th e  

fo rm ation  o f  i n s t a b i l i t i e s  between them in  a  "mixed" mode f a i lu r e  (7 4 ) .

In  a d d i t io n ,  th e  much h ig h e r  c o n c e n tra tio n  o f  vacan c ies  in  i r r a d ia t e d*

m a te r ia ls ,  r e l a t iv e  t o  u n ir r a d ia te d  m a te r ia ls ,  might r e s u l t  in  some 

v acancies d if fu s in g  t o  p o te n t ia l  s in k s ,  such a s  second phase: m a trix  

in te r f a c e s  o r  g ra in -b o u n d a r ie s , and p a r t ic ip a t in g  in  th e  form ation  o f  

decohesions by one o f  th e  mechanisms d e sc rib e d  in  th e  "Review o f  P rev ious 

Work". S in ce  f r a c t u r e - in i t i a t i o n  in  b o th  ty p e  304 wrought b a r  and a s -  

c a s t  weld m etal was seen  to  in v o lv e  th e  development o f  second phase; 

m a trix  d eco h esio n s, th e  p o s s ib le  in te r a c t io n  between h igh  vacancy-concen-

t r a t io n s  due to  low -tem peratu re  i r r a d ia t io n  and th e  s tra in - in d u c e d  deco-
« .

h es io n s  a r e  n o t to  be d ism issed .

At tem p era tu res  o f  i r r a d ia t io n  above 1030°P (554°C ), th e  predom i

nan t e f f e c t  o f  i r r a d ia t io n  i s  th e  p r e c ip i ta t io n  o f  h e l iu m -f i l le d  bubbles
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on d is c o n t in u i t ie s  w ith in  th e  m a te r ia l , such a s  g ra in -b o u n d a rie s , g r a in -  

boundary t r i p l e - p o i n t s ,  and second-phase: a u s te n i te  in te r f a c e s .  These 

bubbles w i l l  a c t  as  p r e - e x is t in g  vo ids o r  d eco h es io n s , and a s  such f u l 

f i l l  two o f  th e  th re e  n ecessary  c o n d itio n s  f o r  f r a c tu r e  in v o lv in g  i n s t a -  

b i l i ty - fo rm a tio n :  a f r e e - s u r f a c e  and a s t r e s s - g r a d ie n t  from th e  f r e e -  

su rface  back in to  th e  a u s te n i te .  Under c o n d itio n s  o f  low s t r a i n - r a t e  

lo ad in g , su ch  as in  lo n g -tim e  c re e p , f a i lu r e  m ight be expected  to  occur 

by  lo c a l iz a t io n  of p l a s t i c  flow  on a m icroscopic  s c a le  and form ation  o f 

m icroscopic i n s t a b i l i t y  bands between th e  p r e -e x is t in g  h e l iu m -f i l le d  v o id s . 

In  the p re sen ce  o f m echanical s t r a i n  c o n c e n tra tio n s , su c h ,a s  e x i s t  a t  th e

r o o t  o f a  n o tc h , th e  com bination o f  p r e - e x is t in g  ir r a d ia tio n - in d u c e d  vo ids
/*

( o r  bubb les) and th e  lo c a l iz a t io n  o f  s t r a in  m ight r e s u l t  in  th e  'fo rm ation  

o f  a  crack  o f  s u f f i c i e n t  le n g th  w hich, under th e  a c t io n  o f  loads such as 

th o se  in tro d u ce d  by th e  b u ild -u p  o f  re a c t io n  s t r e s s e s  during  w eld ing , 

m ight be p ropagated  by th e  r e le a s e  o f  e l a s t i c  energy s to re d  in  th e  s t r u c -
9

t u r e .  Under c o n d itio n s  o f  h igh s t r a i n - r a t e  lo a d in g , such as in  im pulsive 

load ing  due to  impact o f  moving o b je c ts ,  th e  p r e f e r e n t i a l  p r e c ip i ta t io n  

o f  h e liu m -f i l le d  vo ids a t  g ra in-boundary  t r i p l e  p o in ts  once again  p ro  — 

v id es  innum erable p re -e x is t in g  c rack  n u c le i  which grow by th e  l o c a l i z a 

t i o n  o f p l a s t i c  flow  in  p lan es  o f  maximum sh e a r  s t r a i n ,  i . e . ,  by i n s t a 

b i l i t y  fo rm atio n  and p ro p ag atio n  in  th e  manner d e sc rib e d  in  th e  "D iscus

s io n " .



CONCLUSIONS
i

1 . The mode o f  f r a c t u r e - i n i t i a t i o n  in  ty p e  304 a u s te n i t i c  s t a i n 

le s s  s t e e l  b a r  s to ck  invo lved  th e  fo rm ation  o f  po res  by decohesions a t  

second phase p a r t i c l e :  m a trix  in te r f a c e s .  In so lu tio n -a n n e a le d  m a te r ia l ,  

th e  second phase p a r t i c l e s  appeared  to  be random ly-d ispersed  n o n -m e ta llic  

in c lu s io n s  such as ox ides and c a r b o - n i t r id e s . In  s e n s i t iz e d  m a te r ia l ,  

th e  second phase p a r t i c l e s  in c lu d ed  random ly-d ispersed  n o n -m e ta llic  in c lu 

s io n s  and an e x te n s iv e  (F o ,C r)23C6 p r e c ip i ta te  lo c a l iz e d  p r im a r ily  a t  

g ra in -b o u n d a rie s  and tw in -b o u n d a rie s . For w eld-m etal d e p o s ite d  by th e  

manual m eta l a rc  p ro cess  from E308-15 e le c t r o d e s ,  th e  mode o f  f r a c tu r e -  

i n i t i a t i o n  invo lved  th e  fo rm ation  o f  po res  a t  d e l t a  f e r r i t e :  a u s te n ite  

in te r f a c e s  and w ith in  th e  d e l ta  f e r r i t e  i t s e l f .  I s o la te d  examples o f  

p o re -fo rm a tio n  by decohesion a t  n o n -m e ta llic  in c lu s io n : in te r f a c e s  were
r

a ls o  se e n .

2 . F rac tu re -p ro p a g a tio n  in  th e  m a jo rity  o f  cases  fo r  wrought type 

304 s t a i n l e s s  s t e e l  b a r  and in  a l l  cases  fo r  weldments d ep o s ite d  on type 

304 s t a i n l e s s  s t e e l  p la te  invo lved  a form o f  i n s t a b i l i ty - c o n t r o l l e d  f r a c 

t u r e ,  w herein  lo c a l iz a t io n  o f  p la s t ic - f lo w  on p lan es  o f  maximum sh e a r-  

s t r a i n  r e s u l t s  in  f i n a l  s e p a ra tio n  ta k in g  p la c e  a long  one o f  th e s e  p la n e s . 

In  th e  few ca se s  where m acroscopic lo c a l iz a t io n  o f  p l a s t i c  flow  was n o t 

o b se rv ed , f ra c tu re -p ro p a g a tio n  was by a  "mixed-mode" mechanism, wherein 

co a lescen ce  o f  p o res  c re a te d  a t  second-phase p a r t i c l e :  a u s te n i te  i n t e r 

fa c e s  by  uniform  deform ation  took  p lace  by means o f  m ic ro sc o p ic a lly - th in

- 82 • . .



in s ta b i l i ty - b a n d s  t h a t  l im ite d  th e  amount o f  p l a s t i c  flow  re q u ire d  to
i

r

jo in  th e  p o re s . In  a l l  c a s e s , p ro p ag atio n  o f  th e  f r a c tu r e  re q u ire d  con

tin u e d  p l a s t i c  s t r a in in g .  Hence, a l l  f r a c tu r e s  occu rred  by th e  s ta b le  

mode.

