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(54)  Zirconium  based  alloy. 
©  A  Zr  based  alloy  with  7-1  55>  by  weight  Nb  and  0.5-3%  by 
weight  Al  can  be  quenched  in  water  from  1000°C  to  largely 
retain  beta  phase.  It  is  then  deformable  at  room  temperature 
to  produce  martensite. 

The  alloy,  which  can  be  made  in  an  electric  arc  furnace 
and  forged  at  900°C  to  destroy  the  original  solidification 
structure,  is  particularly  suitable  for  structural  components 
and  fuel  elements  of  nuclear  reactors. 
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A  Z r   based  alloy  with  7-15%  by  weight  Nb  and  0.5-3%  by 
weight  Al  can  be  quenched  in  water  from  1000°C  to  largely 
retain  beta  phase.  It  is  then  deformable  at  room  temperature 
to  produce  martensite. 

The  alloy,  which  can  be  made  in  an  electric  arc  furnace 
and  forged  at  900°C  to  destroy  the  original  solidification 
structure,  is  particularly  suitable  for  structural  components 
and  fuel  elements  of  nuclear  reactors. 



The  p r e s e n t   i n v e n t i o n   p r o v i d e s   a  z i r c o n i u m   b a s e  

a l l o y   w i t h   n i o b i u m   a n d   a l u m i n i u m   as  a l l o y i n g   e l e m e n t s   a n d  

a  m e t h o d   f o r   o b t a i n i n g   t h e   s a i d   a l l o y .   The  a l l o y   of  t h i s  

i n v e n t i o n   p r e s e n t s   a  l o w   c o n t e n t   of   t h e   n i o b i u m   and   a l -  

u m i n i u m   a l l o y i n g   e l e m e n t s   and   p r o v i d e s   an  a l l o y   w h i c h  

h a s  p a r t i c u l a r   v a l u e   i n   t h e   f a b r i c a t i o n   of   s t r u c t u r a l  

c o m p o n e n t s   and   f u e l   e l e m e n t s   of   n u c l e a r   r e a c t o r s .  

In  t h e   f i e l d   o f   n u c l e a r   r e a c t o r s   i t   i s   d e s i r a b l e  

to   make  c o m p o n e n t s   s u c h   as   t u b e   c l a d d i n g ,   p r e s s u r e   t u b e s ,  

c a l a n d r i a   t u b e s ,   t u b e s   f o r   c o n t r o l   c h a n n e l s   and  f o r   m e a s u r e -  

m e n t s   i n s i d e   t h e   r e a c t o r ,   e t c .   w h i c h   p r e s e n t   a  low  e f f e c t -  

i v e   c a p t u r e   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   w i t h   n o  

d e t r i m e n t a l   l o s s   of   g o o d   m e c h a n i c a l   p r o p e r t i e s .  

Up  to   t h e   p r e s e n t   t i m e   e f f o r t s   h a v e   b e e n   made  t o  

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

of   c o m p o n e n t s   to   o b t a i n   g o o d   m e c h a n i c a l   p r o p e r t i e s ,   as  w e l l  

as  t h e i r   s u b - d i m e n s i o n i n g   t o   g i v e   a  low  c a p t u r e   c r o s s  

s e c t i o n   f o r   n e u t r o n s .   Z i r c o n i u m   i s   a  m e t a l   w h i c h   h a s   l o w  

c a p t u r e   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   ( 0 . 1 8   b a r n ) .  

Due  to   i t s   good   m e c h a n i c a l   p r o p e r t i e s ,   i t   i s   t h e   m e t a l  

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

m e c h a n i c a l   d e s i g n   l o a d .  

The  r e s u l t i n g   t h i c k n e s s   of  s p a r e   p a r t s   w i l l   a b s o r b  

l e s s   n e u t r o n s   t h a n   i f   a n y   o t h e r   m e t a l   w e r e   u s e d   f o r   i t s  

f a b r i c a t i o n .  



D i f f e r e n t   e l e m e n t s   h a v e   b e e n   u s e d   as   a l l o y i n g  

e l e m e n t s   f o r   Zr  i n   o r d e r   to   i m p r o v e   i t s   p r o p e r t i e s ,   a m o n g s t  

t h e m   Sn,   Mo  and   Nb.  H o w e v e r ,   up  to   t h e   p r e s e n t   t i m e ,   n o  

m a t e r i a l   h a s   b e e n   o b t a i n e d   w h i c h   i s   s t a b l e   w i t h   t e m p e r a t u r e ,  

and   w h i c h   h a s   s u f f i c i e n t l y   g o o d   m e c h a n i c a l   p r o p e r t i e s ,   a s  

f o r   e x a m p l e   a  g o o d   r a t i o   b e t w e e n   maximum  t e n s i o n   and   t o t a l  

e l o n g a t i o n   to   f r a c t u r e   a n d   w i t h   no  d i f f i c u l t i e s   in   t h e  

f a b r i c a t i o n   of   c o m p o n e n t s .  

