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The phase  e q u i l i b r i a  be tween  f e r r i t e  and aus t en i t e  and be tween  f e r r i t e  and the i n t e r m e d i a t e  
R -  and ~t-phases have been  s tud ied  by sub jec t ing  high pu r i t y  a l loys  of F e - M o ,  F e - W ,  and 
F e - M o - W  to we l l  con t ro l l ed  hea t  t r e a t m e n t s .  The  e q u i l i b r i u m  c o m p o s i t i o n s  a t  the two-phase  
i n t e r f a c e s  w e r e  m e a s u r e d  with an e l e c t r o n  m i c r o p r o b e .  Some of the e x p e r i m e n t a l  r e s u l t s  
show r e a s o n a b l e  a g r e e m e n t  with p r e v i o u s l y  r e p o r t e d  v a l u e s ,  but  a r e  b e l i e v e d  to be of h igher  
a c c u r a c y .  The new e x p e r i m e n t a l  da t a  w e r e ,  toge the r  with a v a i l a b l e  r e l e v a n t  t h e r m o d y n a m i c  
i n fo rma t ion ,  eva lua ted  in t e r m s  of m a t h e m a t i c a l  m o d e l s  for  the ind iv idua l  p h a s e s  and the 
p a r a m e t e r s  thus obtained w e r e  then used  to ca l cu l a t e  the t w o - p h a s e  b o u n d a r i e s  in the b i n a r y  
F e - M o ,  F e - W ,  and t e r n a r y  F e - M o - W  s y s t e m s .  In the c o u r s e  of th is  s tudy the f r ee  e n e r g y  of 
f o r m a t i o n  of the R and ~ p h a s e s  was  a l so  eva lua t ed .  

THE F e - M o  and F e - W  phase  d i a g r a m s  have r e c e n t l y  
been  examined  in s e v e r a l  i nves t i ga t i ons .  1-4 H i l l e r t  
e t  a l .  ~ r e v i s e d  the y loops  and d e m o n s t r a t e d  that  t h e i r  
shapes  could be r a t h e r  wel l  d e s c r i b e d  in t e r m s  of a 
d i lu te  so lu t ion  model .  T h e i r  r e s u l t s  w e r e  e s s e n t i a l l y  
c o n f i r m e d  by Sinha e t  a l .  2'3 and F i s h e r  e t  a l .  4 Sinha 
e t  a l .  2 found a new phase  in the F e - M o  s y s t e m ,  which 
they ca l l ed  R and which was  a l so  ident i f ied  by  Rawl ings  
and Newey.  s Sinha e t  a l .  2'3 a l s o  c l a i m  that  a k phase  
conta in ing 66.7 a t .  pc t  Fe  b e c o m e s  s t ab le  in both the 
F e - M o  and F e - W  s y s t e m s  a t  low t e m p e r a t u r e s .  Even 
though th is  phase  was  not  de t ec t ed  by Rawl ings  and 
Newey 5 in t h e i r  i nves t iga t ion  of the F e - M o  s y s t e m ,  
both b i n a r y  phase  d i a g r a m s  p r e s e n t e d  by Sinha e t  a l .  2'3 

s e e m  to be e s s e n t i a l l y  c o r r e c t .  They  a r e  t h e r e f o r e  
r e p r o d u c e d  in F i g s .  1 and 2 and show r e m a r k a b l e  s i m i -  
l a r i t i e s  a l though the R phase  does  not  s e e m  to e x i s t  
in the F e - W  s y s t e m .  

The p r e s e n t  i nves t iga t ion  was  s t a r t e d  by K i r c h n e r  
and H a m m a r  8 who a t t emp ted  to c a r r y  out a m o r e  a c -  
c u r a t e  d e t e r m i n a t i o n  of the y loops  by us ing  c a r e f u l l y  
s e l e c t e d  raw m a t e r i a l s  for  t h e i r  a l l o y s ,  a c c u r a t e  t e m -  
p e r a t u r e  c o n t r o l  dur ing  the equ i l i b r a t i on  hea t  t r e a t -  
men t  and c a r e f u l  a n a l y s i s  of the c o m p o s i t i o n  of the 
ind iv idua l  p h a s e s  at  two-phase  i n t e r f a c e s  by e l e c t r o n  
m i c r o p r o b e  m e a s u r e m e n t s .  The  inves t iga t ion  was  then 
ex tended  to inc lude  t e r n a r y  a l l oys  a s  we l l  a s  the i n t e r -  
m e d i a t e  p h a s e s  ~ and R.  T h e s e  e x p e r i m e n t a l  r e s u l t s  
a r e  now r e p o r t e d  and they wi l l  be ana lyzed  toge the r  
with a l l  o the r  r e l e v a n t  i n fo rma t ion  ava i l ab l e  in t e r m s  
of t h e r m o d y n a m i c  p a r a m e t e r s ,  which in turn  wi l l  be 
u sed  to ca l cu l a t e  the phase  bounda r i e s  in the two b i n a r y  
s y s t e m s  F e - M o  and F e - W ,  and to some  d e g r e e  even in 
the t e r n a r y  s y s t e m  F e - M o - W .  I t  is  sugges t ed  that  phase  
b o u n d a r i e s  eva lua ted  in that  way r e p r e s e n t  a much 
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m o r e  a c c u r a t e  compi l a t i on  of the ava i l ab l e  i n fo rma t ion  
than the p r e v i o u s l y  pub l i shed  phase  d i a g r a m s ,  d rawn 
by hand or  computed  by means  of a H e n r y ' s  law mode l ,  
which is  va l id  only for  v e r y  di lu te  so lu t ions .  

