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Under  v a r i o u s  condi t ions  of s t r e s s  and  t e m p e r a t u r e  v a r i o u s  d e f o r m a t i o n  m e c h a n i s m s  
could be r a t e - c o n t r o l l i n g  for  s u p e r p l a s t i c  de fo rma t ion .  In g e n e r a l  a t  low s t r e s s e s  d i f fus ion 
c r e e p  should be  r a t e - c o n t r o l l i n g .  At  t e m p e r a t u r e s  be tween a p p r o x i m a t e l y  40 and 65 pc t  of 
the  abso lu te  me l t i ng  point  g r a i n  bounda ry  diffusion should b e  the  dominant  di f fus ion path 
whi le  a t  h ighe r  t e m p e r a t u r e s  vo lume di f fus ion  should d o m i n a t e .  At  i n t e r m e d i a t e  s t r e s s e s ,  
g r a i n  boundary  s l id ing  should be  the  m a j o r  d e f o r m a t i o n  mode ,  but the s l id ing  r a t e  should  
be governed  by the l e s s e r  r a t e  of d i s l o c a t i o n  c r e e p  within the  g r a i n s .  At  t e m p e r a t u r e s  b e -  
tween 40 and 65 pct  of the  me l t ing  poin t ,  the  r a t e  of d i s loca t ion  c r e e p  should be c o n t r o l l e d  
by d i s loca t ion  p ipe  diffusion,  whi le  a t  h i g h e r  t e m p e r a t u r e s  vo lume  diffusion should  be  r a t e -  
con t ro l l ing .  At  high s t r e s s e s  the s u p e r p l a s t i c  effect  of unusua l ly  l a r g e  t e n s i l e  ex t ens ib i l i t y  
should d imin i sh  due to the  g r e a t e r  p o s s i b i l i t y  of w o r k - h a r d e n i n g  p r o c e s s e s  such a s  d i s l o -  
ca t ion  ce l l ,  t ang le ,  and  p i l e -up  f o r m a t i o n .  

T H E  phenomenon of s u p e r p l a s t i c i t y  has  been  o b s e r v e d  
in a wide v a r i e t y  of a l l oy  s y s t e m s .  T h e s e  inc lude  c e r -  
t a in  a l l oys  of Bi,  1 Pb ,  z-s Sn, 6 A1, 7-n Mg, 12 F e ,  13'14 
Ni ,  15'16 Ti ,  17 and Z r .  17 T h e r e  i s  g e n e r a l  a g r e e m e n t  that  
the  s u p e r p l a s t i c  effect  of unusual  t en s i l e  ex t e ns ib i l i t y  
can be  expec ted  when an a l loy  having an e x t r e m e l y  fine 
g r a i n  s i ze  i s  t e s t e d  a t  a t e m p e r a t u r e  in e x c e s s  of 40 
pc t  of the  abso lu t e  me l t i ng  point ,  and a t  s t r a i n  r a t e s  
whe re  the flow s t r e s s  i s  h ighly  s t r a i n - r a t e  s e n s i t i v e .  

The  mechan i ca l  b e h a v i o r  of a s u p e r p l a s t i c  m a t e r i a l  
can be d e s c r i b e d  by an  equat ion of the  fo rm:  

~' = g~ /maWAD [1] 

w h e r e  P i s  the  s t r a i n  r a t e ,  K a cons tant ,  a the  a pp l i e d  
s t r e s s ,  d the g ra in  s i z e ,  D a d i f fus iv i ty ,  rn the  s t r a i n  
r a t e  exponent ,  and A the g r a i n  s i ze  exponent .  

At  v e r y  high s t r e s s e s  the  o b s e r v e d  d e f o r m a t i o n  b e -  
h a v i o r  i s  s i m i l a r  to the  n o r m a l  c r e e p  b e h a v i o r  of 
c o a r s e - g r a i n e d  m a t e r i a l  and s u p e r p l a s t i c i t y  i s  not ob-  
s e r v e d .  Va lues  of m a r e  t y p i c a l l y  l e s s  than 0.3.  At  in -  
t e r m e d i a t e  s t r e s s e s  w h e r e  f i n e - g r a i n e d  m a t e r i a l s  b e -  
come  s u p e r p l a s t i c ,  v a l u e s  of rn ranging f r o m  0.3 to  1.0 
have been  o b s e r v e d .  A va lue  of m ,  0.5 i s  t y p i c a l  of 
many  a l l oys  in the  s u p e r p l a s t i c  r ange .  F r e q u e n t l y ,  but 
not a lways ,  rn d e c r e a s e s  a t  low s t r e s s  l e v e l s .  

Within the  s u p e r p l a s t i c  r ange  the g ra in  s i ze  expo-  
nent i s  often 2 o r  3. F r o m  e x p e r i m e n t a l l y  d e t e r m i n e d  
ac t iva t ion  e n e r g i e s ,  the  d i f fus iv i ty  a p p e a r s  to  c o r r e -  
spond to vo lume di f fus ion in some  c a s e s  and to  g r a i n  
boundary  (or d i s loca t ion  pipe)  diffusion in o t h e r s .  

At  the  p r e s e n t  t i m e  t h e r e  i s  c o n t r o v e r s y  a s  to  the  
de fo rma t ion  m e c h a n i s m s  of s u p e r p l a s t i c i t y .  To date ,  
t h e o r i e s  have been b a s e d  on: diffusion c r e e p ,  2'8 g r a i n  
boundary sliding, 1'3-6'1~ and dislocation climb 
and glide. 15'16'21'22 Although there are many pieces of 
experimental evidence in partial confirmation of each 
of these mechanisms, there is no single theory which 
can account for the many differences seen in the vari- 
ous alloys which have been reported. 

In this paper, each of the possible deformation modes 
will be analyzed. Particular emphasis will be placed 
on differentiating between dominant observable proc- 
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e s s e s  and r a t e  d e t e r m i n i n g  p r o c e s s e s .  The bulk of 
the a n a l y s i s  wi l l  be  r e l a t e d  to m a t e r i a l s  having equi-  
axed  s t r u c t u r e s .  A b r i e f  s e c t i on  wi l l  dea l  with m a t e -  
r i a l s  having f ib rous  s t r u c t u r e s .  New e x p e r i m e n t a l  ev i -  
dence  wi l l  then be p r e s e n t e d  and r e l a t e d  to s e v e r a l  of 
t he se  a n a l y t i c a l  p r e d i c t i o n s .  

ANALYSIS 

A) Vacancy  C r e e p  

Two t h e o r i e s  of vacancy  c r e e p  have been  advanced .  
The f i r s t ,  involving vo lume dif fus ion,  was  o r i g ina l l y  
p r o p o s e d  by N a b a r r o  2a and H e r r i n g .  24 The  second,  in-  
volving g r a i n  boundary  di f fus ion,  was  p r o p o s e d  by 
Coble .  25 The c r e e p  r a t e s  p r e d i c t e d  by t h e s e  m e c h a -  
n i s m s  a r e :  

~ D -  aDvb3a 
H2kT [2] 

~ D -  /sDBb4Cr [3] 
dSk T 

where  a and/3 a r e  constant ,  D v the  vo lume di f fus iv i ty ,  
DB the  g r a i n  boundary  d i f fus iv i ty ,  b the  B u r g e r s  v e c -  
t o r ,  d the  g r a i n  s i ze ,  k B o l t z m a n n ' s  cons tan t ,  and  T 
the abso lu t e  t e m p e r a t u r e .  At  high t e m p e r a t u r e s ,  a 
f a s t e r  c r e e p  r a t e  i s  p r e d i c t e d  by the vo lume diffusion 
m e c h a n i s m .  At lower  t e m p e r a t u r e s  (T < 65 pct  TM) , 
a f a s t e r  c r e e p  r a t e  i s  p r e d i c t e d  by the g ra in  boundary  
dif fus ion m e c h a n i s m .  F o r  any condi t ion ,  the  p r o c e s s  
lead ing  to  the  f a s t e s t  c r e e p  r a t e  wi l l  be  e f fec t ive ly  
r a t e  con t ro l l i ng .  

