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A method is descr ibed of calculating the tempera ture  field in the crysta l l izat ion zone (two- 
phase zone) which moves within a cylinder along the axis. 

Let us assume an infinitely long cylindrical  specimen of a multicomponent alloy which can be moved 
steadily in a t empera ture  field where the two-phase l iqu id -so l id  zone bounded by two planes perpendicular  
t o thecy l inde r  axis will continuously move in the direction of this axis. There  are  two possibil i t ies here :  
1) heat flows into the two-phase zone through the liquid metal  f rom which it is Carried away into the solid 
along the specimen axis only (axial heat flow); 2) par t  of the heat flows into the two-phase region or  is 
ca r r i ed  away f rom it through the la teral  surface ( r ad ia l - ax ia l  heat flow). 

As basic pa ramete r s  of the solidification process  we will take the l inear velocity of motion and the 
elongation of the two-phase zone, both together determining the length of t ime a metal  remains  in the two- 
phase state,  i . e .  the actual length of crysta l l izat ion t ime.  

We will mark out in the two-phase zone a small  unit a rea  perpendicular  to the cylinder axis and we 
will analyze the change of heat flux through it due to displacement by an infinitesimal distance dx. The 
corresponding differential equation of heat t r ans fe r  in a quasisteady process  is 

a* O~t Ot (1~ 
oX ~ Or 

For  a s ingle-phase medium not containing heat sources ,  a = ~ / y c .  In our case latent heat of c rys ta l l i za -  
tion is given off in the two-phase zone and this brings about an increase  in the apparent specific heat of the 
metal .  We will assume that the latent heat is given off at a uniform rate  throughout the crysta l l iza t ion 
range of t empera tu res ,  so that 

L 
c o = c + ~ ,  ( a )  

t i - - t f  

while 

* ;~ ( b )  
a ~  7[c + L / ( t i - - t f ) ]  " 

Inser t ing 8x = w0t in (1) and replacing a* by a*, we obtain for  the axial heat flux: 
0 

O~t at 

a~ Ox 2 --:- ~ OX 

Using conditions x = 0, t = t i, 8t /0x = G i and x = 5, t = tf, 8t/Sx = Gf, we can wri te  

%[ (~  t = t i - } - O  i ~ exp --~-~x - -1  , 

( 2 )  

(3) 
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Comparison between the calculated (6') and the actual (6) width of a two-phase region 

F i g .  2 .  The  t i m e  a m e t a l  r e m a i n s  in the  t w o - p h a s e  s t a t e  ~ c r  ( see ) ,  a s  a func t ion  of t he  c a l -  
c u l a t e d  n a r a m e t e r  a* 1- /cm21 and of t he  r a t e  a t w h i c h t h e  s p e c i m e n  is  l o w e r e d  into a r e f r i g e r a t o r .  

r c r "  �9 
w0: 1) 0 . 8 . 1 0 - 3 c m / s e c ;  2) 3 . 0 . 1 0  -3 c m / s e c ;  3) 1 6 . 7 . 1 0  -3 c m / s e c ;  4) 5 3 . 3 . 1 0  -3 c m / s e c .  

F i g .  3. E f f ec t  of the  l o w e r i n g  r a t e  w 0 ( c m / s e c )  on the  a p p a r e n t  va lue  of t h e r m a l  d i f f u s i v i t y  
�9 ( c m / s e c )  and on the  c o e f f i c i e n t  a = Q/Q0 = ( a o / a ~ ) - l .  

a r 

6 =  t i - - t f  In Gf , (4) 
G i - - G f  G i 

In (Gf/Gi) 
mcr_ !Gi--Gf)~ao ( t i_ t f )2"  (5) 

The  a p p e a r a n c e  of a r a d i a l  c o m p o n e n t  of hea t  f lux  in the  t w o - p h a s e  zone as  w e l l  a s  t he  r e l e a s e  of 
l a t e n t  hea t  can  be  a c c o u n t e d  f o r  if the  a p p a r e n t  v a l u e s  of s p e c i f i c  h e a t  and t h e r m a l  d i f f u s i v i t y  a r e  m o d i f i e d  

a c c o r d i n g l y :  

c* = c + _ _ L- - - -  + ~ (e) 
r t i _ _ t f  l i _ _ t f  

and 
L Q ). 

a~=$t /7  c +  t i - - t f  ~ t i - i f  
(d) 