1) EQUILIBRIA BETWEEN F E R R I T E  AND AUSTENITE 

1.1) E x p e r i m e n t a l  

1.1.1 MATERIALS,  ALLOY PREPARATION,  AND 
HEAT TREATMENTS 

F ive  F e - M o  and five F e - W  a l l oys  we re  p r e p a r e d  
us ing  v e r y  pu re  m e t a l s ,  Tab le  I .  The a l loys  w e r e  i n -  
duct ion me l t ed  in an a t m o s p h e r e  of pu r i f i ed  a rgon  and 
then poured  into t h i c k - w a l l e d  copper  m o l d s .  The  r e -  
su l t ing  12 by 12 m m  r o d s  w e r e  c l eaned  by g r ind ing ,  
c h e m i c a l l y  a n a l y z e d ,  Tab le  II ,  th~n cut  into p i e c e s  
5 by 5 by 10 m m  and f ina l ly  po l i shed .  The  s p e c i m e n s  
w e r e  f i r s t  c l eaned  in t r i c h l o r e t h y l e n e  p . a . ,  then i m -  
m e r s e d  in an u l t r a s o n i c  c l e a n e r  (a lcohol  a s  c l ean ing  
fluid) a f t e r  which they we re  r i n s e d  in 99.5 vol  pc t  
a l coho l ,  d r i e d  and put  into a l u m i n i a  c r u c i b l e s ,  c o v e r e d  
with  a s m a l l e r  c r u c i b l e ,  which s e r v e d  as  a l id  and 
vacuum s e a l e d  (approx .  10 -4 arm) in c a r e f u l l y  c l eaned  
t r a n s p a r e n t  qua r t z  tubes .  The c a p s u l e s  w e r e  e q u i l i -  
b r a t e d  dur ing  an a p p r o p r i a t e  t i m e ,  T a b l e s  III and IV, in 
hea t  t r e a t i n g  uni t s  des igned  to give a v e r y  cons tan t  
t e m p e r a t u r e .  The s t ab i l i t y  was  • K or  b e t t e r .  The 
t e m p e r a t u r e  was  m e a s u r e d  by c a l i b r a t e d  t h e r m o -  
coup les  and a L e e d s  and Nor th rup  8686-2 mV po ten t i -  
o m e t e r  combined  with a high qual i ty  ice  point  r e f e r e n c e  
c h a m b e r .  A f t e r  the hea t  t r e a t m e n t  the a l l oys  w e r e  
quenched by b r e a k i n g  the c a p s u l e s  in b r i n e .  The  s p e c i -  
mens  w e r e  cut  in half  and the new s u r f a c e  was  p r e p a r e d  
and examined  m e t a l l o g r a p h i c a l l y .  A l l o y s ,  whose c o m p o -  
s i t i ons  w e r e  within the two-phase  r e g i o n ,  we re  s e l e c t e d  
for  the m i c r o p r o b e  m e a s u r e m e n t s .  

1.1.2) DIFFUSION COUPLE EXPERIMENTS IN THE 
F E - W  SYSTEM 

Two a l loys  with 0.607 and 1.55 at .  pc t  W, r e s p e c t i v e l y ,  
w e r e  r o l l e d  to s t r i p s  0.25 m m  thick and s p o t - w e l d e d  
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Fig. 1--The Fe-Mo phase diagram according to Sinha, Buckley, 
and Hume-Rothery. 2 

t oge the r  a t  two poin ts  a p p r o x i m a t e l y  10 m m  a p a r t .  
T h e s e  s p e c i m e n s  we re  vacuum s e a l e d  in quar tz  c a p -  
s u l e s  and equ i l i b r a t ed  a t  1273 K dur ing  1098 h. Contac t  
was  then usua l ly  e s t a b l i s h e d  over  the whole a r e a  b e -  
tween the we lds .  Af te r  quenching in b r ine  and cut t ing 
in half ,  the concen t r a t i on  p r o f i l e s  w e r e  d e t e r m i n e d  by 
e l e c t r o n  m i c r o p r o b e  a n a l y s i s  p e r p e n d i c u l a r  to the plane 
of con tac t .  We do not want  to e m p h a s i z e  the use  of d i f -  
fus ion couples  for  phase  d i a g r a m  s tud ies  but  be l i eve  
that  th is  technique can be an i n t e r e s t i n g  c o m p l e m e n t  
to the u s u a l  method employ ing  a l loys  whose compos i t i on  
is  within the two-phase  r eg ion  a l r e a d y  at  the beginning 
of the hea t  t r e a t m e n t .  

1.1.3) ELECTRON MICROPROBE ANALYSIS AND 
RESULTS 

The concen t r a t i on  of the a l loy ing  e l e m e n t s  in f e r r i t e  
and aus t en i t e  was  d e t e r m i n e d  by e l e c t r o n  m i c r o p r o b e  
a n a l y s i s  us ing  a CAMECA m i c r o p r o b e  type M 46. The 
s p e c t r o m e t e r s  we re  ad]us ted  by means  of the pure  
m e t a l s ,  Tab le  I .  The m i c r o p r o b e  was  c a l i b r a t e d  us ing  
the a l l o y s ,  Tab le  II ,  which we re  a l l  f e r r i t i c  a t  r o o m  
t e m p e r a t u r e ,  a s  r e f e r e n c e  m a t e r i a l s .  The  m e a s u r e -  
men t s  we re  c a r r i e d  out a t  a s e r i e s  of poin ts  a long a 
l ine p e r p e n d i c u l a r  to the ot/V phase  boundary .  The r e -  
sul t ing concen t r a t i on  p r o f i l e s  we re  in a l l  c a s e s  su f f i -  
c ien t ly  long and f l a t  to a l low safe  ex t r apo l a t i on  to the 
i n t e r f a c e .  An example  is  p r e s e n t e d  in F ig .  3. At  l e a s t  
four  c a l i b r a t i o n s  w e r e  p e r f o r m e d  dur ing  the d e t e r -  
mina t ion  of one concen t r a t i on  p r o f i l e .  The r e s u l t s  
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Fig. 2--The Fe-W phase diagram according to Sinha and 
Hume-Rothery. 3 
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shown in T a b l e s  III and IV a r e  the a v e r a g e  of a t  l e a s t  
ten concen t r a t i on  p r o f i l e s .  

1.2) D i s c u s s i o n  of the E x p e r i m e n t a l  y Loop Studies  

H i l l e r t  e t  a l .  1 publ i shed  p r e l i m i n a r y  m e a s u r e m e n t s  
of the y loop in the F e - M o  and F e - W  s y s t e m s  b a s e d  
upon equ i l i b ra t ed  t w o - p h a s e  a l l o y s .  Sinha e t  a l .  2'3 and 
F i s h e r  e t  a l .  4 have r e c e n t l y  made  a t t e m p t s  to d e t e r -  
mine  the s a m e  e q u i l i b r i a  us ing  dynamic  me thods .  How- 
e v e r ,  Sinha e t  a l .  2'3 did not m e a s u r e  the width of the 
loops  a t  the v e r t e x  and t h e i r  e x p e r i m e n t s  can not  even 
be i n t e r p r e t e d  as  a d e t e r m i n a t i o n  of the a l l o t r o p i c  
l ine at  the v e r t e x .  F i s h e r  e t  a l .  4 have s tudied  the width 
of the V loops  c lo se  to the v e r t e x  by a dynamic  method .  
De ta i l ed  in fo rma t ion  about  t he i r  e x p e r i m e n t a l  p r o c e d -  
u r e s  and methods  of eva lua t ion  is l ack ing .  F o r  examp le  
i t  was not r e p o r t e d  which v e l o c i t i e s  we re  employed  
and if they we re  v a r i e d  at  a l l .  F u r t h e r m o r e  i t  s e e m s  

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  



Table I. Analyses of Metals Used for ~' Loop Studies 

Concentration, ppm, of Impurities 

Electrolytic Molybdenum Tungsten 
Impurities Iron 99.96 Wt Pet Mo >99.97 Wt Pet W 

A1 <10 <10 15 
C 20 10 30 
Ca n.d. <10 <10 
Co 50 <10 <10 
Cr <10 <10 10 
Cu 10 <10 10 
Fe - <40 15 
H n.d. 3 <5 
Mg n.d. <10 <10 
Mn <10 <10 <10 
Mo <10 - <60 
N 2O 3 20 
Ni 40 <10 10 
O 340 200 17 
P <10 n.d. n.d. 
S 70 n.d. n.d. 
Si 10 <10 <10 
Sn n.d. <20 <10 
Ti <10 n.d. n.d. 
V <10 n.d. n.d. 
Zr n.d. n.d. <10 

n.d.: Not determined. 

