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Since the Gibbs energy of  formation of Cr23C6, Cr7C3, and Cr3C 2 in the Cr-C system was 
modified in the recent assessment of  the Cr-Ni-C system, it is not possible to continue with the 
previous description of the Fe-Cr-C system. In the present work, the Fe-Cr-Ni-C system was 
studied thermodynamically together with the Fe-Cr-C system, using the new descriptions of  the 
Cr-Ni-C, Fe-Ni-C, and Fe-Cr-Ni systems. The descriptions of  M23C6, M7C3, body-centered cubic 
(bcc) ferrite, cementite, and liquid in the Fe-Cr-C system were reassessed. Particularly, attention 
was paid to improve the description of the solubility of  M23C 6 in face-centered cubic (fcc) 
austenite. Composition-dependent interactions for M23C 6 and M7C 3 w e r e  introduced in order to 
get good agreement. After the new assessment, comparisons between experimental information 
and calculated results were made, which show that the agreement with experiments is satisfac- 
tory. Some phase diagrams are presented for practical use. 

I .  I N T R O D U C T I O N  

THE Fe-Cr-Ni-C system is the basis for austenitic stain- 
less steels and also for important nickel-base alloys. The 
thermodynamic properties of  this system and its phase 
relations have been discussed in many articles, but a 
complete assessment of  the whole system has not been 
made. It was attempted in the present work. 

It is important to first have a set of  satisfactory de- 
scriptions for the four ternary systems based upon the 
same thermodynamic models and the same descriptions 
of the four unary and six binary systems. I f  such a con- 
sistent set is available, then the properties of  the qua- 
ternary system can be predicted with considerable 
confidence. Small adjustment can be made by introduc- 
ing quaternary interaction terms in order to improve the 
fitting to experimental information on the quaternary 
system. 

When the present project started, a consistent set of  
three ternary assessments was available. The missing one 
was the Cr-Ni-C system, which had been partly assessed 
by Ansara et  al.  ,[u but the result was not quite consistent 
with the other three. The first stage of  the project was 
thus devoted to the Cr-Ni-C system, and that work has 
been reported separately, t2] Unfortunately, during the 
course of  that work, it became evident that the descrip- 
tions of  the binary Cr-C system should be modified, tak- 
ing new information into account. As a consequence, it 
is now necessary also to modify the Fe-Cr-C system, 
because it has Cr-C as one of its side systems. This work 
will be described in the present report, which also con- 
cerns the quaternary system. 

Of  the two remaining ternary systems, the Fe-Ni-C 
will be taken directly from Gabriel et al.[3] A description 
of the Fe-Cr-Ni system was available through two re- 
ports, t4,5] However,  it has been criticized on some points, 
and a new assessment was thus carried out in the project. 
That result has been reported elsewhere. [6~ 
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II. M E T H O D  OF A S S E S S M E N T  

The present assessment of  the Fe-Cr-C system will be 
based upon the previous study by Andersson. [7] How- 
ever, due to the new descriptions of  the Cr carbides, it 
was necessary to modify the descriptions of  most of  the 
phases. 

Andersson [71 has reviewed the literature, and there does 
not seem to be any new ternary information that should 
be considered. Nevertheless, there is much information 
from Tuma ]8] on the solubility of  M23C 6 in face-centered 
cubic (fcc) with various Ni contents in the quaternary 
system, and some information can thus be obtained for 
the ternary system by extrapolation to the zero Ni con- 
tent. That information is reproduced in Figures 1 and 2. 
Instead of making an extrapolation by hand, it was de- 
cided to assess the Fe-Cr-C system by taking into ac- 
count this quaternary information directly. Consequently, 
it is required to have a reasonable description of the C 
activity in the quatemary fcc phase. Such experimental 
information is available from Tuma ]8] and from studies 
by Greenbank, ]9] as well as Natesan and Kassner. [1~ All 
of  this information was also included in the present as- 
sessment. Furthermore, it is necessary to describe the 
solution of Ni in M23C6, but this is not so critical because 
that solubility is rather low. 

Having included these descriptions for the quaternary 
system, it is possible to use several other pieces of  in- 
formation on the solubility of  M23C 6 in austenitic stain- 
less steels. The Gibbs energy of each phase will be 
described with a mathematical model, and the best val- 
ues of  the model parameters will be found by using a 
computer-operated optimization program, PARROT,  
available in the Thermo-Calc database. ]lu The optimi- 
zation is made by minimizing the sum of the squares of  
the deviations between calculated and experimental val- 
ues of  various kinds. Each experimental value will be 
given a weight factor which may be changed until the 
overall result is satisfactory. During this work, individ- 
ual sets of  data for a particular case were often optimized 
separately, and finally, a simultaneous optimization was 
made with all of the data. 
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Fig. 1--Solubility of M23C6 in Fe-Cr-Ni-C alloys with 17.5 wt pct 
Cr, evaluated from experimental curves published by Tuma. tS~ 

III .  T H E R M O D Y N A M I C  M O D E L S  

The fcc(y)  and bcc(a )  (body-centered cubic) phases 
were described with an interstitial model [m yielding the 
following expression for one mole of  formula unit, 
(Cr, Fe, Ni)a (Va, C)b: 

Gm ": ayv~ E yM~ + Yc E yM~ 

+ a RT Y, YM In YM + b RT ( YVa In Yv~ + Yc In Yc) 

+ ~G,,, + G :  ~ 

[11 
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Fig. 2--Carbon activity of Fe-Cr-Ni-C alloys with 17.5 wt pet Cr at 
saturation with M23C6, evaluated from experimental curves published 
by TumaJ s~ 

F o r f c c ,  a = 1 a n d b  = 1 ; f o r b c c ,  a = 1 a n d b  = 3. 
The symbol Yi represents mole fractions evaluated for 
each sublattice separately, and it is often called site frac- 
tion. The term ~ is the Gibbs energy of  pure M in a 
hypothetical nonmagnetic state. The effect of  magnetic 
ordering is represented by G ~ ,  using a model pro_posed 
by Inden "3} and modified by Hillert and Jarl. }141 ~Gm is 
the nonmagnetic excess term, and it is composed of sev- 
eral interaction terms, 