A l l o y s   o b t a i n e d   u p  t o   now  h a v e   n o t   b e e n   s u f f i c i e n t l y  

d u c t i l e ,   t h u s   m a k i n g   d i f f i c u l t   t h e   s h a p i n g   of   s p a r e   p a r t s   b y  

m e c h a n i c a l   m a c h i n i n g .  

R e g a r d i n g   t h e   p s e u d o - e l a s t i c   e f f e c t ,   t h e   n e c e s s a r y ,  

t h o u g h   n o t   s u f f i c i e n t ' c o n d i t i o n ,   f o r   i t   to   o c c u r   i s   t h e   i n -  

d u c t i o n   of   m a r t e n s i t i c   p h a s e   t r a n s f o r m a t i o n   by  d e f o r m a t i o n  

of   t h e   m a t e r i a l .  

In   Zr ,   t h e   h i g h   t e m p e r a t u r e   ( b c c )   b e t a   p h a s e   i s  

s t a b l e   a b o v e   1 , 1 3 3   K  ( 8 6 0 . C )   w h e r e a s   a t   l o w e r   t e m p e r a t u r e s  

one  h a s   t h e   ( h c p )   a l p h a   p h a s e .   In   t h e   b i n a r y   Z r - N b   a l l o y  

w i t h   low  Nb  c o m p o n e n t s   ( l e s s   t h a n   6 . 5   w e i g h t   %)  a  m a r t e n s i t i c  

p h a s e   i s   o b t a i n e d   a f t e r   q u e n c h i n g .   I f   t h e   Nb  c o m p o n e n t   i s  

b e t w e e n   6 . 5   w e i g h t   %  a n d   20  w e i g h t   %,  t h e   b e t a   p h a s e   i s  

r e t a i n e d   and   omega   p r e c i p i t a t e s   a p p e a r   a f t e r   q u e n c h i n g  

t h e   s a m p l e .   I f   t h e   Nb  c o n t e n t   i s  g r e a t e r   t h a n   20  w e i g h t   % 

o n l y   t h e   b e t a   p h a s e  i s   r e t a i n e d   a f t e r   q u e n c h i n g .  

As  i s   w e l l   k n o w n ,   t h i s   i s   due  t o   t h e   Z r - N b   p h a s e  

d i a g r a m .   The  b e h a v i o u r   i s   e x p l a i n e d   by  t h e   L u c k e   c r i t e r i a ,  

a c c o r d i n g   to   w h i c h ,   i f ,   i n   a  Ti  or   Zr  ( v a l e n c e   4)  a l l o y ,   a n  



a l l o y i n g   e l e m e n t   i s   a d d e d   w i t h   a  l a r g e   n u m b e r   of   e l e c t r o n s  

or   w i t h   a  v a l e n c e   h i g h e r   t h a n   4,  t h e n   t h e   h i g h   t e m p e r a t u r e  

b e t a   p h a s e   i s   s t a b i l i s e d .  

In   s h o r t ,   s t a b i l i t y   i s   d i r e c t l y   r e l a t e d   to   t h e  

n u m b e r   of   e l e c t r o n s   p e r   a t o m   D e / a .   F o r   p u r e   Zr  D e / a   i s   e q u a l  

to   4 . 0 0 .  

I f   D e / a   i s   e q u a l   o r   l e s s   t h a n   4 . 0 6 ,   m a r t e n s i t e   i s  

o b t a i n e d   by  q u e n c h i n g .   I f   D e / a   i s   e q u a l   to   o r   g r e a t e r   t h a n  

4 . 1 4   o n l y   t h e   b e t a   p h a s e   i s   r e t a i n e d .   I f   4 . 0 6  ≤  D e / a  ≤  

4 . 1 4 ,   t h e   b e t a   p h a s e   w i t h   omega   p r e c i p i t a t e s   i s   r e t a i n e d .  

From  t h e   s t u d i e s   w h i c h   a r e   p e r f o r m e d   i n   t h i s   f i e l d   a n d  

w h i c h   a r e   t h e   b a s i s   of   t h e   p r e s e n t   i n v e n t i o n ,   i t   h a s   b e e n  

p r o v e d   t h a t   i t   i s   v e r y   d i f f i c u l t   to   m o d i f y   t h e   b e t a   p h a s e ,  

of  Zr  a l l o y s   w i t h   Nb  c o n t e n t s   b e t w e e n   7  and   15  w e i g h t   % 

by  m e a n s   of   t h e r m o - m e c h a n i c a l   t r e a t m e n t s .   The  m a t e r i a l  

b e c o m e s   v e r y   b r i t t l e ,   p o s s i b l y   due  to   t h e   p r e s e n c e   of   o m e g a ,  

and ,  When   i t   i s   a t t e m p t e d   to   d e f o r m   i t ,   f r a c t u r e   o c c u r s   w i t h  

no  o b s e r v a b l e   p h a s e   c h a n g e .  

