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The act ivi ty  of carbon  in aus ten i t i c  F e - M o - C ,  F e - C r - C ,  and F e - V - C  al loys  has been s tud-  
ied by equi l ib ra t ion  with cont ro l led  CH4-H2 a tmosphe re s  at t e m p e r a t u r e s  in the range  850 ~ 
to 1200~ The obse rva t ions  included a number  of composi t ions  in the two-phase  f ie lds ,  

+ carb ide .  Equat ions a r e  given for the act ivi ty  coefficient  of carbon as  a function of t e m -  
p e r a t u r e  and composi t ion in the aus ten i te  field and f rom these  the other t he rmodynamic  
p r o p e r t i e s  of the solut ion may be computed as  des i red .  The phase boundar ies  ~/~ + carb ide  
were  d e t e r m i n e d  by b r e a k s  in the isoact iv i ty  l ines .  This  was supplemented  in the case  of 
F e - M o - C  a l loys  by meta l lograph ic  l i nea r  ana ly s i s  of equ i l ib ra ted  s a m p l e s .  The r e s u l t s  
conf i rm ce r t a in  publ i shed  phase d i a g r a m s  and d i sc red i t  o thers .  

T H E  effects of va r ious  al loying e l emen t s  on the a c -  
t ivi ty  of carbon  in aus ten i te  have been studied by a 
n u m b e r  of i nves t i ga to r s .  This  paper  is  the th i rd  in a 
s e r i e s  of s tudies  by the au thors ,  the f i r s t  two having to 
do with F e - N i - C  a l loys  1 and F e - M n - C  and F e - S i - C  
a l loys  .2 The ac t iv i ty  of carbon  can be m e a s u r e d  with 
s imple  equipment  and when this  is  known as  a function 
of composi t ion  and t e m p e r a t u r e  other t he rmodynamic  
p r o p e r t i e s  may be calculated.  

While  the p r i m a r y  purpose  of th is  inves t iga t ion  was  
to de t e rmine  the effects of th ree  c a r b i d e - f o r m i n g  e l e -  
men t s  on the act ivi ty  of carbon,  an equal ly impor tan t  
secondary  object ive was an evaluat ion of the solubi l i ty  
of the s eve ra l  ca rb ides  in aus ten i t e .  This  second pa r t  
was not in i t se l f  a complete study, but i ts  r e s u l t s  s e rve  
as  a ba s i s  for d i s c r i m i n a t i o n  among the g ros s ly  d i s -  
agree ing  data of e a r l i e r  o b s e r v e r s .  Publ i shed  work in 
both a r e a s  will  be ci ted in connect ion with our r e s u l t s  
on the three  s y s t e m s .  

EXPERIMENTAL PROCEDURE 

Mate r i a l s  

The Fe-Mo,  F e - C r ,  and Fe -V  a l loys  were  p r epa red  
by induct ion mel t ing  in a lumina  c ruc ib le s  under  an 
argon a tmosphe re .  E lec t ro ly t ic  i ron  and al loying e l e -  
men t s  of at l eas t  99.9 pct pur i ty  were  used.  A m a s t e r  
Fe -Mo  alloy was p repared ,  and p ieces  of ch romium 
and tungs ten  added to the mol ten  i ron  for the other two 
s y s t e m s .  Melts  were  cast  by suct ion into 5 m m  ID 
vycor  tubes  and then ro l l ed  into 0.25 m m  sheets .  Com-  
pos i t ions  were  de t e rmined  by chemical  ana lys i s .  Ni -  
t rogen ana lyses  of seve ra l  spec imens  containing up to 
7.66 pct Cr or 1.05 pct V showed a m a x i m u m  of only 
31 ppm. 
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P r oc e du r e  
! 

The exper imen ta l  p rocedure  was s i m i l a r  to that 
used in the p rev ious  s tudies ,  ' '2 equ i l ib ra t ion  with con-  
t ro l l ed  mix tu re s  of methane  and hydrogen.  Samples  
a r e  t r ea ted  in groups  containing seve ra l  a l loy spec i -  
m e n s  accompanied  always by one sample  of pure  i ron.  
When equ i l i b r ium is reached ,  the ac t iv i ty  of carbon is 
constant  within the group and i ts  value is  de t e rmined  
by the carbon  content  of the pure  F e - C  al loy.  

The t ime for equi l ib ra t ion  was 44 to 50 h at 1200~ 
49 to 91 h at 1000~ and 185 to 284 h at 850~ In a 
number  of i n s t a nc e s  equ i l i b r ium was approached f rom 
both the h igh-ca rbon  and the low-carbon  s ides  with 
genera l ly  sa t i s fac to ry  a g r e e m e n t .  