E Gm = Ycr YEe YvaLcr,Fe : Va + YFe YNi YVaLFe,Ni : Va 

+ YcrYNiYvaLcr,Ni:Va + YcrYFeYCLcr,Fe:C 

+ YFeYNiYcLFe.Ni:C + YcrYNiYCLCr,Ni:C 

+ YCrYFeYNiYvaLcr.Fe,Ni:Va 

+ YCrYFeYNiYcLcr,Ee.Ni:C [2] 

The subscripts give components on the same sublattice 
separated by a comma and on different sublattices sep- 
arated by a colon. Each L coefficient may depend upon 
composition, and a Redlich-Kister polynomial was cho- 
sen for that purpose, 

L = ~ + 1 L ( y  i - Y i) + ZL(Yi - y j )2  + . . .  [3] 

The liquid phase was treated as a substitutional phase, 
and C was thus included among the metals. Its Gibbs 
energy per mole of  atoms can be expressed as follows: 

G,,, = E yi~ + R T  Y. y~ In y~ + eG,, [4] 

where eG,, includes all interactions among different 
components, and the magnetic term is neglected. Here, 
the site fraction y~ identical to the ordinary mole fraction 
xi because there is only one sublattice. 

The carbides were dealt without any vacancies on the 
C sublattice. Cementite, M7C3, and M3C 2 were  described 
with a single sublattice for Cr, Fe, and Ni, and Eq. [ 1] 
can then be applied by setting Yva to zero and Yc to unity. 
Again, the magnetic term was omitted. 

Andersson tTl treated the M23C 6 carbide with two sub- 
lattices for the metallic components and one for carbon, 
(Cr, Fe)20(Cr, Fe)3C6. This model stems from the consid- 
eration of  higher order systems, and the purpose was to 
allow Mo and W to enter preferentially into the second 
sublattice. In order to make the present assessment con- 
sistent with higher order systems containing such ele- 
ments, it is necessary to keep the two metallic sublattices 
separated. Assuming that the distribution of Cr and Fe 
is equal on the two sublattices, Andersson proposed the 
following relations: 

23~ = 20~ + 3~162 [5] 

23~ = 20~ + 3~ [6] 

Here, ~ represents a compound with Cr on the 
first two sublattices and C on the third one. It is thus 
identical to ~ Kajihara and Hillert accepted this 
proposal and added the following relations for the 
Cr-Ni-C system: pJ 

23~ ----- 20~ + 3~ [7] 

23~ = 20~ + 3~ [8] 
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Two more should be introduced in the present work: 

23~ = 20~ + 3~ [9] 

23~ = 20~ + 3~ [10]  

These ~ quantities enter into the following expression 
for Gibbs energy per mole of  formula unit: 

G m = ~ , ~ y S i y ~ ~  c + 2 0 R T E y ~  lny~ 

+ 3RT E yj  In y~ + Y,E y~iyjy~yjLo:i j :c  . [1 1] 

where y7 represents the site fraction on the first sublattice 
and y~ on the second one. 

The solubility of  Ni in Cr3C2 is very low, and it has 
been treated as a pure Cr carbide.[2,71 This was accepted 
in the present work, and Fe was not introduced into Cr3C2. 

IV. A S S E S S M E N T  

A.  F c c  

An attempt was made to modify Andersson's  descrip- 
tion of the fcc phase in the ternary Fe-Cr-C system E71 in 
order to improve the agreement with experimental in- 
formation on the C activity in fcc and on two-phase equi- 
libria involving fcc. However,  no real improvement was 
obtained, and it was decided the keep the fcc parameters 
proposed by Andersson. Then the fcc parameters from 
Cr-Ni-C TM and Fe-Ni-C TM were added, and the infor- 
mation on the C activity in the Fe-Cr-Ni-C system was 
fitted using a quaternary parameter 

LCr,F~,Ni:c = A + B T  [12] 

Here, A and B are constants to be evaluated. In order 
to determine this parameter well, it is necessary to have 
experimental information for high Cr and Ni contents at 
the same time. Unfortunately, high Ni contents will in- 
crease the C activity, and high Cr contents will stabilize 
M23C6 and also lower the solubility. Therefore, about 
half of  the data reported by Natesan and Kassner t1~ were 
suspected to be from the two-phase region fcc + M23C6, 
and they were excluded in the optimization. After the 
whole system had been optimized, a calculation was car- 
fled out in order to check where the solubility curves fall 
in Natesan and Kassner 's  diagrams. Figure 3 gives some 
examples. It is evident that there is a slight difference 
between their data at zero Cr and the description of the 
Fe-Ni-C system used here. In spite of  this fact, there is 
a reasonable agreement up to the calculated solubility 
limit, where M23C 6 appears and the calculated values start 
to rise quickly. Most of  the experimental data do not 
show the same strong increase inside the calculated two- 
phase region but fall well above values calculated by ex- 
trapolation from the one-phase region. It is possible that 
these data came from experiments in which the precip- 
itation of M23C 6 has started but not yet come to an equi- 
librium. If  that is so, then it would be quite incorrect to 
include them in the optimization as representing one-phase 
fcc. That would result in a prediction that C activity val- 
ues at high Cr and Ni contents are too low. This has 
probably happened to the assessments of  the C activity 
in fcc, presented by Natesan and Kassner ~l~ and by Hillert 
and Waldenstr6m.t~s1 

Greenbank's  data [91 were also used in the present as- 
sessment. Most of  his data concern either fairly low Cr 
or fairly low Ni contents, and they were fitted reasonably 
well by the calculated results, as shown in Figures 4(a) 
and (b). Moreover,  he also presented some data for high 
contents of  both alloying elements at 1323 K. For these 
data, a comparison with the present assessment is given 
in Figure 4(c). It shows a consistent negative deviation. 
The calculated results seem to be a reasonable compro- 
mise between Natesan and Kassner's t1~ and Greenbank's 
data. 