Table II. Composition of Alloys Used for 7 Loop Studies 

a) Fe-Mo Alloys 

No. At. Pct Mo Wt Pet C 

K23 1.02 0.002 
K24 1.42 0.002 
K25 1.78 0.003 
K56 1.95 0.0017 
K50 2.19 0.0015 

b) Fe-W Alloys 

No. At. Pet W Wt Pet C 

K31 1.03 0.0018 
K32 1.32 0.0018 
K33 1.54 0.0016 
K57 1.83 0.0015 
I(49 1.97 0.0015 
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Fig. 3--Typical  concentrat ion profile,  de te rmined  by e lec t ron  
microprobe  analysis  of a Fe-W spec imen equil ibrated for 
312 h at 1410 K. 

Table IV. The Distribution of Tungsten Between Ferrite and Austenite 
Determined by Electron Microprobe Analysis of Two-Phase Alloys 

Heat Treatment Mole Fraction of Tungsten in 

Temperature,* K Time, hrs Austenite Ferrite 

1263 936 0.0100 -+ 0.0002 0.0143 -+ 0.0003 
1310 1248 0.0122 -- 0.0002 0.0172 -+ 0.0003 
1410 312 0.0152 -+ 0.0003 0.0211 -+ 0.0003 
1551 10 0.0109 + 0.0002 0.0142 • 0.0005 

*All temperatures given in this study are according to the IPTS-1948. 

Table III. The Distribution of Molybdenum Between Ferrite and Austenite 
Determined by Electron Microprobe Analysis of Two-Phase Alloys 

Heat Treatment Mole Fraction of Molybdenum in 

Temperature,* K Time, hrs Austenite Ferrite 

1263 936 0.0110 • 0.0002 0.0148 + 0.0003 
1310 1248 0.0134 • 0.0003 0.0185 • 0.0004 
1410 768 0.0169 • 0.0003 0.0226 -+ 0.0003 
1530 15 0.0127 + 0.0004 0.0169 • 0.0005 
1573 9 0.0102 • 0.0002 0.0131 • 0.0003 

*All temperatures given in this study are according to the IPTS-1948. 

to  the  p r e s e n t  a u t h o r s  t ha t  t he  m e t h o d  of e v a l u a t i o n  
u s e d  by F i s h e r  et al. 4 in the  t e m p e r a t u r e  r a n g e  of the  
v e r t e x  i s  r a t h e r  u n c e r t a i n  and  d e p e n d i n g  on a s s u m p t i o n s  
w h i c h  m i g h t  no t  be  j u s t i f i e d .  Only  H i l l e r t  et al. 1 have  
h i t h e r t o  s t u d i e d  the  w i d t h  a t  t he  v e r t e x  by a s t a t i c  
m e t h o d ,  bu t  t h e i r  w o r k  w a s  of p r e l i m i n a r y  n a t u r e .  In 
v i e w  of the  s h o r t c o m i n g s  of the  e x p e r i m e n t a l  t e c h n i q u e s  

u s e d  by the  p r e v i o u s  a u t h o r s  i t  i s  s u r p r i s i n g  t h a t  t h e i r  
r e s u l t s  a g r e e  s o  w e l l  w i t h  e a c h  o t h e r .  A c c o r d i n g  to ou r  
op in ion  t h i s  a g r e e m e n t  s h o u l d  be  r e g a r d e d  a s  f o r t u i t o u s  
and the  p r e s e n t  r e s u l t s ,  b a s e d  upon  v e r y  p u r e  s t a r t i n g  
m a t e r i a l s ,  c a r e f u l l y  c o n t r o l l e d  e q u i l i b r a t i o n  h e a t  t r e a t -  
m e n t s ,  and  p r e c i s e  e l e c t r o n  m i c r o p r o b e  c a l i b r a t i o n ,  
s h o u l d  be  p r e f e r r e d  and  w i l l  be  u s e d  f o r  the  t h e r m o -  
d y n a m i c  c a l c u l a t i o n  c a r r i e d  out  in the  n e x t  s e c t i o n .  T h e  
p r e s e n t  r e s u l t s  a r e  a r o u n d  0.3 a t .  p c t  h i g h e r  than  the  
p r e v i o u s  o n e s .  

1.3) T h e r m o d y n a m i c  C a l c u l a t i o n s  

1.3.1) T H E R M O D Y N A M I C  MO D E L S F O R  F E R R I T E  AND 
A U S T E N I T E  

In t h e i r  i n v e s t i g a t i o n  of b i n a r y  i r o n - b a s e  a l l o y s  
H i l l e r t  et al. 1 a p p l i e d  a r e g u l a r  s o l u t i o n  m o d e l .  H o w -  
e v e r ,  in the  c a s e  of F e - M o  and F e - W  i n f o r m a t i o n  w a s  
s c a r c e  and  they  d e c i d e d  t h e r e f o r e  to app ly  the  d i l u t e -  
s o l u t i o n  a p p r o x i m a t i o n  w h i c h  c o n f o r m s  to  H e n r y ' s  l aw .  

T h e  s a m e  m o d e l  w a s  u s e d  by S inha  et  a l l  '3 and F i s h e r  
et al., 4 a l t h o u g h  m o r e  i n f o r m a t i o n  w a s  a v a i l a b l e  by tha t  
t i m e .  An a t t e m p t  to  u s e  a b e t t e r  a p p r o x i m a t i o n  and  to  
e v a l u a t e  t he  t h e r m o d y n a m i c  p a r a m e t e r s  d e s c r i b i n g  
the  s o l u t i o n s  w a s  r e c e n t l y  u n d e r t a k e n  in the  F e - Z n ,  ~ 
F e - C u ,  8 and F e - C r  9 s y s t e m s  and the  s a m e  a p p r o a c h  
w i l l  be  m a d e  in t he  p r e s e n t  i n v e s t i g a t i o n .  

