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D i r e c t i o n a l  growth of p e a r l i t e  i n  i r on -ca rbon  e u t e c t o i d  a l l o y s *  

David Dwight Pearson 

Under t h e  s u p e r v i s i o n  of John D. Verhoeven 
From t h e  Department o f  M a t e r i a l s  Sc ience  and Engineer ing  

Iowa S t a t e  'Univer ' s i ty  

P e a r l i t e  has  been t rans formed d i r e c t i o n a l l y  by p a s s i n g  a  

zone of a u s t e n i t e  through h igh  p u r i t y  Fe-C a l l o y  b a r s  o f  e u t e c -  

t o i d  compos i t ion .  Using a  sma l l  embedded thermocouple,  t h e  

t empera ture  g r a d i e n t  a t  bo th  t h e  a u s t e n i t i z i n g  edge and t h e  

p e a r l i t e  t r a n s f o r m a t i o n  edge o f  t h e  a u s t e n i t i c  zone was' r e -  

corded.  A s h a r p  change i n  g r a d i e n t  occu r r ed  due t o  t h e  change 

i n  thermal  c o n d u c t i v i t y  between t h e  phases  a t  each i n t e r f a c e .  

The p o i n t  of  change i n  g r a d i e n t  enab led  t h e  t empera ture  of  

bo th  i n t e r f a c e s  t o  be determined a s  a  f u n c t i o n  of v e l o c i t y .  

I't was found t h a t  t h e  undercool ing  of  t h e  p e a r l i t e  t rans forma-  

t i o n  i n t e r f a c e  below t h e  e u t e c t o i d  t empera ture  was q u a d r a t -  

i c a l l y  dependent on t h e  v e l o c i t y  of t r a n s f o r m a t i o n .  No s u p e r -  

h e a t i n g  a t  t h e  a u s t e n i t i z i n g  i n t e r f a c e  was observed .  I n t e r -  

l a m e l l a r  spac ing  measurements o f  p e a r l i t e  showed an i n v e r s e  

q u a d r a t i c  dependence of spac ing  on v e l o c i t y .  These' two r e -  

s u l t s  a r e  compared w i t h  t heo ry .  Volume d i f f u s i o n  of  carbon 

through a u s t e n i t e  adequa te ly  d e s c r i b e s  t h e  k i n e t i c s  o f  t h e  

*LKERDA- Report  IS-T- 7 3 1 .  This  wo:rk was per'formed unde r  
c o n t r a c t  W-7405-eng-82 w i t h  ' the"U.S. Energy Research and 
Development Admin i s t r a t i on .  
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decomposit ion of aus t e n i t e  t o  p e a r l i t e  a l though  e x t r a p o l a t e d  

carbon d i f f u s i v i t i e s  from h igh  tempera ture  a u s t e n i t e  d a t a  a r e  

a  f a c t o r  of  2 - 4  too  sma l l .  The i n t e r l a m e l l a r  spac ing  o f  

p e a r l i t e  and t h e  p e a r l i t e  t r a n s f o r m a t i o n  i n t e r f a c e  t empera ture  

a s  a  f u n c t i o n  of v e l o c i t y  a r e  compared t o  o t h e r  c o n s t a n t  

v e l o c i t y  t r a n s f o r m a t i o n  s t u d i e s  a s  w e l l  a s  i so the rma l  i n v e s t i -  

g a t i o n s .  Resu l t s  o f  t h e s e  comparisons i n d i c a t e  t h a t  p e a r l i t e  

forms v i a  t h e  same k i n e t i c s  e i t h e r  i s o t h e r m a l l y  o r  a t  c o n s t a n t  

v e l o c i t y .  The maximum r a t e  a t  which p e a r l i t e  can be f o r c e d  t o  

grow con t inuous ly  under f o r c e d  v e l o c i t y  c o n d i t i o n s  i s  shown t o  

be -100 pm/sec. 



INTRODUCTION 

P e a r l i t e  i s  a  l a m e l l a r  s t r u c t u r e  c o n s i s t i n g  of a l t e r -  

n a t i n g  p l a t e s  of f e r r i t e  (B.C.C. i r o n )  and cement i t e  (an 

orthorhombic c a r b i d e  w i t h  s t o i c h i o m e t r y  Fe3C). I t  i s  one 

of many produc ts  which form from t h e  h igh  tempera ture  F.C.C. 

s o l i d  s o l u t i o n ,  a u s t e n i - t e ,  when cooled below t h e  e u t e c t o i d  

t empera ture .  The s t r u c t u r e  was f i r s t  i d e n t i f i e d  by Sorby (1) 

who r e f e r r e d  t o  i t  a s  t h e  "pea r ly  compound" because  of t h e  

mo the r -o f -pea r l  appearance g iven  by t h e  d i f f r a c t i o n  of l i g h t  

from exposed p a r a l l e l  l ame l l ae  of a  p o l i s h e d  and e t ched  s p e c i -  

men. Pea.rl.i.te was one of t h e  f i r s t  s t r u c t u r e s  recognized as 

be ing  impor tan t  i n  s t r e n g t h e n i n g  s t e e l s .  Embury and F, isher  

( 2 )  have shown t h a t  drawn p e a r l i t e  w i r e s  can ach ieve  t e n s i l e  

s t r e n g t h s  a s  h igh  a s  4 , 8 0 0  MPa, one of t h e  s t r o n g e s t  e n g i -  

nee r ing  m a t e r i a l s  a v a i l a b l e .  A s  a  r e s u l t ,  t h e  s t r u c t u r e  and 

k i n e t i c s  of growth have been e x t e n s i v e l y  s t u d i e d  w i t h  e x c e l -  

l e n t  reviews a v a i l a b l e  (3 ,4 ,5 ,6 ,7 ) .  Exper imental  ev idence  

overwhelmingly i n d i c a t e s  t h a t  .growth i s  c o n t r o l l e d  by d i f f u -  

s i o n .  However, t h e  e x a c t  n a t u r e  of  t h e  manner i n  which carbon 

p a r t i t i o n s  a t  t h e  growth i n t e r f a c e  i s  s t i l l  u n c l e a r .  

There a r e  p r e s e n t l y . t w o  accep ted  models f o r  t h e  growth of 

p e a r l i t e .  One t r e a t s  carbon a s  t r a n s p o r t i n g  s o l e l y  by volume 

d i f f u s i o n  i n  t h e  p a r e n t  a u s t e n i t e ,  t h e  o t h e r  t r e a t s  t h e  d i f f u -  

s i o n  a s  occu r r ing  i n  t h e  boundary between t h e  two phases .  The 

l a s t  model i s  p a r t i c u l a r l y  a t t r a c t i v e  s i n c e  i t  can account f o r  



high  growth r a t e s  by t r e a t i n g  t h e  boundary as  a  s e p a r a t e  phase 

w i t h  h igh  d i f f u s i v i t y .  E i t h e r  model can be  c h a r a c t e r i z e d  by 

t h r e e  fundamental v a r i a b l e s  : (1) t h e  v e l o c i t y  of growth,  ( 2 )  

t h e  tempera ture  of fo rmat ion ,  and ( 3 )  t h e  i n t e r l a m e l l a r  spac-  

i n g .  

This  s tudy  i s  concerned w i t h  t h e  a c c u r a t e  de t e rmina t ion  

of t h e  t h r e e  k i n e t i c  v a r i a b l e s  by t h e  d i r e c t i o n a l  t rans forma-  

t i o n  of p e a r l i t e  a t  c o n s t a n t  r a t e  i n  a  s t e e p  tempera ture  

g r a d i e n t .  This  t echnique  has  many advantages over  t h e  i s o -  

thermal  method of s tudy ing  p e a r l i t e  growth. Chief among t h e s e  

i s  t h a t  i t  f i x e s  t h e  most d i f f i c u l t  t o  determine v a r i a b l e ,  t h e  

v e l o c i t y .  The technique  was f i r s t  employed by B o l l i n g  and 

Richman (8)  t o  g e t  q u a n t i t a t i v e  r e s u l t s  of  spac ing  a s  a  func-  

t i o n  of imposed v e l o c i t y .  T h e i r  r e s u l t s  were i n c o n c l u s i v e ;  a  

c l e a r  d i s t i n c t i o n  between t h e  two growth modes could  n o t  be  

made b u t  i t  d i d  appear  t h a t  boundary d i f f u s i o n .  was becoming 

impor tan t  a t  h igh  growth v e l o c i t i e s .  However, t h i s  . range of  

h igh  v e l o c i t i e s  i n d i c a t i n g  boundary d i f f u s i o n  was g r e a t e r  than  

t h e  maximum v e l o c i t y  observed i n  i s o t h e r m a l  work. Carpay (9)  

has  ques t ioned  whether p e a r l i t e  i s  t ransforming  under  t r u l y  

s t e a d y - s t a t e  cond i t i ons  a,t  t h e s e  h i g h  p u l l i n g  r a t e s .  One of 

t h e  goa l s  of  t h i s  i n v e s t i g a t i o n  was t o  determine t h e  maximum 

v e l o c i t y  a t  which p e a r l i t e  can t r ans fo rm con t inuous ly .  

However, t h e  major g o a l  of  t h i s  i n v e s t i g a t i o n  i s  con- 

cerned w i t h  t h e  de t e rmina t ion  of  t h e  p e a r l i t e  i n t e r f a c e  tem- 

p e r a t u r e  i n  t he  g r a d i e n t  du r ing  t r ans fo rma t ion .  I n  i so the rma l  



experiments, the temperature is fixed and velocities are de- 

termined by measuring the extent of reaction as a function of 

time. On the other hand, the velocity is fixed in the iso- 

velocity experiments and the temperature of the pearlite 

interface adjusts to an optimum isotherm in the temperature 

gradient. In previous isovelocity experiments, the interface 

temperature was unknown and comparison to isothermal work 

could only be made by assuming the two growth modes were 

identical. The interface temperature determinations of this 

study were designed in order to confirm this assumption. Also, 

with all three kinetic parameters determined, velocity, inter- 

lamellar spacing, and interface temperature, a self-consistent 

set of data is generated which enables a selection of the 

proper kinetic model or models to be made. 



THEORY 

Kinet ic .models .  f o r  p e a r l i t e  growth began almost  immedi-, 

a t e l y  a f t e r  t he  s t r u c t u r e  was i d e n t i f i e d  and knowledge t h a t  

i t  was p.roduced by the  decomposit ion of a u s t e n i t e .  E a r l y  

a t t empt s  t o  c h a r a c t e r i z e  t h e  growth were based on volume d i f -  

f u s i o n  of carbon i n  t he  p a r e n t  a u s t e n i t e .  These were c r i t i -  

s i z e d  because they  appeared t o  depend on h ighe r  d i f f u s i v i t i e s  

than  could be  reasonably e x t r a p o l a t e d  t o  lower tempera tures .  

A s  a  r e s u l t ,  models based on g r a i n  boundary d i . f fus ion  were 

developed because .o'f t h e  f a s t  d i f f u s i o n  a s s o c i a t e d  w i t h  t h e  
. . 

d i s o r d e i e d  s t r u c t u r e  of h igh  ang le  boundar ies .  .The fo l lowing  

s e c t i o n s  c o n t a i n  s h o r t  reviews of t h e  two k i n e t i c  models. 
. . . . , : , . , < . ., 

Volume.  iffu us ion . . 
, . . 

~ l t h o d ~ h  s e v e r a l  mod.els .had been made eaf  l i e r  d e s c r i b i n g  . . 

carbon d i f f u s i o n  i n  a u s t e n i t e  a s  r a t e  c o n t r o l l i n g . . ( 3 ) ,  c r e d i t  . .  . . 

i s  g e n e r a l l y  given t o  Zener (10) f o r  t h e  f i r s t  complete.'model. 
. . 

He c o r r e c t l y  noted the  importance of t h e  f r e e  energy a s s o c i -  

a t e d  wi th  t h e  i n t e r f a c e s  between t h e  r e s p e c t i v e  phases  and 

t h e  v a r i a t i o n  of l o c a l  phase e q u i l i b r i a  w i t h  c u r v a t u r e .  Zener 
. . .  5 

developed a  model based l a r g e l y  on dimensional  arguments,  

which, a t  l e a s t  q u a l i t a t i v e l y ,  exp la ined  t h e  growth k i n e t i c s  

of p e a r l i t e .  H i s  model p r e d i c t e d  a  range of  p e a r l i t e  growth 

v e l o c i t i e s  a t  a  g iven temperature  and sugges ted  t h a t . c o n d i -  

t i o n s  would a d j u s t  s o  t h a t  growth proceeded a t  maximum ve loc -  

i t y .  A s h o r t  d e r i v a t i o n  i s  germane t o  t h i s  s t u d y ,  and t h e  one 



t o  be given here  i s  based on Zener 's  o r i g i n a l  work and a  

review by H i l l e r t  (11) .  

The e s ~ e n t i ~ l  f e a t u r e s  f o r  edgewise growth of p e a r l i t e  

can be envis ioned by r e f e r r i n g  t o  Figures 1 and 2 .  A l l  carbon 

t r a n s p o r t  i s  i n  the  a u s t e n i t e  wi th  t h e  new phases ,  f e r r i t e  and 

cement i te ,  forming with equi l ibr ium concen t ra t ions ,  C" and 
u m  

C . A carbon boundary l a y e r  i s  b u i l t  up i n  f r o n t  of t h e  

f e r r i t e  p l a t e l e t . a n d  a  deple ted  boundary l a y e r  forms i n  f r o n t  ~ 

of t h e  cementite p l a t e l e t .  Carbon d i f f u s i o n  occurs due t o  the  

concent ra t ion  g rad ien t s  e x i s t i n g  i n  the  adjacent  a u s t e n i t e .  

The r a t e  a t  which carbon must be removed from i n  f r o n t  of a  

f e r r i t e  p l a t e l e t  moving wi th  v e l o c i t y  V ,  width s", and u n i t  

depth d  i s  

vsad (CE - ca) . 
This amount of carbon must be c a r r i e d  away by d i f f u s i o n  given 

The concent ra t ion  g rad ien t  can be es t imated  by 

wi th  C and def ined  i n  Fig .  1. Zener assumed t o  be 

nea r ly  equal  t o  Sa/2 thus  Equations 1 and 3 become 

A s i m i l a r  expression can be der ived  f o r  t h e  cementi te  p l a t e l e t ,  

, 



Fig. 1. Schematic illustration of pearlite growth front 
defining characteristic dimensions and carbon 
concentrations 



Fig. 2. Hultgren extrapolation of r / ~ + a  and Y / Y + C ~  phase 
boundaries in the Fe-C system 



If the specific volume between the three phases is equal, then 

the lever rule can be.applied yielding the following relations 

between spacing and concentration, 

and 

Combining Equations 6 with Equations 4 and 5, the following 

equation for velocity' results, 

Zener's main contribution was in the realization that the 

concentration difference (C Y/a-~Y/Cm) would not be the equi- 

librium concentration difference suggested by the Hultgren 

(12) extrapolation of the phase diagram (Figure 2). Instead, 

the local equilibrium between austenite and the two product 

phases would be modified due to local curvature of the plate- 

let tips. Zener suggested the concentrations C and C y/Cm 

and would be related to the equilibrium concentrations Ce 

C:/Cm through the Gibbs-Thompson equation given here for the 

ferrite platelet, 



where oYa i s  t he  i n t e r f a c i a l  energy ,  Vm i s  t h e  molar  volume, 

r" i s  t h e  r a d i u s  of  c u r v a t u r e  of t h e  i n t e r f a c e ,  and Ya and ye 

a r e  a c t i v i t y  c o e f f i c i e n t s .  For smal l  changes i n  concen t r a -  

t i o n ,  Y = Y e  and t h e  R . H . S .  of Equat ion 8 can be approximated 
a 

L 4 -  e  

Therefore  t h e  d e v i a t i o n  of t h e  composi t ion of t h e  i n t e r f a c e  

'would be p r o p o r t i o n a l  t o  t h e  c u r v a t u r e .  Zener'  d e f i n e d  a  

c r i t i c a l  r a d i u s  of c u r v a t u r e ,  r:, t o  be such t h a t  t h e  i n t e r -  
'. 

f a c e  c o n c e n t r a t i o n  C would be reduced t o  t h e  b u l k  concen- 

t r a t i o n  cE s o  t h a t  no d i f f u s i o n  could  occur .  The re fo re ,  two 

equa t ions  f o r  c o n c e n t r a t i o n  a s  a  f u n c t i o n  of c u r v a t u r e  can be 

o b t a i n e d ,  
C,Y / a -  cE 20vm - - -  (10) .  

R T ~ ;  

and 

These two equa t ions  can be  combined t o  g ive  

A s i m i l a r  equa t ion  can be d e r i v e d  f o r  c u r v a t u r e  i nvo lv ing  t h e  

cement i t e  p l a t e l e t  
0 



Cm 
Zener assumed t h a t  t h e  r a t i o s  r;/ra and rc /rCm would be  equa l  

t o  a  c r i t i c a l  spac ing  r a t i o ,  Sc/S,  and combined Equa t ions  1 2  

and 13  t o  form t h e  e q u a t i o n ,  

S u b s t i t u t i n g  Equat ion 7 i n t o  Equa t ion  14 y i e l d s  t h e  v e l o c i t y  

e q u a t i o n  i n  f i n a l  form, 

Equa t ion  15  i s  i n t e r e s t i n g  i n  t h a t  i t  p r e d i c t s  a  r ange  

of  s p a c i n g s  and v e l o c i t i e s  f o r  a  g iven  unde rcoo l i ng  d e f i n e d  

by (ceYla  - Cey/Cm). Th i s  would be i n  c o n t r a d i c t i o n  t o  t h e ,  

uniform s p a c i n g  and growth r a t e  g e n e r a l l y  obse rved .  Zener 

sugges t ed  t h e  growth c o n d i t i o n s  would a d j u s t  t o  maximize t h e  

growth r a t e .  Equa t ion  15 p r e d i c t s  a  maximum v e l o c i t y  when t h e  

spac ing  i s  twice  t h e  c r i t i c a l  s p a c i n g ,  i . e .  SOpt=2Sc. The de-  

pendence o f  spac ing  on t empe ra tu r e  can be o b t a i n e d  by cons id -  

e r i n g  t h e  p a r t i t i o n i n g  o f  t h e  f r e e  energy  a v a i l a b l e  f o r  t r a n s -  

f o rma t ion  between t h e  fo rma t ion  o f  new i n t e r f a c i a l  a r e a  and 

l o s s e s  due t o  d i f f u s i o n .  A s  can  be  s een  i n  F igu re  3 ,  when t h e  

p c a r l i t e  i n t e r f a c e  advances a  d i s t a n c e  6 ,  i t  g e n e r a t e s  s u r f a c e  

;~ . rea  26d p e r  u n i t  volume 6dS. The energy  p e r  molar  volume i s  

t'hen 



Fig. 3 .  The generat ion of a-Cm i n t e r f a c i a l  a rea  during 
growth ' 

I t  can r e a d i l y  be seen t h a t  t h i s  energy i s  maximum when S i s  

a t  the  minimum spacing,  Sc. The o v e r a l l  f r e e  energy a v a i l a b l e  

f o r  t ransformation can be obtained f rom- the  entha lpy  of t r a n s -  

T formation per  u n i t  volume AH . ~ s s u m i n ~  AH: i s  independent of v 
temperature,  the  t o t a l  f r e e  energy a v a i l a b l e  f o r  transforma- 

t i o n  i s  

where AT i s  the  undercooling below t h e  e u t e c t o i d  temperature,  

TE.  Sc and S a r e  obtained by equat ing Equations 16 and 1 7 .  



F i n a l l y ,  (Ce 'Ia-C 'ICm) i s  d e f i n e d  by s t r a i g h f  l i n e  e x t r a p i l a -  
e  :: 

t i o n s  o f , t h e  a u s t e n i t e  phase  e q u i l i b r i a ,  F igu re  2 ;  

and when Equa t ions  18  and 19 a r e  combined w i t h  Equa t ion  15 t h e  

two k i n e t i c  e q u a t i o n s  a r e  y i e l d e d  

and 

1 D 
C K e K ~  - KSDcY v = (CCm-Ca - 2 - S .  , 

) o p t  o p t  

The two k i n e t i c  e q u a t i o n s  g iven  above d e f i n e  q u a l i t a t i v e -  

l y  t h e  k i n e t i c s  of p e a r l i t e  growth i f  r a t e  i s  c o n t r o l l e d  by 

volume d i f f u s i o n .  The c o n s t a n t s  K A T  and KS can  b e  e a s i l y  c a l -  

c u l a t e d  and p r e d i c t  growth r a t e s  much s m a l l e r  t h a n  g e n e r a l l y  

observed (13 ,14 ) .  Improvement i n  t h e  model can b e  made by 

r e f i n i n g  t h e  approximat ions  made i n  deve lop ing  Equa t ions  20. 

F i r s t ,  t h e  d i f f u s i o n  i s  n o t  one d imens iona l  a s  Equa t ion  2 

s u g g e s t s  and C and C 'ICm va ry  a long  t h e  edges o f  t h e  f e r -  

r i t e  and cemen t i t e  p l a t e l e t s .  Brandt  (15) and S c h i e l  (16) 

s o l v e d  a  two d imens iona l  d i f f u s i o n  e q u a t i o n  w i t h  a r b i t r a r y  

p e r i o d i c  boundary c o n d i t i o n s  f o r  C 'Ia and C 'ICm a t  t h e  i n t e r -  

face p l a n e .  H i l l e r t  (17) s o l v e d  s imilar  d i f f u s i o n  e q u a t i o n s  



a s  Brandt and S c h i e l  b u t  improved t h e  s o l u t i o n s  by a l lowing  

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

a r y .  However, t h e s e  s o l u t i o n s  depended on assuming DcY con- 

s t a n t  w i t h  carbon c o n c e n t r a t i o n .  The re fo re ,  t h e s e  s o l u t i o n s  

a r e  i n  e r r o r  s i n c e  DCY i s  known t o  vary  widely  w i t h  carbon 

c o n c e n t r a t i o n  (18 ) .  Neve r the l e s s ,  H i l l e r t  was a b l e  t o  make 

d e t a i l e d  c a l c u l a t i o n s  o f  i n t e r f a c e  shape and a l s o  t o  p r e d i c t  

t h e  average carbon c o n c e n t r a t i o n  i n  t h e  i n t e r f a c e  a s  a  func-  

t i o n  of r a t e .  The carbon c o n c e n t r a t i o n  c a l c u l a t i o n s  a r e  

p a r t i c u l a r l y  u s e f u l  s i n c e  t h e  f u n c t i o n a l  form of DcY i n  Equa- 

t i o n s  20 can be  determined.  H i l l e r t  r e a l i z e d  h i s  c a l c u l a t i o n s  

may be i n  e r r o r  due t o  h i s  i n a b i l i t y  t o  t r e a t  D~~ a n a l y t i c a l l y  

b u t  assumed t h e  e r r o r  would be s m a l l .  H i l l e r t  (17 $19) was 

a l s o  a b l e  t o  t r e a t  Equat ion 18 i n  a more q u a n t i t a t i v e  manner 

w i th  more p r e c i s e  use  o f  f r e e  energy f u n c t i o n s  and i n t e r -  

f a c i a l  e n e r g i e s .  H i l l e r t ' s  r e s u l t s  do n o t  a l t e r  t h e  depend- 

ence of spac ing  on t h e  i n v e r s e  of  t h e  undercool ing .  The r e -  

f inements  of H i l l e r t ' s  work, u n f o r t u n a t e l y ,  could  n o t  .account 

f o r  t he  h igh  p e a r l i t e  growth r a t e s  observed .  

S e v e r a l  mod i f i ca t i ons  of H i l l e r t ' s  work have been made. 

Bolze e t  a l .  (20) accounted f o r  t h e  p o s s i b i l i t y  of  t h e  new -- 

phases  be ing  s l i g h t l y  s u p e r s a t u r a t e d  s o  t h a t  observed spac ings  

would be wider  than  those  p r e d i c t e d  by t h e o r y .  However, no 

s a t i s f a c t o r y  t r ea tmen t  has  been made concerning e i t h e r  t h e  

v a r i a t i o n  of carbon d i f f u s i v i t y  w i t h  carbon c o n t e n t  o r  t h e  

i n t e r f a c e  s t r a i n  due t o  t h e  volilme change o c c u r r i n g  upon 



t r a n s f o r m a t i o n .  This  l a s t  e f f e c t  i s  p a r t i c u l a r l y  impor t an t  

s i n c e  Sulonen (21) has  shown t h a t  t e n s i l e  s t r a i n  i n c r e a s e s  

t h e  r a t e  o f  d i s con t inuous  p r e c i p i t a t i o n  i n  Cu-Cd and t h e  

s t r a i n  i n  a u s t e n i t e  caused by t h e  fo rmat ion  of  p e a r l i t e  may 

have a p p r e c i a b l e  e f f e c t s  on - t h e  growth r a t e .  

I n t e r f a c e  D i f f u s i o n  

The model f o r  i n t e r f a c e  d i f f u s i o n  assumes t h a t  t h e  bound- 

a r y  between p e a r l i t e  and a u s t e n i t e  can be  t r e a t e d  a s  a  s e p a r -  

a t e  phase  w i t h  t h i c k n e s s  b  and d i f f u s i v i t y ,  DB.  Tu rnbu l l  (22) 

f i r s t  a p p l i e d  t h e  model t o  d i s con t inuous  p r e c i p i t a t i o n  i n  Pb- 

Sn b u t  i t  i s  e a s i l y  adap tab l e  t o  t h e  e u t e c t o i d  r e a c t i o n .  The 

c o n c e n t r a t i o n ,  C b ,  i n  t h e  boundary i s  r e l a t e d  t o  t h e  concen- 

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

K .  Thus, t h e  c o n c e n t r a t i o n  d i f f e r e n c e  i n  t h e  boundary between 

t i p s  of a  f e r r i t e  and cemen t i t e  p l a t e l e t  would be  

w i t h  t h e  t o t a l  mass f low i n  t h e  boundary g iven  by 

Equat ion (22) can b e  combined w i t h  t h e  mass f low e q u a t i o n s  

t o  g i v e  



F i n a l l y ,  app ly ing  Equat ion 14 t h e  v e l o c i t y  a s  a f u n c t i o n  of 

spac ing  and t h e  e x t r a p o l a t e d  phase e q u i l i b r i u m  c o n c e n t r a t i o n s  

i s  g iven  by 

and w i t h  r ea son ing  s i m i l a r  t o  t h a t  which l e a d  t o  Equa t ions  20 

t h e  fo l l owing  k i n e t i c  exp re s s ions  a r e  o b t a i n e d :  

and 

The re fo re ,  t h e  c h i e f  d i f f e r e n c e  between t h e  k i n e t i c  equa t ions  

f o r  volume d i f f u s i o n  and boundary d i f f u s i o n  i s  t h e  exponent of 

A T  and S ,  be ing  2 f o r  volume d i f f u s i o n  and 3  f o r  boundary d i f -  

f u s i o n .  