Replacing a~by a* in (3), (4), (5) will allow us to use these equations also for the radial-axial ease. It 

follows from a transformation of (c) and (d) that 

Q = ( ~ ; / ~ - -  1)[~ (t~ - if) + L]. (61 

Since  Q0 = c ( t i - t f )  + L r e p r e s e n t s  the  t o t a l  h e a t  of c r y s t a l l i z a t i o n ,  the  c o e f f i c i e n t  a = ( a ~ / a * ) - 1  c h a r a c t e r -  
i z e s  t he  c o n t r i b u t i o n  of l a t e r a l  h e a t  f low d u r i n g  s o l i d i f i c a t i o n .  Through  the  l a t e r a l  s u r f a c e  of the  c y l i n d e r ,  
h e a t  is  b r o u g h t  in to  the  t w o - p h a s e  zone of the  c y l i n d e r  when  a > 0 (Q > 0) and hea t  is  c a r r i e d  a w a y  f r o m  it  
when a < 0. Wi th  ~ = 0 (a* = a~) t h e r e  is  no hea t  f low a c r o s s  t he  l a t e r a l  s u r f a c e .  

T h e s e  r e l a t i o n s  w e r e  v e r i f i e d  e x p e r i m e n t a l l y  in a l a b o r a t o r y  us ing  a r e s i s t a n c e  f u r n a c e  w i th  a 
g r a p h i t e  h e a t e r  and wi th  a : m e c h a n i s m  f o r  l o w e r i n g  the  m o l t e n  s t e e l  s p e c i m e n  f r o m  the  hot  zone i n s i d e  the  
f u r n a c e  into a r e f r i g e r a t o r  a t  a r a t e  which  r e m a i n e d  c o n s t a n t  in e a c h  t e s t  but  was  v a r i e d  f r o m  t e s t  to 
t e s t  b e t w e e n  0.5 �9 10 -5 m / s e e  and 50 �9 10 -~ m / s e e .  The  :metal  t e m p e r a t u r e  d u r i n g  c r y s t a l l i z a t i o n  was  m e a -  
s u r e d  wi th  t u n g s t e n - r h e n i u m  t h e r m o c o u p l e s  at  f o u r  l o c a t i o n s  a long  the  s p e c i m e n  he igh t .  F r o m  the  t h e r m o -  
g r a m s  thus  o b t a i n e d ,  the  s o l i d i f i c a t i o n  p r o c e s s  p a r a m e t e r s  6 and Tcr  w e r e  found and then  c o m p a r e d  
( F i g s .  1, 2) wi th  the  v a l u e s  of 6 '  and ar~-cr*, wh ich  had been  c a l c u l a t e d  b y  E q s .  (4) and (5). The  s l o p e s  of 
the  s t r a i g h t  l i n e s  in F i g .  2 d e t e r m i n e  the  m a g n i t u d e s  of c o e f f i c i e n t s  a~ and a a s  func t ions  of W 0 (F ig .  3). 

ta* was calculated for steel with 0.5-0.7% carbon with k = 23.2 J/m .sec .degK, 7 = 7.5 �9 103 kg/m 3, 

c = 837J/kg.degK, L=272 kJ/kg, ti-t f =60~ 
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Here  ol --* ( -  1) corresponds  to high values of w 0, while negligibly less heat flows axially than radial ly.  

We observe an ent i re ly  definite corre la t ion  between the mode of heat flow and the s t ruc ture  of the 
:metal: the dendrites are  oriented parallel  to the specimen axis when a > -  0.9, but they are  oriented radial ly  
when a < - 0.9. 
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NOTATION 

temperature; 
distance along the Cylinder axis; 
t ime;  
thermal  diffusivity, thermal  diffusivity for  a two-phase zone with axial heat flow and with 

r a d i a l - a x i a l  heat flow respect ively;  
thermal  conductivity; 
specific heat, apparent specific heat; 
density;  
latent heat of crysta l l izat ion;  
initial and final crysta l l izat ion tempera ture  ; 
t empera tu re  gradients at the boundary at the beginning and at the end of the solidification 

p rocess ;  
specific heat t r ans fe r  through the la teral  surface  of a two-phase zone; 
actual and calculated elongation; 
velocity of a moving two-phase zone; 
duration of the two-phase state of a metal; 
velocity at which the specimen is lowered into a r e f r ige ra to r .  
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