B.  B c c  

The solubility of  C in bcc is very low, and the ex- 
perimental information is scarce. Benz et  a l .  [19] deter- 
mined metallographically the solubility of  M23C 6 in bcc 
from 1172 to 1424 K in the Fe-Cr-C system at Ucr = 
0.21. This information was fitted at 1323 K, but the 
variation with temperature was changed in order to make 
the solubility at low temperature low enough to satisfy 
an intuitive feeling. 

The ternary parameters of  the bcc phase in the 
Cr-Ni-C and Fe-Ni-C systems, where it is metastable ex- 
cept for a small region close to the Fe comer,  were es- 
timated by Kajihara and Hillert TM and by Gabriel e t a / .  TM 
They have a very small effect on the phase diagrams, 
and Kajihara and Hillert simply took the same value for 

bcc Lcr,Ni:c. Since the Lcr,Ni:c that Andersson reported for b~c 
latter one had now been changed, the former was also 
changed. The value b~c of LF~.Ni:C was not changed. No at- 
tempt was made to evaluate a quaternary parameter. 

C. C e m e n t i t e  

The properties of cementite in the Fe-Cr-C system were 
assessed by Andersson tTj using the information on the 
distribution of  Cr between cementite on one hand and 
bcc or fcc on the other hand. He also required that pure 
Cr cementite, Cr3C, should not become stable in the Cr-C 
system. His results were essentially accepted, but a new 
value of the stability of  Cr3C was used, obtained by 
Kajihara and Hillert TM in connection with their reassess- 
ment of  the Cr-C system. Thus, it was necessary to allow 
the parameter L~.n~r to vary in the last optimization. 
The consistency for the distribution of  Cr between bcc 
and cementite was almost the same as shown by 
Andersson in his Figures 2 and 3. 

Because cementite is not stable in the Cr-Ni-C system, 
the parameter z~e,mNi:C w a s  quite arbitrarily set to zero in 
the present work. The description of cementite in the 
Fe-Ni-C system, given by Gabriel et  al.,f3~ was kept. No 
quaternary parameter was introduced. 

D. M 7 C  3 

The parameters for M7C 3 in the Fe-Cr-C system op- 
timized by Andersson t7~ must now be reassessed due to 
the change of the Gibbs energy of formation of Cr7C3. 
There is experimental information on the distribution of 
Cr between bcc or fcc and MTC 3 at the Fe-rich side of  
the system, t16-2~ There is also information on the liq- 
uidus temperature of  M7C3. tz~j Andersson evaluated 
~ 3 and a constant interaction parameter Lcrxe:c. With 
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the new values for ~ it was now found that it was 
not necessary to change ~ but the interaction pa- 
rameter must be allowed to vary with composition. 
Equation [3] was applied to this case, and two terms were 
used. A comparison between calculated and experimen- 
tal solubility of Cr in M7C3 in equilibrium with bcc is 
shown in Figure 5. The experimental data are fairly well 
reproduced, considering the discrepancy between the two 
sets of data. The calculated curve at low Cr contents, 
however, may be too steep. This may not be too serious 
for practical applications, because the M7C3 carbide is 
not stable under such conditions. 

A similar comparison for the equilibrium between fcc 
and various carbides at 1273 K is given in Figure 6. 
Again, the experimental data for M7C3 are fairly well 

fitted. It can also be seen that the data for cementite are 
well reproduced. 

The description of M7C 3 in the Cr-Ni-C system was 
accepted from Kajihara and Hillert. TM The MTC 3 carbide 
is not stable in the Fe-Ni-C system, and the interaction 
parameter L~,Ni:c was put to zero quite arbitrarily. Based 
on the information by Waldenstr6m [22} on the Cr and Ni 
contents of MTC 3 in equilibrium with fcc in the Fe-Cr- 
Ni-C system and on the C activity of the same equilib- 
rium, an attempt was made to evaluate a quaternary pa- 
rameter LCr,Fe,Ni:C. The Ni and Cr contents were 
reproduced with reasonable success, but the scatter was 
considerable. Some of the C activity values were well 
fitted, but in most of the cases, the calculated values 
were too low. 
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Fig. 5 --Calculated distribution of Cr between M7C3 and bcc at 973 K 
in the Fe-Cr-C system in comparison with two sets of experimental 
data. 

E. M23C6 

The properties of  M23C 6 in the Fe-Cr-C system were 
assessed by Andersson, tTl and they must also be reas- 
sessed due to the new value of the Gibbs energy of for- 
mation of Cr23C6. There is experimental information on 
the distribution of Cr between bcc or fcc and M23C 6 at 
the Fe-rich side of  the system. Os,191 Furthermore, there 
is information on the three-phase triangles bcc + fcc + 
M23C6, [231 and fcc + M23C6 + M7C3 ,[71 However,  the sol- 
ubility of  M23C 6 in fcc did not seem to be well estab- 
lished in the Fe-Cr-C system, and the assessment was 
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Fig. 6--Calculated distribution of Cr between various carbides and 
fcc at 1273 K in the Fe-Cr-C system in comparison with experimental 
data. 

thus made together with the Fe-Cr-Ni-C system, where 
the solubility has been studied more carefully due to the 
great practical importance. Andersson used a constant 
interaction parameter Lcr,Fe:Cr,Fe: C which was evaluated 
together with ~ In order to establish the latter pa- 
rameter with some certainty, he combined the Fe-Cr-C 
information with that from the Fe-Cr-W-C and Fe-Cr- 
Mo-C systems, where M23C 6 c a n  form with high Fe con- 
tents. That information was not included in the present 
work, and in order to get a result which can later be used 
in the assessments of  those two quaternary systems, 
Andersson's  value of  ~ was accepted. In the pres- 
ent work, it was found that Lcr,Fe:Cr,Fe: C m u s t  be allowed 
to vary with composition. The following expression was 
chosen for the Fe-Cr-Ni-C system: 

1 s s 2 t t 
LCr,Fe:Cr,F~:C = ~ + L ( y c r  - YFe) + L ( Y c r  - YF~) 

[131 

but 1L and 2L were put equal. 
The description of  M23C6 in the Cr-Ni-C system i2J was 

accepted. For the Fe-Ni-C system, there is no informa- 
tion on M23C6, because it is not stable there. Conse- 
quently, LFe.Ni:Fe.Ni: C was set to zero quite arbitrarily. 

