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Rolling  mill  using  variable  crown  roll. 

A  multi-high  rolling  mill  comprising  work  rolls  and 
back-up  rolls,  in  which  at  least  one  of  said  rolls  is  a  varia- 
ble  crown  roll  having  the  extent  of  crowning  controlled  by 
a  pressure  medium  (Fig.  1). 



The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  a  m u l t i - h i g h   r o l l i n g  
m i l l   u s i n g   a t   l e a s t   one  v a r i a b l e   crown  r o l l .  

The  r o l l i n g   m i l l   to  which   the  p r i n c i p l e   of  the  p r e s e n t  
i n v e n t i o n   a p p l i e s   c o m p r i s e s   a t   l e a s t   a  p a i r   of  work  r o l l s   a n d  

a  b a c k - u p   r o l l   a r r a n g e d   in  at   l e a s t   t h r e e - h i g h   ( m a i n l y   f o u r -  

h igh )   and  in  a  s i n g l e   s t a n d   or  tandem  s t a n d s ,   f o r   a p p l i c a t i o n s  
of  e i t h e r   ho t   or  co ld   r o l l i n g s   and  p r e f e r a b l y   c o m p r i s e s  
f u r t h e r   r o l l   b e n d e r s   as  a d d i t i o n a l   e q u i p m e n t .  

The  t e rm  "work  r o l l "   as  used   h e r e i n   and  in  the  c l a i m s  
is   to  be  u n d e r s t o o d   to  mean  a  r o l l   in  d i r e c t   c o n t a c t   w i th   a  
m a t e r i a l   to  be  r o l l e d   and  the   te rm  " b a c k - u p   r o l l "   i s   to  b e  
u n d e r s t o o d   to  mean  a  r o l l   d i r e c t l y   or  i n d i r e c t l y   s u p p o r t i n g  
the  work  r o l l .  

The  v a r i a b l e   crown  r o l l   i s   so  c o n s t r u c t e d   as  to  b e  
c o n t r o l l a b l e   in  the   e x t e n t   of  c r o w n i n g   of  the   r o l l   by  i n t r o -  

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

The  v a r i a b l e   crown  r o l l   has  been   h e r e t o f o r e   used   i n  

t w o - h i g h   r o l l i n g   m i l l s   bu t   n e v e r   in  t h r e e -   or  more  h i g h  

r o l l i n g   m i l l s .   For  example ,   U n i t e d   S t a t e s   P a t e n t s   Nos .  
3 , 6 0 4 , 0 8 6   and  3 , 4 5 7 , 6 1 7   d i s c l o s e   v a r i a b l e   crown  r o l l s   w h i c h  -  

were,   howeve r ,   a l l   a p p l i e d   to  t w o - h i g h   r o l l i n g   m i l l s   o n l y .  
The  t w o - h i g h   r o l l i n g   m i l l s   u s i n g   c o n v e n t i o n a l   v a r i a b l e   c r o w n  
r o l l s   had  s e v e r a l   d i s a d v a n t a g e s   such  t h a t   the   work  r o l l s  

were  u n a b l e   to  w i t h s t a n d   h i g h   r o l l i n g   l o a d ,   i t   was  d i f f i c u l t  
to  m a n u f a c t u r e   r o l l   s l e e v e s   of  h i g h   h a r d n e s s ,   the   t o u g h n e s s  
of  the  s l e e v e   d e c r e a s e d   b e c a u s e   of  the   r e q u i r e m e n t   fo r   h i g h e r  
s u r f a c e   h a r d n e s s   of  the   r o l l s ,   and  shape  d e f e c t s   are   e a s i l y  
caused   in  t he   s t r i p   in  the   n e i g h b o r h o o d   of  the   p r e s s u r e  



r e c e i v i n g   s l e e v e   end.  A c c o r d i n g l y ,   such  r o l l i n g   m i l l s   w e r e ,  
wh i l e   s u i t a b l e   f o r   l i g h t   l o a d   r o l l i n g   such,   f o r   example ,   a s  
t emper   r o l l i n g ,   no t   s u i t a b l e   fo r   heavy   l o a d  r o l l i n g   such  a s  
common  hot   or  co ld   r o l l i n g .  

H e r e t o f o r e ,   the   v a r i a b l e   crown  r o l l   was  no t   a p p l i e d  
to  the  m u l t i - h i g h   r o l l i n g   m i l l s   ( p a r t i c u l a r l y   to  b a c k - u p  
r o l l s )   p r o b a b l y   f o r   the   f o l l o w i n g   a p p r e h e n s i o n s :  
(1)  In  view  of  the   f a c t   t h a t   the   m a t e r i a l   i s   r o l l e d   b y  
work  r o l l s   u s u a l l y   of  the   d i a m e t e r   as  l a r g e   as  5 0 0  -   600  mm, 

mere  a p p l i c a t i o n   of  the   v a r i a b l e   crown  r o l l   ( h e r e i n a f t e r  
r e f e r r e d   to  s imp ly   VC  r o l l )   to  t he   b a c k - u p   r o l l s   i s   n o t  

e x p e c t e d   to  p r o v i d e   any  p a r t i c u l a r   e f f e c t .  
(2)  I t   i s   d o u b t f u l   t h a t   p i p e - s h a p e d   r o l l s   as  the   VC  r o l l s  

a c h i e v e   s a t i s f a c t o r y   r o l l i n g .  
(3)  The  d i a m e t r i c a l   e x p a n d e d   VC  r o l l s   may  r a t h e r   be  d e p r e s -  
sed  by  the   h i g h   r o l l i n g   l o a d   f a i l i n g   to  p r o v i d e   any  e f f e c t .  
(4)  The  s l e e v e   h o l d i n g   f o r c e   may  be  i n s u f f i c i e n t ,   t h e r e b y  
c a u s i n g   r o l l   b e n d i n g .  
(5)  The  VC  r o l l s   may  be  d a n g e r o u s   from  the   v iew  p o i n t   o f  

f a t i g u e   s a f e t y   f a c t o r .  
Based   on  many  y e a r s '   e x p e r i e n c e   and  t h e o r e t i c a l   a n d  

