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A B S T R A C T

Q u a l i t y  r e q u i r e m e n t s  o n  c a n n i n g  t u b e s  f o r  n u c l e a r  s e r v i c e  a r e  p r o b a b l y  t h e  
m o s t  e x a c t i n g  w h i c h  a  t u b e  p r o d u c e r  m a y  e n c o u n t e r  t o d a y .  A  s a t i s f a c t o r y  q u a l ­
i ty  l e v e l  m u s t  b e  b a s e d  o n  a  c a r e f u l l y  s e l e c t e d  p r o d u c t i o n  s e q u e n c e  a n d  a  w e l l -
- e s t a b l i s h e d  q u a l i t y  c o n t r o l  a n d  a s s u r a n c e  s y s t e m .  T h e  l e c t u r e  p r e s e n t s  a  
s u r v e y  o f  t h e  n o r m a l l y  u s e d  m a n u f a c t u r i n g  m e t h o d s  f r o m  r a w  m a t e r i a l  i n  t h e  
f o r m  o f  s p o n g e  t o  f i n i s h e d  c . m n i n g  t u b e s .  T h e  i n f l u e n c e  o f  p r o d u c t i o n  p a r a ­
m e t e r s  o n  t h e  p r o p e r t i e s  o f  Z i r c a l o y  c a n n i n g  t u b e s  i s  d i s c u s s e d  a n d  t h e  m e th o d s  , 
o f  n o n - d e s t r u c t i v e  a n d  d e s t r u c t i v e  t e s t i n g  a r e  r e v i e w e d .  T h e  p a p e r  m a i n l y  
d e a l s  w i t h  Z i r c a l o y .  H o w e v e r ,  m o s t  o f  w h a t  i s  s a i d  c a n  a l s o  b e  a p p l i e d  t o  
s t a i n l e s s  s t e e l .

I N T R O D U C T I O N
i

T h e  d e m a n d s  o n  t h e  i n t e g r i t y  o f  t h e  c a n n i n g  t u b e s  i n  a  t h e r m a l  r e a c t o r  a r e  v e r y  
h i g h .  T h e  r e a s o n s  f o r  t h i s  a r e  o b v i o u s .  L e a k a g e  i n  t h e  f u e l  e l e m e n t s  m a y  l e a d  
t o  s e r i o u B  d i s t u r b a n c e s  i n  t h e  o p e r a t i o n  o f  t h e  r e a c t o r  a n d  t h e  e c o n o m i c  l o s s  
c o n n e c t e d  w i t h  a  s h u t d o w n  i s  v e r y  h i g h .

F i g .  1 i s  a  s u m m a r y  o f  r e q u i r e m e n t s  o n  t h e  c a n n i n g  t u b e s  w i t h  r e g a r d  b o t h  t b  
t h e  m a n u f a c t u r e  o f  f u e l  e l e m e n t s  a n d  t o  t h e i r  u s e  i n  t h e  r e a c t o r .  A s  c a n  b e  
s e e n ,  s o m e  o f  t h e s e  r e q u i r e m e n t s  a p p e a r  i n  m o r e  t h a n  o n e  p l a c e ,  e . g .  l o w  
i m p u r i t y  l e v e l s  i n  t h e  m a t e r i a l ,  g o o d  d i m e n s i o n a l  a c c u r a c y  a n d  c l e a n n e s s .
V e r y  im p o r ta n t  for  the u s e  is <Qf c o u r s e  f r e e d o m  f r o m  d e f e c t s  and the c o m b i n a ­
tion of s t r e n g th  and du ct i l i ty  o f  ih e  canning m a t e r i a l .

In  t h e  f o j l o w i n g  a n  a t t e m p t  w i l l  b e  m a d e  t o  p r e s e n t  t h e  w a y s  o f  f u l f i l l i n g  t h e  d e ­
m a n d s  i n  c a n n i n g  t u b e  p r o d u c t i o n .  A s p e c t s  o n  p r o d u c t i o n  s e q u e n c e s  a n d  o n  
f a c i l i t i e s  u s e d  i n  p r o d u c t i o n ,  i n s p e c t i o n  a n d  q u a l i t y  c o n t r o l  a r e  t h e  m a i n  t o p i c s .  
T h e  s u r v e y  w i l l  in  t h e  f i r s t  p l a c e  d e a l  w i t h  Z i r c a l o y  t u b i n g  b u t  s i n c e  t h e  p r o ­
d u c t i o n  r o u t e s  a n d  t h e  e q u i p m e n t  u s e d  i n  m o s t  c a s e s  a r e  t h e  s a m e ,  m o s t  o f  
w l ia t  i s  s a i d  a b o u t  Z i r c a l o y  i s  a p p l i c a b l e  a l s o  t o  s t a i n l e s s  s t e e l .

✓

M A N U F A C T U R E  O F  Z I R C A L O Y

T h e  m a i n  o p e r a t i o n s  i n  t h e  p r o d u c t i o n  o f  c a n n i n g  t u b e s  i n  Z i r c a l o y  f r o m  s p o n g e  
a r e  s h o w n  in  t h e  b l o c k  d i a g r a m  i n  F i g .  2 .  T o  b e  a b l e  t o  m e e t  t h e  s p e c i f i e d  
a n a l y s i s  o n  t h e  i n g o t ,  w e  m u s t  h a v e  s p o n g e  w i t h  v e r y  l o w  c o n t e n t s  o f  i m p u r i t i e s ,  
e s p e c i a l l y  o f  t h o s e  w i t h  h i g h  c r o s s  s e c t i o n  f o r  t h e r m a l  n e u t r o n s ,  f o r  i n s t a n c e  
I l f .

U n i f o r m i t y  in  a n a l y s i s  w i t h i n  t h e  s p o n g e  l o t s  i s  a l s o  i m p o r t a n t .  T h e  a l l o y i n g  
e l e m e n t s  o f  w h i c h  o x y g e n  i s  a n  i m p o r t a n t  o n e  a r e  a d d e d  t o  t h e  s p o n g e .

T h e  p r e s s e d  b r i q u e t t e s  a r e  e l e c t r o n  b e a m  w e l d e d  t o  f o r m  a n  e l e c t r o d e  w h i c h  i s  
m e l t e d  i n  a  h i g h - v a c u u m  a r c  f u r n a c e  a t  a  p r e s s u r e  o f  a b o u t  1 0 ” m m  H g .  T h i s  
o p e r a t i o n  i s  d o n e  t w i c e  t o  e n s u r e  u n i f o r m i t y  a n d  h o m o g e n e i t y  i n  t h e  f i n a l  i n g o t .
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Z i r c o n i u m  h a s  a  h e x a g o n a l  l a t t i c e  a t  r o o m  t e m p e r a t u r e .  I n  p u r e  Z r  t h i s  a -  
p h a s e  i s  s t a b l e  u p  t o  8 6 2 ° C  w h e r e  i t  t r a n s f o r m s  t o  t h e  f a c e - c e n t e r e d  c u b i c  |3 - 
Z r .  I n  t h e  c o m m e r c i a l  a l l o y s  t h i s  t r a n s f o r m a t i o n  t a k e s  p l a c e  o v e r  a  t e m p e r a ­
t u r e  r a n g e  w h e r e  t h e  m a t e r i a l  c o n t a i n s  0/ + (3, F i g .  3 .

F o r g i n g  o f  Z i r c a l o y  i s  d o n e  i n  t h e  a  + g o r  t h e  (3- r e g i o n .  T h e  e q u i p m e n t  c a n  b e  
q u i t e  c o n v e n t i o n a l .  H o w e v e r ,  o n e  m u s t  b e  s u r e  t h a t  t h e  h e a t i n g  c o n d i t i o n s  a r e  
s u c h  t h a t  n o  h a r m f u l  d i f f u s i o n  o f  g a s e s  i n t o  t h e  m a t e r i a l  t a k e s  p l a c e .  T h e  
a t m o s p h e r e  s h o u l d  b e  s l i g h t l y  o x i d i z i n g .  D u r i n g  c o o l i n g  o f  t h e  i n g o t  a n d  a l s o  
a f t e r  f o r g i n g  a  s e c o n d a r y  p h a s e  r i c h  i n  t h e  a l l o y i n g  e l e m e n t s  S n ,  C r ,  F e  ( a n d  
N i  f o r  Z i r c a l o y  2) w i l l  p r e c i p i t a t e  ( F i g .  3 ) .  I f  t h i s  p r e c i p i t a t i o n  i s  n o t  u n i f o r m l y  
d i s t r i b u t e d  i n  t h e  m a t e r i a l ,  i t  w i l l  h a v e  a  n e g a t i v e  i n f l u e n c e  o n  t h e  c o r r o s i o n  
p r o p e r t i e s .  T h e r e f o r e  a  ¡3 - q u e n c h  i s  p e r f o r m e d ,  i . e .  h e a t i n g  t o  t h e  3 - r e g i o n  
( ~ 1 0 5 0 ° C )  a n d  q u e n c h i n g .

T h e  e x t r u s i o n  b i l l e t s  a r e  p r e p a r e d  b y  d r i l l i n g  a n d  t u r n i n g .  T h e y  a r e  n o r m a l l y  
c l a d  w i t h  c o p p e r  t o  p r o t e c t  a g a i n s t  s u r f a c e  c o n t a m i n a t i o n  d u r i n g  h e a t i n g  a n d  
a l s o  t o  f a c i l i t a t e  t h e  l u b r i c a t i o n  d u r i n g  e x t r u s i o n .  T h e  c o p p e r  i s  r e m o v e d  a f t e r  
e x t r u s i o n  b y  p i c k l i n g  i n  n i t r i c  a c i d .

E x t r u s i o n  i s  d o n e  i n  t h e  Q ' - r e g i o n ,  i . e .  a t  a  t e m p e r a t u r e  l o w e r  t h a n  H 2 5 ° C .
T h e  m i c r o s t r u c t u r e  o f  a n  e x t r u d e d  Z i r c a l o y  t u b e  i s  s h o w n  i n  F i g .  4 .

C o l d  w o r k i n g  o f  Z i r c a l o y  t u b e s  i s  n o r m a l l y  p e r f o r m e d  a a  p i l g e r i n g .  C o l d  
d r a w i n g  i s  n o t  u s e d ,  b e c a u s e  o f  t h e  p r o n o u n c e d  t e n d e n c y  o f  z i r c o n i u m  t o  g a l l  
a n d  s e i z e  i n  t h e  d i e  w h i c h  m a k e s  i t  d i f f i c u l t  t o  f i n d  s u i t a b l e  l u b r i c a n t s .  B e s i d e s ,  
d r a w i n g  i s  c o n s i d e r e d  t o  g i v e  a n  u n d e s i r a b l e  t e x t u r e  i n  t h e  t u b e  w a l l ,  w h i c h  
w i l l  b e  d i s c u s s e d  l a t e r .  P i l g e r i n g  c a n  b e  p e r f o r m e d  w i t h  a r e a  r e d u c t i o n s  u p  t o  
8 0 % .

- t  _ rA l l  a n n e a l i n g  o p e r a t i o n s  m u s t  b e  c a r r ied^ o u t  i n  v a c u u m  l o w e r  t h a n  10 m m  H g  
t o  p r e v e n t  c o n t a m i n a t i o n  o f  g a s e s .  T h e ^ e m p e r a t u r e  o f  t h e  i n t e r m e d i a t e  a n n e a l -  
i n g s  i s  a r o u n d  6 5 0 - 7 0 0 ° C .  T o  m e e t  d i f f e r e n t  r e q u i r e m e n t s  o n  m e c h a n i c a l  
p r o p e r t i e s  t h e  f i n a l  a n n e a l i n g  t e m p e r a t u r e  m a y  v a r y  b e t w e e n  4 7 B - B 7 5 ° C .
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I n  a l l  s t a g e s  o f  t h e  p r o d u c t i o n  p r o c e s s  t h e  s u r f a c e  q u a l i t y  o f  t h e  t u b e s  m u s t  b e  
c a r e f u l l y  c o n t r o l l e d .  S u r f a c e  c o n d i t i o n i n g  o f  t h e  f i n i s h e d  t u b e s  m a y  i n v o l v e  
i n s i d e  v a c u u m  b l a s t i n g  a n d  a c i d  f l u s h i n g  a n d  o u t s i d e  b e l t  g r i n d i n g  a n d  p i c k l i n g .  
T h e  a i m  o f  a l l  s u r f a c e  c o n d i t i o n i n g  o f  f i n i s h e d  t u b e s  i s  t o  g i v e  t h e m  a  s u r f a c e  
w i t h  f a v o u r a b l e  p r o p e r t i e s  w i t h  r e g a r d  t o  c o r r o s i o n  r e s i s t a n c e  a f t e r  a u t o c l a v e  
t r e a t m e n t .  L o w  s u r f a c e  s t a n d a r d  w i l l  l e a d  t o  a  g r e y  Qr w h i t e  o x i d e  l a y e r  i n ­
s t e a d  o f  t h e  d e s i r e d  b l a c k  h o m o g e n e o u s  s u r f a c e .

V a c u u m  b l a s t i n g  a n d  b e l t  g r i n d i n g  a r e  n o r m a l l y  d o n e  w i t h  S iC  s i n c e  t h e  u s e  of 
A I 2 O 3 m a y  l e a d  t o  t h e  u n d e s i r a b l e  f o r m a t i o n  o f  z i r c o n i u m  o x i d e  a c c o r d i n g  t o  
t h e  f o r m u l a

3 Z r  + 2 A 1 2 0 3 — » 3 Z r C >2 + 4 A1

T h i s  i s  e s p e c i a l l y  i m p o r t a n t  i f  t h e  m e c h a n i c a l  s u r f a c e  t r e a t m e n t  i s  n o t  f o l l o w e d  
b y  a n y  r e m o v a l  o f  m a t e r i a l  b y  p i c k l i n g .

P i c k l i n g  i s  d o n e  i n  a  H F - H N O j - b a t h  w h e r e  t h e  H N O -j t o  H i '  r a t i o  i s  a r o u n d  
1 0 : 1 .  T h e  H F  c o n t e n t  i s  n o r m a l l y  2 - 3 % .  T h e  r e s u l t  o f  t h e  p i c k l i n g  o p e r a t i o n  i s  
v e r y  m u c h  a f f e c t e d  b y  t h e  t i m e  b e t w e e n  t h e  p i c k l i n g  a n d  r i n s i n g  o p e r a t i o n s  a n d  
a l s o  b y  t h e  e f f i c i e n c y  o f  t h e  r i n s i n g .  U n s u f f i c i e n t  r i n s i n g  m a y  l e a d  t o  w h i t e  
o x i d e  s p o t s  d u e  t o  f l u o r i d e  r e s i d u e s  o n  t h e  s u r f a c e .
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T h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  c a n n i n g  t u b e s  m a i n l y  d e p e n d  o n  t h e  f o l l o w i n g  
t h r e e  v a r i a b l e s :  
t e x t u r e ,
a r e a  r e d u c t i o n  i n  t h e  f i n a l  r o l l i n g ,  
f i n a l  a n n e a l i n g  t e m p e r a t u r e .