As already mentioned, there is much information on 
the solubility of  M23C 6 in the quaternary Fe-Cr-Ni-C sys- 
tem. There is also some information from that system 
regarding the Cr and Ni contents of  M23C 6 in the equi- 
librium with fcc and the C activity of  that equilibrium. [221 
During the optimization for fitting this information, it 
was found that it is not necessary to introduce a quater- 
nary parameter because of the low Ni contents of  M23C 6. 
The calculated Ni content of  M23C 6 was  considerably lower 
than the experimental ones, around 1.0 compared to 
around 2.5 wt pct. The C activity values were fitted bet- 
ter. It was not possible to fit both types of  data at the 
same time. 

A comparison between the assessment and the ex- 
perimental distribution of Cr between M23C6 and fcc is 
given in Figure 6 in the Fe-Cr-C system at 1273 K. It 
shows good agreement with Nishizawa and Uhrenius t~8[ 
but about 10 pct higher than Benz et al . ' s  data. txgj for 
the b c c / M 2 3 C  6 equilibrium, the corresponding compar- 
ison is given in Figure 7. There is again good agreement 
at Cr contents of  about 70 at. pct, but at higher Cr con- 
tents, the calculated values are too low, and there is an 
indication that the calculated values at low Cr contents 
would be too high. This situation seems to be similar to 
the one for b c c / M 7 C  3. Andersson t71 reported the same 
discrepancy for M7C 3 at low Cr contents. On the other 
hand, it should be noticed that Nishizawa and Uhrenius 
were able to reproduce the data in Figure 7 very well 
over the whole composition range when assessing the 
Fe-Cr-C system at 1273 K./181 

The curves in Figure 1 give the calculated solubility 
of  M23C 6 in fcc as a function of  the Ni content at 17.5 wt 
pct Cr. The agreement with Tuma ' s  data t8J is satisfac- 
tory, in particular at 8 wt pct Ni, and Tuma ' s  results may 
thus be looked upon as support for the calculated limit 
of  solubility shown in Figure 3. On the other hand, it 
may be argued that the calculation predicts a decrease 
with the Ni content, which is too strong. Tokareva et a l .  1241 

also reported the solubility of M23C6 in fcc for the 
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Fig. 7--Calculated distribution of Cr between M23C 6 and bcc at 
1273 K in the Fe-Cr-C system compared to experimental data. 

Fe-Cr-Ni-C system, but their values are much lower and 
were not included in the present assessment. Figure 2 
shows the corresponding C activity. Again, the agree- 
ment with Tuma is reasonable, but here the predicted 
effect of Ni seems to be too weak. 

Figure 8 demonstrates the temperature dependence of 
the solubility of  M23C6 in fcc for an alloy with 25 Cr and 
20 Ni wt pct, and Nishino and Kagawa ' s  [25] results were 
reproduced very well. The specimens from the three 
lowest temperatures were reported to contain some tr phase 
in addition to fcc, so the final optimization was per- 
formed without using those results. However,  this did 

not change the calculation appreciably, and there is still 
good agreement with those results. 

Figure 9 shows the calculated extension of  the fcc 
one-phase field in the Fe-Cr-C system at various tem- 
peratures. After comparing, it was concluded that the 
boundaries are in reasonable agreement with the experi- 
mental information. 

Figure 10 shows the whole isothermal section of  the 
Fe-Cr-C system at 1273 K. The point fcc/M23C 6 -1- MTC 3 
falls at 10.9 wt pct Cr and 0.30 wt pct C according to 
the present calculation and at 12.2 wt pct Cr and 0.30 wt 
pct C according to Andersson's  assessment, fT] The cal- 
culated point fcc /bcc  + M23C 6 falls at 14.5 wt pct Cr 
compared to Andersson's  value of 15.1. The maximum 
solubility of  Cr in cementite was calculated to 14.8 wt 
pct, which is a little lower than the experimental value 
17.6 reported by Nishizawa and Uhrenius. psi 

F. L i q u i d  

Because new values have been adopted for the Cr car- 
bides and they affect the position of the liquidus in the 
Fe-Cr-C system, the properties of the liquid phase, which 
were assessed by Andersson, [71 must be reassessed. The 
new assessment was based upon liquidus data for bcc, 
fCC, M7C3, and cementite by Thorpe and Chicco, t2u as 
well as for graphite by Chimpman [26] and by Griffing 
el a/. I271 

In comparison with those experimental data, the cal- 
culated temperatures of  the liquidus for bcc were be- 
tween 10 and 20 K lower; for fcc, they usually were 
about 10 K higher, except for several points with around 
- 1 0  K; for cementite, some were as much as 15 K lower; 
and for M7C3, there were both positive and negative de- 
viations, most of  which were less than 20 K. Finally, 
for the graphite liquidus which is very steep, an attempt 
was made to fit the C contents. The experimental data 
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Fig. 8--Calculated solubility of M23C 6 in fcc with 25 wt pct Cr and 
20Ni vs temperatures together with experimental data. 
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Fig. 10--A calculated isothermal section of the Fe-Cr-C system at 
1273 K. 

ranged f rom 5 to 11 wt pct C,  and all o f  the calculated 
values were about 1 wt pct  C higher. 