3. Both s o lu t io n  annealed  and s e n s i t iz e d  ty p e  304 b a r  s tock

showed tre n d s  o f  d ec re a s in g  s t r a i n  to  f r a c tu r e  and s t r a i n  to  fo rm ation  o f

f i r s t  i n s t a b i l i t y  w ith  tem p era tu re  in  th e  ran g es  o f  500°F-1200°F (260°C-

649°C). Values o f  sh e a r  s t r a i n  t o  f r a c tu r e  and to  th e  fo rm ation  of

f i r s t  i n s t a b i l i t y  a re  m easures o f  th e  m a te r ia l 's  a b i l i t y  to  accomodate.

p l a s t i c - s t r a i n  in  th e  p resence o f  a  n o tch , o f te n  re fe r re d , to  as  th e

n o tc h - d u c t i l i ty .  These v a lu es  do n o t u s u a lly  c o r r e la te  w ith v a lu es o f
*

d u c ti l i ty -p a ra m e te r s  measured in  th e  sm ooth-bar te n s io n - te s t

4 . Dynamic s tra in -a g in g ,w a s  observed in  bo th  so lu tio n -an n ea led

and s e n s i t iz e d  type 304 s t a i n l e s s - s t e e l  b a r  s to c k , and probably invo lves

th e  occu rrence  o f  two d i f f e r e n t  mechanisms, one o p e ra tiv e  up t o  about
»

1000°F (S38°C), th e  o th e r  from about 1000°F to  1200°F (538°C-649°C).

5 . Any c le a r  c u t e f f e c t  o f  s t r e s s  g ra d ie n t on deform ation be

h a v io r  o f  s o lu t io n  annealed  Type 304 b a r  s to ck  a t  500°F (250°C) was 

masked by a  s tro n g  s t r a i n  r a t e  dependence o f  f r a c tu r e  s t r a in  end s t r a in  

to  f i r s t  i n s t a b i l i t y .

6 . Deform ation o f  bo th  a l l  w eld-m etal sam ples, and w e ld - jo in t  

sam ples which spanned th e  e n t i r e  weldment, appears to  be c o n tro lle d  p r i 

m a rily  by th e  ex trem ely  heterogeneous g ra in - to -g ra in  p la s t i c  flow  o f  

th e  la rg e  g ra in ed  fu s io n  zones. In  g e n e ra l ,  s t r a in s  to  f r a c tu r e  and to  

f i r s t  i n s t a b i l i t y  d id  n o t exceed 50% o f  base  m eta l v a lu es  f o r  tem p era tu res  

up t o  and in c lu d in g  1000°F (538°C ). At 1200®F (649°C) th e  v a lu es  o f  th e se



64

p aram eters  fo r  welded sam ples ranged from 70% t o  150% o f  base m eta l 

v a lu e s . This v a r ia t io n  r a i s e s  th e  q u estio n  o f th e  w e ld -m e ta l 's  re p ro 

d u c ib i l i ty  o f response to  lo ad -tem p e ra tu re  s p e c tra  w ith in  th e  a n t i c i -  

paged o p e ra tin g  range o f  th e  LMFBR. On t h i s  b a s i s ,  i t  i s  concluded 

th a t  d u c t i l i t y  l im i ta t io n s  t o  th e  use o f type 304 s ta in le s s  s t e e l  in  

LMFBR a p p lic a tio n s  w i l l  be confined  t o  th e  w eldm ents.

C o n sid era tio n  o f  p o s s ib le  in te r a c t io n s  between i r r a d i a t i o n -  

induced l a t t i c e - d e f e c t s  and vo id s  and th e  modes o f  f r a c tu r e  i n i t i a t i o n  

and p ro p ag a tio n  d iscu sse d  above in d ic a te  t h a t  such in te ra c t io n s  a re  

expected  t o  aggravate  any p re se n t p ro p e n s it ie s  tow ards f ra c tu re -p ro p a 

g a tio n  by in s ta b i l i ty - fo rm a tio n  and grow th.
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Table 1.

Summary o f  S e le c te d  A p p lic a tio n s  o f  Type 304 S ta in le s s  S te e l  in  th e  L iq u id  M etal
F a s t B reeder R eacto r ( 8)

R eacto r Sub-System

C oolant t r a n s p o r t  
sub system

In te rm e d ia te  h e a t 
exchanger

C o n tro l-ro d  d r iv e  
and fu e l-h a n d lin g  
mechanism

Component

P ip in g

V alves

Tubing

S h e ll  

Tube Sheet

C o n tro l-ro d
d r iv e

F u e l-h an d lin g
mechanism

Product Forms

Thin w a ll  (3 /8  
in ch ) la r g e  d ia 
m eter (28 i n .  o u t
s id e  d iam eter) 
seam less tu b in g

F o rg in g s , c a s t in g s ,  
weldments

Thin w a ll l a r g e -  
d iam eter seam less 
tu b in g

P la te ,  weldments

R o lled  p la te

Rod, tu b in g , 
weldments

P la te ,  seam less 
tu b in g , f o rg in g s ,  
weldments

P robab le  Range o f  
Tem peratures

900-1200°F
(482-649°C)

900-1200°F
(482-649°C)

970-1200°F
(521-649°C)

900-1150°F ' 
(482-621°C)

970-1200°F
(521-649°C)

Ambient t o  1200°F 
(649°C)

Ambient t o  1200°F 
(649°C)

S p e c ia l Environm ental 
Requirem ents_____

L iqu id  Ka

L iq u id  Na 

L iq u id  Na

A ir

I n e r t  Atmosphere

I n e r t  g a s ,  h ig h  le v e ls  
o f  i r r a d ia t io n

I n e r t  g a s ,  h ig h  le v e ls  
o f  i r r a d i a t i o n

inCi>



Table 2 .

Composition o f  M a te ria ls  Used in  T h is  In v e s t ig a t io n

M a te ria l Form C om position, w eight p e rcen t____________________________
C N Cr Ni Mn S i Cu P S Mo'

Type 304
Bar 1 in ch  d iam eter 0.069 0.020 18.38 9 .18  1 .78  0 .45  — 0.027 0.030

Type 304 p la te —
2 inches th ic k  0.056 0 .051 18.36 9 .33  0.96 0 .64  0 .29 0.021 0.015 0.19

Type E308—15 w elding 
e le c tro d e -1 /4  inch  
d ia m e te r , a l l  w eld-
m eta l d e p o s it  0 .060 0.041 19.50 9.48 1 .77 0 .46 0 .1 1  0.043 0.007 0.20

f to
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T able
"k

3 .

R e s u lts  o f  T o rs io n  T e s ts  o f  Type 304 S ta in l

Specimen Tem perature
S hear S t r a in  

R ate Yia Ti ym

b A19 75°P <24°C) >1.25 p e r  min 0.238 270 in - I t  1 .5 6

A20 75°F 2 .3 6 1 .7 5 ^480 1 .4 8

A21 75°P 0.662 3 .7 3 530 4 .0 ‘0

A22 75°P 0 .0703 ----- 3 .59

CAS16 75°F 5.00 1.59 455 1.66

AS17 75°F 2 .34 2.05 477 1 .49

AS 18 75° P 0 .670 1 .08 470 4 .2 4

AS20 * 75°P 0.0720 ------------ 4 .63

A23 400°F (204°C) 2 .4 3 2.30 331 5 .7 0

A13 500°F (260°C) 4 .8 0 2.22 368 4 .8 4

A3 500°F 2 .58 2 .23 330 6 .7 3

A4 500°F 0.620 1 .29 345 6 .76

A14 500°F 0.0634 ----- — 6.50

AS9 500°P 4 .8 7 1 .67 310 4.95

AS3 500°P 2 .64 2 .43 330 5.7fi

AS10 500°F 0.628 1 .48 358 5.5?

