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Three  models  of the s t a t i s t i ca l  t h e r m o d y n a m i c s  of i n t e r s t i t i a l  sol id solut ions  have been  
used to reeva lua te  the t h e r m o d y n a m i c s  of the proeutec to id  f e r r i t e  reac t ion .  The models  
of Kanfman,  Radcliffe and Cohen and of Lecher ,  Fowler  and Guggenheim, which were em-  
ployed in a previous  s tudy of this type, together  with the model  r ecen t l y  developed by 
McLel lan  and Dunn a re  used in conjunct ion with the extensive  expe r imen ta l  data of Ban-ya ,  
El l io t t  and Chipman,  of Lobo and Geiger  and of Dunn and McLel lan  on the ac t iv i t i es  of 
carbon  in aus ten i te  and fe r r i t e .  Applicat ion of the McLel lan  and Dunn model  and that of 
Lecher ,  Fowler  and Guggenheim to carbon in aus ten i te  y ie lds  ac t iv i t i es  of carbon  which 
a re  numer i ca l l y  ind i s t ingu ishab le  and ac t iv i t i e s  of i ron  which a re  ma themat i ca l ly  iden t i -  
cal. However,  the new act ivi ty  data have revea led  impor t an t  d i f fe rences  between the p r e s -  
ent ca lcula t ions  and those of Aaronson,  Domian and Pound. An average  c a r b o n - c a r b o n  
repu l s ion  energy in aus teni te  of 1925 c a l / m o l e  (8054 J / m o l e )  was de t e rmined  f rom the 
CO/COz data of Ban -ya  et aI. However,  the C-C in t e rac t ion  energy in f e r r i t e  was found 
to be opposite in s ign but exhibited e r r a t i c  va r i a t ions  with t e m p e r a t u r e  despi te  the la rge  
amount  of act ivi ty  data avai lable .  The y / ( a  + V) phase boundary  calcula ted f rom the new 
data d i f fers  s ignif icant ly ,  at lower t e m p e r a t u r e s ,  f rom the bes t  curves  repor ted  by Aaron-  
son et  al. The calcula ted a / ( a  + ~) phase boundary  also differs  apprec iab ly  f rom the p r e -  
vious r e s u l t s  and exhibi ts  only l imi ted  a g r e e m e n t  with the exper imen ta l ly  de t e rmined  
phase boundary.  Calcula t ion  of the f ree  energy change assoc ia ted  with the proeutectoid  
f e r t i l e  reac t ion  and To-compos i t ion  curves  differs  l i t t le  f rom prev ious  r e su l t s ;  i n t e rna l  
ag reemen t  among the new se ts  of curves ,  however,  is much improved.  

IT has been  over a decade s ince  Aaronson ,  Domian 
and Pound (ADP) I employed s e v e r a l  models  of i n t e r -  
s t i t i a l  sol id solut ions  in the i r  study of the thermody-  
namics  of the proeutectoid  f e r r i t e  r eac t ion  in F e - C  
a l loys .  At that t ime f o r m a l i s m s  due to Zener ,  2 
Kaufman,  Radcliffe and Cohen (KRC), 3,4 Darken  and 
Smith, 5 and Lecher  6 and Fowler  and Guggenheim 
(LFG) 7 were analyzed compara t ive ly ;  the expe r imen ta l  
data for the ac t iv i t i es  of carbon  in aus teni te  and in 
f e r r i t e  were  l imi ted to the except ional ly  well  r ega rded  
CO/COz data of R. P .  Smith.  8 These  data, however , 
a re  adequately complete  at only three  t e m p e r a t u r e s .  
The p re sen t  inves t igat ion,  like that of ADP, was mo-  
t ivated in pa r t  by the need to pred ic t  t he rmodynamic  
p rope r t i e s  of the proeutectoid  f e r r i t e  r eac t ion  in 
r anges  of composi t ion  and t e m p e r a t u r e  where equi l i -  
b r i u m  data cannot be obtained.  Such the rmodynamic  
in format ion  const i tu tes  a fundamenta l  r e q u i r e m e n t  for 
the i n t e rp re t a t i on  of t r a n s f o r m a t i o n  k ine t ics  s tudies  
p e r f o r m e d  in these  t e m p e r a t u r e - c o m p o s i t i o n  r anges .  
It is a lso intended to e s t ab l i sh  a bas i s  for future  
s tudies  of the t he rmodynamics  and kinet ics  of the 
proeutectoid  f e r r i t e  reac t ion  in F e - C - X  s y s t e m s .  

The s t a t i s t i ca l  t he rmodynamics  of i n t e r s t i t i a l  solid 
solut ions  has been  an a r ea  of much theore t i ca l  act ivi ty  
s ince  the work of ADP, p a r t i c u l a r l y  on the par t  of 
R. B. McLel l an  and coworkers .  9-18 Of the many models  
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cons idered  by MeLel lan  for binary '  i n t e r s t i t i a l  solid 
solut ions ,  the widely used f i r s t  o rder  quas i chemica l  
t r e a t m e n t  developed by McLel lan  and Dunn (MD) 1~ is 
the most  r igorous  approach which they subsequent ly  
extended to encompass  the s t a t i s t i ca l  t he rmodynamics  
of F e - C - X  al loys and hence is the one which will  be 
employed here .  Concur ren t ly  with these theore t ica l  
s tudies ,  the base  of data on the act ivi ty  of C in ~ and 
in ~ has been markedly  expanded in the last  decade.  
The data of Ban-ya ,  El l iot t  and Chipman (BEC) 1%2~ on 
the act ivi ty  of ca rbon  in aus teni te ,  a7, of Dunn and 
McLe l i an  15 on the act ivi ty  of carbon  in  f e r r i t e ,  an,  and 
of Lobo and Geiger  21'22 on both a~ and aa now provide 
extens ive  coverage of both the 7 and the a regions  of 
F e - C  a l loys .  This  confluence of new theore t i ca l  and 
expe r imen ta l  s tudies  both invi tes  and r e q u i r e s  a r e -  
examina t ion  of the t he rmodynamics  of the proeutec to id  
f e r r i t e  r eac t ion  in Fe -C  al loys at this t ime .  The quas i -  
chemica l  t r e a t m e n t  of MD will  be compared  with the 
two most  usefu l  t he rmodynamic  ana lyses  p rev ious ly  
employed by ADP, namely  KRC and LFG,  making full  
use of the act ivi ty  data which has r ecen t ly  become 
avai lab le .  

The KRC approach ~3 cons ide r s  an i n t e r s t i t i a l  a tom 
to exclude f rom occupancy by other i n t e r s t i t i a l  a toms 
a number  of n e a r e s t  neighbor ing i n t e r s t i t i a l  s i t e s .  
This  model was se lec ted  for r e c ons i de r a t i on  here  
p r i m a r i l y  because  of the a lgebra i ca l ly  s imple  fo rm 
taken by the t he rmodynamic  re l a t ionsh ips  of i n t e r e s t .  
The LFG t r e a t m e n t  6'7 r e p r e s e n t s  a more  ref ined  ap- 
proach a imed at r e so lv ing  the p rob lem of over lapping 
exc lus ion  reg ions  of nearby  i n t e r s t i t i a l s .  Although the 
t he rmodynamic  re la t ionsh ips  der ived  f rom this  model  
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are  cons iderab ly  more  complex and must  often be 
analyzed by a t r i a l  and e r r o r  p rocedure ,  the LFG 
f o r m a l i s m  was concluded by ADP to be the bes t  ava i l -  
able at that t ime .  