Vacancy  c r e e p  m e c h a n i s m s  have  s e v e r a l  i nade -  
quac i e s  a s  suf f ic ient  exp lana t ions  fo r  s u p e r p l a s t i c i t y :  

1) They  p r e d i c t  a l i n e a r  r e l a t i o n  be tween  s t r e s s  and 
s t r a i n  r a t e  which i s  r a r e l y  o b s e r v e d .  

2) The  p r e d i c t e d  s t r a i n  r a t e s  a r e  g e n e r a l l y  much 
lower  than those  o b s e r v e d  e x p e r i m e n t a l l y .  

3) Both m e c h a n i s m s  p r e d i c t  g r a i n  e longat ion which 
i s  r a r e l y  o b s e r v e d  a f t e r  ex tens ive  s u p e r p l a s t i c  d e f o r -  
ma t ion .  

It should  be  noted,  however ,  that  va c a nc y  c r e e p  
p r o c e s s e s  a r i s e  f rom a vacancy  concen t ra t ion  g rad i en t  
r e su l t i ng  f r o m  an app l i ed  s t r e s s .  So long a s  t h e r e  i s  
no i m p e d i m e n t  to g r a i n  boundary  d i s p l a c e m e n t s ,  26 i t  i s  
un l ike ly  tha t  t h e r e  should be  a l im i t i ng  s t r e s s  w h e r e  
they should  c e a s e  ope ra t i ng .  Thus  in the  l imi t  w h e r e  
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the  app l i ed  s t r e s s  a p p r o a c h e s  ze ro ,  vacancy  c r e e p  
should become  r a t e - c o n t r o l l i n g  and the s t r a i n  r a t e  ex-  
ponent  should a p p r o a c h  unity.  O b s e r v a t i o n s  on s e v e r a l  
s u p e r p l a s t i c  a l l o y s  show a t r e n d  toward  d e c r e a s e d  
r a t h e r  than i n c r e a s e d  s t r a i n  r a t e  exponents  a t  low 
s t r e s s e s .  In the  subsequen t  a n a l y s i s  and d i s c u s s i o n ,  
a r e a s o n a b l e  b a s i s  f o r  r a t i ona l i z ing  the a p p a r e n t  con-  
t r a d i c t i o n  be tween the  above  p r ed i c t i on  and o b s e r v a -  
t ions  wi l l  be d e s c r i b e d .  Studies  on the d e f o r m a t i o n  of 
c o a r s e - g r a i n e d  c o p p e r  and gold have shown a def in i te  
t r e n d  t o w a r d s  vacancy  c r e e p  m e c h a n i s m s  at  low 
s t r e s s  l e v e l s .  27 

B) G r a i n  Boundary  Sl iding 

In c o a r s e - g r a i n e d  p o l y c r y s t a l l i n e  m a t e r i a l s ,  t h e r e  
i s  abundant  ev idence  tha t  the  r a t e  of g r a i n  bounda ry  
s l id ing  i s  con t ro l l ed  by the r a t e  of a c c o m m o d a t i n g  in-  
t r a g r a n u l a r  d e f o r m a t i o n  p r o c e s s e s .  A r e c e n t  a n a l y s i s  
by Raj and Ashby  28 has  shown that  when the  a c c o m m o -  
dat ion p r o c e s s  i s  v a c a n c y  c r e e p ,  the r a t e  of g r a i n  
boundary  s l id ing  and the  r a t e  of vacancy  c r e e p  a r e  
i den t i ca l .  S i m i l a r l y ,  when the a c c o m m o d a t i o n  p r o c e s s  
i s  d i s loca t ion  c r e e p ,  t h e r e  a r e  many ind ica t ions  that  
the  r a t e  of g r a i n  b o u n d a r y  s l id ing  i s  c o n t r o l l e d  by  the 
r a t e  of i n t r a g r a n u l a r  c r e e p .  These  have  been  s u m -  
m a r i z e d  by S tevens :  29 

1) The r a t e  of g r a i n  bounda ry  s l id ing  i s  u s u a l l y  
p r o p o r t i o n a l  to the  o v e r a l l  c r e e p  r a t e .  

2) The ac t iva t ion  e n e r g i e s  fo r  c r e e p  and s l id ing  a r e  
the  s a m e  and usua l ly  equiva lent  to the  ac t i va t i on  e n e r -  
g i e s  fo r  vo lume di f fus ion .  

3) F a c t o r s  such a s  age  ha rden ing  o r  phase  t r a n s f o r -  
m a t i ons  which have  p r e d i c t a b l e  ef fec ts  on i n t r a g r a n u l a r  
c r e e p  r a t e s  have c o m p a r a b l e  e f fec ts  on g r a i n  boundary  
s l id ing .  

The da ta  of M c L e a n  and Gifkins  3~ show that  a t  high 
t e m p e r a t u r e s  the  p e r c e n t a g e  of s t r a i n  f rom g r a i n  
boundary  s l id ing  i s  independent  of t e s t  t e m p e r a t u r e .  

In the  s u p e r p l a s t i c  d e f o r m a t i o n  of u l t r a f i n e - g r a i n e d  
m a t e r i a l s  t h e r e  i s  no r e a s o n  to be l i eve  tha t  the  s l id ing  
r a t e  i s  not c o n t r o l l e d  by the r a t e  of i n t r a g r a n u l a r  de -  
fo rma t ion .  In t h e s e  m a t e r i a l s  a g r e a t e r  p r o p o r t i o n  of 
the  to ta l  s t r a i n  could a r i s e  f rom s l id ing ,  and the  f ine 
g r a i n  s i z e s  might  a l t e r  the  m e c h a n i s m s  of g r a i n  d e f o r -  
mat ion .  We would sugges t  that  r a t e s  of g r a i n  boundary  
s l id ing  and d i s l o c a t i o n  c r e e p  a r e  coupled,  obeying  a 
r e l a t i onsh ip  of the  f o r m :  

g l .  
~GB = ~--YV [4] 

w h e r e  K~ is  an e m p i r i c a l  cons tan t .  To the extent  that  
the  above  sugges t ion  i s  r e l a t e d  to g e o m e t r i c a l  con-  
s t r a i n t s ,  the  va lue  of K1 should not change fo r  v a r i o u s  
s u p e r p l a s t i c  m a t e r i a l s .  

