A Thermodynamic Assessment of the Fe-Cr-Ni-C System

MATS HILLERT and CAIAN QIU

Since the Gibbs energy of formation of CryCes, Cr,C;, and Cr;C, 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 M,;Cs, M;C;, body-centered cubic
(bee) ferrite, cementite, and liquid in the Fe-Cr-C system were reassessed. Particularly, attention
was paid to improve the description of the solubility of M,;Cy in face-centered cubic (fcc)
austenite. Composition-dependent interactions for M,;C4 and M;C; were 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. INTRODUCTION

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. If 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.,"!! 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.” 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.*! A description
of the Fe-Cr-Ni system was available through two re-
ports.™ 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.®!
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II. METHOD OF ASSESSMENT

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

Andersson!’! 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® on the solubility of M,;C; 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 quaternary fcc phase. Such experimental
information is available from Tuma™® and from studies
by Greenbank,® as well as Natesan and Kassner.!'9 All
of this information was also included in the present as-
sessment. Furthermore, it is necessary to describe the
solution of Ni in M,;Cg, 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 M,;C¢ 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.!""! 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 M;;Cs in Fe-Cr-Ni-C alloys with 17.5 wt pct
Cr, evaluated from experimental curves published by Tuma.!®!

II. THERMODYNAMIC MODELS

The fec(y) and bee(a) (body-centered cubic) phases
were described with an interstitial modell'? yielding the
following expression for one mole of formula unit,
(Cr, Fe,Ni), (Va,C),:

G = ayva Zym°Gu + ¥c 3w’ Gue,
+aRTEyyInyy + bRT (yy,In yy, + yeInyc)
+£G,, + GI°
(1]
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Fig. 2—Carbon activity of Fe-Cr-Ni-C alloys with 17.5 wt pct Cr at
saturation with M,,Cs, evaluated from experimental curves published
by Tuma.®!

2188 — VOLUME 22A, OCTOBER 1991

For fcc,a = 1and b = 1; forbcc,a = 1 and b = 3.
The symbol y; represents mole fractions evaluated for
each sublattice separately, and it is often called site frac-
tion. The term °G?; is the Gibbs energy of pure M in a
hypothetical nonmagnetic state. The effect of magnetic
ordering is represented by G,.’, using a model prgposed
by Inden® and modified by Hillert and Jarl.!'¥ *G,, is
the nonmagnetic excess term, and it is composed of sev-
eral interaction terms,

G, = Yer Yee YvalocrFe:va T Yre YNi Yvalore Nisva
* Yo YniYvalorni:va t Yo Yee YeLoore:c
+ Yre ¥niYeLlreni:c T YeeYniYeLeonice
+ Yer Yre Yni YvaLoceFeNizva
* Yor Yee YniYeLorpe e (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="L+"'L(y;—y)+°L(y;—y)*+ ... [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,=2y°G"+RTZy,Iny, + G, [4]

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

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

Andersson!”! treated the M,;C¢ carbide with two sub-
lattices for the metallic components and one for carbon,
(Cr, Fe),((Cr, Fe),Cs. 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°GCr:Fe:C = 2OOGCI:Cr:C + 30GFe:Fe::C [5]
23°GFe:Cr:C = 2OOGFe:Fe:C + 3C.GCI':Cr:C [6]

Here, °Gy.cr.c represents a compound with Cr on the
first two sublattices and C on the third one. It is thus
identical to °Gy,,c,. Kajihara and Hillert accepted this
proposal and added the following relations for the
Cr-Ni-C system:!?)

23°Gernice = 20°Gercre t+ 3°Gyi:nice [7]

23°Gyiccric = 20°Guinicc + 3°Gercre {81
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Two more should be introduced in the present work:
23°Gre:nicc = 20°Grecre:c T 3°Gninnice 91
23°Gji:pe:c = 20°Gicnice + 3°Greckecc [10]

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

G,=22y}y;°G.j.c t 20RT 2 y;Iny;
+3RT Zy;lny;+ 22 y{y;yiyiLyyc -[11]

where y; represents the site fraction on the first sublattice
and y! on the second one.