C o ld  w o r k i n g  o f  t u b e s  b y  p i l g e r i n g  o r  d r a w i n g  g i v e s  t h e  m a t e r i a l  a  t e x t u r e  
w h e r e  t h e  c - a x e s  o f  t h e  c r y s t a l s ,  i . e .  t h e  b a s a l  p o l e s ,  a r e  o r i e n t e d  i n  a  d i r e c ­
t i o n  p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  t u b e .  T h e  d i r e c t i o n  o f  t h e  
b a s a l  p o l e s  w i t h i n  t h a t  p l a n e  c a n  b e  a f f e c t e d  b y  c h a n g i n g  t h e  s o - c a l l e d  Q - v a l u e .  
T h i s  v a l u e  i s  d e f i n e d  a s  t h e  r a t i o  b e t w e e n  t h e  r e d u c t i o n  i n  w a l l  t h i c k n e s s  a n d  
t h e  r e d u c t i o n  i n  d i a m e t e r .

n  t o ' t i n oQ  = --------------- x
l 0 D o -  D i

w h e r e
Iq  -  w a l l  t h i c k n e s s  b e f o r e  c o l d  w o r k i n g  
t .  3 w a l l  t h i c k n e s B  a f t e r  c o l d  w o r k i n g  
U q  s  a v e r a g e  d i a m e t e r  b e f o r e  c o l d  w o r k i n g  
D j  = a v e r a g e  d i a m e t e r  a f t e r  c o l d  w o r k i n g

A h i g h  Q - v a l u e ,  i . e .  h e a v y  r e d u c t i o n  o f  t h e  w a l l  a n d  l i t t l e  r e d u c t i o n  o f  t h e  d ia m e ­
t e r ,  w i l l  l e a d  t o  a  t e x t u r e  w h e r e  t h e  b a s a l  p o l e s  a r e  o r i e n t e d  m a i n l y  in  t h e  
r a d i a l  d i r e c t i o n ,  w h i l e  a  l o w  Q - v a l u e  ( w h i c h  i s  n o r m a l  i n  d r a w i n g )  w i l l  l e a d  t o  
t a n g e n t i a l l y  o r i e n t e d  c r y s t a l s  ( F i g .  5 ) .

I n  p r a c t i c e ,  v a r i a t i o n s  i n  t h e  Q - v a l u e  a r e  o b t a i n e d  b y  r o l l i n g  o n  m a n d r e l s  w i t h  
d i f f e r e n t  c o n i c i t y .  S i n c e  t h e  c - d i r e c t i o n  i s  t h e  " h a r d  d i r e c t i o n "  i n  t h e  c r y s t a l ,  
r o l l i n g  w i t h  a  h i g h  Q - v a l u e  g i v e s  a  t u b e  w i t h  h i g h  h a r d n e s s  i n  t h e  r a d i a l  d i r e c ­
t i o n  a n d  r o l l i n g  w i t h  a  l o w  Q - v a l u e  g i v e s  h i g h  h a r d n e s s  i n  t h e  t a n g e n t i a l  d i r e c ­
t i o n .

W h e n  d e c i d i n g  t h e  C - v a l u e  o n e  a l s o  h a s  t o  t a k e  t h e  h y d r i d e  o r i e n t a t i o n  i n t o  c o n ­
s i d e r a t i o n .  H y d r o g e n  i s  a b s o r b e d  b y  t h e  t u b e  i n  s e r v i c e  a n d  p r e c i p i t a t e s  d u r i n g  
c o o l i n g  i n  p l a t e - l i k e  h y d r i d e s .  T h e s e  h y d r i d e s  p r e c i p i t a t e  i n  t h e  d i r e c t i o n  p e r ­
p e n d i c u l a r  t o  t h e  m a i n  w o r k i n g  d i r e c t i o n  i n  t h e  l a s t  c o l d  w o r k i n g  o p e r a t i o n .
T h i s  m e a n s  t h a t  c o l d  w o r k i n g  w i t h  a  v e r y  h i g h  Q - v a l u e  g i v e s  t a n g e n t i a l  h y d r i d e s  
a n d  c o l d  w o r k i n g  w i t h  a  v e r y  l o w  Q - v a l u e  g i v e s  r a d i a l  h y d r i d e s .  T h i s  i s  i l l u s ­
t r a t e d  i n  F i g .  6 .  A s  t h e  h y d r i d e s r e d u c e  d u c t i l i t y  a n d  m a y  i n i t i a t e  c r a c k s ,  t h e  
c a n n i n g  t u b e  u s e r s  n o r m a l l y - s p e c i f y  a  h y d r i d e  o r i e n t a t i o n  t h a t  m u s t  n o t  d i f f e r  
t o o  m u c h  f r o m  t h e  t a f i g e n t i a l .

T h e  o t h e r  f a c t o r s  i n f l u e n c i n g  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  f i n i s h e d  t u b e s  
w e r e  a r e a  r e d u c t i o n  a n d  f i n a l  a n n e a l i n g  t e m p e r a t u r e .  F i g .  7 a n d  8 i l l u s t r a t e  
h o w  y i e l d  s t r e n g t h  a n d  e l o n g a t i o n  a r e  a f f e c t e d  b y  t h e s e  f a c t o r s .  F o r  h i g h  a r e a  
r e d u c t i o n s  t h e  m e c h a n i c a l  p r o p e r t i e s  c h a n g e  v e r y  r a p i d l y  w i t h  a n n e a l i n g  t e m ­
p e r a t u r e s  a r o u n d  5 0 0  C .  I n  s o m e  c a s e s  t h e  r e q u e s t e d  m e c h a n i c a l  p r o p e r t i e s  
n e c e s s i t a t e  a n n e a l i n g  i n  t h i s  t e m p e r a t u r e  r a n g e ,  g i v i n g  a  p a r t i a l l y  r e c r y s t a l ­
l i z e d  m a t e r i a l .

I n  s u c h  c a s e s  t h e  e x a c t  a n n e a l i n g  t e m p e r a t u r e  m u s t  b e  d e t e r m i n e d  i n d i v i d u a l l y  
f o r  e v e r y  l o t  o f  t u b e s .  F u r t h e r m o r e ,  t h e  t e m p e r a t u r e  a c c u r a c y  o f  t h e  a n n e a l i n g  
f u r n a c e  m u s t  b e  v e r y  g o o d ,  b e t t e r  t h a n  t 3 ° C  i s  n e c e s s a r y  i n  s o m e  c a s e s .

V e r y  o f t e n  t r a n s v e r s e  p r o p e r t i e s  a r e  s p e c i f i e d .  T h e s e  a r e  u s u a l l y  d e t e r m i n e d
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b y  b u r s t  t e s t i n g  w i t h  a n  i n s i d e  o v e r p r e s s u r e .  B u r s t  t e s t i n g  c a n  b e  d o n e  w i t h  
o p e n  o r  c l o s e d  e n d s  ( F i g .  9 )  a n d  i t  i s  i m p o r t a n t  t o  d e f i n e  w h i c h  m e t h o d  s h a l l  b e  
u s e d .  T h e  c l o s e d - e n d  t e s t i n g  g i v e s  a  s t r e s s  r a t i o  o f  2 :1  b e t w e e n  t h e  t a n g e n t i a l  
a n d  a x i a l  d i r e c t i o n .  T h i s  m e t h o d  g i v e s  s u b s t a n t i a l l y  l o w e r  v a l u e s  o n  t r a n s v e r s e  
e l o n g a t i o n  t h a n  t h e  o p e n - e n d  m e t h o d  w h i c h  g i v e s  a  u n i a x i a l  t a n g e n t i a l  s t r e s s  
i n  t h e  t u b e .

S T A I N L E S S  S T E E L  C A N N I N G  T U B E S

T h e  E n g l i s h  A G R  i s  p r a c t i c a l l y  t h e  o n l y  t y p e  o f  c o m m e r c i a l  t h e r m a l  r e a c t o r  
u s i n g  s t a i n l e s s  s t e e l  f o r  c l a d d i n g .  T h e  m a t e r i a l  u s e d  i s  a  n i o b i u m - s t a b i l i z e d  
2 0 C r / 2 5 N i  a u s t e n i t i c  s t e e l .  T h e  p r o d u c t i o n  s e q u e n c e  f o r  c a n n i n g  t u b e s  i n  s t a i n ­
l e s s  s t e e l  i s  v e r y  s i m i l a r  t o  t h a t  g i v e n  f o r  Z i r c a l o y .  I n  o r d e r  t o  g e t  a  v e r y  p u r e  
s t e e l  f r e e  f r o m  h a r m f u l  i n c l u s i o n s ,  t h e  s t e e l  i s  m e l t e d  t w i c e ,  f i r s t  i n  a n  i n d u c ­
t i o n  f u r n a c e  w i t h  v e r y  p u r e  r a w  m a t e r i a l s  a n d  t h e n  r e m e l t e d  i n  t h e  s a m e  t y p e  
o f  f u r n a c e  a s  i s  u s e d  f o r  Z i r c a l o y ,  t h e  v a c u u m  a r c  f u r n a c e .

A l t h o u g h  t h e  h o t  w o r k i n g  t e m p e r a t u r e s  d i f f e r ,  t h e  m e t h o d s  u s e d  a r e  t h e  s a m e .  
T h i s  a l s o  a p p l i e s  t o  c o l d  w o r k i n g  w h e r e ,  h o w e v e r ,  d r a w i n g  i s  u s e d  m o r e  t h a n  
f o r  Z i r c a l o y .  C a n n i n g  t u b e s  i n  s t a i n l e s s  s t e e l s  a r e  o f t e n  d e l i v e r e d  i n  t h e  c o l d  
w o r k e d  c o n d i t i o n  ( a r e a  r e d u c t i o n  o f  1 5 - 2 5 % )  t o  g i v e  t h e  t u b e s  a  h i g h e r  i n i t i a l  
y i e l d  p o i n t  t h a n  w h a t  i s  p o s s i b l e  t o  r e a c h  w i t h  t h e  a n n e a l e d  c o n d i t i o n .

Q U A L I T Y  C O N T R O L  

G e n e r a l

T h e  h i g h  q u a l i t y  d e m a n d s  o n  c a n n i n g  t u b e s  a r e  r e f l e c t e d  i n  t h e  s p e c i f i e d  l i m i t s  
f o r  d i m e n s i o n a l  t o l e r a n c e s  a n d  d e f e c t s .  T o l e r a n c e s  a r e  s p e c i f i e d  e i t h e r  f o r  I D  
a n d  O D  w i t h  a  m i n i m u m  w a l l  t h i c k n e s s  o r  f o r  I D  a n d  w a l l  t h i c k n e s s .

N o r m a l  t o l e r a n c e s  a r e :  f o r  I D  t  0 . 0 4  m m
f o r  O D  f  0 .  05  m m
f o r  w a l l  t h i c k n e s s  t  10%

T h e  d e m a n d s  o n  f r e e d o m  f r o m  s u r f a c e  d e f e c t s ,  c r a c k s ,  e t c .  a r e  v e r y  s t r i n g e n t .  
T h e  r e j e c t i o n  l e v e l  i s  o f t e n  v e r y  c l o s e  t o  w h a t  i s  p o s s i b l e  t o  d e t e c t  w i t h  r e l i a ­
b i l i t y  w i t h  t h e  m o s t  a d v a n c e d  t e s t i n g  m e t h o d s  a n d  e q u i p m e n t .

I t  i s  n o t  p o s s i b l e  t o  m a k e  a  h i g h - q u a l i t y  p r o d u c t  o n l y  b y  v e r y  a c c u r a t e  f i n a l  
i n s p e c t i o n .  T h e  q u a l i t y  o f  t h e  f i n i s h e d  p r o d u c t  i s  a  f u n c t i o n  o f  t h e  p r o c e s s e s  b y  
w h i c h  i t  i s  p r o d u c e d .  I n  o t h e r  w o r d s ,  p r o p e r  p r o c e s s i n g  m e t h o d s  a n d  a n  e x t e n ­
s i v e  i n - p r o c e s s  c o n t r o l  a r e  n e c e s s a r y  m e a n s  t o  e s t a b l i s h  g o o d  q u a l i t y .

I n - p r o c e s s  c o n t r o l

B e s i d e s  t h e  c h e m i c a l  c o m p o s i t i o n ,  w h i c h  i s  c o n t r o l l e d  o n  s a m p l e s  f r o m  t h e  
t o p ,  m i d d l e  a n d  b o t t o m  o f  e v e r y  v a c u u m  m e l t e d  i n g o t ,  t h e r e  a r e  m a n y  f a c t o r s  
t o  c o n t r o l .  I n  t h e  f o r g e d  b a r  s t a g e ,  a n  u l t r a s o n i c  e x a m i n a t i o n  i s  n o r m a l l y  p e r ­
f o r m e d  t o  e n s u r e  t h a t  t h e  m a t e r i a l  i s  f r e e  f r o m  i n t e r n a l  d e f e c t s .  F u r t h e r m o r e ,  
in  t h e  p r e p a r a t i o n  o f  e x t r u s i o n  b i l l e t s  t h e  c e n t r e  p a r t  o f  t h e  b a r  i s  r e m o v e d  b y  
d r i l l i n g .  I n  t h e  p r o d u c t i o n  s e q u e n c e  f o r  c a n n i n g  t u b e s ,  i n t e r m e d i a t e  i n s p e c ­
t i o n s  w i t h  c o n t r o l  o f  d i m e n s i o n s ,  s u r f a c e s ,  e t c .  a r e  f r e q u e n t  o p e r a t i o n s .  H o w ­
e v e r ,  t h e  p r o c e s s  c o n t r o l  s h a l l  n o t  o n l y  i n s p e c t  t h e  t u b e s  a f t e r  o p e r a t i o n s  l i k e  
e x t r u s i o n ,  c o l d  r o l l i n g ,  a n n e a l i n g ,  e t c .  I t  i s  p r e f e r a b l e  lo  m a k e  s p o t  c h e c k s  in  
t h e  c o u r s e  o f  t h e  o p e r a t i o n s  s o  t h a t  p o s s i b l e  d i s c r e p a n c i e s  a r e  f o u n d  a n d  
a d j u s t e d  a t  a n  e a r l y  s t a g e .

4



F i n a l  i n s p e c t i o n

H e f o r e  b e i n g  s h i p p e d  t o  t h e  c u s t o r r v e r ,  t h e  c a n n i n g  t u b e s  p a s s  a n  e x t e n s i v e  f i n a l  
i n s p e c t i o n  w h e r e  t o l e r a n c e s ,  f r e e d o m  I ' ro n i  d e f e c t s ,  s p e c i f i e d  p r o p e r t i e s  e t c ’, 
. i r e  c h e c k e d  ( F i g .  1 0 ) .  D e f e c t i v e  t u b e s  a r e  s o r t e d  o u t  a n d ,  i f  p o s s i b l e ,  r e c o n ­
d i t i o n e d  a nd r e c h e c k e d .  I f  t h a t  i s  n o t  p o s s i b l e ,  t h e y  a r c  s c r a p p e d .

T h e  t o l e r a n c e s  o n  t h e  i n n e r  a n d  o u t e r  d i a m e t e r  a r e  r e l a t i v e l y  c l o s e  a n d  i t  i s  
n e c e s s a r y  t o  c o n t r o l  t h e  d i a m e t e r s  a l o n g  t h e  e n t i r e  l e n g t h  o f  e v e r y  t u b e .

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

F o r  t h e  d e t e c t i o n  o f  m a t e r i a l  d e f e c t s  a 1 0 0 %  u l t r a s o n i c  t e s t i n g  i s  s p e c i f i e d  b y  
a l l  c u s t o m e r s .  T h e  c a l i b r a t i o n  o f  s e n s i t i v i t y  a n d  r e j e c t i o n  l e v e l  i s  d o n e  a g a i n s t  
i n -  a n d  o u t s i d e  s t a n d a r d  d e f e c t s  f o r  w h i c h  f o r m ,  l e n g t h  a n d  d e p t h  a r e  p r e ­
s c r i b e d  b y  t h e  c u s t o m e r .