Carpay (23) and Carpay and Van den Boomgaard (24) have 

s t u d i e d  e u t e c t o i d  r e a c t i o n s  i n  non - f e r rous  sys tems.  They have 

observed t h a t  t h e  spac ing  a s  a  f u n c t i o n  of  v e l o c i t y  appears  t o  

fo l l ow  a  V = K S - ~  r e l a t i o n .  To account  f o r  t h i s ,  t h e y  have 

developed a  model s i m i l a r  t o  t h e  one g iven  above. Equa t ion  25 

can be w r i t t e n  

y'Cm)a AT. They combine t h i s  e q u a t i o n  w i t h  t h e  w i t h  (Ce -Ce  

expe r imen ta l l y  determined r e l a t i o n s h i p ,  

v a  AT^ (2 8) 



observed i n  e u t e c t i c s  and p e a r l i t i c  t r a n s f o r m a t i o n s  (10,13,14) 

t o  o b t a i n  . the r e s u l t :  

V a DB S - 4 .  (29) 

Unfo r tuna t e ly ,  t h i s  a n a l y s i s  r e s u l t s  i n  t h e  fo l l owing  r e l a t i o n  

f o r  spac ing  a s  a  f u n c t i o n  of unde rcoo l ing :  

1 / 2  S a A T  , ( 3 0 )  

a  r e s u l t  which i s  n o t  suppor t ed  by expe r imen ta l  o b s e r v a t i o n  

(14,251). 

A s  s t a t e d  p r e v i o u s l y ,  t h e  boundary d i f f u s i o n  model i s  

a t t r a c t i v e  f o r  e x p l a i n i n g  h igh  growth r a t e s  through h i g h  g r a i n  

boundary . d i f f u s i v i t i e s  . Yuls and Ki rka ldy  (6)  g ive  arguments 

f o r  g r a i n  boundary c o n t r o l l e d  growth i n  p e a r l i t e  a t  h i g h  

growth r a t e s  and ' l a r g e  unde rcoo l ings .  The growth k i n e t i c s  of  

p e a r l i t e  a r e  ' d e s c r i b e d  a s  changing from volume d i f f u s i o n  a t  

h igh  tempera tures  where carbon d i f f u s i v i t y  i n  a u s t e n i t e  i s  

l a r g e  and growth r a t e s  s low t o  boundary d i f f u s i o n  a t  f a s t e r  

r a t e s  and . l a r g e r  undercool ings  where volume d i f f u s i v i t y  de-  

c r e a s e s  due t o  dec reas ing  t empera tu re .  The boundary d i f f u s i o n  

model has  a t t r a c t e d  many t h e o r e t i c a l  endeavors .  P a r t i c u l a r l y  

i n t e r e s t i n g  c o n t r i b u t i o n s  have been made by Cahn ( 2 6 ) ,  H i l l e r t  

(19) , Shap i ro  and Kirkaldy (27) , and Sundquis t  (28,29) . The 

1 c h i e f  d i sadvantage  of t h e  models has  been t h e  l a c k  of sys tems 

where g r a i n  boundary d i f f u s i v i t i e s  a r e  known and t h e  i n a b i l i t y  

t o  t r e a t  t h e  thermodynamics of  a  boundary i n  a  s a t i s f a c t o r y  

manner. 



Optimum Growth 

In  o r d e r  t h a t  t h e  k i n e t i c  Equat ions  20 and 26 r e p r e s e n t  

unique s o l u t i o n s ,  i t  was neces sa ry  t o  i n t roduce  some op t imal  

growth p r i n c i p l e .  The one chosen was based on Zener ' s  sug-  

g e s t i o n  t h a t  t h e  spac ing  would a d j u s t  i n  o r d e r  t o  maximize 

t h e  v e l o c i t y  i f  t h e  undercool ing  i s  f i x e d .  This  i s  e q u i v a l e n t  

t o  minimizing t h e  undercool ing  of  t h e  t r a n s f o r m a t i o n  i n t e r f a c e  

i n  a  t empera ture  g r a d i e n t  when t h e  v e l o c i t y  i s  f i x e d .  How- 

e v e r ,  t h e  system may j u s t  a s  w e l l  a d j u s t  t o  op t imize  some 

o t h e r  q u a n t i t y .  Cahn (26) has  developed a  model based  on max- 

i m i z a t i o n  of  t h e  r a t e  of f r e e  energy r e l e a s e .  .On t h e  o t h e r  

hand,  Kirkaldy (30,31) has  p r e s e n t e d  arguments i n  f a v o r  o f  

maximum en t ropy  p roduc t ion .  The p r i n c i p l e  o f  maximum en t ropy  

p roduc t ion  can be a p p l i e d  t o  t h e  volume d i f f u s i o n  model i n  t h e  

fo l lowing  way. The n e t  f r e e  energy can b e . o b t a i n e d  from Equa- 

t i o n s  16 and 1 7 .  

The r a t e  of en t ropy  p roduc t ion  i s  then  g iven  by 

The en t ropy  produc t ion  r a t e  i s  a  maximum when S  = 3Sc. This  

i n d i c a t e s  t h a t  t h e  s t a b l e  growth c o n d i t i o n  i s  c h a r a c t e r i z e d  

by l a r g e r  spac ings  a t  a somewhat reduced v e l o c i t y  t h a n  p r e -  

d i c t e d  by t h e  maximum v e l o c i t y  p r i n c i p l e .  



Chalmers and Jackson i n  ( 3 2 )  have ana lyzed  l a m e l l a r  

f a u l t s  i n  e u t e c t i c  growth and have proposed t h a t  s t a b i l i t y  of 

t h e  growth f r o n t  i s  governed by f a u l t  t e r m i n a t i o n s  i n  a  lamel-  

l a r  s t r u c t u r e .  However, t h i s  does n o t  account f o r  t h e  r e g u l a r  

spac ing  observed i n  some f a u l t  f r e e  systems o r  how t h e  system 

approaches t h e  s t e a d y - s t a t e  c o n f i g u r a t i o n .  P e r t u r b a t i o n  a n a l -  

y s i s  p rov ides  a  method of t e s t i n g  a  p a r t i c u l a r  c o n f i g u r a t i o n  

f o r  s t a b i l i t y  b u t  aga in  does n o t  y i e l d  i n fo rma t ion  a s  t o  how 

t h e  s t e a d y - s t a t e  c o n f i g u r a t i o n  i s  achieved.  Pu l s  and Kirkaldy 

( 6 )  have reviewed c u r r e n t  t heo ry  and have concluded t h a t  t h e r e  

i s  no s i n g l e  optimum c o n f i g u r a t i o n  b u t  r a t h e r  a  spectrum of 

s t a t e s  grouped around some optimum growth mode. The optimum 

i s  never  reached because t h e  d r i v i n g  f o r c e  t o  a l t e r  t h e  i n t e r -  

f a c e  c o n f i g u r a t i o n  becomes l e s s  a s  i t  approaches t h e  " i d e a l "  

s t a t e .  Neve r the l e s s ,  i t  i s  p o s s i b l e  t o  t a l k  about  t h e  average 

behavior  of t h e  system when i t  i s  c o n s t r a i n e d  i n  some manner 

such a s  i so the rma l  o r  i s o v e l o c i t y  growth. 

There have been a t t emp t s  (33,34) t o  determine t h e  o p t i -  

miza t ion  c o n s t a n t  i n  t h e  equa t ion  

S  = KSc. (33) 

However, t h e  c r i t i c a l  spac ing ,  g iven  by Equat ion 1 8 ,  depends 

on thermodynamic d a t a  which a r e  n o t  p r e c i s e l y  known. Thus, 

t h e  c a i c u l a t e d  va iues  of  Sc have a  range equa l  t o  t h e  theo-  

r e t i c a l l y  p r e d i c t e d  va lues  of  K and a s  such ,  a  d e f i n i t e . ' s e l e c -  

t i o n  of t h e  c o r r e c t  op t imiza t i .on  p r i ' n c i p l e  cannot be. made.' 



PREVIOUS EXPERIMENTAL WORK 

The growth of p e a r l i t e  i s  of  p a r t i c u l a r  commercial i n t e r -  

e s t  because i t  i s  l i n k e d  d i r e c t l y  t o  t h e  h a r d e n a b i l i t y  o f  

- quenched and tempered s t e e l s .  A s  a  r e s u l t ,  t h e r e  have been 

e x t e n s i v e  s t u d i e s  of  p e a r l i t e  growth i n  a l l o y  s t e e l s  b u t  few 

s t u d i e s ,  by comparison, of h igh  p u r i t y  b i n a r y  e u t e c t o i d  

s t e e l s .  I n  a d d i t i o n ,  t h e  s t u d i e s  of p e a r l i t e  growth k i n e t i c s  

have o f t e n  omi t ted  an impor tan t  paramete r ;  e . g .  growth r a t e s  

a r e  measured a s  a  f u n c t i o n  of  t empera ture  b u t  spac ing  d a t a  a r e  

n o t  r epo r t ed .  Because of t h e  e v o l u t i o n  of p e a r l i t e  t h e o r y ,  

many reviews ( 3 , 4 , 6 )  o f  exper imenta l  work have been pub l i shed  

and no a t t emp t  w i l l  be made t o  d u p l i c a t e  them. I n s t e a d  a  d i s -  

cus s ion  .of t h e  two approaches t o  k i n e t i c  d a t a ,  i . e .  i so the rma l  

and i s o v e l o c i t y ,  w i l l  be g iven  w i t h  r e f e r e n c e s  t o  t h e  most 

a p p r o p r i a t e  exper imenta l  f i n d i n g s .  

I so thermal  Growth 

The g e n e r a l  exper imenta l  t echn ique  f o r  i s o t h e r m a l  i n v e s -  

t i g a t i o n s  i s  t o  a u s t e n i t i z e  specimens and t r a n s f e r  them t o  

c o n s t a n t  temperature  l e a d  b a t h s .  The specimens a r e  sma l l  s o  

t h a t  they  e q u i l i b r a t e  r a p i d l y  and a r e  al lowed t o  t r ans fo rm f o r  

v a r i o u s  t imes  wi th  growth a r r e s t e d  by quenching i n  wa te r .  The 

specimens a r e  p repared  m e t a l l o g r a p h i c a l l y  and de t e rmina t ions  

of spac ing  and v e l o c i t y  a s  a  f u n c t i o n  of t empera ture  a r e  made. 

The growth r a t e  can be ob t a ined  by two methods. F i r s t , '  s p e c i -  

mens r e a c t e d  f o r  i n c r e a s i n g  p e r i o d s  of  t ime a t  t empera ture  



can be examined t o  determine t h e  l a r g e s t  p e a r l i t e  nodule  a t  

each  time increment .  A p l o t  of s i z e  ve r sus  time w i l l  y i e l d  
. , 

t h e  v e l o c i t y .  The second technique  employs s t a t i s t i c a l  a n a l -  

y s i s  of t h e  s i z e  d i s t r i b u t i o n  of nodules  a s  a  f u n c t i o n  of 

time (14 ,35 ) .  Spacing de t e rmina t ions  a r e  n o t  n e a r l y  a s  t e d i -  

ous ,  b u t  c a r e  must be t aken  s i n c e  i n d i v i d u a l  l ame l l ae  may n o t  

be pe rpend icu l a r  t o  t h e  p lane  of  p o l i s h  o f  t h e  specimen. 

Spacing measurements a r e  g e n e r a l l y  r e p o r t e d  a s  t h e  minimum 

observed spac ing  w i t h  t h e  j u s t i f i c a t i o n  g iven  t h a t  t h e s e  

r e p r e s e n t  t h e  spac ings  from c o l o n i e s  w i t h  l ame l l ae  perpendic -  

u l a r  t o  t h e  s u r f a c e ;  a l l  o t h e r  c o l o n i e s  n o t  s o  a l i g n e d  would 

i n d i c a t e  l a r g e r  spac ings .  However, P e l l i s i e r  -- e t  a l .  ( 25 )  have 

g iven  ev idence  t h a t .  t h e  mean spac ing  i s  n o t  t h e  minimum ob- 

s e rved  spac ing  because of  t h e  s t a t i s t i c a l  v a r i a t i o n  of t h e  

l ame l l ae .  They determined t h e  mean spac ing  t o  be 1 .65 t imes  

t h e  s m a l l e s t  observed spac ing .  However, t h e i r  r e s u l t s  depend 

on g r a p h i c a l  t echn iques  i nvo lv ing  measured a r e a s  a s  w e l l  a s  

spac ings  which a r e  s u b j e c t  t o  cumulat ive  e r r o r .  

Frye , Stansbury  , and McElroy (13) determined growth r a t e s  

by t he  maximum nodule t echnique  b u t  d i d  n o t  i n c l u d e  spac ing  

measurements. They observed t h e  growth r a t e  t o  i n c r e a s e  w i th  

i n c r e a s i n g  undercool ing  w i t h  a  maximum growth r a t e  a t  600°C. 

Fu r the r  undercool ing  r e s u l t e d  i n  a  dec rease  i n  t h e  growth 

r a t e .  Applying a b s o l u t e  r a t e  t heo ry  (36) t hey  found good 

agreement w i t h  t h e  equa t ion  



2 -Q/RT V = K A T  e  

w i th  Q = 2 4 . 2  .kcal/mole.  This  i s  t h e  same form a s  t h e  volume 

d i f f u s i o n  model (Equation 20) when t'h6 d i f f u s i v i t y .  i s  t r e a t e d  

by a '  s imple  Arrhenius  r e l a t i o n ,  

S ince  t h e  a c t i v a t i o n  energy f o r  carbon d i f f u s i o n  i n  a u s t e n i t e  

i s  g r e a t e r  than  2 4  k c a l  f o r  carbon c o n t e n t s  n e a r  t h e  e u t e c t o i d  

composi t ion,  t hey  conclude t h a t  carbon d i f f u s i o n  i n  a u s t e n i t e  

i s  n o t  r a t e  c o n t r o l l i n g .  Brown and Ridley (14) measured 

growth r a t e s  by bo th  t h e  maximum nodule  t echnique  and t h e  

s t a t i s t i c a l  a n a l y s i s  of nodule s i z e  d i s t r i b u t i o n .  The two 

techniques  y i e l d e d  v e l o c i t i e s  s i m i l a r  t o  t hose  r e p o r t e d  by 
. . 

Frye -- e t  a l .  However, t h e  s t a t i s t i c a l  a n a l y s i s  of  t h e  nodule 

s i z e  d i s t r i b u t i o n  i n d i c a t e d  t h e  v e l o c i t y  from nodule t o  nodule 

was n o t  c o n s t a n t  b u t  i n s t e a d  nodules  n u c l e a t i n g  f i r s t  grew 

f a s t e r  t han  t hose  n u c l e a t i n g  l a t e r .  They a t t r i b u t e d  t h i s  t o  

o r i e n t a t i o n  e f f e c t s ,  b u t  d i d  n o t  i n c l u d e  exper imenta l  v e r i f i -  

c a t i o n .  T h e i r  spac ing  d a t a  a s  a  f u n c t i o n  of t empera ture  com- 

pared  f avo rab ly  w i t h  Equat ion 18 t hus  suppor t i ng  Zener ' s  

thermodynamic arguments. Brown and Ridley analyzed t h e i r  

growth v e l o c i t y  d a t a  i n  a  s i m i l a r  f a s h i o n  a s  Frye -- e t  a l .  and 

determined t h e  a c t i v a t i o n  energy Q t o  be 24.6 kca l /mole .  They 

a l s o  c a l c u l a t e d  t h e  apparen t  d i f f u s i v i t y  and compared t h i s  

w i t h  e x t r a p o l a t e d  d i f f u s i v i t i e s  of  carbon i n  a u s t e n i t e  d e t e r -  

mined by Wells -- et'  a l .  '(181. They conclude t h a t  carbon d i f -  



f u s i v i t y  a lone  could  no t  be r a t e  c o n t r o l l i n g .  However, they 

d i d  n o t  account f o r  v a r i a t i o n  of carbon c o n t e n t  in '  t h e  aus t en -  

i t e  a d j a c e n t  t o  t h e  p e a r l i t e  i n t e r f a c e - a s  a  f u n c t i o n  of r a t e ;  

a r e s u l t  p r e d i c t e d  by H i l l e r t ' s  (17) a n a l y s i s .  A s  a  r e s u l t ,  

t h e i r  i n t e r p r e t ' a t i o n  of Q which i s  a  s t r o n g  f u n c t i o n  of carbon 

c o n c e n t r a t i o n  i s  perhaps  mi s l ead ing .  A review by Pu l s  ana 

Kirkaldy (6)  of  b o t h  s e t s  of  d a t a  i n d i c a t e s  t h a t  t h e  d a t a  

suppor t s  volume d i f f u s i o n  when account  i s  t aken  of t h e  depend- 

ence of  D~~ on carbon c o n c e n t r a t i o n .  

I s o v e l o c i t y  Growth 

In tend ing  t o  remove t h e  ambigu i t i e s  o f  v e l o c i t y  determin-  

a t i o n  by i so the rma l  t e chn iques ,  Bo l l i ng  and Richman (8) ex-  

tended t h e  e a r l y  r e s e a r c h  of  Bramf i t t  and Marder ( 3 7 )  on i s o -  

v e l o c i t y  growth of p e a r l i t e .  By p u l l i n g  a  specimen through a  

s t e e p  tempera ture  g r a d i e n t ,  t h e  p e a r l i t e , f o r m s  a long  an i s o -  

thermal  f r o n t  i n  an analogous f a s h i o n  t o  d i r e c t i o n a l  s o l i d i -  

f i e d  e u t e c t i c s  (38) .  However, because l a r g e  undercool ings  a r e  

a s s o c i a t e d  w i t h  e u t e c t o i d  growth,  l a r g e  g r a d i e n t s  a r e  r e q u i r e d  

t o  suppress  n u c l e a t i o n  ahead of t h e  advancing growth f r o n t .  

The r e q u i r e d  g r b d i e n t  i n  t h e  a u s t e n i t e ,  G y ,  w i l l  depend on t h e  

i n t e r f a c e  t empera tu re ,  T i ,  t h e  e u t e c t o i d  t empera tu re ,  T E ,  t h e  

incubat-ion p e r i o d ,  r ,  when nodula r  p e a r l i t e  f i r s t  forms and 

t h e  v e l o c i t y  V .  G i s  d e f i n e d  by t h e  r e l a t i o n  Y 
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The produc t  TV dec rease s  w i th  i n c r e a s i n g  v e l o c i t y ,  t h e r e f o r e  

t h e  s e v e r e s t  g r a d i e n t  requirement  w i l l  occur  a t  maximum ve loc -  

i t y .  The cont inuous  coo l ing  exper iments  o f  Marder and Bram- 

f i t t  (34) i n d i c a t e  f o r  V = 100 ym/sec;  Ti = 580°C and -r = 10 , 

s e c .  The re fo re ,  t h e  c r i t i c a l  g r a d i e n t  f o r  no n u c l e a t i o n  i s  

-1500°C/cm. Bo l l i ng  and Richman main ta ined  a  g r a d i e n t  of  

2500°C/cm i n  t h e i r  exper iments  and were a b l e  t o  d i r e c t i o n a l l y  

t rans form p e a r l i t e  from . O 1  t o  2100 pm/sec. The r e s u l t s  o f  

spac ing  measurements over  t h i s  v e l o c i t y  range i n d i c a t e d  an 

exponen t i a l  dependence on S (Equation 20 and 28) equa l  t o  

2 . 4 7  - + . 1 2 .  However, i f  t h e i r  d a t a  i s  examined between t h e  

ranges  of  1 t o  100 pm/sec, t h e  exponent i s  2 and i n c r e a s e s  t o  

3 f o r  r a t e s  g r e a t e r  than  100 pm/sec. They conclude t h a t  

volume d i f f u s i o n  may e x p l a i n  t h e  slow growth d a t a  w i t h  i n t e r -  

f a c e  d i f f u s i o n  becoming impor tan t  f o r  f a s t e r  r a t e s .  Chadwick 

and Edmonds (39) r e p o r t e d  n  equa l  t o  2 . 7  - + .ll f o r  a l i m i t e d  

number of  v e l o c i t i e s  between 0 . 1  and 100 pm/sec, wh i l e  

Cheetham and Ridley (40) i n d i c a t e  n  = 2 f o r  9  v e l o c i t y  d e t e r -  

~ ~ l i n a t i o n s  between 3 and 13.2 pm/sec. Carpay (9 )  has  ques-  

t i o n e d  whether t h e  p e a r l i t e  can be  f o r c e d  t o  grow under 

s t . e a d y - s t a t e  c o n d i t i o n s  a t  h igh  growth r a t e s .  I f  p e a r l i t e  

forms v i a  t h e  same mechanism i n  i so the rma l  growth a s  i n  i s o -  

v e l o c i t y .  growth,  t hen  p e a r l i t e  should  n o t  be  a b l e  t o  be fo rced  

t o  grow a t  r a t e s  f a s t e r  t han  t hose  observed i s o t h e r m a l l y .  

Two of t h e  goa l s  of t h i s  s t udy  were t o  determine t h e  tem- 

p e r a t u r e  of  t h e  growth i n t e r f a c e  i n  a  t empera ture  gradie 'n t  a t  



f i x e d  v e l o c i t y  and t o  determine t h e  maximum v e l o c i t y  t h a t  

p e a r l i t e  can be fo rced  t o  grow. I f  t h e  same v e l o c i t y ,  temper- 

a t u r e ,  and spac ing  d a t a  a r e  ob t a ined  as  i n  i so the rma l  growth,  

then  i t  i's l i k e l y  t h a t  p e a r l i t e  forms v i a  t h e  same mechanism 

i n  bo th  i n s t a n c e s .  



EXPERIMENTAL PROCEDURE 

The s y s t e m a t i c  s t udy  of t h e  p e a r l i t e  r e a c t i o n  by d i r e c -  

t i o n a l l y  decomposing a u s t e n i t e  i n  a  s t e e p  tempera ture  g r a d i e n t .  

r e q u i r e s  c e r t a i n  s t r i n g e n t  c o n d i t i o n s .  F i r s t ,  i r on -ca rbon  

a l l o y s  of  d e s i r e d  composit ion must be p repa red  w i t h  s u f f i c i e n t  

p u r i t y  and composit ' ional  accuracy s o  t h a t  d e r i v e d  r e s u l t s  may 

be compared w i t h  conf idence  t o  t heo ry  and t h e  r e s u l t s  o f  o t h e r  

i n v e s t i g a t o r s .  Second, equipment must be ob t a ined  which w i l l  

produce g r a d i e n t s  w i t h  s u f f i c i e n t  s t a b i l i t y  and magnitude s o  

t h a t  t h e  p e a r l i t e  r e a c t i o n  occurs  under t r u l y  s t e a d y - s t a t e  

c o n d i t i o n s .  And f i n a l l y ,  an exper imenta l  methodology i s  r e -  

q u i r e d  which w i l l  e f f i c i e n t l y  produce t h e  d e s i r e d  d a t a  w i t h  

t h e  g r e a t e s t  amount of  p r e c i s i o n .  The fo l lowing  s e c t i o n s  con- 

t a i n  d e s c r i p t i o n s  of how t h e s e  requirements  were achieved.  

Alloy P repa ra t i on  

Two sou rces  of  h igh  p u r i t y  i r o n  were used i n  t h e  produc- 

t i o n  of Fe-C e u t e c t o i d  composit ion ( .77 w t  % C) a l l o y s  f o r  

t h i s  s t udy .  The m a j o r i t y  of  a l l o y s  were p repa red  from i r o n  

s u p p l i e d  by M a t e r i a l s  Research Corpora t ion .  The MRC i r o n  was 

analyzed and a  l i s t  of s i g n i f i c a n t  i m p u r i t i e s  i s  con ta ined  i n  

Table  1. A second s e r i e s  of a l l o y s  was p repa red  from i r o n  of 

s u b s t a n t i a l l y  h ighe r  p u r i t y  donated by t h e  AISI Product  Prop- 

e r t i e s  Subcommittee. Th is  i r o n  was produced a t  B a t t e l l e  

Memorial Labora to r i e s  by zone r e f i n i n g  i n  v a r i o u s  p u r i f y i n g  

atmospheres (41) and con ta ined  n o t  more than  25 ppm i m p u r i t i e s .  



Table 1. Analysis  of  impur i ty  con ten t  o f  MRC i r o n  

Element h e s a  Arne s Element h e s a  Ames b  b  

a  Impuri ty  con ten t  i s  i n  ppm by weigh t .  0  and 'N were 
determined by vacuum f u s i o n  techniques  a t  t h e  Ames Lab. C 
was determined by neu t ron  a c t i v a t i o n  by MRC. A l l  o t h e r  d e t e r -  
mina t ions  were by mass s p e c t r o g r a p h i c  t echniques  a t  t h e  Ames 
Lab. 

b q u a l i t a t i v e  a n a l y s i s  by DC s p e c t r o g r a p h i c  t echn iques  
determined a t  t h e  Ames Lab. f t  = f a i n t  t r a c e ,  t = t r a c e ,  

- t e s t e d  f o r  b u t  n o t  found.  w = very weak, - -  - 

The d e c i s i o n  t o  use  a l l o y s  of two d i f f e r e n t  p u r i t i e s  was based 

s o l e l y  on economics. The B a t t e l l e  i r o n  had a  market v a l u e  of  

n e a r l y  t h i r t y  t imes  t h a t  of t h e  MRC i r o n  and was l i m i t e d  i n  

q u a n t i t y .  Thus t h e  MRC a l l o y s  were used f o r  development of 

t h e  exper imenta l  t echn iques  and t h e  i n t e r f a c e  t empera ture  meas- 

urements.  The B a t t e l l e  a l l o y s  were r e se rved  f o r  t h e  i n v e s t i -  

g a t i o n s  of l a m e l l a r  spac ing  and maximum v e l o c i t y  of p e a r l i . t e  

where d i r e c t .  o b s e r v a t i o n  of m i c r o s t r u c t u r a l  d e f e c t s  were i n -  

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

T h e  d i f f e r e n c e  i n  impur i ty  con ten t  w i l l  undoubtedly have a  

smal l  e f f e c t  on t h e  a u s t e n i t e  t o  p e a r l i t e  i n t e r f a c e  tempera- 

t u r e  b u t  t o  a  much s m a l l e r  degree  t han  t h e  exper imenta l  e r r o r  

of measurements. On t h e  o t h e r  hand,  t h e  m i c r o s t r u c t u r a l  



obse rva t ions  made on t h e  B a t t e l l e  a l l o y s  a r e  s t r i c t l y  r e so lved  

from any impur i ty  i n t e r p r e t a t i o n .  