I f   t h e   Nb  c o n t e n t   i s   g r e a t e r   t h a n   20  w e i g h t   %, 

o n l y   t h e   b e t a   p h a s e   i s   s t a b l e   and   no  new  p h a s e   c a n   b e  

i n d u c e d   u p o n   d e f o r m a t i o n .   I t   s h o u l d   be  m e n t i o n e d   t h a t   N b  

h a s   a  v a l e n c y   of   5  a n d   i s  a   b e t a   s t a b i l i s e r .  

In   s e a r c h   f o r   a  s o l u t i o n   of  t h e   a b o v e - m e n t i o n e d  

p r o b l e m s ,   t h e   b i n a r y   a l l o y s   Z r - N b   h a v e   b e e n   m o d i f i e d   by  t h e  

a d d i t i o n   of   A l ,   w h i c h   h a v i n g   a  v a l e n c y   of   3,  a c t s   in   o p p -  

o s i t i o n   to   Nb  and  f a v o u r s   t h e   a l p h a   p h a s e   s t a b i l i s a t i o n .  



One  of   t h e   a ims   of   t h e   p r e s e n t   i n v e n t i o n   i s   t o  

d e v e l o p   a  m e t h o d   to   o b t a i n   a  t e r n a r y   Z r - N b - A l   a l l o y  

c a p a b l e   o f   r e t a i n i n g   t h e   h i g h   t e m p e r a t u r e   b e t a   p h a s e   b y  

q u e n c h i n g ,   i n   o r d e r   s u b s e q u e n t l y   to   i n d u c e   by  d e f o r m a t i o n  

a  m a r t e n s i t i c   p h a s e   i n   t h e   m a t e r i a l .  

A  s e c o n d   a im  of  t h e   p r e s e n t   i n v e n t i o n   i s   t o   d e v i s e  

a  m e t h o d   t o   o b t a i n   a  t e r n a r y   Z r - N b - A l   a l l o y   w h i c h   b y  

d e f o r m a t i o n   w o u l d   a l l o w   t h e   i n d u c t i o n   of   a  m a r t e n s i t i c   p h a s e  

( n o t   o n l y   d e f o r m a t i o n   by  s l i p )   w h i c h   w o u l d   m a k e  p o s s i b l e  

t h e   e l o n g a t i o n   of   t h e   m a t e r i a l   w i t h   a  h i g h   d e g r e e   o f   h a r d e n -  

i n g .  

I t   i s ,   a l s o ,   a n o t h e r   a im  of   t h e   p r e s e n t   i n v e n t i o n ,  

to   p r o v i d e   a  t e r n a r y  a l l o y   w h i c h   o v e r c o m e s   t h e   d r a w b a c k s  

and  s h o w s   t h e   a d v a n t a g e s   a b o v e   s t a t e d .  

I t   i s ,   f i n a l l y ,   a n o t h e r   o b j e c t i v e   of  t h e   p r e s e n t  

i n v e n t i o n ,   t o   p r o v i d e   a  t e r n a r y   Z r - N b - A l   a l l o y   w h i c h   p r e s -  

e n t s   d u c t i l i t y ,   h i g h   maximum  f r a c t u r e   t e n s i o n   a n d   h i g h  

e l o n g a t i o n ,   p r o p e r t i e s   w h i c h   make  i t   e s p e c i a l l y   a p t   f o r  

i t s   a p p l i c a t i o n   i n   t h e   f a b r i c a t i o n   of   c o m p o n e n t s   of   o r   f o r  

n u c l e a r   r e a c t o r s .  

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

t h e   Z r - N b   a l l o y   w i t h   t h e   a d d i t i o n   of  A l ,   a n d   t h r o u g h   t h e  

o r i g i n a l   p r o c e d u r e   t h a t   w i l l   be  d e s c r i b e d   f u r t h e r ,   a  n e w  

m a t e r i a l   h a s   b e e n   o b t a i n e d   w h i c h   i s   d u c t i l e   and   s u i t a b l e  

f o r   a p p l i c a t i o n s   i n   t h e   f i e l d   of   n u c l e a r   m e t a l l u r g y .  

