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Specimens of 304 s t a in l e s s  s teel  subjec ted  to different  t he rmomechan ica l  h i s to r i e s  develop dif-  
fe rent  i n t e rna l  s t r e s s e s ,  cri, and di f ferent  subs t ruc tu r e s .  Creep rate is uniquely re la ted  not to 
the applied s t r e s s ,  erA, but to the effective s t r e s s ,  cr* = (a A -  ai).  Values of a* are  de t e rmined  
from exper imen ta l  r e su l t s  and ai ca lcu la ted  from cr i = (a A -  a*). Resu l t s  show a i  i n c r e a s e s  
with the applied s t r e s s  accord ing  to ai  cc a~7. T r a n s m i s s i o n  e l ec t ron  mic roscop ic  obse rva t ions  
show that the densi ty  of d is loca t ions  within subgra ins ,  PD, and the subgra in  d i ame te r ,  D, va ry  
with applied s t r e s s  accord ing  to: PD ~: ~K,  D a: a~4 ~ where K = 1.4 to 2.0. Subgrain m i s o r i e n -  
tat ion is  independent of c reep  s t r e s s ,  s t r a i n ,  or t empera tu re .  The con t r ibu t ions  of these s t ruc -  
tu ra l  va r i ab l e s  to the in t e rna l  s t r e s s  a re  d i scussed .  

IT has long been recognized that the c reep  rate of a 
m a t e r i a l  cannot be predic ted  m e r e l y  by specifying the 
s t r e s s  and t empera tu re  to which it is  subjected.  A 
number  of s tudies  have demons t r a t ed  the pronounced 
effect of t he rmomechan ica l  h i s tory ,  or  d i f fe rences  in 
sulSstructure,  upon c reep  rate.l-13 Sherby and co- 
workers  2 made a sys t ema t i c  study of the effects  of 
s t r e s s ,  s t r a in ,  and t empera tu re  h i s to r i e s  upon the 
s t eady-s ta te  creep rate of a luminum.  They concluded 
that va r i a t ions  in h is tory  led to subs t ruc tu r a l  changes 
which affected the c reep  ra te ,  and that the equation 
for the s t eady-s t a t e  c reep  ra te ,  ~s, could be wri t ten:  

exP(R-~) = A (S)f(a)  [1] ~s 

where A(S) is  a p a r a m e t e r  dependent  on s t ruc tu re  
which is  separable  f rom the s t r e s s - d e p e n d e n t  p a r a m e -  
t e r ,  f(a).  However,  Bayce et al. s subsequent ly  found 
that no such separa t ion  was poss ib le ,  but that " the ef-  
fect of s t r e s s  on creep rate (is) dependent  on the sub-  
s t r u c t u r e , "  i . e . ,  in Eq. [1] f ( a ) ~ f ( a ,  S). 

An a l t e rna te  method of incorpora t ing  h is tory  or  
s t r u c t u r a l  effects  upon c reep  rate is  through use of 
the concept of an in te rna l ,  or  back,  s t r e s s .  14-17 As 
s t r u c t u r a l  changes occur  dur ing  c reep ,  the effective 
s t r e s s  producing deformat ion  is  reduced by the de- 
ve lopment  of an in t e rna l  s t r e s s ,  ai ,  ac t ing in opposi-  
t ion to the applied s t r e s s .  Thus,  the c reep  rate is  
r e la ted  not to the applied s t r e s s ,  aA, but  to the effec- 
tive s t r e s s  a* = (o A -  ai) .  Recent ly ,  an a t tempt  has 
been  made to de te rmine  ai  f rom r e su l t s  of exper i -  
ments  at e levated t e m p e r a t u r e s .  Nix, B a r r e t t ,  and co- 
worke r s ,  18 by means  of the i r  "d ip  t e s t " ,  have de t e r -  
mined  the c r i t i ca l  value of the applied s t r e s s  which 
just  ba lances  the effective i n t e r n a l  s t r e s s  to reduce 
the s t r a i n - r a t e  to zero .  F r o m  the i r  ana ly s i s  they con-  
clude that the max imum of the per iodic  i n t e rna l  s t r e s s  
is  in excess  of 90 pet of the appl ied s t r e s s .  