A l l  a l l o y s  were p repared  by a r c - m e l t i n g  i r o n  w i t h  carbon 

i n  t h e  form of s p e c t r o g r a p h i c  rod .  Small pre-weighed 200 gm 

charges  were p laced  i n  an a r c - m e l t i n g  chamber t o g e t h e r  w i t h  a  

s e p a r a t e  zirconium b u t t o n .  The chamber was evacua ted  and back 

f i l l e d  w i t h  argon.  Oxygen was g e t t e r e d  from t h e  sys tem by 

a r c -me l t i ng  t h e  zirc.oni~im b u t t o n .  The a l l o y  charge was a r c -  

mel ted r e p e a t e d l y  w i th  t h e  a l l o y e d  b u t t o n  i n v e r t e d  a f t e r  each 

me l t i ng  o p e r a t i o n  t o  i n s u r e  homogeneity. The f i n a l  me l t i ng  

o p e r a t i o n  was' i n  a  c y l i n d r i c a l  mold c a v i t y  which y i e l d e d  an 

e longa t ed  f i n g e r  t h a t  f a c i l i t a t e d  f u r t h e r  forming o p e r a t i o n s .  

The f i n i s h e d  f i n g e r  was removed from t h e  chamber and reweighed. 

A sma l l  b u t  s i g n i f i c a n t  weight  l o s s  was observed i n  t h e  MRC 

a l l o y s .  This  was a t t r i b u t e d  t o  e i t h e r  sma l l  beads of  i r o n  

s p a l l i n g  o f f  du r ing  a l l o y i n g  o r  t h e  r e a c t i o n  of  c a r b o n . w i t h  

t h e  d i s s o l v e d  oxygen i n  t h e  i r o n .  For e u t e c t o i d  composi t ion 

a l l o y s ,  t h e  380  ppm oxygen c o n t e n t  o f  t h e  MRC i r o n  i s  s u f f i -  

c i e n t  t o  reduce t h e  carbon c o n t e n t  by .008 t o  .015 w t  % C 

depending on t h e  fo rmat ion  of CO o r  C02 du r ing  a l l o y i n g .  To 

i n s u r e  a g a i n s t  carbon l o s s ,  a l l  MRC a l l o y s  were weighed s l i g h t -  

l y  i n  excess  of t h e  e u t e c t o i d  composi t ion.  

Each a r c -me l t ed  f i n g e r  was s e a l e d  i n  an evacuated q u a r t z  

tube  and homogenized a t  1000°C f o r  7 2  hou r s .  The f i n g e r  was 

ho t  swaged t o  7.62 mm d iame te r ,  c u t  i n t o  10 cm l e n g t h s ,  and 

c e n t e r l e s s  ground t o  6 . 3 5  mm d i ame te r .  The samples were then  



r e s e a l e d  and aga in  a u s t e n i t i z e d  a t  1000°C f o r  2 4  hours  and 

cooled t o  room tempera ture .  Carbon de t e rmina t ions  made on 

n i n e  samples randomly s e l e c t e d  a t  t h i s  s t a g e  y i e l d e d  an aver -  

age carbon con ten t  of . 7 7  w t  % C w i t h  a  s t a n d a r d  d e v i a t i o n  of 

.015 w t  %. Samples were f i n i s h e d  machined o r  f u r t h e r  h e a t  

t r e a t e d  a s  de sc r ibed  i n  t h e  fo l lowing  s e c t i o n s .  

Equipment 

S u i t a b l e  equipment f o r  very  r a p i d  h e a t  t r a n s f e r  i s  neces-  

s a r y  f o r  ma in t a in ing  t h e  h igh  thermal  g r a d i e n t s  r e q u i r e d  f o r  

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

A f t e r  cons ide rab l e  t r i a l  and e r r o r ,  t h e  system c o n s i s t i n g  of  

two coo l ing  f i x t u r e s  and i n d u c t i o n  c o i l  diagramed i n  F igure  4 

proved t o  be t h e  most e f f i c i e n t  and r e l i a b l e  des ign .  The f o u r  

t u r n  work c o i l  was made from 4 . 8  mm s o f t  copper t ub ing  covered 

w i th  i r r a d i a t e d  PVC s h r i n k  t ub ing  i n s u l a t i o n .  Power . t o  t h e  

c o i l  was provided by a  Westinghouse 25 kW Dual Frequency 

Radiofrequency Generator  equipped w i t h  a  s a t u r a b l e  c o r e  r e a c -  

t o r :  The s a t u r a b l e  co re  r e a c t o r  e f f e c t i v e l y  smoothed t h e  

power ou tpu t  t o  t h e  g e n e r a t o r  s o  t h a t  a  very  s t a b l e  h e a t i n g  

was achieved.  However, t h e r e  was no way t o  i n h i b i t  l i n e  v o l t -  

age f l u c t u a t i o n s  which were t h e  l i m i t i n g  f a c t o r  i n  a b s o l u t e  

s t a b i l i t y .  Neve r the l e s s ,  embedded thermocouples i n  t h e  sam- 

p l e s  showed t h e  maximum tempera ture  t o  be s t a b l e  w i t h i n  - + 3OC 

over  a  p e r i o d  of a  h a l f  hour .  The work c o i l  was wound around 

a  mandrel w i t h  t h e  same 0 .d .  a s  t h e  Pyrex tube  used t o  s e p a r a t e  
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t he  two cool ing f i x t u r e s  and thus  was brought as  c l o s e  a s  pos- 

s i b l e  t o  the  sample t o  achieve good coupling. I n  a d d i t i o n  t o  

f i x i n g  t h e  d i s t ance  between the  two cool ing f i x t u r e s ,  t h e  

Pyrex tube could be evacuated and back f i l l e d  wi th  argon s o  

t h a t  t h e  sample could be p ro tec ted  aga ins t  deca rbur iza t ion  

during hea t ing .  

The two cool ing f i x t u r e s  were cons t ruc ted  so  t h a t  t h e  

sample and o - r ings  d i r e c t l y  adjacent  t o  t h e  hea ted  zone could 

be cooled e f f i c i e n t l y  and thus provide t h e  requi red  g rad ien t s  

without o - r i n g  f a i l u r e .  The p a r t s  of t h e  cool ing f i x t u r e s  

n e a r e s t  the  heated zone as  w e l l  a s  the  o - r i n g  s e a t s  were 

machined from OFHC copper. This insured  t h a t  these  a reas  were 

not  heated induc t ive ly  and t h a t  t h e  o - r ings  were cooled as  

much as  poss ib le  by conduction. The o - r i n g  s e a t s  were s i l v e r  

so ldered  t o  s t a i n l e s s  s t e e l  tubes wi th  a s e r i e s  of smal l  holes  

d r i l l e d  j u s t  behind t h e  s e a t s .  The tubes could be ad jus ted  s o  

t h a t  the  samples could s l i d e  f r e e l y  through t h e  o - r ings  and 

s t i l l  maintain a good s e a l .  In  a d d i t i o n ,  t h e  s t a i n l e s s  tubes 

served t o  channel incoming cool ing water  along t h e  sample and 

through t h e  holes  near  t h e  o - r ing  s e a t s  s o  t h a t  t h e s e  a reas  

were cooled very e f f e c t i v e l y .  The upper f i x t u r e  was a l s o  de- 

s igned s o  t h a t  a vacuum could be pu l l ed  through i t  and thus  

evacuate the  Pyrex tube.  

The two cool ing f i x t u r e s  and the  work c o i l  were mounted 

on an aluminum c a r r i a g e  shown i n  t h e  photograph i n  Figure 5 .  



Fig .  5 .  Transformation appara tus .  A) Drive motor ( t ransmis-  
s i o n  n o t  shown), B) Vacuum header ,  C)  Drive screw, 
D) Tndtiction c o i l  and cool ing  f i x t u r e s ,  E )  Carr iage ,  
F) ni  f f e r e n t i  a1 t ransformer ,  GI Sample suppor t  rod 
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The c a r r i a g e  wils guided by t h r e e  hardened s t e e l  rods  and could 

be t r a n s l a t e d  a t  v a r i o u s  r a t e s  by' a  screw d r i v e n  by synchro'- 

nous motor and t r a n s m i s s i o n .  The sample was f i x e d  t o  a  s t a i n -  

l e s s  s t e e l  p o s t  ex tend ing  i n t o  t h e  lower c o o l i n g  f i x t u r e .  The 

c a r r i a g e , a n d  t h e  two coo l ing  f i x t u r e s  t o g e t h e r  w i t h  t h e  work 

c o i l  moved v e r t i c a l l y  a long  t h e  l e n g t h  of  t h e  sample. A Day- 

t r o n i c  ~ ~ 2 0 0 '  d i f f e r e n t i a l  t r ans fo rmer  was mounted on t h e  s t a i n -  

l e s s  s t e e l  p o s t  and. was used t o  measure t h e  r e l a t i v e  motion of 

t h e  c a r r i a g e .  By r eco rd ing  t h e  ou tpu t  of  t h e  t r a n s d u c e r  on a 

c h a r t  r 'ecorder, '  an a c c u r a t e  de t e rmina t ion  of c a r r i a g e  v e l o c i t y  

. . could  be made. I n  a d d i t i o n ,  any s t a l l i n g s  o r  e r r a t i c  move- 

ments of  t he  c a r r i a g e  which l e a d  t o  i n t e r r u p t i o n s  o r  bands i n  

t h e  m i c r o s t r u c t u r e  of t h e  t ransformed p e a r l i t e  would be r e -  

corded.  This  was p a r t i c u l a r l y  u s e f u l  when g r a d i e n t s  were meas- 

u red  w i t h  a  thermocouple.  Using a  two pen c h a r t  r e c o r d e r ,  

w i t h  t h e  t r a n s d u c e r  ou tpu t  on one channel  and t h e  thermocouple 

ou tpu t  on t h e  o t h e r ,  any change i n  s l o p e  of  t h e  r e c o r d e r  g r a d i -  

e n t  would s i g n a l  a  phase change and would n o t  be due t o  e r r a t -  

i c  c a r r i a g e  motion i f  t h e  t r a n s d u c e r  i n d i c a t e d  smooth t r a n s l a -  

t i o n .  . 

I n t e r f a c e  Temperature 

The tempera ture  of t h e  i n t e r f a c e  between a u s t e n i t e  t r a n s -  

forming t o  p e a r l i t e  i n  a t empera ture  g r a d i e n t  can be  d e t e r -  

mined by t a k i n g  advantage of t h e  d i f f e r e n c e  i n  thermal  conduc- 

t i v i t y  between t h e  two phases .  A s imple  h e a t  f l u x  ba l ance  



normal t o  t h e  i n t e r f a c e  p l ane  y i e l d s  t h e  equa t ion  

where ky and kp a r e  t h e  thermal  c o n d u c t i v i t i e s  of  a u s t e n i t e  

and p e a r l i t e ,  Gy and Gp a r e  t h e  r e s p e c t i v e  thermal  g r a d i e n t s ,  

T AH i s  t h e  en tha lpy  of t r ans fo rma t ion  p e r  u n i t  volume, and V v 
i s  t h e  imposed v e l o c i t y .  For t h e  v e l o c i t i e s  and g r a d i e n t s  

T used i n  t h i s  s t u d y ,  t h e  VAH term i s  approximately  two o r d e r s  v 
of magnitude s m a l l e r  t han  t h e  conduct ion terms.  The re fo re ,  

t h e  r a t i o  of  t h e  g r a d i e n t s  i n  t h e  two phases  w i l l  be g iven  by 

t h e  r e l a t i o n  . 

Powell and Hickman (42) have determined t h e  r a t i o  kp/ky t o  be 

1 .25 i n d i c a t i n g  a  2 5 %  change i n  g r a d i e n t  a t  t h e  i n t e r f a c e  

which i s  l a r g e  enough t o  be e a s i l y  d e t e c t e d .  A marked change 

i n  g r a d i e n t  a s  determined from a  c a l i b r a t e d  thermocouple mov- 

i ng  w i t h  t h e  sample would y i e l d  t h e  t empera ture  of  t h e  p e a r l -  

i t e  interface. 

The sample and thermocouple c o n f i g u r a t i o n  a r e  schemat i -  

c a l l y  diagramed i n  F igure  6 .  The sample was tapped on one end 

w i t h  a 1 . 6  mm ho le  d r i l l e d  t o  a  dep th  of 5 cm from t h e  o t h e r  

end. In  a d d i t i o n ,  t h e  h o l e  end was t h r eaded  and an o - r i n g  

s e a t  was machined t o  form a  s e a l  w i t h  a  6 . 3 5  Jnm d iamete r  

s t a i n l e s s  s t e e l  t ube .  The tube  was neces sa ry  t o  suppor t  

t h e  thermocouple and prov ide  a  vacuum o r  i n e r t  atmosphere 



F i g .  6. schematic diagram of  thermocouple 'and sample 'assembly 



around t h e  thermocouple. The main body of t h e  thermocouple 

was an approximately  60 cm l e n g t h  of  0 .81  mm 0 .d .  Inconel  

shea thed  P t  v s .  P t -13% Rh thermocouple w i r e .  Th is  was t h r ead -  

ed through a  vacuum o - r i n g  s e a l  and t h e  s t a i n l e s s  t ube .  One 

end was permanently f i x e d  t o  a s t a n d a r d  thermocouple connec tor .  

To t h e  f r e e  end were welded two l e n g t h s  of  .13 mm P t  and P t -  

13% R h  w i r e  u s ing  an oxy-hydrogen mic ro to rch .  A 13  mm l e n g t h  

06 3 mm 0 .d .  m u l l i t e  i n s u l a t i o n  was s l i p p e d  over  t h e  welded 

a r e a s  fol lowed  by^ a  6 . 4  cm l e n g t h  of 1 mm 0 .d .  alumina i n s u l a -  

t i o n .  The two i n s u l a t o r s  were drawn t i g h t  a g a i n s t  t h e  Incone l  

s h e a t h  and t h e  j unc t ion  was r e i n f o r c e d  wi th ,  low vapor p re s su re .  . .  , 

epoxy r e s i n .  The two f r e e  ends of  .13 mm P t  and P t -13% Rh 

w i r e s  were welded t o  make a  smal l  bead a t  t h e  end of t h e  a l u -  

mina i n s u l a t o r .  To i n s u r e  maximum s e n s i t i v i t y  t o  changes i n  

t empera ture ,  t h e  bead was f i l e d  t o  .08 mm t h i c k n e s s  u s i n g  600 

g r i t  sandpaper .  

The thermocouple was i n s e r t e d  i n  t h e  sample and t h e  s t a i n -  

l e s s  s t e e l  tube  was screwed i n  p l a c e .  I t  was impor tan t  t h a t  

t h e  alumina i n s u l a t i o n  be a b l e  t o  s l i d e  f r e e l y  i n  t h e  sample 

because of  t h e  d i f f e r e n c e  i n  thermal  expansion between t h e  two 

m a t e r i a l s .  I f  t h e  alumina f i t  i n  t h e  h o l e  t o o  t i g h t l y ,  i t  

would b ind  caus ing  t h e  bead t o  move r e l a t i v e  t o  t h e  sample 

' d u r i n g  h e a t i n g  which produced e r r a t i c  o u t p u t .  To i n s u r e  good 

thermal  c o n t a c t  between t h e  sample and t h e  bead ,  p r e s s u r e  was 

a p p l i e d  t o  t h e  thermocouple t i p .  The shea th ' emerg ing  from t h e  

brass h lock  shown. a t  t h e  t o p  of F igure  6 was gr ipped  i n  a v i c e  



and fo rced  i n t o  t h e  tube t h u s  s p r i n g i n g  t h e  thermocouple t i p  

a g a i n s t  t h e  bottom of t h e  h o l e .  The s e t  screw was t i g h t e n e d  

keeping p r e s s u r e  on t h e  thermocouple. The thermocouple bead 

would e v e n t u a l l y  d i f f u s i o n  bond w i t h  t h e  sample a f t e r  some 

pe r iod  of use  a s  can be seen  i n  F igure  7 .  .Th is  i n d i c a t e s .  t h a t  

i d e a l  thermal  c o n t a c t  occur red  between t h e  sample and t h e  bead.. 

The completed thermocouple assembly was p l aced  i n  t h e  

t r ans fo rma t ion  appara tus  w i t h  t h e  ou tpu t  connected t o  an  i c e  

j unc t ion  and c h a r t  r e c o r d e r .  The chamber was evacuated t o  1 0 ' ~  

t o r r  and t h e  coo l ing  wate r  was t u rned  on. High f requency power 

was s lowly a p p l i e d  by i n c r e a s i n g  t h e  impressed v o l t a g e  over  t h e  

work c o i l  v i a  t h e  s a t u r a b l e  co re  r e a c t o r  c o n t r o l  u n t i l  t h e  sam- 

p l e  reached 1000°C. This  vapor ized  any s i l i c o n  o - r i n g  l u b r i -  

c a n t  on t h e  sample s u r f a c e .  Power was reduced and tu rned  o f f  

and argon was admi t ted  t o  t h e  system t o  a  p o s i t i v e  p r e s s u r e  of 

6 . 9  kPA. Power was t hen  r e a p p l i e d  w i t h  t h e  power c o n t r o l  f u l l y  

advanced w i t h  a maximum tempera ture  of  1250-1300°C ach ieved .  1 

The d r i v e  mechanism was t u rned  on, and t h e  t empera ture  was r e -  

corded a s  a  f u n c t i o n . o f  p o s i t i o n .  A t  t h e  end of each  t r a v e r s e ,  

t h e  power was t u rned  o f f  and t h e  c a r r i a g e  r e t u r n e d  t o  t h e  

s t a r t i n g  p o s i t i o n .  Each sample was t ransformed f o r  a s  many 

t imes  a s  p o s s i b l e .  A f t e r  each t r a n s f o r m a t i o n ,  t h e  sample s u r -  

f a c e  became more i r r e g u l a r  due t o  volume changes o c c u r r i n g  

dur ing  t r a n s f o r m a t i o n .  I n  a d d i t i o n ,  t h e  sample s u r f a c e  was 

'A d e t a i l e d  d e s c r i p t i o n  of hdw p rope r  l oad  matching was 
achieved i s  g iven  i n  Appendix A.  



Fig. 7 .  SEM micrograph of bond between P t  vs .  P t  13% Rh 
thermocouple bead and Fe-C e u t e c t o i d  sample. 8000X 

Fig. 8 .  Photograph of a u s t e n i t e  zone quenched i n  p l a c e  a f t e r  
d i r e c t i o n a l l y  t ransforming t o  p e a r l i t e .  a) Direc t ion-  
a l l y  transformed p e a r l i t e ,  b) Quenched a u s t e n i t e  zone 
(b lack  band i s  s u r f a c e  nuc lea ted  p e a r l i t e  on smal l  
a u s t e n i t e  g r a i n s ) ,  c )  Untransformed p o r t i o n  of sample. 
Arrows i n d i c a t e  a u s t e n i t e  t o  p e a r l i t e  and a u s t e n i t i z -  ' 

i ng  i n t e r f a c e s  



c l eaned  p e r i o d i c a l l y  because  o f  s u r f a c e  con tamina t ion  and 

roughness caused by r u s t i n g  of t h e  sample by t h e  c o o l i n g  wa te r .  

The u s e f u l  l i f e  of  a  sample was d i c t a t e d  by s u r f a c e  i r r e g u l a r -  

i t i e s  which became s e v e r e  enough t o  p reven t  t h e  o - r i n g s  from 

s e a l i n g  p r o p e r l y .  I t  should  be  no t ed  however, t h a t  t h e s e  

i r r e g u l a r i t i e s  were sma l l  compared t o  t h e  b u l k  of  t h e  sample 

and had no obse rvab le  e f f e c t  on t h e  g r a d i e n t  d e t e r m i n a t i o n s .  

With each new sample ,  a  r a t e  p r e v i o u s l y  recorded  was r e p e a t e d  

t o  i n s u r e  c o n t i n u i t y  i n  d a t a  t aken  from one sample t o  t h e  n e x t .  

P e a r l i t e  s t r u c t u r e s  occur  i n  i s o t h e r m a l l y  t rans formed 

samples over  a  t empera ture  range of 500 t o  727°C. This  tem- 

p e r a t u r e  range cor responds  t o  an o u t p u t  o f  4 . 4  t o  7 . 0  mV from 

a  P t  v s  P t  13% Rh thermocouple.  To p r o p e r l y  l o c a t e  a  s h a r p  

change i n  thermal  g r a d i e n t  r e q u i r e d  2 t o  3  mV of  i n fo rma t ion  

on e i t h e r  s i d e  of t h e  b r e a k .  This  could  e a s i l y  be  ob t a ined  

from a  c h a r t  r e c o r d  w i t h  5 mV span .  Suppress ion  r e q u i r e d  t o  

c e n t e r  t h e  b reak  was a p p l i e d  by a  Leeds-Northrup K-3 p o t e n t i -  

ometer  which was a l s o  used  t o  c a l i b r a t e  t h e  c h a r t  r e c o r d e r .  

Once c a l i b r a t i o n  of t h e  c h a r t  r e c o r d e r  was completed,  t h e  

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

t h e  d a t a  had been t aken .  C a l i b r a t i o n  was checked p e r i o d i c a l l y  

b u t  f u r t h e r  ad jus tments  were n o t  neces sa ry .  This  proved t o  be 

t h e  most p r e c i s e  method o f  g e t t i n g  good r e p r o d u c i b i l i t y  from 

one sample t o  t h e  n e x t .  Examples of a  t y p i c a l  change i n  g r a d i -  

e n t  can be  s een  i n  F igures  9 and 10.  To det.ermine t h e  i n t e r -  

f a c e  t empera tu re ,  a l i n e  was drawn through t h e  thermocouple 



1 1 

RUN 4-10 

RATE I.IIpm/sec 

CHART SPEED 20 inches/hr 

- I inch - 
F.ig. 9.. c h a r t '  r e c o r d  o f  t h e r m o c o u p l e  o u t p u t  .of sample t r a n s f o r m e d  a t  1.11 pm/sec 



.RUN' 3-10 
RATE 15.4pm/sec 
CHART SPEED : 180 inches/hr . . . . 

Fig. 10.. Chart r ecord  of the'rmocouple ou tpu t  :of sample ' ' 

transfo'rmed a t  .15.4 vm/s,ec 



t r a c e s ,  on each s i d e  of t h e  apparen t  b r eak .  The i n t e r s e c t i o n  

of t h e  two l i n e s  was taken  a s  t h e  i n t e r f a c e  t empera ture .  

A l l  thermocouples were p repa red  from t h e  same' s t a r t i n g  

m a t e r i a l s .  C a l i b r a t i o n  of t.he . thermocouples was determined by 

two methods. F i r s t ,  a f t e r  t h e  u s e f u l  l i f e  of  two of t h e  Sam- 

p l e  assembl ies  was completed,  t h e  e n t i r e  assembly was c a l i -  

b r a t e d  a g a i n s t  t h e  mel t ing  p o i n t  of aluminum. Each of t h e  

assembl ies  was p l aced  i n  a t h i n  graphi t .e  t ube  which was i n -  
s e r t e d  i n  a  b lock  of pure  aluminum. The aluminum was mel ted 

under argon i n  an i n d u c t i v e l y  hea t ed  g r a p h i t e  c r u c i b l e .  The 

ou tpu t  of t h e  thermocouple was connected t o  t h e  same equipment 

used t o  . r eco rd  t h e  thermal g r a d i e n t s .  The aluminum was 

al lowed t o  s o l i d i f y  w i t h  t h e  recorded  f r e e z i n g  p l a t e a u  used 

f o r  c a l i b r a t i o n .  The second technique  took advantage of t h e  

a u s t e n i t i z i n g  i n t e r f a c e  which occurs  when t h e  p r i o r  e u t e c t o i d  

s t r u c t u r e  i s  p u l l e d  through t h e  hea t ed  zone. An i d e n t i c a l  

change i n  g r a d i e n t  o c c u r s  a s  d i s c u s s e d  f o r  t h e  a u s t e n i t e  t o  

p e a r l i t e  t r ans fo rma t ion .  Breaks w e r e ,  observed f o r  r a t e s  from 

1.11 t o  106 vm/s'ec w i t h  no apparen t  s u p e r h e a t i n g .  The average 

of a l l  t h e  b reaks  was c a l i b r a t e d  a g a i n s t  t h e  e u t e c t o i d  temper- 

a t u r e  of Fe-C. 

'A d e s c r i p t i o n  of t h e  m i c r o s t r u c t u r e  observed a t  t h e  aus-  
t e n i t i  z ing i n t e r f a c e  and a  d i s c u s s i o n  of c e r t a i n  s u b t l e t i e s  'of  
u s ing  a  thermocouple of  f i n i t e  s i z e  t o  r e c o r d  a  sudden change 
i n  s l o p e  of a  thermal  g r a d i e n t  i s  g iven  i n  Appendix B .  



The d i f f e r e n c e  between t h e  two c a l i b r a t i o n  techniques  was 

4.S°C b u t  p r e f e r ence  was given t o  t h e  c a l i b r a t i o n  u s i n g  t h e  

Fe-C e u t e c t o i d  t empera ture .  Th is  p r e f e r e n c e  was chosen s i n c e  

t h e  c a l i b r a t i o n  was made i n  t h e  i d e n t i c a l  manner i n  which t h e  

a u s t e n i t e  t o  p e a r l i t e  de t e rmina t ions  were made. In  t h i s  way, 

a  s e l f  c o n s i s t e n t  c a l i b r a t i o n  of t h e  i n t e r f a c e  t empera tures  

was ob t a ined .  

I n t e r l a m e l l a r  Spacing 

Samples p repared  from t h e  B a t t e l l e  i r o n  were simply 

d r i l l e d  and tapped on one end and p l aced  i n  t h e  t r ans fo rma t ion  

appa ra tu s .  For r a t e s  from 25 t o  106 pm/sec, t h e  p e r i o d  of 

time t h a t  t h e  sample was i n  t h e  a u s t e n t i z i n g  zone decreased  

from 7 t o  2 minutes .  Samples des igna t ed  f o r  t h e s e  r a t e s  were 

g iven  an a d d i t i o n a l  quench and temper h e a t  t r e a t m e n t  t o  p ro-  

duce a  f i n e  c a r b i d e  d i s t r i b u t i o n  which would r e a d i l y  homogen- 

i z e  dur ing  t h e  cor responding ly  s h o r t e r  h e a t i n g  t imes .  Each 

' sample  was , t r ans fo rmed  f o r  a  d i s t a n c e  of  3 . 8  cm excep t  f o r  

t h e  slow r a t e s  of 1.11 and 2 . 2  pm/sec which were t ransformed 

on ly  1 .9  cm. A t  t h e  end of each t r a v e r s e ,  power t o  b o t h  t h e  

work c o i l  and the  d r i v e  mechanism was swi tched  o f f  i n s t a n t l y .  

This e f f e c t i v e l y  quenched t h e  a u s t e n i t i c  zone and preserve .d  

t h e  s t e a d y - s t a t e  growth i n t e r f a c e s .  The samples were p o l i s h e d  

and e tched  i n  N i t a l  t o  r e v e a l  t h e  quench i n t e r f a c e s .  A photo.- 

graph . , of a  c h a r a c t e r i s t i c  sample i n  t h i s  c o n d i t i o n  i s  shown i n  

F igure  8 .  I t  i s  e v i d e n t  t h a t  bo th  ' the  a u s t e n i t i c  and p e a r 1 i t i . c  



growth i n t e r f a c e s  a r e  macroscopica l ly  f l a t .  