Resu l t s  

The expe r imen ta l  r e s u l t s  a r e  shown in Tables  I, II, 
and III. Alloy composi t ions  a re  shown as  Y M ,  the atom 
f rac t ion  of M in the c a r b o n - f r e e  base  al loy.  Carbon 
content  is  shown as  wt pe rcen t .  The act ivi ty  of carbon,  
a C ,  was ca lcula ted  f rom the following equation based  
on the CO-COz equ i l ib r ium data of Ban-ya ,  Ell iot t ,  and 
Chipman 3 and e a r l i e r  o b s e r v e r s :  

l o g a c  = 2 3 0 0 / T -  0.92 + ( 3 8 6 0 / / T ) y c  + logzc [1] 

where  T is degrees  Kelvin and 

y c  = nc/(r /Fe + nM) ;  z c  = yc / ( 1  --YC) [2] 

Fe-Mo-C ALLOYS 

Activi ty of Carbon 

All high-carbon samples were examined metallo- 
graphically and those which contained carbides were 
excluded from calculations of the activity coefficient. 
In Fig. 1 the logarithm of the activity coefficient, 
log ~C, is plotted with the standard state being graphite 
(~I, C = aC/zC). Points approached from the high-carbon 
side are indicated by arrows. Lines are drawn paral- 
lel to the lines for the Fe-C binary. 3 For the small 
concentrations involved and within the limits of accu- 
racy of the data, a slope dependent upon alloy concen- 
trations would not be warranted. The intercepts, 
log @~ at YC = 0 are plotted against YMo in Fig. 2. The 
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Table I. Experimental Results of Equilibrium Carbon Content 
(Wt Pct) in Fe-Mo-C Alloys 

YMo 
Temperature, Wt Pet C 

~ a C 0 00 0.0033 0.0075 0.0139 0,0248 
Run 
No. 

68 
66 
67 

62 
63 

64 
60 
65 

ll2 
III 
l l0 
ll5 

1197 0.385 1.23 1.25 1.28 1.34 
1197 0.234 0.85 0.87 0.89 0.91 0.99 
1197 0.0860 0.37 0.38 0.39 0.42 0.46 

0.37t 0.40t 
997 0.771 1.29 1.31 1.33 1.39" 1 56* 
997 0.516 0.98 1.00 1.04 1.07" 1.27" 

0.99t 1.10t* 
997 0.413 0,83 0.85 0.87 0.95 0.96* 
997 0.285 ;0,62 0.64 0.65 0.70 0.74* 
997 0.135 0.33 034 0.37 0.41 0.44* 

0.34r 0.40t 
848 0.725 0.81 0.83 0.89(*) 0.92* 1 02* 
848 0.520 0.63 0.64 0 66 0,74* 0.84* 
848 0.353 0.46 0 49 0 50 0 57* 0.68* 
848 0.274 0.37 0.40 

*Carbides present. Parenthesis indicates less certainty 
t Equdibrmm approached from tugher carbon. 

Table II. Experimental Results of Equilibrium Carbon Content 
(Wt Pct) in Fe-Cr-C Alloys 

YCr 

Run Temperature, Wt Pet C 

No ~ a C 000 0.0203 0.0412 0.0611 0.0818 0A20 

84 
90 

85 

86 
79 
81 
82 
92 

115 
114 

113 

1201 0.290 1 .01  1.16 1 30 1.43 1.89"~ 
1201 0.180 0 70t 0.81 0.90 1 01 1.12" 

0.92 
1201 0 106 0.45 0.53 0.61 0 67 0.77 

0.53t 0.61t 
1201 0.0366 0.17t 0.20t 0.24t 0.30t 0.32t 
1000 0.442 0 88 0.99 1.19" 
1000 0.191 0 45 0.53 0.63 0.75 1 05"$ 
1000 0.168 0.40 0 47 0.55 0.66 0.90*$ 
1000 0 0815 0.21 0 25 0.30 0.35 0.43 
850 0,262 0.36 046 0.59* 
850 0.166 0,24 0,33 0.41 

0.24 0.32? 0.40t 
850 00859 0.13�82 0.17 0.22 030" 

0.93"~ 

0.41r 

1.83"$ 
1.67"$ 
0.88"~ 

*Carbides present, 
t Equihbrmm approached from tugher carbon. 

Calculated from weight gain. 
�82 Extrapolated from Fe-Cr Alloys 

r e l a t i o n  i s  o b v i o u s l y  l i n e a r  a n d  t h e  s l o p e s  m a y  b e  e x -  

p r e s s e d  a s  

d l o g ~ / d y M o  = - 9 5 0 0 / T  + 2 .5  [3]  

F r o m  t h i s  e q u a t i o n ,  t h e  v a l u e  of (B l n f c / a x C  )XFe--1 
= e ~  ~ a t  1 0 0 0 ~  i s  - 1 1 . 4 .  T h e  a c t i v i t y  c o e f f i c i e n t  o f  

c a r b o n  i s  g i v e n  b y  t h e  e q u a t i o n :  

l o g @ c  = 2 3 0 0 / T -  0 . 9 2  + (3860//T)yc 
- (9500/T -2 .5 )yc  [4] 

A n  e n t i r e l y  c o m p a r a b l e  s e r i e s  o f  r e s u l t s  a t  1 0 0 0 ~  

h a s  b e e n  p u b l i s h e d  b y  N i s h i z a w a .  4 W h e n  t h e  a c t i v i t y  o f  

c a r b o n  in  h i s  F e - C  s p e c i m e n s  i s  c a l c u l a t e d  f r o m  o u r  

E q .  [1] a n d  a p p l i e d  t o  t h e  a l l o y  s a m p l e s ,  t h e  r e s u l t s  

a r e  p a r a l l e l  w i t h  t h e  l i n e s  o f  F i g .  1.  T h e y  a r e  s o m e -  

w h a t  m o r e  c l o s e l y  s p a c e d  a s  i n d i c a t e d  b y  t h e i r  i n t e r -  

c e p t s  s h o w n  in  F i g .  2 a n d  t h u s  t h e y  i n d i c a t e  a s m a l l e r  
v a l u e  o f  e~ M~ . 

