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Single c r y s t a l s  of Zr o r i e n t e d  f a v o r a b l y  fo r  p r i s m a t i c  s l ip  have been  d e f o r m e d  in t ens ion  
o v e r  a r ange  of s t r a i n  r a t e s  at t e m p e r a t u r e s  be tween  473 and 1113 K. A t e m p e r a t u r e  in-  
dependent  p la teau  is o b s e r v e d  be tween  600 and 800 K and dynamic  s t r a i n  aging o c c u r s  in 
the v i c in i t y  of 723 K. The flow s t r e s s  is t e m p e r a t u r e  dependent  both above and be low this  
t e m p e r a t u r e  in t e rva l .  P l a s t i c  flow above 850~ is r e p r e s e n t e d  by an equat ion  of the f o r m :  

= A . r n e - Q / k T  

where  ~ is the s h e a r  s t r a i n  r a t e ,  A is a cons tant  whose va lue  is 680 • 20 (MN/m2) -4"s. The 
s t r e s s  exponent  n --- 4.3 ~- 0.3 and the ac t iva t ion  e n e r g y  Q = 2.05 • 0.15 eV. It is p roposed  
that  the high t e m p e r a t u r e  p r i s m a t i c  s l ip  in Zr is con t ro l l ed  by a g l i d e - c l i m b  p r o c e s s  
where  the r a t e  of p l a s t i c  f low is d e t e r m i n e d  by the r a t e  of c l imb of d i s loca t i ons .  

IT is  wel l  e s t ab l i shed  now that  f i r s t  o r d e r  p r i s m a t i c  
s l ip  is the p r i m a r y  d e f o r m a t i o n  mode in ~ - Z r  at a l l  
t e m p e r a t u r e s .  1'2 The low t e m p e r a t u r e  r a t e  con t ro l l i ng  
m e c h a n i s m ,  3 the na tu re  of work  harden ing ,  4 and the e f -  
f ec t  of i n t e r s t i t i a l  so lu tes  s,~ on the e a s e  of p r i s m a t i c  
s l ip  have  been  examined  e a r l i e r  us ing  s ing le  c r y s t a l s .  
The r a t e  con t ro l l i ng  m e c h a n i s m  at  e l e v a t e d  t e m p e r a -  
t u r e s  has ,  however ,  not been  inves t i ga t ed  s y s t e m a t i c -  
a l ly  in s ing le  c r y s t a l s ,  al though Mil l s  and Cra ig  s have  
m e a s u r e d  the c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  and the 
ac t iva t ion  vo lume  at the onse t  of p r i s m a t i c  s l ip  at 
t e m p e r a t u r e s  up to 950 K. These  au thors  have a lso  
sugges ted  that  above 800 K the r a t e  con t ro l l i ng  m e c h -  
an i sm m a y  be the a r r i v a l  of v a c a n c i e s  at jogs .  Po ly -  
c r y s t a l l i n e  Zr,  on the o the r  hand, has  been  examined  
in g r e a t e r  de ta i l  at  e l e v a t e d  t e m p e r a t u r e s  and the r e -  
sul ts  of c r e e p  t e s t s  7-9 as wel l  as  those  of t ens ion  I~ ~ 
and c o m p r e s s i o n  "2 s tud ies  a r e  ava i l ab le .  

The a im  of the p r e s e n t  inves t iga t ion  was to d e f o r m  
in t ens ion  o r i en ted  s ing le  c r y s t a l s  of Zr in p r i s m a t i c  
s l ip  at t e m p e r a t u r e s  be tween  473 and l l l 3 ~  and o v e r  
a wide r ange  of s t r a i n  r a t e s ,  and to ident i fy  the d i s l o -  
ca t ion  m e c h a n i s m  r e s p o n s i b l e  fo r  p l a s t i c  f low at e l e -  
va ted  t e m p e r a t u r e s .  

E X P E R I M E N T A L  METHOD 

C r y s t a l  ba r  Zr in the f o r m  of 4.5 m m  rods  and 22 
cm in length was used  as the s t a r t i n g  m a t e r i a l .  Single 
c r y s t a l s  up to 20 cm in length w e r e  grown f r o m  the 
m e l t  using an e l e c t r o n  b e a m  f loa t ing  zone technique .  
Suitable o r i en t a t i ons  w e r e  chosen  out of r a n d o m l y  
grown c r y s t a l s .  The de ta i l s  of c r y s t a l  g rowth  and 
s p e c i m e n  p r e p a r a t i o n  have  been  d e s c r i b e d  e l s e w h e r e f l ' 4  
The f inal  s p e c i m e n s  p r i o r  to t e s t i ng  had a r educed  
gage length of 2.54 cm and a gage d i am of 2.2 to 2.4 
m m .  The i n t e r s t i t i a l  oxygen content  of t he se  c r y s t a l s  
was a s s e s s e d  in a m a n n e r  d e s c r i b e d  e a r l i e r  z and was 
found to be a p p r o x i m a t e l y  120 ppm. 