A meta l log raph ic  l o n g i t u d i n a l  sample was prepared  from 

each quench zone f o r  m i c r o s t r u c t u r a l  i n v e s t i g a t i o n  of t h e  

s t e a d y - s t a t e  growth i n t e r f a c e s .  I n  a d d i t i o n ,  f i v e  t r a n s v e r s e  

s e c t i o n s  from t h e  t ransformed p o r t i o n  were p repared  f o r  spac -  

i n g  de t e rmina t ions .  The f i v e  t r a n s v e r s e  s e c t i o n s  were mounted 

i n  e l e c t r i c a l . 1 ~  conduct ive  copper f i l l e d  d i a l l y l  p h t h a l l a t e  

t.herma1 s e t t i n g  p l a s t i c .  The samples were mechanica l ly  p o l -  

i shed  and e t ched  w i t h  P i c r a l .  A l l  s pac ing  measurements were 

made w i t h  t h e  a i d  of  a  S t e r eoscan  S-4 scanning e l e c t r o n  micro- 

s'cope (SEM) . The magn i f i ca t i on  of t h e  SEM was c a l i b r a t e d  

u s ing  carbon r e p l i c a s  of s t a n d a r d  r u l e d  g r a t i n g s .  The r e p l i -  

c a s  were f i x e d  t o  t h e  p lane  of p o l i s h  o f  t h e  samples u s i n g  

s i l . v e r  conduct ive  p a i n t .  The mounted specimens were p l aced  i n  

t h e  SEM s o  t h a t  t h e  p l ane  of p o l i s h  was normal t o  t h e  e l e c t r o n  

beam. This  i n s u r e d  t h a t  t h e  spac ing  measurements were n o t  

a l t e r e d  by p e r s p e c t i v e  and t h a t  a l l  obse rva t ions  were made 

par .a l le .1  t o  t h e  growth d i r e c t i o n .  The carbon r e p l i c a  was 

f i r s t  brought  i n t o  focus  and a  photograph taken  t o  c a l i b r a t e  

t h e  m a g n i f i c a t i o n .  Except f o r  f i n e  f o c u s i n g ,  t h e  l e n s  s e t -  

t i n g s  were no t  a l t e r e d  s o  that .  t h e  c a l i b r a t i o n  remained un- 

changed. Focusing of each specimen i n  t h e  mount was achieved 

by moving t h e  s t a g e  v e r t i c a l l y  t o  b r i n g  t h e  p l ane  of  p o l i s h  

i n t o  t h e  o r i g i n a l  p lane  of t h e  r e p l i c a .  

P r i o r  obse rva t ions  on l o n g i t u d i n a l  s e c t i o n s  i n d i c a t e d  

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



' p e r f e c t l y  w i th  t h e  p u l l i n g  d i r e c t i o n .  . I n s t e a d ;  c o l o n i e s  were 

observed t o  grow w i t h i n  30' of  t h e  growth a x i s .  To i n s u r e  

t h a t  spac ing  measurements were made only  on t hose  c o l o n i e s  

i d e a l l y  a l i g n e d ,  s e v e r a l  p r e c a u t i o n s  we're t aken .  F i r s t ,  i n  

any f i e l d  of  view con ta in ing  s e v e r a l  i n d i v i d u a l  c o l o n i e s ,  on ly  

t hose  e x h i b i t i n g  t h e  s m a l l e s t  average spac ing  were i nc luded  i n  

t h e  coun t .  The o t h e r s  were assumed t o  be  growing a t  an angle  

t o  t h e  s u r f a c e  t hus  i n d i c a t i n g  s l i g h t l y  l a r g e r  spac ing .  I n  

some c a s e s ,  i t  was p o s s i b l e  t o  t a k e  advantage of  t h e  a b i l i t y  

of  t h e  SEM t o  produce a  t h r e e  dimensional  image t o  a s c e r t a i n  

i f  t h e  i n d i v i d u a l  c a r b i d e  l a m e l l a e ,  wh,ich were e t ched  i n  r e -  

l i e f ,  were normal t o  t h e  s u r f a c e .  F i n a l l y ,  on ly  t h o s e  co lo -  

n i e s  having r e g u l a r  spac ings  ex tend ing  over  t e n  o r  more lamel-  

l a e  were i nc luded  i n  t h e  count .  Twenty measurements were made 

on each of t h e  f i v e  s e c t i o n s  f o r  a  t o t a l  of  100 measurements 

f o r  each r a t e .  

Maximum Rate of Growth 

Samples used f o r  t h e s e  exper iments  were i d e n t i c a l  t o  

t hose  p repared  f o r  t he  spac ing  de t e rmina t ions .  The samples 

were p l aced  i n  t h e  t r ans fo rma t ion  appa ra tu s  w i t h  t h e  a u s t e n i -  

t i z e d  zone h e l d  f o r  two hours .  The zone l e n g t h  was approx i -  

mately  10 mm and con ta ined  ve ry  l a r g e  g r a i n s  of a u s t e n i t e ,  on 

t h e  o rde r  of 2 -3  mm. Trave r se  was s t a r t e d  a t  .a low . r a t e  be-  

tween 5 and 10 pm/sec t o  develop a  s t e a d y - s t a t e  g rowth . ' f r on t  

of  pea r l . i . t e . ' ,  A t  t h e  end of 2 ..5 mm o f  t rans format i .on ,  t h e  ' r a t e  



was i n c r e a s e d  t o  g r e a t e r  than  100 Ilm/sec. A t  t h i s  ' p o i n t ,  t h e  

p e a r l . i t e  growth f r o n t  was i n  t h e  a r e a  of g r e a t e s t  a u s t e n i t e  

. g r a i n  s i z e .  This was p a r t i c u l a r l y  impor t an t ,  f o r  i f  p e a r l i t e  

were n o t  a b l e  t o  grow a t  t h e  high v e l o c i t i e s  t hen  t h e  growth 

f r o n t  would g r a d u a l l y  drop lower i n  t h e  t empera ture  g r a d i e n t  

u n t i l  t h e  Ms temperature  was reached and m a r t e n s i t e  formed. 

The n e c e s s i t y  of l a r g e  a u s t e n i t e  g r a i n  s i z e  was t o  p reven t  any 

p r i o r  a u s t e n i t e  g r a i n  boundary from i n t e r f e r i n g  w i t h  t h e  

p e a r l i t e  growth f r o n t .  The h igh  p u l l i n g  r a t e  was con t inued  

u n t i l  a l l  of t h e  o r i g i n a l  a u s t e n i t i z e d  zone was consumed. A 

l o n g i t u d i n a l  s e c t i o n  of t h e  sample was prepared  by s t a n d a r d  

me ta l l og raph ic  t echn iques .  The s t a r t  and r a t e  change i n t e r -  

f a c e s  could  be  e a s i l y  i d e n t i f i e d  a s  can be s een  i n  F igure  18. 

S p e c i a l  a t t e n t i o n  was p l aced  on observ ing  m a r t e n s i t e  which 

would i n d i c a t e  t h a t  p e a r l i t e  was n o t  t rans forming  a t  s t e a d y -  

s t a t e  a t  t h e s e  v e l o c i t i e s .  The d i s t a n c e  between t h e  r a t e  

change i n t e r f a c e  and any i n t e r f a c e s  between t h e  f a s t  growth 

p e a r l i t e  and m a r t e n s i t e  was recorded .  



RESULTS AND DISCUSSION 

The r e s u l t s  o f  t h e  p e a r l i t e  i n t e r f a c e  t empera ture  d e t e r -  

mina t ions  and t h e  i n t e r l a m e l l a r  spac ing  measurements a s  a  

f u n c t i o n  of t r a n s f o r m a t i o n  r a t e  a r e  summarized i n  Table  2 .  

The tempera ture  d a t a  i n  t h i s  t a b l e  were d e r i v e d  from 60 r e -  

corded g r a d i e n t s  ob t a ined  from samples f a b r i c a t e d  from t h e  

same a l l o y .  The P t  v s .  P t  13% Rh thermocouple used t o  r e c o r d  

t h e  g r a d i e n t s  was c a l i b r a t e d  u s i n g  t h e  a u s t e n i t i z i n g  i n t e r f a c e  

t empera ture .  The p r e c i s i o n  and e r r o r  a s s o c i a t e d  w i t h  t h i s  

t echn ique  a r e  d i s c u s s e d  i n  Appendix B .  The o r i g i n a l  uncor-  

r e c t e d  thermocouple r ead ings  o f  b o t h  i n t e r f a c e s  a r e  con ta ined  

i n  Appendix C .  

The Dependence of t h e  P e a r l i t e  I n t e r f a c e  Temperature on Rate 

The undercool ing  of t h e  p e a r l i t e  t r a n s f o r m a t i o n  i n t e r f a c e  

a s  a  f u n c t i o n  of imposed v e l o c i t y  was f i t  t o  t h e  power curve  

V = ~ ( T ~ - T ~ ) ~  by l e a s t  squa re s  a n a l y s i s .  The r e s u l t i n g  equa- 

t i o n  was 

V = 8 . 1 7 ( 1 0 - ~ ) ~ ~ ~ * ~ ~ ~ m / s e c  (39) 

'where AT = TE-Ti .  The q u a l i t y  o f  t h e  f i t  of  t h e  d a t a  t o  t h i s  

e q u a t i o n  i s  i l l u s t r a t e d  i n  t h e  p l o t  of  l o g  V v s .  logAT i n  

F igu re  11 and i n  t h e  s t a t i s t i c a l  c o r r e l a t i o n  c o e f f i c i e n t ,  r ,  

which was .997. A 95% conf idence  i n t e r v a l  f o r  b o t h  t h e  p r e -  

e x p o n e n t i a l  term and t h e  exponent i s  l i s t e d  i n  Table.  5 .  How- 

e v e r  good t h i s  f i t  may b e ,  i t  i s  worth  n o t i n g  t h a t  a  problem 

as s ,oc i a t ed  w i t h  t h e  l e a s t  s q u a r e s  a n a l y s i s  which r e s u l t e d  i n  



Table 2 .  Summary- of  intserface temperature  and in te r lammelar  spac ing  d a t a  

Transformat ion I n t e r f a c e  Undercooling Average Minimum 
r a t e  t e m p e ~ a t u r e  T E - T i  spac ing  Spacing 

vm/sec Y+P O C  O C  Savg urn 'min ~m 



I00 
Log AT O C  

Fig .  11. Lo'garithmic vel.o.city. vs : i ,nt 'erface 'undercool ing 



.Equation 39 i s  t h a t  t h e  p r o p o r t i o n a l  e r r o r  i n  each AT i s  

assumed equa l  and t h e  s t a t i s t i c a l  we igh t ing  of each term i s  

t h e  same. A c t u a l l y ,  t h e  p r o p o r t i o n a l  e r r o r  i n  AT i n c r e a s e s  

a s  t h e  undercool ing  dec rease s  i f  t h e  random e r r o r  i n  T i  r e -  

mains c o n s t a n t .  Thus, f o r  t h e  s lowes t  r a t e  of  t r a n s f o r m a t i o n ,  
. . 

1.11 um/sec,  f o r  which t h e  average undercool ing  i s  1 2 O C ,  t h e  

random e r r o r o f  - + 3OC i n  Ti r e s u l t s  i n  a  p r o p o r t i o n a l  e r r o r  i n  

AT of  2 5 % .  For l a r g e r  undercool ings ,  t h e  p r o p o r t i o n a l  e r r o r  

i n  AT f o r  t h e  same random e r r o r  of  - + 3°C i s  cor responding ly  

s m a l l e r .  

A f u r t h e r  problem of  i n t e r f a c e  t empera ture  measurements 

made a t  slow t r ans fo rma t ion  r a t e s  i s  t h a t  t h e  random e r r o r  i n  

Ti may b e  l a r g e r  t han  f o r  f a s t e r  r a t e s .  The i n c r e a s e  i n  e r r o r  

i s  a s s o c i a t e d  w i th  t h e  cor responding ly  l onge r  t ime p e r i o d s  i n  

which t h e  g r a d i e n t  i s  be ing  recorded .  I f  t h e  power t o  t h e  

sample changes app rec i ab ly  du r ing  t h i s  p e r i o d ,  t h e  r e s u l t i n g  

changes i n  t h e  t empera ture  g r a d i e n t  would cause  s h i f t s  i n  t h e  

t empera ture  be ing  recorded  a s  t h e  thermocouple pas se s  through 

t h e  t r ans fo rma t ion  i n t e r f a c e .  The r e s u l t i n g  s h i f t s  i n  t h e  r e -  

corded tempera ture  g r a d i e n t  .may l e a d  t o  l a r g e r  random e r r o r  i n  

t h e  i n t e r f a c e  t empera tu re ,  ob t a ined  by e x t r a p o l a t i o n  of  t h e  

a u s t e n i t e  and p e a r l i t e  temperature  g r a d i e n t s ,  t h a n  what would 

occur  f o r  f a s t e r  t r a n s l a t i o n  rates .  

A second and more ser i .ous  sou rce  of  g r a d i e n t  o r  tempera- 

t u r e  f l u c t u a t i o n s  r e s u l t s  from t h e  t r a n s l a t i o n  ,apparatus  



i t s e l f .  A problem a s s o c i a t e d  w i t h  t h e  o - r i n g s  used t o  s e a l  

t h e  coo l ing  wa te r  from t h e  hea t ed  zone of  t h e  sample is  t h a t  

t h e r e  was a  tendency f o r  t h e  o - r i n g s  t o  s t i c k  t o  t h e  sample a t  

slow t r ans fo rma t ion  r a t e s .  Th is  caused t h e  c a r r i a g e  t o  move 

i n  a s t ep -wi se  motion t h a t  could  e a s i l y  be d e t e c t e d  u s i n g  t h e  

d i f f e r e n t i a l  t r ans former  mounted on t h e  c a r r ? a g e .  The e f f e c t  

of t h e  h e s i t a n t  motion of t h e  c a r r i a g e  was d e t e c t e d  by t h e  

thermocouple as can be seen  i n  t h e  c h a r t  r eco rd ing  i n  F igure  

9 .  The range i n  temperature  o s c i l l a t i o n s  i s  2 - S ° C  and t h e  

p e r i o d  of t h e  o s c i l l a t i o n s  i s  8-16 s e c .  The r a t e  of  change of 

temperature  of any p o i n t  i n  t h e  g r a d i e n t  ranges  from 0 . 1  t o  

0.6 OC/sec which when d i v i d e d  by t h e  g r a d i e n t  (Gy i n  t h i s  

example i s  1760°C/cm) g ives  a  v a r i a t i o n  of  t h e  v e l o c i t y  of  t h e  

i so therms  i n  t h e  sample of -0.6 t o  3 pm/sec. The t ime average 

of t h e  v e l o c i t y  of t h e  i so therms  i s  t h e  t r a n s l a t i o n  r a t e  of 

t h e  sample. The low end of t h e  range corresponds  t o  t h e  c a r -  

r i a g e  be ing  s t a l l e d  by t h e  o - r i n g s  s t i c k i n g  t o  t h e  sample and 

t h e  h igh  range t o  t h e  p o i n t  where t h e  c a r r i a g e  p u l l s  f r e e .  

The n e t  e f f e c t  i s  t h a t  t h e  sample i s  n o t  t rans forming  under 

i d e a l  s t e a d y - s t a t e  c o n d i t i o n s .  The i n t e r f a c e  t empera tures  ' f o r  

1.11 pm/sec were r ep roduc ib l e  s o  t h e  e f f e c t  of  t h e  o s c i l l a t i n g  

motion was probably  s m a l l ;  however, f o r  s lower  r a t e s ,  t h e  

o s c i l l a t i o n s  would be l a r g e r  and i t  would be d i f f i c u l t  t o  

t rans form t h e  specimen a t  s t e a d y  s t a t e .  For t h i s  r e a s o n ,  1.11 

pm/sec was t h e  lowest  t r ans fo rma t ion  r a t e  used i n  t h i s  s tudy .  



The e f f e c t  of a  - + 5°C s y s t e m a t i c  e r r o r  i n  t h e  average 

undercool ings  on t h e  l e a s t  s q u a r e s  a n a l y s i s  used t o  o b t a i n  

Equat ion 39 i s  shown f o r  v a r i o u s  ranges  of  v e l o c i t y  i n  Table  

3 .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  exponent remains n e a r l y  

e q u a l  t o  2 ,  e s p e c i a l l y  i n  t h e  v e l o c i t y  range of  34.4 t o  106 

pm/sec. The most l i k e l y  sou rce  o f  s y s t e m a t i c  e r r o r  i s  i n  t h e  

c a l i b r a t i o n  of t h e  thermocouple.  I f  c a l i b r a t i o n  o f  t h e  thermo- 

coupie  were based on t h e  m e l t i n g  p o i n t  o f  pu re  aluminum (Appen- 

d i x  B ) ,  t h e  i n t e r f a c e  t empera ture  would be  reduced by 4 . S ° C .  

Th is  would n e a r l y  correspond t o  t h e  -5°C e r r o r  l i s t e d  i n  Table 

3. There i s  s i g n i f i c a n c e  on ly  when AT i s  s m a l l .  For t h e  

v e l o c i t y  range of 10.8 t o  106 pm/sec, t h e  r e s u l t i n g  e q u a t i o n  

i s  v i r t u a l l y  i d e n t i c a l  t o  Equa t ion  39. T h e r e f o r e ,  t h e  i n t e r -  

p r e t a t i o n  of t h e  i n t e r f a c e  t empera tu re  d a t a  and i t s  comparison 

t o  t h e o r y  and p rev ious  expe r imen ta l  work, i s  n o t  s e r i o u s l y  

j eopa rd i zed  by t h e  method of  c a l i b r a t i o n  of t h e  thermocouple.  

Table  3.  E f f e c t  of  a  + 5°C s y s t e m a t i c  e r r o r  i n  AT on t h e  
l e a s t  s q u a r e s  f i t  t o  t h e  power f u n c t i o n  V = aATn 

AT = Kange of  F i t t e d  e q u a t i o n  C o r r e l a t i o n  
+5"C v e l o c i t i e s  f i t t e d  ATobs- pm/sec c o e f f i c i e n t  

pm/sec r 

+S°C 1.11 - 106 ~ . O ~ ( I O - ~ ) ~ T  2 . 2 7  .996 

+5"C 10.8 - 106 2.14 ( ~ o - ~ ) A T ~  26 .990 

+ S ° C  34.4 - 106 6 . 4 8 ( 1 0 - ~ ) ~ T ~ * O ~  .995 

- 5 ° C  1,11 - 1 0 6  3 8 . 9  ( 1 . f l - 3 ) ~ ~ ~ ~ ~ ~  .994 

-5OC 10.8 - 106 1 1 . 4 ( 1 0 - ~ ) ~ ~  1 .94 .99 2 

- 5°C 1.82 3.4.. 4 . .-. S0.6. . . . .2.0...1.(.1.0.-.3.).~~ . . . . . . . . . . .9 5 7 



The Dependence of t h e  I n t e r l a m e l l a r  Spacing on Rate 

Two c h a r a c t e r i s t i c  spac ings  were ob t a ined  f o r  each  r a t e .  

The f i r s t  was simply an average of t h e  100 . spac ing  measure-  

ments. - This  i s  p re sen t ed  i n  T a b l e " 2  a s  S  t o g e t h e r  w i t h  
avg 

t h e  s t a n d a r d  d e v i a t i o n .  The second t r ea tmen t  was an a t t emp t  

t o  g e t  t h e  t r u e  minimum spac ing  c h a r a c t e r i s t i c  o f  a  g iven  r a t e  

of t r ans fo rma t ion .  The s m a l l e s t  20 spac ings  of each d a t a  s e t  

were averaged and r e p o r t e d  i n  Table  2 a s  Smin. The reason  f o r  

averaging t h e  s m a l l e s t  20 spac ings  was t h a t  t h e  d i s t r i b u t i o n  ' 

of t h e  d a t a  s e t  was skewed towards t h e  l a r g e r  spac ings .  The 

d i s t r i b u t . i o n  should  be normal if t h e  l ame l l ae  of  each  colony 

a r e  pe rpend icu l a r  t o  t h e  s u r f a c e .  I f ,  on t h e  o t h e r  hand, t h e  

l ame l l ae  i n t e r s e c t  t h e  s u r f a c e  o t h e r  t han  a t  r 5gh t  angles . ,  t h e  

e f f e c t  would be t o . b i a s  t h e  d i s t r i b u t i o n  towards l a r g e r  spac-  

i n g s .  The apparen t  number of l a r g e r  spac ings  i n c r e a s e s  be-  

cause  of  t h e  ove r l ap  of t h e  s m a l l e r  spac ings  be ing  observed a t  

an ang le  making them appear l a r g e r .  The e f f e c t  i s  shown qua l -  

i t a t i v e l y  i n  F igure  1 2 .  I t  would be p o s s i b l e  t o  c a l c u l a t e  t h e  

e x a c t  shape of t h e  skewed d i s t r i b u t i o n  i f  t h e  d i s t r i b u t i o n  of 

, p lane  normals a t  the.  l ame l l ae  of t h e  p e a r l i t e  c o l o n i e s  about  

t h e  growth d i r e c t i o n  were known. However, t h i s  would invo lve  

an exces s ive  amount of s t a t i s t i c a l  a n a l y s i s  which would prob- . 

a b l y  n o t  y i e l d  a  c h a r a c t e r i s t i c  spac ing  which would be  i n  s e r -  

i o u s  d i f f e r e n c e  t o  t h e  two used i n  t h i s  s t udy .  



Spacing 

Figu re  1 2 .  R e l a t i o n s h i p  be'tween a  normal d i s t r i b u t i o n  and 
a  skewed d i s t r i b u t i o n  

F igu re s  13 and 1 4  c o n t a i n  r e p r e s e n t a t i v e  micrographs o f  

some of t h e  c h a r a c t e r i s t i c  p e a r l i t e  s t r u c t u r e s  observed i n  

c r o s s  s ec t i . on .  The micrographs show t h a t  t h e  a r e a  f r a c t i o n  of  

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

i n c r e a s e s .  The l a m e l l a r  s t r u c t u r e  beg ins  t o  degrade t o  a  rod 

morphology f o r  v e l o c i t i e s  i n  t h e  range of  10 t o  20 pm/sec. The 

c o e x i s t e n c e  of l a m e l l a r - a n d  rod  forms w i t h i n  a  s i n g l e  colony . 

as  s een  i n  F igu re  13c i s  t y p i c a l  o f  t h i s  v e l o c i t y  range .  A t  

h i g h e r  v e l o c i t i e s ,  t h e  rod  and degene ra t e  s t r u c t u r e s  b e g i n  t o  

dominate w i t h  l a m e l l a r  s t r u c t u r e s  accoun t ing  f o r  on ly  10-15% 

of t h e  a r e a  f r a c t i o n  from 80-100 pm/sec. Also ,  p o r t i o n s  of  t h e  

f i n e  l a m e l l a r  s t r u c t u r e  c h a r a c t e r i s t i c  o f  t h e  h i g h  r a t e s  appear  

t o  coa r sen  d u r i n g  coo l ing  i n  t h e  g r a d i e n t  a f t e r  forming a s  e v i -  

denced by F igu re s  14a and 14b.  N e v e r t h e l e s s ,  t h e  l a r g e  r e g u l a r  



Fig .  -13. Micrographs of t y p i c a l  p e a r l i t i c  s t r u c t u r e  observed t r a n s v e r s e  t o  
growth d i r e c t i o n .  a )  F e r r i t e  t r a c i n g  p r i o r  a u s t e n i t e  g r a i n  boundary. 
Ra te :  2.20 pm/sec; l i g h t  micrograph; 500X. b)  Regular p e a r l i t i c  
s t r u c t u r e  c h a r a c t e r i s t i c  of  low v e l o c i t i e s .  Rate:  2.20 vm/sec; 
SEM micrograph; 1,100X. c) Rod and l a m e l l a r  p e a r l i t e  w i t h i n  s i n g l e  

.colony.  Rate:  15.4 pm/sec; SEM micrograph; 6,100X. d )  Regular 
p e a r l i t i c  s t r u c t u r e  surrounded by degenera te  c a r b i d e s .  Rate:  10.8 

- vm/sec; SEMmicrograph; 2500X. A l l  samples e t c h e d w i t h  P i c r a l  





Fig. 14 .  Micrographs of typ ica l  p e a r l i t i c  s t r u c t u r e  observed transverse t o  growth 
d i rec t ion .  a)  Coarsening of lamel lar  carbides during cooling i n  gradient .  
Arrows ind ica te  genesis of globular  carbides. Rate: 53.6 ~ m / s e c ;  SEM 
micrograph; 20250X. b] Similar  coarsening a s  i n  [a) ; Rate: 83.6 vm/sec; 
SEM micrograph; 20250X. c) Typical i so l a t ed  colony of regular  p e a r l i t e  
surrounded by f i n e  carbide dispersion.  Rate: 83.6 pmJsec; SEM micro- 
graph; 5060X. d) Typical p e a r l i t e  colony representing approximately 10% 
of the  microstructure a t  105 pm/sec; SEM micrograph; 11,800X. A l l  
samples etched with P i c ra l  
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p e a r l i t e  colonies shown i n  Figures 14c and 14d f o r  the  r a t e s  

of 83.6 and 106 ym/sec respec t ive ly ,  were not  a typ ica l  of 

these r a t e s .  

Both s e t s  of spacing data  as  a function of t r a n s l a t i o n  

r a t e  were f i t  t o  the  power curve V = asn by the  same l e a s t  

squares ana lys i s  used t o  obta in  Equation 39. The r e s u l t i n g  

equations were 

and 

The two s e t s  of da t a  a re  p lo t t ed  together  with the  f i t t e d  

equations i n  Figure 15. The two equations f i t  the  da t a  wel l  

as  is  evidenced by the  co r r e l a t i on  coe f f i c i en t ,  r , which was 

.99 f o r  the  average spacing da ta  and was ,997 f o r  the  minimum 

spacing data .  A 95% confidence i n t e r v a l  f o r  each of t he  pre- 

exponential terms and exponents i n  Equations 40 and 4 1  i s  

l i s t e d  i n  Table 5.  A poss ib le  b i a s  i n  the  spacing da t a  which 

would inf luence Equations 40 and 4 1  r e s u l t s  from the  d i s p a r i t y  

i n  area  f r a c t i o n  of regular  p e a r l i t e  from the  slow t o  f a s t  

r a t e s .  A t  the  slow v e l o c i t i e s ,  the  observ,er has many regular  

colonies from which t o  s e l e c t  the  smal les t  regularly'  appearing 

spacing. A s  the  r a t e  increases ,  the  r e s u l t i n g  l o s s  i n  area 

f r a c t i o n  of p e a r l i t e  decreases the  range of s e l ec t ion .  The n e t  

e f f e c t  might be t o  skew the  spacings a t  the  slow v e l o c i t i e s  t o  

smaller  values thus increas ing the  absolute value of the  ex- 



Pig .  1 5 .  Loga.rithaic velocity vs . interlamellar spacing. a) Average spacing, 
b] Minimum spacing 



ponents i n  ~ ~ u a t i o n s  40 and 41.  The b i a s i n g  i n  the  d a t a  i s  

minimized by s e l e c t i n g  t h e  smal l e s t  spacings from the  popula- 

t i o n  sample and the  n e t  e f f e c t  i s  t h e  reduct ion  i n  t h e  abso- 

l u t e  value of t h e  exponent a s  can be seen by comparing these  

two equat ions.  