Aaronson ,  Domian  and Pound ~ pointed out that the 
LFG t r e a t m e n t  does not give the co r r ec t  exp res s ion  
in  the l imi t  of infini te  pa i rwise  in te rac t ion  energy  be-  
tween ca rbon  a toms in aus teni te  (wv). An improve -  
ment  over the LFG model  offered by the quas i chemi -  
cal  model  of McLel lan  and Dunn is that the r e su l t a n t  
exp re s s ion  for the re la t ive  pa r t i a l  mola r  f ree energy  
of the solut ion co r responds  co r r ec t l y  to that for com-  
plete blocking of ne ighbor ing in t e r s t i t i a l  s i t es  at in-  
finite C-C in te rac t ion  ene rg ie s ,  n As will  be demon-  
s t ra ted ,  despi te  this s ignif icant  theore t ica l  r e f ine -  
ment,  appl icat ion of the MD model to F e - C  alloys,  
where w v is r e l a t ive ly  sma l l ,  y ie lds  r e s u l t s  ident ical  
to those for the LFG model .  This  is an unexpected 
outcome, p a r t i c u l a r l y  in  view of the ma themat ica l ly  
d i s s i m i l a r  fo rms  of the i n t e r s t i t i a l  (carbon) act ivi ty 
exp re s s ions  of the two models .  Accordingly ,  the main  
th rus t  of the p r e sen t  inves t iga t ion  cannot be d i rec ted  
toward a compara t ive  examinat ion  of the LFG and MD 
models .  Instead,  emphas i s  will  be placed upon making 
full  use of the expanded base  of act ivi ty  data to com- 
pa re  p re sen t  r e su l t s  with the bes t  of those f rom A D P ' s  
work based upon the act ivi ty  data of R. P.  Smith.  ~ 

SUMMARY OF THE STATISTICAL 
THERMODYNAMIC MODELS 

KRC cons idered  the composi t ion and t e m p e r a t u r e  
dependence of the act ivi ty  of carbon  in  austeni te ,  av, 
in t e r m s  of a t empe ra tu r e  independent  number  of ex- 
cluded s i t e s .  3 Darken  and Smith ~ on the other hand, 
allowed the number  of excluded s i tes  to va ry  with t em-  
pe ra tu re ,  y ie lding the following re la t ionsh ip :  

xy ~ - AS~ s T 

l_na v = In + - -  
1 - (14 - 12e-wy/RT)xy RT 

[1] 
where xy --- mole f rac t ion  of carbon  in austeni te ,  wy 
= pa i rwise  in te rac t ion  energy  between adjacent  ca r -  
bon a toms in aus teni te ,  R = the gas constant ,  T = abso-  
lute t e m p e r a t u r e ,  and ~ /  and ~ s  = the p a r t i a l  
mola r  enthalpy and the pa r t i a l  molar  nonconf igura-  
t ional  ent ropy of solut ion in aus teni te ,  r e spec t ive ly .  
The quant i ty  (14 - 12 exp (-  wy/R T)) r e p r e s e n t s  the 
t e m p e r a t u r e  dependence of the number  of excluded 
s i t e s .  

A s i m i l a r  exp res s ion  can be obtained for the ac t iv i ty  
of carbon  in f e r r i t e ,  as  : 

xa ~ a  - ~ s  T 
In a s  = In + 

3 -  ( 1 2 -  8e-Wo~/RT)xo~ RT 
[2] 

where Xs, wc~ , zk//s and ~S a a re  as defined above, but 
now for f e r r i t e .  

The exp res s ion  for  the act ivi ty  of ca rbon  in aus ten i te  
obtained f rom the LFG f o r m a l i s m  was p resen ted  by 
ADP as:  

1 -  2xy + 6wy 
hn a~ = 5 m  xy RT 

l[1-2(1+2J ) v + (i + + 3x v 

+ 
R T  

where J y  = i - e - W y / R T  . The corresponding equation 
for the activity of carbon in ferrite is: 

3 -  4xc~ 4w a . { [ 9 - 6 x a ( 2 J  a +  3) 
l n a ~  = 3 1 n ~ + ~ + 4 m l - - - - -  

[ 9 -  6xs (2Ja + 3) 

+ (9+ 16Ja)x2~] ~/~- 3 + 5 x ~ l  AH--a - ~XST 
[4] 

+(9 + ~ 6 J ~ ) Q ]  ~ + 3-5~}-- '  + R ~  

where J~  = 1 - e -wa/RT. 
McLel lan  and Dunn (MD) have developed a fur ther  

re f ined  model  u based upon the f i r s t  o rde r  f o r m a l i s m  
of Guggenheim a3 in which the pa r t i a l  molar  f ree  energy  
of solut ion is r e l a t ed  to the pa i rwise  in t e rac t ion  
energy,  w, between n e a r e s t  neighbor i n t e r s t i t i a l s .  
F o r  the ac t iv i ty  of the i n t e r s t i t i a l  solute they wri te :  

0/~ eCAiT-A-gXST)/RT 
a= 1 -  0/(3 

•  ~ / ~ / ~  ~-)}-Z/2eZwZ2RT [5] 

where 

= 1 - {i - 4(1 - e-w/RT)o/;3(1 -- 0/13} 1/2_ 
2(1 - e "w/RT) 

and 0 is the ra t io  of the number  of moles  of solute 
a toms to solvent  a toms.  In this equation t3 is the ra t io  
of the number  of i n t e r s t i t i a l  to subs t i tu t iona l  s i t e s  and 
z is  the coordinat ion  number  of the solvent  la t t ice .  
Here ,  Eq. [7] of Ref. 11 has been a l t e red  to incorpora te  
mola r  quant i t ies  and ( ~ -  ~XST) has been  subst i tu ted 
for ~ u ,  the r e l a t ive  pa r t i a l  mola r  f ree  energy  of a 
solute a tom in solut ion with r e spec t  to the pure  solute.  

Making the subst i tu t ion 0 = x / ( 1 - x )  and noting for a 
fcc lat t ice that/3 = 1 and z = 12, Eq. [5] can be r e a r -  
ranged to express  the ac t iv i ty  of carbon in aus teni te  
in a fo rm s i m i l a r  to that of Eq. [3]: 

1 - 2x 7 6wy I [ I -  2(1 + 2JT)xy 

+ (1 + 8Jy)x~] w e -  1 + (1 + 2Jy)x./I z~  v - AS~ST 

[6] 

Simi la r ly ,  for the ac t iv i ty  of carbon  in f e r r i t e  (/3 = 3, 
z = 8): 

3 - 4x s 4w s [ni l9 - 6xa(3 + 2J~) 
lnac~ 

+ xae (9 + 16Jc~)j l z2 -  3 + x~(3 + 2J~) + zXH a - ~XST 
+ x2a (9 + 16Ja)  ] t /~-  3 + 6Ja + x a ( 3 -  8J~) RT 

[7] 
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Fig. 1--_w7 vs aT. Compar i son  of Eq. [3] -LFG and Eq. 
[6]-MD for var ious  values  of x,y. 

Figure 1 compares the activities calculated from 
the expressions of LFG and MD (Eqs. [3] and [6]) as a 
function of w v. Although this is surely not apparent 
from a visual comparison of Eqs. [3] and [6], these re-  
lationships are found to be numerically the same for 
small  values of wy. At large values, e.g., wy = 30,000 
cal /mole when x v = 0.0001, the activity calculated 
from the MD expressions begins to fall while that of 
LFG remains essentially constant. The value of wy 
at which the two relationships initially diverge in- 
creases  with increasing solute concentration. How- 
ever,  the carbon-carbon interaction energy in Fe-C 
austenite is more than an order of magnitude smaller  
than this value. Hence the LFG and MD models should 
yield identical results .  

INTERACTION ENERGIES IN AUSTENITE 

The procedure for determining the interaction ener-  
gies of carbon in austenite entails plotting In a T 
vs the xv and w~/ dependent portions of the right hand 

- -  - -  ] 

side of Eqs. [1], [3] or [6j. The best estimate of this 
energy is arr ived at by changing wv in small incre- 
ments until a least squares slope of unity is obtained. 
Values of w~ were secured in this manner for each 

temperature at which sufficient activity data were 
available. Figures 2(a) and (b) show typical plots 
constructed from the data of Ban-ya, Elliott and 
Chipman s~ at 1000~ and from that of Lobo and Geiger ss 
at 800~ for each of the three models. Interaction 
energies, temperatures  and the sources of the data 
are  summarized in Table I for the KRC model and in 
Table II for the LFG and MD models. All values of 
wy are seen to be positive, indicating a repulsion 
energy between carbon atoms in austenite, in agree-  
ment with previous results .  ~,s From Tables I and II 
two important features should be noted concerning 
inconsistencies in the results  obtained f rom the two 
data sources:  the data of Ban-ya, Elliott and Chipman, 
established by equilibrium with CO/COs mixtures, 
yield values of wy and wy/T significantly greater 
than those calculated from Lobo and Geiger 's  CHJHs 
data; and while wy and wy/T do not seem to be inde- 
pendent of temperature they do not show any syste- 
matic temperature dependence. ADP noted similar 
though smaller  differences separating the wy's deter-  
mined from the two different gas equilibria and con- 
cluded that the CO/COs data may be more accurate.  
The present results from the CO/CO2 data are signi- 
ficantly higher than the values determined by ADP 
from the CO/CO2 data of R. P. Smith. s The average 
values of wy for the KRC and LFG/MD models are 
1405 and 1925 caL/mole (5878 and 8054 J /mole)  re-  
spectively for the CO/COs data  compared with 375 and 
415 cal/mole (1569 and 1736 J /mole)  for the CH4/Hs 
data. These values are so clearly incompatible that 
the results from each body of data must hereafter be 
analyzed separately.  