In the p re sen t  study we have developed another  
method of de t e rmin ing  the i n t e r n a l  s t r e s s  which is  
produced dur ing c reep .  Toward this  end we pe r fo rmed  
what Sherby and coworkers  2 r e f e r r e d  to as  " c o n s t a n t -  
s t r u c t u r e "  tes t s .  Re fe r r i ng  to Fig.  l (a) ,  a l l  spec i -  
mens  of a s ingle  s e r i e s  of t e s t s  a re  p r e s t r a i n e d  to the 
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same s t r a in ,  r at the same s t r e s s ,  ap,  and t empe r -  
a tu re ,  T,  to produce as  near ly  as possible  ident ica l  
s t r u c t u r e s  and ident ica l  i n t e rna l  s t r e s s e s  in each. The 
applied s t r e s s  is  then abrupt ly  reduced to one of the 
p re se l ec t ed  f inal  s t r e s s e s  (al, a2, a3) and the c reep  
rate immedia t e ly  af ter  the drop (dl, E2, r measured .  
Assuming  that there  is  no s igni f icant  change in s t ruc -  
ture  or i n t e rna l  s t r e s s  dur ing  the drop in applied 
s t r e s s ,  this c reep  rate is  a function of the final ap- 
plied s t r e s s  and the in t e rna l  s t r e s s  developed dur ing  
p r e s t r a i n i ng ,  i . e .  

e x p ( Q )  = f ( a  A - a i) = f (a*  ) [ 2] 

Groups of spec imens  with different  p r e s t r a i n i n g  h is -  
t o r i e s  have different  a i and therefore  produce dif-  
fe ren t  ~ vs o A cu rves ,  a and /3 in Fig.  l(b). F rom 
Eq. [2] it is seen that the obse rved  difference in ap- 
plied s t r e s s  n e c e s s a r y  to ma in ta in  a given c reep  rate 
in two spe c i me ns  is  a re f lec t ion  of the difference in 
the i r  i n t e rna l  s t r e s s e s .  By vary ing  p r e s t r a i n i n g  condi-  
t ions and observ ing  the co r respond ing  changes in ap- 
pl ied s t r e s s  n e c e s s a r y  to ma in ta in  a given ra te ,  we 
have d e t e r m i n e d  the unique value of a* for  that rate.  
The difference between the observed  applied s t r e s s e s  
and the effective s t r e s s  yields  the i n t e rna l  s t r e s s  
developed by each set  of p r e s t r a i n i n g  condi t ions ,  i . e . ,  
O i = r A -- (~*. 

Along with va lues  of a i de t e rmined  in this m a n n e r ,  
we examined,  by means  of t r a n s m i s s i o n  e l ec t ron  m i -  
c roscopy,  the s u b s t r u c t u r e s  developed in spec imens  
subjected to a wide var ie ty  of creep condit ions.  
F ina l ly ,  these data were examined for c o r r e l a t i o n s  
between the va r i a t ions  in the values  of o i and v a r i a -  
t ions  in subs t ruc tu re .  

PROCEDURE 

Three-in. lengths were cut from ~- in. diam rod of 
commercial AISI Type 304 stainless steel whose com- 
position is shown in Table I. These were annealed at 
I090~ for 30 min to produce a uniform grain size of 
74/~m diam. Threaded-end specimens with a gage 
section 0.150 in. in diam by 1.438 in. long were ma- 
chined from the blanks. Specimens were mounted in 
the constant-stress, tensile apparatus described in a 
previous publication I~ and soaked for at least 24 hr at 
the testing temperature to stabilize the structure prior 
to testing. The load on the specimen, its extension, and 
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Fig. 1(a)--Schematic r ep re sen ta t ion  of a s e r i e s  of cons tant -  
s t ruc tu re  tes ts .  
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Fig. l (b)--Schematic  of c r e e p - r a t e  vs  applied s t r e s s  cu rves  
for spec imens  with different  s t r u c t u r e s  and in terna l  s t r e s s e s .  