Tens i l e  t e s t s  w e r e  conducted on a f loor  mode l  
Ins t ron.  All  t e s t s  w e r e  conducted under  a dynamic  
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v a c u u m  of l e s s  than 10 -4 m m  of Hg. A quar tz  tube s u r -  
rounded the s p e c i m e n  a s s e m b l y .  R e s i s t a n c e  heat ing  
was used  to a t ta in  t e m p e r a t u r e s  up to 1113 K and con-  
t r o l l e d  to within • K. It has  been  e s t a b l i s h e d  e a r l i e r  2 
that  the i n t e r s t i t i a l  content  r e m a i n s  unaffec ted  under  
the t e s t  condi t ions  employed .  

RESULTS 

The o r i en t a t i ons  of c r y s t a l s  used in the p r e s e n t  in-  
ve s t i ga t i on  w e r e  such that  a m a x i m u m  r e s o l v e d  s h e a r  
s t r e s s  was appl ied on the f i r s t  o r d e r  p r i s m  s l ip  s y s -  
t e m .  With the except ion  of one s p e c i m e n  t e s t e d  at 
723 K, fo r  which the angle  be tween  the t en s i l e  axis  
and the b a s a l  plane (XB) was 53 deg al l  o ther  s p e c i -  
mens  had x B va lues  of l e s s  than 26 deg. Af ter  f r a c -  
tu re ,  the s p e c i m e n  su r f ace  was examined  under  the 
op t ica l  m i c r o s c o p e  and the d e f o r m a t i o n  m a r k i n g s  
w e r e  ana lyzed  for  a number  of s p e c i m e n s  us ing  the 
two s u r f a c e  technique .  In each of the c r y s t a l s  e x a m -  
ined including the one with x B = 53 deg, only p r i s -  
ma t i c  s l ip  l ines  w e r e  o b s e r v e d  be tw een  473 and 
1113 K. It has  been  shown e a r l i e r  that  when x B is 
l a r g e r  than 60 deg basa l  s l ip  t akes  p l ace  above 850 K. 
while  twinning is o b s e r v e d  at l ower  t e m p e r a t u r e s .  2 
R e s o l v e d  s h e a r  s t r e s s  vs  s h e a r  s t r a i n  c u r v e s  of a 
se t  of s p e c i m e n s  d e f o r m e d  at an u n r e s o l v e d  in i t ia l  
s t r a i n  r a t e  of 1.66 • 10 -4 s -1 be tween  523 and 1073 K 
a r e  shown in Fig .  1. Single p r i s m a t i c  s l ip  a long the 
(1120) d i r e c t i o n  has  been  a s s u m e d  in cons t r uc t i ng  
t he se  cu rves~  The c u r v e s  fo r  523 and 623 K a r e  s i m -  
i l a r  to those  r e p o r t e d  e a r l i e r .  4 Mult iple  load d rops  
w e r e  o b s e r v e d  at 723 K. The absence  of twin m a r k -  
ings a f t e r  f r a c t u r e  sugges t ed  that  mul t ip l e  load d rop  
is due to dynamic  s t r a i n  aging.  F o r  s p e c i m e n s  t e s t e d  
above 850 K, the work  h a r d e n i n g  r a t e  d e c r e a s e d  with 
i n c r e a s i n g  s t r a i n  up to a p p r o x i m a t e l y  5 to 10 pct  d e -  
fo rma t ion ,  above which the s p e c i m e n  exhib i ted  l i t t l e  
o r  no s t r a i n  harden ing .  The flow s t r e s s  d e c r e a s e d  
with i n c r e a s i n g  s t r a i n  in e x c e s s  of 0.5. F r o m  i n t e r -  
rup ted  t e s t s ,  i t  was o b s e r v e d  that  un i fo rm p la s t i c  flow 
took p lace  o v e r  the e n t i r e  gage length up to a s t r a i n  
of 0.5 above which non-homogenous  d e f o r m a t i o n  o c -  
c u r r e d  due to mul t ip l e  necking.  