For experimental tie lines f rom Kundrat and co-workers 
in the Fe-Cr-C [281 and Fe-Cr-Ni-C [29j systems, the fit was 
rather good  and comparable  to Andersson ' s  tT] for the 
Fe-Cr-C system. 

The calculated projection o f  the liquidus surface is 
presented in Figure 11. It is very similar to that obtained 
by Andersson,  [7] but the liquidus o f  M23C 6 is somewhat  
wider. It shows the same phase relations and thus sup- 
ports Andersson ' s  suggestion that the liquids of  M23C 6 
and fcc should meet. 
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Fig. 11 --Calculated projection of the liquidus surfaces in the Fe-Cr-C 
system. The numbers Z give the temperatures according to T (K) = 
1000 + lO0Z. 
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Fig. 12--Calculated projection of the solvus surfaces of fcc in the 
Fe-Cr-C system. The numbers Z give the temperatures according to 
T(K) = 1000 + 10OZ. 

Figure 12 shows a similar projection o f  the solvus sur- 
faces with fcc. It is also very similar to Andersson ' s .  tT] 
The main difference is the Cr content of  fcc in equilib- 
r ium with bcc,  M23C6, and M7C 3. All o f  the calculated 
invariant points in the Fe-Cr-C system are presented in 
Table I. 

All o f  the parameter  values used are listed in Table II. 
Those obtained in the present assessment are marked with 
an asterisk. 

V. D I S C U S S I O N  

The main impression of  the present work is that it is 
possible to base an assessment o f  the Fe-Cr-C system on 
the new values o f  Gibbs energy for the Cr carbides rec- 
ommended  by Kajihara and Hillert, tT] al though 
concentrat ion-dependent  interactions must  be used. The 
result is rather similar to what  Andersson obtained with 
constant interactions. However ,  it should be emphasized 

Table I. Calculated lnvariant 
Equilibria in the Fe-Cr-C System 

Phases T (K) 

bcc M7C 3 Cr3C 2 gra 608 
bcc 1 bcc2 M23C 6 tr 785 
bcc cem M7C3 gra 941 
fcc bcc cem gra 1007 
fcc bcc cem M7C3 1017 
fcc bcc M23C6 M7C3 1087 
liq cem fcc gra 1423 
liq M7C 3 fcc cem 1445 
liq M7C 3 gra cem 1480 
liq fcc M23C6 M7C3 1560 
liq bcc fcc M23C 6 1573 
liq Cr3C2 M7C3 gra 1887 
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Table II. Summary of Thermodynamic Parameters Describing the Fe-Cr-Ni-C System in SI Units (J, mol,  K)* 

Liquid 
O n e  s u b l a t t i c e ,  s i t e  1 c o n s t i t u e n t s :  C ,  C r ,  F e ,  N i  

~ = ~  + 1 1 7 , 3 6 9  - 2 4 . 6 3 T  

o/'71iq o f  L2hbcc ,-,c~ = ,-,c~ + 2 4 , 3 3 5 . 9 3  - 1 1 . 4 2 T  + 2 . 3 7 6 1 5 "  1 0  -21 T 7 

= H sER - 1 6 , 4 5 9  + 3 3 5 . 6 1 8 T  - 5 0 T  In  T 

~ = or:_h~,_,F~ + 1 2 , 0 4 0 . 1 7  --  6 . 5 5 8 4 3 T  --  3 . 6 7 5 1 5 5 1  " 1 0  -21 T 7 

= H sER - 1 0 , 8 3 9 . 7  + 2 9 1 . 3 0 2 T -  4 6 T i n  T 
o liq o hfcc GNi = GNi + 1 6 , 4 1 4 . 6 8 6  - -  9 . 3 9 7 T  - 3 . 8 2 3 1 8 "  1 0  -21 T 7 

= H SER - 9 5 4 9 . 7 7 5  + 2 6 8 . 5 9 8 T -  4 3 . 1 T i n  T 
0 t liq 
,~c,c~ = - 9 0 , 5 2 6  - 2 5 . 9 1 1 6 T  

l liq 
Lc,c~ = 8 0 , 0 0 0  

2 /  liq 
�9 ~c,cr = 8 0 , O O 0  

0 t liq ,~c.F~ = - 1 2 4 , 3 2 0  + 2 8 . 5 T  
1 liq 
Lc,F~ = 1 9 , 3 0 0  

2 liq 
LC,Fe = 4 9 , 2 6 0  --  1 9 T  

O f  liq 
L,C,Ni = - 1 1 0 , 1 6 0  + 3 4 . 6 T  

~ = - - 1 2 7 6  - 5 . 3 8 7 3 T  L, Cr,Ni 

l r l iq  = 2 6 9 9  L, Cr,Ni 

0rliq = - 1 8 , 3 7 8 . 8 6  + 6 . 0 3 9 1 2 T  A., Fe,Ni 

I L l i q  F~,Ni = - - 9 2 2 8 . 1  - -  3 . 5 4 6 4 2 T  
�9 0 z liq c,o.F~ = - 5 3 0 , 3 9 5  
* 1 liq 

Zc,cr ,F  e = 4 9 , 2 8 7  
*2 liq 

Lc,cr,Fe = 4 3 , 4 6 1  

0l l iq  = 1 2 2 , 2 O O  - 5 8 . 8 T  L'  C,Fe,Ni  
i f  liq '~C.Fo.Ni = 9 2 , 2 0 0  --  5 8 . 8 T  
2 1 liq ,~cy~.Ni = 1 5 2 , 2 O O  - 5 8 . 8 T  
0 liq 

L C r , F e , N i  = 13,022 
1 liq 
L C r , F e , N i  = 1 3 , 1 7 7  

2 liq 
LCr,Fe,Ni = 3 3 1 3  

Bcc 
T w o  s u b l a t t i c e s ,  s i t e s  1 : 3  c o n s t i t u e n t s :  C r ,  F e ,  N i : C ,  V a  
o hbcc - -  H S E R  G c r  = 8 8 5 1 . 9 3  + 1 5 7 . 4 8 T  - 2 6 . 9 0 8 T  In  T + 0 . 0 0 1 8 9 4 3 5 T  2 