The above  a s s u m p t i o n  should be  a p p l i c a b l e  so long 
a s  the  p r e d i c t e d  s l id ing  r a t e s  a r e  l e s s  than the  m a x i -  
m u m  p o s s i b l e  s l id ing  r a t e s  (~GB)Max b a s e d  on g r a i n  
boundary  v i s c o s i t y  p r e d i c t e d  by the Ke mode l  31'32 

Dl~ab2 [5] 
(~GB)Max= dkT 

w h e r e  DB i s  the  g r a i n  bounda ry  d i f fus iv i ty ,  b the  B u r -  
g e r s  vec to r ,  and k B o l t z m a n n ' s  cons tan t .  Making a p -  
p r o p r i a t e  subs t i tu t ions  in Eq. [5], the  p r e d i c t e d  s t r a i n  

r a t e s  a r e  g e n e r a l l y  s e v e r a l  o r d e r s  of magni tude  
g r e a t e r  than  those  o b s e r v e d  in s u p e r p l a s t i c  d e f o r m a -  
t ion .  Hence  i t  i s  l ike ly  that  the  r a t e  of g ra in  boundary  
s l id ing  i s  c on t ro l l e d  by the r a t e  of a c c o m m o d a t i o n ,  Eq.  
[4], r a t h e r  than by g ra in  bounda ry  v i s c o s i t y ,  Eq. [5]. 
S i m i l a r l y ,  i t  is  un l ike ly  that  a t endency  t ow a rds  a m a x -  
imum s t r a i n  r a t e  exponent a t  i n t e r m e d i a t e  s t r e s s e s  
could be  exp la ined  by g ra in  bounda ry  v i s c o s i t y  l i m i t a -  
t ions  a s  h a s  been sugges t ed  by H a r t .  ~8 

C) D i s loca t i on  C r e e p  

In g e n e r a l ,  s u p e r p l a s t i c i t y  has  been  o b s e r v e d  in m a -  
t e r i a l s  having  g r a i n  s i z e s  l e s s  than 10 ~ t e s t e d  at  t e m -  
p e r a t u r e s  g r e a t e r  than about  40 pc t  of the abso lu te  
me l t i ng  po in t .  The phenomenon o c c u r s  at  low enough 
s t r e s s  l e v e l s  so that  the expec ted  d i s loca t ion  ce l l  s i z e  
would be  equal  to o r  g r e a t e r  than  the g r a i n  s i ze  (or  a 
s ign i f i can t  f r ac t i on  the reof ) .  Thus  t h e r e  i s  no ce l l  f o r -  
ma t ion .  5''5'16'21 At  h ighe r  s t r e s s e s  w h e r e  a ce l l  s t r u c -  
t u r e  would  be  expec ted  and i s  p roduced ,  15 t h e r e  i s  a 
d e c r e a s e  in the  s ens i t i v i t y  of flow s t r e s s  to s t r a i n  
r a t e ,  i nd i ca t i ons  of w o r k - h a r d e n i n g  5'15 and a d e c r e a s e  
in t e n s i l e  e longat ion .  At t h e s e  h i g h e r  s t r e s s e s ,  the  d e -  
f o r m a t i o n  b e h a v i o r  i s  s i m i l a r  to tha t  of c o a r s e - g r a i n e d  
p o l y c r y s t a l l i n e  m a t e r i a l .  

On the  b a s i s  of t h e s e  o b s e r v a t i o n s ,  c e r t a i n  p r e c o n -  
d i t ions  f o r  any d i s loca t ion  c r e e p  m e c h a n i s m  of s u p e r -  
p l a s t i c i t y  would s e e m  r e a s o n a b l e :  

1) C r e e p  would occu r  without  the  fo rma t ion  of a d i s -  
loca t ion  ce l l  s t r u c t u r e .  Th i s  would r e q u i r e  that  at  any 
s ingle  t i m e  t h e r e  be  no m o r e  than t h r e e  o p e r a t i v e  d i s -  
loca t ion  s o u r c e s  in any g r a i n .  33 

2) B e c a u s e  of the  v e r y  low s t r e s s e s  at  which s u p e r -  
p l a s t i c i t y  can  be  o b s e r v e d ,  i t  i s  i m p r o b a b l e  that  d i s l o -  
ca t ion  s e g m e n t s  10 ~ or  l e s s  in length  would be suf f i -  
c ien t ly  bowed out to act  a s  F r a n k - R e a d  s o u r c e s .  
Consequen t ly ,  d i s loca t i ons  a r e  p r o b a b l y  nuc lea t ed  a t  
g r a i n  c o r n e r s  o r  g r a i n  bounda ry  l e dge s .  Once n u c l e -  
a t ed  they  p robab ly  t r a v e l  a s  r e a s o n a b l y  s t r a igh t  s e g -  
men t s  by g l ide  and c l imb .  A f t e r  t r a v e r s i n g  the g r a in ,  
they  a r e  p r o b a b l y  ann ih i l a t ed  a t  su i t ab l e  g r a i n  bound-  
a r y  l o c a t i o n s .  

3) B e c a u s e  of the  low s t r e s s e s ,  the  a b s e n c e  of F r a n k -  
Read  s o u r c e s ,  and the g r e a t  m o b i l i t y  of the  g r a i n  
b o u n d a r i e s  fo r  s l id ing  3-6'1~ and m i g r a t i o n ,  34 i t  i s  
i m p r o b a b l e  that  d i s loca t ion  p i l e - u p s  would be f o r m e d .  

A d i s l o c a t i o n  c r e e p  m e c h a n i s m  for  s u p e r p l a s t i c i t y  
involving the  c l i m b - c o n t r o l l e d  mot ion  of edge d i s l o c a -  
t ions  has  been  p r o p o s e d  by Hayden and Brophy.  ~8 The  
a n a l y s i s  fo l lowed W e e r t m a n ' s  35 sugges t ion  that  the  
c r e e p  r a t e  i s  the  p roduc t  

V [6] ~G = MAb -~ 

w h e r e  M i s  the number  of a c t i v e  d i s loca t ion  s o u r c e s  
p e r  unit  vo lume ,  which would be on the o r d e r  of one to 
t h r e e  p e r  g r a in ,  A i s  the a v e r a g e  c r o s s  sec t iona l  a r e a  
of a g r a i n ,  V i s  the  ve loc i t y  of c l imb ,  and H is  the  d i s -  
t ance  a d i s l o c a t i o n  mus t  c l imb  above  the  p lane  of a p o -  
t en t i a l  d i s loca t ion  s o u r c e  b e f o r e  the  back  s t r e s s  f r o m  
the d i s l o c a t i o n  i s  d imin i she d  to  the  point  that  a new 
d i s loca t i on  may  be nuc lea ted .  

The  p roduc t  of the  f i r s t  t h r e e  t e r m s  of Eq. [6] i s  ~6 

MAb ~ b [7] 
d 

834-VOLUME 3, APRIL 1972 METALLURGICAL TRANSACTIONS 



Following W e e r t m a n ' s  ana ly s i s ,  in absence  of p i l e -up  
fo rmat ion  the height of c l imb should be 

~b [8] 
H = 6~(1 - V)ae 

where  p is  the shea r  modulus ,  v is  P o i s s o n ' s  ra t io ,  
and ae is  the effective s t r e s s  on a d is loca t ion .  In the 
e a r l i e r  paper ,  16 it was  a s s u m e d  that ae was ident ica l  
to the applied s t r e s s .  However,  it is  more  l ikely  that ,  
at  l eas t  in some c a s e s ,  the effective s t r e s s  on a d i s lo -  
cat ion should be 

(7 e = O" -- O'0 [9] 

where  ao is  e i ther  the s t r e s s  n e c e s s a r y  to nuc lea te  a 
d is locat ion  f rom a g ra in  boundary  source  or  the la t t ice  
f r i c t ion  s t r e s s .  