ASU 500°P 0.065 ------------ - * * “ 4.51

.• #■ . . .
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ii1

T ab le  3 .

s s u l t s  o f  T o rs io n  T e s ts  o f  Type 30M> S ta in le s s  S t e e l  Bar Stock

te a r  S t r a in
• .. 1

R ate Yia r i ym r M yf r F YF-Yi YF-Yi

.25 p e r  min 0.238 270 i n - l b 1 .5 6 470 i n - l b 3.59 450 in - l b 3.35 0.298

.36 1.75 ^480 1 .4 8 480 3.45 460 1 .70 0.589

.662 3 .73 530 4 .0 0 530 4 .00 530 0 .27 3 .71

.0703 ---- ---- 3 .59 595 3.59 595 ----
/  “
|

. o o 1 .59 455 1.66 460 3.61 435 2.01 | 0 .499

.34 2.05 477 1 .49 480 2.32 470 0 .27 3 .7 1

'.670 1 .08 470 4 .2 4 510 4.24 510 3.16 0 .371

1.0720 ----- ----- 4 .6 3 590 4 .63 590 ---- ----

!.43 2.30 331 5 .70 458 5.70 458 3 .40 0.293

1.80 2.22 368 4 .8 4 423 5.33 405 3 .1 1 0.321

2.58 2 .23 330 6 .7 3 406 6.73 406 4 .5 0 0.222

3.620 1 .29 345 6 .7 6 470 6.76 470 5.47 0.183

3.0634 ---- ---- 6 .50 480 6.50 480 ---- ----

t.8 7 1 .6 7 310 4 .9 5 358 5.20 348 3 .53 0.282

2.64 2 .43 330 5 .7 8 387 5.78 387 3.35 0.299

3.628 1 .48 358 5 .59 465 ' 5.65 462 • 4 .1 7 0.239

0.065

4

4 .5 4

J ----------- „

488 4.56 485
•

•

----- *s. .
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Table 3. (Cont.)

ecim en T e m p e ra tu re
S h e a r  S t r a i n  

R a te Y i P i

A24 600°F  (316°C ) 2 .4 2 2 .1 8 306 5 .0 4

A l l 1000°F  (S38°C )
K

4 .7 2 1 .1 5 247.,. 1 .7 3

A7 1000°F 2 .4 9 1 .4 8 . 310 2 . 11*

AS 1000°F 2 .4 8 1 .2 6 320 1 .9 1

A9 1000°F 0 .6 3 0 1 .6 3 318 3 .4 7

A10 1000°F 0 .0 7 0 ----- . ----- 2 .6 2

AS8 1000°F 4 .8 1 0 .8 3 2 274 1 .3 4

ASS 1000°F 2 .3 5 1 .2 7 328 2 .7 4

AS6 1000°F • 0 .5 7 0 1 .5 2 311 4 .3 8

AS7 1000°F 0 .0 8 3 2 .0 3 330 3 .3 0

A15 1200°F  (649°C ) 4 .7 9 0 .8 4 2 252 1 .0 9

A16 1200° F 2 .5 0 0 .8 6 4 235 0.96E

A17 1200°F 0 .6 6 5 0 .739 244 1.02

A18 1200° F 0 .0 7 3 0 0 .5 1 9 241 0.51$

AS12 1200°F 4 .8 0 0 .9 1 1 246 1 .0 8

AS13 1200°F 2 .5 4 0 .8 9 2 257 1.00

AS14
i

1200°F 0 .5 9 0 0 .8 3 2 250 0 .9 2 5

AS15 1200°F 0 .0 7 3 1 0 .5 3 8 224 0 .8 2 1

/*
---- ■

' . c
*
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T able 3 . (C o n t .)

h e a r  S t r a in  
R ate Y i M *F Yf -YI

2 .1 8

1 .1 5

1 .4 6 .

1 .2 6

1 .6 3

0 .832

1 .2 7

1 .5 2

2 .0 3

0 .8 4 2

0 .864

0 .739

0 .519

0 .9 1 1

0 .892

0 .832

0 .5 3 8

306

247. s, 

310 

320 

318

274

326

311

330

252

235

244

241

246

257

250

224

5 .0 4

1 .7 3  

2 . 11* 

1 .9 1  

3 .4 7  

2 .6 2

1 .3 4

2 .7 4  

4 .3 8  

3 .3 0

1 .0 9

0 .965

1.02

0.519

1 .08

1.00
0 .925

0 .8 2 1

398

303

316

324

338

400

290

328

337

340'

259 

237 

248 

241

260 

260 

253 

225

5 .70

2 .4 2

2 .82

2 .6 6

3 .47

2 .83

2 .5 7

2 .9 8  

4 .3 8

3 .4 1

1 .52

1 .6 7

1 .9 8  

1 .2 3

1 .8 7

1 .6 7  

2 .03

1 .42

380

283

305

300

338

394

275

309

337

340

245 

220

246 

235

238

248

253

214

3 .5 2

1 .2 7

1 .34

1 .4 0

1 .8 4

1 .74

1 .7 1

2.86

1 .3 8

0 .678

0 .806

1 .2 4 1

0 .711

0.959

0 .778

1 .198

0 .882

1
Yr-Y

0 .2 8

0 .7 8

0 .7 4

0 .7 1
t

j>.54
i

0.57

0 .56

0.3M

0.72

1.47

1.21

0.8C

1 .4 ]

1.0*

1 . 2!

o.s:

l . l l
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T a b le  3 . (C o n t .)  .*

a  Y£—S h e a r  s t r a i n  a t  o n s e t  o f  i n s t a b i l i t y ;  to r q u e  a t  Y£» Yn-"sh« 

Yp— s h e a r  s t r a i n  a t  f r a c t u r e ;  Tp— to r q u e  a t  f r a c t u r e ,  

b  -"A" sp ec im en s  h av e  b een  s o lu t io n - a n n e a le d  a s  f o l lo w s :  2000°F (109!

c  "AS" sp ec im en s h av e  b een  s e n s i t i z e d  a s  f o l lo w s :  "A" t r e a tm e n t  p lu s
»

  No i n s t a b i l i t i e s  o b s e rv e d  i n  t h i s  t e s t .



% *w

Table 3. (Cont.) .

s e t  o f  i n s t a b i l i t y ;  to rq u e  a t  yH—s h e a r  s t r a i n  a t  maximum to rq u e ;  r H~maximum to rq u e

f r a c t u r e ;  Tf — to r q u e  a t  f r a c t u r e .  |
*  •  *.

n s o lu t io n - a n n e a le d  a s  fo llo w s : 2000°F (1093°C )—10 m in u te s—w a te r  quenched,

en s e n s i t i z e d  a s  fo llo w s : "A" tre a tm e n t  p lu s  1200°F (6 4 9 °C )~ 2 4  h o u rs —w a te r  quenched,

ved in  t h i s  t e s t .

«
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T a b le  4 .

R e s u l t^ 1 o f  T o r s io n  T e s ts  C onducted  a t  500°F (21 
B a r  Specim ens p f  V a r io u s  Diametei

Specim en B ar D iam e te r
S h e a r  S t r a i n

R a te  V£a VM

A27 0 .2 4 9 1 i n 4 .6 7  p e r  min 1 .2 3 208 l b - i n 5 .7 1

A26 0 .2 4 9 2 2 .7 2 1 .6 6 218 6 .0 0

A28 0 .2 4 6 4 0 .6 4 2 1 .5 6 211 5 .0 3

A29 0 .2 4 2 5 0 .0 6 3 ------ ----- 5 .4 0

A30 0 .1 9 8 2 4 .7 6 0 .8 1 0 100 ' 5 .7 0

A31 0 .1 9 8 7 2 .5 9 0 .5 7 1 104 5 .88

A32 0 .1 9 8 0 0 .6 1 8 1*39 109 5 .1 1

A33 0 .1 8 2 7 0 .0 6 4 ------ ----- 4 .8 5

Y^— S h e a r
*•»

s t r a i n a t o n s e t  o f  i n s t a b i l i t y ; P i - to rq u e  a t  Y ii Yfl— s h e a r

26

27

26

27

18 

13 

1* 

1]

yp— s h e a r  s t r a i n  a t  f r a c t u r e ,  fp — to r q u e  a t  f r a c t u r e .