N o r m a l l y  t h e  r e j e c t i o n  l e v e l  i s  s e t  e q u a l  t o  t h e  a m p l i t u d e  o f  t h e  s i g n a l  f r o m  t h e  
s t a n d a r d  d e f e c t  (1 0 0 % )  b u t  75  a n d  50%  o f  t h i s  a m p l i t u d e  a r e  s o m e t i m e s  s p e c i ­
f i e d  a s  t h e  r e j e c t i o n  l e v e l .  S i m u l t a n e o u s  t e s t i n g  f o r  l o n g i t u d i n a l  a n d  t r a n s v e r s e  
d e f e c t s  i s  a l w a y s  r e q u e s t e d .  The* s t a n d a r d  d e f e c t s  c a n  b e  d o w n  t o  1 m m  in  
l e n g t h  a n d  t h e  d e p t h  i s  n o r m a l l y  10% o f  t h e  t u b e  w a l l .  T h e y  a r e  m a d e  e i t h e r  by 
m a c h i n i n g  w i t h  a  s p e c i a l  t o o l  i n  a  l a t h e ,  o r  b y  t h e  e l e c t r i c a l  d i s c h a r g e  m e t h o d .  
T h e  f a c t  t h a t  t h e  s t a n d a r d  d e f e c t s  a r e  s o  s m a l l  m a y  l e a d  t o  d i s t u r b a n c e s  f r o m  
a  t u b e  n o t  p e r f e c t l y  c l e a n e d  o r  f r o m  a n  u n e v e n  g r a i n  s i z e  i n  t h e  m a t e r i a l .  T h e  
l a t t e r  c a s e  i s  s o m e t h i n g  w h i c h  e s p e c i a l l y  m u s t  b e  t a k e n  i n t o  a c c o u n t  w h e n  
s t a i n l e s s  s t e e l  t u b e s  a r e  t e s t e d .  T h e  t e s t i n g  i s  m a d e  i n  f o u r  d i r e c t i o n s ,  w i t h  
t w o  t r a n s d u c e r s  e a c h  f o r  l o n g i t u d i n a l  a n d  t r a n s v e r s e  d e f e c t s  ( F i g .  1 1 ) .

T h e  t u b e  s u r f a c e  i s  s c a n n e d  a l o n g  a  h e l i c a l  l i n e  w i t h  a  p i t c h  d e t e r m i n e d  b y  a  
d e m a n d  f o r  a  c e r t a i n  d e g r e e  o f  o v e r l a p p i n g .  T h e  s i g n a l s  f r o m  d e f e c t s  a r e  r e ­
c o r d e d .  T o  c h e c k  t h e  c a l i b r a t i o n ,  a  t u b e  c o n t a i n i n g  t h e  s t a n d a r d  d e f e c t s  i s  r u n  
t h r o u g h  t h e  t e s t  u n i t  a t  c o n s t a n t  i n t e r v a l s ,  e . g .  o n c e  e v e r y  h a l f - h o u r .

T h e  w a l l  t h i c k n e s s  o f  t h e  t u b e s  i s  n o r m a l l y  c h e c k e d  s i m u l t a n e o u s l y  w i t h  t h e  
d e f e c t  c o n t r o l  s i n c e  i t  i s  p e r f o r m e d  b y  m e a n s  o f  a n  u l t r a s o n i c  r e s o n a n c e  
m e t h o d .  C a l i b r a t i o n  o f  t h i s  e q u i p m e n t  i s  d o n e  b y  m e a n s  o f  m i n i m u m  a n d  m a x i ­
m u m  w a l l  t h i c k n e s s  s a m p l e s  a c c o r d i n g  t o  t h e  s p e c i f i e d  t o l e r a n c e  l i m i t s .

T h e  n o r m a l l y  r e q u i r e d  d e s t r u c t i v e  t e s t s  a r e  a l s o  l i s t e d  i n  F i g .  1 0 .  C h e c k  
a n a l y s e s  f o r  o x y g e n ,  h y d r o g e n  a n d  n i t r o g e n  a r e  r e q u e s t e d  t o  e s t a b l i s h  t h a t  n o  
h a r m f u l  c o n t a m i n a t i o n  h a s  o c c u r r e d  d u r i n g  t h e  m a n u f a c t u r e .  T e n s i l e  t e s t i n g  i s  
p e r f o r m e d  b o t h  a t  r o o m  t e m p e r a t u r e  a n d  a t  e l e v a t e d  t e m p e r a t u r e ,  n o r m a l l y  
t h e  o p e r a t i o n  o r  d e s i g n  t e m p e r a t u r e .  T h e  b u r s t  t e s t i n g  f o r  c i r c u m f e r e n t i a l  
e l o n g a t i o n  h a s  a l r e a d y  b e e n  d e a l t  w i t h  i n  c o n n e c t i o n  w i t h  t h e  m e c h a n i c a l  p r o p e r ­
t i e s .  A  s t a n d a r d  a u t o c l a v e  t e s t  i s  a l w a y s  p e r f o r m e d .  I t  t a k e s  p l a c e  i n  s t e a m  a t  
4 0 0  C  f o r  3 d a y s ,  a n d  a f t e r w a r d s  t h e  w e i g h t  g a i n  o f  t h e  s a m p l e s  i s  m e a s u r e d .

T h e  h y d r i d e  o r i e n t a t i o n  i s  n o r m a l l y  d e t e r m i n e d  a f t e r  l o a d i n g  t h e  s a m p l e s  w i t h  
h y d r o g e n  t o  a  c o n t e n t  o f  1 0 0 - 2 0 0  p p m .  H y d r i d e  o r i e n t a t i o n  i s  u s u a l l y  s p e c i f i e d  
b y  t h e  F n - n u m b e r ,  d e f i n e d  a s  t h e  r a t i o  b e t w e e n  t h e  n u m b e r  o f  r a d i a l  h y d r i d e s  
a n d  t h e  t o t a l  n u m b e r  o f  h y d r i d e s  o b s e r v e d  i n  a  t r a n s v e r s e  s e c t i o n  o f  t h e  t u b e .
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T h e  r e s u l t s  o f  a l l  t e s t s  a r e  c o m p i l e d  i n  a  c e r t i f i c a t e  f o r  e v e r y  l o t  o f  t u b e s .  T h i s  
c e r t i f i c a t e  i s  s e n t  w i t h  t h e  m a t e r i a l  t o  t h e  c u s t o m e r .

F I N A L  R E M A R K S

A  c o n s i d e r a b l e  p a r t  o f  t h e  c o s t s  f o r  t h e  f i n i s h e d  t u b e s  l i e s  i n  i n s p e c t i o n  a n d  
c o n t r o l .  T h i s  i s  a  n a t u r a l  c o n s e q u e n c e  of t h e  v e r y  h i g h  d e m a n d s  o n  t h e  m a t e ­
r i a l  w h i c h  n e c e s s i t a t e  t h e  u s e  o f  t e c h n i c a l l y  v e r y  a d v a n c e d  m e t h o d s  f o r  t e s t i n g  
a n d  i n s p e c t i o n  a s  w e l l  a s  f o r  p r o d u c t i o n .

O f  c o u r s e ,  t h e r e  i s  a  m u t u a l  i n t e r e s t  f r o m  t h e  s u p p l i e r  a n d  t h e  u s e r  t o  k e e p  t h e  
t o t a l  c o s t s  o f  t h e  p r o d u c t  d o w n  a s  m u c h  a s  p o s s i b l e .  T h e  b e s t  w a y  t o  a c h i e v e  
t h i s  i s  a n  i n t i m a t e  c o n t a c t  a n d  c o o p e r a t i o n  i n  s u c h  s p e c i f i c a t i o n  q u e s t i o n s  a s  
p r o p e r t i e s  a n d  t o l e r a n c e s  b u t  a l s o  c o n c e r n i n g  m e t h o d s  a n d  t h e  e x t e n t  o f  c o n t r o l .



1. R e q u i r e m e n t »  wi th  r e g a r d  to  th e  m a n u f a c t u r e  of t h e  f u e l  e l e m e n t *

a)  D i m e n s i o n a l  a c c u r a c y  (ID and 0 D)

b) A d e q u a t e  s t r a i g h t n e s s
c)  P r o p e r  c l e a n n e s s

2.  R e q u i r e m e n t s  wi th  r e g a r d  to  th e  a p p l i c a t i o n

a)  L ow  c r o s s  s e c t i o n  f o r  t h e r m a l  n e u t r o n s

A n a l y s i s  - l ow i m p u r i t y  l e v e l  

T h i n  wa l l

b) A d e q u a t e  s t r e n g t h  and d u c t i l i t y ,  d e t e r m i n e d  by

O x y g e n  c o n t e n t
T e n s i l e  s t r e n g t h  and  d u c t i l i t y

T r a n s v e r s e  d u c t i l i t y

H y d r i d e  o r i e n t a t i o n

F r e e d o m  f r o m  d e f e c t s
D i m e n s i o n a l  a c c u r a c y  ( e x c e n t r i c i t y )

c)  Good  c o r r o s i o n  r e s i s t a n c e  to  t h e  c o o l a n t

Low i m p u r i t y  l e v e l s  

F a v o u r a b l e  m i c r o s t r u c t u r e  

A d e q u a t e  s u r f a c e  f i n i s h

P r o p e r  c l e a n n e s s  ( e . g .  f r e e d o m  f r o m  f l u o r i d e s )

F i g .  1
R e q u i r e m e n t s  o n  c a n n i n g  L u b e s

St«£« of production Operation» A pprox. s ise , mm

F i g .  2
P r o d u c t i o n  s e q u e n c e  f o r  Z i r c a l o y  c a n n i n g  t u b e s



T R A N S F O R M A T I O N  T E M P E R A T U R E S  a  ------0

Z i r c o n i u m  8 6 2 ° C

Z i r c a l o y -  2 H e a t in g  8 2 5 - 9 8 5 ° C

C o o l in g  9 4 5 -  7 8 0 °  C

A P P R O X .  C O M P O S I T I O N  O F  S E C O N D A R Y  P H A S E  IN  

Z I R C A L O Y - 2

F e  N i  C r  S n  Z r

7 7 1 1. 5 8 3 .  5 W e ig h t -  %

F i g .  3

F i g .  4
M i c r o s t r u c t u r e  o f  e x t r u d e d  Z i r c a l o y  t u b e , t r a n s v e r s e  s e c t i o n ,  x  8 0 0



Texture after reduction 

diameter (low Q)

V a r i a t i o n  i n  t e x t u r e

'o ~  D ,

d i f f e r e n t  Q - v a l u e s

Reduction of diameter Reduction of diameter Reduction of wall 
and wad thickness thickness

F i g .  6

V a r i a t i o n  i n  h y d r i d e  o r i e n t a t i o n  w i t h  d i f f e r e n t  Q - v a l u e s



Annealing temperature, °C

F i g .  7
M e c h a n i c a l  p r o p e r t i e s  o f  Z i r c a l o y  a s  a  f u n c t i o n  o f  a n n e a l i n g  t e m p e r a t u r e  
a n d  a r e a  r e d u c t i o n

Elongation in 2", %

Annealing temperature, °C

F i g .  H .
M e c h a n i c a l  p r o p e r t i e s  o f  Z i r c a l o y  a s  a f u n c t i o n  o f  a n n e a l i n g  t e m p e r a t u r e  
a n d  a r e a  r e d u c t i o n
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P r i n c i p l e  a r r a n g e m e n t  f o r  u l t r a s o n i c  i n s p e c t i o n  a n d  w a l l  t h i c k n e s s  l e s t  

o f  c l a d d i n g  t u b e s



Krister Kàllitrôm

Texture and anisotropy of zirconium 
in relation to plastic deformation

AbMmot, I’oisihlc mode» of plnMli iloCorntnlion o f tuhulur materials 
are analyzed noneriUly. liased on «yin me try consldumtions upplled 
to  known textures o f  zirconium  wire and »trip, textures of 
/.Irconlum In lien ure predicted us resulting from a wide range of 
deform ation modes. Till» is n u d e  possible by focusing on tlio main 
feature o f leu lure, I.e., the  orientation distribution o f buna I pole*. A 
relation between texture and the mechanical unisotropy of 
zirconium 1« developed, und rules are suggested for softening and 
hardening ow ned  by texture change. Experim entally, Zircaloy tubes 
were deform ed by vurious techniques. The resulting textures were 
determined by X-ruy diffraction and the mochanical anisotropy by 
Knoop-hardncss monsurcmciit. Ii#ch determ ination is condensed 
Into two representative figures, one describing the  typo o f texture or 
anisotropy and the o ther describing the sharpness o f texture or the 
degree o f deviation from isotropy.

The experim ents verify the predicted relation between type of 
tex ture and m echanical anisotropy, and also indicate how degrco of 
anisotropy depends on sharpness o f  texture. Change) In texture ire  
investigated in relation to  plastic deform ation, and further refined 
rules are derived for the direction and rate o f  theso changes. Tho 
initially predicted textures are concluded to be stable, i.e., they are 
reached only after a certain degree o f deform ation. Zircaloy tubes 
o f three different tex tures wore subjected to  tensile testing, 
closed-end burst testing and open-end burst testing. The observed 
texture-softening phenom enon corroborates the rules suggested and 
is considered to comm only occur, as opposed to texture hardening, 
which requires special com binations o f  tex ture  and testing m ethod.

The hexagonal close-packed (hep) metal zirconium has a 
crystal lattice with a unique direction, the basal plane 
normal or basal pole [0001], implying a pronounced 
anisotropy. This results in plastic deformation that occurs 
either by slip or twinning. The slip systems are of the type 
II0101 < l i l0) with all slip directions perpendicular to the 

[0001], Thus tension or compression along [0001] can not 
be accommodated by slip. Instead, twinning occurs and this 
requires a higher resolved shear stress than slip, making 
[0001] a strong direction of the crystal. The anisotropy of 
zirconium single crystals is present in the polycrystalline

Résumé. Les différents modes de déform ation plastique possibles 
dans lus tubes on t été anulysés d 'une fuçon générale. l u *e busiint 
sur des considérations de sym étrie appliquées aux textures connues 
pour le zirconium en fil e t en bandes, la texture des tubes de 
/.iiconium résultant de divers modes de déform ation a été prédite. 
Ceci est possible si l'on tient surtoul com pte des principes de lu 
texture, c 'est à dire, la distribution des orientations des pftles de 
buse. Une relation entre la tex ture e t l'anisotropie du zirconium est 
développée, e t des règles sont suggérées pour l'adoucissem ent et lu 
consolidation dûs il un changement de texture. Dans les expériences, 
tes tubes de zirconium on t été déform és par plusieurs modes. Les 
textures résultantes on t été  déterm inées par la diffraction des 
ruyons-X. et l'anisotropie par des mesures de dureté Knoop. 
Chacune de ccs déterm inations est représentée dans deux figures, 
l’une décrivant le genre de texture ou anlsotropie, l’autre décrivant 
la nette té  de la tex ture  ou l’écart du caractère isotrope. Les 
expériences vérifient la relation prévue entre la tex ture et l’aniso- 
tropie. Les changements de texture sont examinés en fonction de la 
déform ation plastique, e t d’autres règles plus rigoureuses sont 
dérivées pour la direction et la vitesse de ces changements. On 
conclut que les textures prévues initialem ent sont stables, c 'est à 
dire qu ’elles on t lieu après une certaine déform ation. Des tubes de 
Zircalloy de trois tex tures différentes on t été soumis à des essais de 
traction, des essais d’éclatem ent à extrém ités ouvertes ou fermées.