e x p e r i m e n t a l   s u p p o r t s ,   the   i n v e n t o r s   have  the   f o l l o w i n g   v i e w s  
of  the   a b o v e - m e n t i o n e d   a p p r e h e n s i o n s :  
(1)  The  c r o w n i n g   e f f e c t   of  the   b a c k - u p   r o l l   i s   p r o v i d e d  
to  the   r o l l e d   m a t e r i a l   t h r o u g h   the   work  r o l l s .   In  f a c t ,   a  

change  of  a p p r o x i m a t e l y   1 / 2  -   1/5  of  t he   d i a m e t r i c a l   e x p a n s i o n  
in  the   o u t e r   d i a m e t e r   of  the   r o l l s   a p p e a r s   in  the   r o l l e d  

m a t e r i a l .   The  e f f i c i e n c y   of  t h i s   e x p a n s i o n   i s   s u f f i c i e n t  
fo r   c o n t r o l l i n g   the   crown  and  t h e  s h a p e .  
(2)  S ince   the   VC  r o l l   i s   p r o v i d e d   w i t h   a  s m a l l   c a v i t y   o n l y  
in  the  p r e s s u r e   r e c e i v i n g   s l e e v e   p o r t i o n  o f   the   r o l l ,   t h e  

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

s o l i d   r o l l s .  
(3)  The  d i a m e t r i c a l   e x p a n s i o n   of  t he   VC  r o l l   can  be  made  

l a r g e r   t h a n   the   d e p r e s s i o n   t h e r e o f   by  the   h i g h   r o l l i n g   l o a d .  

(4)  When  the   b a c k - u p   r o l l   i s   a  VC  r o l l ,   a  l a r g e   s l e e v e  

h o l d i n g   f o r c e   can  be  p r o v i d e d   s i n c e   the   p r e s s u r e   r e c e i v i n g  
s l e e v e   p a r t   l e n g t h   of  the  b a c k - u p   r o l l   need   no t   be  l a r g e r  
t han   the   w i d t h   of  the   m a t e r i a l   to  be  r o l l e d .   G e n e r a l l y   i n  



the  r o l l i n g   m i l l s ,   s i n c e   the   work  r o l l s   a re   d r i v e n ,   t h e  

t o r q u e   e x e r t e d   on  the   b a c k - u p   r o l l s   i s   s m a l l e r   t h a n   t h a t  

e x e r t e d   on  the   work  r o l l s .  
(5)  I t   i s   p o s s i b l e   to  d e s i g n   the   VC  r o l l s   h a v i n g   t h e  

f a t i g u e   s a f e t y   f a c t o r   of  1 . 5  -   3 .  

A c c o r d i n g l y ,   the   i n v e n t o r s   have  s u f f i c i e n t   r e a s o n   t o  

s t a t e   t h a t   the   VC  r o l l   i s   s a t i s f a c t o r i l y   a p p l i c a b l e   to  t h e  

m u l t i - h i g h   r o l l i n g   m i l l s .  

T h e r e f o r e ,   an  o b j e c t   of  t he   p r e s e n t   i n v e n t i o n   is   t o  

app ly   the   VC  r o l l s   to  the   m u l t i - h i g h   r o l l i n g   m i l l   to  t h e r e b y  
make  e x t e n s i v e   and  m a n i f o l d   r o l l i n g   p r a c t i c a b l e .  

The  b a s i c   c o n c e p t i o n   of  the   p r e s e n t   i n v e n t i o n   i s   t o  

p r o v i d e   a  m u l t i - h i g h   ( m a i n l y   f o u r - h i g h )   r o l l i n g   m i l l   com-  
p r i s i n g   a  p a i r   of  work  r o l l s   and  a t   l e a s t   one  b a c k - u p   r o l l ,  
in  which   at   l e a s t   one  of  the   r o l l s   i s   a  VC  r o l l .  

Hav ing   t h i s   c o n s t r u c t i o n   as  t he   b a s i s ,   the   p r e s e n t  
i n v e n t i o n   i n t e n d s   to  p r o v i d e   the   f o l l o w i n g   m o d i f i c a t i o n s :  

a.  A  f o u r - h i g h   r o l l i n g   m i l l   in   which   at   l e a s t   one  of  a  
p a i r   of  b a c k - u p   r o l l s   i s   a  VC  r o l l   or  at   l e a s t   one  of  a  p a i r  
of  work  r o l l s   i s   a  VC  r o l l ;  
b.  A  f o u r - h i g h   r o l l i n g   m i l l   in  which   a  p a i r   of  the   b a c k -  

up  r o l l s   a re   VC  r o l l s   of  d i f f e r e n t   c o n s t r u c t i o n   from  e a c h  

o t h e r ,   or  a  p a i r   of  the   work  r o l l s   a re   VC  r o l l s   of  d i f f e r e n t  
c o n s t r u c t i o n   from  each  o t h e r ;   a n d  

c.  A  d e t e c t i o n   s i g n a l   of  the   shape   or  the   c r o w n i n g   o r  
bo th   of  them  of  the   m a t e r i a l   to  be  r o l l e d   a re   u t i l i z e d   t o  

c o n t r o l   the   e x t e n t   of  the   c r o w n i n g   of  the   VC  r o l l s .  
The  i n v e n t i o n   w i l l   be  b e t t e r   u n d e r s t o o d   from  t h e  

f o l l o w i n g   d e s c r i p t i o n   t a k e n   in  c o n n e c t i o n   w i t h   the   a c c o m p a n y -  
ing  d r a w i n g s .  

F ig .   1  i s   a  s c h e m a t i c   s e c t i o n a l   view  of  a  VC  r o l l ;  

F i g s .   2A  to  2F  a re   s c h e m a t i c   i l l u s t r a t i o n s   of  t y p i c a l  
r o l l   a r r a n g e m e n t s   of  the   r o l l i n g   m i l l   to  which   a p p l i c a t i o n  
of  the   p r e s e n t   i n v e n t i o n   i s   i n t e n d e d ;  

F i g s .   3A  and  3B  are   s c h e m a t i c   i l l u s t r a t i o n s   of  r o l l  
s t a n d   a r r a n g e m e n t s   of  the   r o l l i n g   m i l l   to  which   a p p l i c a t i o n  
of  the  p r e s e n t   i n v e n t i o n   i s   i n t e n d e d ;  