i t s  t e m p e r a t u r e  w e r e  r e c o r d e d  c o n t i n u o u s l y  t h r o u g h -  
out  the  t e s t .  L o a d ,  r e a d  f r o m  a l o a d  c e l l  i n c o r p o r a t e d  
in  s e r i e s  wi th  the  s p e c i m e n ,  i n d i c a t e d  t h a t  s t r e s s  r e -  
m a i n e d  c o n s t a n t  to  w i t h i n  +0 .5  pc t .  E x t e n s i o n  w a s  
m o n i t o r e d  to  w i th in  0 .0002  in .  by  an  e x t e n s o m e t e r  
f a s t e n e d  to  the  s h o u l d e r s  of the  s p e c i m e n  a n d  e q u i p p e d  
wi th  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r .  T e m -  
p e r a t u r e s  w e r e  r e a d  f r o m  t h e r m o c o u p l e s  s p o t - w e l d e d  
to  the  top  a n d  b o t t o m  of the  gage  l e n g t h  a n d  w e r e  c o n -  
s t a n t  to w i t h i n  +0.5~ S t r e s s  d r o p s  w e r e  e f f e c t e d  by  
r e m o v i n g  w e i g h t s  f r o m  the  l o a d  pan .  T e m p e r a t u r e  
c h a n g e s  of a b o u t  15~ r e q u i r e d  a b o u t  10 m i n  a n d  w e r e  
c a r r i e d  out  w i thou t  r e m o v i n g  the  load .  At the  c o m p l e -  
t ion  of the  t e s t  the  s p e c i m e n  was  c o o l e d  u n d e r  l o a d  
to p r e s e r v e  a s  we l l  a s  p o s s i b l e  the  s t r u c t u r e  p r e v a i l -  
i ng  d u r i n g  the  c r e e p  t e s t .  

T h i n  f i l m s  fo r  e l e c t r o n  t r a n s m i s s i o n  m i c r o s c o p y  
w e r e  p r e p a r e d  f r o m  d i s k s  cu t  f r o m  the  c e n t e r  of the  
gage  s e c t i o n .  Six m i c r o g r a p h s  a t  20 ,000X w e r e  t a k e n  
f r o m  e a c h  s p e c i m e n  f o r  d i s l o c a t i o n  d e n s i t y  d e t e r m i n a -  
t i on .  A p l a s t i c  o v e r l a y  c o n t a i n i n g  a 3 0 - c m - c i r c u m f e r -  
e n c e  c i r c l e  was  p l a c e d  in  n ine  r a n d o m  p o s i t i o n s  o v e r  
3X p r i n t s  of e a c h  m i c r o g r a p h ,  a n d  t he  n u m b e r  of d i s -  
l o c a t i o n s  not  in  c e l l  w a l l s  i n t e r s e c t i n g  the  c i r c l e  w a s  
c o u n t e d .  D e n s i t y  was  c o m p u t e d  f r o m  

n 
P D -  Lt  

w h e r e  n i s  the  n u m b e r  of i n t e r s e c t i o n s  of d i s l o c a t i o n s  
a l o n g  a l e n g t h ,  L ,  of c i r c u m f e r e n c e ,  a n d  t i s  the  
f i l m  t h i c k n e s s ,  t a k e n  to b e  2000/~. A p p r o x i m a t e l y  
t w e l v e  o t h e r  m i c r o g r a p h s  a t  2000 to  8000X w e r e  t a k e n  
f r o m  e a c h  s p e c i m e n .  A v e r a g e  s u b g r a i n  d i a m e t e r s  w e r e  
d e t e r m i n e d  f r o m  t h e s e  by  the  l ine  i n t e r c e p t  m e t h o d ,  
wi th  the  l ine  l a i d  in  s e v e r a l  d i r e c t i o n s  to m i n i m i z e  o r -  
i e n t a t i o n  e f f e c t s .  D i f f r a c t i o n  p a t t e r n s  w e r e  t a k e n  f r o m  
the  t h i c k e r  a r e a s  of the  f o i l s  to m e a s u r e  s u b b o u n d a r y  
m i s o r i e n t a t i o n  by  s h i f t  of K i k u c h i  p a t t e r n s .  W h e n  a n  
a r e a  d i s p l a y i n g  s t r o n g  K i k u c h i  l i n e s  was  found ,  p a t -  
t e r n s  w e r e  t a k e n  in  e v e r y  one of a c o l o n y  of a d j a c e n t  
s u b g r a i n s  to  get  the  a v e r a g e  m i s o r i e n t a t i o n .  C o l o n i e s  
e x a m i n e d  c o n t a i n e d  f r o m  f o u r  to  t en  s u b g r a i n s .  C o l -  
o n i e s  in  a t  l e a s t  two d i f f e r e n t  g r a i n s  w e r e  e x a m i n e d  
in  e a c h  s p e c i m e n .  