Le phénomène d 'adoucissem ent observé, causé par la texture, 
est en accord avec les règles suggérées e t est généralement présent, ce 
qui n 'est pas le cas du durcissement causé par la texture, 
durcissement nécessitant des combinaisons spéciales de tex ture  e t de 
m éthodes d’essai.

metal, which normally is heavily textured and has 
anisotropic properties. This is of special importance to the 
mechanical properties of Zircaloy tubes in their use as fuel 
sheathing in nuclear reactors (Table I). In Zircaloy the hep 
alpha phase is dominant, giving Zircaloy the same 
characteristics as regards texture and anisotropy al pure 
zirconium. In the following, the word zirconium should be

Table I. Alloying elem ents in Zircaloy-2 and Zircaloy-4, weight per 
cent

Sn Fe Cr Ni O

Zircaloy-2 1.5 0.13 0.10 0.05 0.12 
Krister KKllstrOm Is with The Sandvik Steel Works, Sandviken, Zircaloy-4 1 5 0 20 0.10 -  0.12 
Sweden, _______  _________ !__________ ‘_____________________ !__

C A N A D IA N  M E T A L L U R G I C A L  Q U A R T E R L Y  Voluma 11 Number 1 (1972) 185



Interpreted hn including Zlrciiloy an well us other dilute 
ulloyN where the alplm phnsc is dominant.

Zirconium textures in wire and strip have been recorded 
and reported (1,2) and also thoroughly reviewed (3). A 
number of investigations (4-9) have illustrated the effect of 
the basal pole orientation on such mechanical properties as 
yield strength, strain ratio and ductility in tensile and burst 
testing. An excellent study of how the texture of tubes is 
related to tho preceding deformation and heat treatment 
has been reported by ('beadle, et al. ( 10), who concluded 
that the basal poles have a tendency to align themselves 
parallel to the direction of maximum compressive strain. 
Hobson ( I I )  and Tenckhoff and Rittenhouse (12) found 
the texture of Zlrcaloy tubes to be a function of the 
@-value of (he deformation, i.e., the ratio between the 
reduction of wall thickness and the reduction of diameter. 
However, these studies do not answer the important 
question of what degree of deformation is required to bring 
about a change in texture. Also, tho use of (¿-values has 
restricted the range of deformation to reduction in both 
wall and diameter. It was felt that much would be gained 
by a more general approach, where the main features of 
texture and anisotropy are related to both the mode and 
degree of deformation.

The main features of texture arc very important and 
these should be mapped before the details are worth 
considering. It is usually only the texture that influences 
the measurable anisotropy of the material. The main 
features may be regarded as a first-order effect and are a 
direct consequence of the basal pole orientation, whereas 
the rotation of crystals around the basal pole contributes to 
effects of higher order.

For texture and anisotropy studies, material in tubular 
form allows one more degree of freedom than wire drawing 
or strip rolling in selecting the mode of deformation, 
because arbitrary changes in both diameter and wall 
thickness are possible. In this work, the principal strain and 
stress directions during deformation are parallel to the 
principal directions of the tube, i.e., the radial, the 
tangential and the axial direction, denoted r, 0 , z. Being 
parallel makes all anisotropic properties, including the 
texture, symmetric with respect to the three principal 
directions of the tube.

Texture of zirconium. The textures from wire drawing, 
compression of cylinders and strip rolling are characterized 
in a simple way in Table It, both after deformation and 
after subsequent recrystallization (1-3). Pole figures provide 
a detailed description of textures and since only the basal 
pole orientation is of interest here, only basal pole figures 
are relevant. In Figure 1 typical basal pole figures are given 
for drawing, compression and rolling where the drawing 
axis is 3, the compression axis 1, the rolling plane normal 1 
and the rolling direction 3. The rolling deformation process 
gives elongation and thinning usually with constant width.

Tali!» II. iB dtum i in zirconium

Uulorimition texture 
Recrystallization texture

Drawinx
Texture

(tuFo)
<1 1 2 0 )

Compression
Texture

[U00IJ
[0001]

Knlling
Texture

(0001 )<1()K)> 
(0001)< 1120)

This might be regarded as the sum of a longitudinal drawing 
and a compression in the normal direction, so that the 
narrowing from the drawing is compensated by the 
broadening from the compression. Therefore, the rolling 
texture is, at least approximately, the sum or the average of 
a drawing texture and a perpendicular compression texture.

DRAWING
TEXTURE

COMPRESSION
TEXTURE

ROLLING
TEXTURE

Figure 1. Typlcil baial pole figures of drawing texture, com preiiion 
toxtuni and rolling tax tu rt.

During recrystallization the crystals rotate 30° around 
[0001], which means the basal pole texture is essentially 
unaffected (3). Thus, the basal pole figures in Figure 1 are 
valid for recrystallization textures as well as deformation 
textures and the following discussion of texture and 
anisotropy is independent of whether recrystallization has 
occurred or not. The duplex appearance of the rolling 
texture in Figure 1 is characteristic for highly reduced 
zirconium strip. However, in the following discussion only 
the main features of the texture will be considered, as 
shown in Figure 2.

DRAWING
TEXTURE

COMPRESSION
TEXTURE

ROLLING
TEXTURE

Figure 2. Basal pole figures of less pronounced or m ore approxim ate 
textures.

Symmetry considerations
Plastic deformation characterization. The principal strain 
directions are parallel to the principal tube directions only 
if an entire tube is considered before and after deformation, 
and there has been no torsion. During deformation the tube
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In-conical, suggesting «hour »trait» and tons of parallelism, 
hut those HtrultiN nro rolntIvoly small and disappear when the 
lube ruituinuN Its cylindrical shape. It In Justified to assume 
that parullcli.siii exists, because the approximation 
introduce no significant errors, und bocause the analyst! is 
simpler. When a rectangular parallelepiped with the 
dimensions »>„, / „ , 1s deformed plastically with the 
principal strain directions parallel to the edges, it will stay a 
rectangular parallelepiped after the deformation but with 
the new dimensions t, w, I. At constant volume

In
w I 

+  In —  +  In — 
Wa In

In — . CM — In 
h

rtu
ird0

«  in— , e.
do ‘

I
In —  

k

where </ Is the mean diameter. Substituting into Equation 1 
gives

e, + ew +  et «  0 3

This means a deformation is defined by only two 
independent variables and a function of two variables can 
be drawn on a plane diagram. To emphasize the equiva­
lence of the principal directions a triaxial plane 120° 
diagram is chosen, and in the following referred to as the 
strain diagram (Figure 3).

Any change in the dimensions of a tube is represented 
by a vector in the strain diagram. The size and angle of the 
strain vector correspond directly to the degree and to the 
mode of deformation. The effective strain ee and the strain 
ratio a  are introduced (13,14)

= \ / ~  (gr + 4  + el )

'o ,vo ‘o 
The edges t, w, I ure the wall thickness, the circumference 
and the length respectively, of a thin-walled tube, and the 
logarithmic strains er, e0, et  give Figure 3. Plana trlaxlll (train diagram with strain 

vector, defined either by It» «train component» or 
by tho effective »train t t  and the »train ratio a.

diagram. Such a curve will be referred to as a strain path. 
According to the theory of plasticity, the above formulae 
should be based on infinitesimal strain elements d€j, the 
effective strain should be an integral and a strain ratio 
should be valued at only one stage during the deformation 
(13,14). However, for practical purposes the given finite 
formulae are justified if used with care. To further illustrate 
the use of the strain ratio a, the deformation of tubes with 
01 = «*30° is described in Table III.

Table III. Type» of deform ation corresponding to the »pacific »train 
ratios a - n '3 0 °

a «  atctan  [ ( e 0 -  er) / ez \ / T ] 6

The strain ratio is expressed as an angle a  clockwise from 
the positive ef -axis to the direction of the strain vector 
(Figure 3). This ratio is defined as an angle to underline the 
equivalence of all «-values from -180° to +180°. The 
generality of the definition of a  is shown by the fact that, 
as the previously mentioned g-value goes from 0 to 1 to 
a goes from -30° to 0° to +30°.

A strain vector can be translated parallel in the strain 
diagram without changing its significance and vectors can 
be summed up to represent a series of deformation steps. 
Also, a deformation can be divided into a series of very 
small vectors, which together define a curve in the strain

Strain Ratio Deform ation of Tubes as Defined by Changes in 
Wall Thickness, Diameter, and Length

a =  0° Elongation with equal wall thinning and diameter 
contraction

0 = 3 0 °  Elongation with constant diam eter

a  -  60° Wall thinning with equal expansion and elongation

a  = 9 0 °  Expansion with constant length

0t~  120° Expansion with equal shortening and wall thinning

0!= 150° Expansion with constant wall thickness

CK=180° Shortening w ith equal wall thickening and ex­
pansion

a  — ~ 150° Shortening w ith constan t diam eter

a  — -1 2 0 °  WaH thickening w ith equal diam eter contraction 
and shortening

a =  - 9 0 °  Diameter contraction  with constant length

a =  - 6 0 °  D iam eter contraction with equal elongation and 
wall thickening

a =  - 3 0 °  Elongation with constant wall thickness

The texture rose. The drawing texture is typical of wire, 
which can only be deformed through elongation with
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rotational .symmetric contraction. The corresponding 
dcformntion of tubes is elongation with equal thinning of 
wall and diameter contraction, which gives the strain ratio 
a  = 0°. The compression texture is a result of shortening a 
cylinder with rotational symmetric expansion. One 
corresponding deformation of tubes is thinning of wall with 
equal diameter expansion and elongation, which gives the 
strain ratio tv--60°. The two rotational symmetric pole 
figures from Figure 2 are accordingly inserted in a strain 
diagram at the direction of strain ratio 0 and 60° (Figure 
4). The rolling texture is obtained from elongation with 
constant width. The corresponding deformation of tubes is 
elongation with constant diameter, which is the strain 
ratio a -  30°. The rolling texture pole figure from Figure 
2 is inserted at the strain ratio 30° in Figure 4.

is reached. To handle unstable textures, the strain diagram 
in the centre of the rose is removed and a new parameter 
introduced. The texture ratio is an angle 17 measured 
clockwise from the rising vertical line through the centre of 
the texture rose, to the position of any recorded texture in 
the rose. For stable textures a  = rj, while for unstable 
textures a  f  tj.

Yield locus and mechanical anisotropy. Yield loci are 
presented as projected on the deviator stress plane, 
containing the deviator stresses o', of,, a ’ (13,14). This 
maintains the triaxial 120° symmetry as for the stress 
diagram, and makes the von Mises yield locus of an 
isotropic material circular. The yield locus in its first-order 
deviation from the circular form should be an ellipse. A 
fibre texture must have a yield locus symmetric to the same 
axis as the texture. In Figure 5(a) a compression texture 
with a radial axis is shown. Radial basal poles make the 
radial direction strong, and the corresponding yield locus 
consequently has its major axis along the t^-axis. In Figure 
5(b) a drawing texture with an axial axis is shown. Here the 
axial direction is weak, because the basal poles are 
perpendicular to this direction and the corresponding yield 
locus has its minor axis along the az'-axis. The eccentricity 
of the ellipse in Figure 5(a) has been made greater than that 
in Figure 5(b) in order to show that basal poles parallel to a 
direction mean a greater anisotropy than basal poles 
oriented perpendicular to a direction. As the rolling texture 
is an average of the drawing and compression textures, the 
rolling-texture yield locus could be assumed to be an 
average of the drawing and compression texture yield loci 
(Figure 5(c)).

Figure 4. The tex ture  rose rotating tha strain ratio 
to  the  resulting stable texture.

Rotational symmetric deformation is equivalent 
whether the symmetry axis is radial, tangential or axial, as 
is reflected by the threefold strain diagram. Thus, it is 
possible to introduce fibre textures at all the axes of the 
strain diagram both in their positive and negative directions, 
by permuting the texture axis of the pole figures (Figure 4). 
The rolling texture at a = 30° is the average of the two 
neighbouring fibre textures; similarly, there must be average 
textures between all the fibre textures in Figure 4. Thus, 
the strain diagram, although complete with twelve pole 
figures, should be regarded as representing a continuous 
ring of textures which are weighted averages of the 
surrounding fibre textures. The strain diagram completed 
with pole figures is referred to as the texture rose and 
expresses a general relationship between the mode of 
deformation of zirconium tubes and the resulting texture.

However, the relation between deformation and texture 
as given by the texture rose is expected to be valid only for 
(table textures, which require either a texture-free starting 
material or such a high degree of deformation that stability

%

Figure 6 . Yield loci corresponding to  compression, drawing and 
rolling textures.

Therefore, it is possible to replace every pole figure in 
the texture rose with a schematic yield locus, by applying a 
simple symmetry consideration (Figure 6). If the direction 
of the major axis of the yield locus is the angle 0, as shown 
in Figure 6 , the following formula relates the strain ratio a 
to the orientation of the yield locus

a =  2(90-0) 6
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Figure 6 . Hulationshlp butwften 11 in itia ln  ratio and 
the resulting still it« nniaolrnpy as displayed by yield 
Ind.

Aguln, this rclalion 1» vulid «nly lor stable textures und 
yield loci. To handle unstable yield loci it is convenient to 
introduce a new purameter, anisotropy ratio v, where 
i j -  2(W-(J) is a function of the type of mechanical 
uniNotropy. Consequently v should be equal to m for all 
tontine», while i’-it? only lor alithle toxturoN, These 
statements arc to he verified In the experiments.

Texture loftening and hardening. Plastic deformation is 
forcod upon the material by the forming process. In 
mechanical lent lug, on the other hand, the material is 
loaded under a given stress ratio. With the requisite of 
parallelism between the principal stress directions and the 
principal tube directions, a state of stress in the deviator 
stress diagram is given by a point, or by a stress vector from 
tho origin to that point. The size of the stress vector is 
proportional to the effective stress oe and its angle 
corresponds to the stress ratio y  (13,14).

Figuro 7. R elationthip between the radius and the normal in a point 
on im ellipse.

an isotropic material the rule is normal, but it is also said to 
be valid for an anisotropic material (13). The pure 
geometric relation between the angle y  of the radius to a 
point on an ellipse and the angle a of the normal to the 
periphery at the aume point is given as a periodic nirvc in 
Figure 7, By chunglng the orlontation 0 of the major axis of 
the ellipse the curve is translated parallel to the a  y -line. 
The periodic curve of Figure 7 can be assumed to show the 
relationship between the stress and strain ratios during 
mechanical testing. The periodicity 180° implies that

Of «  y  w lionn  — (i I « " i n  u

where n stands for*any positive or negative integer. The 
question here is if the strain during testing will bring about 
a change in texture and anisotropy or if the texture is stable 
lor the strain. The relation betwoen tho struiii ratio, the 
stable anisotropy ratio and the orientation of the major axis 
of the yield locus is, as previously stated, a  = v -  2(90 - 0) 
(Equation 6). Replacing a  in Equation 9 gives

a2)2 + (02 - o 3)J + (O j-o ,)2] 7

y -  arelwi Ĵ Oj -  0() \ / T /  (2<73 -  0, -  02)] 8

Like the strain ratio a, the stress ratio y  is expressed as an 
angle measured clockwise from the positive a ’-axis in the 
deviator stress diagram. Strain ratios of specific interest are 
y  m 0e in tensile testing, 7 -  90° in closed-end burst testing 
and y  == 120° in open-end burst testing.