The deft~rmation m a r k i n g s  on two s p e c i m e n s  d e -  
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(a) 

Fig. 1--Resolved shear stress vs shear strain curves of crys-  
tals tested between 523 and 1073 K. The specimen axes ;ire 
plotted in the unit triangle. 

f o r m e d  to a s h e a r  s t r a i n  of 0.5 at 673 and 1073 K a re  
shown in Fig .  2. C o a r s e  p r i m a r y  s l ip  l ines  with a few 
c r o s s  s l ip  t r a c e s  a r e  seen  at 673 K. At the h igher  
t e m p e r a t u r e  of 1073 K, the s l ip  l ines  a r e  f ine r  and 
m o r e  wavy. The spac ing  be tween  the p r i m a r y  s l ip  
bands  at a s h e a r  s t r a i n  of 0.5 in s p e c i m e n s  t e s t ed  at 
673 and 1073 K w e r e  roughly  3/zm and 2/~m r e s p e c -  
t ive ly .  P a r t i c u l a r l y  c o a r s e  s l ip  bands were  o b s e r v e d  
in s p e c i m e n s  which exhibi ted  s e r r a t e d  p las t ic  flow 
when t e s t ed  in the neighborhood of 723 K. 

The c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  (CRSS) which 
was taken at the f i r s t  dev ia t ion  f r o m  l i n e a r i t y  ( roughly 
a p l a s t i c  s t r a i n  of 10 -4) is plot ted aga ins t  t e m p e r a t u r e  
in F ig .  3. Some of the publ ished data  obtained e a r l i e r  
on c o m p a r a b l e  pur i ty  m a t e r i a l  at low t e m p e r a t u r e s  4 
a r e  a l so  included for  c o m p a r i s o n .  The CRSS d e -  
c r e a s e s  with i n c r e a s i n g  t e m p e r a t u r e  up to a p p r o x i -  
m a t e l y  600 K, r e m a i n s  r e l a t i v e l y  t e m p e r a t u r e  i n sen -  
s i t ive  be tween  600 and 800 K and d e c r e a s e s  r ap id ly  
t h e r e a f t e r  up to l l13~  The a l l o t rop i c  t r a n s f o r m a -  
t ion  hcp ~ b c c  in Zr t akes  p lace  at 1135 K. A r ep lo t  
of the t e m p e r a t u r e - C R S S  r e l a t i onsh ip  is shown in 
Fig .  4, whe re  log r is p lot ted  aga ins t  l IT .  A s t ra igh t  
l ine  d e s c r i b e s  wel l  the da ta  above 850 K. 

In o r d e r  to e x a m i n e  the e f fec t  of a wide r ange  of 
s t r a i n  r a t e s  on the flow s t r e s s  at a f ixed  t e m p e r a t u r e ,  
two c r y s t a l s  w e r e  d e f o r m e d  at c r o s s  head speeds  b e -  
tween  8.34 x 10 -z c m / s  and 8.34 x 10 -6 c m / s .  The push 
but ton speed  s e l e c t o r  of the Ins t ron  was employed  for  
ins tan taneous  change in c r o s s  head speed.  Since t he r e  
is  p r a c t i c a l l y  no work  ha rden ing  at t e m p e r a t u r e s  of 
973 and 1073 K and at s t r a i n s  be tween  0.1 and 0.5 
(Fig.  1), i t  was o b s e r v e d  that  the s t r e s s  r e q u i r e d  for  
f low at a c e r t a i n  r a t e  was a l m o s t  exac t l y  r ep roduced  
if th is  r a t e  was r e - e s t a b l i s h e d  a f t e r  s o m e  i n t e r m e d i -  

Fig. 2--Prismattc slip lines on specimens deformed to a 
shear strain o[ 0.5 (a) tested at 673 K, (b) deforlned at 1073 K. 

ate r a t e s  of c r o s s  head motion.  This  enabled  a d e t e r -  
minat ion  of the flow s t r e s s  at d i f fe ren t  s t r a i n  r a t e s  
using the s a m e  s p e c i m e n .  The r e s u l t s  of such e x p e r i -  
ments  a r e  shown as f low s t r e s s  vs  c r o s s  head speed 
on a l og - log  plot  in Fig.  5. The data  points fo r  each 
t e s t  t e m p e r a t u r e  a r e  b e s t  d e s c r i b e d  by a s t r a igh t  l ine.  
Note that the s lopes  of the two s t r a igh t  l ines  for  973 
and 1073 K in Fig.  5 a r e  the s ame .  

The s t r a i n  r a t e  e f fec t  was fu r the r  examined  between 
773 and 1113 K by cyc l ing  c r y s t a l s  be tween  c r o s s  head 
speeds  of 8.34 x 10 -5 c m / s  and 8.34 • 10 -4 c m / s  keeping 
the t e s t  t e m p e r a t u r e  f ixed.  The  s t r a i n  r a t e  was 
changed ins tan taneous ly  using the push button speed 
s e l e c t o r  and d e f o r m a t i o n  continued until  the flow 
s t r e s s  b e c a m e  n e a r l y  independent  of s t ra in ,  at this 
point the c r o s s  head speed  was changed again.  The 
na ture  of the t r a n s i e n t s  on s t r a in  r a t e  change a re  
shown in Fig .  6. At 823 K, an i n c r e a s e  in c r o s s  head 
speed  f r o m  8.34 • 10 -s c m / s  to 8.34 • 10 -4 c m / s  r e -  
su l ted  in an ins tan taneous  i n c r e a s e  in f low s t r e s s  fo l -  
lowed by a g radua l  d e c r e a s e  in work ha rden ing  ra te  
which extended o v e r  cons ide rab le  s t r a in .  At t e m p e r a -  
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1.3 