O n  t h e  o t h e r  h a n d ,  t h e  d a t a  o f  B u n g a r d t ,  S c h f i r m a n n ,  
P r e i s e n d a n z ,  S c h ~ l e r ,  a n d  O s i n g  5 a t  1000  ~ a n d  1 1 0 0 ~  
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Fig. 1--Activity coefficient of carbon in Fe-Mo-C alloys. 
Points marked by arrows approached from high-carbon side. 
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Fig. 2--Activity coefficient of carbon at infinite dilution in 
Fe-Mo-C alloys. 
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Table III. Experimental Results of Equilibrium Carbon Content (Wt Pct) in Fe.V-C Alloys 

YV 

Run Temperature, 
No. ~ a C 

Wt Pct C 

0.00 0 0022 0.0054 0.0069 0.0116 0.0119 0 0165 0 0211 

88 1201 0.103 
91 1201 0.0499 
89 1201 0.0389 

79 997 0.440 
80 997 0.179 

78 997 0.0901 
77 997 0.0596 
76 997 0.0560 
93 997 0.0422 
94 997 0.0256 

115 850 0.274 
114 850 0.166 

0.436 0.438 0.461 0.470 0.510 
0.229 0.232 0.238 0.258 
0.180 0.201 0.195 0.204 0.229 

0.202t 0.191t 0 194t 
0.870 0.876 0 931t* 
0.420 0.430t 0.462 0.485* 0.603* 

0.476t* 
0.230 0.236 0.246 0.268 (*) 
0.155 0,155 0.170 0 186 0 255* 
0.146 0.149 0,154 0.155 0.208* 
0.112~ 0.113t 0.120t 0.127t 0.157t* 
0.0690t 0.0695t 0.0714t 0.0744t 
0.370 0.394* 0.437* 
0.240 0.261" 0.298* 0.334* 

0.254t* 0 298?* 

0.513 

0.380* 
0.321" 
0 283* 0.385* 

0.0861t 0.1itt* 

*Carbides present. Parenthesis indicates less certainty. 
t Equilibrium approached from tugher carbon. 

a r e  m o r e  diff icult  to c o m p a r e .  The i r  r e s u l t s  a r e  not 
given in tabular  fo rm and the i r  base  l ine  for F e - C  as  
r e a d  f rom the i r  g raphs  is  v e r y  subs tan t ia l ly  d i f ferent  
f rom ours  and a l so  d i f fe ren t  f rom the e a r l i e r  r e s u l t s  
of Bungardt ,  P r e i s e n d a n z ,  and L e h n e r t f  We a r e  in-  
cl ined to conclude that  the method is  l e s s  a c c u r a t e  
than ours ,  but that  the qua l i ta t ive  a g r e e m e n t  r e g a r d -  
ing the effect  of molybdenum on the ac t iv i ty  of carbon 
of fe rs  good approx imate  conf i rmat ion .  A s imple  c o m -  
pa r i son  is found in the value  of e(~ ~ = d ln fc /dXMo 
for which Bungardt  et al. r e p o r t  -9 .63 w h e r e a s  our 
value is  -11.4 .  

Solubility of Ca rb ides  in the F e - M o - C  Sys tem 

M u r a k a m i ' s  r e agen t  was used to identify the spec i e s  
of ca rb ide .  This  r e agen t  does  not a t tack  cemen t i t e ,  
a t tacks  weakly  } - c a r b i d e  and c o l o r s  it to l ight  brown 
and marked ly  a t tacks  M6C carb ide .  Mo2C is de l inea ted  
by this  r eagen t .  Thus,  the ca rb ides  which f o r m e d  
dur ing equi l ib ra t ion  can be d is t inguished  f rom c e m e n -  
t i te  f o r m e d  during quenching of spec imen .  An example  
of the m i c r o s t r u c t u r e  i s  shown in Fig .  3. F ine  p a r -  
t i c l e s  of M6C-type ca rb ides  a r e  wel l  d is t inguished  
f r o m  baini t ic  ca rb ides  as  shown by the le f t -hand  side 
p i c tu re  which was e tched by M u r a k a m i ' s  r eagen t ,  
while  the r igh t -hand  side p ic tu re  shows the m i c r o s t r u c -  
tu re  of the s a m e  a r e a  with p i c r a l  etching.  