On loading a tube with a given stress ratio until plastic 
deformation occurs, the strain ratio will be a function of 
both the stress ratio and the type of anisotropy. A rule is 
that the strain vector is perpendicular to the yield locus at 
the point where the yield locus is reached by the stress 
vector, if a combined strain-stress diagram is used (14). For

v — y  when 2(90 — /3) = 0 + n*90 

or after transformation

v = y  when v =  n • 60

10

11

Thus the relation between the stable anisotropy ratio and 
the stress ratio must be as shown in Figure 8 which is 
similar to Figure 7, but with the smaller periodicity of 
120°.

If the anisotropy ratio is not stable for deformation 
under a given stress ratio, the texture will change so as to 
bring the anisotropy ratio towards its stable value. In this 
process either a softening or a hardening due to the texture 
change is anticipated, superimposed on the normal strain 
hardening. Texture softening is foreseen when the angle 
between the stress vector and the minor axis of the yield 
locus is greater at start, than when stable anisotropy is 
reached. Texture hardening, on the other hand, is foreseen 
when the angle between the stress vector and the major axis 
of the yield locus is greater at start, than when stable
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TUI)lit IV. Deformation nxporimonts with Ziicaloy h iImis

Di'Idi-
miilion 1
Tvcli-
niijnc

III IV VI

Kiinp.o ol' Q n
SI rn ¡11 20-27 I 15-1.17 120-145 145- I 3')° 84- 5 ( " .1 5 -  .1 T 
Kill in

Spi-ciim'n 
Series No. 10-15 20-22 30-32 

40-44 
50-55

60-68 70-72 80-85

am M M  n A im  n

Figure 6 . Periodic relationship betw een the stress 
ratio Bin) ihi* stnlilo anisotropy ratio. Principle of 
construction ol nolmnlrm and hm(liming regions.

a n iso tropy  is r ea d ied .  T o  illuslriilc this, parallel dashed  
l ines w ith  the s lope  2 arc drawn in Figure 8, indicating  
those  a n iso tropy  ratios fo r  w h ich  the m ajor  and the  m inor  
a xes  o f  the y ie ld  locu s  are parallel to  the stress vector,  
l ixam p les  lor  7 .10° and ‘>0° are given in Figure 8, where  
the range lor  hardening / /  is def ined  by the tw o  equal  
distances marked a, and where  the range for so f ten in g  S  is 
defined  by the tw o  equal distances m arked b. In this way it 
is possible  to  divide the entire an iso tropy  ratio - stress ratio 
diagram in to  regions a lternately  giving tex tu re  so ften ing  .V 
and texture  hardening  H  (F igure  9).  The region boundary  
curves are a p p ro x im a te ly  straight l ines with a s lope o f  - 5.

sm ns BAtio y m

Figure 9 . Anisotropy ratio-straw ratio diagram 
divided Into regions for tex ture  softening S and 
hardening H.

Experimental
Datamation experiment« and mechanical testing. Tubes of 
Zlrcaloy-2 were deformed by six widely different methods, 
referred to as numbers I to VI and the ranges of strain

ratios obtained are summarized in Table IV. In each 
experiment, specimens were taken from the starting 
material and at several stages during the deformation. The 
specimens were numbered in sequence as shown in Table 
IV. The starting material was normally recrystallized, but in 
one case, specimen 40, it was stress-relieved. Strain paths on 
the strain diagram show the results of the .deformation 
experiments in more detail. To simplify, the triaxial strain 
diagram has been modified by introducing logarithmic 
scales for wall thickness and mean diameter on the cr- and 
i;0-axes, respectively (sec Figures 10 and 11), where the 
strain paths arc obtained directly by plotting wall thickness 
vetsus mean diameter.

Tubes of Zircaloy-4 were selected for mechanical 
testing. The tubes were of three widely different textures 
obtained by the deformation techniques 1, III and VI. In 
this case the final dimension of the tubes were the same, 
outer diameter 10.7 mm and wall thickness 0.7 mm. The 
tubes I, 111 and VI were subjected to tensile testing, 
closed-end burst testing, and open-end burst testing. The 
tensile tests were made on a conventional electronic- 
mechanical machine, at a strain rate of 0.02 per minute. 
For burst testing, the specimens were connected to a 
high-pressure oil supply capable of giving a steady rate of 
volume increase inside the specimens, corresponding to a 
strain rate of 0.02 per minute. The pressure was recorded 
with an electronic pressure gauge. During testing, the length 
and diameter of the specimens were continuously recorded. 
For the diameter measurement, a special extensometer was 
constructed based on three differential-transformer strain 
gauges separated by 120°, but in perpendicular contact 
with the outside of the tube specimen. The strain 
recordings had to be interrupted when necking or local 
bulging started. To follow the strain to fracture, a square 
photogrid was applied to the specimens. Measuring the 
squares before and after testing defined the effective strain 
and the strain ratio at each point of the specimen after 
failure. The uniform strain in the non-bulged part of the 
broken specimens was in acceptable agreement with the 
extensometer recordings.

Texture characterization. The textures of the tube 
specimens were determined by X-ray diffraction, using the
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Figure 1*. Double-logarithmic «train diagram with (train paths 
obtained with deform ation technique* I, II and III.

inverse pole figure technique. X-ray diffraction specimens 
were prepared with chemically polished surfaces 
perpendicular t« the radial, tangential, and axial directions, 
composite specimens being necessary for the latter two. 
The recordings were made with CoKq radiation in a

Figure 11. Strain paths obtained with deform ation techniques IV,
V and VI.

rotating specimens holder by scanning from 20 3<iu to ')()" 
to cover reflections from ten crystallographic planes (see 
Table Vlll). The texture coefficient Tq for the r/,h 
reflection was calculated with the formula

10 o 
E (1,11,)

/ = l
where Iq and I, are experimentally determined, integrated 
intensities evaluated as the area under the respective peak, 
and whejre / ° and I f  are intensities calculated for a 
texture-free specimen (see Table Vlll (15)). The calculated 
intensities were in acceptable agreement with recordings 
from a randomized specimen of filings. The procedure and 
formula used are in accordance with Harris ( 16).

Texture coefficients of all 30 reflections from each 
triple specimen are normally presented in three 30° sectors 
of a stercographic projection. However, such a large amount 
of data would be difficult to survey here; instead the data 
are condensed into two representative parameters.

The texture of any polycrystalline material is 
completely described by a distribution function M'P, oj, ^), 
where the angles w, 4> define the orientation of a single 
grain (Figure 12). The function implies that w(^, 
sin ¡p1 difi du> d\p is the volume fraction of grains with 
crystal orientation within a small angular range (dip, du), 
d\fr) around the orientation ). A function of this
type may be expanded into a scries of generalized spherical 
harmonics

« / /
VW^OJ, 0 )  =  2  2  2  Wlm nZ ,mn  (cos 

1 =  0 m = ~  1 n =  -  1

13

Here Wlmn are the coefficients of the terms in the series, 
and Z,mn (cos ^) are generalized Legendre functions. The 
significance and formalism for the use of spherical 
harmonics in describing texture have been developed by 
Roe (17), from whom some of the present notations are 
borrowed, and have recently been thoroughly developed by 
Bunge (18).

Reflexion symmetry of texture with respect to the 
three principal tube planes is, as previously stated, a 
consequence of the parallelism between principal strain 
directions and the principal tube directions. Also, inverse 
pole figures from the three principal directions only must 
be interpreted assuming such a reflexion symmetry. With 
the inherent symmetry of the hep crystal, the number of 
Wlmn that are independent and non-zero are reduced to the 
Intn combinations, 000,200,220,400,420,440, etc.

The coefficients W,mn for the first few terms in the 
series are of interest because they describe the main feature 
of the texture, with Wooo corresponding to the average 
distribution. Since the summation of all volume fractions 
must be 1, the W^oo has a constant value for both textured
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Figure 12. The orientation o! a crystal in 
relation to  the principal directions of a tube.

Fiyure 13. Graphical representation of tex 
tures in a Cartesian and a polar coordinate 
system. Equilateral triangle outlined  by 
extreme textures.

and non-tcxtured materials. The coefficients H^oo an^
jo express the main feature of the deviation from 

randomness or isotropy. The coefficients of higher order 
describe the deviation from isotropy in more detail. 
Lvidcncc that only the basal pole orientation is included in 
the first order is that ti is zero in Wjoo ar>d ^ 220* > e-> *l,e 
rotation around |()001 | as expressed by the angle \p is 
unimportant.

The coefficients W,m„ can be expressed explicitly as 
integrals of the distribution function w. After disregarding 
some normalizing constants and eliminating the angle ÿ, 
the modified h 'i ,H) and M/J'20 are

W.200

n fr
= /  /  H > ( | (3 cos2 
0 0

\l*~ t ) sin i>d u> 14

It' 1 =  f  f  w ( \l/, u>) sin3 \p cos 2 u)d d W 
220 0 0 15

positionjof a plotted texture can be defined by a texture 
vector W (Figure 13). The angle of this vector is identified 
as the texture ratio ri and the magnitude is called the 
texture sharpness W.

17 =  arctan ( -  W ' / WJ )1 220 200

W - V 1w  2 + w  1 200  220

16

17

Table V. The coefficients tVjoo and W 20» <or some special basal 
pole distribution»

These formulae can not be used for the experimental 
determination of Wj0o a,1d ^220 because u>) is not 
known. However, the formulae are useful in illustrating the 
significance of W200 and KVj0. Table V considers some 
spccial cases of basal pole distribution, from wliich w (*p,to) 
may be estimated.

For graphical representation of textures a Cartesian 
coordinate system of W\ ()0 and W j10 is chosen with the 
axes oriented as in Figure 13. Plotting the six extreme 
textures, these form an equilateral triangle (Figure 13). The 
three more moderate textures are plotted as schematic pole 
figures in relation to the equilateral triangle in Figure 14. 
They fall 011 the vertical line through the centre of the 
triangle. The centre is marked with a pole figure indicating 
random texture. For reasons of symmetry the triangle is 
completed with another six moderate fibre textures, which 
makes Figure 14 very similar to the texture rose. Like the 
texture rose, it not only contains information on the type 
of texture, but also on the sharpness of texture. The

s¥==----- s------- -------------- ~ ■—=
Hasal Pole Orientation W io o  1̂ 2 2 0

All basal poles exactly parallel radial direction -  1
to the tangential direction -  1 - n/3

axial direction 2 0

All basal poles evenly dis­ radial direction 1/2 -V 5 / 2
tributed blit cxactly per­ tangential direction 1/2 V S / 2
pendicular to the axial direction -  1 0

All basal poles evenly dis­ 60°<v£>< 120° -  0.75 0
tributed w ithin limits 0 < ^ < 6 0 ° ,
defined by the angle 1fi 120° < (¿> < 180° 0.75 0
from the axial direction 0 < ^ < 3 0 ° ,

150° <<¿><180° 1.37 0

Disregarding some proportional constants but keeping 
the factor \/3" in the foregoing expression for W’2 00 and 
R'j 20 gives an equilateral triangle, showing the equivalence 
of the three principal directions, when the maximum 
texture sharpness equals two {W -2 ).  This is because 
textures on the middle of the sides of the triangle have the 
basal pole distributed perpendicular to one direction. This 
implies that the distribution has lost one degree of freedom 
and hence the sharpness W should have the value one. 
Textures in the triangle corners have all basal poles parallel 
to one direction, meaning that two degrees of freedom are 
lost and the sharpness W should have the value two.
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Figure 14. Positions of fibre textures in relation to 
the muiilntmn! triungln.

The I'ornitilisin lor cviiluulion of IVioo and (Vjao I'rum 
the .10 texture coefficients determined for each triple 
specimen is presented in the appendix. The final result is 
two explicit expressions suitable for routine computing. 
Repeated texture determinations from a series of specimens 
taken from the same tube indicate that the total error from 
specimen preparation, X-ray diffraction and evaulation is 
i  0.04 in IV3t,0 and I t^n-W hen  presented graphically in 
relation to the equilateral triangle, a texture is plotted as a 
circle with the radius 0.04, to indicate the range within 
which the true texture probably falls. The error in the 
texture sharpness is also t  0 04, while the error in the 
texture ratio is smaller the greater the texture sharpness, as 
is shown by the graphical representation.

Machanical aniiotropy characterization. The Wheeler and 
Ireland technique for determination of the Knoop-hardness 
yield locus was used as a rapid method of defining the main 
features of mechanical anisotropy (19). Though the tech­
nique lacks a solid theoretical basis, it has given yield loci in 
good agreement with conventional techniques (20). The 
Knoop hardness is measured with six separate orientations 
of the indenter and the hardness values are plotted in a 
deviator stress diagram for six separate stress ratios. The 
yield locus may be fitted by hand to the six points, but here 
computer fitting of an ellipse was made standard procedure. 
The general equation of an ellipse contains only five 
constants, which motivated a Icast-squares method to 
utilize all six experimental points. The elliptical yield locus 
is characterized by the orientation (3 of the major axis, by 
the eccentricity and by the geometric mean of half the 
major and minor axes. Based on these parameters, the 
anisotropy ratio v is defined as equal to 2(90 - (3), the 
anisotropy ik'grev A as equal to the eccentricity and the 
mean hardness II as equal to the geometric mean.

The Knoop measurements were made with 500 gram 
load on chemically polished surfaces. The maximum error

T E X T U R E  R A T IO  »/ (°)

Figure 15. The relation between anisotropy ratio and texture ratio 
illustrated by (T\-V) as a function of T). The error limits ±11 arc 
indicated by dashed curves.

in the eccentricity, i.e., the degree of anisotropy, is 
estimated to ± 0.04. The error in the anisotropy ratio Av is 
smaller the greater the degree of anisotropy, &v= ± 10, 6 , 
.1, lor A =0.5, 0.6, 0 .7 ,0.K, respectively.

Results and discussion
Texture and mechanical anisotropy. It was predicted from 
considerations of symmetry that the anisotropy ratio v 
equals the texture ratio rj. To check this prediction, (r/ - v) 
is plotted as a function of rj in Figure 15 for all specimens 
from the deformation experiments. Since the strain history 
should not affect this relation, results from a number of 
odd specimens from both tubular and strip material arc 
included. Values less accurate due to low IV anil A are 
plotted as squares, while values with maximum error 
Ar} = ± 5° and A ( ti- v) =  ± 11° are plotted as circles. A 
deviation from the prediction (r? - v) = 0 outside the error 
limits is apparent. There are very good reasons that v = 17 for 
17 i.e., for rotational symmetric textures. However,
a periodic deviation seems reasonable, because of the two 
separate ways of defining and determining the 77 and v. 
1 .east-squares fitting of a sine function yields

v  -  r) +  6 sin 3t? 18

Most plotted values of (17-i>) arc within the error limits 
from this relation. Those few values not within the error 
limits, plotted as circles in Figure 15, must be regarded a* 
representing textures of a more complex type, e.g., origi­
nating from inhomogeneous deformation.