The Microstructure of Di rec t iona l ly  Transformed P e a r l i t e  

The d i r e c t i o n a l  e u t e c t o i d  t ransformat ion  of a u s t e n i t e  t o  

p e a r l i t e  i s  no t  a s  e f f e c t i v e  a s  t h e  d i r e c t i o n a l  s o l i d i f i c a t i o n  

of e u t e c t i c s  i n  a l ign ing  the  lamellae wi th  t h e  growth d i r e c -  

t i o n .  Bramfi t t  and Marder (3.7) measured t h e  angles  of 200 

lamellae with t h e  growth d i r e c t i o n  of a high p u r i t y  F e - C  

e u t e c t o i d  p e a r l i t e  transformed a t  . 7 1  ~ m / s e c .  They found t h a t  

the  d i s t r i b u t i o n  of  lamellae peaked a t  4S0 and t h a t  none of 

the  lamellae were p e r f e c t l y  a l igned wi th  the  growth d i r e c t i o n .  

The micrograph i n  Figure 16a was taken from a l o n g i t u d i n a l  

s e c t i o n  of a sample transformed a t  1.11 vm/sec. The band 

ahead of t h e  growth f r o n t  formed when t h e  sample was quenched 

by i n s t a n t l y  switching ofg t h e  r f  power. The lamellae have 

good alignment wi th  the  growth d i r e c t i o n  i n  regions A and C ,  

bu t  t h e  alignment i s  poor a t  B. However, i f  t h e  lamellae i n  

region C a r e  perpendicular  t o  t h e  plane of p o l i s h ,  and a new 

plane of p o l i s h  i s  passed through region C perpendicular  t o  

the  o r i g i n a l  p lane  of p o l i s h  and p a r a l l e l  t o  t h e  growth d i r e c -  

t i o n ,  the  lamellae i n  C would appear perpendicular  t o  t h e  

growth d i r e c t i o n  and would resemble region B. The t r u e  d i s -  



Fig. 16. Micrographs of t y p i c a l  p e a r l i t i c  s t r u c t u r e  observed p a r a l l e l  t o  growth 
d i r e c t i o n .  a )  Band of f i n e  p e a r l i t e  which f o r m  during quench of 
samples transformed a t  low v e l o c i t i e s .  Rate: 1.11 pm/sec; l i g h t  micro- 
graph; 500X. b)  Branching of cementite a t  beginning of quench band 
taken from region C of ( a ) ;  SEM micrograph; 6000X. c)  E f f e c t  of 
a u s t e n i t e  g r a i n  boundary on p e a r l i t e  growth. Arrows i n d i c a t e  a reas  
where cementite lamellae have pene t ra ted  g r a i n  boundary without 
d i f f i c u l t y  otherwise cementite p l a t e l e t s  a r e  stopped producing an 
excess of f e r r i t e  making boundary v i s i b l e .  Arrow (8.d.) i n d i c a t e s  
growth d i r e c t i o n :  Rate: 2.20 pm/sec; l i g h t  micrograph; 500X. 
d) S imi lar  e f f e c t  of a u s t e n i t e  g r a i n  boundary a s  shown i n  (c) .  
Arrow i n d i c a t e s  pene t ra t ion  of cementite lamellae through a u s t e n i t e  
g r a i n  boundary forming colony i n  upper g ra in .  Rate: 2.20 vm/sec; 
l i g h t  micrograph; 500X. A l l  samples etched wi th  P i c r a l  





t r i b u t i o n  of l a m e l l a r  al ignment about t h e  growth d i r e c t i o n  can 

only  be determined r i g o r o u s l y  by two s u r f a c e  ana lyse s .  Hence, 

t h e  a c t u a l  a l ignment  may be b e t t e r  t han  t h e  r e s u l t s  of  Bram- 

f i t t  and Marder i n d i c a t e .  

When a  zone of a u s t e n i t e  i s  through a  sample,  

t h e r e  a r e  two t r ans fo rma t ion  p roces se s  occu r r ing .  A t  t h e  

l ead ing  edge i s  t h e  t r ans fo rma t ion  t o  a u s t e n i t e  and a t  t h e  

t r a i l i n g  edge i s  t h e  t r ans fo rma t ion  t o  p e a r l i t e .  When t h e  r f  

power i s  t u rned  o f f ,  t h e  a u s t e n i t i c  zone i s  quenched i n  p l a c e  

a s  shown i n  F igu re  8 . .  The n a t u r e  of t h e  t r ans fo rma t ton  t o  

a u s t e n i t e , a t  t h e  a u s t e n i t i z i n g  i n t e r f a c e  i s  d i s c u s s e d  i n  

Appendix B 'and s e v e r a l  r e p r e s e n t a t i v e  micrographs of  t h e  

quenched i n t e r f a c e  a r e  i nc luded  i n  F igure  B-3. The format ion  

of t h e  s t r u c t u r e  o f  a u s t e n i t e  i n  t h e  hea t ed  zone can be c h a r -  

a c t e r i z e d  by d i v i d i n g  t h e  zone i n t o  t h r e e  s e c t i o n s .  The f i r s t  

s e c t i o n  c o n t a i n s  sma l l  g r a i n s  of a u s t e n i t e  which, because  of 

t h e  cor responding ly  h igh  g ra in ' bounda ry  a r e a  pe'r un . i t  volume 

and inhomogeneous carbon c o n c e n t r a t i o n ,  r e v e r t  back t o  p e a r l i t e  

du r ing  t h e  quench. This  can be s een  i n  t h e  l a r g e  band of  s u r -  

f a c e  nuc l ea t ed  p e a r l i t e  i n  F igure  8 .  The c e n t e r  s e c t i o n  of 

t h e  zone i s  c h a r a c t e r i z e d  by r a p i d  g r a i n  growth a s  t h e  sample 

i s  t r a n s l a t e d  . . i n t o  t h e  h o t t e s t  p a r t  of t h e  zone. These l a r g e r  

g r a i n s  forin m a r t e n s i t e  when t h e  sample i s  quenched. The h i g h  

tempera tures  achieved i n  t h e  c e n t e r  of  t h e  zone were s u f f i c i e n t  

t o  cause  c o n s i d e r a b l e  g r a i n  growth' even f o r  t h e  f a s t e s t  t r a n s -  

l a t i o n  r a t e s .  The l e n g t h  of t h e  zone was approximately  1 c m  



s o  t h a t  a t  a  r a t e  of 106 ym/sec, . . a  given element was a u s t e n i -  

t i z e d  f o r  only  100 s e c  dur ing  passage through t h e  zone. 

Neve r the l e s s ,  t h i s  was s u f f i c i e n t  time t o  produce a u s t e n i t e  

g r a i n s  w i th  - . 2 5  mm d i a .  The f i n a l  s e c t i o n  of t h e  a u s t e n i -  

t i z e d  zone ad j  acen t  t o  t h e  p e a r l i t e  t r ans fo rma t ion  i n t e r f a c e  

i s  comprised of equiaxed g r a i n s  of  a u s t e n i t e  hav ing ' app rox i -  

mate ly  t h e  same g r a i n  s i z e  a s  t h e  c e n t r a l  r eg ion .  I t  i s  some- 

what s u r p r i s i n g  t h a t  t h e r e  was no tendency t o  form e longa t ed  

g r a i n s  of a u s t e n i t e  as  a  r e s u l t  of  t h e  d i r e c t i o n a l  passage of 

t h e  hea t ed  zone. 

The band i n  F igure  16a which formed i n  f r o n t  o f  t h e  

growth f r o n t  when t h e  sample was quenched was determined by 

high r e s o l u t i o n  SEM microscopy t o  be f i n e  p e a r l i t e .  The 

spac ing  c o n t i n u a l l y  dec rease s  i n  t h e  band because  of  t h e  r a p i d  

i n c r e a s e  i n  t h e  growth r a t e  of p e a r l i t e  occu r r ing  when t h e  

temperature  of  t h e  i n t e r f a c e  d e c r e a s e s .  The cemen t i t e  branches  

a lmost  i n s t a n t a n e o u s l y  t o  produce s m a l l e r  spac ings  a s  can be 

seen  a t  t h e  beginning of t h e  quench band i n  F igure  16b. How- 

e v e r ,  t h e  b ranch ing  and r a t e  of growth cannot i n c r e a s e  i n d e f -  

i n i t e l y  and t h e  s t r u c t u r e  becomes more i r r e g u l a r  and even tu-  

a l l y  m a r t e n s i t e  forms (denoted by M i n  F igure  16a ) .  Quench 

bands were observed a t  r a t e s  up t o  48 vm/sec. A t  h i g h e r  r a t e s  

i t  became d i f f i c u l t  t o  s e e  t h e  band because t h e  change i n  

spac ing  a t  t h e  growth f r o n t ,  which produces t h e  band d u r i n g  

t h e  quench, was smal l  compared t o  t h e  o r i g i n a l  s t r u c t u r e .  
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Aus ten i t e  g r a i n  boundar ies  were o f t e n  observed a s  having 

a  d e t r i m e n t a l  e f f e c t  on t h e  growth of p e a r l i t e .  F igures  16c 

and 16d show t h a t .  t h e  cement i te  l ame l l ae  a r e  f r e q u e n t l y  s topped  

a t  a u s t e n i t e  g r a i n  boundar ies .  The f e r r i t e , a p p a r e n t l y  c o n t i n -  

ues u n i n t e r r u p t e d  i n t o  t h e  new a u s t e n i t e  g r a i n  l e a v i n g  t h e  

cement i te  behind.  This would l e a v e  a  t h i n  l i n e  o f  f e r r i t e  

t r a c i n g  o u t  p r i o r  a u s t e n i t e  g r a i n  boundar ies  i n  t h e  t r a n s -  

formed p e a r l i t e ;  an e f f e c t  o f t e n  observed a s  evidenced by 

F igure  13a and F igures  16c and 16d.  I t  i s  p o s s i b l e  t o  d e t e r -  

mine t h e  o r i e n t a t i o n  of t h e  f e r r i t e  a t  p r i o r  a u s t e n i t e  g r a i n  

boundar ies  and i n  a d j a c e n t  p e a r l i t e  c o l o n i e s  by apply ing  

S e l e c t e d  Area Channeling P a t t e r n  (SACP) techniques  u s ing  a  

SEM. The o r i e n t a t i o n  of f e r r i t e  a t  t h e  boundar ies  could be  

compared w i t h  f e r r i t e  i n  a d j a c e n t  p e a r l i t e  c o l o n i e s  t o  s e e  i f  

indeed t h e  f e r r i t e  grows i n t o  new a u s t e n i t e  g r a i n s  l e a v i n g  

cemen t i t e ' beh ind  a t  g r a i n  bounda r i e s .  F igure  1 7  i s  a  micro-  

graph of  a  sample t ransformed a t  .51  um/sec i n  o r d e r  t o  p ro -  

duce t h e  v e r y  coa r se  p e a r l i t e  r e q u i r e d  by SACP t echn iques .  

The micrograph was taken  a t  t h e  quench i n t e r f a c e  and shows t h e  

compe t i t i ve  growth of two p e a r l i t e  c o l o n i e s  a long  an a u s t e n i t e  

g r a i n  boundary. The cemen t i t e  o f  t h e  l e a d i n g  colony (colony 

A) i s  o f t e n  s topped a t  t h e  g r a i n  boundary. However, t h e  

f e r r i t e  i s  a b l e  t o  grow through t h e  boundary s i n c e  t h e  l a r g e  

f e r r i t e '  r eg ions  ahead of t h e  cement i te  were shown by SACP t e c h -  

n iques  t o  have t h e  same o r i e n t a t i o n  a s  colony A .  ' Care fu l  



Fig. 17. SEM ~llicrograph showing cementite lamellae being 
stopped at prior austenite grain boundary. Aus- 
tenite grain boundary could be seen extending 
through quench band and into martensite (not shown). 
Ferrite within dashed line was shown by SACP to have 
same orientation as colony A. As electropolished. 
1700X 



examination of t h e  micrograph shows t h a t  t h e  cement i t e  p l a t e -  

l e t  t i p s  t h i cken  a t  t h e  p r i o r  a u s t e n i t e  g r a i n  boundary.  This 

would i n d i c a t e  t h a t  c o n s i d e r a b l e  carbon t r a n s p o r t  t o  t h e  

cement i t e  i s  occu r r ing  when t h e  f e r r i t e  grows i n t o  t h e  n e x t  

g r a i n .  I-Iowever, t h e  cement i t e  i s  e f f e c t i v e l y  blocked by ' t he  

a u s t e n i t e  g r a i n  boundary and t h e  f e r r i t e  e v e n t u a l l y  grows 

ahead of t h e  cement i t e  t i p s  and s t o p s  any f u r t h e r  t h i cken ing .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  when cemen t i t e  does p e n e t r a t e  

i n t o  an a d j a c e n t  a u s t e n i t e  g r a i n ,  i t  does n o t  change o r i e n t a -  

, . t i o n  markedly a s  can be s een  i n  F igures  16c and 16d.  This  

would i n d i c a t e  t h a t  t h e r e  i s  no s t r o n g  e p i t a x i a l  r e l a t i o n s h i p  

between cement i t e  and a u s t e n i t e  and makes an e x p l a n a t i o n  of 

why cemen t i t e  i s  s topped a t  g r a i n  boundar ies  a  c h a l l e n g e .  The 

obse rva t ion  of one colony l e a d i n g  ano ther  i n  F igure  17 was 

observed on ly  r a r e l y .  However, t h e  phenomena of cemen t i t e  - 
be ing  s topped  a t  g r a i n  boundar ies  was a  common occur rence  and 

w a s  observed i n  samples t ransformed a t  a l l  r a t e s ,  a l though  i t .  

was more p r e v a l e n t  a t  t h e  lower v e l o c i t i e s .  

The Maximum Ve loc i ty  o f  P e a r l i t e  

The a n a l y s i s  of t h e  p e a r l i t ;  i n t e r f a c e  t empera ture  and 

i n t e r l a m e l l a r  spac ing  measurements a s  a  f u n c t i o n  of r a t e  a s -  

sumed t h a t  p e a r l i t e  could  be  f o r c e d  t o  t r ans fo rm i n  a  tempera- 

t u r e  g r a d i e n t  a t  an i so the rma l  i n t e r f a c e  c h a r a c t e r i s t i c  of  t h e  

imposed v e l o c i t y .  The exper imenta l  procedure  o u t l i n e d  on page 

4 4  was des igned t o  t e s t  t h e  v a l i d i t y  of t h i s  assumption a t  



high v e l o c i t i e s  ( v e l o c i t i e s  i n  excess of 100 pm/sec). Extrap- 

o l a t i o n  of the  undercooling d a t a  i n  Figure 11 i n d i c a t e s  t h a t  

p e a r l i t e  forced t o  grow a t  r a t e s  between 100 and 200 pm/sec 

should have an i n t e r f a c e  temperature between 550 and 600°C. 

Therefore,  i f  t he  p e a r l i t e  growth r a t e  were suddenly increased  

from a  value of around 5  pm/sec t o  1 5 0  pm/sec, t h e  transforma- 

t i o n  i n t e r f a c e  would con t inua l ly  drop i n  t h e  temperature 

g rad ien t  u n t i l  i t  coincided with the  isotherm c h a r a c t e r i s t i c  

of t h e  h igher  v e l o c i t y .  However, i f  p e a r l i t e  were unable t o  

grow a t  s t e a d y - s t a t e  a t  the  h igher  v e l o c i t y ,  then  the  i n t e r -  

f ace  would cont inue t o  drop i n  t h e  temperature g r a d i e n t  u n t i l  

some o t h e r  f e r rous  s t r u c t u r e  c h a r a c t e r i s t i c  of lower tempera- 

t u r e s  formed. In  p a r t i c u l a r ,  t he  formation of mar tens i t e  

would be conclusive evidence t h a t  p e a r l i t e  cannot grow a t  the  

high v e l o c i t i e s  s i n c e  i t  forms below 200°C; w e l l  below the  

temperature range t h a t  p e a r l i t e  can be expected t o  grow. 

I t  i s  important t o  r e a l i z e  t h a t  i n  order  f o r  t h e  p e a r l i t e  

growth f r o n t  t o  adapt  t o  t h e  increased  v e l o c i t y ,  the  spacing 

must be a b l e  t o  decrease t o  t h e  c h a r a c t e r i s t i c  s i z e  of t h e  new 

v e l o c i t y .  I f  p e a r l i t e  cannot change spacing e f f i c i e n t l y  dur- 

ing t h e  i n i t i a l  t r a n s i e n t  t o  the  new v e l o c i t y ,  the  growth 

f r o n t  w i l l  no t  reach i t s  s t eady  s t a t e  conf igura t ion ;  the  

cooperat ive na tu re  of t h e  l amel l a r  growth w i l l  be l o s t ,  and 

growth w i l l  be stopped by t h e  i n a b i l i t y  of t h e  i n t e r f a c e  t o  

respond t o  t h e  r a t e  change. On t h e  o t h e r  hand, i f  t he  p e a r l -  

i t e  i n t e r f a c e  can e a s i l y  produce f i n e r  spacings wi th in  t h e  



i n i t i a l  t r a n s i e n t ,  t h e  growth f r o n t  w i l l  be a b l e  t o  reach  t h e  

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

i f  growth a t  t h a t  v e l o c i t y  i s  p o s s i b l e .  The a b i l i t y  f o r  

cement i t e  t o  branch e f f i c i e n t l y  and produce s m a l l  s pac ings  i s  

d r a m a t i c a l l y  i l l u s t r a t e d  by t h e  sudden dec rease  i n  spac ing  

occu r r ing  a t  t h e  growth f r o n t  of a  s lowly  t ransformed sample 

t h a t  has  been  quenched. F igure  16b shows t h a t  t h e  spac ing  i s  

decreased  by a  f a c t o r  of  5 w i t h i n  a  few i n t e r l a n e l l a r  spac ings  

of t h e  o r i g i n a l  growth f r o n t .  The micrographs i n  F igu re  18 

were t aken  from l o n g i t u d i n a l  s e c t i o n s  of  samples which .had  

be'en t ransformed a t  a  nominal r a t e  of 5 pm/sec and i n c r e a s e d  

t o  v e l o c i t i e s  over  100 um/sec. The r a t e  change i n t e r f a c e  and 

m a r t e n s i t i c  a r e a s  a r e  r e a d i l y  v i s i b l e .  The r a t e  change i n t e r -  

f a c e  i s  v i s i b l e  because of t h e  r a p i d  dec rease  i n  spac ing  due 

t o  t h e  i n c r e a s e d  v e l o c i t y .  SEM microscopy a t  t h e  i n t e r f a c e  

showed t h a t  t h e  spac ing  decreased  n e a r l y  a s  r a p i d l y  a s  i n  

F igure  16b. The a d d i t i o n a l  d i s t a n c e  t h a t  t h e  p e a r l i t e  was 

a b l e  t o  grow a f t e r  t h e  r a t e  i n c r e a s e  was s e v e r a l  o r d e r s  of  
0 

magnitude g r e a t e r  t han  t h e  600 A spac ing  c h a r a c t e r i s t i c  of  t h e  

h igh  v e l o c i t i e s .  The re fo re ,  t h e  growth f r o n t  i s  a b l e  t o  r e -  

spond e f f e c t ' i v e l y  t o  t h e  t r a n s i e n t  v e l o c i t y  change b u t  t h e  

fo rmat ion  of m a r t e n s i t e  i s  s u f f i c i e n t  proof  t h a t  t h e  k i n e t i c s  

of pea r1 , i t e .  fo rmat ion  w i l l  n o t  suppor t  growth a t  h i g h  v e l o c i -  

t i e s .  

The a d d i t i o n a l  d i s t a n c e  t h a t  p e a r l i t e  was a b l e  t o  grow 

u n t i l  m a r t e n s i t e  formed a f t e r  t h e  r a t e  i n c r e a s e  i s  l i s t e d  i n  



Fig .  18.  Light  micrographs of r e p r e s e n t a t i v e  cross  s e c t i o n s  
of samples having undergone an inc rease  i n  t r a n s -  
formation r a t e .  Arrows i n d i c a t e  r a t e  change i n t e r -  
f a c e s ,  M, i n d i c a t e s  m a r t e n s i t i c  a reas .  a) Rate 
inc reased  from - 6  t o  210  pm/sec (Note p r i o r  aus- 
t e n i t e  g r a i n  boundaries diagonal  t o  r a t e  change 
i n t e r f a c e )  S O X .  b) Rate increased  from - 4  t o  148 
pmlsec; 7 5 X .  Etch: 1 .5% HNO3 i n  amyl alcohol  
and 4 %  P i c r a l  mixed 95:s 





Table 4 f o r  va r ious  s t a r t i n g  r a t e s  and i n c r e a s e d  v e l o c i t i e s .  

The r e c i p r o c a l  of  t h e  d i s t a n c e  should  go t o  zerd  f o r  i n c r e a s e d  

v e l o c i t i e s  n e a r  t h e  maximum s t e a d y - s t a t e  growth v e l o c i t y  of 

p e a r l i t e .  F igure  19 i s  a  p l o t  of  t h e  r e c i p r o c a l  d i s t a n c e s  i n  

Table 4 a s  a  f u n c t i o n  of v e l o c i t y .  The p l o t t e d  d a t a  do n o t  

l i e  on a  s t r a i g h t  l i n e  and e x t r a p o l a t i o n  t o  l / d  = 0  i s  d i f f i -  

c u l t .  A, 'curved l i n e  through t h e  d a t a  y i e l d s  an e x t r a p o l a t e d  

va lue  f o r  t h e  maximum growth v e l o c i t y  of  approximately  100 

pm/sec. I t  i s  n o t  s u r p r i s i n g  t h a t  t h e  dependence of  t h e  

r e c i p r o c a l  d i s t . ance  on v e l o c i t y  i s  n o t  l i n e a r  because  t h e  

v e l o c i t y ,  which i s  tempera ture  dependent ,  i s  a l s o  dependent 

on t h e  p o s i t i o n  of t h e  i n t e r f a c e  i n  t h e  t empera ture  g r a d i e n t .  

Because t h e  t empera ture  g r a d i e n t  changes w i t h  t h e  change i n  

v e l o c i t y ,  i t  i s  d i f f i c u l t  t o  d e r i v e  an a n a l y t i c  e x p r e s s i o n  

f o r  t h e  dependence of l / d  on v e l o c i t y .  The re fo re ,  t h e  d e t e r -  

minat ion of t h e  maximum growth v e l o c i t y  by e x p r a p o l a t i o n  of 

t h e  p l o t  i n  F igure  19 t o  l / d  = 0  can on ly  be  approximate .  

Table 4 .  Summary of r e s u l t s  o f  t h e  maximum v e l o c i t y  d e t e r -  
minat  i ons  

I n i t i a l  I nc rea sed  Dis tance  t o  Rec iproca l  
v e l o c i t y  v e l o c i t y  m a r t e n s i t e  d i s t a n c e  

I.lm/sec pm/sec mm .mm- 1 



. . 
. . Reciprocal distance ' mm-1 

Figure  19 .  P l o t  of  i nc reased  v e l o c i t i e s  and r e c i p r o c a l  
d i s t a n c e s  from Table 4 

, . 

The phenomenon of m a r t e n s i t e  fo rmat ion  i n  samp1.e~ t r a n s - .  

-formed a t  r a t e s  over 100pm/sec  i s  c r i t i c a l l y  dependent on t h e  

a u s t e n i t e  g r a i n  s i z e .  T h e  sanlples used i n  t h e  r a t e  i n c r e a s e  

experiments were he ld  a t  temperature  2 hours  p r i o r  t o  t r a n s -  

format ion t o  y i e l d  very  l a r g e  g r a i n  s i z e .  If samples a r e  con- 

t i n u o u s l y  t ransformed a t  r a t e s  over  100 pm/sec wi thou t  long 

a u s t e n i t i z i n g  t r e a t m e n t s ,  t h e  r e s u l t i n g  g r a i n  s i z e  i s  sma l l  

due t o  t h e  r a p i d  passage .  of t h e  ho t  zone through t h e  sample. 

The sinall  g r a i n ' a u s . t e n i t e  has  cons idk rab le  g r a i n  boundary a r e a  

and suppress ion  of t h e  n u c l e a t i o n  of p e a r l i t e  b e f o r e , t h e  



m a t e r i a l  reaches  l a r g e  undercool ings  i s  d i f f i c u l t  even w i t h  

t h e  l a r g e  g r a d i e n t s  used i n  t h i s  s t udy .  The m a t e r i a l  con t inu -  

a l l y  t rans forms  t o  p e a r l i t e  due t o  growth from g r a i n  bound- 

a r i e s  and t h e  t r ans fo rma t ion  i s  m o r e ' a p t l y  d e s c r i b e d  by con- 

t i n u o u s l y  coo l ing  r a t h e y  d i r e c t i o n a l  t r a n s f o r m a t i o n .  Samples 

quenched a f t e r  t rans forming  a t  148 um/sec showed t h e  quench 

i n t e r f a c e  t o  be macroscopica l ly  p l a n a r  b u t  was c l e a r l y  made 

o f  i n d i v i d u a l  pear1 i t . e  nodules  and n o t  cont inuous  growth. 

Martensi  t e  was o c c a s i o n a l l y  observed behind t h e  quench i n t e r -  

f a c e  i n . l a r g e r  g r a i n s  of a u s t e n i t e  from which i t  i s  e v i d e n t  

t h a t  p e a r l i t e  does n o t  grow w i t h  s u f f i c i e n t  v e l o c i t y  t o  con- 

sume t h e  g r a i n  du r ing  g r a d i e n t  coo l ing .  