Table 4
R e su ltd  o f  T o rs io n  T e s ts  C onducted a t  500°F (260°C) on Type 30** 

B ar Specim ens p f  V ario u s  D iam eters

h e a r  S t r a in  
R ate

*

Y ia Ti ym

.67 p e r  min 1 .2 3 208 l b - i n 5 .71

.72 1 .66 218 6 .0 0

.61*2 1 .5 6 211 5 .03

.063 ---- ---- 5.40

.76 0 .8 1 0 100 - 5 .70

.59 0 .571 10*1 5.88

.618 1 .3 9 109 5 .1 1

. o cr> •F — m *1.85

o f  instability; — torque at Yi.; Yjp-shear
cture, Tp— torque at fracture.

1
r M YF r F Yp-Yl Yf -

265 l b - i n 6 .2 6 249 l b - i n 5 .0 3 0 .1

274 6 .5 8 273 4 .9 2 0 .2

269 5 .03 269 3 .47 0.2

270 5 .4 0 270 ---- •v »

187 6 .6 0 185 5.79 0 . ]

135 6 .0 3 133 5 .46 0 .]

140 5 .22 136 3.83 o.s

110 5 .0 2 109

s t r a i n  a t  maximum to rq u e ;  —maximum to rq u e ;

T
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Table 5.
R e s u l t s  o f  T o rs io n  T e s ts  o f  Type 3!

Specim en T em p era tu re
S h e a r  S t r a in

R a te  Yi a

^ 1 0

W ll

W12

75°F  <24°C)

75°F

75°F

4 .9 1  pet* min 0 .2 m

0 .6 4 2  0 .0 9 8

0 .0 6 8 8  0 .0 6 2 '

337, l b - i n

318 *l

286

1 .1 3

1.12

1 .0 8

CJ10

J l l

J12

75°F

75°F

75°F

4 .8 0

0 .6 6 1

0 .0612

0 .3 0 2

0 .1 3 6

0 .1 0 4

365

303

250

1 ,0 7

1.22

1.02

W1

W2

W3

500°F  (260°C)

500°F

500°F

4 .8 5

0 .5 8 4

0 .0 6 5 1

0 .9 1 6

0 .2 5 1

0 .0 9 0

371

312

268

1.53

1.2L

l . l f

J1

J2

J3

500°F

500°F

500°F

4 .2 4

0 .6 4 8

0 .0 6 9 0

0 .6 4 9

0.222

0 .1 1 3

345

280

233

2.11

1.9!

2 .0<

W4

W5

W6

1000°F (538°C) 4 .8 3

1000°F  0 .5 8 3

1000°F  0 .0 7 2 1

0 .9 7 0

0 .3 5 9

0 .1 5 1

322

268

252

1.11

1.1

1.0

J4

J5

J6

1000°F

1000°F

1000°F

4 .8 7

0 .5 8 7

0 .0 6 7 0

1 .5 4

0 .2 9 6

0 .3 5 9

289

253

266

3 .6

1.1

1 .0



Table 5.
R e s u lts  o f  T o rs io n  T e s ts  o f  Type 304 Welded P la te

a r  S t r a in  „ — ±—
R ate__________* £   VH r H__________IF __________F Tr - T j  YF.Yj

1 pei* min 0 .241  337, l b - i n  1 .1 3  502 l b - i n  1 .2 8  497 l b - i n  1 .0 3 9  0 .964
'■ -t,

>42 0 .098  318 1 .1 2  542 1 .1 6  535 1 .0 6 2  0 .940| ' •

>688 0.062* 286 1 .0 8  * 503 1 .1 1  503 - 1 .0 4 6  0 .9 5 1

30 0 .302  365 1 .0 7  510 1 .6 5  470 1 .3 4 8  0 .7 4 1
i

561 0 .136  303 1 .2 2  520 1 .3 0  520 1 .1 6 4  0 .856

0612 * 0 .104  250 1 .0 2  434 1 .0 2  434 0 .9 1 6  1 .09

85 0 .916 371 1 .5 3  387 1 .5 3  307 0 .6 1 4  1 .63

584 0 .2 5 1  312 1 .2 4  383 1 .2 4  383 0 .9 8 9  1 .0 1

,0651 0 .090  268 1 .1 6  392 1 .1 6  392 1 .0 7 0  0 .932

,24 0 .649 345 2 .1 7  395 2 .1 7  395 1 .8 7 8  0 .5 3 1

,648 0 .2 2 2  280 1 .9 5  392 1 .9 5  392 1 .7 2 8  0 .580

.0690 0 .1 1 3  233 2 ,0 4  394 2 .0 4  394 1 .9 2 7  0 .519

.83 0 .970  322 1 .1 6  325 1 .1 6  325 0 .1 9 0  5 .2 8

.583 0 .359  268 1 .1 1  328 1 .1 6  318 0 .8 0 3  1 .2 4

.0721 0 .1 5 1  252 1 .0 1  328 1 .0 1  328 0 .8 5 9  1 .1 6

.87 1 .5 4  289 3 .6 6  323 3 .6 6  323 ' 2 .1 2  0 .4 7 i

1.587 0 .2 9 6  253 1 .1 4  317 1 .1 7  317 0 .8 7 4  1 .1 4

1.0670 0 .3 5 9  266 1 .0 6  311 1 .0 6  311 ' 0 .7 0 1  1 .4 3
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If  I rr ■ '  - ---------- ------------------- --  ■—...............   - ■ -  jJ** ~---- —• '■— ■—

T a b le  5 . (C o n t. )

S h ear S t r a in
Specim en T em p era tu re  R a te  **1 **1 YH

W7 1200°F <649°C) 4 .8 0  I. 0 .4 7 6  232 0.91!

W8 1200°F  0 .8 0  . 0 .4 2 1  234 ^  1 .68

W9 1200° F 0 .0 7 2 0  0.28(7 232 0.951

J7  1200°F 4 .8 6  0 .3 2 5  221 0 .96

J8  1200°F  0 .6 3 0  0 .2 6 6  216 0 .92

J9  1200°F  0 .0655  0 .1 6 3  195 0 .77

a  — S h e a r  s t r a i n  a t  o n s e t  o f  i n s t a b i l i t y ;  — to rq u e  a t  Yi» Yjj—she 

Yp— s h e a r  s t r a i n  a t  f r a c tu r e *  Tp—to rq u e  a t  f r a c t u r e ,  

b "W" specim ens hav e  a  1 In c h  lo n g  gage le n g th  c e n te r e d  c o m p le te ly  wJ 

c " j "  sp ec im en s hav e  a  2 .5  In c h  lo n g  gage le n g th *  c e n te r e d  on th e  we: 

an d  b a s e -m e ta l .

i
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------------- .. . j. i|rrrF̂ jnpg

T a b le  S . (C o n t.)

a r  S t r a in  
R a te Yi T i YM I’M yf rp YF-Yi YP-Yi

10

10

1720

16

>30

>655

t. 0 .476

0 .4 2 1

0 .2 6 0

232 

23 >1 *l 

232

0 .325  221

0 .2 6 6  216

0 .163  195

0.915

1.66

0.952

251

251

266

0.968 268

0.926 265

0.772 241

1 .5 0

1 .9 6

1 .7 8

248

248

258

1 .0 7  268

1 .1 8  261

1 .0 5  237

1.024

1.539

1.500

0.970

0.650

0.667

0.745 1 .34

0 .954  1.1)5
0 .887  1 .1 3

F i n s t a b i l i t y ;  —to rq u e  a t  y ^ ;  y ^ —s h e a r  s t r a i n  a t  maximum to rq u e ; — maximum to r q u e ;
i

t u r e ,  Tp—to rq u e  a t  f r a c t u r e .