DETERMINATION OF AH.,/ AND &~s 

The intersection of the least squares lines (e.g., 
Fig. 2) with the in a v axis represents  the last term in 
Eqs. [1], [3] and [6] and thus values of ~ T  and ~ s  

-4 
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-I 

li 

o6 

EQN. (1); KRC 

BEC, I O O O ~ ~  

_.., ..: 
-'i 
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-1 

h 
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f, (x~) 

EQNS. (3,6)~ LFG/MD 

BEC, 1 ~  

o 
i 

-1 -2 -3 -4 -5 
f2(x~) 

Fig.  2 - -Var ia t ion  of activity of ca rbon  in aus teni te  wi th  ca rbon  content  at 1000 and 800~ Exper imen ta l  data taken f rom Ban-ya ,  
El l io t t  and Chipman (BEC) 20 at 1000~ and Lobo and Geiger  (LG) 22 at 800~ 

(a) f l (xT)  = ln{x,y/[1 - (14 - 12e-Wy/RT)xT]}, 

I 
([l - 2(I + 2dy)x T + (i + 8JT)x~ It/2 - (i + 3xy)6(1 - 2XT)se6WT/RT 

( b ) f  2(xy) = In 

([i -2(1 + 2jr) ~ + (i + sav)x~l'/2 + i - 3xv)~x ~ 
for LFG, and 

I 2 1 6 11 6 RT I ([i -2(1 + 2JT)X T + (1 + 8gy)x~] /2 _ 1 + (1 + 2Jy)x T) (1 - 2xy) e roT/ 
f2(xy) = In . . . . . . . . . . . . . . . . . . . . . . . . .  

([1 - 2(1 + 2JT)x. Y + (1 + 8dy)x2] 1/2 - 1 + 2Jy + (1 - 4J.,/)x3,)6#l 

for  MD, where  JT = 1 ~ e-Wy/RT. 
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Table I. Evaluation of w 7 From Eq. [11 (KRC) 

Source of 
a31 Data, Temp, Gas Source of 
Ref. No. ~ Mixture w v w31- c7 w31 + o w31/T Constants 

20 1300 CO/CO2 1565 1320 1825 0.995 Present 
Investigation 

19 1150 CO/CO2 1310 1210 1410 0.920 Present 
Investigation 

20 1000 CO/CO2 1355 t240 1475 1.064 Present 
Investigation 

20 900 CO/CO2 1395 1245 1560 1.189 Present 
Investigation 

8 800 CO/CO2 1060 1000 I I20 0.988 ADP 
8 1000 CO/CO: 1250 1200 1300 0.982 ADP 
8 1200 CO/COz 1405 1040 1770 0.954 ADP 

22 848 CH4/H2 302 265 350 0.272 Present 
Investigation 

22 813 CH4/H: 390 355 425 0.359 Present 
Investigation 

22 800 CH4/H2 345 325 365 0.322 Present 
Investigation 

22 783 CH4/H2 455 425 485 0.432 Present 
Investigation 

8 800 CH4/H2 960 905 1020 0.363 ADP 
8 1000 CH4/H2 1370 1335 1405 0.418 ADP 

c a n  b e  s o l v e d  f o r  s i m u l t a n e o u s l y  f r o m  the  i n t e r c e p t  
a t  any two t e m p e r a t u r e s .  A v e r a g e  v a l u e s  a r e  i n c l u d e d  
in T a b l e  III t o g e t h e r  wi th  p r e v i o u s  r e s u l t s .  In m o s t  
c a s e s ,  the  v a l u e s  of zXHv and  zXS~ s f r o m  the  p r e s e n t  
i n v e s t i g a t i o n  fo r  e a c h  m o d e l  and g a s  m i x t u r e  a r e  in 
good a g r e e m e n t  w i th  t h e i r  c o u n t e r p a r t s  r e p o r t e d  by  
A D P .  Bo th  s t u d i e s  i n d i c a t e  h i g h e r  v a l u e s  of A/~3' and  
~ s f o r  the  CO/CO2 d a t a  t han  fo r  the  CH4/H4 d a t a .  
A l s o ,  a p p l i c a t i o n  of the  new a c t i v i t y  d a t a  in the  p r e s -  
en t  i n v e s t i g a t i o n  y i e l d s  v a l u e s  n e a r l y  i d e n t i c a l  to 
t h o s e  p r e v i o u s l y  o b t a i n e d  fo r  a g i v e n  type  of gas  m i x -  
t u r e ,  p a r t i c u l a r l y  CO/CO2.  

I N T E R A C T I O N  E N E R G I E S  IN F E R R I T E  

E q u a t i o n s  [2], [4] and  [7] h a v e  b e e n  a p p l i e d  to  t he  
e x p e r i m e n t a l  d a t a  of Dunn  and  M c L e l l a n  15 and  L o b o  
and  G e i g e r  21 on the  a c t i v i t y  of  c a r b o n  in f e r r i t e  a t  a 
t o t a l  of f o u r t e e n  t e m p e r a t u r e s  r a n g i n g  f r o m  575 to 
848~ to  d e t e r m i n e  w~ in the  s a m e  m a n n e r  u s e d  to  
e s t a b l i s h  w 7.  N e g a t i v e  v a l u e s  of w ~ ,  i n d i c a t i n g  an  
a t t r a c t i v e  i n t e r a c t i o n  e n e r g y  b e t w e e n  n e a r e s t  n e i g h -  
b o r i n g  c a r b o n  a t o m s  in f e r r i t e  r e s u l t e d  a t  e a c h  t e m -  
p e r a t u r e  f o r  w h i c h  a l e a s t  s q u a r e s  s l o p e  of un i ty  w a s  
a t t a i n e d .  T h e  i n a b i l i t y  to  o b t a i n  the  c o r r e c t  t h e o r e t i c a l  
s l o p e  at  s o m e  t e m p e r a t u r e s  m a y  be  due  to  the  " ' i n t e r -  
c e p t  e f f e c t "  i n v e s t i g a t e d  by  S m i t h .  *s T a b l e  IV l i s t s  

*This effect results from plots of CH4/H2 ratio against chemically analyzed 
weight percent carbon which are straight lines that intersect the abcissa at some 
positive rather than zero wt pct C, The intercept is then subtracted from each 
measured pct C. The ratio of the intercept to the measured pct carbon is often 
substantial as a result of the greatly limited solubility of carbon in ferrite. 

v a l u e s  of w~ at  s e v e n  t e m p e r a t u r e s  i n c l u d i n g  t h o s e  d e -  
t e r m i n e d  by  A D P  u s i n g  the  KRC m o d e l  (Eq.  [2]). S i m i -  
l a r  r e s u l t s  w e r e  o b t a i n e d  fo r  t he  LFG/1VID f o r m a l i s m s .  
Due  to  the  v e r y  wide  r a n g e  a n d  i r r e g u l a r  v a r i a t i o n  
wi th  t e m p e r a t u r e  of the  w~ v a l u e s ,  a s i n g l e  p l a u s i b l e  
one  w h i c h  cou ld  be  i n c o r p o r a t e d  in E q s .  [2], [4] and  
[7] f o r  s u b s e q u e n t  u s e  c a n n o t  p r e s e n t l y  be  s u g g e s t e d .  
U s i n g  the  d a t a  of S m i t h  8 f o r  a a  at  two t e m p e r a t u r e s  

Table II. Evaluation of w31 From Eqs. [3 ,6]  (LFG/lVlD) 

Source of 
a31 Data, Temp, Gas Source of 
Ref. No. ~ Mixture w31 w31- o w31 + o w31/T Constants 