t u r e s  be tween 898 and 1113 K, the t r a n s i e n t s  were 
shor t  and a s teady state  of p las t ic  flow with a zero  
work ha rden ing  ra te  was e s t ab l i shed  over  l e s s  than 
5 pct shear  s t r a in ,  thus making it p r ac t i c a l  to eva lu -  
ate the s teady s ta te  flow s t r e s s  r a t io  for a change in 
s t r a i n  r a t e  by a factor  of ten.  At 773 K, no change in 
flow s t r e s s  was detected when s t r a i n  r a t e  was changed.  
The flow s t r e s s  ra t io  is plotted aga ins t  s t r a i n  in Fig.  7. 
Although e x p e r i m e n t a l  data  above 0.5 pct s t r a i n  have 
been  plotted in Fig.  7, these  will  be excluded f rom the 
i n t e rp re t a t i on  of r e s u l t s  due to the non-homogeneous  
p las t ic  flow taking place at these  s t r a i n s .  The ra t io  
"r t / %  in Fig.  7 does not show a s y s t e m a t i c  v a r i a t i o n  
with t e m p e r a t u r e  or with s t r a in  up to 0.5 and may  be 
desc r ibed  by a s ca t t e r  band be tween  1.66 and 1.79. 

DISC USSION 

The t e m p e r a t u r e  and s t r a i n  r a t e  dependence of the 
flow s t r e s s  shown in F igs .  4 and 5 may  be de s c r i be d  
by an equat ion of the fo rm:  

= A T  n e x p  ( - Q / k T )  [1] 

where  

is the s t r a i n  ra te ,  
A is a constant ,  
n is another  cons tan t  r e f e r r e d  to as the s t r e s s  

exponent,  
Q is the ac t iva t ion  energy ,  
k is Bo l t zmann  cons tant ,  and 
T is the t e m p e r a t u r e  in K. 

Eq. [1] is often used to d e s c r i b e  the high t e m p e r a t u r e  
de format ion  of me ta l l i c  m a t e r i a l s  and the cons tan t s  Q 
and n a re  helpful  in ident i fy ing the r a t e  d e t e r m i n i n g  
p roces s .  

The slope of log r vs  log ~ for the two s t r a igh t  l ines  
in Fig.  5 is 0.232 which yie lds  a value of n = 4.3. Also 
f rom Fig.  4 

Q d l n ~ -  
nk - d ( 1 / T )  - 5 .48x103  K [2] 

which gives Q / n  = 0.474 eV. 
Using a value of n = 4.3, one obta ins  

Q = 2.05 eV 

The s t r e s s  exponent  may  also be d e t e r m i n e d  us ing  the 
s teady s ta te  flow s t r e s s  ra t io  plotted in Fig.  7. Taking  
the logar i thm Eq. [1] may  be r e w r i t t e n  as:  

I n ) ; = I n A  + s i n  T -  Q / k T  

There fo re  for s t r a i n  r a t e  change e x p e r i m e n t s  at con-  
s tan t  t e m p e r a t u r e :  

In (~5~-21)=n In T(T~) [3] 

For  ) ; 1 / ~  = 10, i . e . ,  the ra t io  of c r o s s  head speeds  
0.05 c m / m i n  and 0.005 e ra / r a in  and the c o r r e s p o n d -  
ing r t / r  2 = 1.66 -- 1.79, n t u r n s  out to be 4 - 4.6. The 
co r r e spond ing  Q is 2.05 �9 0.15 eV. This va lue  of a c -  
t iva t ion ene rgy  for  p las t i c  de fo rmat ion  is in the s ame  
range  as that  for se l f -d i f fus ion  in a - Z r  which has been  
r epor t ed  to be be tween 1.9813 and 2.26 t4 eV in the t e m -  
p e r a t u r e  in t e rva l  923 through 1123 K. 