Campbel l ,  Reynolds ,  Ba l l a rd ,  and C a r r o l l  7 d e t e r -  
mined  the phase  d i a g r a m  of the i r o n - c o r n e r  of F e - M o -  
C s y s t e m  over  the t e m p e r a t u r e  r ange  f r o m  720 ~ to 
1300~ using me ta l log raph ic  methods .  The i r  r e s u l t s  
indicate  that the homogeneous  aus teni te  r ange  is  r e l a -  
t ive ly  nar row at t e m p e r a t u r e s  around 1000~ Bun- 
gard t  et al. 5 r e p o r t e d  the a u s t e n i t e - c a r b i d e  boundary 
at 1000 ~ and l l00~  accord ing  to the i r  equ i l ib r ium 
m e a s u r e m e n t s .  The i r  r e s u l t s  showed an apprec iab ly  
wider  aus teni te  range  than that given by Campbel l  et 
al. Nishizawa 4 de t e rmined  the boundary f r o m  his 
equ i l ib r ium m e a s u r e m e n t s  and the m i c r o p r o b e  ana lys i s  
of aus teni te  and carbide  phases ,  and obtained r e m a r k -  

ably l a r g e r  aus teni te  range  than those  by Campbel l  et 
al. and Bungardt  et al. 5 Recent ly ,  Harv ig  and Uhren ius  8 
r e d e t e r m i n e d  the boundary with s i m i l a r  but improved  
techn iques  using equi l ib ra t ion  t i m e s  up to 1000 h at 
1000~ and the r e s u l t s  a r e  v e r y  c lose  to N i s h i z a w a ' s .  
The phase  boundar ies  at 1000~ by these  four groups  
a r e  shown in Fig .  4, toge ther  with the r e s u l t s  of the 
p r e s e n t  work .  

The p r e s e n c e  of ca rb ides  obse rved  m e t a l l o g r a p h i -  
ca l ly  in the p r e s e n t  work ,  shown by black points  in F ig .  
4 and the i r  absence  shown by open c i r c l e s  support  the 
h ighes t  solubi l i ty  by Nishizawa 2 and Harv ig  and 
Uhrenius .8  

To obtain m o r e  quant i ta t ive  r e s u l t s ,  the amount  of 
ca rb ides  fo rmed  in the s p e c i m e n s  of 4.19 pct  Mo (YMo 
= 0.0139) w e r e  d e t e r m i n e d  by a me ta l l og raph i c  l inea r  
ana lys i s .  9 The r e s u l t s  and fur ther  conve r s ion  to the 
molybdenum concent ra t ion  in m a t r i x  a r e  shown in 
Table  IV. The compos i t ions  of the phase boundary,  as  
shown in the las t  column in Table  IV and in Fig .  4 a r e  
again in good a g r e e m e n t  with those by Nishizawa 4 and 
Harv ig  and Uhren ius .  8 It is  diff icult  to se l ec t  only one 
f rom these  two. 

Bungardt  et al. 5 did not include Mo2C in the i r  d ia -  
g r a m .  The me ta l l og raph i c  obse rva t ions  in the p r e s e n t  
work showed, however ,  by etching with M u r a k a m i ' s  
r eagen t ,  that  s p e c i m e n s  4006 and 4005, Table  IV, con-  
ta ined de l inea ted  ca rb ide  p a r t i c l e s  which a re  mos t  
probably  M2C-type carb ide .  Recent  work  by Harv ig  
and Uhren ius  ~ a l so  showed that M2C-type carb ide  is  
s table  at IO00~ 

F e - C r - C  ALLOYS 

Act iv i ty  of Carbon 

The ac t iv i ty  of carbon in fcc F e - C r  a l loys  has  been 
s tudied at 1000~ by Schenck and K a i s e r ,  1~ Br igham 
and Kirka ldy ,  H F lender  and Weve r ,  ~2 Bungardt ,  P r e i -  
sendanz and Lehne r t ,  6 and m o r e  r e c e n t l y  by Nish i -  
zawa. 4 Resu l t s  of the f i r s t  four w e r e  r e v i e w e d  by 
Chipman and Brush  '3 who found subs tant ia l  a g r e e m e n t  
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Fig. 3--Microstructure of specimen 4007 containing 4.21 pct 
Mo, 0.44 pct C equilibrated at 997~ left, Murakami's rea-  
gent; right, Picral .  Magnification 385 times. 

a s  to the effect  of c h r o m i u m  when a l l  data  we re  r e -  
f e r r e d  to a common F e - C  b a s e  l ine .  

Our  e x p e r i m e n t a l  da ta ,  Tab le  II, omi t t ing  a l l  s a m -  
p l e s  that  conta ined  c a r b i d e ,  a r e  p lo t ted  in F i g s .  5 and 
6. Po in t s  app roached  f rom h igher  ca rbon  a r e  i nd i ca t ed  
by a r r o w s .  The l i ne s  a r e  d rawn p a r a l l e l  to the ba se  
l i n e s  for  F e - C  a l l oys  and spaced  in p ropo r t i on  to the 
c h r o m i u m  content .  

In F ig .  7 the  r e s u l t s  of Bungard t  e t  a l .  6 and of N i s h i -  
zawa 4 at  1000~ a r e  r e p l o t t e d  a f t e r  conver t ing  the i r  
ca rbon  ac t iv i ty  to the s a m e  base  l ine  u sed  for  the  F e -  
C s y s t e m  in the p r e s e n t  work .  In both c a s e s  the c o r -  
r e c t i o n  i s  s m a l l  s i n c e  the  b i n a r y  da ta  do not d i f fer  
g r e a t l y  f rom that  of Eq. [1]. The l a r g e r  a d j u s t m e n t s  
r e q u i r e d  for  c o m p a r i s o n  of the da ta  of Schenck and 
K a i s e r  1~ and of F l e n d e r  and W e v e r  12 we re  e s t i m a t e d  by  
Chipman and Brush ,  12 but  the da ta  a r e  omi t t ed  h e r e .  
The da ta  in F ig .  7 may  be r e p r e s e n t e d  adequa te ly  by 
l i ne s  p a r a l l e l  to that  of the F e - C  b i n a r y .  