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

IV. ASSESSMENT
A. Fcc

An attempt was made to modify Andersson’s descrip-
tion of the fcc phase in the ternary Fe-Cr-C system!” 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™ and Fe-Ni-CP were added, and the infor-
mation on the C activity in the Fe-Cr-Ni-C system was
fitted using a quaternary parameter

Leopeni:c=A + BT [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
M,;C¢ and also lower the solubility. Therefore, about
half of the data reported by Natesan and Kassner'”) were
suspected to be from the two-phase region fcc + MG,
and they were excluded in the optimization. After the
whole system had been optimized, a calculation was car-
ried 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 M,;C, 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 M,;C; 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!'” and by Hillert
and Waldenstrom.!!
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Greenbank’s data!® 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'” and Greenbank’s
data.

B. Bcce

The solubility of C in bcc is very low, and the ex-
perimental information is scarce. Benz et al.!'*! deter-
mined metallographically the solubility of M,,Cs in bee
from 1172 to 1424 K in the Fe-Cr-C system at uc, =
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 corner, were es-
timated by Kajihara and Hillert'?! and by Gabriel et al.”®!
They have a very small effect on the phase diagrams,
and Kajihara and Hillert simply took the same value for
L%%.c that Andersson reported for Lgiy;.c. Since the
latter one had now been changed, the former was also
changed. The value of LY y;.c was not changed. No at-
tempt was made to evaluate a quaternary parameter.

C. Cementite

The properties of cementite in the Fe-Cr-C system were
assessed by Andersson!”! using the information on the
distribution of Cr between cementite on one hand and
bee or fee on the other hand. He also required that pure
Cr cementite, Cr;C, should not become stable in the Cr-C
system. His results were essentially accepted, but a new
value of the stability of Cr;C was used, obtained by
Kajihara and Hillert™ in connection with their reassess-
ment of the Cr-C system. Thus, it was necessary to allow
the parameter L¢,k.c 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 L¢;y;.c was quite arbitrarily set to zero in
the present work. The description of cementite in the
Fe-Ni-C system, given by Gabriel e al.,! was kept. No
quaternary parameter was introduced.

D. M,C;

The parameters for M,C, in the Fe-Cr-C system op-
timized by Andersson!”! must now be reassessed due to
the change of the Gibbs energy of formation of Cr,C;.
There is experimental information on the distribution of
Cr between bee or fcc and M;C; at the Fe-rich side of
the system.[®-201 There is also information on the lig-
uidus temperature of M;C;.2!) Andersson evaluated
°Gre,c, and a constant interaction parameter L ¢, r..c. With
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Greenbank’s experiments!® and the present calculation.

the new values for °Gc,,c,, it was now found that it was
not necessary to change °Gg,.,c,, 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 M,C; 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 M,C; 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 M,C; are fairly well

METALLURGICAL TRANSACTIONS A

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

The description of M,C; in the Cr-Ni-C system was
accepted from Kajihara and Hillert.!” The M,C, carbide
is not stable in the Fe-Ni-C system, and the interaction
parameter L, y;.c was put to zero quite arbitrarily. Based
on the information by Waldenstrdm!?? on the Cr and Ni
contents of M,C; 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 Lo pni.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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E. M;Cs

The properties of M;Cs in the Fe-Cr-C system were
assessed by Andersson,!”) and they must also be reas-
sessed due to the new value of the Gibbs energy of for-
mation of Cr,3Cs. There is experimental information on
the distribution of Cr between bcc or fcc and M,,Cq at
the Fe-rich side of the system.!'¥'%) Furthermore, there
is information on the three-phase triangles bec + fec +
M,;Cs,2 and fece + M,;Cq + M;C;.I"N However, the sol-
ubility of M,;Cq in fcc did not seem to be well estab-
lished in the Fe-Cr-C system, and the assessment was
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data.
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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 L ¢, e.c;r..c Which was evaluated
together with °Gg,,,c,. 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 M,;C4 can 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 °Gr.,,c, was accepted. In the pres-
ent work, it was found that L ¢ g..c re.c must be allowed
to vary with composition. The following expression was
chosen for the Fe-Cr-Ni-C system:

LCr‘Fc:Cr,Fe:C = OL + lL(ySCr - yiv:c) + 2l‘(y'Cr - y;?e)
[13]

but 'L and >L were put equal.