F ig .   4  is   an  i l l u s t r a t i o n   of  f u n c t i o n   of  r o l l   b e n d e r s ;  
F i g s .   5  to  8  a re   i l l u s t r a t i o n s   of  r o l l   a r r a n g e m e n t s  



of  e m b o d i m e n t s   of  the   p r e s e n t   i n v e n t i o n ;  
F i g s .   9  and  10  are  s c h e m a t i c   c r o s s   s e c t i o n a l   v i e w s  

of  a  f o u r - h i g h   r o l l i n g   m i l l   of  a n o t h e r   embodiment   of  t h e  

p r e s e n t   i n v e n t i o n ;   - 
F ig .   11  i s   an  i l l u s t r a t i o n   of  c o n t r o l   of  the   s h a p e  

and  the  c r o w n i n g   of  the   m a t e r i a l   b e i n g   r o l l e d   by  the   r o l l i n g  
m i l l   a c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n ;  

F i g s .   12  to  17  are   g r a p h s   showing   the   r e s u l t s   o f  
v a r i o u s   t e s t s   in  the  r o l l i n g   m i l l   a c c o r d i n g   to  the   p r e s e n t  
i n v e n t i o n ;  

F ig .   18  i s   a  s c h e m a t i c   c r o s s   s e c t i o n a l   v iew  s h o w i n g  
the   c o n s t r u c t i o n   in  which  the   r o l l   b e n d e r s   a re   a s s e m b l e d   t o  
the  f o u r - h i g h   r o l l i n g   m i l l   a c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n ;  
a n d  

F i g s .   19  to  21  are   g r a p h s   showing  the   r e s u l t s   o f  
v a r i o u s   t e s t s   in  the   r o l l i n g   m i l l   of  F ig .   1 8 .  

S e v e r a l   p r e f e r r e d   e m b o d i m e n t s   of  the   p r e s e n t   i n v e n t i o n  
w i l l   now  be  d e s c r i b e d   w i t h   r e f e r e n c e   to  t he   a c c o m p a n y i n g  
d r a w i n g s .   B e f o r e   d e s c r i b i n g   the   p r e s e n t   i n v e n t i o n   in  d e t a i l ,  
the   c o n s t r u c t i o n   and  the   f u n c t i o n   of  the   VC  r o l l   u sed   in  t h e  

p r e s e n t   i n v e n t i o n   w i l l   be  d e s c r i b e d   b r i e f l y   w i t h   r e f e r e n c e  
to  F ig .   1 .  

In  the   b a s i c   c o n s t r u c t i o n   of  t he   VC  r o l l ,   as  shown  

in  F ig .   1,  an  a n n u l a r   c a v i t y   3  i s   d e f i n e d   b e t w e e n   an  a r b o r  

1  and  a  s l e e v e   2,  to  which  a  medium  ( f o r   example ,   w a t e r ,   o i l ,  

g r e a s e   or  the   l i k e )   u n d e r   h i g h   p r e s s u r e   i s   a p p l i e d   from  a  
medium  p r e s s u r i z i n g   u n i t   4  t h r o u g h   a  c o n d u i t   11  p r o v i d e d   i n  

the   a r b o r   1  so  as  to  c o n t r o l   t he   e x t e n t   of  c r o w n i n g   of  t h e  

r o l l   ( t h a t   i s ,   the   e x t e n t   of  the   d i a m e t r i c a l   e x p a n s i o n   o f  

the  r o l l   o u t e r   d i a m e t e r )   by  r e g u l a t i n g   t he   p r e s s u r e   of  t h e  

medium  by  means  of  the   u n i t   4 .  

The  r o l l i n g   m i l l s   to  which   the   p r e s e n t   i n v e n t i o n   i s  

i n t e n d e d   are   of  t he   t y p e s ,   f o r   e x a m p l e ,   as  shown  in  F i g s .  
2  to  4.  In  r o l l   a r r a n g e m e n t ,   the   r o l l i n g   m i l l s   a r e ,   i n  

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

h igh   r o l l s   as  shown  in  F i g s .   2A  to  2F  and  m o s t ' s u i t a b l y   f o u r -  

h igh   r o l l s   as  shown  in  F ig .   2C.  A c c o r d i n g l y ,   the   p r e s e n t  
i n v e n t i o n   w i l l   be  d e s c r i b e d   h e r e i n u n d e r   as  b e i n g   a p p l i e d   t o  

the  f o u r - h i g h   r o l l i n g   m i l l   f o r   the   sake  of  s i m p l i c i t y   b u t  



i t   must  be  u n d e r s t o o d   t h a t   a p p l i c a t i o n   of  the   p r e s e n t   i n v e n -  
t i o n   i s   not   l i m i t e d   t h e r e t o .   In  r o l l   s t a n d   a r r a n g e m e n t ,   t h e  

r o l l i n g   m i l l   may  be  e i t h e r   of  s i n g l e   s t a n d   as  shown  in  F i g .  
3A  or  of  t andem  s t a n d s - a s   shown  in  F ig .   3B.  With  r e s p e c t  
to  a d d i t i o n a l   e q u i p m e n t ,   the   r o l l i n g   m i l l   i s   p r e f e r a b l y  
p r o v i d e d   w i t h   r o l l   b e n d e r   JW  or  JB  in  the   work  r o l l   W  o r  
b a c k - u p   r o l l   B  t h e r e o f .  

The  b a s i c   c o n s t r u c t i o n   of  the   r o l l i n g   m i l l   a c c o r d i n g  
to  the  p r e s e n t   i n v e n t i o n   r e s i d e s   in,   as  shown  w i t h   r e f e r e n c e  
to  the   t h r e e - h i g h   m i l l   f o r   c o n v e n i e n c e '   sake  in  F i g s .   5A  t o  

5G,  the  m u l t i - h i g h   r o l l i n g   m i l l   in  which   a t   l e a s t   one  of  t h e  
r o l l s   i s   the   VC  r o l l   ( h a t c h e d   in  the   d r a w i n g ) .   A c c o r d i n g l y ,  
the  t h r e e - h i g h   r o l l i n g   m i l l   a c c o r d i n g   to  t he   p r e s e n t   i n v e n -  
t i o n   may  t a k e   any  of  the   r o l l   c o m b i n a t i o n s   shown  in  F i g s .  
5A  to  5G.  S p e c i a l   e f f e c t s   a c h i e v e d   by  t h i s   c o n s t r u c t i o n   w i l l  

become  c l e a r   from  the   e n s u i n g   d e s c r i p t i o n .  
In  an  embod imen t   of  the   p r e s e n t   i n v e n t i o n ,   the  f o u r -  

h igh   r o l l i n g   m i l l   has ,   as  shown  in  F i g s .   6A  to  6C,  at   l e a s t  

one  VC  r o l l   ( h a t c h e d   in  the   d r a w i n g )   in  the   b a c k - u p   r o l l s .  
In  t h i s   embod imen t ,   the   e x t e n t   of  c r o w n i n g   of  t h e  

b a c k - u p   r o l l s   i s   f i r s t   c h a n g e d .   The  change   t h e n   e x e r t s   a n  
i n f l u e n c e   on  the   work  r o l l s   to  b e n d  t h e   e n t i r e   s h a f t s   of  t h e  

work  r o l l s   to  t h e r e b y   cause   a  s u b s t a n t i a l l y   p r e d e t e r m i n e d  
e x t e n t   of  change   in  the   crown  of  the   work  r o l l s .  