The i n t e r c e p t s ,  l o g ~  at YC = 0 for  the s e v e r a l  l ines  
for 1000~ a r e  shown in F ig .  8, t oge the r  with our da ta  
for 850 ~ and 1201~ As noted by Chipman and Brush ,  '3 
two of the l i ne s  of Bungard t  e t  a l .  a r e  incompa t ib l e  
with the o ther  da ta  and these  a r e  omi t t ed  f rom F i g s .  7 
and 8. The a g r e e m e n t  among the o ther  da ta  at  1000~ 
i s  v e r y  good and the s l opes  at a l l  t h r e e  t e m p e r a t u r e s  
may  be  r e p r e s e n t e d  by 

d log ~ / d Y C r  = --9500//T + 3.05 [5] 

The va lue  of E(cCr) at 1000~ i s  -10 .2  in exce l l en t  
a g r e e m e n t  with -10 .7  found by Br igham and K i r k a l d y .  11 
The ac t iv i ty  coeff ic ient  of ca rbon  i s  given by the equa-  
t ion:  

l o g ~  C = 2 3 0 0 / / T -  0.92 + (3860//T)Yc 
- (9500//T - 3.05)YCr [6] 

Solubi l i ty  of C a r b i d e s  in the F e - C r - C  S y s t e m  

As  shown in Fig .  9, the e x p e r i m e n t a l  i soac t i v i t y  
l ines  when cont inued beyond the homogeneous  aus t en i t e  
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(b) 

r eg ion  p roduce  a second  s y s t e m  of l ines  in the  two-  
phase  7 + c a r b i d e  r e g i o n .  The i n t e r s e c t i o n s  of the two 
s e t s  of l ines  g ives  the pos i t ion  of the  phase  boundary .  
While  our  data  a r e  insuf f ic ien t  to e s t a b l i s h  the bound-  
a r y ,  they do offer  a b a s i s  for  s e l ec t ion  among the pub-  
l i shed  d i a g r a m s .  The phase  b o u n d a r i e s  r e p o r t e d  by 
Bungard t ,  P r e i s e n d a n z ,  and L e h n e r t ,  6 by Bungard t ,  
Kunze,  and Horn  14 and,  by Ni sh i zawa  4 a r e  shown in F ig .  
9. The b r e a k s  in our l ines  c o r r e s p o n d  f a i r l y  wel l  wi th  
the  d i a g r a m s  of Bungard t ,  P r e i s e n d a n z ,  and L e h n e r t  
and of Ni sh izawa .  

0 . 0 8  I ' I 

, ~ . "  �9 

~ . < /  �9 

M2C + 7  

o o 

o o o .  / \ - 
/ \ ,  �9 

o.os  \ ,  = I 
M s C +  7 - 

o o2 \ o �9 

0 .01  

0.0 
0.0 OOl 0 . 02  0 0 3  

YMo 

Fig. 4--The austenite/carbide phase boundaries in Fe-Mo-C 
alloys at 1000~ I) Campbell e t  a l .  7 II) Bungardt et  a l .  5 
III) Nishizawa. 4 IV) Harvig and Uhrenius. 8 Circles,  this work: 
�9 carbides observed, �9 carbides absent; bars,  l imits of 
range of y field estimated by quantitative metallography. 
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Table IV. Amount of Carbide Determined by Linear Analysis and Estimated Austenite/Carbide Phase Boundary in the System Fe-Mo-C 

Carbide Phases D 
Vol. Pct of Possible Composition Estimated Carbide Wt Pct of 

Carbide Type Wt Pct g/cma~ Carbide Pct Mo YMo • 10z 

Specimen Total Composmon Phase Boundary 

No. Pct Mn Pct C 

4007 4.19 0.44 1 .4 -+04  M6C 57.6Mo, 38.5Fe, 3.9C 1. 9 1 1 .6+0 .5  3.3-+0.4 1 .95+0.3  
4001 491  0.74 2 . 5 - + 0 4  M6C 57 6Mo, 38.5Fe, 3.9C l* 9 1  2.9-+0.5 2 . 5 + 0 . 4  150-+0.3  
4006 4.19 0.96 2 . 3 + 0 . 4  M6C +M2C 70.5Mo, 24 4Fe, 5-1C 27 9.0 2 .7+0 .5  23 -+0 .4  1.35-+0.3 
4005 4.19 1.27 2.1 -+ 0.4 M2C 83.4Mo, 10.3Fe, 6.3C 3 :~ 9.0 2.4 -+ 0.5 2.2 + 0.4 1.30 + 0.3 

*The ratio of Mo Fe is selected as 60:40 in weight, a mid point of the composmon determined by Harvag and Uhrenius. 8 
r a mixture of equal weight M6 C and M2 C. 
$The raUo Mo:Fe is selcted as 89:11 in weight, s 
~1 Calculated from crystal structures of  these carbides 
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o 
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O.2 [ I L I L I 
0.0 0.01 0.02 0.03 0.04 0.05 Q06 0.07 

Yc 
Fig. 5--Activity coefficient of carbon in Ye-Cr-C alloys at 
1201~ Points marked by arrows approached from high-car- 
bon side. 