(1oTo) (0002) / 
I / / 973"K 

,.o / . . / / ~  o/  
,o. "W / / /  1073~ 

(u~o) / o / 

0.6 0 /  -g 

/0  / 
--~ ~ 0.4 a / ZIRCONIUM 

PRISMATIC SLIP 

O.C ~ / o  
I I I I 

-5 -4  -3 -2 -I 
log CROSSHEAD SPEED (crns/sec) 

Fig. 5 - -F low s t r e s s  vs  c r o s s  head  speed  plot ted  on a l og - log  
sca le  for  t e s t  t e m p e r a t u r e s  of 973 and 1073 K. The s p e c i m e n  
o r i en t a t i ons  a r e  shown in the unit  t r i ang le .  
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A. The  C o n s t a n t  A 

In o r d e r  to e v a l u a t e  the  c o n s t a n t  A, the  d a t a  of F ig .  
5 a r e  r e p l o t t e d  as  (1~) t/~'~ v s  7 a s  s h o w n  in F ig .  8. The  
s h e a r  s t r a i n  r a t e  was  o b t a i n e d  by m u l t i p l y i n g  the  t e n -  
s i l e  s t r a i n  r a t e  by  a f a c t o r  of two.  A s t r a i g h t  l ine  
p a s s i n g  t h r o u g h  the  o r i g i n  d e s c r i b e s  a s e t  of d a t a  o b -  
t a i n e d  at  a f i x e d  t e m p e r a t u r e .  F r o m  Eq.  [1], it  i s  r e a d -  
i ly  s e e n  t h a t  t he  s l o p e  of t he  s t r a i g h t  l ine  in F ig .  8 is  
e q u a l  to A e  - Q / k r .  S u b s t i t u t i n g  Q = 2.05 eV, one  t h e r e -  
f o r e  o b t a i n s  A = 680 �9 20 (MN/mZ) 4"3. 

It i s  i n t e r e s t i n g  to  c o m p a r e  a t  t h i s  j u n c t u r e  t he  v a l -  
u e s  of a c t i v a t i o n  e n e r g y  and  s t r e s s  e x p o n e n t  a r r i v e d  
at  in e a r l i e r  s t u d i e s  of p l a s t i c  d e f o r m a t i o n  of Z r .  
M i l l s  and  C r a i g  5 d e f o r m e d  s i n g l e  c r y s t a l s  and d e t e r -  
m i n e d  a c t i v a t i o n  v o l u m e s  of 200 to  1000b ~ and  a c t i v a -  
t i on  e n e r g i e s  of 0.8 to 3 eV b e t w e e n  800 and 950 K.  
T h e i r  s t u d y  w a s  l i m i t e d  to  t he  o n s e t  of p l a s t i c  f low 
and  the  s t r e s s  e x p o n e n t  w a s  no t  d e t e r m i n e d .  P o l y -  
c r y s t a l l i n e  Zr  s a m p l e s  w e r e  c o m p r e s s e d  b e t w e e n  898 
and  1098 K o v e r  a r a n g e  of c o n s t a n t  s t r a i n  r a t e s  b y  
Lu ton  and  J o n a s  lz and  the  f low s t r e s s  w a s  found  to o b e y  
a s t r a i n  r a t e  d e p e n d e n c e  of the  t y p e  d e s c r i b e d  in Eq .  
[1]. The  s t r e s s  e x p o n e n t  n w a s  found  to  be  4.6 a t  y i e l d  
a n d  4.5 a t  s t e a d y  s t a t e ,  w h i l e  Q = 2.43 • 0 .13.  As n o t e d  
b y  t h e s e  a u t h o r s ,  ~z the  a c t i v a t i o n  e n e r g y  o b t a i n e d  w a s  
s l i g h t l y  h i g h e r  t h a n  t h a t  f o r  s e l f - d i f f u s i o n .  Lu ton  and  
J o n a s  h a v e  a r g u e d  t h a t  at  y i e l d  t h e  d i s l o c a t i o n  d e n s i t y  
i s  l i k e l y  to  b e  low,  t h e r e f o r e  t he  a p p l i c a b i l i t y  of r e c o v -  
e r y  t h r o u g h  c l a s s i c a l  c l i m b  m o d e l s  l e a d i n g  to  a n n i h i l a -  
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Fig. 7--The steady state flow s t r e s s  rat io  T1/T 2 plotted 
against  shear  s t ra in for a change in s t ra in  rate  by a factor 
of 10. 'File data for tes t  t e m p e r a t u r e s  between 898 and 1113 K 
may be deser ibed  by a sca t te r  band in the flow s t r e s s  ratio of 
between 1.66 and 1.79. The cor responding  s t r e s s  exponent n 
lies between 4 and 4.6. Note nun-homogeneous plastic flow 
occurs  above a shear  s t ra in  of 0.5. 
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Fig. 8--Data of Fig. 5 replot ted  as (shear s t ra in  r a t e ) U r t  vs 
flow s t r e s s .  Note both s t ra ight  lines pass  through the origin. 

t i on  i s  un l i ke ly .  A p r o c e s s  of g l ide  i n v o l v i n g  t h e r m a l  
a c t i v a t i o n  o v e r  l o c a l  o b s t a c l e s  w a s  c o n s i d e r e d ,  and it 
w a s  c o n c l u d e d  t h a t  t h e  n a t u r e  of i n t e r a c t i o n  was  such  
tha t  t h e  b a c k  s t r e s s  h a d  b o t h  s h o r t  and  long  r a n g e  
c o m p o n e n t s .  The  a t o m i s t i c  n a t u r e  of the  b a r r i e r  and 
the  m e c h a n i s m  of t h e  i n t e r a c t i o n  p r o c e s s  have  not b e e n  
d e a l t  wi th  by  t h e s e  a u t h o r s .  