20 1300 CO/CO: 1960 1600 2375 1.246 Present 
Investigation 

19 1150 CO/CO~ 1965 1825 2110  1.381 Present 
Investigation 

20 1000 CO/CO2 1915 1735 2110  1.504 Present 
Investigation 

20 900 CO/CO2 1860 1635 2120  1.586 Present 
Investigation 

8 800 CO/CO~ 1310 1215 1410 1.221 ADP 
8 1000 CO/CO: 1695 1590 1805 1.332 ADP 
8 1200 CO/CO: 1615 1195 2030  1.096 ADP 

22 848 CH4/H: 335 285 385 0.299 Present 
lnvestigation 

22 813 CH4/H: 430 390 475 0.396 Present 
Investigation 

22 800 CH4/H2 380 355 405 0.354 Present 
Investigation 

22 783 CH4/H2 515 480 555 0.488 Present 
Investigation 

8 800 CH4/H: 960 905 1020 0.895 ADP 
8 1000 CH4/H2 1370 1335 1405 1.076 ADP 

Table III. Evaluation of AHand AS xs 

Equation 
Defining Source of 
a31 vs x, r Gas a31 Data, Source of 

Relationship Mixtures A/I31 A,~ xs Ref. No. Constants 3 I 

[3] LFG CO/CO2 10525 -2.34 8 ADP 
[3, 6] LFG/MD CO/CO2 9213 3.22 19, 20 Present 

Investigation 
[1] KRC CO/CO2 10630 4.12 8 ADP 
[I] KRC CO/CO2 9228 3.19 19, 20 Present 

Investigation 
[3, 6] LFG/MD CH4/H2 8465 1.89 22 Present 

Investigation 
[1] KRC CH4/H2 8535 1.90 8 ADP 
[I] KRC CH4/H 2 8365 1.79 22 Present 

Investigation 

Table IV. Evaluation of w a From Eq. [2] (KRC) 

Source of 
a31 Data, Temp, Source of 
Ref. No. ~ wa w a i t  Constants 

15 825 - 16130 14.69 Present Investigation 
15 800 - 11245 10.48 Present Investigation 
8 800 9605 8.95 ADP 

21 797 -8255 7.71 Present Investigation 
8 750 -7650 7.48 ADP 

15 735 - 13090 12.99 Present Investigation 
21 727 -6465 6.47 Present Investigation 
21 702 14235 14.60 Present Investigation 

A D P  w e r e  a l s o  unab le  to  a r r i v e  a t  a s i n g l e  va lue  of 
w ~ .  To  c i r c u m v e n t  the  p r o b l e m  of d e t e r m i n i n g  w a ,  
the  fo l lowing  a p p r o x i m a t i o n  f o r  the  a c t i v i t y  of c a r b o n  
in f e r r i t e  i s  u sed :  

2 6 , 8 0 0 -  12.29 T 
in a~ = l n x ~  + R T  [8] 
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The constants  now used in this equation a re  the AH~ 
and ~.~xs values obtained by Lobo and Geiger  2~ f r o m  
their  as  data at eight t empera tu res .*  

*The authors wish to thank Dr, T. Wada of Climax Molybdenum Co. for 
bringing to their attention an error in the original version of equation [8]. 

DETERMINATION OF aFe 7 

KRC 3 der ived the following express ion  for the 
act ivi ty of i ron in austenite,  aFe 7 : 

1 In( I - zTxT~ 
In aFey - z~/-- 1 i - - ~  / [9] 

where z 7 = 14 - 12e-W7/RT. [9a] 
By applying the Gibbs-Duhem relat ionship to the 

LFG model,  Eq. [3], ADP obtained: 

( 1 - x  7 ~ 1 1 - 2 J  7 +  (4J 7 -  1 )xT-  
In a Fe 7 = 5 In \ ~ /  + 6 in 

In the Appendix, the Gibbs-Duhem equation is applied 
to the MD model.  Unexpectedly,  the resu l t  obtained is 
identical  in all  r e spec t s  to Eq. [10], fur ther  i l lus t ra t ing 
the s imi la r i ty  of the LFG and the MD models .  

THE 7/~ + ~ OR Ae3 PHASE BOUNDARY 

The ),/(~ + ~) or Ae3 phase boundary may now be 
calculated for the KRC and LFG/MD models based 
upon the equality of the partial molar free energy of 
Fe at the ~/(~ 4 7) and 7/(c~ + 7) phase boundaries, 
i.e., F~e~ = F ~ r  Writ ing the par t ia l  molar f ree  

energ ies  in t e r m s  of act ivi t ies  and set t ing a~7c~r = 1 
gives :3 

: Rr % 1111 

Replacing x7 in Eqs.  [9] and [10] by x~ a,  the Ae3 com-  
position, and substi tut ing these express ions  for  In aT~ 
in Eq. [11], x~ ~ may be calculated as a function of FeS' 
t empera tu re  for  each of the models .  

For  the KRC model  (Eq. [9]): 

1 - e ~  
x:~ ce _ z 7 _  e0 f121 

where 

~) : (z 7 -  1 )AF~e  c~ 
..... RT [12a] 

and z 7 is defined in Eq. [9a]. 
ADP applied the same  approach  to the LFG f o r -  

mal i sm,  der iv ing the following equation which they 

the average  values of w7 f rom each source  of act ivi ty 
data.  These  phase boundaries ,  labeled accordingly ,  
a re  shown in Fig.  3. Also  included in Fig.  3 is the ex- 
pe r imenta l  Ae3 f rom Hansen.  s6 Near ly  all  of the cal-  
culated curves  a re  in good ag reement  with the ex- 
pe r imen ta l  Ae3. At lower t empera tu re s ,  where a d i rec t  
compar i son  with exper iment  is not p resent ly  feasible,  
however,  the calculated curves  increas ingly  diverge 
f rom one another ,  exhibiting di f ferences  g rea te r  than 
a fac tor  of three  at 200~ Because  the LFG/MD 
analys is  can accommodate  over lap of carbon repuls ion 
shells ,  which becomes  impor tant  at the high carbon 
concent ra t ions  of the Ae3 when extrapolated to low 
t empera tu re s ,  whereas  that of KRC cannot, the f o r m e r  
is p r e f e r r ed .  As previous ly  indicated, the u,-/ ob- 
tained f rom the CO/CO2 data of Ban -ya  et al appears  
more  accura te  than the much lower value calculated 

[1 - 2(1 § 2 J ~ ) ~  + (1 + a J ~ ) ~ ]  " s  

2JT(2x ~ - 1) 

solved for x~ ~ by t r i a l  and e r r o r :  

ZkFTF:~ =RT[5[" [ 1 _  x T C e ) l n [  Y + 6 l n l l - 2 J T + ( 4 J T - 1 ) X T -  [1-2(l+2J7)xT+(l+SJT)@]~/sl]  
[ \ 1 -  2x~ a 2JT(2x ~ - 1) 

f r o m  that of Lobo and Geiger ,  hence the BEC-based  
LFG/MD Ae3 should be more  near ly  co r r ec t .  Note 
that the increase  in w 7 f rom the 1500 ca l /mole  com-  
puted by ADP f r o m  the act ivi ty data of R. P .  Smith s 
to the 1925 ca l f  mole which c h a r a c t e r i z e s  the con- 
s iderably  more  extensive act ivi ty data of BEC de- 
c r ea se s  the value of the ext rapola ted  Ae3 at 200~ 
by ca.  4.5 at. pct C. In view of the exponential  de- 
pendence of the diffusivity of carbon in austenite upon 
carbon content, such a dif ference will c l ea r ly  resu l t  
in a major  effect upon calculat ions of the growth 
kinetics of bainite.  