It is interesting to extrapolate the two lines in the 
two-phase field to the theoretical composition MTCa at 
which YC = 0.43. It turns out that at this composition 
YCr ~ 0.49. This is to be regarded merely as indica- 
tive of nearly equal concentrations of iron and chro- 
mium in this carbide. 

Fe-V-C ALLOYS 

Activity of Carbon 

The austenite field in the Fe-V-C system is na r -  
rowly constricted by the limited solubility of the car -  
bides and the intrusion of the a + y a rea  in low-carbon 
alloys. All of our specimens equilibrated at 850~ and 
some of those treated at 997~ were found to contain 
carbides. Activity coefficients in the carbide-free 
specimens are  plotted in Fig. 10. In view of the l im- 
ited concentration range, the slopes of the lines can- 
not be determined and they are drawn parallel to the 
lines for Fe-C. 

This system was studied by Zupp and Stevenson 16 at 
1000~ using CH4-H2 mixtures and including Fe-C 
samples for reference.  The bulk of their data fell into 
the two-phase fields a + y or 7 + carbide. Their data 
were reviewed by Chipman and Brush 13 who were able 
to show that the data for YV = 0.0026 and YV = 0.0054 

were self consistent. Actually they lie, with somewhat 
greater  scatter ,  very close to our lines for YV = 0.0022 
and YV = 0.0054. At higher vanadium concentrations, 
the data were i rregular  and the specimens contained 
the a phase so satisfactory evaluation was not pos-  
sible. The system was also studied by Flender and 
Wever t2 and by Ebeling and Wever. is Their base line 
for the activity of carbon in the Fe-C binary was de- 
rived from earl ier  data on the CH4-H2 equilibrium in 
which we have no confidence. ~3 Some of their experi- 
mental points appear to have been in a multiphase r e -  
gion. Their experimental data were not tabulated and 
their graphs cannot be interpolated with accuracy.  
Their only experimental ser ies  which is evidently in 

1.2 I .•...•Fe 8 5 0 o  1 l 

I. I - ~ . . . . . . ~ y r .  = 0 . 0 2 0 3  - 

, . o  

8 5 0  ~ 4 1 2  

"~0 .9  
0 
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_ ~ . 0 8 1 8  0 .6  - -  

0 . 5  I I I I 
o.o oo~ 0.02 0.03 0.04 

Yc 
Fig. 6--Activity coefficient of carbon in Fe-Cr-C alioys at 
850~ (upper) and 1000~ (lower). 
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Fig. 7--Activity coefficient of carbon in Fe-Cr-C alloys at 
1000~ Results of Nishizawa, 4 circles,  and of Bungardt et 
a l . ,  6 crosses.  
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Fig. 8--Effect of chromium on the activity coefficient of car-  
bon at infinite dilution in Fe-Cr-C alloys. 

the aus t en i t e  r ange  is  that  a t  0.6 pct  V at  1050~ 
Reading  a p p r o x i m a t e l y  the i r  p lo t ted  carbon contents  of 
b i n a r y  and t e r n a r y  a l l oys  and r e f e r r i n g  to Eq. [1] for 
the b ina ry ,  we have ca l cu la t ed  the point  shown in F ig .  
11. 

The so l id  l ines  of F ig .  11 r e p r e s e n t  our conc lus ions  
r e g a r d i n g  the effect  of vanadium on the ac t iv i ty  coef f i -  
c ient  of ca rbon  at infini te  di lu t ion.  The l ines  a r e  not  
a c c u r a t e l y  d e t e r m i n e d  because  of the l im i t ed  concen-  
t r a t i o n  r ange .  They a r e  drawn acco rd ing  to the e x -  
p r e s s i o n :  

d log ~ / d y  V = - 1 0 , 7 0 0 / T  [7] 

This  c o r r e s p o n d s  to a va lue  e~ V) = -19 .4  at  1000~ and 

-18.6 at  1050~ These  va lue s  a r e  s l i gh t ly  l e s s  nega -  
t ive  than those  r e p o r t e d  by Ebel ing  and Wever  ts which 
a r e  r e p r e s e n t e d  by the b roken  l ines  of F ig .  11. The 
ac t i v i t y  coeff ic ient  of ca rbon  in F e - V - C  a l l o y s  may  be 
r e p r e s e n t e d  by the equat ion 

log xI' C = 2300/T - 0.92 + ( 3 8 6 0 / T ) y  C - (10,70O/T)y V 

[8] 
Solubi l i ty  of C a r b i d e s  in F e - V - C  Al loys  

In o r d e r  to d e t e r m i n e  the so lub i l i t y  l i m i t  of c a r b i d e  
in aus t en i t e ,  the e x p e r i m e n t a l  o b s e r v a t i o n s  on c a r b i d e s  
at  997~ a r e  p lo t ted  in F ig .  12. The c a r b i d e  phase  
VCI-x i s  known a s  having a compos i t ion  r a n g e  f rom 
VCo.sa to VCo.~,tT'18 depending upon the ca rbon  ac t iv i ty .  
Using these  va lue s ,  the s t r a i g h t  l i ne s  can be drawn 
through poin ts  of constant  ac t i v i t y  of ca rbon .  The in -  
t e r s e c t i o n  of these  s t r a i g h t  l ines  with c o r r e s p o n d i n g  
i s o a c t i v i t y  l i ne s  in the a u s t e n i t e  r a n g e  g ives  the phase  
boundary .  The r e su l t i ng  boundary  l i e s  a p p r e c i a b l y  
lower  in carbon  than that  of Zupp and Stevenson.  TM 