I n   f a c t ,   by  a d d i n g   f o r   i n s t a n c e   1  w e i g h t   %  A l  

( a l p h a   s t a b i l i s e r )   to   t h e   b i n a r y   a l l o y   Z r - N b ,   w i t h   N b  



c o n t e n t   of   s a y   10  w e i g h t   %,  i t   was  b e t a   p h a s e   and  a  m o d i f i -  

c a t i o n   of  t h e   omega   p r e c i p i t a t e   w h i c h   was  o b s e r v e d   a f t e r  

q u e n c h i n g .   T h i s   r e s u l t e d   i n   a  more   d u c t i l e   m a t e r i a l .   M a t -  

e r i a l   s o  m a d e   was  t h e n   d e f o r m e d   by  r o l l i n g   a t   room  t e m p e r -  

a t u r e   and  a t   t h e   t e m p e r a t u r e   of   l i q u i d   a i r .   An  e v a l u a t i o n  

of   t h e   p h a s e s   p r e s e n t   was  d o n e   a f t e r   e a c h   t r e a t m e n t   b y  

m e a n s   of   o p t i c a l   and   e l e c t r o n   t r a n s m i s s i o n   m i c r o s c o p y   a s  

w i l l   be  d e s c r i b e d   l a t e r .  

A f t e r   d e f o r m a t i o n   of   5%  a t   room  t e m p e r a t u r e ,   m a r t e n -  

s i t e   p l a t e s   a r e   a l r e a d y   o b s e r v e d   i n   s e v e r a l   g r a i n s   of  t h e  

s a m p l e ,   a l o n g   w e l l   d e f i n e d   d i r e c t i o n s .   When  r o l l i n g   a t   l o w  

t e m p e r a t u r e s   to   t h e   same  a m o u n t   of   d e f o r m a t i o n ,   a  g r e a t e r  

q u a n t i t y   of   m a r t e n s i t e   a n d   a  d i f f e r e n t   m o r p h o l o g y   i s   o b -  

s e r v e d .   W h i l e   d e f o r m a t i o n   p r o c e e d s ,   f o r   a  s i n g l e   c y c l e   o f  

q u e n c h i n g   and  d e f o r m a t i o n ,   t h e   n u m b e r   of   m a r t e n s i t e   p l a t e s  

i n c r e a s e s   and  a f t e r   70%  d e f o r m a t i o n   some  b e t a   p h a s e   s t i l l  

r e m a i n s   u n t r a n s f o r m e d .  

-The  i n v e n t i o n   w i l l   be  f u r t h e r   d e s c r i b e d   by  r e f e r -  

e n c e   t o   t h e   a c c o m p a n y i n g   d r a w i n g s   i n   w h i c h   : -  

F i g .   1  s h o w s   d e f o r m a t i o n   c u r v e s   as   a  f u n c t i o n   o f  

l o a d   f o r   a  s a m p l e   of   an  a l l o y   a c c o r d i n g   t o   t h e   i n v e n t i o n ;  

F i g .   2  i s   a  g r a p h   s h o w i n g   t h e   c r i t i c a l   y i e l d   s t r e s s  

as  a  f u n c t i o n   of   t e m p e r a t u r e ;  

F i g .   3  shows   t h e   v a r i a t i o n   of   maximum  t e n s i o n   a n d  

e l o n g a t i o n   as  a  f u n c t i o n   of   t e m p e r a t u r e ;  

F i g s .   N o s . 4 a ,   4b ,   5,  6,  7  a n d   8  r e p r o d u c e   o p t i c a l  

m i c r o g r a p h s   of  s a m p l e s   f r o m   m a t e r i a l   a c c o r d i n g   to   t h e  

i n v e n t i o n ;  



F i g s .   9  and   10  r e p r o d u c e   s c a n n i n g   e l e c t r o n   m i c r o -  

s c o p y   p h o t o g r a p h s ;   a n d  

F i g s .   11 ,   12  and   13  a r e   d e r i v e d   f rom  t r a n s m i s s i o n  

e l e c t r o n   m i c r o s c o p y ,   i n   e a c h   c a s e   u s i n g   s a m p l e s   of   an   a l l o y  

a c c o r d i n g   to   t h e   i n v e n t i o n   w i t h   d i f f e r e n t   Nb  c o n t e n t s .  

The  u s e   of   Al  and   Nb  as   a l l o y i n g   e l e m e n t s   f o r   Z r  

i s   f o u n d   c o n v e n i e n t   b e c a u s e   Al  a l s o   h a s   a  low  a b s o r p t i o n  

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   ( 0 . 2 3   b a r n s )   and  t h a t  

of   Nb  ( 1 . 1 8   b a r n s )   i s   a p p r o x i m a t e l y   t h r e e   t i m e s   s m a l l e r  

t h a n   t h a t   f o r   M o .  