In the e a r l i e r  paper  a pa r a l l e l  diffusion model  for  
c l imb  was a s s u m e d .  It was fu r the r  a s s u m e d  that  the 
ave rage  diffusion d i s tance  between d is loca t ions  and 
g ra in  boundar i e s  was d//4. However,  it is  m o r e  l ikely 
that  there  is  l i t t le  r e s i s t a n c e  to glide mot ion unt i l  the 
d i s loca t ions  a r e  qui te  c lose  to the g ra in  bounda r i e s .  
Thus the ave rage  diffusion d is tance  is  probably  not 
re la ted  to the g ra in  s i ze ,  but is  ins tead  in the o r de r  of 
about 10b. F u r t h e r m o r e  it i s  unl ikely  that the back-  
s t r e s s  affecting glide wil l  have a s i m i l a r  effect on 
c l imb.  The pred ic ted  c l imb veloci ty is  then 

DvbZa [10] v =  

At in t e rmed ia t e  t e m p e r a t u r e s  there  might be a g r e a t e r  
flux of vacanc ies  to d i s loca t ions  via pipe diffusion than 
via  volume diffusion.  If so, then the diffusion path is  
the d is locat ion  i tself  ~nd the average  diffusion d is tance  
should be approx imate ly  one- four th  the ave rage  d i s lo-  
cat ion length.  This  leads  to a predic ted  c l imb veloci ty  
of a2 

4Dpba~ [11] 
V = d k T  

where  D p  i s  the pipe diffusivi ty.  The t e m p e r a t u r e  T c 
at  which the r a t e - c o n t r o l l i n g  p roce s s  would change 
f rom pipe to volume diffusion is  that at which the two 
c l imb ve loc i t ies  a r e  equal ,  or  

Tc = QV - QP [12] 

k In  40 ff6 1 

where  DOV and D O p  a r e  the preexponent ia l  diffusion 
t e r m s ,  and Q v  and Q p  a r e  the ac t iva t ion  e n e r g i e s  for 
vo lume and pipe diffusion.  At t e m p e r a t u r e s  above T c , 
the d is locat ion  creep ra te  would be 

s = 6~(1 -- v)Dvb2o'(a - ao) [13] 
l O d # k T  

Below T c the d is loca t ion  c reep  ra te  would be 

~G = 24~(1 -- v)Dpbaa((7 - (7o) 
d2 t zkT  [14] 

These  equat ions would apply for  s t r e s s e s  at  which the 
d i s l o c a t i o n c e l l  s i zes  would be g r ea t e r  than a s ign i f i -  
cant  f rac t ion  of the g r a i n  s ize .  

At h igher  s t r e s s e s  above the upper  l imi t ,  a d i s l oca -  
t ion  cel l  s t r u c t u r e  should be formed and s t r a i n  ra te  
should va ry  with the fourth to seventh power of 
stress.aS 

D) A Combined Rela t ionship  

On the ba s i s  of the foregoing a na l y s i s ,  the observed 
s t r a in  r a t e  dur ing superp ias t i c  deformat ion  should be 
the sum of the separa te  s t r a i n  r a t e s  of vacancy creep,  
g ra in  boundary  s l iding,  and d is loca t ion  creep .  At t e m -  
p e r a t u r e s  below T c ,  Eq. [12], g ra in  boundary  diffusion 
should be r a t e - con t ro l l i ng  for vacancy creep and pipe 
diffusion for  d is locat ion c reep .  At t e m p e r a t u r e s  above 
T c vo lume  diffusion should be r a t e - con t ro l l i ng  for both 
vacancy and dis locat ion c reep .  The following creep 
r e l a t ionsh ips  would be predic ted :  

Tc ~GB = ~ ~/G < (TGB)M T < 

DBb4a 1) 24n(1 -- v)Dpbaa(cr -- ao) 
T T = fl d"~ '~  - + (-~" + d 21.t k T [15] 

T < T c ~GB = (~GB)M 

DBb4a DBOb e + 24~(1 -- v)Dpbaa(a - Cro) [16] 
~T = [3 ~ + d k T  dZl.tkT 

T > T c '~GB = - ~  TG < ('YGB)M 

Dyba (~ 1) 247r(1 - v)Dvb2a(a - (~o) 
Y r  = a ~ + ( - ~  + l O d u k T  [17] 

T > T c TGB = (~GB)M 

'YT = O~ Dvb3ff  + DBOb2 6~(1 --v)Dvb2(7((7- fro) [18] 
d Z k T  ~ + l O d # b T  

At low s t r e s s  l eve l s  at any t e m p e r a t u r e ,  vacancy 
creep would be the p redominan t  and r a t e - con t ro l l i ng  
m e c h a n i s m .  At higher  s t r e s s ,  in f i ne -g ra ined  m a t e -  
r i a l s ,  g r a i n  boundary  s l iding would be the p redominan t  
m e c h a n i s m  while d is locat ion c reep  would be r a t e -  
cont ro l l ing .  At s t i l l  h igher  s t r e s s e s ,  if the g ra in  bound-  
a r i e s  a r e  not suff icient ly v i scous  to allow sl iding to 
keep up with g ra in  s t r a in ,  d i s loca t ion  creep could be-  
come the p redominan t  and r a t e - c o n t r o l l i n g  m e c h a n i s m .  
As d i s cus sed  e a r l i e r ,  it is  highly unl ikely  that this  l a t -  
t e r  poss ib i l i ty  would be observed .  Table  I shows the 
effective dependence of s t r a i n  ra te  on s t r e s s ,  g ra in  
s ize ,  and ac t iva t ion  energy where  a >> ao and K 1 / d  >> 1. 

E) F i b r ous  Gra in  S t ruc tu re s  

In c a se s  of m a t e r i a l s  where  one g r a i n  d imens ion ,  L ,  
is  much g r e a t e r  than the other  two, d, different  s u p e r -  

Table I. Effective Stress, Grain Size and Diffusion Dependencies for Superplastic 
Flow of Equiaxed Materials for Various Stress, Grain Boundary, and 

Temperature Conditions 

"YT ~oA d'B e'Q/RT 

Temperature Stress Grain Boundary A B Q* 

<T c Low Fully Viscous 1 3 QGB 
>T c Low Fully Viscous 1 2 Qv 
<T c Intermediate Fully Viscous 2 3 Qp 
>T c Intermediate Fully Viscous 2 ~2 Qv 
<T c Intermediate Lnnited Viscosity 2 2 Qp 
>T c Intermediate Lirmted Viscosity 2 ~1 Qv 
<T c High - 4 to 7 - Qp 
>T c High - 4 to 7 - Qv 

*Subscripts V = Volume Diffus]on, GB = Gram Boundary, P = Pipe Diffusion. 
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p l a s t i c  behav io r  migh t  be  expec ted  than tha t  for  equi -  
axed  s t r u c t u r e s .  Since  b o u n d a r i e s  a t  about  45 deg to 
the  m a x i m u m  s t r e s s  a x i s  s l ide  mos t  f r e e l y ,  the  r a t i o  
of s l id ing  r a t e  to  g r a i n  s t r a i n  r a t e  should be  s e n s i t i v e  
to  s a m p l e  o r i en t a t i on .  If the  s t r e s s  ax i s  i s  p a r a l l e l  o r  
n o r m a l  to the  f i b e r  a x i s ,  the  r a t i o  should be  p r o p o r -  
t iona l  to  the r e c i p r o c a l  of g r a i n  length,  L .  If  the  s t r e s s  
a x i s  i s  at  45 deg to the  f i b e r  ax i s  the  r a t i o  should  be  
p r o p o r t i o n a l  to the  r e c i p r o c a l  of the g r a i n  t h i c k n e s s ,  d. 