S e v e r a l  s t u d i e s  of c r e e p  on p o l y c r y s t a l l i n e  Zr have  
b e e n  u n d e r t a k e n  in t he  p a s t .  W a r d a  e t  a l  1S h a v e  c o n -  
c l u d e d  t h a t  m i n o r  c h a n g e s  in i n t e r s t i t i a l  c o n t e n t  r e -  
s u l t  in a s u b s t a n t i a l  v a r i a t i o n  of t he  c r e e p  b e h a v i o r .  
V a l u e s  of s t r e s s  e x p o n e n t  r a n g i n g  b e t w e e n  4.8 and 
13.8 d e p e n d i n g  on t e s t  v a r i a b l e s  w e r e  o b t a i n e d  in the  
t e m p e r a t u r e  i n t e r v a l  b e t w e e n  723 and  823 K by  t h e s e  
a u t h o r s .  15 B e r n s t e i n  7 i n v e s t i g a t e d  c r e e p  in p o l y c r y s -  
t a l l i n e  Zr  a t  t e m p e r a t u r e s  b e t w e e n  793 and  893 K and 
o b t a i n e d  two v a l u e s  of n.  The  s t e a d y  s t a t e  c r e e p  at  
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low s t r e s s e s  was c h a r a c t e r i z e d  by a s t r e s s  exponent 
of one and Q = 1.3 eV, while at high s t r e s s e s  n had a 
va lue  of 6 to 7 and Q = 2.44 eV. The i n t e rp re t a t i on  of- 
fe red  by Be rns t e in  was that at low s t r e s s e s  c reep  is 
cont ro l led  by g ra in  boundary  diffusion,  while at h igher  
s t r e s s e s  bulk diffusion cont ro ls  the creep .  Ardel l  and 
Sherby 8 have studied s teady s ta te  c r eep  in p o l y s r y s t a l -  
l ine Zr at t e m p e r a t u r e s  be tween 933 and 1118 K. The 
low s t r e s s  reg ion  was r epor t ed  to be assoc ia ted  with 
n = 7.5, while at h igher  s t r e s s e s  n had a va lue  of 4.7 
and Q = 2.08 to 2.38 eV. Ardel l  and Sherby concluded 
f rom the i r  s tudy that the obse rva t ions  could be r a t i o n -  
a l ized on the bas i s  of e i ther  a glide cont ro l led  c reep  
p roces s  or a diffusion cont ro l led  p r o c e s s .  F u r t h e r -  
more ,  these  authors  suggested  that on the bas i s  of a 
glide c l imb model,  p las t ic  de fo rma t ion  will  be glide 
cont ro l led  at low s t r e s s e s  due to a rap id  ra t e  of dif-  
fusion in c~-Zr, while at high s t r e s s e s  diffusion will 
be the r a t e  de t e rmin ing  p roces s .  

Bo Compar i son  with T h e o r i e s  of High 
T e m p e r a t u r e  P las t i c  Flow 

The high t e m p e r a t u r e  p r i s m a t i c  s l ip  of Zr above 
850 K is desc r ibed  by a s ingle  ac t iva t ion  ene rgy  t e r m  
(Eq. [1]) implying that only one d i s loca t ion  m e c h a n i s m  
is ra te  cont ro l l ing .  Also the ac t iva t ion  ene rgy  is in -  
dependent  of the applied s t r e s s  which sugges ts  that al l  
m e c h a n i s m s  for  which the ac t iva t ion  e n e r g y  is s t r e s s  
sens i t ive  a re  not appl icable .  

The obse rved  ac t iva t ion  ene rgy  which is s i m i l a r  to 
that for se l f -d i f fus ion  in  c~-Zr and a s t r e s s  exponent  
of 4.3 ~= 0.3 a re  in good a g r e e m e n t  with the theory  of 
s teady s ta te  p las t ic  flow, where  the s t r a i n  is de r ived  
due to glide, but the s t r a i n  r a t e  is cont ro l led  by d i s lo -  
cation c l imb.  An ea r l y  fo rmula t ion  of the model put 
forward  by Weer tman  TM is as follows:IT 

= C'r4"SDo exp ( -Q/kT)  [4] 
b 1/z N 1/2 k TG 3" s 

where 

Do is the diffusion constant ,  
b is the B u r g e r s  vec tor ,  
G is the shear  modulus,  
N is the dens i ty  of d i s loca t ion  sou rce s  per  unit 

volume of ma t e r i a l ,  and 
C has a value of approx ima te ly  2.5. 