T h e  r e g u l a r  s o l u t i o n  a p p r o x i m a t i o n  y i e l d s  the  f o l -  
lowing  e x p r e s s i o n  f o r  the  i n t e g r a l  m o l a r  f r e e  e n e r g y  
of f e r r i t e  o r  a u s t e n i t e  in the  F e - M o - W  s y s t e m :  

G m = XFe~ + XMo~ + X w ~  + R T ( X F e l n X F e  

+ XMolnXMo + X W lnX W) + EG m [1] 

w h e r e  

EGm = XFeXMoAFeMo + X F e X w A F e  w 

+ XMo XWAMo w [2] 
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The p a r t i a l  mo la r  f ree  ene rg ie s  a re  then obtained as 
follows: 

Gi = ~ + RTlnXi  + EGi [3] 

where  i s tands  for Fe ,  Mo, and W, r e spec t ive ly .  In 
view of Eq. [2], the following expres s ions  a re  obtained 
for the pa r t i a l  mo la r  excess  f ree  ene rg ie s  EGi: 

EGFe = XMo(1 - XFe)AFeMo + XW(1 - X F e  )AFe w 

- XMo XWAMo w [ 4 ]  

EGMo = XFe (1 -- XMo)A FeMo - XFe XWAFeW 

+ Xw (1 - XMo) AMoW [5] 

EGW = --XFe XMoA FeMo + XFe (1 - Xw) AFe W 

+ XMo (1 - Xw)AMo w [6] 

The condi t ions  for e q u i l i b r i u m  a re :  

d cc  :cc I71 

1.3.2) EVALUATION OF THE THERMODYNAMIC 
PARAMETERS FOR FERRITE AND AUSTENITE 

Some of the quant i t ies  needed for the calcula t ion can 
be obtained f rom the l i t e r a t u r e .  The free energy dif-  
f e rence  o.~fcc ~ between the bcc and fcc state of 

UFe -- ~Fe 
pure iron has been tabulated by many authors and the 
values published by Orr and Chipman ~~ will be used 
here. Kaufman ~I has estimated the corresponding 
quantities for molybdenum and tungsten and found: 

~ _ ~ = ~ _ ocbcc 
Mo Mo ~ W ~W 

= 2500 + 0.15T [cal mole -1] [8] 
AbCC . . . .  FeMom Iery~tee was evaluated by Nishizawa 12 and a 

mean  value of AFeMo = 4250 cal mole -~ is obtained 
f rom his work.* 

*The energy unit used throughout the present study is the thermochemical 
calorie. 1 calthermochemical = 4.1840 J. 

AbFCCw in f e r r i t e  can be calculated by cons ide r ing  the 
equ i l i b r ium between a liquid F e - W  phase (denoted by 
L) and a l m o s t  pure  solid tungsten at  1913 K. The 
equ i l i b r ium compos i t ions  a re  X L = 0.163 according  
to Schneider  and Vogel 13 and X ~  c = 0.974 repor ted  by 
Sykes. 14 Kaufman Is has suggested:  

OGL o,~bcc 
- ~'W = 7 3 0 0 - 2 . 0 T  [ c a l m o l e  -1] [9] 

The condit ion ~ L  ubcc = ~'W wil l  thus give a value of ALew 
= 4720 cal  mole -1. Assuming  this p a r a m e t e r  to be 
independent  of t e m p e r a t u r e ,  the m i n i m u m  on the 
l iquidus at X w = 0.044 and 1802 K accord ing  to Sinha 
and Hume-Rothe ry  3 can be u t i l ized by means  of the 
equal f ree energy  condi t ion,  G L = GDm cc , which yields:  

o L o L L - v  o,~bcc 
XFe GFe + XW GW + XFeXWAFeW- ~Fe ~'Fe 

v 0,~bcc . . bee [10] 
+ .x w t~ w + XFe AWAFeW 

By inse r t ing  the p a r a m e t e r  va lues  a l ready  der ived  and 
by employing the following express ion :  

0GLFe _ o,~bCC~Fe : 1.824(1809 -- T) [cal mole -1] [11] 

which is in a g r e e m e n t  with the enthalphy of mel t ing  
A b c c ~ L  1 HFe = 3300 c a ~ m o l e -  repor ted  by F e r r i e r  and 
Oiette,16 a value of A~C~v = 9040 cal  mole -~ is obtained.  
A s i m i l a r  evaluat ion  can be c a r r i e d  out at the p e r i -  
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tectic hor izonta l  at 1821 K where  X bcc = 0.143 and 
X L = 0.112 according to Sinha and H ume - Ro the ry .  3 
Since this two-phase field is r a t h e r  n a r r o w ,  the equal 
f ree  energy condit ion can be a s sume d  to hold at  X w 

L + ,%cc �9 �9 bcc = (X w X w )/2 and wil l  now ymld AFe w = 8740 cal  
mole- I  in close a g r e e m e n t  with the p rev ious  ca l cu -  

a b c c  _ la t ions .  A value of ~ FeW - 9000 cal  mole-1 may thus 
seem reasonab le  and is a s sume d  to hold independent  
of t e m p e r a t u r e .  

The p a r a m e t e r s  for the 7 phase can now be evaluated 
f rom the expe r imen ta l  in fo rmat ion  on the a / 7  equ i -  
l i b r i a  repor ted  in a prev ious  sec t ion .  In o rder  to m i n -  
imize  the effect of expe r imen ta l  e r r o r s ,  it  is then 
advantageous not to use Eq. [7] but to apply the equal  
f ree energy condit ion G ~  c -Gbm cc = 0 somewhere  in 
the middle of the (a + 7) two-phase field and thus to 
obtain an equation analogous to Eq. [10]. As the (a +77 
two-phase field is na r r ow ,  the equal f re~  energy  con-  
dit ion can be applied at XM = (X~v/cc + x ~ C ) / 2 ,  where  
M denotes molybdenum or tungsten.  The d i f fe rences  
A ~CC M abcc - - ~ F e M  were  evaluated in this way for a l l  t e m -  
p e r a t u r e s  l i s ted in the Tab les  III and IV and can be 
r e p r e s e n t e d  by: 

Afcc AbCc = --1935 [cal mole - l ] ,  [12] FeMo - ~ FeMo 

independent  of t e mpe r a t u r e  and 
a f cc  a b c c  

.~FeW - ~ F e W  = -1210 - 0 .45T [cal mole -1 ] [13] 

By combinat ion  with the p a r a m e t e r s  evaluated p r e v i -  
fcc -1 fee ously,  A ~ = 2315 cal  mole and A . . . . .  = 7800 FeMu 1 row 

- 0.45T [cal m o l e -  ] a re  thus obtained.  
In the c l a s s i c a l  r egu la r  solut ion model ,  it  is a s sumed  

that the A p a r a m e t e r  is independent  of t e m p e r a t u r e .  
In the above evaluat ion of va r ious  p a r a m e t e r s  thisfc c 
a s sumpt ion  was accepted except for the case  of AFeW 

abcc  
- ~ * F e W ,  where the expe r imen ta l  data combined with 
the phase s tab i l i ty  accepted for pure  tungs ten ,  Eq. [8], 
s t rongly  indicate  a t e m p e r a t u r e  dependency.  In the 
s t r i c t  s ense ,  the t e rm " r e g u l a r  so lu t i on"  should not 
be used un les s  the A p a r a m e t e r  is independent  of t e m -  
p e r a t u r e .  However,  a l l  the equat ions r e l a t ing  to phase 
equ i l ib r i a  which were  p resen ted  in sect ion 1.3.1 r e f e r  
to i so the rma l  condit ions and a re  valid independent  of 
how the A p a r a m e t e r s  va ry  with t e m p e r a t u r e .  As a 
consequence it  wil l  cause no compl ica t ions  if i t  would 
become n e c e s s a r y  to re lax  the r e s t r i c t i o n  of cons tant  
A p a r a m e t e r s  in view of new expe r imen ta l  in fo rmat ion  
indicat ing t e m p e r a t u r e  dependency.  The t e r m  " r e g u l a r  
so lu t ion"  is some t i me s  extended to include such a 
model  as wel l ,  which for ins tance  was applied to phase 
equ i l ib r i a  by P o r t e r  17 and in the G e r m a n  sc ient i f ic  
l i t e r a tu r e  is often cal led " P O R T E R s c h e r  A n s a t z "  
( P o r t e r ' s  formula t ion) .  