When the g r a i n  length g r e a t l y  exceeds  the  t h i c k n e s s ,  
the  expected  d i s l oca t i on  ce l l  s i ze  may  be  g r e a t e r  than 
the  t h i cknes s  but l e s s  than the length.  Since  ce l l  s i z e  
u sua l l y  v a r i e s  with the  r e c i p r o c a l  of the  a p p l i e d  
s t r e s s ,  36 it would be  expec ted  that  a d i s l o c a t i o n  ce l l  
s t r u c t u r e  would f o r m  so a s  to d iv ide  the  long a x i s  of 
the  g r a in .  A f t e r  f o r m a t i o n  of the ce l l  s t r u c t u r e  the  in-  
d iv idua l  s u b g r a i n s  would be  f r ee  to ro t a t e  wi th  r e s p e c t  
to each o the r .  With  cont inued s t r a in ing ,  a s  the  ang le  of 
m i s o r i e n t a t i o n  be tween  s u b g r a i n s  i n c r e a s e s ,  the  sub-  
b o u n d a r i e s  should g r a d u a l l y  app roach  the  c h a r a c t e r -  
i s t i c s  of h igh-ang le  g r a i n  b o u n d a r i e s .  I na smuch  a s  
such a p r o c e s s  r e q u i r e s  an i n c r e a s e  in g r a i n  bounda ry  
a r e a  i t  should o c c u r  only a s  a m e a n s  t o w a r d s  l ower ing  
the s t r a i n  energy  of the  s y s t e m .  To the extent  that  the 
deve lopmen t  of a f i n e r  g r a i n  s i ze  would p e r m i t  g r e a t e r  
e a s e  for  g r a i n  bounda ry  s l id ing ,  th i s  p r o c e s s  would 
l e a d  to a lower ing  of s t r a i n  energy .  

In p r ed i c t i ng  the  c r e e p  r a t e  for  f ib rous  s t r u c t u r e s ,  
the  a s sumpt ion  fo r  d i s l o c a t i o n  s o u r c e  dens i t y  should  
be  modi f i ed  ove r  that  fo r  equiaxed s t r u c t u r e s .  In the  
l a t t e r  c a se  i t  was  a s s u m e d  that  t h e r e  should  be  one to 
t h r e e  s o u r c e s  p e r  g r a i n .  In the  ca se  of f i b r o u s  s t r u c -  
t u r e s  t h e r e  should be about  t h r e e  s o u r c e s  p e r  sub -  
g r a i n ,  o r  

12 12~ 
M -  ~Td2dc - ~K3d-------- ~ [19] 

w h e r e  K3 is  a cons tan t  r e l a t i n g  the  ce l l  s i z e ,  d c , and 
the  app l i ed  s t r e s s .  The  a r e a  swept  out by a d i s l oca t i on  
would  be ~d~/4. The  r e l a t i o n s h i p s  fo r  the  he ight  and 
v e l o c i t y  of c l imb  should  be the s a m e  a s  Eqs .  [8], [10], 
and  [11]. Combining t h e s e  r e l a t i o n s h i p s ,  the  d i s loca t ion  
c r e e p  r a t e s  should be  

at  T > T c ~'a = 18~(1 - v ) D v b Z o ; ( ~ -  ~o) [20] 
I O K 3 # k T  

at  T < T c "kG = 727r(1 -- v ) D p b 3 o ; ( a -  no) [21] 
K a d U k T  

Neglec t i ng  a s m a l l  vacancy  c r e e p  con t r ibu t ion ,  fo r  
s a m p l e  o r i e n t e d  e i t h e r  p a r a l l e l  o r  n o r m a l  to the  f i be r  
a x i s  the  o b s e r v e d  c r e e p  r a t e  should be 

I 21 

F o r  s a m p l e s  o r i e n t e d  45 deg to the  f i be r  a x i s  the  c r e e p  
r a t e  should  be  

EXPERIMENTAL 

A) M a t e r i a l  P r e p a r a t i o n  

The  t h r e e  a l l o y s  whose  c o m p o s i t i o n s  a r e  shown in 
T a b l e  II w e r e  s tud ied .  A l l  w e r e  vacuum m e l t e d  and 

Table II. Compositions of Materials Investigated 

Alloy  Fe  Ni  Cr  Cu A1 T1 

N1-Base 2 6 . 2  Bal  34 .9  - - 0 . 5 8  

IN-744  Bal 6 5 26  - 0 .05  0 .2  

Fe-Cu Bal  - - 5 0  - - 

cas t  a s  30 lb .  4 in.  by 4 in.  ingo t s .  
The n i c k e l - b a s e  a l loy  was  h o t - r o i l e d  f rom 2300~ to 

-~ in.  b a r  s tock .  S a m p l e s  of the  b a r  s tock  w e r e  an -  
nea led  2 h r  a t  1800~ 48 h r  a t  1800~ o r  100 h r  a t  
1850~ p lus  100 h r  a t  1800~ to p roduc e  the m i c r o -  
s t r u c t u r e s  shown in F ig .  I .  

S a m p l e s  of IN-744 w e r e  p r e p a r e d  in two ways .  M a -  
t e r i a l  having  a r e a s o n a b l y  equ iaxed  g r a i n  s t r u c t u r e  
was  t aken  f r o m  p la te  m a t e r i a l  which had been  r o l l e d  
f r o m  a 4 by  4 in.  ingot to 2 in.  t h i c k n e s s  f rom 2300~ 
r e h e a t e d  to 1700~ and r o l l e d  to -~ in.  t h i c k n e s s .  S a m -  
p l e s  w e r e  t e s t e d  in e i t h e r  the  a s - h o t  worked  condi t ion 
o r  a f t e r  1 h r  annea l s  a t  e i t h e r  1700 ~ 1800 ~ 1900 ~ o r  
2000~ T h e s e  l a t t e r  annea l ing  t r e a t m e n t s  w e r e  u s e d  
to p r o d u c e  c o a r s e r  g r a i n  s i z e s  than those  obta ined in 
the  a s - w o r k e d  s tock .  M a t e r i a l  having an e longated  
g r a i n  s t r u c t u r e  was  taken  f rom b a r  s tock  ro l l ed  to 
2 by 2 in.  f r o m  2300~ r e h e a t e d  to  1700~ and r o l l e d  
to ~ in.  sq .  Th is  m a t e r i a l  was  t e s t e d  in the  a s - h o t  
w o r k e d  condi t ion .  

S a m p l e s  of 50-50 F e - C u  w e r e  t aken  f rom -~ in.  sq 
b a r  s tock  which had been h o t - r o l l e d  f rom 1700~ 
T h e s e  s a m p l e s  w e r e  t e s t e d  in the  a s - h o t  worked  
condi t ion .  

B) E x p e r i m e n t a l  R e s u l t s  

1) NICKEL-BASE ALLOY 

The s u p e r p l a s t i c  b e h a v i o r  of t w o - p h a s e  n i c k e l - b a s e  
a l l o y s  has  been  d e s c r i b e d  e a r l i e r .  ~5'~6 At t e m p e r a -  
t u r e s  be tween  1400 ~ and 1800~ the s t r a i n  r a t e  was  
p r o p o r t i o n a l  to the  second  p o w e r  of s t r e s s  d iv ided  by 
the second  power  of g r a i n  s i z e  ove r  a wide range  of 
s t r e s s .  The  ac t iva t ion  energy  of 60 k c a l / m o l e  was  
c o m p a r a b l e  to  that  expec ted  f o r  vo lume  diffusion in 
n i c k e l - b a s e  a l l o y s .  38 These  f ind ings  a g r e e  with the  
p r e d i c t i o n s  fo r  the  mode l  involving a d i s loca t ion  c l i m b  
p r o c e s s  c o n t r o l l e d  by vo lume di f fus ion.  In the  p r e s e n t  
i nves t i ga t i on  t e s t i ng  was  ex tended  to  l o w e r  t e m p e r a -  
t u r e s  to s e e  if an ac t iva t ion  ene rgy  c o m p a r a b l e  to tha t  
of p ipe  d i f fus ion  and the g r a i n  s i ze  s e n s i t i v i t y  p r e -  
d ic ted  by the  p ipe  diffusion p r o c e s s  would, in fact ,  be  
o b s e r v e d .  