By  a d d i n g   t h e   a l l o y i n g   e l e m e n t s   in   t h e   a p p r o p r i a t e  

r a t i o   t o   Z r ,   i t   i s   p o s s i b l e   t o   r e t a i n   t h e   h i g h   t e m p e r a t u r e  

b e t a   p h a s e   ( b c c )   and   a f t e r w a r d s   i t   i s   p o s s i b l e   by  d e f o r m a t i o n  

to   i n d u c e   i n   t h e   m a t e r i a l   a  m a r t e n s i t i c   p h a s e .   T h i s   b e h a v -  

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

by  t h e   name  of   TRIP  ( t r a n s f o r m a t i o n   i n d u c e d   p l a s t i c i t y ) .  

F o r   t h e   a l l o y   w h i c h   i s   t h e   s u b j e c t   of  t h e   p r e s e n t   i n v e n t i o n  

t h i s   m e c h a n i c a l   b e h a v i o u r   ( T R I P )   i s   o b s e r v e d   f o r   a  c o m p o s i t -  

i o n   r a n g e   b e t w e e n   7  and   15  w e i g h t   % Nb  and  0 . 5   to   3  w e i g h t  

%  A l .  

I n   o r d e r   to   v e r i f y   w h a t   h a s   b e e n   s t a t e d   a b o v e ,  

t e n s i o n   t e s t s   w e r e   p e r f o r m e d   u s i n g   q u e n c h e d   s a m p l e s   w i t h   t h e  

r e t a i n e d   b e t a   p h a s e .   The  m e a s u r e m e n t s   w e r e   made  a t   d i f f e r -  

e n t   t e m p e r a t u r e s   b e t w e e n   80  K  a n d   373  K  ( - 1 9 3 C   to  1 0 0 . C ) .  

In  e a c h   c a s e   t h e   v a l u e s   f o r   t h e   c r i t i c a l   y i e l d   s t r e s s ,  

t h e   maximum  a n d   t o t a l   e l o n g a t i o n   w e r e   o b t a i n e d .  



T h u s   in   F i g .   1  t h e   o r d i n a t e   i s   t h e   a p p l i e d   l o a d   o n  

t h e   s a m p l e   v e r s u s   t h e   p e r c e n t a g e   of  d e f o r m a t i o n   ( Δ 1 / 1 ) . 1 0 0  

as   a b c i s s a .   F i g .   2  s h o w s   f o r   t h e   same  s a m p l e ,   t h e   c r i t i c a l  

y i e l d   s t r e s s   as   a  f u n c t i o n   of  t h e   m e a s u r e d   t e m p e r a t u r e  

g i v e n   i n   t h e   a b c i s s a .   F i g .   3  shows   two  c u r v e s ,   t h e   u p p e r  

one   c o r r e s p o n d i n g   t h e   u l t i m a t e   t e n s i l e   s t r e n g t h   σ  u t s  

and   t h e   l o w e r   one  f o r   t h e   c o r r e s p o n d i n g   p l a s t i c   d e f o r m a t i o n  

£  f ,   b o t h   as   a  f u n c t i o n   of  t e m p e r a t u r e   i n   t h e   a b c i s s a .  

F r o m   t h e   m o r p h o l o g i c a l   p o i n t   of   v i e w ,   t h e   o p t i c a l  

m i c r o g r a p h s   c o r r e s p o n d i n g   to   F i g s .   4,  4a  and   4b  show  t h e  

m a t e r i a l   b e f o r e   t h e   d e f o r m a t i o n ,   w h e r e a s   t h o s e   of  F i g s .   5 ,  

6 ,  7   a n d   8  r e f e r   to   t h e   s a m p l e s   a f t e r   t h e   d e f o r m a t i o n .   T h e  

f r a c t u r e d   z o n e   w i t h   a  t y p i c a l   d u c t i l e   s t r u c t u r e   was  o b s e r v e d  

by  s c a n n i n g   m i c r o s c o p y   c o r r e s p o n d i n g   t o  F i g s .   9  and   1 0 .  