- 1 . 4 7 7 2 1  �9 1 0  - 6  T 3 + 1 3 9 , 2 5 0 T  -1 

= - 3 4 , 8 6 4  + 3 4 4 . 1 8 T  - 5 0 T  In  T - 2 . 8 8 5 2 6 "  1032 T - 9  
o hbcc - -  H S E R  GFe = - - 1 2 2 4 . 8 3  + 1 2 4 . 1 3 4 T  --  2 3 . 5 1 4 3 T  In  T - 0 . 0 0 4 3 9 7 5 2 T  2 

- 5 . 8 9 2 6 9 "  1 0  - 8  T 3 + 7 7 , 3 5 8 . 5 T  - I  

= - 2 5 , 3 8 4 . 4 5 1  + 2 9 9 . 3 1 2 5 5 T  - 4 6 T  In  T + 2 . 2 9 6 0 3 0 5 -  1031 T -9  
o hbcc b hfcc 

GNi : GNi + 8 7 1 5 . 0 8 4  - -  3 . 5 5 6 T  
o/~hbcc o hbcc 

�9 - , c r : c  = G o  + 3 ~  gra + 4 1 6 , 0 0 0  
o/-~hbcc = o/-Thbcc 

,- ,Fe:c "- 're + 3 ~  a + 3 2 2 , 0 5 0  + 7 5 . 6 6 7 T  
o hbcc o hfcc o gra 

GNi:C = GNi + 3 G c  + 4 0 0 , 0 0 0  - 1 0 0 T  
01r bcc = --  1 9 0 T  

L ' C r : C , V a  
0 bcc 
LFe:C,Va = - -  1 9 0 T  

0 bcc 
Lcr ,Fe:va  = 2 0 , 5 O O  --  9 . 6 8 T  

�9 0 1  bcc �9 -,Cr,Fr = --  1 , 2 2 6 , 0 0 0  + 5 7 0 T  

0rbcc  = 2 1 , 3 1 0  - 1 3 . 6 5 8 5 T  Cr,Ni : Va 
1 bcc 
tCr.Ni:Va = 2 5 , 8 0 0  - -  7 . 8 9 2 7 T  

�9 0 bcc 
LCr,Ni: c = - - 1 , 2 2 6 , 0 0 0  + 5 7 0 T  

0rbcr  = - - 9 5 6 . 6 3 -  1 . 2 8 7 2 6 T  x., Fe,Ni : Va 
1 bcc 
LFe,Ni:Va = 1 7 8 9 . 0 3  --  1 . 9 2 9 1 2 T  

O f  bcc 
�9 -'F~,Ni:c = - - 9 5 6 . 6 3  - -  1 . 2 8 7 2 6 T  

lrbr  = 1 7 8 9 . 0 3  - 1 . 9 2 9 1 2 T  Fe ,Ni : C 
0 7 bcc 
~Cr,F~.Ni:Va = 1 3 9 0  

G m~ = R T l n ( f l  + 1 ) f ( z )  r = T / T c  

2 9 8 . 1 5  < T < 2 1 8 0  

2 1 8 0  < T < 6 0 0 0  

2 9 8 . 1 5  < T < 1 8 1 1  

1 8 1 1  < T < 6 0 0 0  

2 9 8 . 1 5  < T < 1 7 2 8  

1 7 2 8  < T < 6 0 0 0  

2 9 8 . 1 5  < T < 2 1 8 0  

2 1 8 0  < T < 6 0 0 0  

2 9 8 . 1 5  < T < 1 8 1 1  

1 8 1 1  < T <  6 0 0 0  
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Table II. Cont. Summary of Thermodynamic Parameters Describing the Fe-Cr-Ni-C System in SI Units (J, mol, K)* 

1 [ 79  1 5 8 ( ~  ) ( _ ~  r '~ r 1 6 ~ ]  
- - -  "rA - 1  + - - +  

f ( r  - 'rA 1 4 0 p  497  45 2 0 0 / J  
1 [,/ .--5 T - 1 5  q.-25 ] 

f ( ' r )  = - A - ~ + - - +  
315 l ~ J  

w h e r e  A = 1 + - 1 
1125 

p = 0 . 4  

Tc = - 3 1 1 . 5 ( Y c r Y v a  + YcrYc) + 1043(yFeYVa + YF~Yc) + 575(YNiYva + YNiYc) 

+ YcrYFe(Yc + YVa) [1650  + 5 5 0 ( y c r  -- YFe)] + ycrYNiYv,,[2373 + 617(YCr -- YNi)] 

/3 = - - 0 . 0 0 8 ( Y c r Y w  + YCrYC) + 2.22(yF~YVa + YF~Yc) + 0.85(YNiYVa + YNiYc) 

- -0 .85yCrYFe(Yc + YVa) + 4yCrYNiYVa 

W h e n e v e r  t he  c a l c u l a t e d  v a l u e  o f  Tc o r / 3  is n e g a t i v e ,  it s h o u l d  be  d i v i d e d  b y  - 1  w h e n  in se r t ed  in G~ ~ and  f ( r ) .  