THE c~/~ + y PHASE BOUNDARY 

Of pa r t i cu la r  impor tance  to studies of the mecha-  
n i sm of the bainite reac t ion  is the es t imat ion  of the 
maximum metas table  equi l ibr ium propor t ion  of carbon 
in f e r r i t e  fo rmed  at t empe ra tu r e s  below the eutectoid 
t empe ra tu r e .  At equi l ibr ium the par t ia l  mola r  f ree  
energ ies  of ca rbon  in fe r r i t e  at the ~ : ~ boundary and 
of_austenite at the ~ : ~ boundary a re  equal, i.e., F~c~ 

ce7 = Fc~. There fo re  the o~/(~ + ~) phase boundary com-  
posit ion, x~'/ ,  may be calculated for  each model  by 
equating Eq. [8] to the appropr ia te  express ion  for 
In ay (Eq. [1], [3] or  [6]) into which the c o r r e c t  value 
of x~ ~ has been substi tuted for  x 7. Based  upon the 
Dar~en and Smith 5 fo rm of the KRC relat ionship for  
ay, Eq. [11, 

1 -  e ~ ( ~ 7 -  2 6 , 8 0 0 ) -  T ( z ~  s - 12.29) 
In x~ ~ / -  + 

e~(z~-  1) RT 
[14] 

where z• and ~ a re  defined by Kqs. [9a] and [12a]. 
F r o m  the LFG act ivi ty express ion,  Eq. [3], 

1 - 2x~ a 
In x~ 3' = 5 In x.~C~ + 6 I n  

5+1 3 x ~ /  

VOLUME 9A, JULY 1978-1003 METALLURGICAL TRANSACTIONS A 

Equation [13] a lso  applies to the MD model  as  the aFe./ 
express ions  for  the LFG and MD approaches  a re  
identical.  The values ofAF~e-~  ~used in Eqs.  [12] 
and [13] a re  calculated f r o m  an emp i r i ca l  re la t ion-  
ship 24 based  upon data tabulated by F i s h e r P  5 

Equations [12] and [13] have been used to calculate  
Ae3 curves  for  the KRC and LFG/MD models  using 

[10] 

[131 



+ (zkHy-  2 6 , 8 0 0 ) -  T(z~.~ s - 12.29) + 6w 7 

R T  
[15] 

, x 7a~F/2 [16] where  5 = [ 1 -  2 ( 1 -  2Jv)xW~ + (1 + 8Jr)  �9 ~ . 

S i m i l a r l y ,  f r om the MD equat ion for  aT, Eq. [6], 

1 -  2x~ ~ 
I n x a  a7  = 11 I n -  

+ 6inl 8 2= I - 1 +  2Jy+ ( 1 - 4 J  7 )x~a l  

(A//7- 26,800)- T ( , ~  s - 12.29) + 6wy 
+ 

RT 
[17] 

Values of ~ y  and ~ s  listed in Table III for the 
p r e s e n t  inves t iga t ion  and a v e r a g e  va lue s  of w~ for 
Lobo and Ge ige r  and BEC da ta  f rom T a b l e s  I and II 
have been  used  in Eqs .  [14], [15] and [17] to ca l cu la t e  
x~ a ?  over  the s a m e  range  of t e m p e r a t u r e  as  was used  
for  x~ ~ (Fig .  4). A l so  included in F ig .  4 a r e  the ex-  
pe r i r~en t a l l y  d e t e r m i n e d  o J ( ~  + y) phase  boundary  
f rom Hansen ~ and the curve  ca l cu l a t ed  by ADP f r o m  
the L F G  f o r m a l i s m  us ing  a cons tant  va lue  of J-/ 
= 0.474. Over  much of the t e m p e r a t u r e  r ange  a l l  four 
of the c u r v e s  for  the p r e s e n t  inves t iga t ion  a r e  found 
to l i e  at  lower  ca rbon  contents  than the e x p e r i m e n t a l  
cu rve  and a l so  that  c a l cu l a t ed  by ADP. The cu rves  
computed  us ing the cons tan t s  d e r i v e d  f rom the ac t iv i ty  
ac t iv i ty  da t a  of BEC a r e  sh i f ted  downward r e l a t i v e  to 
the o ther  two cu rves ,  in only s l igh t ly  p o o r e r  a g r e e -  
ment  with the e x p e r i m e n t a l  r e s u l t s .  The m a x i m u m  
value  of x for  each of the phase  bounda r i e s  is  s een  
to fa l l  in the r ange  of 600 to 650~ The curve  c a l -  
cu la ted  by ADP is  in v e r y  good a g r e e m e n t  with the 
e x p e r i m e n t a l  r e s u l t s .  However ,  the choice  of an 
ave raged ,  t e m p e r a t u r e  independent  va lue  of 
J.~ (Jv = 1 - exp ( - w T / R T ) )  for  th is  ca lcu la t ion ,  while  
n e c e s s a r y  ~hen  suf f ic ien t  r e l i a b l e  da t a  on the ac t iv i ty  
of c a rbon  in aus t en i t e  were  unava i lab le ,  no longer  
s e e m s  a p p r o p r i a t e .  Hence the acqu i s i t i on  of b e t t e r  
da ta  a p p e a r s  to have exposed  the l im i t ed  a c c u r a c y  of 
the ava i l ab l e  t h e o r i e s .  

THE FREE ENERGY CHANGE OF THE PROEUTEC- 
TO]I) FERRITE REACTION, AF v~ ~+ 7~ 

This approach is based upon the standard chemical 
thermodynamic expression: 

aTa In a ~ e y ]  
A F = R T  x 7 i n  av "Y + (1 -X.y )  a F e T [  [18] 

.l 
A p p r o p r i a t e  In a e x p r e s s i o n s  a r e  now subs t i tu ted  into 
th i s  r e l a t i o n s h i p .  F o r  KRC the f r e e  e n e r g y  e x p r e s -  
s ion  obta ined  by ADP i s :  

{ (Sln[(1-2x~ ~)xT] 
: RT 2xT)x~---~-~-J + 6 In 

1000[ 

9oo1~ 

800  o,x? 
700 

\x~'~/EQN. (12), Wr= 1405 col./mole 
u \%~,<,/-FAN (13).(1/,: 415 col./mole 

600 ~,~ ~/EON. (13), ~:1925 cal./mole 
~ ~'.'X.~.~'~EQN' ( 12 )' W, : 375 ca /̀mOle 

500 "~.":,",,. 

4oo 

300 ]1~ \ \ \  x '~x " 

, \ , 
2 0 0 0  I 0.04 0.08 0.12 0.16 0.20 0.24 0.28 

4 ~ 
�9 " , / Q ~  

Fig .  3 - - x  7 v s  t e m p e r a t u r e  f r o m  Eq.  [12] -KRC or  D a r k e n -  
Smith statist ics and Eq. [13]-LFG/MD statist ics with opti- 
mum LFG curve of ADP for comparison. 

Fig. 4-x~ 7 vs temperature. Equation [14]-KRC or Darken- 
Smith statist ics,  and Eqs. [15, 17]-LFG/MD statist ics with 
optimum LFG curve of ADP for comparison. 

(1-X7) in[(li -xY) e~ 
+ ~  zTx7 ] }  [19] 

where  & and z 7 a r e  as  def ined for  Eq.  [14]. F o r  L F G  
the c o r r e c t e d  v e r s i o n  of the equat ion wr i t t en  by ADP 
i s :  

(57Va__--_ t 3xVVa)(5~- : 1 -  3X.y)] 
(5./- 1 + 3xT)(57~a + 1C]-77a)--J) 

( + )} + 7 r - - - - - 4  + ( 1  6 . . . . .  . [ 2 0 ]  

2J 7 + (4J.y 1)x 7 - 57)(2Jy(2x~ Yc~ - 1)) J 
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Likewise for  MD the f ree  energy  of the proeutectoid  
reac t ion  can be wri t ten as:  

{ (,, ] [ ( 1  I n [ ( -  1 + x ~  (1 + 2J~') + 5 ~ ) ( 2 J v  - 1 + xT(1 -- 4J~/) + 5T)]  / 
AF Y - a + y ,  = R T  x y \  2xv)xTy--~-~ j + 6 . . . . . . . . . . . . . . . . . . . .  

L( - I  + x.y(l + 2J" v) + 5T)(2J Y - 1 + xYG(1 - 4Jy) + 5TYG)JI 

+ ( 1 - x , y )  5In x"/)(1-2x~ ~ 6 G 2Jy+(4J~/  1 ) x , y - s y l ( 2 J . y ( 2 x ~ - l ) ) J  
I 

Here  5~ a is given by Eq. [16] and 5 T is obtained f r o m  
the same equation by subst i tut ing x T for  x~ a .  