S h e e t   crown  ( t h i c k n e s s   d i s t r i b u t i o n   a c r o s s   the  s t r i p  
w id th )   and  shape  t e s t s   were  p e r f o r m e d   in  the   f o u r - h i g h   r o l l -  

ing  m i l l   f o r   t e s t   in  which ,   as  shown  in  F ig .   6A,  the   u p p e r  
b a c k - u p   r o l l   i s   a  VC  r o l l   of  t he   s i z e   200  mm  in  o u t e r   d i a m e t e r  

and  460  mm  in  l e n g t h   w h i l e   the   work  r o l l   i s   of  the   s i z e   80  mm 
in  o u t e r   d i a m e t e r   and  460  mm  in  l e n g t h .  

F ig .   12  shows  the   r e s u l t s   of  t he   s h e e t   crown  t e s t s  

p e r f o r m e d   on  an  a luminum  p l a t e   of  4  mm  in  t h i c k n e s s   and  3 5 0  

mm  in  w i d t h   u n d e r   the   r o l l i n g   l o a d   of  20  t o n s   u s i n g   the   f o u r -  

h igh   r o l l i n g   m i l l   d e s c r i b e d   above .   In  F ig .   12,  the   m a r k s  O ,  

0 ,  A   and  X  d e n o t e   the   o i l   p r e s s u r e   P'  (Kg/cm2)  of  the   VQ 
r o l l   at  0,  165,  340,  and  510,  r e s p e c t i v e l y .   As  seen  f r o m  

Fig.   12,  as  the   o i l   p r e s s u r e   of  the   VC  r o l l   i n c r e a s e s ,   t h e  
a x i a l   d e f l e c t i o n   of  the   work  r o l l s   c h a n g e s .   The  s h e e t   c r o w n  
changes   w i t h   the   change   in  the   a x i a l   d e f l e c t i o n   of  the   w o r k  



r o l l s .   Thus,   the   s h e e t   crown  c o n t r o l   e f f e c t   a c c o r d i n g   t o  
the  p r e s e n t   i n v e n t i o n   was  c o n f i r m e d .  

F ig .   13  shows  the   r e s u l t s   of  the   shape   t e s t s   p e r f o r m e d  

on  a  c o l d   r o l l e d   c o i l   o f   0 . 4   mm  in  t h i c k n e s s   and  300  mm  i n  
w i d t h   u n d e r   f i x e d   d r a f t s   u s i n g   the   same  f o u r - h i g h   r o l l i n g  
m i l l   d e s c r i b e d   above .   In  F ig .   13,  the   m a r k s  0 ,   • ,   a n d  Δ  

i n d i c a t e s   t he   r e d u c t i o n   (96)  of  0 . 5 ,   1 .0 ,   and  1 4 . 5 ,   r e s p e c t i v e l y .  
As  seen   from  Fig .   13,  as  the   o i l   p r e s s u r e   of  the   VC  r o l l  

i n c r e a s e s ,   the   shape  of  the   r o l l e d   m a t e r i a l   c h a n g e s   f r o m  

wavy  edges   to  c e n t e r   b u c k l e   and,  u n d e r   the   p r e d e t e r m i n e d  
r e d u c t i o n   good  f l a t n e s s   i s   o b t a i n e d   a t   a  s p e c i f i e d   o i l   p r e s -  
su re .   By  c o m b i n i n g   b e n d e r   i t   becomes  p o s s i b l e   to  c o r r e c t  

q u a r t e r   b u c k l e   shape  d e f e c t .   Thus  the   shape   c o n t r o l   e f f e c t  

a c c o r d i n g   to  the   p r e s e n t   i n v e n t i o n   was  c o n f i r m e d .  
The  a p p l i c a t i o n   of  t he   VC  r o l l   t o . t h e   b a c k - u p   r o l l  

p r o v i d e s   the   f o l l o w i n g   a d v a n t a g e s :  
(1)  S ince   the   r o l l   d i a m e t e r   and  the   s l e e v e   t h i c k n e s s   c a n  
be  l a r g e r   t h a n   in  the   work  r o l l ,   the   s t r e s s   g e n e r a t e d   in  t h e  

r o l l   can  be  r e d u c e d .  

(2)  S ince   the  r o l l i n g   i s   p e r f o r m e d   t h r o u g h   the   work  r o l l s ,  
the  p r e s s u r e   r e c e i v i n g   s l e e v e   p a r t   l e n g t h   of  the   b a c k - u p  
r o l l   can  be  d e t e r m i n e d   i n d e p e n d e n t   of  the   w i d t h   of  t h e  

m a t e r i a l .  

(3)  S i n c e   the   h a r d n e s s   of  the   s u r f a c e   of  the   r o l l   may  b e  

low,  s e l e c t i o n   of  the   s l e e v e   m a t e r i a l   i s   made  e a s y .  
(4)  S ince   the   r o t a t i o n a l   f r e q u e n c y   i s   s m a l l e r   t h a n   in  t h e  

work  r o l l s   w i t h   r e s p e c t   to  the   same  r o l l i n g   speed ,   d e s i g n   o f  

the  r o t a r y   j o i n t   i s   made  e a s y .  
(5)  S i n c e   the   s l e e v e   t h i c k n e s s   becomes   l a r g e ,   the   v a l u e  

of  c o n c a v i t y   i s   s m a l l e r   t h a n   the   v a l u e   of  e x p a n s i o n   in  t h e  

o u t e r   d i a m e t e r .  
(6)  C o n s e q u e n t l y ,   the   r o l l i n g   w i t h   h i g h e r   speed ,   l a r g e r  
l o a d ,   and  l a r g e r   w i d t h   i s   made  p o s s i b l e .  