It was a s sumed  TM in de r iv ing  Eq. [4] that pa i r s  of edge 
d is loca t ions  of opposite s ign on d i f fe ren t  pa ra l l e l  s l ip 
p lanes  a re  blocked f rom pass ing  each other,  t he reby  
leading to the fo rma t ion  of pile ups be tween  the blocked 
d is loca t ions  and the sou rces .  Dur ing  s teady state  de-  
fo rmat ion ,  the blocked d i s loca t ions  which lead the pile 
ups a re  a s s u m e d  to c l imb and ann ih i l a te  each other .  
Eq. [4] has been  subs tan t i a t ed  e x p e r i m e n t a l l y  for pure  
meta l s  at low s t r e s s e s  to a g r ea t e r  extent  than any 
other  theore t ica l  re la t ionsh ip ,  although d is loca t ion  
pile ups of the magni tude r e q u i r e d  by the theory  have 
not been  e x p e r i m e n t a l l y  observed . '7 '  t8 

Subsequently,  Wee r tman  19 has ana lyzed  the model  
of c l imb cont ro l led  glide without the need for the f o r -  
mat ion  of pi le  up. Edge d i s loca t ions  f rom ne ighbor ing  
sou rces  over lap  to fo rm dipoles which in tu rn  col lapse  
through c l imb.  The s teady s ta te  s t r a i n  r a t e  so deve l -  
oped is given by: 

M E T A L L U R G I C A L  T R A N S A C T I O N S  A 

d = {otfi4"SDo/b3"Sol* log (d/b)} ( y / N )  1/2 ((~/G) 3"5 

�9 ( ~ a / k T )  e - Q / k T  [5] 

where 

is the t e n s i l e  s t r a i n  ra te ,  
cr is the t ens i l e  s t r e s s ,  
d is the spacing  be tween p a r a l l e l  s l ip p lanes  of 

ne ighbor ing  sou rces ,  
f~ is the at. vol,  

is a cons tan t  = 0.5, 
~* is another  cons tant  = 6, and 

fi has va lues  be tween 1 and 2. 

Subst i tu t ing for ~, c~*, 8, log d / b  = 10, and a = 0.763, '9 
Eq. [5] may be r e w r i t t e n  in shea r  s t r e s s - s t r a i n  fo rm:  

~" = C'  T4"SD~ exp ( - Q / k T )  [6] 
b l/Z N I /2 k TG3.~ 

where 

C'  =0 .03  for  ~ = 1 
and 

C' = 0 . 8  for  ~ = 2. 

A c o m p a r i s o n  of the e m p i r i c a l  Eq. [1] and the t h e o r e t -  
ical  Eq. [6] g ives:  

C'Do 
A : [71 

b 1/e N 1/z k TG n-1 

Expe r imen ta l l y ,  n = 4.3 has been  obtained.  
Subst i tu t ing C' = 0.03, T = 1000~ and the appropr i a t e  
value of G e~ and the e x p e r i m e n t a l  va lue  of A, one ob-  
t a ins :  

Y = 1.67 x 1024(Do) e in. m -3 [8] 

A r e l i ab l e  value of Do for Zr,  however ,  is lacking.  
Lyashenko et  al 1~ have r epor t ed  a value of Do = 5.9 
• 10 -G m2/s ,  which when subs t i tu ted  in Eq. [8] gives N 
= 4 • 10 9 cm -3. Using Do = 5.6 x 10 -8 m2/s as reported 
by Flubacher, ~4 one obtains N = 3 • 10 cm -3. However, 
Kidson 2' has noted that the value of Do reported by 
Flubacher is lower than that representing bulk diffusion. 
Therefore, the value of N, the dislocation sources per 
unit volume should be between 4 • 10 9 and 3 • 10 s cm -3 
with the lower limit being too low due to the low value 
of Do. These values of N are reasonable for crystals  
deforming under s t resses  of the order of 10 -4 to I0 -s G, 
as is the ease in the present work. 

C. Jogged Sc rew-Dis loca t ion  Model 

It has been  pointed out by W e e r t m a n  19 that a jog s e g -  
men t  in a s c rew d is loca t ion  is a s egmen t  of an edge 
d is loca t ion .  Since the mobi l i ty  of edge s e g m e n t s  is 
lower  than that  of s c r ews ,  it is  a rgued that  the d r a g -  
ging of such a s egmen t  through a r r i v a l  of v a c a n c i e s  
is in effect equiva lent  to the k ine t i c s  of d i s loca t ion  an -  
n ih i la t ion  cons ide red  in the model  whose f inal  m a t h e -  
mat ic  form is Eq. [5]. The re fo re ,  the jogged s c r ew  
d is loca t ion  model  need not be cons ide red  as a s epa ra t e  
case  f rom c l imb of edge d i s loca t ions .  