The degree of anisotropy A is smaller in strain-hardened 
material than in recrystallized. This might be interpreted 
that strain hardening counteracts slip deformation more 
than twinning. Among those specimens investigated both 
before and after recrystallization, seven had a texture 
sharpness change less than 0.1. Based on these seven 
specimens the following relation for the hardness sensitivity 
of the degree of anisotropy is derived:

l 9 A  _3
— • —  =  -  (3.5 ± 1.4) • 10 3 19
A  3 H
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All values o f  A determ ined were corrccted  to  A' ,  as 
c o i io sp o m lin g  lo  iho soft-annealed  moan hardness 185 
KIIN. The 001 rooted values o f  A'  are p lo t ted  in f  igure 1(> as 
function  o f  It'. In an isotropic  material W = 0  and A' - 0,  
while  for a single crystal w ith  H' 2 ,  A' can he assumed to  
be a p p rox im ate ly  O '). O ne e quat ion  fulfill ing these b o u n d ­
ary c o n d it io n s  is / l ’ ■-().*>(IV/2 )“ . Using the experim enta l  
data, the ex p o n e n t  a 0 .2  has been determ ined  by  a 
least-squares m e th o d .  T he fo l lo w in g  equation  describes the  
relation b e tw e en  correctcd  an isotropy  ratio and texture  
sharpness:

A 1 -  ().9( W l2 )(>' 2 20

Figure 16. Tho rotation between corrected en lio tropy  degree 
and toxturn »hnrpness.

Strain path and texture change. The textures of specimens 
taken from the dcformution experiments are represented in 
equilateral triangles, truncated to save space (Figure 17). 
Within each scries, the textures are joined by a curve, which 
constitutes the texturc-change path. These paths which 
define the size and direction of the texture change are to be 
correlated with the corresponding strain paths in Figures 10 
and ] I.

For the series 30-32, 40-44, 50-55, 60-68 and 70-72 the 
tcxture-changc path and the strain path are approximately 
parallel. For series 10-15 and 80-85, there is no such 
parallelism, but the texturc-change path is parallel to the 
upper side of the triangle. The reason is that the starting 
textures of specimens 10 and 80 are already so close to the 
upper side that there is no room for texture change parallel 
to the strain path. This is because the sides of the 
equilateral triangle are defined as impossible to cross, and 
because it ought to be difficult to reach the sharper texture, 
by an approach towards the side. The texture change occurs 
instead in the direction of the projection of the strain on 
the triangle side. The series 40-44 and 50-55, which differ 
only in the heat treatment of the starting material, have 
parallel texture-change paths. A general rule for the

Figure 17. Texture-change paths obtained in de ­
form ation experiments.

texture-change path for any starting texture is suggested:
A texture-change path is parallel to its corresponding 
strain path, until one of the triangle sides is approached, 
where the texture-change path deviates to become 
parallel to the projection of the strain path on the 
t riangle side.
A texture is stable if the texture ratio has not chunked 

during the last stage of deformation. However, it is 
unchanged in very few cases and so, when judging the 
stability of a texture, consideration must be given to the 
degree of deformation, in some cases to the length of the 
projection of the strain path and to the texture sharpness. 
The latter must be considered because a certain texture 
change might alter the texture ratio much more at a low 
texture sharpness. Stable textures should have been reached 
by specimens 15, 65-68 and 85. Specimens from some 
other tubes, deformed by technique I with a strain ratio of 
25°-27°, were also considered to have reached a stable 
texture. The relation between these stable texture ratios 17 
and the strain ratio a  is shown in Figure 18, where (77 - a) is 
plotted as a function of a. For most textures (r? - a) = 0, 
and the only texture somewhat different is the one for 
specimen 15. Perhaps the texture of number 15 was not 
truly stable. Together with the very strong symmetry 
reasons that (1? - a) = 0 for a = tr  60, Figure 18 is the proof 
that 7? equals a  for stable textures, verifying the texture 
rose in Figure 4 at least quantitatively.

Replacing r] with a  in Equation 18 gives the relation 
between stable anisotropy ratio and the strain ratio v = 
a + 6 sin 3a. This is a verification of the predicted 
relationship shown in Figure 6 . The sine function is only a 
minor modification, since the yield locus for a  = 30° has its 
major axis angle 0 = 72° instead of 75° as was predicted. All
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yickl loci fur « .'0“ f  «•(>()“ should he modified accord­
ingly, while the symmetric yield loci for a  = «•60° are still 
(rue.

The rule for the texture-change path and the relation 
tj « make il possible lo conslmd u number of texture- 
change paths from a starting texture O to stable textures .S’, 
under the effect of any strain ratio. In a lexture-free 
starling material these paths go straight from the centre of 
the triangle towards the sides with t/ always equal toa .  In a 
tcxturcd starting material some tcxturc-change paths devi­
ate as they approach the triangle sides (Figure 19). For 
some strain ratios the question arises as to whether the 
deviation occurs towards a stable texture or in the direction 
of the projection of llu* stiain path. Specimen 20-'.'1 
Indicates the latter (Figure 17), because the texture is 
changed towards the right corner of the triangle. However, 
proof cannot be extracted from the present data. The 
question is of great importance. If deviation occurs towards 
a stable texture, only the prevailing strain ratio influences 
the resulting texture. If the deviation occurs in the 
direction of the projection, the starting texture may also 
influence the resulting texture. This suggests that the

Figure 19. Constructed texture-change paths from 
starting texture O to  stable textures S under the 
influence of separate strain ratios.

material might retain the memory of its previous strain 
history. An implication of this would be that the lexture 
rose is not valid under all circumstances.

The parameter texture-change rate is introduced to 
express the texture change occurring per unit effective 
strain along the tcxturc-change path, until the texture 
becomes stable with respect to sharpness. If the distance 
between two subsequent textures in the equilateral triangle 
is A IV. i.e., ¡AWI, and if the effective strain causing the 
change is Ace, the texture-change rate is defined by 
AW/AC',. The heavy deformation of scries 10-15 gave a 
small texture cliangc compared to most other series, which 
means the tcxturc-change rate varies. It seems probable that 
the projection of the strain path on the tcxturc-change path 
is one of the factors governing the rate. All else being 
constant, AW/Aee should be proportional to cos(a - A 17), 
where At) is the direction of the straight line between the 
two textures in their graphical representation. Calculated 
values of AlV/iAe^costa - At?)) arc given in Table VI for most 
of the deformation steps. The values range from 0.8 to 2.5, 
except for a high value for step 40-42, and low values for 
steps 14-15 and 84-85. No reason for the high value is 
evident, while the low values arc for texture changes dose 
to s tab il ity .  No o th e r  systematic variation in 
AlV/(Ac(,cos(a - A17)) is apparent and hence the conclusion 
is that this parameter has a constant value, except close to 
textures stable with respect to sharpness. Average and

Table VI. Evaluation of texturo-chmiHfl tali? Iwlwaon spmimcns 
from deform ation experiments

Step
Hclwecn

Deformation T exture Change
AH'

SpOcillK'11
No. Q° A t}° AlV

Ac,, costa

12-13 23 0.42 96 0.10 0.8
13-14 24 0.28 87 0.15 1.2
14-15 27 0.61 87 0.14 0.5

20-21 115 0.28 66 0.46 2.5

3 (V 3 1 144 0.22 101 0.23 1.4
31-32 145 0.13 165 0.20 1.6

40-43 129 0.16 124 0.81 5.1
43-44 120 0.33 150 0.28 1.0

50-53 133 0.15 130 0.24 1.6
53-55 122 0.33 142 0.60 1.9

60-61 -  145 0.12 -  175 0.21 2.0
61-62 -  144 0.11 -  109 0.19 2.1
62-65 -  144 0.25 -  143 0.42 1.7
65-68 -  140 0.20 -  123 0.22 1.2

70-71 - 5 6 0.25 -  92 0.51 2.5
71-72 -  84 0.27 -  70 0.41 1.6

80-83 -  35 0.23 -  73 0.28 1.6
83-84 -  33 0.23 -  104 0.21 2.8
84-85 -  31 0.50 -  69 0.16 0.4
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standard deviation of the values between O.K and 2 .X arc 
1.7 1 l).<>. I Inis, the texture-change rate is given by

Alt'/Ac „ -  1.7 cos (a -  Ail) 21
1r•<>

This formula certainly has a low accuracy, sinee experi- \  
menial errors have been accumulated, but it still is of a 
importance in prescribing production routes to reach £ 
specific textures. g

U
Yield locus and texture softening. The texture and niechan- £ 
leal anisotropy of the three mechanically tested tube s 
materials I, III and VI are given in Table VII. The true 
stress-effective strain curves recorded arc shown in Figure 
20, marked with 7 ~ 0° for tensile testing, 7 = 90° for 
closcd-eiul burst, and 7 = 120° for open-end burst testing.
The strain paths to fracture are shown in Figure 21. The 
maximum effective strain must not be used in comparing 
the separate textures, because the tube material 111 in 
particular had variable dimensional tolerances, owing to the 
experimental state of the deformation technique. The strain 
paths have a tendency to bend towards a  = 60°, because the 
stress ratio in necking or bulging changes towards 7 = 60°.

T abli VII. Characterization of tube materials mechanically tested. 
D eformation hardening reduced by tex ture  softening between 0.4 
and 10 per cent strain

Texture Mecliunkul Mean Increase in Op
Anisotropy 1uird- Between e,, 0.004

Tube ness und 0.1 (kg/m in )

_,___ r f  U' U° A (KHN) 7 = 0 °  7= 90° 7 = 120°

1 28 0.54 48 0.80 169 21.2 14,7 10.6
111 76 0.48 82 0.63 177 12.9 19.2* 19.2
VI -  23 0.56 “  34 0.63 180 18.2 12.1 11.8

*Kxtrapnlat?d.

The mechanical tests offer an opportunity to check on
the accuracy of the elliptical Knoop-hardness yield loci
(Figure 22). The mechanical tests give three points on the

Table VIII. Planes Indexed q  or / in hep iirconlum , X-ray intensities
/ of texture-free specimen, angles li’,, between plane normal and
basal pole, and *  3 cos -  1.

Plane Index q 01 1

■c 
oj

 
0

**
0 1

% *</

I0 Î 0 1 0.91
0

90 - 1
0002 2 0.91 0 2
lolo 3 3.51 61.47 -  0.316
10T2 4 0.53 42.60 0.626
1120 5 0.57 90 1ion 6 0.62 31.52 1.180
2020 7 0.09 90 -  1
1122 8 0.67 57.88 -  0.152
2 0 1 ) 9 0.47 74.79 -  0.793
0004 10 0.09 0 2

E F F E C T IV E  STRAIN

Figure 20. True stress-effective plastic strain curves for 
tensile, closed-end burst and open-end burst testing of 
tubn material I, III and VI.

true yield locus. Best agreement was obtained using the 
stress at ee = 0.012 and the conversion factor 3.9 
KHN/(kg/mm2) (Figure 22). A yield locus at the strain 
^  = 0.012 should not be considered true, because this- 
strain is enough to cause a texture change as will be 
discussed.

Some of the stress-strain curves in Figure 20 display 
something like a yield-point phenomenon. This must be due 
to anisotropy, since it appears more or less pronounced, 
depending on the combination of tube material and testing 
method. Evidently the deformation causes a change in 
texture and anisotropy which alters the flow stress re­
quired. The stress increase between = 0.004 and 0.1 
varies from 10.6 to 21.2 kg/mm2, because of strain 
hardening (Table VII). The greatest increase 21.2 kg/mm2, 
is in tensile testing. Independent of the predicted regions 
for softening or hardening, tensile testing with 7 = 0° can

Figure 21. Strain paths followed during mechanical 
testing.
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Higure 22. Elliptical Kmmp-hiiulntist, yield loci together with parti 
of the true yield loci.

only result in texture softening, since the stable yield locus 
has ilx minor uxis parallel to the stress vector. Thus pure 
strain hardenIiik should ¡neionse <>t, somewhat more than 
21.2 kg/nun2. A reasonable assumption is 23 ± 2 kg/mm1. 
Thus, the texture softening corresponds to the difference 
botwocn 23 uiul the increuses in given in Table VII.

The miisolropy ratios of the materials tested are plotted 
In Figure 9 us function of the stress ratios. A number for 
the texture softening is given inside each plotted point. All 
points fall within predicted regions of texture softening. 
The softening is, in general, greater the farther the plotted 
point is from the stable v - y  relation. This is evidence for 
the predicted behaviour, even if not definite proof. Texture 
hardening apparently is not so common, since it requires 
unusual testing methods or extreme textures.

Texture softening occurs at the very beginning of the 
test, and is more or less completed before ee -  0.1. With a 
texture-change rale as given by Equation 21, a strain of 0.1 
should not change the properties appreciably. The free 
deformation under a given stress ratio in mechanical testing 
is different from the forced strain in the deformation 
experiments. An explanation for the observed behaviour 
might be that rapid texture change is obtained through 
abundant twinning, if the shear strain of the twins must not 
necessarily conform with a forced deformation.

Conclusions
1. Experiments on Zircaloy tubes have confirmed the 

predicted texture rose as describing the relation between 
the type of stable texture and mode of plastic deformation. 
In addition, the texture-change path has been developed 
and the texture-change rate evaluated as functions of plastic 
deformation.

2. An important but unanswered question is whether 
the starting texture might affect the final texture. Thus, 
under certain conditions the texture rose is perhaps not 
valid.

3. The predicted relation between type of texture and 
type of mechanical anisotropy, as manifested by the 
Knoop-hardness yield locus, have been examined and found 
to be valid with a minor modification. In addition, the 
degree of anisotropy has been found to correlate with the 
texture sharpness.

4. The predicted relation between type of inechuiiirul 
anisotropy and the foregoing plastic deformation has been 
verified.

5. Mechanical testing of tubes of different textures luis 
resulted in texture softening, in agreement with the 
predicted behaviour of /.irconlum alloy. Although no) 
proof, this supports the predicted regions, of alternate 
softening and hardening.
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APPENDIX
Evaluation of iV'30o and W'2 2 o from inverse-pole- 
figure texture data
The angle between the normal to the crystallographic plane 
q and the basal pole is denoted <1̂  and given in Table VIII 
for hep zirconium with c/a = 1.593. Grains with the plane q 
normal oriented parallel to a principal direction p have 
possible basal pole orientations describing a circular line 
Lpq on the orientation sphere.

Lzq is defined by ^  = while to = 0 -*■ it 12, (Figure 
23(a)) l.rq is defined by = while co'= 0~*n/2, where 
from spherical trigonometry applied on the triangle ABC in 
Figure 23(b), cos = sin v?' sin u> and cos w = cos ^>'/sin

Figure 23. Circular line Lpq  defining orientations contributing 
to  the  tex ture  coefficient <pq .

L 0q is defined by y?' = <1̂  while w' = 0 tt/2, where 
from spherical trigonometry applied on the triangle DEF in 
Figure 23(c), cos = sin y  cos co and sin u> = cos ip I sin <ç>.