lo n g  gage le n g th  c e n te ro d  co m p le te ly  w ith in  t h e  w e ld -m e ta l .

ch lo n g  gage le n g th ,  c e n te re d  on th e  w e ld -m e ta l ,  b u t  a l s o  c o n ta in in g  h e a t - a f f e c t e d  zone



Table 6.
i,

Summary o f  Tem perature: S tra in -R a te  C ond itions fo r  Form ation 
o f  M acroscopic I n s t a b i l i t i e s

M a te ria l C ondition

S o lu t io n -a n n e a le d
b a r

^ S e n s it iz e d  b a r  

A ll W eld-m etal 

Weld j o i n t

M acroscopic I n s t a b i l i t i e s  Seen a t  S tra in -R a te s  F a s te r  than  th o se
In d ic a te d  Below:

75°F (2U°C) 500°F (260°C) 1000°F (538°C) 1200°F (649bC)

.0.07 p e r  min 0 .07 p e r  min 0.07 p e r  min

0.07

A ll

A ll

0 .07

A ll

A ll

A ll

A ll

A ll

A ll

A ll

A ll

A ll

a  S o lu tio n -an n ea led  a t  2000°F (1093°C) f o r  10 m inutes and w ater-quenched, 

b S o lu tio n -an n ea led  p lu s  1200°F (649°C) f o r  24 h ours  and w ater-quenched.



Table 7.
Summary o f  O ccurrence o f  S e r ra te d  T orque-T w ist Records

M a te r ia l  C o n d itio n 3
nom inal 

S t r a in  R ate
T em perature 

75®F 500°F 1000°F 120 O^F

S o lu tio n -a n n e a le d 4 .8  p e r min No No No Yes

2 .5 No No No Yes

0 .6 No No No Yes

0 .0 7 No Yes Yes Yes

S e n s i t iz e d 4 .8

•
No- No No No

2 .5 No No No Yes

0 .6 No No No Yes

0 .0 7 • No No Yes * Yes

A ll  W eld-m etal 4 .8 No No

r*
No No

0 .6 No No No No

0.0 7 No No No No

W e ld - jo in t 4 .8 No No No Yes

0 .6 No No No Yes

0 .0 7 No Yes Yes Yes

a  S o lu tio n -a n n e a le d 2000°F (1093°C )— 10 m in u te s - -H2O quench.

S e n s i t iz e d  

A l l  w e ld -m eta l

W e ld - jo in t

S o lu t io n -a n n e a l  p lu s  1200°F (649°C )—24 h o u rs— 
HjO quench.

Manual s h ie ld e d  m e ta l-a rc  w elded w ith  E308-15 
e le c t r o d e s  p e r  F ig u re  13 . Specimen c o n f ig u ra 
t i o n  p e r  F ig u re  15a.

Manual s h ie ld e d  m e ta l-a rc  w elded w ith  E308-15 
e le c t r o d e s  p e r  F ig u re  1 3 . Specimen c o n f ig u ra 
t i o n  p e r  F ig u re  15b.
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(a )

9 = 3

o  o  o  o  o

<b> S O

c l c c c ± L   r

<c)

L

O O o o
C C  C C  (

*

F igu re  1 .  Schem atic r e p re s e n ta t io n  o f  th re e  b a s ic  f r a c tu re  su rfa c e s  
in  pore fo rm ation  and coalescence f r a c tu r e s ,  a f t e r  
Beachem (2 2 ) .

(a )  Normal r u p tu re ,  fo rm ation  o f  equ iaxed  d im ples; (b ) 
sh e a r  r u p tu r e ,  fo rm ation  o f  e longated  dim ples p o in tin g  
in  th e  d i r e c t io n  o f s h e a r  on each s id e  o f  th e  p lan e  o f  
f r a c tu r e ;  ( c )  te a r in g ,  fo rm ation  o f  e lo n g a tio n  dim ples 
p o in tin g  away from p ro p ag a tio n  d i r e c t io n .

103



vacancy
loops

A

b . PRISMATIC LOOPS « » CAVITY OUK TO CO ALClCCN Ct OP LOOPS

F igu re  2 .  A s h b y 's  model o f  c a v i t y - in i t i a t i o n .

104



/

F ig u re  3 .  P rism a tic  v o id s  in  a  s h e e t o f  u n i t  th ic k n e ss  a f t e r  
Thomason (H I).
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q  I  q

|

F igure *♦. R ig id -p la s t ic  p la n e - s t r a in  elem ent c o n ta in in g  p a r t i c le s ;  Ca) 
b e fo re  t e n s i l e  p l a s t i c  i n s t a b i l i t y ,  (b )  a t  in c ip ie n t  i n s t a 
b i l i t y  w ith o u t p a r t i c l e :  m a trix  deco h esio n , ( c )  a t  in c ip ie n t  
i n s t a b i l i t y  w ith  decohesion  a t  p a r t i c l e  en d s . (42)
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Figure 5 .  I l l u s t r a t i o n  o f  s i tu a t io n s  le a d in g  to  ( a )  low d u c t i l i t y  when 
com plete p a r t i c l e :  m atrix  decoheslon o c c u rs ;  (b ) in c re a se d  
d u c t i l i t y  when th e  p a r t i c l e :  m a trix  band rem ains i n t a c t  a t  
the  s id e s  o f  th e  p a r t i c l e .  (**2)
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«, «tr*i rMi
NfOIMliei

7 «, ntCTuiicwrtMi

F ig u re  6 . C y lin d r ic a l  vo ids in  th e  model o f  M cClintock, K aplan, and 
Berg ( u s ) .
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t ,  M NIRiTIM  0# MttURV LOOP AtOUN* M R IIC ll

F ig u re

icun MMANTILIP a  Kim
I .  OVMdtAlKM ©P M lM AllC IOOM.

«. iamc a t f o u M n m r A e t n n o ?  t a i l  v o u location .

. G eneration  o f  d is lo c a t io n  loopB around p a r t i c l e s  by th e  
mechanism o f  H irsch  (45) and Ashby (**6).
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I .  CQI/aillV* OF IT R Etlft

F igu re  8 . B ro ek 's  (H>+) model o f  void i n i t i a t i o n  and grow th.
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F ig u re  9 . Void co a lesen ce  by th e  mechanism o f  Broek ( MM).



Figure .10

i *

V Jr*. & M 7

v <<.•« ,vcN -  S> .

jT i  ^*- i  *?

l? ♦ (4*w r*V' •** ‘ » _# 1 • • v^i■L. TtvS *.h - , ^ r  .«» • •

. L o calized  flow  a t  th e  no tch  in  a  DWT specimen o f  s ta in le s s  
s t e e l ,  a f t e r  Hayden and F lo reen  (5 2 ) . ( a )  C ro ss -se c tio n
o f a  n ic k e l p la te d  V -notch, 75X; (b ) boxed in  re g io n  o f  ( a ) ,  
250X.
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F ig u re  1 1 .  T h e o re t ic a l  s l i p - l i n e  f i e l d  f o r  c i r c u l a r  s t r e s s - f r e e  
boundary (N otch R o o t) . (3 )
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2.6

2.6

2.2

178 k s i  UTS

1.0-
0.8

0.6

217 k s i UTS

0.2

2.01.50.5 1.0

Shear S t r a in  R a te , miri

F ig u re  12. The e f f e c t  o f  sh e a r  s t r a i n  r a t e  on th e  sh e a r  s t r a in  to  in s 
t a b i l i t y  in  to r s io n  o f  AISI <*340 s t e e l s ,  a f t e r  E rn s t and 
S pretnak  (6«0.