F i g .  2 p r e s e n t s  the  r e s u l t s  of t e n s i l e  t e s t s  be tween  
1400 ~ and 1800~ and c r e e p  t e s t s  be tween  1200 ~ and 
1400~ fo r  s a m p l e s  of the  n i c k e l - b a s e  a l l oy  having a 
g r a i n  s i z e  of 4.8 ~ .  T h e r e  was  a b r o a d  range  of cond i -  
t ions  w h e r e  s t r e s s  was p r o p o r t i o n a l  to the  s q u a r e  roo t  
of s t r a i n  r a t e ,  s i m i l a r  to e a r l i e r  f indings .  *~'~6 An A r -  
rhen ius  p lo t  b a s e d  on th i s  da ta  i s  shown in F ig .  3. B e -  
tween 1800 ~ and ~1400~ the  a p p a r e n t  ac t iva t ion  ene rgy  
i s  61,000 ca l  p e r  mo le  which i s  in exce l l en t  a g r e e m e n t  
with the  va lue  of 60,000 cal  p e r  m o l e  r e p o r t e d  in Ref .  
15. Be tween  ~1400 ~ and 1200~ the  ac t iva t ion  ene rgy  
was  36,000 cal  p e r  mo le .  Th i s  l a t t e r  va lue  i s  in r e a s -  
onable  a g r e e m e n t  with pub l i shed  va lue s  for  both g r a i n  
bounda ry  d i f fus ion in n icke l  38 and d i s loca t ion  p ipe  d i f -  
fusion in nickel.39'4~ 
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Fig. 1--Microstructures of n ickel -base  alloy samples .  (a) An- 
nealed 2 hr at 1800~ magnification 1125 times; (b) annealed 
48 hr at 1800~ magnification 1125 t imes; (c) annealed 100 
hr at 1850~ + 100 hr, 1800~ magnification 845 t imes.  All  
samples  e lectrolyt ical ly  etched in 50 pet H3POa. 

(c) 

: ~  - L: "> I ' - / (  T : ' , ~ ~ - < - > .  " \  ,, 

lO,O00 

1,000 

�9 CREEP TEST 
O TENSILE TEST I~)0~ 

I 

00001 0~01 201 
TRUE STRAIN RATE-IN IN MIN 

1400" 

1500 ~ 

1600" 
, ~  lEO~ 

IB00̀ 

Fig. 2 - -Stress -s tra in  rate data for a two-phase nickel-base  
alloy at various temperatures (~ 
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Fig. 3--Arrhenius plot based on the data of Fig. 2. 

Fig.  4 shows  the s train  r a t e s  m e a s u r e d  at severa l  
applied s t r e s s e s  in creep  t e s t s  at 1400 ~ 1300 ~ and 
1250~ for s a m p l e s  having grain s i z e s  of 4.8,  8.3,  and 
13.5 # .  Over  this  t e m p e r a t u r e  range s train  rate was  
proport ional  to the rec iproca l  of the third power  of 
grain s i z e  rather than the second  power  grain s i z e  as  
was  pr e v i o us l y  observed  in t e s t s  at 1800~ 16 

In the t e m p e r a t u r e  range 1200 ~ to 1400~ the defor-  
mat ion  behav ior  may be r e p r e s e n t e d  by the equation 
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Fig. 4--The effect of grain size on strain rate at various 
stresses and temperatures. 
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Fig. 5--Stress-strain rate data for samples of IN-744 having 
equiaxed grain structures. 

The dependencies  of s t r a i n  ra te  on s t r e s s  and g r a i n  
s ize  and the ac t iva t ion  energy a r e  a l l  in a g r e e m e n t  
with the model  based  on d is locat ion  pipe diffusion as  
the r a t e - con t ro l l i ng  m e c h a n i s m .  Combining the p r e s -  
ent r e su l t s  of this  inves t iga t ion  with those of p rev ious  
s tudies  of the supe rp l a s t i c  behavior  of two-phase  
n i cke l -ba se  a l loys  leads  to the following conc lus ions :  

1 ) The ra te  of the p redominan t  g ra in  boundary  
s l iding p roces s  is  cont ro l led  by the ra te  of the l e s s e r ,  
though n e c e s s a r y ,  i n t r a g r a n u l a r  d is locat ion  c reep  
m e c h a n i s m .  

2) At t e m p e r a t u r e s  above about 1400~ vo lume dif-  
fusion is  the r a t e - c o n t r o l l i n g  p roces s  for d i s loca t ion  
c reep ,  and hence for  the overa l l  de format ion .  

3) At t e m p e r a t u r e s  below ~1400~ d is loca t ion  pipe 
diffusion is  the r a t e - c o n t r o l l i n g  p roces s  for  d i s l oca -  
t ion creep and hence for the overa l l  de format ion .  

2) IN-744 

S t re s s  vs s t r a in  r a t e  data at  s eve ra l  t e m p e r a t u r e s  
for  samples  of IN-744 having equiaxed g ra in  s t r u c t u r e s  
a r e  shown in Fig.  5. Over  a wide range of condi t ions  
s t r e s s  was p ropor t iona l  to the square  root of s t r a i n  
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ra te .  An A r r h e n i u s  plot based  on th i s  data is  shown in 
Fig .  6. The apparen t  ac t iva t ion  energy of 60,000 
cal/ /mole is  in r easonab le  a g r e e m e n t  with publ ished 
va lues  for  volume diffusion in i ron .  38 Fig.  7 shows that  
at 1700~ s t r e s s  was l i nea r ly  dependent  on g ra in  s ize  
at two di f ferent  s t r a in  r a t e s .  Combining  the r e su l t s ,  
the de format ion  behavior  may be r e p r e se n t e d  by the 
equation 

( d ) 2 exp (-Qd/ hT) [25] 

This  funct ional  re la t ionsh ip  is  the same  as  that for  
supe rp l a s t i c  two-phase  n i c k e l - b a s e  a l loys  at t e m p e r a -  
t u r e s  above 1400~ It is  in a g r e e m e n t  with the p r e -  
dic t ions  of the model based on volume diffusion being 
the r a t e - c o n t r o l l i n g  p roces s .  

S t r e s s  vs  s t r a in  ra te  data for  s a mp l e s  of IN-744 
having f ib rous  g ra in  s t r u c t u r e s  a r e  shown in Fig .  8. 
All of these  data were  obtained f rom a single sample  
us ing  s t r a i n  r a t e  and t e m p e r a t u r e  cycl ing p rocedures  
s i m i l a r  to those desc r ibed  in Ref.  15. The total  p las t ic  
s t r a in  was l e s s  than 10 pct.  In th is  m a t e r i a l  s t r e s s  
va r ied  with the cube root r a t h e r  than the square  root 
of s t r a i n  ra te .  The A r r h e n i u s  plot of these  data,  F ig .  
6, g ives  an  apparen t  ac t iva t ion  energy of 64,000 
cal/ /mole,  in r easonab le  a g r e e me n t  with the 60,000 
cal/ /mole value obtained for equiaxed m a t e r i a l  and a lso  
with publ ished va lues  for vo lume diffusion of i ron .  38 
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The  o b s e r v e d  s t r e s s - s t r a i n  r a t e  r e l a t i o n  and a c t i v a -  
t ion ene rgy  follow the  m o d e l  fo r  longi tudina l  ce l l  
s t r u c t u r e  deve lopmen t  th rough  vo lume di f fus ion con-  
t r o l l e d  d i s loca t ion  c l i m b .  