In  a n o t h e r   embodiment   of   the   p r e s e n t   i n v e n t i o n ,   t h e  

f o u r - h i g h   r o l l i n g   m i l l   has ,   as  shown  in  F i g s .   7A  t o . 7 C ,   a t  

l e a s t   one  VC  r o l l   ( h a t c h e d   in  t he   d r a w i n g )   in   the   work  r o l l s .  

In  t h i s   embodiment ,   t he   e x t e n t   of  c r o w n i n g   of  t h e  

w o r k - r o l l s   i s   d i r e c t l y   changed   and  the   change   i s   s t r e n g t h e n e d  

by  the  r e a c t i o n   of  the   b a c k - u p   r o l l s .  



S h e e t   crown  and  shape  t e s t s   were  p e r f o r m e d   in  the  f o u r -  

h igh   r o l l i n g  m i l l   f o r   t e s t   shown  s c h e m a t i c a l l y   in  F ig .   7 ,  
the  work  r o l l s   and  the   b a c k - u p   r o l l s   of  which   a re   of  the   same 
s i z e   as  t h o s e   of  F ig .   6 A .  

F ig .   14  shows  the   r e s u l t s   of  t he   s h e e t   crown  t e s t s  

p e r f o r m e d   on  an  a luminum  p l a t e   of  4  mm  in  t h i c k n e s s   a n d  
250  mm  in  w i d t h   u n d e r   the   r o l l i n g   l o a d   of  20  t o n s   u s i n g   t h e  

f o u r - h i g h   r o l l i n g   m i l l   d e s c r i b e d   above .   In  F ig .   14,  t h e  
m a r k s  0 ,   • ,   and  X  d e n o t e   the   o i l   p r e s s u r e   P'  (Kg/cm2)  of  t h e  
VC  r o l l   a t   0,  200,  and  400,  r e s p e c t i v e l y .   The  c u r v e s   o f  
Fig .   14  show  the   s i m i l a r   t e n d e n c y   to  t h o s e   of  F ig .   1 2 .  

F ig .   15  shows  the   r e s u l t s   of  the   shape   t e s t s   p e r f o r m e d  
on  a  co ld   r o l l e d   c o i l   of  0 .4   mm  in  t h i c k n e s s   and  300  mm  i n  
w i d t h   u n d e r   the   r e d u c t i o n   of  1%  u s i n g   the   same  f o u r - h i g h  
r o l l i n g   m i l l   w i t h   the   o i l   p r e s s u r e   P'  (Kg/cm2)  of  the   VC 
r o l l   c h a n g e d .   The  c u r v e s   of  F ig .   15  show  the  s i m i l a r   t e n d e n c y  
to  t h o s e   of  F ig .   1 3 .  

The  a p p l i c a t i o n   of  the   VC  r o l l   to  the   work  r o l l s   o f  
the  f o u r - h i g h   r o l l i n g   m i l l   p r o v i d e s   t he   f o l l o w i n g   a d v a n t a g e s  
over   the  a p p l i c a t i o n   of  the   VC  r o l l   to  t he   work  r o l l s   of  t h e  

t w o - h i g h   r o l l i n g   m i l l :  
(1)  In  t he   f o u r - h i g h   r o l l i n g   m i l l ,   s i n c e   the   d e f l e c t i o n  
in  the   work  r o l l s   i s   r e c e i v e d   by  the   b a c k - u p   r o l l s ,   the   c r o w n -  
ing  e f f e c t   of  the   VC  r o l l   i s   l a r g e r   t h a n   in  the   t w o - h i g h  
r o l l i n g   m i l l .  
(2)  In  t he   f o u r - h i g h   r o l l i n g   m i l l ,   t he   c o m b i n a t i o n   of  t h e  
d i a m e t r i c a l   e x p a n s i o n   of  the   VC  r o l l   w i t h   a  work  r o l l   b e n d e r  

or  w i t h   a  b a c k - u p   r o l l   b e n d e r   to  be  d e s c r i b e d   h e r e i n u n d e r  

can  c o r r e c t   c o m p l i c a t e d   shape   d e f e c t s   such ,   f o r   example ,   a s  
q u a r t e r   b u c k l e .  

I t   w i l l   be  r e a d i l y   e s t i m a t e d   t h a t   s a i d   e f f e c t   can  b e  
d o u b l e d   by  the   use  of  the   VC  r o l l   f o r   b o t h   the   u p p e r   and  t h e  
lower   b a c k - u p   r o l l s   or  b o t h   the   uppet   and  the   l o w e r   work  r o l l s .  

F i g s .   16  and  17  show  t he   r e s u l t s   of  the   s h e e t   c r o w n  
and  the   shape   t e s t s ,   r e s p e c t i v e l y ,   p e r f o r m e d   in  a  f u r t h e r  
embodiment   of  the   p r e s e n t   i n v e n t i o n   in  wh ich   the   VC  r o l l   i s  
used  in  one  of  each   of  the  b a c k - u p   and  the   work  r o l l s   a s  
shown  in  F i g s .   8A  and  8B.  The  s i z e s   of  t he   r o l l s   of  t h e  
m i l l s   and  the   s i z e s   and  the   q u a l i t y   of  t he   s p e c i m e n s   u s e d  



in  the  t e s t s   of  F i g s .   16  and  17  are   the   same  as  t h o s e   u s e d  

in  t he   t e s t s   of  F ig .   1 4 .  

In  F ig .   16,  the   marks  0 ,   • ,   and  X  d e n o t e   the   o i l   p r e s -  
sure   P'  (Kg/cm2)  of  the   VC  r o l l   a t   0,  100,  and  200,  r e s p e c -  
t i v e l y .   In  the   b a r   crown  t e s t s   of  F ig .   16,  the   r o l l i n g   l o a d  

was  25  t o n s .   In  F ig .   17,  the   m a r k s  @  a n d  •  d e n o t e s   t h e  
r e d u c t i o n   (%)  of  3  and  15,  r e s p e c t i v e l y .  