D. High T e m p e r a t u r e  P r i s m a t i c  Slip 
of Other Hop Mate r i a l s  

Re la t ive ly  few inves t iga t ions  of p r i s m a t i c  s l ip  at e l e -  
vated t e m p e r a t u r e s  have been  c a r r i e d  out us ing  s ingl  
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c r y s t a l s .  All e a r l i e r  inves t iga t ions  have been  with s i n -  
gle c r y s t a l s  of m a t e r i a l s  l ike Zn, 22 Mg a3, and Mg + 12 
at.  pct  Li a l loy.  24 In al l  these  m a t e r i a l s  ba sa l  s l ip  is 
the p r i m a r y  de format ion  mode, whereas  p r i s m a t i c  s l ip  
is  a s econda ry  mode of p las t i c  flow. Such is not the 
case  with Zr whose p r i m a r y  de format ion  mode is p r i s -  
ma t ic  s l ip.  In Zn 2~ and Mg, 2~ the e leva ted  t e m p e r a t u r e  
p r i s m a t i c  s l ip  is thought to be con t ro l led  by F r i e d e l  
c r o s s  sl ip p r o c e s s ,  whereas  a diffusion cont ro l led  
c l imb p roce s s  s i m i l a r  to that  of Zr has been  r epo r t ed  
for  Mg + 12 pct Li al loy s ingle  c r y s t a l s f l  4 

E. The Dis locat ion  Sub-S t ruc tu re  

Under condi t ions  of s teady s ta te  p las t i c  flow, i.e., 
s teady  s ta te  c r eep  under  cons tant  s t r e s s  and d e f o r m a -  
t ion with zero  work ha rden ing  ra te  in cons tant  s t r a i n  
r a t e  e x p e r i m e n t s ,  it has f r equen t ly  been  obse rved  that 
a c h a r a c t e r i s t i c  ce l lu la r  d i s t r i bu t ion  of d is loca t ion  de-  
velops .  2s An i n c r e a s e  in s t r a i n  ra te  d e c r e a s e s  the cell  
s ize  with an a s soc ia t ed  i n c r e a s e  in the flow s t r e s s .  In 
e x p e r i m e n t s  involving a change in the imposed s t r a i n  
r a t e  the new s teady state  s t r u c t u r e  is not developed in-  
s t an taneous ly .  The r e q u i r e m e n t  of t ime  or s t r a i n  is 
e s s e n t i a l  for such a p roces s .  F u r t h e r m o r e  s ince  the 
s teady s ta te  of p las t ic  flow at e levated  t e m p e r a t u r e s  
is a s soc ia t ed  with t h e r m a l l y  ac t iva ted  p r o c e s s e s  the 
a t t a inmen t  of the s teady state  s t r u c t u r e  would be e a s -  
i e r  the higher  the tes t  t e m p e r a t u r e .  The obse rva t ions  
of Fig.  6 a re  cons i s t en t  with this  idea. In Fig.  6 a 
s teady s ta te  was not reached  at 823 K, while the t r a n -  
s i en t s  became  sho r t e r  with an i n c r e a s e  in the tes t  
t e m p e r a t u r e .  

Di rec t  e x p e r i m e n t a l  evidence  for the development  
of ce l lu l a r  s t r u c t u r e  is s t i l l  lacking in the p r e se n t  
work. T r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  of thin foils 
or  an examina t ion  of the d i s loca t ion  e tch-p i t  pa t te rn  
would be r e q u i r e d  to study the s u b - s t r u c t u r e .  

C ONC LUSIONS 

I) The c r i t i c a l  r e so lved  shear  s t r e s s  for p r i s m a t i c  
s l ip  in Zr s ingle  c r y s t a l s  conta in ing  approximately 120 
ppm oxygen d e c r e a s e s  with t e m p e r a t u r e  up to 600 K, a 
t e m p e r a t u r e  independent  plateau is obse rved  between 
600 and 800 K followed by a d e c r e a s i n g  CRSS at e l e -  
va ted  t e m p e r a t u r e s .  

2) Dynamic  s t r a i n  aging has been  obse rved  at t e m -  
p e r a t u r e s  in the v i c in i ty  of 723 K. 

3) P r i s m a t i c  s l ip  above 850 K is  t h e r m a l l y  act ivated 
and the s t r a i n  r a t e  is d e t e r m i n e d  by a diffusion con-  
t ro l l ed  p r o c e s s .  

4) The r e s u l t s  a re  in good a g r e e m e n t  with a model 
of c l imb cont ro l led  glide.  
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