Comparison of Resu l t s  t o  Prev ious  Work 

Constant  v e l o c i t y  growth 

This  s t u d y  has  genera ted  p e a r l i t e  i n t e r f a c e  t empera tures  

and i n t e r l a m e l l a r  spac ing  d a t a  a s  a  f u n c t i o n  of imposed ve loc -  

i t y  i n  t h e  range of 1 t o  100 um/sec. There a r e  no o t h e r  con- 

s t a n t  ve loc . i ty  p e a r l i t e  i n t e r f a c e  t empera ture  s t u d i e s  w i t h  

which t o  compare t h e  i n t e r f a c e  t empera tures  of  t h i s  s t udy .  On 

t h e  o t h e r  hand,  ~ o l l i n ~  and Richman . (8 ) ,  Cheetham. and Rid ley  

( 4 0 ) ,  and Chadwick and Edmonds ( 3 9 )  have measured t h e  minimum 

r e g u l a r l y  o c c u r r i n g  i n t e r l a m e l l a r  spac ing  a s  a  f u n c t i o n  of 

v e l o c i t y .  Of t h e  t w o . s e t s  of spac ing  d a t a  of t h i s  s t u d y ,  t h e  

one corresponding t o  t h e  s m a l l e s t  20 spac ing  measurements f o r  

each r a t e ,  Smin, was s e l e c t e d  a s  t h e  most r e p r e s e n t a t i v e  



spac ing  t o  compare w i t h  t h e s e  o t h e r  i n v e s t i g a t i o n s .  The r e -  

s u l t s  o f  a l l  t h e  s t u d i e s  a r e  p l o t t e d  t o g e t h e r  a s  l o g  V v s .  

l o g  S i n  t h e  v e l o c i t y  range 1 t o  100 ~ m / s e c  i n  F igu re  20. 

The r e s u l t s  compare f a v o r a b l y  and t h e r e  i s  a  d e f i n i t e  t r e n d  

i n  t h e  d a t a  t o  l i e  a long a  l i n e  w i t h  s l o p e  e q u a l  t o  - 2 .  

F i g u r e ' 2 1  i s  an extended l o g - l o g  p l o t  c o n t a i n i n g  t h e  r e -  

s u l t s  o f  B o l l i n g  and Richman and of Chadwick and Edmonds i n -  

c l u d i n g  v e l o c i t i e s  under  1 vm/sec and over  100 pm/sec. Both 

of  t h e s e  d a t a  s e t s  show a  marked tendency towards s m a l l e r  

spac ings  a t  v e l o c i t i e s  below 1 pm/sec t han  t h e  e x t r a p o l a t e d  

r e s u l t s  o f  t h i s  studydwould p r e d i c t .  However, a s  d i s c u s s e d  

i n  t h e  p e a r l i t e  i n t e r f a c e  t empera tu re  r e s u l t s  o f  t h i s  c h a p t e r ,  

i t  i s  d i f f i c u l t  t o  t rans form a  specimen a t  s t e a d y  s t a t e  w i t h  

v e l o c i t i e s  below 1 um/sec. I n s t a b i l i t i e s  i n  e i t h e r  t h e  h e a t -  

i n g  of  t h e  sample o r  t h e  t r a n s l a t i o n  mechanism can l e a d  t o  

t empera ture  v a r i a t i o n  a t  t h e  p e a r l i t e  i n t e r f a c e .  Both of  

t h e s e  i n v e s t i g a t i o n s  used  s i m i l a r  w a t e r  coo led  h e a t  s inks .  

employing o - r i n g  s e a l s  and b o t h  used r f  induc. t ion h e a t i n g .  

'The tendency f o r  o - r i n g s  t o  s t i c k  a t  low v e l o c i t i e s  can cause  

f l u c t u a t i o n s  i n  bo th  t h e  v e l o c i t y  o f  t h e  sample by t e m p o r a r i l y  

h a l t i n g  motion and t h e  shape of  t h e  g r a d i e n t  by a l t e r i n g  t h e  

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

a l l  s t u d i e s  h e a t e d  t h e  sample v i a  r f  h e a t i n g  w i thou t  any f eed -  

back c o n t r o l  on t h e  power. The re fo re ,  t h e r e  i s  probably  some 

tempera ture  f l u c t u a t i o n  i n  t h e  sample caused by power v a r i a -  

t i o n s .  Gross f l u c t u a t i o n s  i n  e i t h e r  t h e  d r i v e  mechanism o r  
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power supply  w i l l  l e a d  t o  bands i n  t h e  m i c r o s t r u c t u r e .  Bands 

a r e  a  common occur rence  i n  d i r e c t i o n a l l y  s o l i d i f i e d  e u t e c t i c s  

a t  t h e s e  r a t e s  even when s t e p s  a r e  t aken  t o  a c c u r a t e l y ' c o n t r o l  

t h e  h e a t i n g .  The n e t  e f f e c t  on t h e  f l u c t u a t i o n s  i s  t o  cause  

t h e  i so therms  a t  t h e  p e a r l i t e  i n t e r f a c e  t o  o s c i l l a t e .  The 

i n t e r f a c e  w i l l  a t t empt  t o  move w i t h  t h e  i so the rms .  When t h e  

average i so therm moves ahead of t h e  i n t e r f a c e ,  t h e  v e l o c i t y  

of  t h e  i n t e r f a c e ' w i l l  i n c r e a s e  producing s m a l l e r  spac ings .  

On t h e  o t h e r  hand,  when t h e  average i so therm moves b e h i n d , t h e  

i n t e r f a c e ,  t h e  i n t e r f a c e  s t a l l s  and t h e  spac ing  i n c r e a s e s .  

F igures  5 and 6 from t h e  work of B o l l i n g  and Richman ( 8 ,  p .  

2 0 9 9 )  show t h a t  t h e  spac ing  a d j u s t s  more r a p i d l y  t o  an i n -  

c r e a s e - i n  growth r a t e  t han  t o  a  dec rease  i n  growth 'ate.  I t  

i s  appa ren t ly  e a s i e r  f o r  t h e  spac ing  t o  i n c r e a s e  by branch ing  ' 

of t h e  cement i t e  p l a t e l e t s  t han  t o  dec rease  t h e  spac ing  by 

overgrowth of t h e  cement i t e  by f e r r i t e .  The re fo re ,  t h e  spac-  

i n g  may be s m a l l e r  f o r  a  g iven  average v e l o c i t y  because  t h e  

v e l o c i t y  of t h e  i n t e r f a c e  i s  o s c i l l a t i n g .  When t h e  v e l o c i t y  

i n c r e a s e s  t h e  spac ing  i s  reduced compared t o  t h e  s lower  ave r -  

age v e l o c i t y ,  however when t h e  v e l o c i t y  d e c r e a s e s ,  t h e  spac ing  

i s  no t  a b l e  t o  a d j u s t  a s  q u i c k l y  and no a p p r e c i a b l e  growth 

occurs  u n t i l  t h e  nex t  i n c r e a s e  i n  v e l o c i t y  occu r s  due t o  t h e  

o s c i l l a t i n g  tempera ture .  The growth i s  a c t u a l l y  s t epwise  w i t h  

an a c t u a l  v e l o c i t y  h i g h e r  t han  t h e  average t r a n s l a t i o n  ve loc -  

i t y .  The re fo re ,  t h i s  would cause  a  dec rease  i n  t h e  spac ing  

f o r  a  g iven  average v e l o c i t y  and would expla in  t h e  smaller  



spac ings  observed by Bo l l i ng  and Richman and by Cheetham and 

Ridley t han  t h e  e x t r a p o l a t e d  r e s u l t s  of  t h i s  s t u d y  would i n d i -  

c a t e .  

I so thermal  growth 

The p e a r l i t e  i n t e r f a c e  t empera ture  d a t a  a s  a  f u n c t i o n  of 

v e l o c i t y  from t h i s  s t udy  a r e  compared w i t h  t h e  i so the rma l  

v e l o c i t i e s  r e p o r t e d  by Frye -- e t  a l .  (13) and Brown and Rid ley  

(14) i n  t h e  p l o t  shown i n  F igure  2 2 .  The r e s u l t ' s  of  t h i s  

s t udy  compare w e l l  w i t h  t h e  i s o t h e r m a l l y  determined v e l o c i t i e s  

f o r  undercool ings  t o  45°C. A t  l a r g e r  unde rcoo l ings ,  t h e  r e -  

s u l t s  o f  t h e  t h r e e  s t u d i e s  d e v i a t e .  Brown and Ridley d e t e r -  

mined v e l o c i t i e s  by two t echn iques :  one i nvo lv ing  a  s t a t i s -  

t i c a l  a n a l y s i s  o f  the  s i z e  d i s t r i b u t i o n  of  p e a r l i t e  nodules  

w i t h  t ime ,  and one i nvo lv ing  t h e  d e t e r m i n a t i o n . o f  t h e  l a r g e s t  

nodule a t  each increment  of time a t  t empera ture .  The v e l o c i -  

t i e s  y i e l d e d  by t h e s e  two t echn iques  ' b e g i n  t o  d i f f e r '  a t  under-  

coo l ings  g r e a t e r '  t han  45°C. The r e s u l t s  of t h i s  s t udy  ' l i e  

between t h e s e  two v e l o c i t y  d e t e r m i n a t i o n s .  The measured 

v e l o c i t i e s  of Frye -- e t  a l .  ob t a ined  by t h e  maximum nodule  t e c h -  
. . 

nique  compare very  w e l l  w i t h  t h e  maximum nodule  v e l o c i t i e s  of  

Brown and Ridley.  I n  a d d i t i o n ,  Frye -- e t  a l .  showed t h e  maximum 

v e l o c i t y  of  p e a r l i t e  occur red  i s o t h e r m a l l y  a t  undercool ings  of 

about 1 3 0 - 1 4 0 " ~  which i s  i n  good agreement t o  t h e  126°C i n t e r -  

f a c e  t empera ture  of t h e  maximum growth r a t e  o f  106 pm/sec 

determined i n  t h i s  s t udy .  

The cleviatloli  of  Llle isutherrrlal v e l o c i t i e s  from t h i s  
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s tudy  a t  undercool ings  g r e a t e r  than  50°C i s  n o t  unexpected.  

I t  i s  d i f f i c u l t  t o  measure v e l o c i t i e s  by i n t e r r u p t i n g  t h e  i s o -  

thermal  p e a r l i t e  t r ans fo rma t ion  a t  undercool ings  g r e a t e r  than  

.70°C s i n c e  t h e  e n t i r e  sample r e a c t s  i n  l e s s  t han  5  s e c .  The 

exper imenta l  d i f f i c u l t i e s  a s s o c i a t e d  wi'th t h e  r a p i d  hea t ,  ' t r a n s -  

f e r  t o  i n s u r e  i so the rma l  c o n d i t i o n s  du r ing  p e a r l i t e  growth,  

cou'pled w i t h  t h e  need t o  quench t h e  sample a f t e r .  on ly  a  few 

seconds a t  t empera ture ,  makes i t  very  arduous t o  g e t  r e l i a b l e  

v e l o c i t y  d a t a  a t  l a r g e  undercool ings .  

The c h i e f  advantage of i so the rma l  exper iments  i s  t h e  

a c c u r a t e  de t e rmina t ion  of  spac ing  a s  a  f u n c t i o n  of  undercool-  

i n g .  F igure  23 i s  a  p l o t  of t h e  l og  S vs  l og  AT f o r  t h e  i s o -  

thermal  spac ings  determined by Brown and Ridley (14 ) ,  Cheetham 

and Ridley ( 4 0 ) ,  and Williams and Glover a s  c i t e d  by ~ o l l i n g  , 

and Richman ( 8 ) .  The i n t e r f a c e  t empera tures  and spac ing  d a t a  

of  t h i s '  s t udy  a r e  a l s o  i nc luded  i n  t h e  p l o t  f o r  comparison. 

,The r e s u l t s  ag ree  w e l l  w i t h  Brown and Ridley an,d w i t h  Cheetham 

and Rid ley .  The o v e r a l l  t r e n d  i n  t h e w d a t a  t o  l i e  a long  a  l i n e  

of  s l o p e  - 1  i s  e v i d e n t .  

I t  i s  evident .  i n  comparing F igures  2 2  and 23 t h a t  t h e  

k i n e t i c s  of p e a r l i t e  growth i s  t h e  same whether  p e a r l i t e  i s  

formed i s o t h e r m a l l y  o r  a t  c o n s t a n t  v e l o c i t y .  F igure  23 i n d i -  

c a t e s  t h a t  t h e  spac ing  i s  s t r i c t l y l a  f u n c t i o n  of undercool ing ,  

a  r e s u l t  p r e d i c t e d  by Equat ion 18.  F igure  2 2  shows t h a t  

i n t e r f a c e  temperature  of  p e a r l i t e  t ransformed a t  f i x e d  ve loc -  
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Fig .  2 3 . '  Comparison o f  minimum obs.erved spac ing  a s  a funct i .on 
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i t y  i n  a  g r a d i e n t  corresponds  w i t h i n  exper imenta l  e r r o r  t o  

t h e  same v e l o c i t i e s  observed f o r  i so the rma l  p e a r l i t e  growth. 

In  p rev ious  fo rced  v e l o c i t y  exper iments  (8 ,39 ,40 ) ,  t h e  tem- 

p e r a t u r e  of  t h e  i n t e r f a c e  i n  t h e  g r a d i e n t  could  on ly  be ob- 

t a i n e d .  by assuming t h e  two growth modes were i d e n t i c a l .  ' The 

r e s u l t s  o f  t h e  i n t e r f a c e  t empera ture  m e a ~ u ~ e m e n t s  of t h i s  

s t u d y  i n d i c a t e  t h a t ' t h i s  assumption i s  v a l i d .  

Comparison t o  Theory 

  he t h e o r e t i c a l  growth r a t e  exp re s s ions  (Equat ions  2 0  and 

26)  and t h e  exp re s s ion  f o r  t h e  dependency of t h e  i n t e r l a m e l l a r  

spac ing  on undercool ing (Equation 18)  a r e  a l l  f u n c t i o n s  of the  

form y  = axn. The exper imenta l  d a t a  from Table 2 were f i t  t o  

t h i s  exponen t i a l  form through l e a s t  squa re s  a n a l y s i s  w i t h  t h e  

r e s u l t i n g  equa t ions  l i s t e d  i n  Table 5 .  I n  p r ev ious  s e c t i o n s ,  

t h e  d a t a  and t h e  r e s u l t i n g  f i t t e d  equa t ions  were compared t o  

o t h e r  exper imenta l  i n v e s t i g a t i o n s .  I n  t h i s  s e c t i o n  t h e  r e -  

s u l t s  w i l l  be  compared w i t h  t h e o r y .  A s  d i s c u s s e d  e a r , l i e r ,  t h e  

d i s t i n c t i o n  between volume d i f f u s i o n  and i n t e r f a c e  d i f f u s i o n  

c o n t r o l l e d  growth can i n  p r i n c i p l e  be  made by t h e  exponent o f  

t h e  growth r a t e  equa t ions .  The exponents  f o r  t h e  v e l o c i t y  

equa t ions  i n  Table 5 a r e  n e a r l y  equa l  t o  2 and thus .  'appear , t o  

suppor t  volume d i f f u s i o n .  The fo l lowing  d i s c u s s i o n  c r i t i c a l l y  

compgres t h e  exper imenta l  r e s u l t s  w i t h  t heo ry  f o r  growth con- 

t r o l l e d  by volume d i f f u s i o n .  



e 

Y - Table 5.  Leas t  squa re s  f i t o f  t h e  d a t a  i n  Table 2 t o  t h e  form y = axn 

Dependent Independent P re -exponen t i a l  Exponent C o r r e l a t i o n  
v a r i a b l e  v a r i a b l e  term,  a  ' n  c o e f f i c i e n t  

Y x [95% C. I . ]  [95% .C.I . ]  r 

"pm/'cn s e c .  



Dependency of spacing on undercool ing  

The spacing and undercool ing  d a t a  from Table  2 a r e  

p l o t t e d  a s  l og  S v s .  log  AT i n  F igure  2 4  t o g e t h e r  w i th  t h e  

l e a s t  squares  equa t ions  from Table  5 .  The spac ing  i s  ve ry  

n e a r l y  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  undercool ing  which i s  i n  

agreement w i th  t h e  equa t ion  

developed on page 1 2 .  The c o n s t a n t  K ,  which de te rmines  t h e  

optimum s p a c i n g ,  depends on whether growth i s  c o n t r o l l e d  by 

volume o r  i n t e r f a c e  d i f f u s i o n  and on which op t imiza t ion  p r i n -  

c i p l e  i s  invoked.  K i s  2 f o r  growth a t  maximum v e l o c i t y  

(M.V.) and i s  3  f o r  growth a t  maximum en t ropy  p roduc t ion  

(M.E.P.) f o r  i so the rma l  growth c o n t r o l l e d  by volume d i f f u s i o n .  

For i s o v e l o c i t y  growth i n  a g r a d i e n t ,  t h e  p r i n c i p l e  of  maxi- 

mum v e l o c i t y  corresponds  t o  minimum i n t e r f a c i a l  undercool ing .  

Kirkaldy (30,  p .  360) has  p r e s e n t e d  arguments t h a t  t h e  p r i n -  

c i p l e s  of minimum undercool ing  and maximum en t ropy  p roduc t ion  

a r e  t h e  same f o r  i s o v e l o c i t y  growth i n  a  g r a d i e n t .  

In  p r i n c i p l e ,  t h e  exper imenta l  dependence of spac ing  on 

undercool ing  can be compared w i t h  Equat ion 4 2  t o  de te rmine  t h e  

c o r r e c t  o p t i m i z a t i o n  p r i n c i p l e .  However, a s  d i s c u s s e d  p r e -  

v i o u s l y ,  t h e  i n t e r f a c i a l  energy a i s  n o t  p r e c i s e l y  known 

and arguments a s  t o  which p r i n c i p l e  i s  c o r r e c t  w i l l  be sub- 

j e c t  t o  deba t e .  Es t imates  of  a can be ob t a ined  from t h e  
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Fig. 24. Logarithmic spacing vs interface undercooling. a) Average spacing. 
-3) Minimum spacing 



r e l a t i v e  i n t e r f a c i a l  e n e r g i e s  o f .  Smith ( 4 3 )  and a b s o l u t e  aus-  

t e n i t e  g r a i n  boundary e n e r g i e s  determined by Van Vlack (44) .  

From t h e s e  two s t u d i e s ,  a  v a l u e  f o r  a 2 of . 7 1  J / m  can be 

e x t r a c t e d .  ~ r a m e r  e t  a l .  (45) determined a T 
-- and AHV t o  be 

.'70 - + . 3  J / m 2  and 602 J/cm3, r e s p e c t i v e l y ,  u s ing  p r e c i s i o n  

h e a t  c a p a c i t y  measurements. Although t h e  t w o . v a l u e s  f o r  a acm 

compare f a v o r a b l y ,  t h e  v a r i a n c e  of t h e  i n t e r f a c i a l  e n e r g y . r e -  . 

p o r t e d  by Kramer -- e t  a l .  i s  l a r g e .  I n  a d d i t i o n ,  t h e  c a l c u l a -  

t i o n  of  a from c a l o r i m e t r i c  d a t a  depends c r i t i c a l l y  on t h e  

i n t e r f a c i a l  a r e a  p e r  u n i t  volume of  t h e  t e s t  sample.  The d i f -  

f i c u l t y  of de te rmin ing  t h i s  q u a n t i t y , . w h i c h  depends on t h e  

i n t e r l a m e l l a r  s p a c i n g ,  can r e a d i l y  b e  a p p r e c i a t e d  by t h e  

deba te  i n  t h e  l i t e r a t u r e  a s  t o  how t h e  t r u e  i n t e r l a m e l l a r  

spac ing  i s  t o  be determined (14,25.). ' 

Values f o r  a were c a l c u l a t e d  from Equat ion 42 us ing  

t h e  expe r imen ta l ly  determined r e l a t i o n s ,  S  = 6 . 3 8 ~ ~ -  . 9 6 u m  and 
avg 

Smin=5. 5   AT- v * 9 7 p m ( ~ a b l e  5 ) ,  and AHT=602 J/cm3 from Kramer - e t  
- 

acm 
a l .  I n  c a l c u l a t i n g  a , t h e  d e v i a t i o n  of  t h e  exponents from - 
t h e  i d e a l  va lue  of - 1  was ignored .  The r e s u l t s  a r e  l i s t e d  i n  

Table 6  f o r  t h e  two o p t i m i z a t i o n  p r i n c i p l e s .  The range i n  

a c  
Table  6.' va lues  f o r  a based on exper imenta l  spac ings  

aC 
.SAT a m ( ~ / m 2 )  oaCm (J/m2) 

' um°C [M*V*, Sopt = 2ScI, . .  l M o E  . .  . * P  *, Sopt = -3. Sc] 
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c a l c u l a t e d  va lues  f o r  a a r e  w i t h i n  t h e  range determined by 

Kramer -- e t  a l .  However, i t  can be  s een  t h a t  n e i t h e r  op t imiza-  - 
UCrn - t i o n  p r i n c i p l e  i s  suppor ted  by t h e  average va lue  of a - 

2 . 7 0  J / m  which f a l l s  between ' the  two de t e rmina t ions .  Jo rdan  

and Hunt (46) have.shown t h a t  t h e  spac ing  i n  d i r e c t i o n a l l y  

s o l i d i f i e d  Pb-Sn e u t e c t i c s  i s  s l i g h t l y  l a r g e r  t han  t h e  spac-  

i n g  p r e d i c t e d  by growth occu r r ing  a t  minimum undercool ing .  

The r e s u l t s  of t h e  spac ing  measurements of t h i s  s t udy ,  based 

on t h e  b e s t  e s t i m a t e  of  oUCm, i n d i c a t e s  t h a t  t h i s  may a l s o  b e  

occu r r ing  i n  d i r e c t i o n a l  e u t e c t o i d  growth. 

Dependency of spac ing  and undercool ing  on v e l o c i t y  

The exponen t i a l  dependence of t h e  spac ing  and undercool-  

i n g  on v e l o c i t y  i n ,  t h e  l e a s t  squa re s  equa t ions  i n  Table  5 

i n d i c a t e  t h a t  volume d i f f u s i o n  i s  r a t e  c o n t r o l l i n g .  However, 

i n  o r d e r  f o r  a  c l e a r  d i s t i n c t i o n  t o  be made between t h e  two 

d i f f u s i o n  models based on t h e  exponent ,  t h e  t empera ture  and 

c o n c e n t r a t i o n  dependence of t h e  carbon d i f f u s i v i t y  i n  aus t en -  

must be determined.  The d i f f u s i v i t y  i s  known t o  be i t e ,  D c ,  

s t r o n g l y  dependent on tempera ture  and carbon c o n c e n t r a t i o n .  

I n  a d d i t i o n ,  a s  i s  d i s cus sed  i n  Appendix D ,  t h e  carbon concen- 

t r a t i o n  i n  a u s t e n i t e  a d j a c e n t  t o  t h e  p e a r l i t e  i n t e r f a c e  i n -  

c r e a s e s  w i t h  v e l o c i t y  and i n t e r f a c e  undercool ing .  The re fo re ,  

Y t h e  f u n c t i o n a l  form of Dc(c,T) i s  impor tan t  i n  unders tand ing  

t h c  k i n e t i c s  of p e a r l i t e  growth. 

Wells e t  -- a l .  (18)  measured d i f f u s i v i t i e s  throughout  . the 



stable austenite phase field using standard diffusion couples. 

Smith (47) determined the carbon concentration depend,ence of 

Y Dc at various temperatures by measuring the steady state flux 

of carbon through hollow iron cylinders by carburization tech- 

niques. The two techniques agree very well and indicate the 

isothermal diffusivity increases at a faster than linear rate 

with carbon concentration. However, values for D: character- 

istic of pearlite growth conditions 'can only be estimated by 

extrapolation from higher temperatures. Siller and McLellan 

(48) have applied absolute reaction rate theory and solute 

interaction statistics to derive a sophisticated expression 

which accurately accounts for the variation of D: with carbon 

concentration. However, application of this model is tedious, 

Y especially if the variation in Dc for simultaneous changes in 

temperature and concentration is of interest. Kaufman -- et al. 

(49) presented an equation for the extrapolation of the dif- 

fusivities of Wells -- et al. (18) to very low temperatures in 

order to characterize the growth of bainite. Their equation 

was based on the following empirical relationship 

which qualitatively describes the diffusivity data of Wells 'et - 

al. However, their treatment of Q(x) de-emphasized the in- - 
Y crease in Dc due to increased carbon content. A more accurate 

equation was obtained by fitting the data of Wells. 'et"a1. to -- 
Equation 43 using a multiple- linear regression program (SO) at 



t h e  Iowa S t a t e  U n i v e r s i t y  Computation Center .  The r e s u l t i n g  

equa t ion  was 

where x  i s  t h e  carbon c o n c e n t r a t i o n  ( a t .  f r . )  and R = 8.147 

J / O K .  Equat ion 4 4  was used t o  g e n e r a t e  l i n e s  of  e q u i d i f f u s i v -  

i t y  which a r e  shown g r a p h i c a l l y  on t h e  Fe-C phase diagram i n  

Figure  25. 

I - I i l l e r t  (17) and Jackson and Hunt (51) have shown f o r  

l a m e l l a r  growth c o n t r o l l e d  by volume d i f f u s i o n  i n  a  system 

w i t h  an asymmetric phase diagram, t h a t  thk average s o l u t e  con- 

c e n t r a t i o n  a t  t h e  growth f r o n t  depends on t h e  r a t e  of  growth 

and undercool ing .  The d e v i a t i o n  from t h e  e u t e c t o i d  composi- 

t i o n  a t  t h e  growth f r o n t  occurs  because of t h e  d i f f e r e n c e  i n  

c o n c e n t r a t i o n  ahead of t h e  two l a m e l l a e  and t h e  d i f f e r e n c e  i n  

t h e i r  r e s p e c t i v e  volume f r a c t i o n s .  The re fo re ,  i n  t h e  Fe-C . 

system t h e r e  w i l l  be  a  n e t  i n c r e a s e  i n  carbon con ten t  of  t h e  

i n t e r f a c e  w i t h  undercool ing  because t h e  volume f r a c t i o n  of  

f e r r i t e  i s  88% and t h e  e x t r a p o l a t e d  Y / Y  + a and Y / Y  + Cm 

phase boundar ies  i n d i c a t e  t h a t  t h e r e  i s  a  p r o p o r t i o n a l l y  

g r e a t e r  i n c r e a s e  i n  carbon i n  f r o n t  of  f e r r i t e  t han  t h e  d e p l e -  

t i o n  of carbon i n  f r o n t  of cemen t i t e  ( s ee  F igu re s  1 and 2 ) .  