The f ree  energy  changes calculated f rom Eqs.  [19] 90(3 
to [21] at xv = 0.02, a r ep resen ta t ive  carbon content,  
a re  shown as a function of t empera tu re  in Fig. 5. Note 
that the AF values calculated dur ing this invest igat ion 800 
fall  l a rge ly  below those r epor ted  by ADP, at the lower 
t empe ra tu r e s ,  by amounts which inc rease  with de- 
c reas ing  t empera tu re .  These  d i f ferences  become ap-  p 700 
prec iable  despite the fact  that  the p re sence  of the 
solute concent ra t ion  t e r m s  in logar i thmic  fo rm con- ~ 6o0 
s iderably  r educes  effects f r o m  any source  upon AF. In 
the concent ra t ions  of phase boundar ies ,  on the other  

*- 500 hand, the p resence  of exponentials  in the control l ing 
equations cons iderably  magnif ies  the influence of any 
d i f fe rences .  

[21] 

1001 ~ - - , - - -  r T f ~  

EON (26), wj :  375 col /mole 

A F T ~  a AND THE To TEMPERATURE 

Following the procedt~re of KRC and ADP the f ree  
ene rgy  of the fe r r i t e  phase of composi t ion xy can be 
wri t ten as : 

F a = RT[xc~ l n x  a + ( 1 -  xc~)in(1 - x a )  ] 

+ xa(FGc + 2 6 , 8 0 0 -  12.29T) + ( 1 -  x a ) F ~ e  [22] 

where Fc  G = f ree  energy  of pure graphite and F~e  
= f ree  energy  of pure a - i r o n  at t empera tu re  T. Fo r  

- 8 0 0 ~  - ' ' ' . . . . .  - 3 2 0 0  

| 
- 7 0 0  1 X),= 0 0 2  - 2 8 0 0  

R 
- 6 0 0  q~EON.(19),,  W~.= 375 co l . /mole  

% ~ - E o ,  s <20. 21). ~ :  415 co,./mo,~ 

_~-500  ~.X~xXX~EON (28), j~. =0.474; (rcf .  l) 
o \ \ \  E ~ - 400 ~\'~.../- E O N S. ( 2 O, 21 ), 
LL'< -300 ~ 2 5  col./mole 

EQN (19),~J ~N 

-200_1OO ~/~,=1405co1./mo1r " ~  -400"800 

0 , I ~ I , ] , I , i 0 

2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  
TempGroture,  ~ 

Fig. 5-~F T ~ a  +'Y1 from 700 to 200~ from Eq. [19]-K1~C, 
Eq. [20]-LFG, Eq. [21]-MD and Eq. [28] of ADP (based on 
LFG) for comparison. 

- 2 4 0 0  

-2000  

o 
E 

-16007 

g 
- 1200  

M E T A L L U R G I C A L  T R A N S A C T I O N S  A 

400 

EONS. (27. 28),--  
~1= 1925 col.lmole 

I_ EONS (27, 28). 
300 ~8 :415  cal Imo 

W~, : 1405 cal fmolq 

EON (35), 
J~f : O 474; (ref 1) 

200 ~ 
0 01 0 2  0 3  .04 05 06 07 

x 7 
Fig. 6-T o for transformation of austenite to ferrite of the 
same composition as a function of mole fraction of carbon. 
Equation [35] of ADP, via LFG, inciuded for comparison. 

the Darken  and Smith fo rm of the KRC model  the f ree  
energy  of austenite of composi t ion xy is given by: 

R T  [(1 - zTxy)  I n ( 1  - zTxy)  - (1 -- xy) FV = z~/_ 1 

• I n ( 1 -  xy) + xv(z,  v - 1) inx  v] 

+ X y ( ~ y  -- ~SS.~ST + FGc) + (1 -- xy)F~e [23] 

where F~Fe = f ree  energy  of pure v - i ron  at t empera tu re  

T and AHy and AS~, s a re  taken f rom Table HI. For  the 
LFG fo rma l i sm:  

Fv = 5 R T [ ( 1 -  xv)In ( 1 -  x y ) -  (1 - 2xy) in (1 - 2x 7) 

- + 
_+ 

k \ 5~ + 1 3x~/  

In(! - 2;y + (4;~ - 1)x~-  
+ (1 X , y )  

+ x.y(Atl-- v - ~ . ~ S T  + 6w r + FGc) + (1 - x./)FVFo 

[24j 

and for the MD model:  

FY = R T [ - l l x  T Inx  T + (16Xy-  5 ) i n ( 1 -  2xy) 
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6x./ln( 2J' /-  1 + x7(1- 4J7)+ 6V-'~+ 5(1- xy) 

• l n ( 1 -  17) + 6 ( 1 -  xy) 

I n ( 1  - 2Jr  + ( r  - 1) e - 
2J7(2x  7 -  1) 57/j )< 

% 

+ xy(zkH 7 -  ~ S T +  6wv+Fc G) + (1 - xT)F~e. [25] 

The T O temperature is that temperature at which 
ferrite and austenite of the same composition, x, are 
in unstable equilibrium i.e. ,s o~ = FO~ _ Fy = O. 
From the KRC approach, this free energy change is: 

RT 
~ F 7 - - a  _ z7 l[Z7(l - x) In (I - x) - (I - 21) 

• In( l  - 21)] + x[(26,800 - z~7) 

- (12.29- ~ S ) T  ] + (1 - x)AF~ - '~  

[26] 

F o r  L F G  the c o r r e c t e d  f r ee  ene rgy  equat ion given by 
ADP i s :  

AFY-- a = RTt61n[(%(5-11-+ 31, 3x)ll 

- 6(1 - x)In 2~ry(~-x--x ---1~- _ _  __ 

- 4 ( 1  - x )  
1 

• i n ( l - x ) +  5 ( 1 - 2 x )  1 n ( 1 - 2 x )  I 
J 

+ x [ ( 2 6 , 8 0 0 -  z~7 )  - (12.29 - ~ S ) T  

- 6 w  v ] + (1 - [ 2 7 ]  

And for the MD model :  

= R T l l 2 x l n x -  4 ( 1 -  x) l n ( 1 -  x) A F y ~  c~ 

-6(1 x)in[ 1 -  2JT + ( 4 J T - 1 ) x -  5-] 

[ -1+x(l-4JT)+ 5_] 

- (16x - 5) In (1 - 21)1 + x[(26,800 ~ r )  
2 

- (12.29 - z ~ S ) T -  6w7] 

+ (1 - [28] 

T o - x c u r v e s  were  ob ta ined  for  each  mode l  by se t t ing  
Eqs .  [26] to [28] equal  to z e r o  and so lv ing  for  x a s  a 
function of t e m p e r a t u r e  by t r i a l  and e r r o r .  A l l  four  
of t he se  cu rve s ,  p lo t ted  in Fig.  6, follow s i m i l a r  pa ths ,  
but l ie  somewha t  be low that  of ADP. At a compos i t i on  
of about  x 7 = 0.035 this  d i f f e r ence  b e c o m e s  m o r e  p r o -  
nounced with fu r the r  i n c r e a s e s  in ca rbon  content .  

DISCUSSION 

The d i s t i ngu i sh ing  f ea tu re  of the q u a s i c h e m i c a l  
s t a t i s t i c a l  t h e r m o d y n a m i c  d e s c r i p t i o n  of i n t e r s t i t i a l  
so l id  so lu t ions  deve loped  by M c L e l l a n  and Dunn n 
r e l a t i v e  to that  of L a c h e r  6 and F o w l e r  and Guggen-  

he lm 7 is that  i t  p r o d u c e s  the c o r r e c t  e x p r e s s i o n ,  c o r -  
r e s p o n d i n g  to comple t e  b lock ing  of a l l  n e a r e s t  neigh-  
b o r  i n t e r s t i t i a l  s i t e s ,  in the l imi t  of an inf ini te  p a i r -  
wise  r e p u l s i o n  e n e r g y  be tween  so lu te  a t o m s .  How- 
e v e r ,  it  has  been  shown he re  that  app l i ca t ion  of these  
two mode l s  to so lu t ions  of c a rbon  in i ron ,  whe re  the 
i n t e r ac t i on  e n e r g i e s  a r e  r e l a t i v e l y  s m a l l ,  y i e l d s  
n u m e r i c a l l y  i den t i ca l  r e s u l t s .  An a p p r e c i a b l e  d i f -  
f e r e n c e  be tween  the va lues  of the ac t iv i ty  of ca rbon  in 
aus t en i t e  c a l c u l a t e d  f rom these  two mode l s  is  found 
only for  va lues  of the i n t e r a c t i o n  ene rgy ,  wT, o r d e r s  of 
magni tude  g r e a t e r  than the b e s t  ava i l ab l e  e s t i m a t e .  