11*»



W old Groove B oston
4

i
-<*1-1/4

1
■

V
j \ —  1 /4

k — 2 -1 /4

W elding Sequence

1 3 Layer 
12

Arc Start End I *

Plate W elding C on d ition s. 
Preheat -  None 
Interpass -  350° F M ax. 
Restrained
As W elded Condition  
Amps. -  250 
Volts. -  22-25

F igu re  13 . .Summary o f  P rep a ra tio n  o f  Welded P la te .
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GO*v  ■
I • * !

Q 375R

l* R 7

E d

0273" |^ - a 8 7
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/  ^ - 0 3 0 0 *

~ MmT ^  L—  1.5GAGE _ J  
S H  r "  LENGTH “

- 4 . 2 5 -

. ROOM-TEMPERATURE TOR
a. • *. k \ a*.

-aoo“-

♦0.75V 
TYR

2 .5 0 0
{GAGE LENGTH }

L  A 01A. { gage l e n g t h }

L - 0.50" 01A.

ELEVATED-TEMPERATURE TORSION SI
D ia m e te r  A

i
Specim en Ty

S ta n d a rd
S t r e s s  g r a d ie n t  a t  
S t r e s s  g r a d ie n t  s t

F ig u re  1U. B ase M eta l T o rs io n  Tes t  S pecim e n s . 1 imau-jL

0 .3 0 0  in c h e s
0 .2 5 0
0 .2 0 0
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■4.25
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TYP.2 .500♦0.75.**-
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0 .2 0 0  S t r e s s  g ra d ie n t  s tu d ie s

a se  M etal T o rs io n  T e s t Specim ens.
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1.25'

♦0.75V 
TYR

♦087SV

aoo“-

2.500{GAGE LENGTH } 1.00 R

—Q 300mdia. { gage length}
V0.50*DIA.

(b )  W e ld -Jo in t T o rs io n  Specimen
* .«• ■ - * * *

---------- aoo"—-------------

4.00"-
• *— 0,5 0 0  —* |

-  * en .< X.dO *
TYR {gage length  } .

1 E n t i r e l y  W ith in

— 1 — , |  Weld

1.00" R

-0 3 0 0 " DIA. { gage len g th}
— 0.50* OIA.

( a )  W eld-M etal T o rs io n  Specimen 
F lp u re  15 . Welded T o rs io n  S pecim ens.

i s .ii i i p i  ■ "  . • ’ -
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4.00"
1.25'

2 .5001
{6A6E LENGTH } . 1.00" R. 
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E
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( a )  W eld-M etal T orsion  Specim en 
Welded T o rs io n  Specim ens.
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J s c l l lo  graphic 
R eco rder

A ir  
Supply  w ’

H a te r
S upply

•i.

B rid g e  A m p lif ie r

S t r a in
Gage

Torque
T ran sd u ce r

T-----
I 
I
| Therm ocouple
j Leads
• o ______

I______________ t  J
c .  1

Argon O u t le t

Rheost
A u x ill

HeateSpecimen

Gear
Box

DO--
C o n t r o l le r  P h a se r P h a se r  Cor

R h e o s ta t

F ig u re  16 . S ch em atic  D iagram  o f  T o rs io n  T<
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R h e o s ta t

w a te r
S upp lySupplyLo g raph ic  

e c o rd e r

D rying  A gents

Therm ocouple 
L eads

£ 3
•_________________

Dry I c e :  
M ethanol 
Trap

RheoL if ie r  ■*[ s t a t  I
A u x il ia ry  

H e a te rSpecim en
F urnace

M otor

lu c e r

P h a se r P h a se r

C o n t r o l l e r

S e a le d  Specim en Chamber

C o n tro l le r

R h e o s ta t

F ig u re  16 . S ch em atic  D iagram  o f  T o rs io n  T e s t in g  Equipm ent*



}

F ig u re  18. E lev a ted  Tem perature Torsion  T estin g  Equipment
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Symbol Nominal S tra in  Rate

•4.8 p e r  m inute 
2.S 
0.6 
0.07

F rac tu re

, . __
'  A  ... V S/  \  ^  s , .# -  •" V \ \ j

/  v  - v n r ' v  W

/   -------------------  < S - \  >
' " J u  £

S tra in  t o  F i r s t  I n s t a b i l i t y

• *

I 1
500

Tem perature, F
1000

19. S tra in  to  f r a c tu r e  and S tr a in  to  F i r s t  I n s t a b i l i t y  versus 
Tem perature a t  th e  In d ic a te d  C onstant S tra in -R a te  f o r  S o lu tio n  
Annealed Type 304 S ta in le s s  S te e l  B ar.
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Figure 20

Symbol Nominal S tra in -R a te

4 .8  p e r  m inute 
2 .5  
0 .6  
0 .0 7

6

S t r a in  to  F ra c tu re

2

S t r a in  t o  F i r s t  I n s t a b i l i t y

0
500

T em pera tu re , F
1000

. S t r a in  t o  F ra c tu re  and S t r a in  t o  F i r s t  I n s t a b i l i t y  v e rsu s  
T em perature a t  th e  In d ic a te d  C o n stan t S tra in -R a te  f o r  S e n s i
t i z e d  Type 304 S ta in le s s  S te e l  B ar.
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Shear S t r a in  R a te , (Kin)*"l
Figure 21. 1 Strain to Fracture vs. Shear Strain-Rate at Constant Temperature for Solution-Annealed and Sensi

tized Type 304 Stainless Steel Bar.
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F ig u re  22 .

Solu tion-A nnealed

S e n s it iz e d

10-1 Shear S tr a in  R ate , (Min)**1 10^

Strain to First Instability versus Shear Strain Rate at Constant Temperature for Solution-Annealed
and Sensitized Type 30*» Stainless Steel Bar.
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Symbol Nominal' S t r a in  R ate

h .3  p e r  m inute
2 ,5
0.6
0 .07

"S" S e n s i t iz e d  M a te r ia l 
" "  S o lu tio n -A n n ea led  M a te r ia l

£

$•H
i.
a

I
0

A
§
C/1

1•Hac

ti

I
o

gCO

Tem perature* F
F ig u re  23. S t r a in  t o  F ra c tu re  Minus S t r a in  t o  F i r s t  I n s t a b i l i t y  v s  Temp

e r a tu r e  a t  th e  In d ic a te d  C o n stan t S tra in -R a te  f o r  Type 30U 
S ta in le s s  S t e e l  B ar.
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H 8

6 S olution-A nnealed

S e n s it iz e d

(/}

2

0
-1 ,010 10Shear S t r a in  R a te , (Min)~

F ig u re  24 . S tr a in  t o  F ra c tu re  Minus S t r a in  t o  F i r s t  I n s t a b i l i t y  v e rsu s  S tra in -R a te  a t  In d ic a te d  Tem peratures 
f o r  Type 304 S ta in le s s  S te e l  B ar.
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Figure 25.

127Synibol Nominal S tra in -R a te

1 4 .8 0  (Min)"1
2 2 .50  (Min)"1 *
3 0 .60  (Min)"1
4 0 ,07 (Min)"1

8

S tra in  t o  F ra c tu re , Yf

D iffe re n c e , Yf-Yj

0.200 0.2500 0 .‘300
Bar D iam eter, Inches 

Shear S tra in  t o  F ra c tu re ,  Shear S t r a in  to  O nset o f  F i r s t  In s 
t a b i l i t y ,  and t h e i r  D iffe ren ce  v e rsu s  Bar D iam eter a t  500°F 
and th e  In d ic a te d  Nominal S tra in -R a te s  f o r  S o lu tion-A nnealed  
Type 304 S ta in le s s  S te e l  Bar.



Sh
ea

r 
S

tr
ai

n

2.