Integration of the function w along the line Lpq and 
dividing with the same integral of w0 for texture-free 
material corresponds to the texture coefficient Tpq from
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Series e x p a n s io n  y ie lds

1 1 mi
1 1 -  s: -  w,muK „L >■'I ì in I il -  " I

Disregarding some proportional constants, the same for
U .1 I 1"1 I i-1’'<b o th  A , „ „ a n d  h><•<> 2 JO

. I ’llj (m .1 ( U t o  i// I )<ìl.l f  d ì, 24
l‘il •pi,

K 2 2 (l ~ f  siii2 ip cos 2 t o d  l. /  /  d ì.  26
l»l

Hy replacing I lie two vuriables and w with the constant 
‘l>(/ and the variable to' and by integrating for dL =doj', the 
expressions are condensed to

* 200 * 200 “  “ *c//2 ^  200 ** *q 26

.'V *„/2 * „ / 2 = 0 27

where k q -  3 cos2 *1»̂ - I is given in Table VIII. To obtain 
the desired Wj'00 and a least-squares procedure is
applied in which the following summation is minimized:

;[« " 1 ~ ^ 200^200 “ ^ 220*220,PQ

■V ]
26

Here /¡J, the X-ray intensity for a texture-free specimen, ii 
introduced as a weighting factor (Table VIII). The statis­
tical error in an X-ray recording is proportional to-v// q and 
hence !q is entered in the summation to give the more 
accurate Tpq more weight. The final expressions for IV2'00 
and used routinely arc

^ 2 0 0  39 ^  I '<1 k q ( 2 7 * / ~  Trq ~  7 <-></) J 29

220 39 ; >ii '41 30

The factors 1/39 and ' \ /3 /3 ‘> arc introduced to give 
•♦Voo -  ' I und IV2*2o -  l ° r 11 single crystal with :i radial 
basal pole. The number 39 is an assumption based on the 
lact that the greatest texture coefficient recorded among 
hundreds of spocimens was 12.(> for |1 1201. 1’rohably I his 
spedmen surface was almost 100 per cent II 1201 and a 
single crystal can be expected to give the texture coefficient 
13, which requires the factors 1/39 and >/3/39. It should be 
emphasized that this estimation is dependent on the 
divergence of the X-ray beam, i.e., characteristic only for 
the specific diffraction set-up used. This uncertainty docs 
not influence the texture ratio derived, but only the texture 
sharpness values by a constant factor.
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PRINCIPLES OF BURST TESTING OF ZIRCALOY CANNING 
TUBES AND FACTORS INFLUENCING THE RESULT

Krister Kitilstrom  
Martin Svenzon

Summary

There are two principles of burst testing of tubes, open end burst testing and c lo ­
sed end burst testing . The difference between the two principles is described and the 
practical specim en set-ups are shown. The open end burst testing requires the lower in 
tornal pressure and yields the greater maximum circum ferential expansion as evident 
from comparative testing  of Zlrcaloy canning tubes.

Zlrcaloy tubes have a pronounced tendency for bonding in burst testing . Thin is 
interpreted as plastic Instability of a first kind as opposed to the second kind of instabili­
ty Initiating the growth of a bubble. The first kind of instability is explained as an effect 
of the anisotropy of textured Zlrcaloy tubes. Indosed end burst testing, specim ens kept 
straight by means of an internal telescopic rod, reach a maximum circum ferential expan­
sion 1 . 2  times greater than specim ens free to bend.

The effect of a stiff pressure system  is  demonstrated in a comparative closed  end 
burst testing , where a stiff pressure system  gave maximum circum ferential expansions 
1 .5  tim es greater than a pressure system  that is soft or flexible due to the presence of 
com pressed a ir . Another source of varying results is the tube Itself. Thus, a wall thick­
ness variation in Zlrcaloy canning tubes decreased the uniform circum ferential expansion 
obtained in closed end burst testing .

1 • Open end burst testin g as compared to closed  end burst testing

There are two basic principles of burst te stin g , open end burst testin g  and closed  
end burst testing  . The principles and results of testing in two ways have previously been 
described by Steward and Cheadle(l) . Here the comparison between open and closed  end 
burnt testing Is repeated In order to emphasize the considerably different resu lts obtaiied.

Stressing a thin walled tube with internal pressure accordingto the open end princi­
ple yields a uniaxial state of stress  in the tangential direction, as illustrated in f ig  . 1 .
A tube with closed  ends subjected to the internal pressure has a biaxial state of stress of 
2:1 in the tangential and in the axial directions, respectively , fig . 1.
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Open end burst testing Closed end burst testing

The internal pressure gives a 
tangential s tress  in the tube w all.

The internal pressure gives a tangential 
stress  and an axial s tress  with the ratio  
2:1 in the tube w all.

Fi . 1 Principles of open end burst testing and closed end burst testing.

The practical arran fpments of testing according to the two principles are 
shown in fig . 2 .  In open end burst testing a partly hollow rod is connected to a high 
pressure oil supply. O-rlngs of rubber are placed in grooves in both end« of the rod. 
Tho tube specim en is fitted on to the rod and provided with external support tubes at 
the two ends. When the volume of oil in the tube specim en is increased, the tube de­
forms by widening ltp diameter and shortening itp le n g h . The state of s tress  is truly 
unaxlal if the frictional force from the O-rlngs is  neglected . In closed end burst te s ­
ting a telescopic rod is  placed inside the tube specim en to keep it straight without res­
tricting changes in len g th , for reasons further discussed below. The specim en is  sea  
led off in the ends by standard tube couplings and connected to the high pressure oil 
supply, which is  capable of giving a steady rate of volume increase inside the specim en  
The pressure is  recorded on an x -y-record er as a function of volume increase.
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? % K , 2. Set-up for open end burst testing ana for closed 
end burst testing. The tube specimen is 20 cm long and has 
a diameter of about 1 cm, which means the length scale is 
decreased and the width scale increased.

Zircaloy canning tubes were annealed to six  levels of strength and ductility . Out 
of each level, five specim ens w ere open end burst tested , five w ere closed end burst 
tested and two w ere tensile tested. After failure the specim ens had the appearance shown 
in fig . 3 and 4. The mean values and standard deviations of the burst testing, and the 
individual values and standard deviations of the burst testing, and the individual values 
of the tensile testing are given in table 1 .
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Foto n o .47892 Magnification 1 .5

Fig. 3 Hard Zircaloy tubing, material 1, after
a) open end burst testing, b) clojsed end burst testing, and 
c) tensile testing •

Foto no. 47 893 Magnification 1 .5

Fig. 4 Soft Zircaloy tubing, material 5, after
a) open end burst testing, b) closed end burst testing, and 
c) tensile  testing.
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The maximum tangential stress  was calculated from the maximum pressure p using 
the formula O q  -  pdj/2t, where dj is the original internal diam eter and t the wall th ickness. 
The circum ferential expansion is  calculated from the original circum ference CQ and the cii>- 
cumference C after testing using the formula 100.(C -C o)/C o. For the uniform expansion, C 
is  measured on the cylindrical part of the specim en on one or both sides of the bubble, whe­
reas for the maximum expansion, the largest C at the bubble is  used.

The striking difference between open and closed end testing is  the far greater m axi­
mum circum ferential expansion obtained in open end burst testing. Even the hardest material 
which has only 3 percent maximum circum ferential expansion in closed end burst testing, 
yields 50 percent In open end testing. The reason for this different behaviour is  obvious. In 
opon end burnt testing the specim en shortens considerably, thus supplying material for the 
expansion. In closed end burst testing the specim en does not change so much m ostly by wall 
thinning, and as a consequence, the failure occurs sooner.

T'lbla 1. Results of open ond burat, closed «nil burst, ana 
toiuule tenting of Zircaloy cunning tubes annealed to uix 
levels ol' strength and ductility.

Level of strength  and 
d u o tility 1 2 3 4 5 6

2JJ3J1 end burnt taetln*
73*1
4*2

50*9

66*2
4*1

72*14

61*1
6*1

76*13

50*1
13*3
70*11

47*0
12*2
99*3

45*0
13*4
82*12

Max. tangentia l s tre ss
Circum- (uniform 
fa ra n tia l <_av, m 
expansion
Olosed and burat 
taa tin*

85*1
3*1
3*1

80*2
4*1
7*3

71*5
8*3

17*9

61*1
15*2
32*10

60*2
13*2
36*14

59*2
14*3
45*19

Max. tangantial s tra ta  
Ciroum- /uniform
expansion
Tensile te sting

58 61 
80 79 
16 18

55 55 
73 73 
20 20

50 50 
70 70 
20 20

40 30 
54 54 
32 32

36 37 
52 52 
32 24

34 34 
50 50 
26 32

Yield strangth 0.2 $ 
Tensile strangth 
Elongation 62„

f l t re «  ia given in kg/mm* and s tra in  in percent.
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2. Specimen free to bend as compared to specim en kept straight

Zircaloy canning tube specim ens have a characteristic, strong tendency for bending, 
when p lastically  deformed under internal pressure. Hie tendency is  apparent in open end 
burst testing, but in this case the specim en is  always kept straight by the internal rod. In 
closed end burst testing the specim en was free to bend^ before the use of a telescopic rod 
was made standard procedure. Bending certainly did occur, as illustrated by fig . 5.

The bending appeared very soon after the start of plastic deformation and increa­
sed gradually as the tube expanded. At a la ter  stage in the testing the local bubble started  
to grow leading to the fir st failure, which always occurred on the concave side of the bent 
specim en . The bending is  caused by a f ir s t  kind of plastic instability as opposed to the 
second kind of instability initiating the growth of the bubble. The first instability could be 
explained as follows(J2).

A tube of an isotropic m aterial deformed in closed end burst testing does not chan­
ge Its length, because the shortening tendency of supplying m aterial for the expansion is  
counterbalanced by the axial tensile s tress  component. Zircaloy tubes, however, are ani­
sotropic due to  a texture with dominantly radial basal poles as a normal feature, fig . 6 .  
Radial basal poles make the radial direction hard and wall thinning urfavourable. I n s t e a d ,

Tube specimen 
free to bend Tube specimen kept straight 

with internal telescopic rod
5. Behaviour of Zircaloy canning tube deformed in 

closed end burst testing.



Zircnloy tubes shorten during closed end burst testing in order to supply m aterial for the 
expansion . In this process the specim en might very w ell deviate slightly from straightness.

Pig. 6 . Dominant orientation of zirconium 
crystals in Zircaloy canning tubes of 
standard production.

The state of s tress  in such a slightly bent tube subjected to internal pressure is  vary­
ing, in that the axial s tress  component is  sm aller  on the concave side. This can be realized  
from the action of the internal pressure as shown in fig . 7. Already a sm all deviation from  
straightness im plies reduced axial tensile s tress  on the concave side, and accelerated shorte 
ning in the same side resulting in further bending.

Fig. 7. Variation of the axial atreas component 
in a bent tube during closed end burst testing.
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Hie situation is  typically unstable, which explains that this fir s t kind of instability occurs 
early in the deformation p rocess. As the deformation m ostly takes place on the concave 
side, the wall thinning, although retarded, as w ell as the final fracture occur on this side.

In order to investigate the effect of bending, Zircaloy canning tubes w ere annealed 
to a medium level of strength and ductility, cut into specim ens, and closed end burst tested. 
Nine specim ens w ere free to bend and nine specim ens w ere kept straight with the internal 
telescopic rod. Mean values and standard deviations of maximum tangential s tr e ss , and 
uniform and maximum circum ferential expansion are compared in table 2. It is  evident 
that the specim ens kept straight reach a maximum circum ferential expansion 1 .2  tim es 
greater than specim ens free to bend.

The reason j o r  the greater expansion is  considered to be that bending gives inhomo- 
geneous deformation which inherently means low ductility. In a kept-straight tube, homo­
geneous deformation w ill occur until the final bubble starts growing, and even this latter  
deformation is  more homogeneous because the bubble grows sym m etrically around the tube.

T tbl" 2 . iieoulta of cloned end burst testing with 
.is i.viH-'n free to bcna :ind with specimen kept straight 
b y  a tpiojconic roa. The specimens are of a medium 
level oi ulrervrth and rtuctvlity.

Specimen free to bend kept straight

Max. tangential stress 72±1 73*1
Circumferential funiform 4*1 5*1
expansion \maximum 10*3 12*5
Stress is given in kg/mm* and strain in percent

Thus, the strain hardening capacity of the m aterial all around the circum ference 
contributes to the greater ductility displayed by the straight specim en.

3. The effect of a stiff pressure system

The results presented so far were obtained with a high pressure oil system  with 
a stiffness of 500 kg/cm®. Testing was also made with another pressure system  charged 
with com pressed air, which Implies a stiffness orders of magnitude sm aller.

Four Z irca lo y  canning tubes w ere annealed to a ser ie s  of levels of ductility and 
14 specim ens w ere cut out of each tube. Half the number of specim ens were tested with 
the soft pressure system  under free-to-bend conditions (Method A), and the other half 
w ere tested with the stiff pressure system  while kept straight (Method B).



The maximum circum ferential expansions obtained are listed  in table 3 as mean 
values and standard deviations 2). The values reached with specim ens kept straight while 
tested with the stiff system , are 1 .8  tim es greater for all levels of ductility. Roughly spea­
king the factor 1 .8  could be regarded as built up by a factor of 1 .2  from keeping the speci­
men straight and a factor of 1 .5  attributable to the stiffness of the pressure system .

Table 2 . Maximum circumferential expansion in closed 
end burat testing, in percent. Method A is carried 
out with specimens free to bend and with uoft pressure 
system, method B with specimens kept straight and with 
stiffness pressure system.

Level of ductility 1 2 3 4

Method A 7*4 19*3 20±4 30*4
Method B 12*6 32±2 34±5 53±3

The stiffness effect can be explained in term s of the deformation rate. When the 
pressure tends to drop in the la st stage of testing with a soft system , the air is  expanding 
and the rate of volume increase in the specim en goes up d rastica lly . This higher deforma­
tion rate requires higher deformation stress  and reasonably gives low er ductility.

4. Hie effect of wall thickness variation

Closed end burst testing with a telescopic rod but with argon gas as pressure me­
dium was made at 400°C. The specim ens w ere taken from tubes of medium strength and 
ductility and w ere specially  selected to represent a ser ie s  of wall thickness variations ran­
ging from 0 .7  to 6 .4  percent excentricity defined as 100 ( t j ^ a x -  t m i n ) / ( t m a x + W n ^ *  H e r e  
tmax is  the maximum wall thickness and t ^ n  the minimum. The uniform circum ferential 
expansion was found to be sm aller in tubes with high excentricity, as shown in fig . 8. The 
maximum expansion, on the other hand, did not correlate with the excentricity in this lim i­
ted testing program.

The effect of excentricity found could be explained in the following way. If the wall 
Is thinner on one side of the tube, deformation w ill take place on this side fir st. As the 
material is  strain hardening, the deformation w ill spread all around the tube, but all the 
time the deformation and the strain hardening w ill have proceeded somewhat furtiier on 
the thinner side.
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Fig. 8 . Uniform oircumferential expansion in closes enfl 
Vmrst testing as a function of excentricity of Zircaloy 
canning tubes with wall thickness variation.

The rate o f  strain hardening is  gradually decreasing during testing and at a 
certain stage it can no longer counterbalance the wall thinning taking place sim ultaneously 
This situation means plastic instability, initiation of local growth of a bubble, and ceasing  
uniform deformation, and the greater the excentricity the sooner it  occurs.
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Tho etruin rac^ sensitivity (SRS) in Zircaloy-2 has been investi­
gated by means of strain raco changes durirg hot tensile teuti.ng 
:in the range 200-600°C. There was a pronounced minimum SRS at 
around 400°C, accompanied by plateaus in the strength vs, tempera­
ture ro1 itionshipd, by a ductility minimua, and by a strain 
hardening maximum. These are effects of dynamic strain aging 
originating from dissolved elements interacting with disloca­
tions. Th* SRS minimum is associated with rapid generation of 
new dislocations at sources operating at a stress level more or 
less independent of the strain rate. The prime purpose of the 
work was to control the mechanical properties, and specially the 
300-400°C creep strength, by the optimization of production 
parameters to derive maximum benefit from strain aging. It was 
found that cold work lowered the temperstvare of minimum SRS.
This was reversed gradually as the degree of recrystallization 
was increased by annealing. Also, coarser recrystallized grain 
size gave a higher temperature of minimum SRS. A factor of 10 
lower otrain rate lowered the temperature of minimum SRS 20°C.