RESULTS AND DISCUSSION 

In preliminary work a series of constant-stress 
tests and a separate series of temperature-change 
tests were carried out. Results of the constant-stress 
tests showed that, except at very low stresses, steady 

Table I. Composition of 304 Stainless Steel 

Element Wt Pct 

C 0.051 to 0.054 
N 0,043 to 0.046 
Cr 18.5 to 19.7 
Ni 9.5 to 9.8 
Mn 1.61 to 1.62 
Si 0.48 to 0.50 
Mo 0.30 to 0.31 
V 0.028 to 0.029 
Ti <0,02 
Cb <0.02 
0 0.0035 to 0.0041 
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s ta te  was not ach ieved  even for  t rue  s t r a in s  as  high 
as 0.25. Eventua l ly  a min imum rate  is  obse rved  at 
the onset  of necking.  This  m in imum ra t e  i s  h igher  than 
the t rue  s teady state ra te  which is  obse rved  only in 
the absence  of necking, s~ Ra ther  than a t tempt  to d e t e r -  
mine  the 4 - a re la t ion  f rom these  a r b i t r a r y  min imum 
r a t e s ,  the c r e e p  ra te  at a constant  value of s t r a in ,  0.15 
unless  o therwise  noted, was used as a ba s i s  of c o m p a r i -  
son for  a l l  t e s t s .  M e a s u r e m e n t s  at E = 0.09 and 0.24 
gave the same 4 - aA re la t ions .  Using these va lues  it 
was found that c r eep  ra te ,  4, was r e l a t ed  to appl ied 

n 
s t r e s s ,  (rA, through a power  law, 4 ~ a A. 

T e m p e r a t u r e  change t e s t s  c e n t e r e d  at 711 ~ 809 ~ 
and 879~ showed that the apparen t  ac t iva t ion  ene rgy  
for  c r eep  in 304 s t a in l e s s  i s :  

Q = 91 ~= 9 kcal  per  mol  

This  value is  independent  of both t e m p e r a t u r e  and 
s t r e s s .  As a check on this ac t iva t ion  ene rgy ,  the log 
of the t e m p e r a t u r e - c o m p e n s a t e d  c r eep  ra te  

exp(91,OOO/RT), was plot ted agains t  log s t r e s s  for  
al l  the constant  s t r e s s  t e s t s ,  Fig.  2. The data fo r  
t e m p e r a t u r e s  f rom 704 ~ to 927~ fall  on a s ingle cu rve ,  
indicat ing that 91,000 cal  pe r  mol  is the p r o p e r  value 
for  ac t ivat ion energy  for  c r eep  of 304 s t a in l e s s  s t ee l .  

The re la t ion  between c r eep  rate  and appl ied s t r e s s  
i l l u s t r a t ed  in Fig.  2 r e f l e c t s  not only the d i r ec t  effect  
of appl ied s t r e s s  upon c r e e p  ra te ,  but a l so  includes  
the effect  upon c r eep  rate  of d i f f e r ences  in s t r u c t u r e  
which yie ld  d i f f e r ences  in in t e rna l  s t r e s s  developed 
at the d i f ferent  applied s t r e s s e s .  Fo r  example ,  t r a n s -  
m i s s ion  s tudies  r e v e a l e d  that subgra ins  were  fully 
f o r m e d  a f t e r  8 to 10 pct of c r e e p  s t ra in ;  once fo rmed ,  

1018 

1017 

i016 

1015 

1014 

I013 

I I I I 7 
CREEP TEMPERATURE~ D /  

[] : 7040C / 
�9 816 / 
o 871 

10121 
3.6 3.8 4.0 4.2 4.4 4.6 

log O'A, psi 
Fig. 2--Dependence of temperature-compensated creep rate 
on applied stress in constant-stress tests. 

t he i r  s ize  r e m a i n e d  e s s e n t i a l l y  constant .  The ave r age  
subgra in  d i a m e t e r ,  D, d e c r e a s e d  marked ly  with in- 
c r e a s e  in appl ied s t r e s s ,  OA, Fig.  3. Fo r  s t r e s s e s  b e -  
tween 4000 and 35,000 ps i  the subgra in  d i a m e t e r ,  D, 
d e c r e a s e d  acco rd ing  to 

Dcc (r~ ~ [3] 

Fig. 4. These  m e a s u r e m e n t s  were  made on spec imens  
s t r a i n e d  f rom 0.10 to 0.25 at t e m p e r a t u r e s  f rom 704 ~ 
to 816~ No effec t  of s t r a in  or  t e m p e r a t u r e  was ob- 
s e rved .  The densi ty  of d i s loca t ions  not a s soc i a t ed  with 
ce l l  wal ls  was m e a s u r e d  in foi ls  p r e p a r e d  f rom spec i -  
mens  e longated  at va r ious  s t r e s s e s  to s t r a in s  of ap-  
p rox ima te ly  0.23 at t e m p e r a t u r e s  f rom 704 ~ to 816~ 
As shown in Fig.  5, the densi ty  i n c r e a s e s  as 