Zupp and Stevenson d e t e r m i n e d  the phase  boundary  
f rom the b r e a k  poin ts  of t he i r  l ines  without  m e t a l l o -  
g raph ic  o b s e r v a t i o n s .  B e c a u s e  of the s c a t t e r i n g  of e x -  
p e r i m e n t a l  po in ts ,  th i s  me thod  may  not be of high a c -  
c u r a c y .  As  a m a t t e r  of fact ,  two t yp i c a l  r u n s  f rom 
Zupp and S tevenson ' s  p a p e r  p lo t t ed  in F ig .  12 i l l u s t r a t e  
that  t he i r  i soac t iv i t y  l ines  m a y  be b e t t e r  exp la ined  by 
the phase  boundary  of the p r e s e n t  work .  

F l e n d e r  and Wever  ~2 d e t e r m i n e d  the so lub i l i ty  l i m i t  
of vanad ium c a rb ide  in aus t en i t e  on the b a s i s  of l i m i t e d  
da ta  on t h e r m o d y n a m i c  p r o p e r t i e s  of th i s  s y s t e m .  E s -  
p e c i a l l y  they e s t i m a t e d  an unknown p a r a m e t e r ,  the a c -  

0 . 1 0  i I I I I I I i I t I i I 
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Fig. 9--The austenite/carbide phase boundaries in Fe-Cr -C 
alloys at 1000~ I) Bungardt, Kunze, and Horn; 14 II) Bungardt, 
Preisendanz,  and Lehnert; 6 III) Nishizawafl Isoactivity lines, 
this work: �9 carbides observed, O carbides absent. Breaks in 
lines show limit  of austenite field. 
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Fig. ll--Effect of vanadium on the activity coefficient of ear- 
bon at infinite dilution. Solid lines and circles, our data. 
Broken lines and triangle, Ebeling and Wever's data 15 recal- 
culated. Crosses, Zupp and Stevenson 16 data at 1000~ 

t ivity coefficient  of vanadium,  y~, according  to the 
r e s u l t s  of Savostyanova and Shvar t sman .  19 However,  
Savostyanova and Shvar t sman  concluded by ex t rapo-  
la t ing the so lubi l i ty  of vanadium carb ide  in F e - M n - V -  
C al loy to zero  manganese ,  that the solubi l i ty  l imi t  of 
carb ide  at 1000~ can be expressed  by 

(V) 4 . (C)  3 = 0 . 2 2 4  [9] 

where  (V) and (C) a re  atom pe rcen t  of vanadium and 
carbon ,  r e spec t ive ly .  This  r e l a t ion  is  in good a g r e e -  
men t  with the p r e sen t  r e s u l t s  as  shown in Fig.  12. 

Ebel ing and Wever  15 de t e rmined  the solubi l i ty  of 
c a rb ide s  f rom dis t r ibut ion  of carbon in a diffusion 
couple and obtained r e s u l t s  close to those of F lender  
and Wever .  z2 This  method is  a lso  not highly r e l i ab l e ,  
because  of i ts  kinet ic  cha rac t e r .  

Nar i t a  and Koyama ~~ proposed a fo rmula  for the 
solubi l i ty  of vanadium carbide  in aus ten i te  as  

log (%V)- (%C) = -9500/T + 6.72 [10] 

This  equation is  a good approx imat ion  in the compos i -  
t ion range  up to about 0.5 pct V at 1000~ but the de-  
p a r t u r e  becomes  apprec iab le  in the higher vanadium 
reg ion .  

The point YV = 0.0165 and YC = 0.00512, Table III, 
did not show any evidence of p r e s e n c e  of a phase.  The 
posi t ion of the y / a  + ~' boundary  in Fig.  12 is  that 
es t imated  the rmodynamica l ly  by West ,  21 which shows 
no incons i s tency  with the p r e se n t  work.  