Kx i.ra po'l ut i on lo^crocp rat os indicates maximum effect at
if8 0 -  V j O °C  .

I ti'I. rod n o t o n

Strain a^mr; ccsurs .in zirconium base alloys and opccially in 
j ran I oy in the temperature range ?00-^00°0. The phenomenon 

mani Toots i tsclf in tensile tooting through the formation of 
yield point after interrupted loading [I]» and through ductility 
and otrain rate senuitivity minima [2, 31. In creep testing 
considerably lower creep rates are recorded within the same 
temperature range, together with an abrupt increase in the 
apparent activation energy [4, 13].

A variety of mechanisms have boon proposed to account for the 
strain aging. The formation of tin-rich precipitates [6], 
segregation of hydrogen [71, Cottrell locking of dislocations? 
by impunity atmospherns [4], and other types of diolocation- 
interstitia'1 interaction such as with oxygen are suggested [11. 
Internal friction studies indicate that interstitial-substitu­
tional complexes, for example oxygen-iron, create stress dipoles, 
which interact effectively with dislocations [8],

The strain aging effect on the mechanical properties of Zircaloy 
is of direct interest for the use of the alloy as canning tubes 
for fuel elements in nuclear reactors, implying a service 
temperature for Zircaloy in the range 300-400°C. Of prime concern 
are the creep strength and the ductility. Both these properties 
are closely related to the strain rate sensitivity (SRS). Thus,



a ]ow ijlio, ;i f applird in an extrHfx>'iat^»n i.o croon utrain raloti* 
moann that the creen strength ia not so much lea« than the hot 
Ujiiii i 1 t.* u L i oil. A h.i.£!,h Sin’» > uu tiiu u lutsr hauu , rvati'j.C Is a 
pl.aatie iniitabili ty from developing into necking and fai lure, nr. 
localizes deformation gives higher strain rate, thereby r.tren#- 
ening the potential necking. ‘JJnce the dislocations play a 
critical role in & train ag^ng, the Zircaloy structure, a.*: contro l I 

cfl by the degree of cold work, recovery ?ud recrystallization and 
by the grnin size, uhoula have a major influence on the strain 
aging-related properties. Thus, it was of direct interest to 
.investigate the possible benefits from st/ain aging, specially au 
regards the 300-400°C creep strength, by optimization of produc­
tion parameter. Hot tensile testing, with strain rate changes to 
reveal the SRS, was considered the most efficient experimental 
technique.

Of a more general interest is that zirconium as well as titanium, 
havo solubility limits for interstitial oiygen as high as 6 ane .¡.4 
wt.-‘/£, respejtively [9], i.e. magnitudes higher than the inter­
stitial solubility in bcc-metals such as iron. This fact has been 
the basis for the use of hcp-mexals in verifying modals for solid 
solution strengthening mechanisms [10]. Ia the same way, strain 
aging effects in Zircaloy containing 0.10-0.14 wt.-?£ oxygen are 
probably magnified and may serve as an illustration of this type 
of phenomena in commonly used metals.



Kxjioriinonlal Procedure
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rolled to u oerien of thicl'.ncoijcn, coft annealed ana nubrjcriiicnt- 
ly cola rolled 10, 20, 40, 60, ana 75 % to the common final 
th.i.okne£U3 0,75 nun. The recrystallization behaviour was investigat­
ed through annealing tc temperatures between 400 and 700°C for 
4 hours, followed by tensile testing at room temperature. As 
normal for cola-worked metals, the relationships between yield 
strength and annoali.ng temperature revealed three temperature 
ranges, n) a recovery range where the temperature dependence was 
low, b) a recry3tallization range where the yield stress decreased 
rapidly with increasing temperature, and c) a grain growth range 
whore the temperature dependence again was low. For each cold- 
rolling reduction, temperaturea expected to give 0, 30, 60 and 
100 i° recrya f;all:i nation were selected for annealing of the 
remaining main portion of the strip material. After the final 
anneal the result was checked against the yield strength-annealing 
temperature relationship, whereby obtained recrystallization 
degreeo were found to be somewhat beside those aimed-for. ThiD 
is presented in table II together with the grain sizes reached 
after full recrystallization.

The texture was analyzed by the inverse pole figure technique 
and found to be normal for rolled strip. The basal poles were 
perpendiculA^ to the rolling direction and distributed between 
the transverse and the normal directions. The basal pole texture 
was nearly the same for all reductions and recrystallizations. 
Tensile specimens were machined for transversal loading.



Hot tormi!) « tefjiing w h s  tnafle in air between 200 ana 600°C in an 
Jn.-itron tcnuilo testing machine equipped with a furnace. '¡’he 

spec»menu wore 1‘,'0 x 15 x 0.7i3 mm with 100 mm as the effective 
teuL length. The strain rates used were abnormal" 8.3*10  ̂ anti 
"low" 8.3*10"^ f,ec”"\ baaed on the original 100 mm test lenglh. 
During normal strain rate testing the strain rate was repeatedly 
dccrcaned by a factor of 10 for a few percent strain and then 
increased back to the normal rate again. luring low strain rate 
testing the strain rata was repeatedly increased by a factor of 
10 for a few percent strain and then decreased back to the low 
rate again.

Experimental rebults

Normal strain rate testing of standard material

Zircaloy strip cold-rolled 60$ and recrystallized 100$ ;*,r.3 select­
ed as a "standard" material for a more detailed description of the 
observed behaviour. The 0.2$-yield and ultimate tensile strength, 
the uniform and total elongations, and the strain hardening 
exponent are presented as a function of testing temperature in 
figure 1. Total elongation means the elongation over originally 
35 mm around the final failure. The strain hardening exponent is 
n in the well known formula a = Ke11 [11]. It is evident how a 
plateau or a slight maximum appears in the yield strength curve 
in the same temperature range as a pronounced minimum total 
elongation and a maximum strain hardening exponent.

Strain rate reductions by a factor of 10 produced steps in the 
tensile curve, demonstrating the SRS, figure 2. Sometimes there



was a transient behaviour in both ends of the step, similar to 
an inverse and a direct upper yield point. The stationary flow 
stress change Acr and the transient flow stress change Aĉ . were 
recorded as shown in figure 2 and converted to true stress 
changes. The stationary SRS, denoted m, and the transient SRS, 
m̂ ., were calculated by the formulae:

in = Acr/aAln* ( 1 )

■ h a ^ / c & l n k  ( 2 )

Here a in the average true flow stress level at the step in the 
tensile curve and i the strain rate. The SRS quantity m is the 
exponent in the formula a * K i m [11].

The SRS was dependent on the strain during a single test, since 
the stationary flow stress steps grew either larger or smaller 
and the transient flow stress steps grew smallar. This strain 
dependence of SRS was evaluated as Am/Ae and Am^/Ae as a function 
of testing temperature. Based on this, all experimental SRS dacr. 
was recalculated to be valid for zero strain and for a strain 
equal to the uniform elongation. The structure at uniform elonga­
tion was chosen as most representative of the material during 
secondary creep. The result is shown in figure 3, for both 
stationary and transient SRS. It is evident that the stationary 
SRS has a minimum and the transient SRS a maximum at around 400°C.

Normal and low strain rate testing of all material

The testing and evaluation procedure was repeated for all 
reduction-recrystallization combinations, both with normal and



low atrain rate. The interest was focused on the minimum of tho 
stationary SRS at the strain of uniform elongation, since thiy 
ia oonaidered most relevant for high creep strength. The minimum 
value of the stationary SRS turned oat to be constant 
m = 0.005 ± O.Cu5 fr*r normal strain rate ana m = 0.01 ± 0.01 for 
low strain rate for all material.

The temperature of minimum SRS on the other hand varied with 
the type of material. Higher cold-rolling reduction at zero 
rccrystr.llization gave lower temperature of minimum SRS, 
figure 4a. Recrystallization reversed this effect, increasing 
the temperature again, figure 4b. Larger grain size of fully 
recrystallized material gave higher temperature of minimum SRS, 
figure 5a. The strain rate effect on the temperature of minimum 
SRS is shown in figure 5b. A factor of 10 lower strain rate 
yield 20°C lower temperature of minimum SRS, and extrapolatic/' 
to creep strain rates of the order of 10" sec implies 
approximately 60°C lower temperature for maximum benefit from 
low SRS in increasing tho creep strength.

Discnssion

Dynamic strain aging ia manifested in tensile testing by 
plateaus or peaks in flow stress versus testing temperature 
curveB, and by an increased strain hardening [12]. Also, low 
ductility accompanies dynamic strain aging, in steel referred 
to as blue brittleness [12]. All these phenomena are present in 
Zircaloy in the temperature range 400-500°C, figure 1. In view



o[' this and previous reports on strain aging in zirconium-basc 
alloys [1-5], it is concluded that true dynamic strain aging has 
been observed anil investigated here. Without presenting any 
evidence for the actual aolute-dislocation interaction mechanism, 
tho formation 01 atmospheres of oxygen-substitutional complexes 
nrouna dislocations is assumed. Howevei’, regardless of the exact 
interaction the following discussion should be valid.

According to BergstrSui et al [13], there is a lower temperature 
rungo where the solute mobility is sufficient for interaction 
with immobile dislocations. This makes the re-mobilization 
process improbable. In a higher temperature range the solute 
mobility is high enough for interaction with mobile dislocations. 
This increases the rate of immobilization. The temperature 
ranges overlap and at an intermediate temperature the total 
interaction or pinning effect is maximum. Deformation at thin 
temperature is accommodated by a mobile dislocation density, 
which has to be maintained through abundant generation of new 
dislocations. To keep the dislocation sources activated a certain 
flow stress level is required more or less independently of the 
strain rate. This ie the same as low SRS and explains the 
observed minimum stationary SRS in the temperature range of 
strain aging, figure 3.

Since the i.Low stress and the dislocation velocity are directly 
related, a strain rate change in the strain aging range also 
implies little variation in velocity. Instead the strain rate 
change is associated with a variation in mobile dislocation



density. A uupport for thia io the observed transient behaviour, 
figure 2, indicating that the mobile dislocation density requires 
some time for adjustment. Transients of this type are always 
doubtful, as they may originate wholly or partly from relaxations 
within the testing machine [14]. However, since the transients 
appeared only within the strain aging range, figure 3, they are 
considered as reflecting the variation in mobile dislocation 
density qualitatively.

The negative SRS for zero Btrain, figure 3, is not only due 
to the extrapolation, but was actually recorded at low strain in 
recryetalliaed material. A possible interpretation of negative 
SRS is based on the shortage of dislocation generation sources 
in  a more perfect crystal. When the strain rate is decreased, 
there is a drop in flow stress followed by a transient increase 
up to a stress level higher than before the change. During tht 
temporary flow stress drop some sources are permanently 
inactivated by solutes, and even after regaining stationary 
conditions fewer active sources are available. Thus, somawhat 
too few new dislocations are generated, requiring a higher 
stress to accommodate the strain rate. As the strain is increased 
to uniform elongation, the dislocation structure itself provides 
abundant generation sources readily activated, and there is no 
negative SRS.

Codl work increases and recrystallization decreases the immobile 
dislocation density, and smaller grain size gives a faster build­
up of the immobile dislocation density. Thus, the effect of cold



work, rccryiitallization and grain 3ize on the temperature of 
minimum SRS, figure 4 and iia, has to be explained on the basis 
of immobile dislocation density. At a given probability for 
re-mobilization, a higher immobile dislocation Genuity imp'.l ies 
a higher re-mobilization rate, assuming that the rate is equal 
to the product of the probability and density [13]• This lowers 
the uppor limit of the temperature range for effective solute 
interaction with immobile.dislocation^ and as a consequence 
the temperature for maximum total interaction is lowered.

At lower strain rate immobile dislocations remain immobile for 
longer periods and al30 the average mobile dislocation velocity 
is lower. Thus, solute interaction with immobile as well as 
mobile dislocations iequires a lower solute mobility. This 
explains the lower temperature of minimum SRS observed for lower 
strain rate, figure 5b.

Conclusion?

1. Dynamic strain aging has been found to occur in the range 
400-500°C during hot tensile testing of Zircaloy. The strain 
aging is accompanied by a minimum strain rate sensitivity 
(SRS).

2. The strain aging is considered as caused by dissolved 
elements interacting with both immobile and mobile disloca­
tions. The interaction makes rapid generation of new disloca­
tions necessary. The dislocation sources operate at a stress 
level more or less independent of strain rate, which means 
minimum SRS.

1 0 .  . .

. 1 1



3. Colfl work decreases and rooryytallination ana coarser' ^rainn 
increase the temperature of minimum SRS. The temperature 
range for- interaction with immobile aislocations is Dower for 
higher dislocation dcmaity ana vice versa, ana this ini'lucncon 
the temperature for maximum total interaction, i.e. for 
minimum SRS.

4. A factor of 10 lower strain rate reduces the temperature of 
minimum SRS 20°C. Extrapolation to creep strain rates, 
indicates maximum benefit from strain «gins on the creep 
strength at 280-350°C.
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]'!.(',ui u 1. Ci t i'un*', th, uuc l.tJ.i l»,y tutu strain imruiin'ui#’, in 
A i realoy strip c old-rolled 60 i> ana fuD.ly recryatal li.zec'l 
afj a function of tensile tenting temperature.

Figure 2. Engineering stresa-strain curve with steps produced 
by ai.rain rate reductions. Miiasurement of stationary and 
transient flow st7'ess change,

Fi/pire 3. Stationary ana transient strain rate sensitivity 
as a function of testing temperature at uniform elongation and 
extrapolated to zero strain.

Fifaire 4. Effe^T. of cold-rolling reduction and degree of 
rocrysta'llizution on the temperature of minimum strain rate 
sensitivity.

Figure 5. Effect, of grain size and strain rate on the tempera- 
turo of minimum strain rate sensitivity.



Tub'le J . Chemical composi t:i orò of Ziroaloy-2 strip (wt.-$)

Sn Po Cr Ni 0 C N H Zr
1.46 0.10‘i 0.092 O.OtiO 0.136 0.006 0.002 0.002 bai arie e
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Figure 1. Strength, ductility and strain hardening in 
Zircaloy Btrip cold-rolled 60 $ and fully recryatallized 
as a function of tensile testing temperature.

Figure 2. Engineering stress-strain curve with steps 
produced by strain rate reductions. Measurement of stationary 
and transient flow stress change.



Figure 3. Stationary and transient strain rate sensitivity 
as a function of testing temperature at uniform elongation 
and extrapolated to zero strain.

(CL) (b )

Figure 4. Effect of cold-rolling reduction and degree of 
recrystallization on the temperature of minimum strain rate 
sensitivity.

(a) (b)
Figure 5. Effect, of grain sir-e and strain rate on the 
temperature of minimum strain rate sensitivity.