F o r   c o m p a r i s o n  i t   may  be  m e n t i o n e d   t h a t   i n   t h e s e   a l l o y s   b u t  

w i t h   l ow  Nb  c o n t e n t ,   i . e .   b e l o w   6  w e i g h t   %,  m a r t e n s i t e   f o r m s  

s p o n t a n e o u s l y   on  c o o l i n g   as   s e e n   i n   F i g .   11,   a  p h o t o g r a p h  

made   by  t r a n s m i s s i o n   e l e c t r o n   m i c r o s c o p y .   I t   i s   n o t e d  

t h a t   i t s   s t r u c t u r e   i s   h e x a g o n a l   c l o s e   p a c k e d   w i t h   t h e   t y p i c a l  

s p e a r - t y p e   m o r p h o l o g y   o f   m a r t e n s i t e .   U n d e r   t h e s e   c o n d i t i o n s  

t h e   m a t e r i a l   h a s . a   h i g h   e l a s t i c   s t r a i n   e n e r g y   f i e l d   due  t o  

t h e   s h a p e   of   t h e   m a r t e n s i t e .   The  m a r t e n s i t e   i s   i n t e r n a l l y  

t w i n n e d .   On  t h e   o t h e r   h a n d   t h e   m a t e r i a l   of   t h e   p r e s e n t  

i n v e n t i o n   i s   i n d u c e d   by  d e f o r m a t i o n   a n d   p l a t e s   of  t h e  

f o l l o w i n g   c h a r a c t e r i s t i c s   a r e   f o u n d  : -  

( a )   t h e   p l a t e s   a r e   n o t   i n t e r n a l l y   t w i n n e d   n o r   do  t h e y  

e x h i b i t   a  t w i n   r e l a t i o n s h i p   b e t w e e n   e a c h   o t h e r ;  



(b)   t h e   b e t a   p h a s e   m a t r i x   a p p e a r s   d e f o r m e d   and  c o n t a i n s  

d i s l o c a t i o n s ,   and  t h e   i n d u c e d   m a r t e n s i t e   p l a t e s   a p p e a r  

a c c o m m o d a t e d   i n   t h e   m a t r i x .  

T h e s e   c h a r a c t e r i s t i c s   a r e   w e l l   v i s i b l e   i n   e l e c t r o n  

m i c r o g r a p h s   c o r r e s p o n d i n g   t o   F i g s .   12  and   13.   From  w h a t   h a s  

b e e n   s a i d   and   o b s e r v e d   i t   c an   be  c o n c l u d e d   t h a t   w e - a r e   d e a l -  

i n g   w i t h   an  a l l o y   of   a  h i g h   t e m p e r a t u r e   h y s t e r e s i s ,   i . e .  

t h e   m a r t e n s i t e   p h a s e   i n d u c e d   by  d e f o r m a t i o n   i s   s u f f i c i e n t l y  

s t a b l e   to   h e a t i n g   to   t e m p e r a t u r e s   of  t h e   o r d e r   of  6 0 0 ° C  
t h e  

( 8 7 3   K) .   T h i s   i n d i c a t e s   t h e   p o s s i b i l i t y   to   a p p l y / a l l o y s   a t  

h i g h e r   t e m p e r a t u r e s   t h a n   t h o s e   c o m m o n l y   u s e d   w i t h   t h e   k n o w n  

Zr  a l l o y s ,   s u c h   as  Z i r c a l o y   2  o r  Z i r c a l o y - 4 .  

The  a l l o y   w h i c h   i s   o b t a i n e d   i n   t h i s   m a n n e r   d o e s   n o t  

h a v e   a  p s e u d o - e l a s t i c   b e h a v i o u r .   F o r   t h i s - i t   w o u l d   be  n e c -  

e s s a r y   to   h a v e   a  m a r t e n s i t i c   t r a n s f o r m a t i o n   a s s i s t e d   b y  

s t r e s s e s ,   t h a t   i s   to   s a y ,   t h a t   t h e   m a t e r i a l   w o u l d   r e t a i n  

t h e   b e t a   p h a s e   a f t e r   q u e n c h i n g   and   t h a t   by  a p p l i e d   s t r e s s e s  

t h e   m a r t e n s i t e   w o u l d   be  i n d u c e d   w i t h o u t   r e a c h i n g   t h e   n o r m a l  

p l a s t i c   d e f o r m a t i o n   of   t h e   b e t a   p h a s e .   I n   a d d i t i o n ,   i f   t h e  

p s e u d o - e l a s t i c   e f f e c t   w e r e   to   e x i s t ,   t h e   m a t e r i a l   w o u l d  

r e c u p e r a t e   i t s   i n i t i a l   s h a p e   a f t e r   r e m o v a l   of   t h e   l o a d .  

In   t h i s   way  a  m a t e r i a l   i s   o b t a i n e d   w h i c h   e x h i b i t s  

a  h i g h   f r a c t u r e   s t r e s s   and   c o n s i d e r a b l e   e l o n g a t i o n ,   due  t o  

t h e   f a c t - - t h a t   t h e   d e f o r m a t i o n   d o e s   n o t   p r o c e e d   e x c l u s i v e l y  

by  s l i p   o r   t w i n n i n g   ( d e p e n d i n g   on  t h e   t e m p e r a t u r e   of  d e f o r m -  

a t i o n ) ,   b u t   t h a t   d u r i n g   t h e   d e f o r m a t i o n   a  new  m a r t e n s i t i c  

p h a s e   i s   i n d u c e d   w h i c h   e n a b l e s   t h e   e l o n g a t i o n   of   t h e   m a t e r i a l  



w i t h   t h e   o b t e n t i o n   of  a  h i g h   h a r d e n i n g   v a l u e .  