It mus t  be ment ioned  that  A lex  and M c L e l l a n  have 
ex tended  the f i r s t - o r d e r  a p p r o a c h  to include the ef-  
fec t s  of second  ~v and th i rd  18 n e a r e s t  ne ighbor  so lu te  
i n t e r a c t i o n s .  They  have shown that  at  high t e m p e r a -  
t u r e s  even s t r o n g  i n t e r a c t i ons  of these  types  have 
neg l ig ib le  effect  on the p a r t i a l  conf igura t iona l  en t ropy  
and only a somewha t  l a r g e r  inf luence upon the p a r t i a l  
en tha lpy .  On this  b a s i s ,  c o n s i d e r a t i o n  of second  and 
th i rd  o r d e r  so lu te  i n t e r a c t i o n s  is  expec ted  to have no 
s ign i f i can t  effect  upon the p r e s e n t  r e s u l t s .  

The a 7 vs x 7 da ta  of Ban-ya ,  E l l io t t  and Chipman  19'2~ 
obta ined by means  of CO/CO2 e q u i l i b r i a  and those  of 
Lobo and Ge ige r  s2 d e t e r m i n e d  f rom CH4/He gas  mix -  
t u r e s  were  app l i ed  to the L F G / M D  model  to s e c u r e  
e s s e n t i a l l y  t e m p e r a t u r e - i n d e p e n d e n t  a v e r a g e  va lues  of 
w 7 of 1925 and 415 c a l / m o l e .  The 1925 c a l / m o l e  r e -  
su l t  i s  in very, good a g r e e m e n t  with that  of 1970 c a l /  
mole  (8242 J / m o l e )  obta ined by Durra and M c L e l l a n  13 
f r o m  the B a n - y a  et al ~9'2~ da ta  us ing  a d i f fe ren t  t ech-  
nique.  T h e i r  w 7 was a l so  found to be e f f ec t ive ly  t e m -  
p e r a t u r e  independent .  Both r e s u l t s  a r e  in r e a s o n a b l e  
a g r e e m e n t  with, though s u r e l y  an i m p r o v e m e n t  upon, 
the w 7 = 1500 c a l / m o l e  (6276 J / m o l e )  r e p o r t e d  by 
ADP f rom app l i ca t ion  of the L F G  t r e a t m e n t  to the 
m o r e  l imi t ed  CO/COs da ta  of R. P .  Smi th .  8 The much 
lower  Wy obta ined  f rom the CH~H2 da ta  of Lobo and 
Ge ige r  s2 again  s u p p o r t s  the view ~,3 that  r e s u l t s  ob-  
t a ined  f r o m  th is  gas mix tu re  a r e  sub jec t  to g r e a t e r  
i n a c c u r a c i e s  than those  d e r i v e d  f rom CO/COs mix-  
t u r e s .  

C o m p a r i s o n  of the ca l cu l a t ed  Ae3 us ing  w 7 = 1925 
c a l / m o l e  with that  r e p o r t e d  by ADP for the L F G  mode l  
d e m o n s t r a t e s  c l e a r l y  the i m p o r t a n c e  of the ca. 400 
c a l o r i e s  p e r  mole  (1674 J / m o l e )  d i f f e r ence  in wT, p a r -  
t i c u l a r l y  at  lower  t e m p e r a t u r e s ,  whe re  the ca rbon  
concen t r a t i on  of the Ae3 is  l owered  as  much as  4.5 a t .  
pc t  at  200~ Th i s  change wi l l  m a r k e d l y  af fec t  the 
i n t e r p r e t a t i o n  of growth k ine t i c s  s tud ies  p e r f o r m e d  
at  such t e m p e r a t u r e s .  

E f fo r t s  to d e t e r m i n e  a t e m p e r a t u r e  independent  
i n t e r ac t i on  ene rgy  be tween  ca rbon  a t o m s  in f e r r i t e ,  
w~, we re  unsuccess fu l ,  t h e r e by  p a r a l l e l i n g  the ex-  
p e r i e n c e  of ADP de sp i t e  the m a r k e d l y  i n c r e a s e d  
amount  of da ta  on the ac t iv i ty  of ca rbon  in f e r r i t e  now 
a v a i l a b l e .  However ,  the conc lus ions  that  w~ is a b ind-  
ing ene rgy  1'27'28 was s t rong ly  suppor t ed .  The diff i -  
cul ty  may  now be t en t a t i ve ly  sugges t ed  to be in the in-  
a b i l i t y  of the v a r i o u s  mode l s  employed  to cope with 
an a t t r a c t i v e  i n t e r a c t i o n  be tween  ad jacen t  i n t e r s t i t i a l  
a t o m s .  The inab i l i ty  to a r r i v e  at  a s a t i s f a c t o r y  e s t i -  
mate  of w~ may  be r e s p o n s i b l e  to a l a r g e  extent  for  
the d i s t u r b i n g  lack  of a g r e e m e n t  be tween  the ca l cu -  
la ted  and e x p e r i m e n t a l  cr/(~ + y) phase  boun da r i e s  
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which the p r e s e n t  inves t iga t ion  has  d e m o n s t r a t e d .  
An i m p r o v e d  e s t i m a t e  of the f r e e  ene rgy  change 

a t tending  the p roeu t ec to id  f e r r i t e  r e a c t i o n  as  a func- 
t ion of t e m p e r a t u r e  has  been  obta ined and c o m p a r e d  
with the va lues  r e p o r t e d  by  ADP.  The  f r ee  ene rgy  
change ca l cu la t ed  dur ing  this  s tudy has  been  shown to 
fa l l  i n c r e a s i n g l y  below that  of ADP with d e c r e a s i n g  
t e m p e r a t u r e .  

Good a g r e e m e n t  has  been  d e m o n s t r a t e d  among  the 
four  T o - c o m p o s i t i o n  cu rves  ca l cu l a t ed  dur ing  this  in-  
ves t iga t ion .  The compa t ab i l i t y  of these  r e s u l t s  b a s e d  
upon d i f fe r ing  mode l s  and a b r o a d  r ange  of i n t e r -  
ac t ion  e n e r g i e s  f i r m l y  e s t a b l i s h e s  a qui te  a c c u r a t e  
T o - c o m p o s i t i o n  cu rve .  D i f f e r e n c e s  be tween  these  and 
the p r e v i o u s  r e s u l t s  of ADP may be due l a r g e l y  to 
t he i r  need to use a t e m p e r a t u r e  independent  op t imum 
value  of J = 1 - e " w / R T  = 0.474 as  a consequence  of 
the l imi t ed  amounts  of r e l i a b l e  ac t i v i t y  da ta  then 
ava i l ab l e .  

CONCLUSIONS 

The thermodynamics of the proeutectoid ferrite re- 
action have been reevaluated as a result of the recent 
availability of new data on the activity of carbon in 
austenite and ferrite and more sophisticated thermo- 
dynamic models of interstitial solid solutions. In par- 
ticular the McLellan and Dunn (MD) quasichemical 
model is compared with the results from the Lacher 
and Fowler and Guggenheim (LFG) treatment reported 
in a parallel study in 1966 by Aaronson, Domian and 
Pound (ADP). 

1) Although the activity expressions for the LFG and 
MI) models are quite different in appearance, the 
activity of carbon in austenite evaluated in either ap- 
proach is numerically the same until w 7 exceeds an 
unreasonably high value, e.g. at w 7 = 30,000 cal/mole 
(125,520 J/mole) when xy = 0.0001. In austenite w 7 is 
less than 2000 cab/mole (8368 J/mole), hence in its 
present application the new model of McLellan and 
Dunn becomes numerically indistinguishable from the 
older LFG formalism. 

2) Application of the Gibbs-Duhem relationship to the 
MD expression for the activity of carbon in austenite 
yields an equation for the activity of iron in austenite 
mathematically identical to that derived by ADP for 
the LFG model. 