F e e  

T w o  sub la t t i c e s ,  s i tes  1 :1  c o n s t i t u e n t s :  C r ,  F e ,  N i : C ,  V a  
o t'-2 hfcc o hbcc 

UCr = Gcr  + 7 2 8 4  + 0 . 1 6 3 T  

o~_hfr = o~_hb~c,_,F~ -- 1 4 6 2 . 4  + 8 . 2 8 2 T  -- 1 . 1 5 T  In T + 6 . 4 "  10 -4 T 2 

= H sER - 2 7 , 0 9 8 . 2 6 6  + 3 0 0 . 2 5 2 5 6 T  - 4 6 T  In T + 2 . 7 8 8 5 4 .  1 0 3 1  T - 9  

o hfcc = H S E R  
G N i  - -  5 1 7 9 . 1 5 9  + 1 1 7 . 8 5 4 T  - 2 2 . 0 9 6 T  In T - 0 . 0 0 4 8 4 0 7 T  2 

= H sER - 2 7 , 8 4 0 . 6 5 5  + 2 7 9 . 1 3 5 T  - 4 3 . 1 T  In  T + 1 . 1 2 7 5 4 - 1 0 3 '  T - 9  

oy2hfcc o t~2 hbcc 
u c r : c  = ,-,cr + ~  + 2 5 , 0 0 0  

or'2_ hfr = ot"2hfcc oGgra  '-'F~:c "~F~ + + 7 7 , 2 0 2  -- 1 5 . 8 7 7 T  
o/"2- hfcc ~ o/2_hfcc 

~Ni:C VNi + ~  ~ + 4 5 , 0 0 0  + 1 . 8 8 T  
0 1  fcc "~o:c.va = - 2 9 , 6 8 6 -  1 8 T  
0/-  fec 
~Fe:C.Va = - - 3 4 , 7 6 1  

01 fcc 
"~C~,Fe:Va = 10 ,833  - 7 . 4 7 7 T  

I fcc 
Lc~,F~:Va = 1410  

0 1  fcc 
~C~.Fe:C = - - 2 6 , 5 8 6 -  1 8 T  

~ = 8347  - 1 2 . 1 0 3 8 T  Cr ,Ni : Va 
l l f c c  
�9 ~C~.Ni:W = 2 9 , 8 9 5  -- 1 6 . 3 8 3 8 T  

0/- fcc 
~C~,Ni:C = --81,265 + 81.8T 

0/- fcc 
"~Fe,Ni:W = --12,054.355 + 3.27413T 

I/- fcc 
"-'F,,Ni:VR = II,082. 1315 -- 4.45077T 

2/- fcc 
�9 - F,.Ni: w = -- 7 2 5 . 8 0 5 1 7 4  

~ = 4 9 , 0 7 4  - 7 . 3 2 T  L' Fe,Ni:C 
1 fcc 
LFe,Ni:  C = - 2 5 , 8 0 0  

0i t  fcc 
~C,.F,.Ni:V, = 1618 

�9 0/-  fcc 
~Cr.F~,Ni:C = - - 8 2 1 5  

p = 0 . 2 8  

Tc = - - 1 1 0 9 y c r Y w  - 201(yF~Yv~ + YFeYc) + 633(YNiYVa + YNiYc) 

--3605ycrYNiYVa + yFeYNiYw[2133 -- 682(yFe  -- YNi)] 

/3 = --2.46yC~Yv~ -- 2 . 1 ( y F ,  YVa + YF*Yc) + 0.52(YNiYVa + YNiYc) -- 1 .91yc ,  YNiYv, 

--yFeYNiYva[9.55 + 7.23(yF~ - -  Y N i )  + 5 .93(yF* - -  YNi) 2 + 6 . 1 8 ( y F ,  - -  YNi) 3] 

W h e n e v e r  the  c a l c u l a t e d  v a l u e  o f  Tc o r / 3  is n e g a t i v e ,  it s h o u l d  be  d iv ided  by  - 3  w h e n  in se r t ed  in G~ ~ and  f ( ~ ' ) .  

Graphite 
C o n s t i t u e n t :  C 

~  - H sER = - 1 7 , 3 6 9  + 1 7 0 . 7 3 T  - 2 4 . 3 T  In T - 4 . 7 2 3 -  1 0  - 4  T 2 + 2 , 5 6 2 , 6 0 0 T  -I  

- 2 . 6 4 3 . 1 0 8  T -2 + 1 .2"  10 m T -3 

Cementite 
T w o  sub la t t i c e s ,  s i tes  3 : 1  cons t i t uen t s :  Cr ,  Fe ,  N i : C  

�9 o ccm ~o~hbcc o gra 
G c r : c = . , , - , c ~  + G c  - 2 9 , 3 9 2  + 4 1 . 6 5 T -  9 . 3 2 T I N T  + 2 . 6 2 8 2 . 1 0  -3 T 2 

~ - H sER = - 10 ,745  + 7 0 6 . 0 4 T  - 1 2 0 . 6 T  In T 
o cem _ H S E R  ~tot~2hfcc 

a N i : C  = -' "-'Ni + ~  -- 3 4 , 7 0 0  - 2 0 T  
, 0 i t  cem �9 ~C,.F~:C = 2 0 , 9 7 6  -- 2 0 . 3 1 4 4 T  

0 cem 
LFe,Ni:C = 2 9 , 4 0 0  

f o r z <  1 

f o r z >  1 

2 9 8 . 1 5  < T < 1811 

1811 < T < 6 0 0 0  

2 9 8 . 1 5  < T < 1728 

1728 < T < 6 0 0 0  
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Table II. Cont. Summary of Thermodynamic Parameters Describing the Fe-Cr-Ni-C System in SI Units (J,  mol, K)* 

Cr3C2 
Two sublattices, sites 3 : 2 constituents: Cr:C 
~ - H sER -92,138 + 632.1755T - 105.6289Tin T - 0.022348T 2 ~Cr:C 

M23C6 
Three sublattices, sites 20:3 :6  constituents: Cr, Fe, Ni:Cr, Fe, Ni:C 
or:Mz~ - H sFa~ -462,844 + 3200.2837T - 550.0669T In T - 0.2043663T 2 UCr:Cr: C = 
orz_M23 = 20/23oGM23cr.C + 3/23OGM~Fe: c 

U C r : F c : C  . . 