The magnitude of t h e  bu i ldup  depends on t h e  s l o p e  of t h e  

Y / Y  + a  and Y / Y  + Cm phase bounda r i e s ,  t h e  r a t i o  SCm/sa, and 

va r ious  thermodynamic q u a n t i t i e s .  The s l o p e  of t h e  e x t r a p o -  



Fig.  2 5 .  Lines of  e q u i d i f f u s i v i f y  o f  carbon i n  a u s t e n i t e  
superimposed on Fe-C phase. 'diagram. Cross ha tched  
r eg ion  i n d i c a f  es'. p red ic te .d  -average p e a r , l i t e .  'int'e'r- 
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l a t e d  Y / Y  + a  phase  boundary (ma) ha s  been t h e  o b j e c t  of con- 

s i d e r a b l e  t h e o r e t i c a l  i n v e s t i g a t i o n  (48,52,53) and a  r e a son -  

a b l e  e s t i m a t e  o f  ma based  on t h e s e  i s  2100°C/at .  f r .  A va lue  

f o r  t h e  s l o p e  of  e x t r a p o l a t e d  Y / Y  + Cm phase  boundary (m ) 
Cm 

of  13000°C/at .  f r .  can be o b t a i n e d  from t h e  Fe-C phase  diagram 

by Chipman (54) .  These two e x t r a p o l a t i o n s  a r e  p l o t t e d  i n  F ig -  

u r e  25. The f r a c t i o n  Sa / s  was o b t a i n e d  from t h e  r e l a t i o n  

3  c 3  where pa = 7.874 gm/cm , p ' " =  7.68 gm/cm (55) and f; = .885 

( 5 4 ) .  With t h e s e  de te rmined ,  . the average  carbon con , cen t r a t i on  

a t  t h e  i n t e r f a c e  was c a l c u l a t e d  a s  a  f u n c t i o n  of  unde rcoo l i ng  

(Appendix D) w i t h  t h e  r e s u l t  

Th i s  was p l o t t e d  i n  F igu re  25 w i t h  t h e  e q u i d i f f u s i v i t y  l i n e s  

p r e v i o u s l y  de te rmined .  From t h i s  f i g u r e  i t  can b e  s een  t h a t  

t h e  average  ca rbon  c o n c e n t r a t i o n  i n  t h e  i n t e r f a c e  i s  app rox i -  

mate ly  t a n g e n t  t o  t h e  e q u i d i f f u s i v i t y  l i n e s .  T h e r e f o r e ,  it i s  

r ea sonab l e  t o  assume DL i s  f a i r l y  c o n s t a n t  and can  be  e s t i -  

2 mated a s  1 . 3 ( 1 0 ' ~ )  c m  / s e c .  

The v e l o c i t y  e q u a t i o n s  i n  Table  5  can b e  i n t e r p r e t e d  a s  

s u p p o r t i n g  volume d i f f u s i o n  w i t h  D: assumed c o n s t a n t .  The 

e q u a t i o n  f o r  growth c o n t r o l l e d  by volume d i f f u s i o n  developed 

p r e v i o u s l y  (Equat ion 15) i s  



where a defines the characteristic diffusion.length, 6 ,  (Fig- 

ure 2) through the relation 6= as. Zener (103 assumed a = .5 

but a more rigorous treatment by Hillert (17) and Jackson and 

Hunt (51) defines a through the equation 

which yields a = .77 when Su/S = .882. The ratio of the con- 

centrations can be calculated from 

C V:AT V ~ ~ A T  
v/u- u/Cm + m 
'e 'e - Cm = 2.61(10-~)~~ 
CCm- ca Cm Cm 

(49) 

'm 

cm 3 cm with x = .25, xu ; 0, V: = 7.093 cm , and Vm = 5.85 cm 3 

(55). Therefore, Equation 47 becomes 

The ratio sC/s = 1/2 for growth at maximum vel'ocity and is 

equal to 2/3 for growth at maximum entropy production. S can 

be eliminated from Equation 50 by substituting the experi- 

mentally determined 'va.lues 

and 



from Table  5 .  Thus,  Equat ion 50 . w i l l  become 

where k i s  d e r i v e d  from Equat ion 51 and 52. Values f o r  D;/a 

can be e x t r a c t e d  from Equat ion 53 by comparison t o  t h e  e x p e r i -  

men t a l l y  de te rmined  equa t i on  

v 8 . 1 7 ( 1 0 - ~ ) ~ ~ ~  (54) 

Y from Table  5 .  Values f o r  Dc/a based  on Equa t ions  51 ,  52 ,  53 ,  

and 54 a r e  t a b u l a t e d ' i n  Tab le  7. 

Table  7 .  De te rmina t ion  o f  DL from expe r imen t a l  r e s u l t s  
- 

S AT Opt imiza- .  D:/ a  D: - D:' 
llm O C t i o n  a = .  5  a=.77 

- 8  2 - 8  2 - 8  2 ' p r i n c i p l e  10 cm / s e c  10 cm / s e c  10 cm / s e c  

5.53 M.V.  4.34 

5.58 M.E.P. 3.26 , 

6.38 M . V .  4.96 

6.38 M.E.P. 3.72 

The c a l c u l a t e d  v a l u e s  of  D: i n  Table  7  ba sed  on t h e  two 

e s t i m a t e s  of  a  a r e  about  a  f a c t o r  o f  2 g r e a t e r  t han  t h e  e x t r a p -  

2 Y o l a t e d  v a l u e  of  1 . 3 ( 1 0 - ~ )  cm / s e c  f o r  D c .  There a r e  s e v e r a l .  

p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  d i s c r epancy .  F i r s t ,  t h e o r y  may 

n o t  adequate. ly d e s c r i b e  t h e  magnitude of  t h e  c o n c e n t r a t i o n  

g r a d i e n t s  i n  which case  a  i s  s m a l l e r  t h a n  t h o s e  l i s t e d  i n  

Table  7. Although p o s s i b l e ,  i t  i s  d i f f i c u l t  t o  imagine c h a r -  

a c t e r i s t i c  l e n g t h s  l e s s  t h a n  1 / 2  t h e  i n t e r l a m e l l a r  spac ing .  



Second, carbon t r a n s p o r t  by volume d i f f u s i o n  may be a ided  i n  

p a r t  by i n t e r f a c e  d i f f u s i o n .  However, i f  t h i s '  i s  t r u e ,  it 

would be expected t h a t  t h e  c o n t r i b u t i o n  would be l a r g e r  f o r  

f a s t e r  growth r a t e s .  However, t h i s  i s  n o t  observed s i n c e  t he  

q u a d r a t i c  dependence of t h e  undercool ing  and spac ing  i s  p r e -  

se rved  up t o  t h e  maximum observed v e l o c i t y .  The f i n a l  and 

most l i k e l y  p o s s i b i l i t y  i s  t h a t  t h e  d i f f u s i v i t y  i n  a u s t e n i t e  

a d j a c e n t  t o  t h e  p e a r l i t e  growth f r o n t  i s  a l t e r e d  by t h e  condi-  

t i o n s  e x i s t i n g  between t h e  p roduc t  and p a r e n t  phases .  P e a r l -  

i t e  can be env is ioned  a s  growing i n t o  a  ma t r ix  of  a u s t e n i t e  

i n  which carbon i s  d i f f u s i n g  i n t e r s t i t i a l l y .  However, from 

t h e  c r y s t a l l o g r a p h i c  d a t a  by Fas i ska  and J e f f r e y  (56) t h e r e  

i s  an approximately  10% i n c r e z s e  i n  t h e  atomic volume of Fe 

i n  cement i t e  over f e r r i t e  a t  room tempera ture .  There e x i s t s  

a . 8 %  volume expansion dur ing  t h e  fo rmat ion  of p e a r l i t e  (57) 

and t h e  d i f f e r e n t i a l  i n  t h e  atomic volume of Fe i n  cemen t i t e  

and f e r r i t e  i s  no t  l i k e l y  t o  change g r e a t l y  a t  t h e  tempera- 

t u r e s  of p e a r l i t e  fo rmat ion .  The re fo re ,  s t r a i n  i s  induced i n  

t h e  a u s t e n i t e  du r ing  p e a r l i t e  fo rmat ion  and t h e r e  must be some 

sideways p l a s t i c  f low of t h e  Y mat r ix  i r o n  atoms t o  f e r r i t e  

a s  has  a l s o  been no ted  by H i l l e r t  ( 1 7 ) .  The re fo re ,  t h e  ex-  

t r a p o l a t e d  d i f f u s i v i t i e s  which a r e  based on i n t e r s t i t i a l  d i f -  

f u s i o n  i n  annealed a u s t e n i t e  may be  low. The combination of 

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

a u s t e n i t e  may i n c r e a s e  t h e  d i f f u s i v i t y .  For example carbon 

t r a n s p o r t  t o  cement i t e  could  be a ided  by p i p e  d i f f u s i o n  



through d i s l o c a t i o n s  gene ra t ed  i n  f r o n t  of  cemen t i t e .  

There a r e  two obse rva t ions  which p a r t i a i l y  . suppor t  t h e  

hypo thes i s  of  s t a i n  a ided  d i f f u s i o n .  F i r s t ,  Rathenau and 

Baas (58) observed t h a t  a u s t e n i t e  g r a i n  boundar ies  a r e  d i s -  

p l aced  towards an advancing p e a r l i t e  colony.  Second, t h e  

commonly observed occur rence  of cement i t e  p l a t e l e t s  be ing  

s topped by' a u s t e n i t e  g r a i n  boundar ies  sugge,s ts  t h e r e  i s  some , 

coope ra t i on  between cement i t e  and a u s t e n i t e  f o r  i n c r e a s e d  

d i f f u s i v i t i e s  such a s  through d i s l o c a t i o n  networks o r  s t r a i n .  

When a  cemen t i t e  p l a t e l e t  i n t e r c e p t s  an a u s t e n i t e  g r a i n  bound- 

a r y ,  t h e  coopera t ion  i s  l o s t  and growth of cemen t i t e  i s  

impaired.  

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

In  t h e  p rev ious  s e c t i o n ,  arguments have b e e n . p r e s e n t e d  

f o r  e x p l a i n i n g  why D: should  be  c o n s t a n t  f o r  p e a r l i t e  growth. 

However, i f  t h i s  i s  t r ' ue ,  t h e r e  should  be no reason  f o r  t h e  

r a t e  of growth of p e a r l i t e  t o  reach  a  maximum v a l u e .  Marder 

and Bramf i t t  (34) have s t u d i e d  t h e  growth r a t e '  of p e a r l i t e  i n  

con t inuous ly  cooled h igh  p u r i t y  e u t e c t o i d  a l l o y s .  An advan- 

t a g e  of t h i s  t echn ique  i s  t h a t  p e a r l i t e  growth r a t e s  can be 

determined a t  t empera tures  below t h e  i n t e r f a c e  t empera ture  

corresponding t o  t h e  maximum growth r a t e  i n  d i r e c t i o n a l l y  

t ransformed p e a r l i t e .  They have observed t h a t  p e a r l i t e  reaches  

a maximum growth r a t e  o'f - 80 pm/sec a t  58S°C and then  gradu- 

a l l y  dec rease s  on f u r t h e r  undercool ing ,  u n t i l  a  t e r m i n a l  

v e l o c i t y  of 50  um/sec a t .  52S°C i s  reached.  There a r e  s e v e r a l  
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p o s s i b l e  exp lana t ions  f o r  t h i s  behav io r .  

I t  was assumed i n  t h e  development of t h e  growth equa'tions 

t h a t  t h e  c o n c e n t r a t i o n  d i f f e r e n c e  i n  a u s t e n i t e  between f e r r i t e  

and cement i t e  could be ob ta ined  by s t r a i g h t  l i n e  e x t r a p o l a t i o n s  

of  t he  y/y+a and Y/Y+C,  phase boundar ies .  Th is  i s  a  good 

approximation f o r  undercool ings  t o  100°C . .  For l a r g e r  under-  

c o o l i n g s ,  t h e o r e t i c a l  models f o r  t h e  e x t r a p o l a t i o n s  i n d i c a t e .  

t h a t  t h e r e  i s  c u r v a t u r e  towards t h e  e u t e c t o i d  composit ion ( 4 8 ,  

52 ,53) .  The re fo re ,  t h e  r a t e  of i n c r e a s e  of  t h e  c o n c e n t r a t i o n  

d i f f e r e n c e  d r i v i n g  d i f f u s i o n  w i t h  i n c r e a s e d  undercool ing  i s  

reduced and t h e  r a t e  of  growth of p e a r l i t e  i s  l i m i t e d .  

The volume expansion which occurs  du r ing  t h e  fo rmat ion  of 

p e a r l i t e . m u s t  induce s t r a i n s  i n  a i l  t h r e e  phases  and t h e r e  i s  

probably  some deformat ion i n  a u s t e n i t e  due t o  t h e  r e d i s t r i b u -  

t i o n  of Fe atoms t o  f e r r i t e .  A s  t h e  t empera ture  i s  reduced,  

t h e  e l a s t i c  c o n s t a n t s  'of t h e  t h r e e  phases  i n c r e a s e  , as  w e l l  a s  

t h e  y i e l d  s t r e n g t h  of a u s t e n i t e . '  H i l l e r t  (17) has  made ca l cu -  

l a t i o n s  i n d i c a t i n g  t h a t  t h e  f r e e  energy l o s s  due t o  mechanical  

deformat ion i s  p r o p o r t i o n a l l y  l a r g e r  a t  h i g h e r  t empera tures  

than a t  lower t empera tu re s .  However, i f  t h e  enhancement of 

d i f f u s i v i t y  i s  due t o  e l a s t i c  s t r a i n s  and def.ormation i n  aus-  

t e n i t e ,  then  i t  i s  l i k e l y  t h a t  r e l a t i v e  enhancement over  ex- 

t r a p o l a t e d  d i f f u s i v i t i e s  dec rease s  w i t h  t empera ture  due t o  

i n c r e a s e s  t h e  e l a s t i c  c o n s t a n t s .  The re fo re ,  t h e c g r o w t h  

r a t e  i s  reduced due t o  t h e  dec rease  i n  d i f f u s i v i t y  w i th  tem- 

p e r a t u r e  a t  l a r g e  undercool ings .  
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I t  should  be no ted  t h a t  a t  t h e  maximum r a t e  of 100 pm/ 
0 

s e c  t h e  i n t e r l a m e l l a r  spac ing  i s '  600 A and t h e  wid th  of  t h e  

cement i t e  p l a t e l e t  i s  5 0  i. The growth of p e a r l i t e  'must be 

coope-rat-ive i n  o r d e r  t h a t  bo th  p h a s e s ' t a k e  advantage of t h e  

e f f i c i e n t  p o r t i o n i n g  of carbon i n  a u s t e n i t e .  However, w i t h  

smal l  l a m e l l a r  wid ths  of cement i t e  and h i g h  growth r a t e s ,  t h e  

i n t e r f a c e  between a u s t e n i t e  and p e a r l i t e  may be u n s t a b l e .  

F l u c t u a t i o n s  of t h e  i n t e r f a c e  may cause  t h e  cement i t e  p l a t e l e t  

t o  be pinched o f f  by f e r r i t e  due t o  t h e  narrow wid th  of  cemen- 

t i t e  a t  h igh  v e l o c i t i e s .  The re fo re ,  t h e  u l t i m a t e  l i m i t  of t h e  

. ' format ion of p e a r l i t e  a t  low tempera tures  may be due t o  l o s s  

of coope ra t i on  between t h e  two growing phases  because,  of  i n t e r -  

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



CONCLUSIONS 

The fo l lowing  conc lus ions  can be made from t h e  r e s u l t s  

of t h i s  s t udy  on t h e  d i r e c t i o n a l  growth of h igh  p u r i t y  Fe-C 

e u t e c t o i d  a l l o y s .  

1. The growth of p e a r l i t e  i s  c o n t r o l l e d  by d i f f u s i o n  of c a r -  

bon i n  a u s t e n i t e  ahead of t h e  advancing p e a r l i t e  growth f r o n t .  

~ x t r a ~ o l a t e d  d i f f u s i v i t i e s  o f  carbon i n  a u s t e n i t e  .are about  a  

f a c t o r  of 2 t o  3  s m a l l e r  t han  t h e  apparen t  diffusivi ty: .  I t  i s  

' p r o b a b l e  t h a t  some enhancement i n  t h e  d i f f u s i v i t y  o f  carbon 

due t o  volume s t r a i n  e f f e c t s  du r ing  t r ans fo rma t ion  i s  occu r -  

r i n g .  

2 .  The i n t e r f a c e  temperature  of p e a r l i t e  t ransformed a t  con- 

s t a n t  v e l o c i t y  i n  a  thermal  g r a d i e n t  corresponds  t o  t h e  tem- 

p e r a t u r e  of i s o t h e r m a l l y  t ransformed p e a r l i t e  w i t h  t h e  same. 

c h a r a c t e r i s t i c  v e l o c i t y .  Both techniques  produce spac ings  

w i t h  t h e  same i n v e r s e  dependence on undercool ing  below t h e  

e u t e c t o i d .    here fore, t h e  growth of p e a r l i t e  can be assumed 

t o  be  -indepe~ident of t h e  111ethod of t r a n s f o r ~ n a t i o n .  

3. The maximum growth r a t e  of f o r c e d  v e l o c i t y  p e a r l i t e  i s  

approximately  100 pm/sec o c c u r r i n g  a t  about  1 3 0 " ~  below t h e  . 

eu t .ec to id  t .emperature.  

4 .  The spac ing  of p e a r l i t e  d i r e c t i o n a l l y  t ransformed i n  a  

thermal  g r a d i e n t  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  undercool ing .  

The spac ing  i s  n o t  adequa te ly  desc r ibed  by e i t h e r  of  t h e  two 

o p t i m i z a t i o n  p r i . nc ip l e s  of minimum undercool ing  of  t h e  i n t e r -  



face or maximum entropy production. 

5. The volume fraction of regular lamellar pearlite decreases 
7 

significantly with increasing rate. 

6. The directional transformation of pearlite is not as 

effective in producing lamellae aligned with the growth direc- 

tion as is the directional solidification of eutectics. 

7. The process of passing a zone of austenite through a high 

purity Fe-C alloy does not produce elongated grains of austen- 

ite in the transformation direction as might be expected by 

ana,logy to similar work on controlled recrystallization exper- 

iments (59). 

8. A high percentage of pearlite colonies are adversely 

affected by austenite grain boundaries which generally dis- 

rupt the lamellar character by inhibiting the growth of 

cementite. 
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APPENDIX A. ADJUSTING THE LEVEL OF HEATING WITH THE 

WESTINGHOUSE RADI0FREQUENC.Y GENERATOR 

The b a s i c  tank c i r c u i t  of the  Westinghouse 25 kW Dual 

~ r e ~ u e n c ~  Radiofrequency Generator i s  schemat ica l ly  diagrammed 

i n  Figure A - 1 .  The tank c o i l ,  e x c i t a t i o n  c o i l ,  and work c o i l  

together  with the  two tank c a p a c i t o r s  de f ine  a simple LC o s c i l -  

l a t o r  c i r c u i t .  The u n i t  i s  designed t o  opera te  between 300 

and 500 kHz. The frequency of an LC c i r c u i t  i s  Z.rr/JLC. There- 

f o r e ,  s i n c e  the. capaci tance of t h e  tank c i r c u i t  i s  f i x e d ,  the  

frequency i s  ad jus ted  by removing o r  adding tu rns  i n  t h e  tank 

s o i l  and by t h e  s i z e  of t h e  work c o i l .  The capaci tance  of the 

c i r c u i t  i s  l a r g e  and i s  designed t o  d r i v e  small  s i n g l e  t u r n  

work c o i l s  used ex tens ive ly  i n  indus t ry  f o r  su r face  hardening 

Figure A - 1 .  Basic c i r c u i t  of t h e  Westinghouse Radiofrequency 
Generator 

_., . . .  . . " 
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s h a f t s  and s p i n d l e s .  A s  such ,  t h e  u n i t  is' i d e a l l y  s u i t e d  f o r  

h e a t i n g  a  smal l  zone neces sa ry  f o r  t h e  g e n e r a t i o n  of h igh  

g r a d i e n t s  r e q u i r e d  f o r  t h i s  s t udy .  Power ou tpu t  of  t h e  r f  

g e n e r a t o r  i s  c o n t r o l l e d  by r e g u l a t i n g  t h e ' d c  v o l t a g e  over  t h e  

o s c i l l a t o r  c i r c u i t .  The un.i t  i s  equipped w i t h  a  s a t u r a b l e  

.core reac ' to r  which can c o n t r o l  t h e  v o l t a g e  l e v e l  q u i t e  s a t i s -  

f a c t o r i l y .  However, maximum e f f i c i e n c y  r e s u l t s  when f u l l  

v o l t a g e  i s  a p p l i e d .  The re fo re ,  good matching between t h e  load  

which i s  comprised of t h e  o s c i l l a t o r  c i r c u i t  and t h e  dc power 

supply  i s  d e s i r a b l e  f o r  optimum h e a t i n g  c o n d i t i o n s .  

I n  any power c i r c u i t  which has  an i n t e r n a l  r e s i s t a n c e  i n  

the .power  supp ly ,  optimum power ou tpu t  i s  achieved when t h e  ' 

r e s i s t a n c e  of t h e  load  i s  equa l  t o  t h e  i n t e r n a l  r e s i s t a n c e  o f '  

t h e  power supply .  I n  t h e  ca se  of  i n d u c t i o n  h e a t i n g ,  t h e  v a r i -  

ous r e s i s t a n c e s  a r e  no t  known and t h e  d e s i r e d  l e v e l  of h e a t i n g  

must be ob t a ined  l a r g e l y  by t r i a l  and e r r o r .  Areas of  c o n t r o l  

can be s e p a r a t e d  i n f o  t h r e e  groups .  The impressed ( p l a t e )  

vo l tage ' ,  t h e  work c o i l ,  and ' the geometry of  t h e  work p i e c e .  

The p l a t e  v o l t a g e  could  be c o n t r o l l e d  i n  two ways. F i r s t ,  

by use of t h e  s a t u r a b l e  c o r e  r e a c t o r  a l r e a d y  d e s c r i b e d .  This 

could  s e t  t h e  v o l t a g e  l e v e l  up t o  t h e  maximum ou tpu t  v o l t a g e  

of  t h e  s t e p - u p  t r ans fo rmer  used t o  conve r t  t h e  l i n e  v o l t a g e  t o  

t h e  o p e r a t i n g  v o l t a g e .  I n  a d d i t i o n  t o  t h e  s a t u r a b l e  c o r e  r eac -  

t o r  v o l t a g e  c o n t r o l ,  t h e  s t e p - u p  t r ans fo rmer  c o d d  be a d j u s t e d  

t o  s e t  t h r e e  d i f f e r e n t  p l a t e  v o l t a g e  l e v e l s .  These were 4600 ,  



6500, and 9300 dc v o l t s .  The 6500 dc v o l t  l e v e l  was used 

throughout  t h i s  s t udy  and s u p p l i e d  more than  adequate  power. 

The work c o i l  and geometry of t h e  work p i e c e  a r e  i n t i -  

mate ly  r e l a t e d  and w i l l  be d i s c u s s e d  t o g e t h e r .  S ince  i t  was 

neces sa ry  ' t o  p r o t e c t  t h e  sample a g a i n s t '  d e c a r b u r i z a t i o n  by 

sur rounding  i t  w i t h . a  Pyrex tube  which could  hold  an i n e r t  

atmosphere,  t h e  i n s i d e  d iamete r  of  t h e  work c o i l  was l i m i t e d  

by t h e  d iamete r  of t h e  Pyrex t u b e .  Coupling between a  g iven 

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

r a t i o  of t h e  c r o s s  s e c t i o n a l  a r e a  of  t h e  work p i e c e  t o  t h a t  of  

t h e  a r e a  of t h e  i n s i d e  d iamete r  of t h e  work c o i l .  F o r t u n a t e l y ,  

s i n c e  t h i s  r a t i o  was f i x e d  by t h e  p a r t i c u l a r  geometry o f  t h e  

sys tem,  t h e r e  was s t i l l  adequate power t o  o b t a i n  t h e  d e s i r e d  

h e a t i n g .  The number of  t u r n s  i n  t h e  work c o i l  was determined 

by t r i a l  and e r r o r .  Four t u r n s  appeared t o  be t h e  optimum, a  

f i f t h  t u r n  was t r i e d  b u t  d i d  n o t  have any a d d i t i o n a l  h e a t i n g  . 

e f f e c t  l a r g e l y  because i t  was t oo  ' f a r  from t h e  c e n t e r  . o f  t h e  

c o i l  t o  add e f f e c t i v e l y  t o  t h e  f l u x  d e n s i t y .  F i n a l  adjus tment  

of t h e  system was achieved i n  two ways. F i r s t ,  assuming maxi- 

mum v o l t a g e  i s  a p p l i e d  t o  t h e  L C  c i r c u i t ,  t h e  v o l t a g e  drop 

over  t h e  c i r c u i t  i s  d iv ided  over  t h e  t ank  c ' o i l ,  e x c i t a t i o n  

c o i l  and t h e  work c o i l .  The e x c i t a t i o n  c o i l  i s  a c t u a l l y  p a r t  

of t h e  t ank  c o i l  and i s  p a r t  of  t h e  f e e d  back c i r c u i t  t h a t  .con- 

t r o l s  t h e  c u r r e n t  drawn from t h e  power o s c i l l a t o r  tube .  Ad- 

j u s t i n g  t h e  t ank  c o i l  had two e f f e c t s :  a l t e r i n g  t h e  f requency 



and changing t h e  r e l a t i v e  v o l t a g e  drop over  . .  t h e  work c o i l .  By 

adding o r  s u b t r a c t i n g  t u r n s  i n  t h e  t ank  c o i l ,  a s  much a s  50- 

100°C d i f f e r e n c e  would r e s u l t  i n  t h e  maximum tempera ture  of 

t h e  sample. S u b t r a c t i n g .  t u r n s  i n c r e a s e d  t h e  . f requency,  b u t  

more i m p o r t a n t l y ,  &increased t h e  v o l t a g e  over t h e  work c o i l  t h u s  

i n c r e a s i n g  t h e  power i n p u t  t o  t h e  sample.  The second method 

of f i n e  a d j u s t i n g  t h e  l e v e l  of  h e a t i n g  i n  t h e  sample was chang- 

i ng  t h e  s e p a r a t i o n  d i s t a n c e  between t h e  two coo l ing  f i x t u r e s  

by u s ing  d i f f e r e n t  Pyrex t u b e s .  The l onge r  t ubes  i n c r e a s e d  

bo th  t h e  e f f e c t i v e  h e a t i n g  a r e a  and t h e  d i s t a n c e  from t h e  

c e n t e r  of t h e  h o t  zone t h a t  c o o l i n g  wa te r  was i n . c o n t a c t  w i th  

t h e  sample. 

I n  summary, t h e  l e v e l  of h e a t i n g  cou ld  only  be determined 

e m p i r i c a l l y .  Nearly t h i r t y  c o i l s  and f o u r  d i f f e r e n t  coo l ing  

f i x t u r e s  were t r i e d  u n t i l  t h e  system d e s c r i b e d  was o b t a i n e d .  

The most e f f e c t i v e  c o n t r o l  over  h e a t i n g  w i t h  maximum a p p l i e d  

v o l t a g e  was adjus tment  of t h e  t ank  c o i l  and s e p a r a t i o n  between 

t h e  coo l ing  f i x t u r e s .  The maximum g r a d i e n t  e v e r  o b t a i n e d ,  

which was t h e  q u a n t i t y  t o  be op t imized ,  was 2400°C/cm w i t h  a  

sample t r a n s l a t i o n  r a t e  of  200 um/sec. However, f o r  t h e  

m a j o r i t y  o f  samples a g r a d i e n t  of  1800-2000°C/cm was t y p i c a l .  