The description of M,;Cs in the Cr-Ni-C system® was
accepted. For the Fe-Ni-C system, there is no informa-
tion on M,;Cg, because it is not stable there. Conse-
quently, Lg. ni.pe.ni-c Was set to zero quite arbitrarily.

As already mentioned, there is much information on
the solubility of M,;Cq in the quaternary Fe-Cr-Ni-C sys-
tem. There is also some information from that system
regarding the Cr and Ni contents of M»Cy in the equi-
librium with fec and the C activity of that equilibrium. 2
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 M,,Cs.
The calculated Ni content of M,,C 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 M,;C4 and fcc is
given in Figure 6 in the Fe-Cr-C system at 1273 K. It
shows good agreement with Nishizawa and Uhrenius!!®!
but about 10 pct higher than Benz et al.’s data."'”! for
the bee/M,,Cy 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 bcc/M,C;. Andersson!” reported the same
discrepancy for M,C; 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.['8

The curves in Figure 1 give the calculated solubility
of M,,C in fcc as a function of the Ni content at 17.5 wt
pct Cr. The agreement with Tuma’s datal®! 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 al.[*!
also reported the solubility of MxuCy in fcc for the
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Fig. 7—Calculated distribution of Cr between M,,C¢ 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 M,;C; in fcc for an alloy with 25 Cr and
20 Ni wt pet, and Nishino and Kagawa’s™®! results were
reproduced very well. The specimens from the three
lowest temperatures were reported to contain some o phase
in addition to fcc, so the final optimization was per-
formed without using those results. However, this did
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Fig. 8 —Calculated solubility of M,;C¢ in fcc with 25 wt pet Cr and
20Ni vs temperatures together with experimental data.
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not change the calculation appreciably, and there is still
good agreement with those results.

Figure 9 shows the calculated extension of the fecc
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/M,;Cs + M;,C;
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
pet C according to Andersson’s assessment.”) The cal-
culated point fce/bee + MG falls at 14.5 wt pet 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.!!8!

F. Liquid

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,!”) must be reassessed. The
new assessment was based upon liquidus data for bece,
fcc, M,Cs, and cementite by Thorpe and Chicco,?!! as
well as for graphite by Chimpman™! and by Griffing
et al.?"

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
—10 K; for cementite, some were as much as 15 K lower;
and for M,C;, 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

Cr wt pctin fcc

I T 1
0 0.5 1.0 1.5 2.0 25

C wt petin fcc
Fig. 9—Extension of the fcc phase field in the Fe-Cr-C system at

various temperatures according to the present assessment. The phases
outside the boundaries are indicated.
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Fig. 10— A calculated isothermal section of the Fe-Cr-C system at
1273 K.

ranged from 3 to 11 wt pct C, and all of the calculated
values were about 1 wt pct C higher.

For experimental tie lines from Kundrat and co-workers
in the Fe-Cr-C!® and Fe-Cr-Ni-C!*! systems, the fit was
rather good and comparable to Andersson’s!”! for the
Fe-Cr-C system.

The calculated projection of the liquidus surface is
presented in Figure 11. It is very similar to that obtained
by Andersson,!” but the liquidus of M,;Cg is somewhat
wider. It shows the same phase relations and thus sup-
ports Andersson’s suggestion that the liquids of My;,Cq
and fcc should meet.

100 L 1 1 "l

40-

Cr wt pet in liquid

30+

204

10 T(K)=1000+100Z

0 T T | T 1 T

0 2 4 6 8 10 12 14
C wt pct in liquid

Fig. 11— Calculated projection of the liquidus surfaces in the Fe-Cr-C
system. The numbers Z give the temperatures according to 7' (K) =
1000 + 100Z.
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T

T(K)=1000+100Z

Crwt pctin fcc

T T > T T
0 0.5 1.0 1.5 20 25
C wtpctin fec

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 + 100Z.