As  seen   from  F i g s .   16  and  17,  the   s h e e t   crown  a n d  

shape  c o n t r o l   e f f e c t s   show  the   s i m i l a r   t e n d e n c y   to  t h o s e  
d e s c r i b e d   above  and  as  the   number   of  the   VC  r o l l s   u s e d  
i n c r e a s e s ,   the   e f f e c t   t h e r e b y   a l s o   i n c r e a s e s .   I t   was  c o n -  
f i r m e d   t h a t   the   embodiment   shown  in  F i g s .   8A  and  8B  i s  
e f f e c t i v e   f o r   c o n t r o l   of  the   shape  and  p a r t i c u l a r l y   f o r   c o r -  
r e c t i o n   of  the   shape  d e f e c t s   such  as  q u a r t e r   b u c k l e   w h i c h  

was  h e r e t o f o r e   d i f f i c u l t   to  be  s o l v e d   by  the   c o n v e n t i o n a l  

r o l l i n g   m i l l s .  
The  f o r e g o i n g   d e s c r i p t i o n   a s sumes   t h a t   the   VC  r o l l s  

used   in  p a i r   are   of  the   same  i n t e r n a l   c o n s t r u c t i o n .   As  s h o w n  
in  F i g s .   9  and  10,  howeve r ,   by  i n t e n t i o n a l l y   making  one  o f  
the   VC  r o l l s   in  p a i r   d i f f e r e n t   from  the   o t h e r   in  the   v a r i a b l e  

crown  c o n s t r u c t i o n   ( p r i m a r i l y   the   s i z e   of  the   c a v i t y   w h i c h  
is   f i l l e d   by  the   p r e s s u r e   medium) ,   i t   i s   made  p o s s i b l e   t o  
r o l l   e f f i c i e n t l y  m a t e r i a l s   r a n g i n g   in  w i d t h   r a d i c a l l y   w i t h o u t  

c h a n g i n g   the   r o l l s .   That   i s ,   a  m a t e r i a l   of  l a r g e   w i d t h   i s  

r o l l e d   by  r o l l s   of  l a r g e   w i d t h   v a r i a b l e   crown  c o n s t r u c t i o n ,  

a  m a t e r i a l   of  s m a l l   w i d t h   i s   r o l l e d   by  r o l l s   of  s m a l l   w i d t h  
v a r i a b l e   crown  c o n s t r u c t i o n ,   and  a  m a t e r i a l   of  i n t e r m e d i a t e  

w id th   i s   r o l l e d   by  r o l l s   of  l a r g e   w i d t h   a l o n e   or  in  c o m b i n a -  
t i o n   w i t h   the   r o l l s   of  s m a l l   w i d t h   v a r i a b l e   crown  r o l l s .  

I t   was  c o n f i r m e d   t h a t   the   s h e e t   crown  c o r r e c t i o n   a n d  

the  shape  c o r r e c t i o n   e f f e c t s   a re   o b t a i n e d   by  u s i n g   the  VC 

r o l l s   p r o p e r l y   as  d e s c r i b e d   above .   A c c o r d i n g l y ,   the   s h e e t  

crown  and  shape   c o n t r o l   sy s t em  can  be  c o n s t r u c t e d   by  c o m b i n -  

ing  the  VC  r o l l s   w i t h   a  d e t e c t o r .  
For  example ,   as  shown  in  F ig .   11,  a  r o l l i n g   m i l l   21  

is   p r o v i d e d   on  the   e x i t / e n t r y   s i d e   t h e r e o f   w i t h   a  s h e e t  

crown  and  shape   d e t e c t o r   22,  a  d e t e c t i o n   s i g n a l   of  which   i s  

t r a n s m i t t e d   to  a  c o n t r o l   u n i t   23  in  which   the   d e t e c t i o n   s i g n a l  
i s   compared   w i t h   the   s e t   v a l u e ,   to  c o n t r o l   the   medium  p r e s -  



s u r i z i n g   u n i t   4  ( see   Fig .   1)  of  the   VC  r o l l   p r o v i d e d   in  t h e  

r o l l i n g   m i l l   2 1 .  
The  d e t e c t o r   i s   p r e f e r a b l y   of  n o n - c o n t a c t   t y p e .  

V a r i o u s   i n s t r u m e n t s   such  as  an  X - r a y   t h i c k n e s s   m e t e r ,   a  β -  

ray  t h i c k n e s s   m e t e r ,   a  f l y i n g   m i c r o m e t e r   and  the   l i k e   c a n  
be  used   as  t he   s h e e t   crown  d e t e c t o r .   There   a re   v a r i o u s   t y p e s  
of  the   shape   d e t e c t o r   such  as  o p t i c a l   t y p e ,   e l e c t r o m a g n e t i c  
t ype ,   d i s p l a c e m e n t - t y p e ,   v i b r a t i o n - t y p e ,   and  the  l i k e .  

The  r e l a t i o n   b e t w e e n   the   s h e e t   crown  and  the   s h a p e  
w i l l   now  be  b r i e f l y   d e s c r i b e d .   With  r e s p e c t   to  the   s h e e t  
t h i c k n e s s   d i s t r i b u t i o n   of  the   m a t e r i a l   to  be  r o l l e d ,   i f   t h e  
s h e e t   crown  r a t i o   on  the   e n t r a n c e   s i d e   of  the   m i l l   is   C r i  
and  the  s h e e t   crown  r a t i o   on  the   e x i t   s i d e   of  the   m i l l   i s  
Cro,  and  i f   Cr i   =  Cro,  t h e r e   i s   no  shape   d e f e c t   c a u s e d  
b e c a u s e   the   w i d t h w i s e   d i s t r i b u t i o n   w i t h   r e s p e c t   to  t h e  

l o n g i t u d i n a l   e l o n g a t i o n   is   u n i f o r m .   I f   Cr i   >  Cro ,   the   s h e e t  
is  e l o n g a t e d   more  in  the   c e n t e r   of  w i d t h   t h a n   in  bo th   t h e  

edges   i n t o   the   shape  d e f e c t   of  c e n t e r   b u c k l e .   On  the  c o n t r a r y ,  
i f   Cri   <  C r o ,   the   ba r   i s   e l o n g a t e d   more  in  b o t h   the   e d g e s  
t han   in  the   c e n t e r   of  w i d t h   i n t o   the  shape   d e f e c t   of  w a v y  
edges .   A c c o r d i n g l y ,   the   s h e e t   crown  i s   c l o s e l y   r e l a t e d   t o  
the  s h a p e .  