1 .5

1.0

>-
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^ _________________ (Min)"1
—  s '  0 .0 7 ,
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X X
500 1000

T em perature, F
F ig u re  26. Shear S t r a in  to  F ra c tu re  and to  F i r s t  I n s t a b i l i t y  v ersu s  Temp* 

e r a tu re  a t  th e  In d ic a te d  Nominal S tra in -R a te d  f o r  a l l  Weld- 
M etal Specim ens. ^28
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3.0

S tra in  to  F ra c tu re

2.0

m

1.0 ’ 0 .07 
(M in)"

S tr a in  to  F i r s t  
I n s t a b i l i t y

^ . 8
(M in)"

1000
Tem perature, F

F ig u re  27. .Shear S t r a in  t o  F rac tu re  and to  F i r s t  I n s t a b i l i t y  v ersu s
Tem perature a t  th e  In d ic a te d  Nominal S tra in -R a te s  f o r  Weld- 
J o in t  Specimens.
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Figure 28

3 .S

3 .0

2 .5

2.0

1 .5 A ll Weld M etal

Weld J o in t

1.0
Shear S t r a in  R a te ,V(Min)

'I
• Shear Strain to Fracture versus Strain Rate at Constant Temperature for Welded Samples.
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Figure 30.

- - -  *
■

/  / ^ 0.6 \ ' '
<4.8 (Min)

0 .07

✓
0.07
(Min)"1

—  A ll Weld Metal 

_  W eld-Joint
■ i. I i ■ ■ ii !r X

Tem perature, F
' S t r a in  to  F ra c tu re  Minus S tra in  to  F i r s t  I n s t a b i l i t y  versus 

Tem perature a t  th e  In d ic a te d  Nominal S tra in -R a te s  fo r  Welded 
Specimens.
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Figure 38. Glyceregla X100
S ettle 4AO Transverse section through solution-annealed Type 304 stain
le ss  s te e l bar.
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Figure 39. Glyceregia X100

Sample 4A0S Transverse section through solution-annealed and sensitized  
(1200°F—2*1 hours—water quench) Type 30U sta in less s te e l bar.
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Figure i*0. Oxalic Acid X100X

Sample i*A0S Transverse section through solution-annealed and sensitized  
(1200°F—24 hours—water quench) Type 30** sta in less s tee l bar. Note t
outlining o f grain-boundary carbide envelopes.
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Figure 41. Glyceregla X125
Sample 0 Transverse section through as-deposited manual metal-arc weld 
In Type 304 sta in less s te e l plate showing coarse as-deposited weld- 
metal (right) and finer-grained weld-metal after homogenization by re
heating by deposition of succeeding weld-passes ( le f t ) .
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Figure 42. Oxalic"Acid - XX25

Sample 0 Transverse section through heat-affected zone o f manual metal- 
arc welded Type 304 sta in le ss-stee l p la te . Note laminations associated  
with large inclusions (A) and long, narrow, stringer-type inclusion (B).
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Figure W . Glyceregia X125

Sample 0 Transverse section through as-deposited manual metal-arc weld 
in Type 304 sta in less s te e l plate showing fusion-line hot-tear (A) and 
semi-continuous series o f laminations in heat-affected-sone leading to  a 
tig h t heat-affected-zone crack (B).
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Figure 44. Glyceregia xjl*

Sample A19 (75#F—4.25 per minute) Interior o f sample showing rotation  
• o f grains from orig in a l bar-axis (horizontal),
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Figure U5. Glyceregia

Sasple A19 (75°F—H.25 per minute) Interior o f sample showing 
o f internal cracks associated with inclusions.
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Figure U6. Unetched X125
Sample A21 (7S°F—-0.6 per minute) Secondary crack just behind fracture. 
Note linking up o f pores ahead o f crack (A), scattered pores found 
throughout sample, and change in fiber-orientation due to torsional de
formation from vertica l (along bar axis) to  nearly horizontal.
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Figure 47. Unetched X600

Sample A21 (75°F—0.6 per minute) Enlargement o f  growing end o f secon
dary crack shown in  Figure 46. Note association  o f smaller cracks (A) 
and inclusions (B) with growth of large crack.
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Figure 18* Glyceregia X600

Sample A19 (75°F—U.25 per minute) D etails o f fracture-surface„ showing 
extreme rotation  o f grains and inclusions from orig in a l bar-axis (hori
zontal) and growth o f a secondary crack (A) in from the fracture-surface.
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Figure if9. Glyceregia X1500

Sample A19 (75°F—*f.25 per minute) Enlargement o f region shown in F ig
ure 48, showing growth o f  secondary crack by formation and coalesence of 
pores (A) ahead o f the advancing crack.
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Figure 50. Glyceregia X125

Sample t o  <500°F~0.62 per minute) D eta ils of fracture-surface showing 
extreme rotation of grains and inclusions from orig in al bar-axis (hori
zontal) .



Figure SI. Glyeeregia X600

Sample At (500°F—0.62 per minute) Microstructure just behind fracture-  
surface. Mote decohesions at inclusion: matrix interfaces (A), and 
propagation o f a crack towards a smaller inclusion with i t s  associated  
pair o f cracks (B ).
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Figure 52. Glyceregia X125

Sample Am (500°F~0.0634 per ninute) D etails of fracture-surface shew
ing extreme rotation of grains and inclusions from original bar-axis 
(horizontal).
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Figure 53. Glyceregia X600

Sample Am (SOO°F—0,0634 per minute) Micros tructure just behind frac- 
ture-surface shewing growth o f two secondary cracks by tearing o f the 
material between them.
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Figure 5i*. Glyceregia Xi:

Sample A ll (1000°F—4.72 per minute) Microstructure just behind fTac 
ture surface showing extreme rotation of grains and inclusions from 

’ orig inal ber-axis (horizontal) by torsional deformation.
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Figure 55. Glyceregia X125
S a m p l e  A ll (IQOO°F—U.72 per minute) Kicrostructure far from fracture- 
surface. Note secondary crack emanating from inclusion: matrix in ter
face.



Figure 56. Glyceregia X600
Sample A ll (1000°F—U.72 per minute) Enlargement o f Figure 55 showing 
crack emanating from inclusion: matrix interface (A) and from an inclu
sion in  a carbide-free grain-boundary (B)
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Figure 57. Glyceregia

Sample A ll (1000°F~4.72 per minute) Enlargement o f Figure 56. 
propagation o f crack through a small group o f inclusions.
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Figure 58. Glyceregia

Sanple A ll (loOO°F—**,72 per minute) Enlargement o f Figure 
cracks growing from inclusion: matrix interfaces (A).

X600

showing
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Figure 59 • Glyceregia X125

Sample A18 (1200°F—-0.073 per minute) Secondary cracks behind fracture 
surface showing loca lization  o f p lastic-flow  between two growing cracks, 
and extreme rotation o f grains and inclusions from original bar-axis 
(horizontal) by torsional deformation.
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Figure 60, Glyceregia X12!
Sample A18 (1200°F—0.073 per minute) Microstructure far from fracture 
surface. Compare with Figure 59 and note re la tiv ely  undeformed micro-
Structure.
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Figure 61. Oxalic Acid X600
Sample A16 (1200°F—0.073 per minute) Enlargement o f end o f crack shown 
in Figure 59 showing transgranular growth o f crack and precipitation o f 
carbides on grain-boundaries and within the grains during heating to  and 
testin g  at 1000°F.
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Figure 62. Oxalic Acid X12S
Sample AS17 (75°F—2.3U per minute) Hlcrostructure at fracture-surface, 

■ showing extreme rotation o f grains from orig inal bar*-axis.



Figure 63 Oxalic Acid X125

Sample AS17 (75°F—2.3H per minute) Hlcrostructure far from fracture- 
eurface illu stra tin g  moderate deformation o f grains (compare with 
Figure 62).



Figure 64. Oxalic Acid X600

Sample AS17 (75°F—2.34 per minute) Crack-propagation associated with 
second-phases in grain-boundaries (A ), twin-boundaries (B) and within 
the grains (C).