A c c o r d i n g   to   t h e   i n v e n t i o n   t h e   m e t h o d   f o r   o b t a i n i n g  

t h e   a b o v e   d e s c r i b e d   a l l o y   c o n s i s t s   of   t h e   f o l l o w i n g   s e q u e n -  

t i a l   s t a g e s  :  

( a )   i n   an  e l e c t r i c   a r c   f u r n a c e ,   t h e r e   i s   m e l t e d   a t   l e a s t  

o n c e   a  Zr   b a s e   m a t e r i a l   w i t h   an  Nb  c o n t e n t   b e t w e e n   7  a n d  

15%  by  w e i g h t   and  a n  A l   c o n t e n t   b e t w e e n   0 . 5   a n d   3%  by  w e i g h t ,  

t h e   a m o u n t   of   o x y g e n   b e i n g   c o n t r o l l e d ;  

(b)   t h e   a l l o y   t h u s   o b t a i n e d   i s   f o r g e d   a t   a  t e m p e r a t u r e   o f  

9 0 0 ' C   ( 1 1 7 3   K)  in   o r d e r   to   d e s t r o y   t h e   o r i g i n a l   s o l i d i f i -  

c a t i o n   s t r u c t u r e ;  

( c )   a f t e r   f o r g i n g   t h e   m a t e r i a l   i s   q u e n c h e d   i n   w a t e r   f r o m  

1000   "C  ( 1 2 7 3   K ) ;  

(d)   t h e   m a t e r i a l   i s   t h e n   d e f o r m e d   a t   a p p r o x i m a t e l y   r o o m  

t e m p e r a t u r e ;   a n d  

( e )   S t a g e s   ( c )   and  (d)   a r e   r e p e a t e d   u n t i l   an  a p p r o p r i a t e  

m o r p h o l o g y   of   t h e   b e t a   p h a s e   w i t h   t h e   i n d u c e d   m a r t e n s i t e  

i s   o b t a i n e d   a c c o r d i n g   to   r e q u i r e m e n t s .  

C o n t r o l   of  o x y g e n   i n   s t a g e   ( a )   i s   o f   g r e a t   i m p o r t -  

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

by  w e i g h t   a r e   1000  ppm  and   1600   ppm.  By  t h e   h o t   f o r g i n g   i n  

s t a g e   (b)   t h e r e   i s   o b t a i n e d   a  s t r u c t u r e   of   h o m o g e n e o u s   a n d  

s m a l l e r   g r a i n s   w h i c h   f a v o u r s   t h e   s u b s e q u e n t   m e c h a n i c a l  

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

i n   s t a g e   ( c ) ,   t h e   b e t a   p h a s e   i s   a g a i n   r e t a i n e d   and   t h e   m a t -  

e r i a l   c a n   be  d e f o r m e d   to   a c c o m p l i s h   t h e   f i n a l   g e o m e t r y .  

D u r i n g   t h e   d e f o r m a t i o n   m a r t e n s i t e   i s   i n d u c e d   p r o d u c i n g   t h e  



s o - c a l l e d   TRIP  e f f e c t .   T h i s   d e f o r m a t i o n   c o r r e s p o n d s   t o  

t h e   a l r e a d y   m e n t i o n e d   s t a g e   ( d ) .  

Of  c o u r s e ,   e a c h   d e f o r m a t i o n   c y c l e   i s   s t o p p e d  

b e f o r e   t h e   f r a c t u r e   s t r e s s   i s   r e a c h e d ,   and   t h e   q u e n c h  

t r e a t m e n t   of   s t a g e   (c )   i s   r e p e a t e d ,   w h i c h   a l l o w s   t h e  

m a t e r i a l   t o   be  o n c e   more   d e f o r m e d .   The  t r e a t m e n t   i s  

c e a s e d   when   f i n a l l y   a  " d u p l e x "   i s   o b t a i n e d ,   v i z .   a  b e t a  

p h a s e   and   i n d u c e d   m a r t e n s i t e   a p p r o p r i a t e   f o r   t h e   u s e   o f  

t h e   m a t e r i a l .  

N a t u r a l l y ,   when   p r a c t i c i n g   t h e   m e t h o d   to   o b t a i n  

t h e   new  a l l o y   a c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n ,   c h a n g e s  

can   be  i n t r o d u c e d   w i t h o u t   d e p a r t i n g   f r o m   t h e   s c o p e   of   t h e  

i n v e n t i o n .  