G e n e r a l l y ,   s i n c e   a  s m a l l   change   in  the   s h e e t   c r o w n  
c a u s e s   a  l a r g e   change  in  the   shape ,   r o l l i n g   i s   p e r f o r m e d  
( p a r t i c u l a r l y   in  co ld   r o l l i n g )   p a y i n g   a t t e n t i o n   m a i n l y   t o  
the  shape .   However,   in  the   c a s e ,   as  in  ho t   r o l l i n g ,   w h e r e  

the  s h e e t   t h i c k n e s s   is   l a r g e   and  m e t a l   f l ow  o c c u r s   r e a d i l y ,  
t h e r e   i s   c a u s e d   no  e x t r e m e   shape  d e f e c t   s i n c e   the   m a t e r i a l  

r e a d i l y   f l ows   w i d t h w i s e   when  the   s h e e t   crown  c h a n g e s .  

A c c o r d i n g l y ,   the   crown  c o n t r o l   i s   e a s i l y   e f f e c t e d   in  h o t  

r o l l i n g .  
In  t h i s   way,  in  a  m u l t i - p a s s   r o l l i n g   the   s h e e t   c r o w n  

c o n t r o l   i s   p e r f o r m e d   w i t h i n  t h e   r ange   of  the   shape  d e f e c t  
t h a t   is   no t   d i s a d v a n t a g e o u s   to  the   r o l l i n g   o p e r a t i o n   and  t h e  

shape  c o n t r o l   i s   p e r f o r m e d   a t   the   f i n a l   p a s s .   In  a  t a n d e m  

r o l l i n g ,   the   s h e e t   crown  is   p e r f o r m e d   at   the   u p s t r e a m   s t a n d  
and  the  s h a p e - a t t e n d e d   c o n t r o l   i s   p e r f o r m e d   at   the   f i n a l  
s t a n d .  

In  the   c o n v e n t i o n a l   r o l l i n g   m i l l ,   the   shape   c o r r e c t i o n  



was  p e r f o r m e d   by  a  work  r o l l   b e n d e r   or  a  b a c k - u p   r o l l   b e n d e r .  

As  an  a p p l i c a t i o n   of  the   p r e s e n t   i n v e n t i o n ,   a  c o m b i n a t i o n  
of  the   r o l l   b e n d e r   w i t h   the   VC  r o l l   i s   p o s s i b l e .   The  r e s u l t s  
of  n u m e r i c a l   e x p e r i m e n t s   show  t h a t   t h i s   c o n s t r u c t i o n   p r o v i d e s  
u n e x p e c t e d   m u l t i p l i c a t i o n   e f f e c t s   as  d e s c r i b e d   b e l o w .  

The  r o l l i n g   m i l l   u sed   in  the   e x p e r i m e n t s   i s ,   as  shown 

in  Fig .   18,  a  f o u r - h i g h   m i l l   in  which   the   u p p e r   b a c k - u p   r o l l  

B  i s   a  VC  r o l l   and  a  r o l l   b e n d e r   is   p r o v i d e d   b e t w e e n   the  w o r k  

r o l l s   W.  Tab le   1  shows  the   s i z e s   of  t h i s   r o l l i n g   m i l l   a n d  

the   r o l l i n g   c o n d i t i o n s .  

F i g s .   19  to  21  show  the   r e s u l t s   of  t e s t s   p e r f o r m e d  

on  the  r e l a t i o n   b e t w e e n   the   work  r o l l   b e n d i n g   f o r c e   JW  ( t o n )  

and  the   ba r   crown  when  the  o i l   p r e s s u r e   P'  (Kg/cm2)  a p p l i e d  
to  the  VC  r o l l   in  t h i s   r o l l i n g   m i l l   i s   v a r i e d   s t e p w i s e .  



Fig.   19  shows  the   r e s u l t s   of  the   co ld   t e m p e r   r o l l i n g  
of  a  m a t e r i a l   of  1200  mm  in  w i d t h   u n d e r   the   r o l l i n g   l o a d   o f  

500  t o n s .   In  F ig .   19,  the   h o r i z o n t a l   a x i s   i n d i c a t e s   t h e  

b e n d i n g   f o r c e   Jw  ( t o n )  o f   the   work  r o l l s   and  the   v e r t i c a l  

a x i s   i n d i c a t e s   the   ba r   crown  δc  (cm)  at  t he   p o s i t i o n   of  1 / 4  

of  w id th .   In  F ig .   19,  A  d e n o t e s   the   c o n v e n t i o n a l   b e n d i n g  
e f f e c t   ( 1 9 . 2 µ ) ,   B  d e n o t e s   the  e f f e c t s   of  change   in  o i l  

p r e s s u r e   of  the   VC  r o l l   on ly   ( 3 1 . 3 µ ) ,   and  C  d e n o t e s   t h e  

m u l t i p l i c a t i o n   e f f e c t   ( 5 1 . 6 p )   by  the   VC  r o l l   and  the  b e n d e r .  

Fig .   20  shows  the   r e s u l t s   of  the   co ld   tandem  r o l l i n g  
of  a  m a t e r i a l   of  1000  mm  in  w i d t h   u n d e r   the   r o l l i n g   l o a d   o f  

900  t o n s .   In  F ig .   20,  the   h o r i z o n t a l   and  v e r t i c a l   axes   a n d  
the  r e f e r e n c e   c h a r a c t e r s   A,  B  and  C,  r e s p e c t i v e l y ,   d e n o t e  
the  same  i t e m s   as  in  F ig .   19,  p r o v i d e d   t h a t   A  =  14 .8µ ,   B  = 
21 .8p ,   and  C  =  3 6 . 5 µ .  

F ig .   21  shows  the   r e s u l t s   of  the   ho t   t andem  r o l l i n g  
of  a  m a t e r i a l   of  1000  mm  in  w i d t h   u n d e r   the   r o l l i n g   l o a d   o f  

900  t o n s .   In  F ig .   21,  the   h o r i z o n t a l   a x i s   JW,  the   v e r t i c a l  
ax i s   6c,  and  the   r e f e r e n c e   c h a r a c t e r s   A,  B  and  C,  r e s p e c t i v e l y ,  
d e n o t e s   the  same  i t e m s   as  in  F ig .   19  p r o v i d e d   t h a t   δc  i n d i c a t e s  
the  s h e e t   crown  at   the   p o i n t   50  mm  from  the   edge  and  t h a t  
A =  27 .2µ ,   B  =  39 .7µ ,   and  C  =  6 6 . 9 µ .  