3) For determination of the interaction energy in 

{ 5 + 2J7 - 1- 2Jr + + } I 

where  J r  = 1 - e " w / R T  and 

5 = [1 - 21V(1 + 2J7) + x~(1 + 8J7)]1/2. [A3] 

R e a r r a n g i n g  the f i r s t  t e r m  on the r igh t  hand s ide  of 
Eq.  [A2] and mul t ip ly ing  each  t e r m  on th is  s ide  by 
x7/(1  - x 7) g ives :  

- 5  6 + 
I n a F e 7  =--  f ( 1 - - 1 7 ) ( 1 - -  2X7)-- ( 1 - - x 7 ) ( 1 - - 2 x 7 )  

6x7(5 - 4~J 7 - 1 - 23 7 + x 7 + 8JTxT) 7 - = -  . . . . . .  

1 + 1 7 _  417J7 + 5) j V" 

aus ten i t e ,  the CO/CO2 da ta  of BEC were  concluded to 
be the m o r e  r e l i a b l e  of those  which have been  r e -  
cent ly  r epo r t ed ;  f rom these  da ta  a value  of w 7 = 1925 
c a l / m o l e  (8054 J / m o l e )  was s e c u r e d ,  s ign i f i can t ly  di f -  
f e r en t  f rom the 1500 c a l / m o l e  (6276 J / m o l e )  ADP ob-  
t a ined  usIng the more  l imi t ed  CO/CO2 da ta  of R. P .  
Smi th .  

4) Desp i t e  the a v a i l a b i l i t y  of much m o r e  da ta  on the 
a c t i v i t y  of c a r b o n  in f e r r i t e ,  va lues  of the i n t e r ac t i on  
e n e r g y  be tween  C a t o m s  in f e r r i t e ,  wo~ , were  obta ined  
which v a r i e d  m a r k e d l y  and i r r e g u l a r l y  with t e m p e r a -  
t u r e .  As  ADP p r e v i o u s l y  r e p o r t e d  th is  is  an a t t r a c -  
t ive  energy;  however ,  it  is  now suspec t ed  that  th is  e r -  
r a t i c  behav io r  may  be due m o r e  to the inadequac ie s  of 
the mode l s  when app l ied  to an a t t r a c t i v e  i n t e r ac t i on  
e n e r g y  than to de f i c i e nc i e s  in the ac t i v i t y  da ta .  

5) Ca lcu la t ed  va lues  of the V / ( a  + 7) phase  boundary  
compos i t i ons  us ing  the L F G / M D  f o r m a l i s m s  and w-/ 
= 1925 e a l / m o l e  were  found to d i f fe r  s ign i f i can t ly  f r o m  
the b e s t  r e s u l t s  of ADP, p a r t i c u l a r l y  at  lower  t e m -  
p e r a t u r e s .  In the ca se  of the ot / (a  + ~) bounda ry  d i f -  
f e r en t  r e s u l t s  were  a l so  ob ta ined  but  these  we re  due 
p r i m a r i l y  to a m o r e  a c c u r a t e  method of ca l cu l a t i on  
a l lowed  by the g r e a t e r  amount  of e x p e r i m e n t a l  da ta  
now a va i l a b l e .  A g r e e m e n t  be tween  the ca l cu l a t ed  and 
m e a s u r e d  Ae3 c u r v e s  cont inues  to be v e r y  good; in 
the ca se  of the a / (o t  + 7) cu rve ,  a g r e e m e n t  has  b e -  
come s l igh t ly  wor se .  

6) The f r ee  ene rgy  change a s s o c i a t e d  with the p r o -  
eu tec to id  f e r r i t e  r e a c t i o n  and the T o - c o m p o s i t i o n  
c u r v e s  ca l cu l a t ed  in the p r e s e n t  a n a l y s i s  d i f f e red  l i t -  
t le  with r e s p e c t  to those  obta ined  by ADP.  However ,  
i n t e r n a l  a g r e e m e n t  among the p r e s e n t  r e s u l t s  is  be t -  
t e r  than that  obta ined  in the e a r l i e r  inves t iga t ion .  

APPENDIX 

The Gibbs-Duhem relationship between the activi- 
ties of iron and of carbon in austenite is written: 

x 7 
In aFe 7 = -- f ~ d In a 7 

where  l n a  7 for  the M c L e l l a n  and Dunn 1. mode l  is  
given by Eq.  [6]. Af t e r  c o n s i d e r a b l e  manipu la t ion  
d i n  a~ for  th is  mode l  can be e x p r e s s e d  as  

din  11_ 2x  )dx7 

- 4 5 ) "  7 -  1 - 2 J  7 + x  7 + 8J7x v 

lAX] 

6 7(5 + 2J'76- 1 - 2J v + + 8xrYv) 

(1 - x7)5 (- 1 + X.y + 215,3"y + 5) 

[A4} 
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A c o m m o n  d e n o m i n a t o r  i s  t h e n  f o u n d  f o r  t h e  l a s t  t h r e e  
t e r m s  o f  E q .  [A4]; a f t e r  m u c h  a d d i t i o n a l  m a n i p u l a t i o n  
t h e  e q u a t i o n  i s  r e d u c e d  to :  

= [ -  - 5 + - 6 1 
a F e  7 f (1 - x 7 ) ( 1 -  2x7)  5(1 2x  7) 

In  dx  7 �9 

T h e  f i r s t  t e r m  o f  t h i s  i n t e g r a l  c a n  b e  i n t e g r a t e d  d i -  
r e c t l y  a s :  

2 (x  7 - 11 
5 I n  - -  

2x 7 -  1 " 

T h e  s e c o n d  t e r m  i s  in  t h e  f o r m  

- 6 f  dX 
v~/-~ 

w h e r e  

v =  1 - 2 x  7 

a n d  

X = 1 - 2(1 + 2 J T ) x : / +  (1 + 8JT)x  ~ 

a n d  u p o n  i n t e g r a t i o n  b e c o m e s :  

[AS] 

4 -  8 J  7 + 4 x 7 ( 4 J  7 - 1) + 4 1 1 - 2 ( 1  + 2 J 7 ) x  7 + (1 + 8 J T ) x ~ ] i / ~  

- 6 1 n  1 - 2x./ f" 

T h e r e f o r e ,  x 7 -- x 7 

[- 2 ( x  7 - 1) 4 -  8 J  7 + 4 x T ( 4 J  7 - 1 ) +  4 1 1 -  2(1 + 2 J 7 ) x 7  + (1 + 8 J T ) ~ ] x / 2  ~ 
= L 5 In  6 In  l n a F e 7  2x  7 -- 1 1 -  2x 7 J 

X 7 : 0  

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

~ x 2qi/2 
l l  - 2 J  7 + (43" 7 -  1 ) x y -  [1 - 2(1 + 2 J T ) x  7 + (1 + t w T ) x T j  

= 51nT~qa-~-x  + 6 1 n  I 
l n a F e  7 l -  z x  7 2JT(2X 7 - 1) 

[A6] 

E q u a t i o n  [AT] i s  i d e n t i c a l  to  E q .  [10] w h i c h  A D P  d e -  
r i v e d  1 u s i n g  t h e  ay  e x p r e s s i o n  of  t h e  L F G  f o r m a -  
l i s m f  '7 C o m p l e t e  d e t a i l s  o f  t h e  p r e s e n t  d e r i v a t i o n  
c a n  b e  o b t a i n e d  f r o m  t h e  a u t h o r s .  

A C K N O W L E D G M E N T S  

T h e  a u t h o r s  a r e  g r a t e f u l  t o  P r o f e s s o r  R e x  M c L e l l a n  
a n d  D r .  T .  W a d a  f o r  t h e i r  c a r e f u l  r e a d i n g  o f  t h e  
m a n u s c r i p t  a n d  h e l p f u l  c o m m e n t s .  A p p r e c i a t i o n  i s  
e x p r e s s e d  to  t h e  A r m y  R e s e a r c h  O f f i c e  f o r  s p o n s o r -  
s h i p  o f  t h i s  i n v e s t i g a t i o n  u n d e r  G r a n t  No.  D A - A R O -  
D - 3 1 - 1 2 4 - 7 3 - 6 1 4 4  a n d  to  t h e  R e p u b l i c  S t e e l  C o r p o r a -  
t i o n  f o r  s u p p o r t i n g  a f e l l o w s h i p  h e l d  by  G J S .  
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