[4] 
where  K = 1.4 to 2.0. Between 704 ~ and 816~ the 
densi ty is  independent of t e m p e r a t u r e .  Such re la t ions  
between appl ied s t r e s s  and subs t ruc tu ra l  v a r i a b l e s  a r e  
apparen t ly  quite  gene ra l  s ince they have been r e p o r t e d  
for  A1, ~1- ~4 Cu,2S s t a i n l e s s  s t ee l ,  9'z8 F e - S i ,  27'2s and Fe.S 
In many of these obse rva t ions  the t e m p e r a t u r e  inde-  
pendence of the s t ruc tu ra l  v a r i a b l e s  has been noted. 

Subboundary m i s o r i e n t a t i o n  was d e t e r m i n e d  by the 
shift  in the Kikuchi l ines  caused  by c r o s s i n g  the sub- 
boundary.  In ove r  120 obse rva t ions  of spec imens  
s t r a ined  f rom 0.07 to 0.29 at s t r e s s e s  f rom 8000 to 
15,500 psi  and t e m p e r a t u r e s  f r o m  704 ~ to 816~ no 
r e g u l a r  change in m i s o r i e n t a t i o n  with var ia t ion  of these  
p a r a m e t e r s  was observed .  If t rends  ex i s t ,  they a re  
obscured  by the b road  s c a t t e r  in e x p e r i m e n t a l  resu l t s .  
F o r  example ,  the apparent  m i s o r i e n t a t i o n s  in a single 
c l u s t e r  of subgra ins  such as those shown in Fig. 3 
may range f r o m  0.08 to 2.5 deg. 

F ive  s e r i e s  of c o n s t a n t - s t r u c t u r e  t es t s  were  p e r -  
f o r m e d  as outl ined above in o r d e r  to de t e rmine  values  
of in te rna l  s t r e s s .  Resu l t s  of a typical  s e r i e s  a r e  
shown in Fig.  6. H e r e  al l  s p e c i m e n s  were  p r e s t r a i n e d  
app rox ima te ly  15 pct at 35,800 psi ,  704~ a f te r  which 
the appl ied s t r e s s  was dropped to one of a s e r i e s  of 
f inal  s t r e s s e s  indica ted  at the right of the f igure .  The 
t e m p e r a t u r e - c o m p e n s a t e d  s t r a in  ra te  is  plot ted agains t  
appl ied s t r e s s  for  the f ive s e r i e s  of tes t s  in Fig.  7, 
which a l so  contains  the p r e s t r a i n i n g  condit ions for  
each s e r i e s .  The r e su l t s  for  al l  s e r i e s  can be approx i -  
mated  by a p o w e r - l a w  re la t ion  

4 exP(R-~) = A(~ ~ 

where n i s  dependent upon the p r e s t r a in ing  s t r e s s .  
Separate  t e s t s  showed no dependence of n upon 
s t r a in ,  f rom 0.09 to 0.24, or  upon t e m p e r a t u r e ,  f rom 
704 ~ to 927~ It is obvious f rom Fig.  7 that the c r eep  
ra te  is  not a unique function of appl ied s t r e s s .  In fact  
F ig .  8 shows that the c u r v e s  for  d i f ferent  p r e s t r a i n  
s t r e s s e s  a r e  s i m i l a r  but d i sp laced  f rom one another  
by constant  va lues  of Lxa A. Accord ing  to our  d i scus -  
sion above we a s s u m e  that these d i f f e rences  in appl ied 
s t r e s s  re f lec t  the d i f f e r ences  in in te rna l  s t r e s s  de-  
veloped by the d i f ferent  p r e s t r a in ing  s t r e s s e s ,  i.e., 
A(r i = AcrA. 