1.  A  z i r c o n i u m   b a s e d   a l l o y   h a v i n g   a  n i o b i u m   c o n t e n t  

of  b e t w e e n   7%  and   15%  by  w e i g h t   and   an  a l u m i n i u m   c o n t e n t  

b e t w e e n   0 .5%  and   3%  by  w e i g h t .  

2.  An  a l l o y   a c c o r d i n g   to   c l a i m   1,  w h i c h ,   on  q u e n c h i n g  

in   w a t e r   f r o m   1 0 0 0 * C ,   l a r g e l y   r e t a i n s   b e t a   p h a s e   a n d  w h i c h  

i s   t h e n   d e f o r m a b l e   a t   room  t e m p e r a t u r e   to   f o r m   m a r t e n s i t e .  

3.  An  a l l o y   a c c o r d i n g   to   c l a i m   1  or   c l a i m   2  h a v i n g   a  

n i o b i u m   c o n t e n t   of   a b o u t   10%  and   an  a l u m i n i u m   c o n t e n t   o f  

a b o u t   1%,  b o t h   by  w e i g h t   b a s e d   on  t h e   c o n t e n t   of   z i r c o n i u m .  

4.  A  m e t h o d   of   o b t a i n i n g   a  z i r c o n i u m   b a s e   a l l o y ,  

c o m p r i s i n g   t h e   f o l l o w i n g   s t e p s  -  

( a )   m e l t i n g   a t   l e a s t   o n c e ,   z i r c o n i u m   b a s e d   m a t e r i a l   w i t h  

a  n i o b i u m   c o n t e n t   of   b e t w e e n   7%  a n d   15%  by  w e i g h t ,   and   a n  

a l u m i n i u m   c o n t e n t   o f   b e t w e e n   0 . 5   and   3%  by  w e i g h t   w h i l s t  

c o n t r o l l i n g   t h e   a m o u n t   of   o x y g e n   p r e s e n t ,  

(b)   f o r g i n g   t h e   o b t a i n e d   a l l o y   to   d e s t r o y   t h e   o r i g i n a l  

s o l i d i f i c a t i o n   s t r u c t u r e ,  

(c )   q u e n c h i n g   i n   w a t e r ,  

(d)   d e f o r m i n g   t h e   m a t e r i a l ,  

(e)   r e p e t i t i o n   of   s t e p s   ( c )   and   (d )   as  n e c e s s a r y ,   u n t i l  

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

m a r t e n s i t e   i s   o b t a i n e d .  

5.  A  m e t h o d   a c c o r d i n g   to   c l a i m   4  w h e r e i n   s t e p   ( a )   i s  

p e r f o r m e d   i n   an  e l e c t r i c   a r c   f u r n a c e ,   and  s t e p   (d)   i s   d o n e  

a t   a p p r o x i m a t e l y   room  t e m p e r a t u r e .  



6.  A  m e t h o d   a c c o r d i n g   to   c l a i m   4  o r   c l a i m   5,  w h e r e i n  

s t e p   (b )   i s   c a r r i e d   o u t   a t   a t   l e a s t   900°C  a n d   t h e   q u e n c h i n g  

i s   e f f e c t e d   f r o m   a t   l e a s t   1 0 0 0 ° C .  

7.  A  m e t h o d   a c c o r d i n g   t o   c l a i m   4  o r   c l a i m   5,  w h e r e i n  

s t e p   ( b )   i s   c a r r i e d   o u t   a t   9 0 0 ° C   and  t h e   q u e n c h i n g   f r o m  

1 0 0 0 ° C .  

8.  A  m e t h o d   a c c o r d i n g   to   a n y  o n e   of   c l a i m s   4  to   7 ,  

w h e r e i n   t h e   n i o b i u m   c o n t e n t   i s   a b o u t   10%  a n d   t h e   a l u m i n i u m  

c o n t e n t   i s   a b o u t   1%,  b o t h   by  w e i g h t ,   b a s e d   on  t h e   c o n t e n t  

of  z i r c o n i u m .  

9.  A  s t r u c t u r a l   c o m p o n e n t   of  o r   f o r   a  n u c l e a r   r e a c t o r  

made  f r o m   an  a l l o y   a c c o r d i n g   to   a n y  o n e   of   c l a i m s   1  to   3 .  

10.   A  s t r u c t u r a l   c o m p o n e n t   of   o r   f o r   a  n u c l e a r   r e a c t o r  

made  f r o m   an  a l l o y   p r o d u c e d   a c c o r d i n g   to   a n y  o n e   of   c l a i m s  

4  to   8 .  
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