1.3.3) CALCULATION OF THE a/V PHASE 
BOUNDARIES 

All  the rmodynamic  quant i t ies  needed in o rder  to 
ca lcula te  the y loops in the b ina ry  F e - M o  and F e - W  
sys t e ms  a re  now known. The computat ion was c a r r i e d  
out us ing  a p r o g r a m m a b l e  e lec t ron ic  desk ca lcu la to r  
in a way desc r ibed  by K i r c h n e r  et al. 7. The r e s u l t s  a r e  
shown in F igs .  4 and 5. It  is i n t e re s t ing  to note ,  that 
there  is good a g r e e m e n t  between the expe r imen ta l  data 
and the calcula ted y loops,  in spite of the fact that the 
exper imen ta l ly  de t e rmined  width of the 7 loops was not 
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u s e d  in the  e v a l u a t i o n  of the  p a r a m e t e r s .  T h i s  j u s t i f i e s  
the  c h o i c e  of the  t h e r m o d y n a m i c  m o d e l  and d e m o n -  
s t r a t e s  the u s e f u l n e s s  of the  e q u a l  f r e e  e n e r g y  c o n -  
d i t i o n .  

�9 bee . fce 
Two  p a r a m e t e r s ,  AMo w and  AMo w , r e m a i n  to be 

d e t e r m i n e d  in o r d e r  to a l l ow the  c a l c u l a t i o n  of the  
a / 7  p h a s e  b o u n d a r i e s  in  the  t e r n a r y  F e - M o - W  s y s t e m .  
H o w e v e r ,  t h e s e  p a r a m e t e r s  w i l l  only  have  a s l i g h t  
i n f l u e n c e  w h e n  bo th  the m o l y b d e n u m  and  t u n g s t e n  c o n -  
t e n t s  a r e  low and the  c a l c u l a t i o n s  can  thus  be c a r r i e d  

Abcc zlfee 
out  n e g l e c t i n g  the  t e r m s  c o n t a i n i n g  "'MOW and  "'MOW" 
T h e  r e s u l t s  o b t a i n e d  f o r  1373 K a r e  p r e s e n t e d  in F i g .  
F i g .  6.  

2) EQUILIBRIA B E T W E E N  F E R R I T E  AND 
I N T E R M E D I A T E  PHASES 

2.1) E x p e r i m e n t a l  

T h e  a l l o y s ,  T a b l e  V,  u s e d  in the  s t u d y  of the  e q u i -  
l i b r i a  b e t w e e n  f e r r i t e  and i n t e r m e d i a t e  p h a s e s  w e r e  
p r o d u c e d  and t r e a t e d  in a way  d e s c r i b e d  e a r l i e r  in 
t h i s  p a p e r .  T h e  a c c u r a c y  of t e m p e r a t u r e  m e a s u r e m e n t  
and  c o n t r o l ,  h o w e v e r ,  w a s  no t  so  good h e r e .  I t  w a s  
e s t i m a t e d  to • 3 K.  

T h e  c o n c e n t r a t i o n s  of the  a l l o y i n g  e l e m e n t s  w e r e  
a l s o  in t h i s  c a s e  m e a s u r e d  by m e a n s  of the  C A M E C A  
m i c r o p r o b e  m e n t i o n e d  a b o v e .  F o r  low c o n t e n t s  the  
s a m e  c a l i b r a t i o n  t e c h n i q u e  w a s  u s e d  as  f o r  the ~ loop 
s t u d i e s  but  s o m e  t h e o r e t i c a l  c a l i b r a t i o n  p r o c e d u r e  i s  
r e q u i r e d  a t  h i g h e r  c o n c e n t r a t i o n s  of the  a l l oy ing  e l e -  
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Table V. Composition of Alloys Used in Studying the Equilibria Between 
Farrita and Intermediate Phases 

Contents, Wt Pct Contents, At. Pet 

No. Mo W Mo W 

HI* 40 - 28 - 
H25" 30 10 22 3.8 
H23 * 20 20 15 7.8 
H24" 10 30 7.8 12 
H22 * - 40 - 17 

H17 19.75 12.53 
H20 14.90 5.10 9.61 1.77 
HI9 10.16 9.98 6.66 3.41 
H21 4.94 15.10 3.29 5.25 
HI8 - 19.50 - 6.84 

H12 9.97 - 6.56 - 
H15 7.50 2.53 4.59 0.81 
H14 5.00 5.03 3.08 1.62 
H16 2.50 7.64 1.55 2.48 
H13 - 9.94 - 3.24 

*Alloys H 1, H25, H23, H24, and H22 were not analyzed chemically. 

m e n t s  s i n c e  i t  i s  v e r y  d i f f i c u l t  to  p r o d u c e  s i n g l e - p h a s e  
s p e c i m e n s  of h i g h e r  a l l o y i n g  c o n t e n t s  than  a p p r o x i -  
m a t e l y  20 wt  p c t .  The  fo l l owing  c a l i b r a t i o n  f o r m u l a  
a c c o r d i n g  to Z i e b o l d  and  O g i l v i e  18 w a s  u s e d :  

100 I ~ [wt pa t ]  [14] 
CM = I ( f i - 1 )  + 1 

w h e r e  CM is  the  c o n c e n t r a t i o n  of m o l y b d e n u m  o r  
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Table VI. The Distribution of Molybdenum and Tungsten Between Ferrite and 
Intermediate Phases Determined by Electron Microprobe Analysis 

Mole Fraction of Mo and W in 

Heat Treatment Intermediate 

Alloy Temperature,* Time, Ferrite Phases 

No. K hrs Phases Mo W Mo W 

H1 1373 720 ~t+/a 0.0912 - 0.400 - 
H25 1373 720 a+# 0.0788 0.0078 0.321 0.071 
H23 1373 720 ct+/a 0.0664 0.0213 0.221 0.164 
H24 1373 720 a+p 0.0302 0.0252 0.127 0.258 
H22 1373 720 t~ +/a - 0.0370 - 0.390 

H1 1578 120 a+R 0.171 - 0.361 - 
H25 1578 120 a + R 0.121 0.0205 0.283 0.082 

H23 1578 120 a+p 0.0877 0.0281 0.211 0.180 
H24 1578 120 ct + # 0.0480 0.0501 0.109 0.286 
H22 1578 120 a+# - 0.0641 - 0.401 

*All temperatures given in this study are according to the IPTS-1948. 

tungsten in p e r c e n t  by weight ,  I is the r e l a t i v e  i n t ens -  
ity,* and fl = 1.45 + 0.05 for  both molybdenum and 

*I = Intensity from specimen - Intensity from background 
Intensity from standard - Intensity from background 

tungsten.  This  value  of ~ was de r ived  f r o m  s i n g l e -  
phase  a l loys  containing up to 20 wt pct  Mo or W, 
r e s p e c t i v e l y .  