108 

APPENDIX B .  DISCUSSION OF POSSIBLE ERROR IN MEASURING THE 

AUSTENITE TO PEARLITE INTERFACE TEMPERATURE I N  A THERMAL 

GRADIENT USING A THERMOCOUPLE OF FINITE SIZE 

. T h i s  appendix i s  concerned w i t h  p o s s i b l e  sou rces  of  e r r o r  

i n  u s ing  a  thermocouple t o  measure t h e  i so therm c h a r a c . t e r i s t i c  

of t h e  a u s t e n i t e  t o  p e a r l i t e  ' t r ans fo rma t ion  i n t e r f a c e  f o r c e d  

t o  move a t  a  c o n s t a n t . r a t e  i n  a  temperature  g r a d i e n t .  E r r o r  

can occur  because t h e  bead has  sma l l  b u t  f i n i t e  s i z e  and t h e  

l a r g e  g r a d i e n t s  used i n  t h i s  s t u d y  produce a  s i g n i f i c a n t  tem- 

p e r a t u r e  v ' a r i a t i o n  w i t h i n  t h e  bead.  A s  a  r e s u l t ,  t h e  ou tpu t  

of  t h e  thermocouple i s  n o t  unique t o  a  s i n g l e  i so therm and,  

t h e r e f o r e ,  c a l i b r a t i o n  of t h e  thermocouple was n o t  based  on an 

i so the rma l  s t a n d a r d ' b u t  more a p p r o p r i a t e l y ,  on t h e  g r a d i e n t '  

change c h a r a c t e r i s t i c  of t h e  a u s t e n i t i z i n g  i n t e r f a c e .  No- 

a p p r e c i a b l e  supe rhea t  was observed s o  t h a t  , t he  eutectoi 'd  tem- 

p e r a t u r e  was s e l e c t e d  a s  t h e  most r e l i a b l e  r e f e r e n c e  f o r  c a l i -  

b r a t i o r o f  t h e  thermocouple. The fo l lowing  d i s c u s s i o n  i s  

d iv ided  i n t o  two p a r t s .  The f i r s t  i s  concerned w i t h  tempera- 

t u r e  g r a d i e n t s  w i t h i n  t h e  bead ,  and t h e  second w i t h  a  j u s t i f i -  

c a t i o n  f o r  u s i n g  t h e  a u s t e n i t i z i n g  i n t e r f a c e  a s  a  s t a n d a r d  

r e f e r e n c e .  

The geometry of  t h e  thermocouple w i th  r e s p e c t  t o  t h e  

sample i s  diagra.med i n  F igure  B-1. The ho l e  undoubt.e.dly i n f l u -  

ences  t h e  thermal  g r a d i e n t  i n  t h e  samp1e.i.n t h e  v i ' c i n i t y  of  

t h e  bottom of t h e  h o l e .  However, t h e  d i s r u p t i o n  i n  t h e  t o t a l  



Fig. B-1. Geometry of the thermocouple and sample 
. . 

' heat flow of the sample will be small since the cross sectional 

area is only 6.3% of the .total cross sectional area of the Sam- 

ple. Further, since the thermal conductivity of the material 

is high, the heat flux will be sufficiently large to effec- 

tively smooth radial variation in the thermal gradient thus 

minimizing distortion of the isotherms near the thermocouple 

bead. Therefore, when the sample is moving at constant rate 

in a temperature gradient, the thermocouple will pass through 

the austenite to pearlite transformation interface, which is 

occurring at some characteristic isothermal plane, without 

significantly disrupting the steady-state behavior of the 

reaction. 
. . 

9 ,  



However, t h e  p o s s i b i l i t y  th .a t ,  an e r r o r  can occur  i n  t h e  

measurement .of t h e  temperature  of t h e  p o i n t  of g r a d i e n t  .change 

r e s u l t s  from t h e  f a c t  t h a t  t h e  s u r f a c e  of t h e  bead i n  c o n t a c t  

w i t h  t h e  sample may n o t  b e  t h e  s o u r c e  of  emf r e s p o n s i b l e  f o r  

t h e  ou tpu t  of t h e  thermocoup.le. An approximation o'f t h e  e r r o r  

can be made by assuming t h e  bead t o  be uniformly a l l o y e d ,  and 

t h a t  t h e  thermocouple l eads  c o n t a c t  t h e  bead a t  p l a n e ' x  i n  

F igure  B - 1  w i t h  a s t e p  change i n  c o n c e n t r a t i o n  between t h e  

l eads  and t h e  bead a t  t h i s  p l a n e .  The recorded  o u t p u t  of  t h e  

bead ,  T R ,  w i l l  t h en  be determined by t h e  temperature ,  of  p l ane  

x and w i l l  be d i f f e r e n t  from t h e  t empera ture  of  t h e  t i p  of 

t h e  sample,  T T ,  a t  x+6.  This  d i f f e r e n c e ,  AT,  i s  g iven  b y ,  

where GB i s  t h e  g r a d i e n t  i n  t h e  bead ,  and 6~ i s  t h e  bead t h i c k -  

n e s s .  

S ince  i t  i s  t h e  t empera ture  of  t h e  sample t h a t  i s  of  p r i -  

mary i n t e r e s t ,  t h e  temperature  increment  de f ined  by Equat ion 

B - 1  may l e a d  t o  e r r o r  i n  t h e  measured p o i n t  of  . g r a d i e n t  change 

i f  t h e  g r a d i e n t  i n  t h e  bead d i f f e r s  s i g n i f i c a n t l y  from t h e  

g r a d i e n t  i n  t h e  sample. F igure  B-2 shows t h e  e f f e c t  of  t h e  

recorded g r a d i e n t  be ing  d i s p l a c e d  by tempera ture  increments  

ATY 
and ATp from t h e ,  a c t u a l  t empera ture  g r a d i e n t  which 'would 

be recorded by an i n f i n i t e s i m a l  thermocouple a t  p l ane  x+6.  

The temperature  increments  ob t a ined  from Equation B - 1  a r e  



Temperature gradient recorded 
by thermocouple with 
thickness BR , 

recorded by 
with negligible 

Fig .  B - 2 .  Re l a t i on  between t r u e  g r a d i e n t  and recorded 
g r a d i e n t  a t  t h e  Y+P i n t e r f a c e  

and 

where G' and G: a r e  t h e  thermal  g r a d i e n t s  i n  t h e  bead when i t  B 

i s  i n  t h e  a u s t e n i t e  and p e a r l i t e  phases  r e s p e c t i v e l y .  The r e -  

corded change i n  g r a d i e n t  cannot be  p e r f e c t l y  sha rp  because 

t h e  g r a d i e n t  i n  t h e  bead v a r i e s  cont inuous ly  du r ing  t h e  t r a n s i -  

t i o n  between t h e  two phases .  However, t h e  degree  of  c u r v a t u r e  

w i l l  have no e f f e c t  on t h e  i n t e r f a c e  tempera ture  ob ta ined  by 

e x t r a p o l a t i o n  because as  shown i n  F igure  B - 2 ,  t h e  e x t r a p o l a t e d  

tempera ture  depends on ly  on t h e  va lues  ATp and ATy. Any e r r o r ,  

ET, can be de r ived  from t h e  s imple  geometry of  F igure  B - 2  and 

i s  g iven  by 



S u b s t i t u t i o n  of Equat ions  B - 2  and B-3 gives .  

P  Y where ki = G B / G y  and kg = G ~ / G ~ .  Thus, an e r r o r  i n  de te rmin-  

i ng  t h e  i n t e r f a c e  temperature  w i l l  occur  when t h e  g r a d i e n t  i n  

t h e  bead i s  e i t h c r  n o t  i d e n t i c a l  t o  t h e  g r a d i e n t  i n  t h e  sample,  

o r  t h e  r a t i o  of t h e  bead g r a d i e n t  t o  t h e  sample g r a d i e n t  i s  
I 

d i f f e r e n t  i n  t h e  two phases .  An e s t i m a t e  of  t h e  magnitude o f .  

t h e  e r r o r  can be made by assuming Gy = 2000°C/cm and G y / G p  = 

1.34 (from average of r a t i o s  from Appendix C) and t h a t  6 B  = 

P Y 
.008 cm. With a 5 %  v a r i a t i o n  i n  kg and kg ,  ET i s  2 . 4 O C .  

The preced ing  a n a l y s i s  assumed t h a t  t h e  emf gene ra t ed  by 

t h e  bead depended only  on t h e  t empera ture  of t h e  p l ane  of  t h e  

l ead  t e r m i n a t i o n s .  A c t u a l l y ,  t h i s  i s  n o t  t h e  case  s i n c e  t h e  

composit ion v a r i e s  i n  t h e  bead and the ,  bead i s  n o t  i so the rma l .  

The re fo re ,  t h e  o u t p u t  of  t h e  thermocouple i s  an average of t h e  

t empera ture  d i s t r i b u t i o n  w i t h i n  t h e  bead.  The average temper- 

a t u r e  i n d i c a t e d  by t h e  thermocouple may n o t  be t h e  ave'rage 

tempera ture  of t h e  g r a d i e n t  i n  t h e  bead.  The average ou tpu t  

of  t h e  thermocouple w i l l  be weighted by t h e  mass f r a c t i o n  of 

t h c  bcud a t  cailr i su therm and t h e  compositi.on v a r i a t i o n  in '  t h e  

bead.  I f  t h e  p o s i t i o n  of t h e  average tempera ture  i s  inde -  

pendent of t h e  g r a d i e n t ,  which i s  a  r ea sonab le  assumption,  



Equation B-5 can be a p p l i e d .  The n e t  r e s u l t  i s  t o  reduce 6 B  

which i n  t u r n  reduces  the' e r r o r  E T .  

Because t h e  thermocouple averages  t h e  t empera ture  d i s t r i -  

b u t i o n  w i t h i n  t h e  bead i n  some unknown way, c a l i b r a t i o n  of t h e  

thermocouple a g a i n s t  an i so the rma l  s t a n d a r d  may b e . i n  e r r o r .  

An a l t e r n a t i v e  t o  an i so the rma l  s t a n d a r d  would be  t h e  measure- 

ment of some c o n s t a n t  temperature  i n  t h e  same g r a d i e n t ' u s e d  t o  

o b t a i n  t h e  a u s t e n i t e  t o  p e a r l i t e  i n t e r f a c e  temperatures ' .  

Measurements made on t h e  change i n  g r a d i e n t  a t  t h e  a u s f e n i t i z -  

i n g  i n t e r f a c e  i n d i c a t e d  t h a t  t h e r e  was no t r e n d  i n  t h e  d a t a  

showing an i n c r e a s e  i n  t empera ture  w i t h  i n c r e a s e d  r a t e .  Th is  

imp l i e s  t h a t  t h e r e  i s  l i t t l e  o r  no supe rhea t ing  above t h e  

e u t e c t o i d  t empera ture  and t h a t  t h e  m a t e r i a l  t r ans forms  c o n t i n -  

uously  upon reach ing  t h e  e u t e c t o i d  i so therm.  The measured 

tempera ture  from t h e  change i n  g r a d i e n t  a t  t h e  a u s t e n i t i z i n g  

i n t e r f a c e  becomes a  r e l i a b l e  r e f e r e n c e  t o  c a l i b r a t e  t h e  aus -  

t e n i t e  t o  p e a r l i t e  i n t e r f a c e  t empera ture  de t e rmina t ions .  

F igure  B - 3  shows s e v e r a l  Fe3C + a + Y  t r a n s f o r m a t i o n  i n t e r -  

f a c e s  observed i n  t h i s  s t udy .  Each micrograph shows t h a t  t h e  

i n t e r f a c e  i s  n o t  sha rp  and t h a t  t h e r e  i s  a  d i f f u s e  r e g i o n  over  

which t h e  t r ans fo rma t ion  t a k e s  p l a c e .  The purpose  of  t h e  f o l -  

lowing d i s c u s s i o n  i s  t o  s h o w . t h a t  a  p o s s i b l e  e r r o r  cou ld  r e -  

s u l t  from t h i s  c a l i b r a t i o n  s i n c e  t h e r e  i s  a  range of tempera- 

t u r e  over which t h e  reac t i .on  occurs  b u t  t h a t  t h i s  range i s  

sma l l  and n e g l i g i b l e  e r r o r  i s  invo lved .  



Fig.B-3. SEM nicrographs of r ep resen ta t ive  s t r u c t u r e s  a s soc ia ted  with quenched 
a u s t c n i t i z i n g  i n t e r f a c e s .  Arrows i n d i c a t e  d i r e c t i o n  of i n t e r f a c e  motion 
wi th  r e spec t  t o  sample. The l i g h t  gray a reas  a r e  f i n e  p e a r l i t e  formed 
duri2g the  quench from regions of a u s t e n i t e  j u s t  transformed, the  dark 
background i s  f e r r i t e  from the  i n i t i a l  s t r u c t u r e ,  and the  i n i t i a l  c a r -  
bide d i spe r s ion  can be seen as  e i t h e r  lamel lar  o r  small spheroids .  
a)  Rate: 106 pm/sec. I n i t i a l  s t r u c t u r e  was f i n e  p e a r l i t e  which had 
coarsened during hea t ing  i n  the  g rad ien t .  Fine p e a r l i t e  can be seen a t  
r i g h t  edge of micrograph i n d i c a t i n g  the  onset  of a u s t e n i t i z a t i o n .  Dis- 
tance  t o  l a r g e  undissolved f e r r i t e  p a r t i c l e  on l e f t  i s  7 . 4  (10-3) cm. 
120OlX. b) Rate: 2 4 . 7  pm/sec. I n i t i a l  s t r u c t u r e  was d i r e c t i o n a l l y  
transformed p e a r l i t e ;  550X. c)  Rate: 4.43 pm/sec. I n i t i a l  s t r u c t u r e  
was slowly transformed p e a r l i t e ;  1300X. d )  Rate: 4.43 pm/sec. I n i t i a l  

. s t r u c t u r e  was tempered mar tens i te  which had spheroidized during hea t ing  
i n  the  g r a d i e n t ;  1300X. A l l  samples etched with P i c r a l  





Recorded gradient due 
to reaction occurring 
over distance 8 Ideal change in gradient 

Fig .  B - 4 .  Geometry of i d e a l  and recorded  g r a d i e n t s  of  t h e  
a u s t e n i t i z i n g  i n t e r f a c e .  

F igure  B - 4  shows t h e  i d e a l  g r a d i e n t  change f o r  complete 

phase t r ans fo rma t ion  a t  t h e  e u t e c t o i d  t empera ture  and t h e  r e -  

corded g r a d i e n t  r e s u l t i n g  from a  d i f f u s e  boundary w i t h .  t h i c k -  

ne s s  6 .  Both g r a d i e n t s  a r e  ob t a ined  from a  thermocouple w i t h  

i n f i n i t e s i m a l  t h i c k n e s s  and t h e  t empera ture  i n c r e a s e ,  AT, i s  

t h e  measured supe r  h e a t .  Again by s imple  geometry AT can be 

ob t a ined  from Figure  B - 4  and i s  g iven  by 

The d i f f e r e n c e  T6-TE can be  ob t a ined  by i n t e g r a t i n g  t h e  tem- 



p e r a t u r e  g r a d i e n t  i n  t h e  d i f f u s e  zone from 0 t o  6 o r  

6- 'dT dx 
zone 

For c o n s t a n t  h e a t  f low t h e  g r a d i e n t  i n  t h e  zone i s  

") - - ('B-12) 
zone 'kzone kE( l - fy )+kyfy  

The amount of  a u s t e n i t e  w i l l  be assumed t o  change l i n e a r l y  

through t h e  a u s t e n i t i z i n g  zone s o  t h a t  Equat ion B - 1 1  becomes 

kyGy dx - - &kVC, I n  - k~ (B- 13) 
k~ 

which becomes .866G w i t h  kE = 1 .34  ky.  The amount of  supe r -  Y 
h e a t  observed i s  t h e n  ob t a ined  from Equat ion B-10. 

(B- 14) 

when 8  i s  i n  cm, 
G~ 

= 2000 OC/cm and GE = 1 .34  G y .  

The l a r g e s t  d i s t a n c e  6 observed i s  7 . 4 ( 1 0 - ~ ) c m  shown f o r  

a t r a n s l a t i o n  r a t e  of  100 pm/sec i n  F igu re  B-3a. T h i s  g i v e s  

a supe rhea t  of 6.1°C. The o t h e r  f i g u r e s  show 6 t o  be  c o r r e s -  

pondingly  s m a l l e r  w i t h  F igure  B-3d showing 6 = 2 .6(10-~)c .m 

i n d i c a t i n g  AT = Z°C. The a n a l y s i s  l e a d i n g  t o  Equat ion B - 1 4  

assumed l i n e a r  convers ion  t o  a u s t e n i t e  w i t h  d i s t a n c e  over  the 

t r a n s i t i o n  zone. Ca re fu l  a n a l y s i s  of  t h e  micrographs  i n  

F igu re  B-3 i n d i c a t e s  t h a t  t h i s  i s  n o t  e n t i r e l y  c o r r e c t .  The 

t r a n s f o r m a t i o n  r a t e  appears  t o  i n c r e a s e  w i t h  d i s t a n c e  from t h e  



e.utectoid isotherm. Applying a more rigorous analysis on 

fy(s) would reduce the predicted superheat of Equation B-13. 

The average of 48 austenitizing interface temperature 

measurements was 724.7'C with a standard deviation of 4.7'C. 

There was no.trend in the data towards increased temperature 

with increasing rate and the recorded gradient was sharp, sim- 

ilar to Figures 9 and 10, which implies the transformation 

occurred very quickly. The range in temperature is large 
. . 

enough to cover the small error of superheating effe'cts. 

Hence, the thermocouple was calibrated using the. eutectoid 

temperature 727'C. . 

The thermocouple was also calibrated isothermally'against 

the melting.point of pure aluminum by the technique described 

on page 41 of this dissertation. The difference between the 

two calibration techniques was 4.S°C. However,'the use of the 

austenitizing interfice measurements.for calibrating the 

thermocouple for the austenite to pearlite temperature deter- 

minations was selected for three reasons. First, the average 
, . 

emf of a thermocouple bead in a thermal gradient may not. 

correspond to the average temperature of the gradient and cali- 

bration against an isothermal standard may be in error. 

Second, the austenitizing interface temperature measurements 

were constant indicating that there was little or no superheat 

'so that the eutectoid temperature could be used as a reference 

temperature. Third, both the austenitizing interface tempera- 



ture measurements and the austenite to pearlite.interface 

measurements were made in the same thermal gradient. 



A P P E N D I X  C .  THERMAL DATA FROM GRADIENT MEASUREMENTS 



Table C - 1 .  Thermal da ta  from sample 1 

GP Run Rate Ti G~ Ra t io  Max. Rate Y Gp ' Rat io  Ti 
no. y+P y+P YJP Y+P Y+P temp. .P+Y P-'Y P-tY P+Y . P+Y 

pm/sec . mV OC/cm O C / c m  G y / G p  O C  pm/sec OC/cm OC/cm G y / G p  mV 



Table C-2. Thermal data from sample 2 

Run Rate Ti GY GP Ratio Max. Rate G~ G~ Ratio Ti 

no. Y+P Y+P Y+P Y+P Y+P temp. P-tY P+Y P+Y P+Y P+Y 
um/sec mV 'C/cm OC/cm Gy/Gp OC vm/sec OC/'crn OC/crn Gy/Gp mV 



Table C-3. Thermal da ta  from sample 3 

Run Rate T i  % GP Ratio . Max. Rate Gy . Gp Ratio . T i  
no. y+-P Y+P Y+P Y+P Y+ P temp. P+Y P+Y P+Y P+Y P+Y 

vm/sec mV OC/cm OC/cm G y / G p  O C  um/sec OC/cm OC/cm G y / G p  mV 



Table C - 4 .  Thermal d a t a  from sample 4 

Run Rate T i  GY G P  Ra t io  Max. Rate G Y GP Ra t io  . T i  
no .  Y+P Y+P y+P Y'P Y+p temp. P+Y P+Y P+Y P+Y P+Y 

vm/sec mV OC/cm OC/cm G y / G p  O C  pm/sec OC/cm OC/cm Gy/Gp mV 

a During t h e  f i r s t  11 r u n s ,  t h e  sample was t ransformed a t  a r a t e  of 48.7 pm/sec 
u n t i l  t h e  maximum temperature  was reached.  A t  t h i s  p o i n t  t h e  r a t e  was changed t o  
t h e  s lower  r a t e  g iven i n  column 2 .  Th is  procedure  was used s o l e l y  t o  conserve t ime 
and t h e  sample. The Y+P i n t e r f a c e  temperature  i s  i n  no way a f f e c t e d  s i n c e  t h e r e  
was ample time f o r  t h e  sample t o  reach  s t e a d y - s t a t e  b e f o r e  t h e  thermocouple bead 
passed  through t h e  i n t e r f a c e  p l a n e .  



APPENDIX D .  . APPROXIMATE CALCULAT.ION OF THE AVERAGE CARBON 

CONCENTRATION IN AUSTENITE ADJACENT TO THE PEARLITIC ,INTERFACE 

The d i f f e r e n t i a l  equa t ion  f o r  d i f f u s i o n  of carbon i n  

a u s t e n i t e  a d j a c e n t  t o  p e a r l i t e  growing w i t h  v e l o c i t y  v  i s  

aLc a'c v  ac - ,. + - - -  - -  
ax 2 

ay2 D: ax 

This equa t ion  has been so lved  r i g o r o u s l y  by H i l l e r t  (17) 

assuming D' c o n s t a n t  and t h a t  l o c a l  c u r v a t u r e  of  t h e  f e r r i t e  
C 

and cement i t e  p l a t e l e t  t i p s  s p e c i f i e s  t h e  carbon c o n c e n t r a t i o n  

i n  a u s t e n i t e  a t  t h e  i n t e r f a c e .  A s i m i l a r  a n a l y s i s  f o r  lamel-  

l a r  and rod e u t e c t i c  growth has  been g iven  by Jackson and Hunt 

(51 ) .  Both t r ea tmen t s  p rov ide  methods f o r  c a l c u l a t i n g  t h e  

average carbon c o n c e n t r a t i o n  i n  a b s t e n i t e  a d j a c e n t  t o  t h e  

p e a r l i t i c  i n t e r f a c e .  A consequence of b o t h  ana lyse s  i s  t h a t  

t h e  average c o n c e n t r a t i o n . i s  n o t  equa l  t o  t h e  e u t e c t o i d  com- 

p o s i t i o n  i f  t h e  phase diagram i s  n o t  complete ly  symmetric 

about t h e  e u t e c t o i d  c o n c e n t r a t i o n  and i f  i d e n t i c a l  c u r v a t u r e s  

and free energy changes are n o t  a s s o c i a t e d  w i t h  b o t h  new 

phases .  I n  b i n a r y  systems where t h e s e  two c o n d i t i o n s  a r e  n o t  

p r e s e n t ,  t h e  average c o n c e n t r a t i o n  i s  d i f f e r e n t  from t h e  eu-  

t e c t o i d  composit ion and i s  a  f u n c t i o n  of t h e  growth c o n d i t i o n s .  

Jackson and Hunt p r e s e n t e d  an e x p l i c i t  equa t ion  p r e d i c t i n g  t h e  

change i n  c o n c e n t r a t i o n  a s  a  f u n c t i o n  of undercool ing  below 

t h e  e u t e c t i c  t empera ture .  T h e i r  equa t ion  (Jackson and Hunt 

(51., Eq. 2 2 ) )  can be modif ied  f o r  t h e  p r e s e n t  problem of 



e u t e c t o i d  growth i n  t h e  Fe -C  b i n a r y  system and i s  g iven  by 

Equation D - 2 .  A s i m i l a r  equa t ion  can be ob t a ined  from 

H i l l e r t l s  (17) a n a l y s i s  w i t h  t h e  only  d i f f e r e n c e  be ing  t h e  

t r ea tmen t  of  t h e  thermodynamic q u a n t i t y ,  $. 

where xy = average carbon c o n c e n t r a t i o n  ( a t .  f r )  

xE = e u t e c t o i d  carbon c o n c e n t r a t i o n  (.0349 a t .  f r )  , , Y 

A T , =  undercool ing  below t h e  e u t e c t o i d  t empera ture  

m = s l o p e  of t h e  e x t r a p o l a t e d  Y / Y + C m  phase boundary Cm - 
13000°C/at .  f r  

ma = s l o p e  of t h e  e x t r a p o l a t e d  Y / Y + ~  phase boundary 

AH;+" = en tha lpy  of  t h e  a u s t e n i t e  t o  f e r r i t e  phase 

t r a ~ l s f o r m a t i o n  p e r  u n i t  volume 

AH:+',= en tha lpy  of t h e  a u s t e n i t e  t o  cemen t i t e  phase 

t r ans fo rma t ion  p e r  u n i t  volume 

u 'ICm = s u r f a c e  energy of t h e  a u s t e n i t e / c e m e n t i t s  phase 

boundary 



a  = s u r f a c e  energy of t h e  a u s t e n i t e / f e r r i t e  phase 

boundary 

O Y / C m ,  = de f ined  i n  F igure  D - 1  
. . 

The c a l c u l a t i o n  of Y depends on t h e  en tha lpy  of t h e  aus -  

t e n i t e  t o  p e a r l i t e  phase t r a n s f o r m a t i o n  and t h e  s u r f a c e  energy 

of t h e  r e l a t e d  phase bounda r i e s .  For t h e  l a c k  of r e l i a b l e  

d a t a ,  t h e  s u r f a c e  e n e r g i e s ,  a  'ICm and ,ay'/", a r e  assumed equa l  

and t h e  a n g l e s ,  eY/' and 9 'ICm, a r e  assumed equa l .  The e n t h a l -  

py of t h e  pure  i r o n  y+a t r ans fo rma t ion  i s  3200 J/mol (48) and 

t h e  en tha lpy  of t h e  p e a r l i t e  r e a c t i o n  i s  4200 J/mol (45) .  

From t h e s e  two v a l u e s ,  t h e  e n t h a l p y  of t h e  Y+C, t r a n s f o r m a t i o n  , 

can be c a l c u l a t e d  through t h e  r e l a t i o n  

y+Cm which y i e l d s  t h e  va lue  AHT = 10,200 J/mol.  The v a l u e  f o r  

$ can now be e s t i m a t e d  and i n  t u r n ,  t h e  t h r e e  q u a n t i t i e s  w i th -  

i n  t h e  b r a c k e t s  of Equation D - 2  can be c a l c u l a t e d :  

and 

The range of t h e  va lue  c a l c u l a t e d  f o r  Equat ion D-6 r e s u l t s  



from assuming a  5 0 %  e r r o r  i n  Y. From t h i s  we can c a l c u l a t e  a ,  

va lue  f o r  i 
Y 

F ig .  D - 1 .  Schematic drawing of p e a r l i t e  growth f r o n t  d e f i n i n g  
Y / U  ey/Cm :and e 
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