166



Figure 65. Oxalic Acid X1500
Sample AS17 (75°F—2.34 per minute) Enlargement o f Figure 6*4. showing 
the development o f a crack growing from an inclusion (A) in the in ter
ior of a grain towards a nearby second-phase particle (B).
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Figure 66. Oxalic Acid X125

Sample ASH (500°F—0,065 per minute) Fracture-surface, showing extreme 
rotation o f grains and inclusions from original bar-axis (horizontal).
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Figure 67. Oxalic Acid X12&

Sample AS11 (500°F—0.065 per minute) Hlcrostructure far from fracture-  
surface, showing secondary cracks along grain-boundaries.
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Figure 66. Oxalic Acid X125
Sample ASH (500°F—0.065 per minute) Microatructure near center-line  
o f bar far from fracture-aurface.



Figure 69* Oxalic Acid X600

Sample ASH (500°F—0.065 per minute) Secondary crack, showing pore- 
formation in intergranular carbide networks (A), their growth into  
intergranular cracks (B), and crack-grcwth by localisation  o f  p la stic  
flow between crack-tip and nearby array o f pores (C).



Figure 70. Oxalic Acid X125
Sanple ASS (500°F—2,6U per minute) Hlcrostructure just behind fracture-  
surface, illu stra tin g  extreme rotation o f grains and inclusion from o r i
ginal bar-axis (horizontal) by torsional deformation and a secondary 
crack (A).



Figure 71. Oxalic Acid X600

Sample AS3 (500°F—2.6^ per minute) Enlargement o f  growing end o f secon
dary crock in Figure 70 ( showing partia lly  intergranular-partially trans- 
'granular propagation o f crack.
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Figure 72. Oxalic Acid X600

Sample ASS (1000°F—4.81 per minute) Secondary crack behind and parallel 
to  the fracture-aurface.
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Figure 73. Oxalic Acid X1500

Sample ASS (1000°F—**.81 per minute) Enlargement o f  growing end o f  
crack in Figure 72 showing growth past an inclusion by an inclusion: 
matrix decohesion.
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Figure 7H, Oxalic Acid X125
Sample AS15 (1200°F—0.0731 per minute) Microstructure ju st behind 
fracture-surface showing extreme rotation o f grains and inclusions from 
original bar-axis (horizontal) by torsional deformation.
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Figure 75. Oxalic Acid X600
Sample AS15 (1200°F—0.0731 per minute) Microstructure just behind 
fracture-surface showing growth o f a secondary crack along grain- 
boundary carbide-networks (A) and localisation  o f p lastic-flow  between 
two growing cracks (B)



Figure. 76. Oxalic Acid X125
Sanple AS15 (1200°F—0.0731 per minute) Microstructure far from fracture 
showing small amount o f  grain and inclusion rotation from orig inal bar- 
a x is . .



Figure 77. Glyceregia X125
Sample W12 (75°F—0.0688 per minute) Details of fracture surface shoving 
development o f a secondary crack at the edge of an in stab ility  (A), Note 
localisation  o f p lastic  flow within the in stab ility  that was associated 
with fracture (B).
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Figure 78. Glyceregia X600

Sample W12 <75°F—0.0688 per minute) Hicrostructure a t  the t ip  o f  the 
growing crack shown in Figure 77 . Note growth of the crack along in -  
terdendritic ferr ite  networks (A) and presence of pores within ferr ite  
islands ahead of the crack.
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Figure 79. Glyceregia X125
Sample W1 (500°F—U.85 per minute) Fracture surface showing propagation 
through a region o f "as deposited" weld-metal (A) and growth o f a secon
dary crack (B) that stopped just short of the "as deposited: grain- 
refined" interface (C).
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Figure 80. Glyceregia X600
Sample HI (500°F—^.85 per minute) Enlargement of the secondary crack 
shown in Figure 79, showing the propagation through interdendritic 
ferr ite  (A) and formation o f pores (B) in ferr ite  pools ahead o f and 
around the crack.



Figure 81* Glyceregia X125
Sample W3 (500°F—0.0651 per minute) Fracture surface* showing propa
gation o f fracture through an "as-deposited" region (A) and a "grain- 
refined" region (B) in the fusion-zone.

v.



Figure 82. Glyceregia x125

Sample W7 (1200°F—**.80 per minute) Fracture surface showing secondary 
cracks.
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Figure 83. Glyceregia X600
Sample W7 (1200°F—U.80 per minute) Enlargement o f  fracture surface 
shown in  Figure 82 showing propagation along interdendritic ferr ite  
pools (A),
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Figure 84. Glyceregia X125

Sample W9 (1200°F—0.580 per minute) Fracture-surface showing a change 
in orientation of weld-metal just behind fracture-surface.
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F ig u re  85 . G ly c e reg ia  X125

Sanple W9 (1200°F—0.580 per vinute) Secondary crack (A) about 1/8 inch 
behind fracture-surface.
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Figure 86. Glyceregia X600

Sample W9 (1200°F—0.580 per minute) Enlargement o f t ip  o f secondary 
crack shown in Figure 85, showing propagation o f crack along interden- 
d ritic  ferrite  (A) and formation o f pores within the ferrite  (B).

188



Figure 87. Glyceregia X600
• * ■* >•<**

. Sample W9 (1200°F—0.580 per minute) Same f ie ld  as Figure 8 6 » but using 
Nomarski d ifferen tia l Interference contrast illumination to  emphasize 
the loca lization  o f  p la stic  flow (A) near the growing cracks.

X  .
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Figure 88 Oxalic Acid X125

Sasg>le JIO (75°F—U .80 per minute) Note fracture propagating through 
.. grain-coarsened region o f the heat-affected tone.



Figure 89. Oxalic Acid XUS

Sample JIO (75°F—U.80 per minute) Note propagation o f fracture parti
a lly  through the heat-affected zone and partially through the fusion- 
zone, as w ell as the secondary crack (A) originating from a microshrink
age cavity (B) in the fusion-sane.



Figure 9 0. Oxalle acid X600
Sample J10 (75°F--4.80 per minute) Enlargement o f Figure 89, showing 
microshrinkage defect .at edge o f  fusion zone, fusion lin e  (A), crack (B)

- emanating from microshrinkage defect» and pores forming in ferrite  pools 
In fusion zone (C).



Figure 91. Oxalic Acid X600

Sample J3 (500°F—0.0690 per minute) Microstructure just behind the 
fracture-surface, showing propagation o f two secondary cracks towards 

'.and around the periphery o f  inclusions (A) and localization of p lastic  
flow (B) near one of the secondary cracks.
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Figure 92. Oxalic Acid X1500

Sample J3 (500°F—0.0690 per minute) An enlargement of the circled re
gion in Figure 91, showing a crack.emanating from an inclusion: matrix 
interface (A), and isolated pores (B) forming within ferrite  pools.
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Figure 93. Oxalic Acid X125
Sample J4 (1000°F~M.87 per minute) Corner o f fracture-surface showing 
propagation o f a secondary crack (A)«
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Figure 914, Oxalic Acid X600

Sample JU (1000°F-4.87 per minute) Enlargement o f  growing end o f secon
dary creek shown in Figure 93 > illu stra tin g  i t s  propagation between pools 
of ferrite  (A).

)
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Figure 9 5 . Oxalic Acid X125

Sample J7 (1200°F—**.86 per minute) D etails o f  fracture surface and 
secondary crack (A).



Figure 96. Oxalic Acid
Sample J7 (1200°F—*».B6 per minute) Details o f fracture surface.



Figure 97. Oxalic Acid X600
Sample J7 (1200°F—«*.86 per minute) Enlargement o f tip  o f  secondary 
crack shown in Figure 95. Note propagation of crack between ferrite  
pools and along an inclusion: austenite interface (A).
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Figure 98. Oxalic Acid X600
Sample J7 (1200°F—4.86 per minute) Same f ie ld  as Figure 97, but using 
Nomarski' d ifferen tia l interference contrast illumination to' emphasize 
the loca liza tion  o f p la stic -flo u  at and ahead o f the crack-tip (A).
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