When analyzing phases  containing both molybdenum 
and tungsten a compl ica t ion  a r i s e s  caused  by the ef fec t  
of tungsten on molybdenum.  This  was c o r r e c t e d  for  by 
mul t ip lying the m e a s u r e d  CM-va lue  with a f ac to r  B,  
which was a s sumed  to depend upon the p ropor t ion  of 
Cw/CMo.  Values  of B w e r e  d e t e r m i n e d  e x p e r i m e n t a l l y  
a t  low al loy contents  employing  s i ng l e -phase  a l loys  with 
d i f f e ren t  va lues  of Cw/CMo and then used at those 
h igher  contents  which yield the s a m e  p ropor t ions .  No 
e f fec t  of molybdenum on tungsten was obse rved .  

The i n t e r m e d i a t e  phases  w e r e  i so la ted  e l e c t r o l y t i c -  
al ly and then ident i f ied by taking Guin ie r  pho tog rams .  
The R phase  was de tec ted  in a l loys  H1 and H25 a f te r  

hea t  t r e a t m e n t  at 1578 K. In a l l  o ther  a l loys  the i n t e r -  
media te  phase  obse rved  was /~. 

2.2) Resu l t s  

The e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  in Table  VI. 
The data  obtained for  the b inary  s y s t e m s  a r e  in a g r e e -  
ment  with the r e s u l t s  of Sinha et al. 2'3 In p a r t i c u l a r ,  
they found that the ~ phase  has i ron contents  be tween 
60.0 and 61.0 at .  pct  in the F e - M o  and 59.5 and 60.9 at. 
pc t  in the F e - W  s y s t e m .  Al l  the r e s u l t s  in Tab le  VI, 
including those for  t e r n a r y  a l loys  give i ron  contents  
be tween 59.9 and 61.5 at.  pct .  The  d i f f e r ence  between 
these  va lues  is  thus v e r y  s m a l l  and within the u n c e r -  
tainty of the p r e s e n t  m e a s u r e m e n t s .  As  a consequence  
i t  s e e m s  reasonab le  to t r e a t  the ~t phase  as a s t o i c h i -  
o m e t r i c  phase with 60 at .  pct  Fe  and the t h e r m o d y n a m i c  
ca lcu la t ions  in the next  sec t ion  a r e  based  on such an 
a s sumpt ion .  The t e r n a r y  data  in Tab le  VI wi l l  then be 
adjus ted  to confo rm to this  a s sumpt ion  by mul t ip lying 
the molybdenum and tungsten contents  with a common  
fac to r  evaluated  fo r  each  m e a s u r e m e n t .  T h e s e  f ac to r s  
w e r e  only s l ight ly  l a r g e r  than unity.  

Sinha et al. 2 found that the R phase  in the F e - M o  
s y s t e m  has an i ron content  be tween 62.6 and 63.4 at.  
pc t  Fe  at  1573 K. Table  VI g ives  a va lue  of 63.9 at .  
pct  Fe  for an F e - M o  and 63.5 at.  pct  Fe  for  an F e - M o - W  
al loy .  It  may thus s e e m  rea sonab le  to adopt a value  of 
63 at.  pct  Fe  for this phase .  Acco rd ing  to Sinha and 
H u m e - R o t h e r y  3 the R phase  does not s e e m  to ex i s t  in 
the F e - W  s y s t e m ,  which was con f i rmed  dur ing the 
c o u r s e  of this study. 

The so lub i l i t i e s  of the ~ and R phases  in f e r r i t e ,  
p r e s e n t e d  in Tab le  VI, a r e  in good a g r e e m e n t  with the 
data accord ing  to Sinha et al. 2'3 and both s o u r c e s  of 
in format ion  will  be used in the t he rm odynam ic  t r e a t -  
ment  of these  equ i l ib r i a .  

2.3) T h e r m o d y n a m i c  Model  for  the I n t e r m e d i a t e  
P h a s e s  

As a l r eady  expla ined,  i t  wi l l  be a s s u m e d  that the 
i n t e rm ed ia t e  phases  have cons tant  i ron contents .  It is 
then r easonab le  to t r e a t  them as s t o i c h i o m e t r i c  phases  
of the type Fea(Mo,W)b and to define the m o l a r  f r ee  
e n e r g i e s  ~ e Mo and ~ e W in each b inary  s y s -  a/b a/b 
t em.  The compos i t ion  of a t e r n a r y  phase wi l l  be d e -  
s c r i bed  by the concen t ra t ion  p a r a m e t e r s :  

YMo = XMo/(XMo + XW) = XMo(a + b)/b [15a] 

YW = Xw/(XMo + XW) = Xw(a + b)/b [15b] 

and its i n t eg ra l  mo la r  f r ee  ene rgy  is then defined by 
the following exp re s s ion :  

Gm= YMo~ Mo + YW~ 

+ RT[YMolnYMo + YwlnYw] 
ip 

+ YMoYWAMoW [16] 

where  the p a r a m e t e r  Ail~oW r e p r e s e n t s  the in te rac t ion  
between molybdenum and tungsten in the i n t e r m e d i a t e  
phase  under cons ide ra t ion .  The  equ i l i b r i um between 
f e r r i t e  and the i n t e rm ed ia t e  phase is d e s c r i b e d  by the 
fol lowing two equat ions :19 

1064-VOLUME 4, APRIL 1973 METALLURGICAL TRANSACTIONS 



o~ip 
~ F e  a/b Mo 

OGbCC a OGbCC v 2 a l p  
- Mo -- b Fe + " W " M o W  

= R T l n X M o / Y M o  + ~ R T l n X F e  

E c, bee a E p b c c  
+ ~'Mo + ~ ~ F e  [171 

o ip 
G Fe a/b W 

o~bcc a oGbcc v 2 aLP 
- - W  b Fe + ~ M o " M o W  

a 
= R T l n X w / Y  w + ~ R T l n X F e  

Ec~bcc a E ~ b c c  
+ ~'W + ~ UFe  [181 

A l l  the  X r e f e r  to  f e r r i t e  a n d  a l l  t he  Y to t he  i n t e r -  
m e d i a t e  p h a s e ~  T h e  v a l u e s  of the  p a r t i a l  m o l a r  e x c e s s  
f r e e  e n e r g i e s  f o r  f e r r i t e  c a n  b e  o b t a i n e d  f r o m  E q s .  
[4] to [6]. 