F i g .  9 shows s t r e s s  v s  s t r a i n  r a t e  da ta  fo r  a s ing le  
s a m p l e  which was  s u c c e s s i v e l y  cyc led  be tween  high 
and low c r o s s h e a d  s p e e d s  a t  1700~ It i s  ev ident  that  
a s  the  t e s t i ng  p r o g r e s s e d  the  s t r a i n  r a t e  exponent  
g r a d u a l l y  i n c r e a s e d  f r o m  -~ to ~. The  exponent  of 
was  e s t a b l i s h e d  a f t e r  about  80 pc t  to t a l  p l a s t i c  s t r a i n .  
Cont inued cyc l ing  at  l a r g e r  p l a s t i c  s t r a i n s  caused  no 
f u r t h e r  change in the  s t r a i n  r a t e  exponent .  It i s  a l s o  
a p p a r e n t  f rom F ig .  9 tha t  d e f o r m a t i o n  led  to s t r a i n  
sof tening ,  p a r t i c u l a r l y  a t  the  lower  s t r a i n  r a t e s .  Ex -  
a m i n a t i o n  of d e f o r m e d  t e n s i l e  s a m p l e s  r e v e a l e d  that  
t h i s  p r o c e s s  was  a c c o m p a n i e d  by a s ign i f i can t  change 
in m i c r o s t r u c t u r e .  The  m i c r o g r a p h s  in F ig .  10 a r e  
f r o m  the  g r ip ,  f lange,  and  gage  s e c t i o n s  of a t e n s i l e  
b a r  which had been  d e f o r m e d  in the  m a n n e r  d e s c r i b e d  
above .  The g r ip  s ec t ion  of the  t e n s i l e  b a r  had a d e -  
c ided ly  f i b rous  m i c r o s t r u c t u r e ,  whi le  the  f lange  and 
gage  s e c t i o n s  show a def in i te  t r e n d  t o w a r d s  the  d e -  
ve lopmen t  of an equ iaxed  s t r u c t u r e .  S i m i l a r  changes  
in m i c r o s t r u c t u r e  a l s o  w e r e  o b s e r v e d  in t e n s i l e  s a m -  
p l e s  which w e r e  d e f o r m e d  at  f ixed c r o s s h e a d  s p e e d s  
r a t h e r  than a t  v a r y i n g  s p e e d s .  

Although the in i t i a l  d e f o r m a t i o n  b e h a v i o r  of s a m p l e s  

METALLURGICAL TRANSACTIONS 

4 0 0 0  i ~ i i 

i , 

2 0 0 0  I ~1 

INCREASI 

5 0 0  I I I 1 

ool  002 005 Ol 

TRUE STRAIN RATE - I N / I N  /MIN. 

Fig. 9--The change in deformation behavior with increasing 
strain of a sample of IN-744 having an originally elongated 
grain structure. 

having equlaxed  and f ib rous  m i c r o s t r u c t u r e s  a r e  d i f -  
f e r e n t ,  the  a g r e e m e n t  of the  ac t iva t ion  e n e r g i e s  sug-  
g e s t s  tha t  the  r a t e - c o n t r o l l i n g  p r o c e s s e s  in both c a s e s  
a r e  the  s a m e ,  name ly  vo lume  di f fus ion.  The behav io r  
of s a m p l e s  having o r i g ina l l y  f i b rous  s t r u c t u r e s  sug-  
g e s t s  a cont inuous t r end  f r o m  the ce l l  s t r u c t u r e  mode l  
to that  a p p r o p r i a t e  to equlaxed  s t r u c t u r e s .  It s e e m s  
highly un l ike ly  that  t he se  o b s e r v a t i o n s  could be r a -  
t i o n a l i z e d  by any m e c h a n i s m  not involving the f o r m a -  
t ion of d i s loca t ion  ce l l s  and subbounda r i e s .  

3) F e - C u  

Stress vs strain-rate data for this alloy which had a 
fibrous grain structure are shown in Fig. 11. It can 
be seen that stress varies with strain rate to the 0.39 
power. This exponent is somewhat in excess of the 
exponent of -} proposed in the model for fibrous struc- 
tures. An apparent activation energy of 54,000 
cal/mole has been calculated from these data, which 
is within the range of published values for the activa- 
tion energies for volume diffusion in iron and copper. 38 
Fig. 12 shows data for a single sample deformed at 
1500~ where the crosshead speed was successively 
cycled between high and low rates. As in the case of 
fibrous IN-744 there was a trend towards increasing 
strain rate exponent with continued deformation. As 
before, once an exponent of 0.5 became established 
there was no further change with subsequent deforma- 
tion. The grip, flange, and gage section microstruc- 
tures shown in Fig. 13 are similar in their trend to- 
wards spheroidization to those of IN-744 shown in 
Fig. 10. 

SUMMARY 

The present results suggest that although grain 
boundary sliding may be a predominant deformation 
process in superplasticity its rate, and hence the over- 
all deformation rate, is governed by intragranular dis- 
location climb. 

The present results are functionally in agreement 
with the analytical models presented in this paper. 
The crucial test of the validity of these models is 
whether they will lead to quantitative predictions of the 
behavior of various superplastic alloys. As a means to 
this end the proportionality factor, K~, between grain 
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(c )  

Fig. 10--Micros t ructures  f rom a tensi le  sample of IN-744 de-  
formed at 1700~ having an originally elongated grain s t ruc -  
ture. (a) Grip section, magnification 844 t imes;  (b) flange 
section, magnification 844 t imes;  (c) gage section, magnif ica-  
tion 634 t imes .  Etched in 10 pct oxalic acid electrolyt ical ly.  

I I I I I 

50-50 Fe-Cu 

5.0 

ff--N ~~~~__~~.39 
1.0 

I l I I I 

.001 .002 .005 .01 .02 

TRUE STRAIN RATE IN./IN/MIN 

Fig. l l - - S t r e s s - s t r a i n  rate  data for  an Fe-Cu alloy having an 
elongated grain s t ructure .  
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Fig. 12--Change in deformation behavior  with increas ing 
s t ra in  of a sample of Fe-Cu having an originally elongated 
grain s t ruc ture .  
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(a) (b) (c) 
Fig. 1 3 - - M i c r o s t r u c t u r e s  f r o m  a t e n s i l e  s a m p l e  of F e - C u  d e f o r m e d  a t  1500~ h a v i n g  an  o r i g i n a l l y  e l o n g a t e d  g r a i n  s t r u c t u r e .  
(a) Gr ip  sec t ion ;  (b) f l ange  s ec t i on ;  (c) gage  s e c t i o n .  E t c h e d  in 1 pc t  n i ta l ,  m a g n i f i c a t i o n  1030 t i m e s .  