THERMODYNAMIC PROPERTIES 

The free energy change in the t r a n s f e r  of carbon 
f rom graphi te  into b ina ry  F e - C  aus ten i te  accord ing  to 
Eq. [1] is: 

C(gr) = C(7); AGc = 10,520 - 4.21 T 

+ 17,660y C + R T  l n z  C 

The heat of solut ion of graphi te  into the fcc phase for 
the b ina ry  sys t em is 

AH WeC) = 10,520 + 17,660y c [11] 

Cor respondingly ,  the va lues  for the th ree  sys t ems  
studied in this  work as  obtained f rom Eqs. [4], [6], and 
[8] a r e :  

AH(~ eM~ = 10,520 + 17,660y C --43,500YMo [12] 

~H(c FeCrC) = 10,520 + 17,660y C -43,500YCr [13] 

AH~ FeVc) = 10,520 + 1 7 , 6 6 0 y c -  49,000yv [14] 

The entropy of solut ion of graphi te  into the fcc phase 
for the same sy s t e ms  a re  

AS(c FeC) = 4.21 - R l n z  C [15] 
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Fig. 12--Phase boundaries in Fe-V-C alloys at 1000~ Our 
data support the solubility line of Savostyanova and Shvarts- 
m a n .  19 
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&S~ FeM~ = 4.21 - 11.4YMo - R l n z  C 

AS(~  eCrC) = 4.21 + 14.0YCr - R  l n z  C 

AS (FeVC) = 4.21 - R In z C 

E q s .  [11] t h r o u g h  [18] a r e  a p p l i c a b l e  on ly  o v e r  t he  
r a n g e s  of c o m p o s i t i o n  w h e r e  t he  fcc  p h a s e  i s  s t a b l e ,  
F i g s .  4,  9, a n d  12. 

[16] m e a s u r e m e n t s  a t  1000~ of a n u m b e r  of o t h e r  i n v e s t i -  
g a t o r s .  In s o m e  c a s e s  t h e  a g r e e m e n t  i s  good ,  in  o t h e r s  

[17] i t  i s  no t .  A l l  of t he  a l l o y i n g  e l e m e n t s ,  Mo,  C r ,  a n d  V,  
l o w e r  t h e  a c t i v i t y  c o e f f i c i e n t  of c a r b o n  a n d  t h e  d e -  

[18] c r e a s e  i s  found  to  b e  p r o p o r t i o n a l  to  t he  c a r b o n  
c o n t e n t .  

T h e  r e s u l t s  a l s o  p e r m i t  a f u r t h e r  a s s e s s m e n t  of t h e  
s o l u b i l i t y  of the  v a r i o u s  c a r b i d e s  in  a l l o y e d  a u s t e n i t e  
t h a t  h a v e  b e e n  p u b l i s h e d  in t h e  l i t e r a t u r e .  

T r a n s l a t i o n  to  C o n v e n t i o n a l  U n i t s  

E q u a t i o n s  in w h i c h  t h e  c o n c e n t r a t i o n s  of  c a r b o n  a n d  
a l l o y i n g  e l e m e n t s  a r e  e x p r e s s e d  in w e i g h t  p e r c e n t  a r e  
r e a d i l y  d e r i v e d  f r o m  E q s .  [4], [6], a n d  [8]. In t h e  f o l -  
l o w i n g  e q u a t i o n s  f c  = a c / [ % C ]  a n d  g r a p h i t e  i s  t h e  
s t a n d a r d  s t a t e  fo r  c a r b o n .  F o r  a H e n r i a n  s t a n d a r d  
s t a t e  b a s e d  on i n f i n i t e  d i l u t i o n  the  f i r s t  two  t e r m s  a r e  
o m i t t e d .  F o r  0 to  4 p e t  Mo,  0 to  1.2 pc t  C 

l o g f c  = 2 3 0 0 / T  - 2 .24 + ( 1 8 2 / T ) % C  

- ( 5 6 / T  - 0 .015)%Mo [19] 

F o r  0 to  12 pc t  C r ,  0 to  1 p c t  C 

l o g f c  = 2 3 0 0 / T -  2 .24 + ( 1 7 9 / T ) % C  

- ( 1 0 2 / T  - 0 . 0 3 3 ) % C r  [20] 

F o r  0 t o 2 p c t V ,  0 t o l p c t  C 

l o g f c  = 2 3 0 0 / T  - 2 .24  + ( 1 7 9 / T ) % C  - ( 1 1 7 / T ) % V  [21] 

W i t h i n  t he  s p e c i f i e d  e x p e r i m e n t a l  r a n g e s  t h e s e  e q u a -  
t i o n s  a g r e e  w i t h  E q s .  [4],  [6],  a n d  [8] w i t h i n  l e s s  t h a n  
0 .007  in  l o g a c .  T h e y  m a y  b e  e x t e n d e d  to  s o m e w h a t  
h i g h e r  a l l o y  c o n t e n t  w i t h o u t  s e r i o u s  e r r o r .  

SUMMARY 

The effects of Mo, Cr, and V on the activity of car- 
bon in austenite have been studied by equilibrating the 
alloys with methane-hydrogen mixtures in the temper- 
ature r a n g e  f r o m  848 ~ t o  1200~ T h e  a c t i v i t y  of  c a r -  
b o n  w a s  e s t a b l i s h e d  f r o m  t h e  c a r b o n  c o n t e n t  of a b i -  
n a r y  F e - C  a l l o y  e q u i l i b r a t e d  in  t h e  s a m e  e x p e r i m e n t .  
T h e  r e s u l t s  h a v e  b e e n  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  

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

T h e  w o r k  r e p o r t e d  h e r e  h a s  b e e n  s u p p o r t e d  b y  t he  

U.S .  A r m y  R e s e a r c h  O f f i c e ,  D u r h a m ,  N o r t h  C a r o l i n a ,  
a n d  by  t he  A m e r i c a n  I r o n  a n d  S t e e l  I n s t i t u t e .  
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