2.4) E q u i l i b r i a  B e t w e e n  F e r r i t e  and  the  R a n d  
P h a s e s  in the  F e - M o  S y s t e m  

F o r  the  b i n a r y  F e - M o  s y s t e m  E q .  [17] s i m p l i f i e s  
c o n s  i d e r  ab ly :  
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Fig. 7--The c~/R and c~//~ equi l ibr ia  in the Fe-Mo sys tem.  
The 3' loop, shown in Fig. 4, is not given here .  

OG/~ a o~bcc o~bcc = b R T in XFe  
J~ea/bMo -- ~ '- 'Fe -- '-'Mo 

a 2 - bcc 
+ R T l n X M o  + (X~e + ~ X M o ) A F e M o  [19] 

bcc 
T h e  p a r a m e t e r  A F e M o  is  a t l : e a d y  k n o w n  a n d  the  

r i g h t - h a n d  s i d e  of Eq .  [19] c a n  t h u s  b e  e v a l u a t e d  f r o m  
the  s o l u b i l i t y  of the  i n t e r m e d i a t e  p h a s e s  in  f e r r i t e .  F o r  
t he  R p h a s e ,  t h i s  c o m p u t a t i o n  w a s  c a r r i e d  out  a t  1578 
K u s i n g  the  s o l u b i l i t y  of XMo = 0 .171 p r e s e n t e d  in 
T a b l e  VI and  a t  t he  p e r i t e c t i c  t e m p e r a t u r e  u s i n g  XMo 
= 0 .22 a c c o r d i n g  to G i b s o n  el  al.~ ~ A s s u m i n g  a l i n e a r  
t e m p e r a t u r e  d e p e n d e n c y  of t he  l e f t - h a n d  s i d e  of E q .  
[19],  t he  f o l l o w i n g  e x p r e s s i o n  w a s  o b t a i n e d :  

o R - - ^ o - - b c c  Oc~C ~ 
GFel.70Mo -- 1.'/U (JFe -- . . . v  = --265 -- 1 .99T  

[ca l  m o l e  -1 ] [20] 

U s i n g  t h i s  r e l a t i o n ,  t he  w h o l e  s o l u b i l i t y  c u r v e  f o r  the  
R p h a s e  w a s  c a l c u l a t e d  f r o m  E,q. [19] on a p r o g r a m -  
m a b l e  e l e c t r o n i c  d e s k  ca lcu la t~ ,~  in a way  d e s c r i b e d  
e a r l i e r .  7 T h e  r e s u l t  i s  p l o t t e d  in F i g .  7. 

A s i m i l a r  e v a l u a t i o n  w a s  c a r r i e d  ou t  f o r  the  ~ p h a s e  
u s i n g  XMo = 0 .0912  a t  1373 K f r o m  T a b l e  VI and  XMo 
= 0 .154  a t  t he  e u t e c t o i d  t e m p e r a t u r e  of 1518 K o b t a i n e d  
f r o m  the  s o l u b i l i t y  c u r v e  of the  R p h a s e  c a l c u l a t e d  in 
t h e  p r e c e d i n g  p a r a g r a p h  and  p l o t t e d  in F i g .  7. A s s u m -  
ing  a l i n e a r  t e m p e r a t u r e  d e p e n d e n c y  the  f o l l o w i n g  e x -  
p r e s s i o n  w a s  found:  

o /~ ~ oc~bcc oc,bcc 
G Fel.sM o - 1.o ~Fe  -- U'Mo = - -4900 + 1 .12T 

[ca l  m o l e  -1 ] [211 
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Fig. 8---The s tandard  f ree  energy  of fo rmat ion  of the p phase 
(Fel.sW) calcula ted f rom the data p resen ted  in this study, 
Table VI, and f rom the ce/p phase boundary chosen by Sinha 
and Hume-Rothery ,  Fig. 2 . .The  curve  is given by: 

~ - 1 0 bcc 0_br Fel.sW .5 CFe - U W = 5 6 3 6 - 3 1 . 2 5 T  + 3.678TINT 

[cal mole -1] 
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Using  this  equat ion ,  the so lub i l i ty  of the ~ phase  in 
f e r r i t e  can be ca l cu l a t ed  f r o m  Eq.  [19]. Th i s  r e s u l t  
i s  a l so  p lo t ted  in F ig .  7. 

2.5) E q u i l i b r i u m  Between F e r r i t e  and the ~ P h a s e  
in the F e - W  Sys tem 

The s a m e  method  as  in the bcc p r eced ing  sec t ion  was 
app l i ed .  The  p a r a m e t e r  AFe w is  a l r e a d y  known f r o m  
the ca l cu l a t i on  of the ~ / ~  e q u i l i b r i d m .  A l l  the s o l u -  
b i l i t y  d e t e r m i n a t i o n s  given in Table  VI and i n  the p a p e r  
by Sinha and H u m e - R o t h e r y  s we re  used and the r e s u l t  
of the eva lua t ion  is  p r e s e n t e d  in F ig .  8. The  da ta  
s c a t t e r  c o n s i d e r a b l y .  A l ine was  s e l e c t e d  by paying 
m o s t  a t ten t ion  to the m e a s u r e m e n t s  which w e r e  r e -  
ga rded  as  the mos t  r e l i a b l e  ones .  I t  is  d e s c r i b e d  by 
the fol lowing equat ion:  

o p, -I ~or.bcc opbcc 
GFei.sW - ~'~ UFe -- '-'W = 5636 -- 31.25T 

+ 3.678T In T [cal  mole  -~ ] [22] 

Using  this  e x p r e s s i o n ,  the so lub i l i t y  of the ~ phase  in 
f e r r i t e  was  r e c a l c u l a t e d .  The r e s u l t  is  p lo t ted  in F ig .  
9 and t h e r e  c o m p a r e d  with the e x p e r i m e n t a l  i n f o r m a ,  
t ion.  

2.6) E q u i l i b r i a  be tween F e r r i t e  and the R and ~ P h a s e s  
in the F e - M o - W  Sys t em 

The e x p e r i m e n t a l  i n fo rma t ion  on the a / ~  e q u i l i b r i u m  
c o n c e r n s  r a t h e r  low molybdenum and tungsten contents  
in f e r r i t e  and,  thus i t  does  not  s e e m  jus t i f i ed  to use  
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Fig. 9--The cdp equilibrium in the Fe-W system. The y loop 
shown in Fig. 5. is not given here. 

that  in fo rmat ion  to e s t i m a t e  the i n t e r a c t i o n  ene rgy  b e -  
tween molyl~denum and tungsten in f e r r i t e .  I n s t e a d ,  
. - -  . �9 D e e  
me v a m e  ~ M o W  = 0 ca l  m o l e  -1 w i l l  be  used  w h i c h  i s  
in a g r e e m e n t  with the r e s u l t s  obta ined by Chekhovskoi  
et al. 21 on a b i n a r y  W-Mo a l loy .  