OGFe:Cr:C M23 = 20/23~ + 3/23~ 
o M23 o c e m  GFe:Fe:C = 23/3 GF,:c -- 5/3~ ~ + 66,920 - 40T 
OGFe:Ni:cM23 = 20/23~162 + 3/23~ 
~162 = 20/23~ + 3/23~162 
o M23 m r) ~ 0  f 2 h f c c  
GNi:Ni:C ~--" "-,Ni + 6 ~  + 212,988 

~ = 20/23OGMr2:3C~:C + 3/23OG~Ni:C 
or_M23ur~:C~:C = 20 /23~  . + 3/23~ 

,0 L M23 
Cr ,Fe :Cr ,Fe :C  = 604,852 - 158.6196T 

* l L M 2 3  Cr.Fr162 = -- 1,914,930 
.2 L M23 C,,F~:C,,r~:c = -- 1,914,930 

M7C3 

Two sublattices, sites 7:3 constituents: Cr, Fe, Ni:C 
~162 - H  sER = -177,506 + 1471 .6421T-  249.2091T In T -  0.024006T 2 
o/"2_ M7 ~ "/o f 2  hbce  uFe:c - "-'Fe + 3~ ~a + 113,385 - 78.37T 
o/'L2M7 ,7o f-2hfcc VNi:C = - "~Ni + 3~ gr~ + 193,000 

*0rM7 = --131,281 + 53.4926T Cr,Fe : C 

*lrM7 = -41,451 
~ Cr ,Fe :C 

* 0 r M 7  = -323,854 s.~ Cr,Fe,Ni : C 

Sigma 
Three sublattices, sites 8 :4:18 constituents: Fe, Ni:Cr:Cr,  Fe, Ni 
o tr o hfcc o hbcc GF,:Cr:C~ = 8 GF, + 22 Gc~ + 92,300 - 95.96T 
o cr _~ Qo f 2 h f c c  o hbcc o hbcc GF*:C~:F, o "-'F~ + 4 Gcr + 18 GF, + 117,300 -- 95.96T 
o o" 1 R ~  G F e : C r : N i  = u~~ + wA~ + l o  ~ J N i  

o (r ~ Q o / ~ h f c c  o hbcc  
GNi:er:Cr o VNi + 22 Gc, + 173,460 - 188T 

o nr ~ ~ o  f 2  hfcc o hbcc o hbcc 
GNi:Cr:Fe o UNi + 4 G c r  + 18 GFe 

o (r = Qo f 2  hfcc AO f , j  hbcc 1 Qo f 2 h b c c  
GNi:Cr:Ni o ,-,Ni + " "-'Cr + 1o '-'Ni + 175,400 

*The parameters marked with * were assessed in the present work. 

that he instead used the properties of the Cr carbides as 
adjustable parameters,  which was natural  in view of  the 
large experimental  scatter and possible because he did 
not consider  the Cr-Ni-C system. 

For the Fe-Cr-Ni-C system, it has been possible to 
represent the solubility of M 2 3 C  6 very well, although there 
is some discrepancy for the Ni dependence of the C con- 
tent and of  the C activity according to T u m a ' s  resul ts )  8~ 
These quanti t ies depend upon the variation of the C ac- 
tivity of fcc with the Cr and Ni contents.  After excluding 
experimental  informat ion which falls inside the fcc + 
M23C 6 region, the remaining  data were fitted well ,  and 
the present description should be better than previous ones 
by Natesan and Kassner  ~176 and by Hillert  and 
Waldenstr6m. t lSj 

Most  of the experimental  data on the Fe-Cr-C and 
Fe-Cr-Ni-C systems have been fitted reasonably well  in 
the present assessment. In particular, it seems that it could 

be used for realistic predictions of the solubil i ty of M 2 3 C  6 

in Fe-rich alloys. No informat ion from the Ni-rich region 
was used for the optimizat ion because of  scarcity. How- 
ever, an expression was proposed t3~ for the solubil i ty of 
M7C 3 in an alloy with 16.74 at. pct Cr, 9 .42 at. pet Ni,  
and 0.15 at. pct C (similar to the INCONEL* 600 alloy). 

*INCONEL is a trademark of Inco Alloys International, Inc., 
Huntington, WV. 

In (wt pct C) = 9 .0  - 1 4 , 7 1 3 / T  [14] 

In Figure 13, this expression is compared with values 
predicted from the present calculation.  The agreement  is 
satisfactory in the experimental  range,  but the slopes are 
different. The slope mainly depends upon quantities which 
are reasonably well established, and one could probably 
trust the calculated slope. 
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Fig. 1 3 - - T h e  solubility of  M7C3 in an alloy with 16.74 at. pct Cr 
and 9.42 Fe vs temperatures according to the present (full line) and 
a previous assessment  (dashed line). 

Among the experimental information, which has not 
been fitted very well, are the dependence on the Ni con- 
tent of the C activity and solubility of M 23C  6 in fcc, the 
distribution of Cr between M7C3 o r  M23C 6 and fcc or bcc 
at very high and at very low Cr contents in the carbides, 
and finally, much of the information on the liquidus tem- 
peratures. The assessment could undoubtedly be im- 
proved on these points by using more complex models 
and by reassessing all of the lower order systems to- 
gether with the Fe-Cr-Ni-C system in the same optimi- 
zation. However, it seems that such an assessment should 
not be undertaken until much of the experimental infor- 
mation has been confirmed by independent experimental 
studies. 

VI. C O N C L U S I O N S  

From the present work, it can be concluded that the 
recent assessment of  the Cr-Ni-C system [2] can be used 
as a basis for a reasonable assessment o f  the Fe-Cr-C 
system. However,  composition-dependent interactions 
must be introduced in the carbides. 

The phase relations involving the liquid, formed in the 
previous assessment by Andersson, t7] appeared again. 

The experimental information on the C activity in fcc 
may partly fall in the fcc + M23C6 region in the Fe-Cr- 
Ni-C system. When that part of  the information is omit- 
ted, the assessed C activities at high Cr and Ni contents 
are lower than ones indicated previously. 

In the Fe-Cr-Ni-C system, it has been possible to fit 
very well the experimental solubility of  M23C6 in fcc within 
the high Fe region and of  M7C 3 in fcc within the high 
Ni region. 
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