Absolute va lues  of ai developed by each p r e s t r a i n -  
ing s t r e s s  were  eva lua ted  by two methods .  In the f i r s t  
method,  the va lues  of A and n fo r  each curve  in Fig .  
7 were  plotted agains t  the p r e s t r a i n  s t r e s s  fo r  that 
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cu rve ,  Fig.  9. Ex t rapo la t ing  to ap = 0 g ives  the va l -  
ues  of these p a r a m e t e r s  for  the condition ai  = O, i . e . ,  
a A = or*. This  p rocedure  p red ic t s  that, at low s t r e s s e s :  

/ g 3  X 

4 e x P ( R ~  ) = 1.6 • 10-9o *S'8 min -1 

which is  shown dotted in Figs .  7 and 8. The 4 vs  aA 

704~ 816~ 

13,190 psi 8000 psi  

25,000 psi  18,630 psi 

Fig. 3---Subgrains developed in 304 s ta in less  during c reep  to s t ra ins  of 0.25. Magnification 4000 t imes.  
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Fig. 4--Average subgrain d iamete r s  developed in spec imens  
s t ra ined 10 to 25 pct at various c reep  s t r e s s e s .  

curve  for  spec imens  p r e s t r a i n e d  at 6600 psi  l ies  to 
the r ight  of this dotted curve  by an amount Act A - cq, 
the in te rna l  s t r e s s  developed at 6600 psi .  Other  
cu rves  lie f a r the r  to the r ight  due to the h igher  i n t e r -  
nal s t r e s s e s  developed at h igher  p r e s t r a i n i n g  s t r e s s e s .  
Where  they over l ap  in c r eep  ra te  we can ca lcula te  
the d i f fe rence  in in te rna l  s t r e s s  in ad jacent  c u r v e s  
f rom /~a i = Act A at constant  ~. The absolute  value of 
cr i for  each a p ,  obtained f rom summing  up the va lues  
of Aai, a r e  shown in Table  II. 

In the second method,  the value of appl ied s t r e s s  
n e c e s s a r y  to maintain  a given s t ra in  ra te  a f t e r  p r e -  
s t ra in ing is plotted agains t  the p r e s t r a i n i n g  s t r e s s ,  
Fig .  10. Ext rapola t ing  to a p =  0 where c~ i = 0 and 
aA = a*,  we obtain the unique value of or* n e c e s s a r y  to 
mainta in  each c r eep  ra te .  These  r e s u l t s  a r e  shown as  
the dashed curve  in F igs .  7 and 8. Values  of cr i a r e  
then obtained f rom a i =cy A -  ~* at constant  4. These  
r e su l t s  a r e  a l so  shown in Table  II. Resu l t s  of the two 
methods  a r e  plotted in Fig.  11. The a g r e e m e n t  is  ex-  
ce l len t  and indica tes  that in te rna l  s t r e s s  is  r e l a t ed  to 
the p r e s t r a i n i n g  s t r e s s  by which it was developed 
accord ing  to: 
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Fig. 12- - Increase  with applied s t r e s s  of in te rna l  s t r e s s ,  d i s -  
locat ion densi ty,  and densi ty  of subg ra i n  bounda r i e s .  

By s t u d y i n g  the  v a r i a t i o n  in  t he  ~ v s  ~A c u r v e s  f o r  

s e t s  of s p e c i m e n s  w h i c h  w e r e  p r e s t r a i n e d  a t  d i f f e r e n t  
s t r e s s e s ,  Crp, t h e  v a l u e  of  a*  f o r  e a c h  ~ i s  d e t e r -  

m i n e d .  T h e  i n t e r n a l  s t r e s s  d e v e l o p e d  b y  e a c h  p r e -  
s t r a i n i n g  s t r e s s  i s  c a l c u l a t e d  f r o m  cr i = (7 A - cr*. R e -  
s u i t s  s h o w  o i cc o ~  7. O b s e r v a t i o n  b y  t r a n s m i s s i o n  

e l e c t r o n  m i c r o s c o p y  s h o w e d  t h a t  t he  d e n s i t y  of d i s l o -  

c a t i o n s  w i t h i n  s u b g r a i n s ,  PD,  a n d  the  s u b g r a i n  d i a m e -  
t e r ,  D,  v a r i e d  w i t h  a p p l i e d  s t r e s s  a c c o r d i n g  to :  

PD ~ oKA, D cc cr~t ~ 

w h e r e  K = 1.4 to  2 .0 .  B o t h  w e r e  i n d e p e n d e n t  of  s t r a i n  

a n d  t e m p e r a t u r e .  S u b g r a i n  m i s o r i e n t a t i o n  s h o w e d  no  

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

p e r a t u r e .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  t he  i n t e r n a l  

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

v a r i a b l e s .  H o w e v e r ,  f u r t h e r  w o r k  i s  n e c e s s a r y  to  

d e t e r m i n e  the  r e l a t i v e  c o n t r i b u t i o n  of  e a c h .  
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