The A p a r a m e t e r  for  the ~ phase  can now be e v a l u -  
a ted  f r o m  the e x p e r i m e n t a l  da ta  in T a b l e  VI us ing  
e i t h e r  one of Eqs .  [17] o r  [18]. Howeve r ,  c o n s i d e r i n g  
the fact  that  some of the e x p e r i m e n t a l  e r r o r  might  be 
e l i m i n a t e d  when the r a t i o  XMo Yw/XwYMo is  c a l c u -  
l a t ed ,  the eva lua t ion  was p e r f o r m e d  us ing  a r e l a t i o n  
obtained by taking the d i f f e r ence  be tween Eqs .  [17] and 
[18]. An A~o  w value  was computed  f r o m  each  e x p e r i -  
men ta l  t i e - l i n e  at  1373 K and r e s u l t s  r ang ing  f r o m  
-3600 to +1500 ca l  mo le  -* w e r e  obta ined .  The so lu t ion  
be tween the two b i n a r y  ~ - p h a s e s  is  thus c lo se  to idea l .  
Ins t ead  of s i m p l y  choos ing  the a v e r a g e  of the va lue s  
ob ta ined ,  ca l cu la t ions  of the whole t w o - p h a s e  f ie ld  w e r e  
p e r f o r m e d  us ing  a s e r i e s  of A ~ o  w va lues  within the 
e x p e r i m e n t a l  r a n g e .  They a l l  r e p r o d u c e d  the s lope  of 
the t i e - l i n e s  f a i r l y  we l l  but  gave  d i s t i n c t l y  d i f f e r en t  
shapes  of the so lub i l i ty  l ine for  the ~ phase  in f e r r i t e .  
The value  of AMo w u  = 500 ca l  mole  -a gave the b e s t  
a g r e e m e n t  with th e e x p e r i m e n t a l  m e a s u r e m e n t s  of the 
a/~  e q u i l i b r i u m  and was thus s e l e c t e d .  

The e x p e r i m e n t a l  i n fo rma t ion  on the a / ~  e q u i l i b r i u m  
a t  1578 K was  m o r e  m e a g r e  and was  s u s p e c t e d  to be 
l e s s  a c c u r a t e .  However ,  in view of the r e s u l t  f r om 
1373 K,  i t  was  expec ted  that  the A ~ l o w - p a r a m e t e r  a t  
1578 K should a l so  be c l o s e  to z e r o .  A s e r i e s  of low 
va lues  w e r e  thus t e s t ed  and A~MoW = - 7 0 0  ca l  mole  -~ 
was f ina l ly  chosen  b e c a u s e  i t  gave the b e s t  a g r e e m e n t  
for  the so lub i l i t y  of the ~ phase  in f e r r i t e .  No a t ten t ion  
was  pa id  to the s lope  of the e x p e r i m e n t a l l y  d e t e r m i n e d  
(a + ~) t i e - l i n e s  at  th is  t e m p e r a t u r e .  

F o r  the R phase ,  two p a r a m e t e r s  a r e  unknown b e -  
cause  i t  does  not  e x i s t  in the b i n a r y  F e - W  s y s t e m .  
Both of the Eqs .  [17] and [18] a r e  thus needed .  F r o m  
Eq.  [17] A R o w  = - 2 7 4  ca l  mole  -1 a t  1 5 7 8 K  was  ob-  
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mined and Eq. [18] gave ~ 1-.7o,~bcc o,~bec Fel.70W- ~rFe -- ~W 
- 867 cal  mole-1 

All  p a r a m e t e r s  n e c e s s a r y  for the ca lcula t ion  of the 
t e r n a r y  c~//.t and c~//R equ i l ib r i a  a re  now ava i lab le .  
The r e s u l t  of that ca lcu la t ion  is  compared  with the 
expe r imen ta l  m e a s u r e m e n t s  in F igs .  10 and 11. The 
fa i r ly  good a g r e e m e n t  indica tes  that the expe r imen ta l  
data can be wel l  r e p r e s e n t e d  by the p a r a m e t e r  va lues  
der ived  in this way. It  should be noted that  the exact  
posi t ion of the (c~ + p. + R) t h r ee -phase  t r i ang le  was 
not  checked expe r imen ta l ly .  

In view of the higher  complexi ty ,  the ca lcu la t ions  of 
the t e r n a r y  F e - M o - W  sys t em were  c a r r i e d  out on an 
e lec t ron ic  computer .  

3) SUMMARY AND CONCLUSIONS 

Using high-purity materials and well controlled 
furnaces for the heat treatments, alloys equilibrated 
in the (~ + V) two-phase region of the Fe-Mo and Fe-W 
systems have at the vertices of the ~ loops yielded 
concentrations approximately 0.3 at. pct higher than 
obtained in previous studies. It is suggested that the 
new data are more reliable. They were analyzed theo- 
retically in terms of a regular solution model and the 
whole phase boundaries were then calculated. The 
computed widths of the ((~ + $) two-phase fields agree 
well with those experimentally determined. 

T.he solubility of the intermediate phases ~ and R 
in ferrite was studied in the binary Fe-Mo and Fe-W 
and the ternary Fe-Mo-W systems. The results agree 
fairly well with previous rough values obtained by 
X-ray methods or based upon microscopical observa- 
tions. The new information and other relevant data 
were analyzed theoretically in terms of a regular solu- 
tion model. The interaction energies between molyb- 
denum and tungsten in the intermediate phases were 
found to be very low. An evaluation of the free energy 
of formation of the intermediate phases was also per- 
forrped and gave the following results: 

METALLURGICAL TRANSACTIONS 

o /~ ~ o ~ b c c  o p b c c  
G F e l . s M  o -- 1 . ~  ,_, Fe  -- ' - 'Mo = - - 4 9 0 0  + 1 . 1 2 T  

[cal mole- I  ] 

OG~Fel.5W 1 ~ o ,~bcc  or, b c c  - ~ , o  ~ F e  -- ~ W  = 5636 - 3 1 , 2 5 T  

+ 3.678TINT [cal mole -1 ] 
o R 1 ,7o~ b c c  o ~ b c c  

G F e l . ? M o  -- ~ - "  ~ ' F e  -- '~Mo = - 2 6 5  - 1.99T 

[cal mole -1 ] 

oGR 1 ,7oc ,bcc Oc~CC Fel.TW - ~'" ~Fe -- = - 8 6 7  [cal mole -1] 

at  1578 K 
The solubi l i ty  cu rves  for the i n t e rmed ia t e  phases  in 
f e r r i t e  were  then ca lcula ted .  

The p r e s e n t  study is an example  of the method of 
f i r s t  ana lyz ing  expe r imen ta l  data on phase equ i l ib r i a  
in t e r m s  of the rmodynamic  models  and then syn the -  
s iz ing  the phase boundar i e s .  It  is  evident ,  that this 
technique which was recen t ly  d i scussed  by Hi l l e r t  19 
and K i r c h n e r  et al. 22 is much more  sa t i s f ac to ry  than 
cu rve - f i t t i ng  by hand but a lso  more  l abor ious .  The 
p r e s e n t  study has shown that it can be applied comfor t -  
ably if machine  ca lcu la t ions  a re  employed.  
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