Table III. Predicted and Experimentally Observed Strain Rates for Several Superplastic Alloys 

- min" 
Alloy ,T~ o, ksi d, cm X 104 b, cm X 108 p, ksi X 10 a Q, kcal/mole D, cm2/sec. X 1011 Predmted Observed Mechanism 

Ni-Cr-Fe* 1256 1 2.8 2.5 11.5 60(15)5" 3.8 1.2 • 10 -2 1.2 X 10"2(15)t v 
Ni-Cr-Fe 1256 1 4.8 2.5 11.5 61 3.0 3.1 X 10 "3 3.5 X 10 "3 V 
N1-Cr-Fe 1033 10 4.8 2.5 11.5 61 0.014 1.7 X 10 -3 1.7 X 10 "3 V 
Ni-Cr-Fe 1033 10 4.8 2.5 11.5 36 56 1.8 X 10 -3 1.7 X 10 -3 P 
IN-744 1198 1 3 7 2.5 11.1 60 1.18 2.3 X 10 "3 2.2 X 10 -3 V 
Sn-Pb 298 1 2.46 3.2 2.5 11(20) 17.8 1.6 X 10 .2 1.38 X 10 -2 (2) P 
Sn-Bi 298 1 2.3 3.2 2.5 11(20) 17.8 1.9 X 10 -2 3 X 10"3(6) P 
Zn-AI 523 1 42 2.5 2.7 4.9 26 1.4 7.8 X 10 -2 6 • 10"2(10) V 
Zn-AI 523 1.42 2 5 2.7 4.9 23(37) 25 1.39 6 X 10"2(10) r," 
Zn-AI 423 1.42 2 5 2.7 4.9 16.5 6 1.9 X 10- 3 6 X 10"4(10) 
Zn-A1 423 1.42 2.5 2.7 4.9 14.5(10) 66 2 X 10 -2 6 X 10"4(10) P 
A1-Cu 793 1 1 7 2.8 3.7 40(11) 1 5.2• 10 .2 2.4X 10"2(11) V 
T,-A1.V 1223 1 6 6 2.9 6.0 57.5(17) 5.6 8.3 X 10- 3 1.8 • 10"2(17) V 

*Basis for calculation of K1. 
tParentheses refer to Ref. number. 

boundary sliding and dislocation creep may be evalu- 
ated. This is done in Table Ill, starting with data from 
a Ni-Cr-Fe alloy reported in Ref. 15 and assuming 
mechanism 4 of Table I. Thus if the grain boundary 
sliding rate is much greater than the rate of disloca- 
tion creep, the locking or friction stress is much less 
than the applied stress, and the vacancy creep rate is 
negligible, the deformation behavior should be closely 
approximated by the equation 

= 6y(1]- v)KiDv~ [26] 
lOd2pkT 

S u b s t i t u t i o n  o f  t h e  q u a n t i t i e s  s h o w n  in  T a b l e  III  l e a d s  
t o  a c a l c u l a t e d  v a l u e  f o r  K~ of  0 . 0 1 5  c m .  T h i s  w o u l d  
s u g g e s t ,  E q .  [4 ] ,  t h a t  a t  a g r a i n  s i z e  o f  2 . 8  # t h e  g r a i n  
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b o u n d a r y  s l i d i n g  s t r a i n  r a t e  i s  o v e r  50 t i m e s  g r e a t e r  

t h a n  t h e  d i s l o c a t i o n  c r e e p  r a t e .  
U s i n g  t h i s  v a l u e  o f  K1, c a l c u l a t i o n s  b a s e d  o n  e i t h e r  

t h e  v o l u m e  d i f f u s i o n  o r  p i p e  d i f f u s i o n  m e c h a n i s m  h a v e  
b e e n  m a d e  f o r  v a r i o u s  s u p e r p l a s t i c  a l l o y s .  T h e  c h o i c e  
o f  m e c h a n i s m  w a s  b a s e d  on  r e p o r t e d  g r a i n  s i z e  e x p o -  
n e n t s  a n d / o r  a c t i v a t i o n  e n e r g i e s .  W i t h  t h e  e x c e p t i o n  o f  
t h e  Z n - A 1  s y s t e m ,  t h e  p r e d i c t e d  a n d  o b s e r v e d  s t r a i n  
r a t e s  a r e  w e l l  w i t h i n  o r d e r  o f  m a g n i t u d e  a g r e e m e n t .  I n  
t h e  c a s e  o f  Z n - A 1 ,  a c t i v a t i o n  e n e r g i e s  r a n g i n g  f r o m  33  
t o  14  k c a l / m o l e  x~176 h a v e  b e e n  r e p o r t e d  i n  t h e  l i t e r -  

a t u r e .  I t  c a n  b e  s e e n  i n  T a b l e  III  t h a t  a c t i v a t i o n  e n e r -  
g i e s  w i t h i n  t h i s  r a n g e  c a n  l e a d  t o  r e a s o n a b l y  a c c u r a t e  
p r e d i c t i o n s .  I n  a l l  c a s e s  t h e  r o o m  t e m p e r a t u r e  v a l u e  
o f  t h e  s h e a r  m o d u l u s  of  t h e  m a j o r  c o m p o n e n t  o f  e a c h  
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alloy has been employed.  Similarly,  values of 1.0 and 
0.02 cm~/sec have been used for the preexponential 
factors  for volume and pipe diffusion. More accurate  
values  of any of these  factors  should lead to no more  
than an order of magnitude difference in any of the 
strain rate predict ions.  

The analysis  presented in this paper offers  a way 
of rationalizing a decreas ing  strain rate exponent with 
decreasing s t r e s s  by the inclusion of a locking or fr i c -  
tion s t re s s ,  no. Thus the presence  or absence of any 
apparent low s tra in-rate  exponent domain at low 
s t r e s s e s  depends on the magnitude of ~o. It i s  l ikely  
that in any given alloy ao might vary both with grain 
s i z e  and temperature.  If ao is very  smal l ,  there would 
be a direct transition from the grain boundary s l iding-  
dislocation creep mechani sm (m = 0.5) to a vacancy 
creep mechanism (m = 1) at low s t r e s s e s .  If cro is  an 
appreciable s t r e s s ,  there  would be a two-stage  trans i -  
tion of s train-rate  exponents from 0.5 to a value which 
could approach zero  and then to 1.0 with decreas ing  
s t r e s s .  

CONCLUSIONS 

1) For various conditions of s t r e s s  and t empera-  
ture there are various deformation mechan i sms  which 
can be rate-control l ing during superplastic  deforma-  
tion. 

2) At low s t r e s s  l e v e l s  vacancy creep can be both 
the predominant and rate-control l ing p r o c e s s .  

3) At intermediate s t r e s s e s ,  although grain boundary 
sliding is  the predominant deformation p r o c e s s ,  i ts  
rate and hence the overal l  deformation rate i s  con- 
troned  by the rate of intragranular dislocation creep.  

4) At temperatures  between approximately 40 and 65 
pct of the melting point dislocation pipe diffusion should 
be rate-controll ing for dislocation creep and conse-  
quently grain boundary sl iding.  

5) At temperatures  above about 65 pet of the melt ing 
point, volume diffusion should be rate-control l ing for 
both vacancy creep and dislocation creep.  

6) The dependence of strain rate on s t r e s s  and grain 
s i z e  should be different in mater ia ls  having fine elon- 
gated grain structures  than in mater ia ls  having fine 
equiaxed structures .  

7) The present experimental  resul ts  as wel l  as  those 

for other superplast ic  a l loys  are  in qualitative and 
quantitative agreement  with the predict ions of the 
analys is  presented in this  paper.  
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