As  c l e a r l y   seen   from  F i g s .   19  to  21,  in  the  case   w h e r e  

a  s i n g l e   VC  r o l l   i s   used ,   the   change   in  o i l   p r e s s u r e   f r o m  

0  -   300  Kg/cm2  p r o v i d e s   the   e q u i v a l e n t   or  b e t t e r   e f f e c t   t h a n  

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

VC  r o l l   w i th   the   r o l l   b e n d e r   p r o v i d e s   2  to  4  t i m e s   h i g h e r  
s h e e t   crown  c o n t r o l   e f f e c t   t h a n   the   c o n v e n t i o n a l   r o l l   b e n d e r .  

While  the   p r e s e n t   i n v e n t i o n   has  been  h e r e t o f o r e   d e s c r i b e d  

wi th   r e s p e c t   to  i t s   a p p l i c a t i o n   to  a  s i n g l e   s t a n d   r o l l i n g   m i l l ,  
i t   w i l l   be  o b v i o u s   to  t h o s e   s k i l l e d   in  the   a r t   t h a t   the   p r e s e n t  
i n v e n t i o n   i s   a p p l i c a b l e   to  a  c o n t i n u o u s   ho t   or  c o l d   r o l l i n g  
s t a n d   (F ig .   3B).  In  t h i s   c a s e ,   i t   i s   d e s i r a b l e   t h a t   the   VC 
r o l l   is   a p p l i e d   to  a l l   the   s t a n d s .   However,   even  where  t h e  
VC  r o l l   is   a p p l i e d   on ly   to  l i m i t e d   s t a n d s   in  v iew  of  r e d u c -  
t i o n   in  c o s t ,   s u f f i c i e n t   e f f e c t s   are   o b t a i n e d   t h e r e f r o m   a s  
shown  in  T a b l e s   2  and  3 .  





While  Table   3  shows  the   e x a m p l e s   of  a p p l i c a t i o n   o f  
the  VC  r o l l   to  a  c o n t i n u o u s   f i n i s h i n g   m i l l ,   a p p l i c a t i o n   o f  

i t . t o   a  r o u g h i n g   m i l l   i s   l i k e w i s e   e f f e c t i v e .   P a r t i c u l a r l y ,  
i t s   a p p l i c a t i o n   to  a  r o u g h i n g   m i l l   of  a  s e m i - c o n t i n u o u s   h o t  

s t r i p   m i l l   i s   e f f e c t i v e   no t   on ly   in  crown  c o n t r o l   bu t   a l s o  
in  i m p r o v e m e n t   in  the  crop  l o s s   at   the   top  or  b o t t o m   of  t h e  

s t r i p .  
In  the   c o n t i n u o u s   m i l l ,   the   c o m b i n a t i o n   of  the   VC 

r o l l   w i t h   the   c o n v e n t i o n a l   r o l l   b e n d e r   p r o v i d e s   an  e n l a r g e d  

range   of  c o n t r o l .  



1.  A  m u l t i - h i g h   r o l l i n g   m i l l   c o m p r i s i n g   one  or  more  w o r k  
r o l l s   and  one  or  more  b a c k - u p   r o l l s ,   c h a r a c t e r i z e d   in  t h a t  
at  l e a s t   one  of  the   r o l l s   of  s a i d   m i l l   i s   a  v a r i a b l e   c r o w n  
r o l l   which   i s   c o n t r o l l e d   in  the   e x t e n t   of  c r o w n i n g   by  a  

p r e s s u r e   med ium.  

2.  A  f o u r - h i g h   r o l l i n g   m i l l   a c c o r d i n g   to  Claim  1,  c h a r a c -  
t e r i z e d   in  t h a t   at   l e a s t   one  of  the   b a c k - u p   r o l l s   i s   a  
v a r i a b l e   crown  r o l l .  

3.  A  f o u r - h i g h   r o l l i n g   m i l l   a c c o r d i n g   to  Cla im  1,  c h a r a c -  

t e r i z e d   in  t h a t   at  l e a s t   one  of  the   w o r k - r o l l s   i s   a  v a r i a b l e  

crown  r o l l .  

4.  A  f o u r - h i g h   r o l l i n g   m i l l   a c c o r d i n g   to  Claim  1,  c h a r a c -  
t e r i z e d   in  t h a t   a  p a i r   of  the   b a c k - u p   r o l l s   are   v a r i a b l e  

crown  r o l l s   which   are   d i f f e r e n t   in  c o n s t r u c t i o n   from  e a c h  
o t h e r .  

5.  A  f o u r - h i g h   r o l l i n g   m i l l   a c c o r d i n g   to  Claim  1,  c h a r a c -  
t e r i z e d   in  t h a t   a  p a i r   of  t he   work  r o l l s   a re   v a r i a b l e   c r o w n  
r o l l s   which  a re   d i f f e r e n t   in   c o n s t r u c t i o n   from  each  o t h e r .  

6.  A  r o l l i n g   m i l l   a c c o r d i n g   to  any  one  of  C la ims   1  to  5 ,  
c h a r a c t e r i z e d   in  t h a t   the   e x t e n t   of  c r o w n i n g   of  t h e  v a r i a b l e  

crown  is   c o n t r o l l e d   by  a  s i g n a l   i n d i c a t i v e   of  the   shape  a n d / o r  

the  s h e e t   crown  of  t he   m a t e r i a l   to  be  r o l l e d .  

7.  A  r o l l i n g   m i l l   a c c o r d i n g   to  Claim  1,  c h a r a c t e r i z e d   i n  

t h a t   r o l l   b e n d e r s   are   p r o v i d e d   b e t w e e n   s a i d   work  r o l l s   a n d / o r  

s a i d   b a c k - u p   r o l l s   to  c o n t r o l   the   e x t e n t   of  c r o w n i n g   of  t h e  
v a r i a b l e   crown  r o l l   and  the   r o l l   b e n d i n g   f o r c e ,   t h e r e b y  

c o n t r o l l i n g   the   s h e e t   crown  and  the   shape   of  the   m a t e r i a l  

to  be  r o l l e d .  
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