Figure 12 shows a similar projection of the solvus sur-
faces with fcc. It is also very similar to Andersson’s.!!
The main difference is the Cr content of fcc in equilib-
rium with bee, M,;Cq, and M,C;. All of the calculated
invariant points in the Fe-Cr-C system are presented in
Table I.

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

V. DISCUSSION

The main impression of the present work is that it is
possible to base an assessment of the Fe-Cr-C system on
the new values of Gibbs energy for the Cr carbides rec-
ommended by Kajihara and Hillert,( although
concentration-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 Invariant
Equilibria in the Fe-Cr-C System

Phases T (K)
bee MG, Cr;C, gra 608
beel bee2 M,,Ce o 785
bee cem M,C, gra 941
fce bce cem gra 1007
fce bee cem M,C; 1017
fce bee M23C6 M7C3 1087
lig cem fcc gra 1423
lig M,C, fcc cem 1445
lig M,C, gra cem 1480
llq fee M23C6 M7C3 1560
lig bee fce M,3Cy 1573
llq CT3C2 M7C3 gra 1887

METALLURGICAL TRANSACTIONS A



Table II.

Summary of Thermodynamic Parameters Describing the Fe-Cr-Ni-C System in SI Units (J, mol, K)*

Liquid

One sublattice, site 1 constituents: C, Cr, Fe, Ni
°Gi = °GE* + 117,369 — 24.63T

¢
°Gl =

°GI* + 24,335.93 — 11.42T + 2.37615-1072 77

= HSER — 16,459 + 335.6187 — SOTIn T

°Gla = °Gi* + 12,040.17 — 6.55843T — 3.6751551-1072' 77
= HSE® —10,839.7 + 291.302T — 46T In T
°Gla = °Ghee + 16,414.686 — 9.397T — 3.82318-1072' 77

= HSER — 9549775 + 268.598T — 43.1TIn T

°L¥, = —90,526 — 25.9116T
L& = 80,000

2L, = 80,000

°L¥.. = —124,320 + 28.5T
'L¥:, = 19,300

2L, = 49,260 — 19T

°Lis: = —110,160 + 34.6T
‘Lday = —1276 — 5.3873T
IL¥ G = 2699

oL = —18,378.86 + 6.039127
'Li = —9228.1 — 3.54642T
WL e = —530,395
L8 re = 49,287
¥ pe = 43,461

L& = 122,200 — 58.8T
L = 92,200 — 58.8T
L8 = 152,200 — 58.8T
oL e = 13,022

"L e = 13,177

ngcr',Fe,Ni = 3313

Bee

Two sublattices, sites 1:3 constituents: Cr, Fe, Ni:C, Va
°Gibe — HSER = 8851.93 + 157.48T — 26.908T In T + 0.001894357*
—1.47721-107° 77 + 139,2507 !
= —34,864 + 344.18T — 50T In T — 2.88526-10%* T~°
°Gleee — HSER = —1224.83 + 124.134T — 23.5143T In T — 0.004397527T2
~5.89269-107* T° + 77,358.5T""
= —25,384.451 + 299.31255T — 46T In T + 2.2960305 - 10°! T7°

oGhbee = oGhfee | 8715.084 ~ 3.556T
CGB% = °GE* + 3°GE® + 416,000

oGEEe, = °Gibe | °GE® 1 322,050 + 75.667T
SGRL = °GNE + 3°GE® + 400,000 — 100T

L& cva = —190T

ongc:c,Va = —190T

oL e.va = 20,500 — 9.68T
L e e.c = —1,226,000 + 570T
0L ¥iva = 21,310 — 13.6585T
'L¥Civa = 25,800 — 7.8927T
R0pbe o = —1,226,000 + 570T
O b iive = —956.63 — 1.28726T
L.ve = 1789.03 — 1.92912T
L% = —956.63 — 1.28726T
'L¥%.c = 1789.03 — 1.92912T
OLE‘;‘?Fe,Ni:Va = 1390

G =RTIn(B+ Df(r) 7= T/Tc

METALLURGICAL TRANSACTIONS A

298.15 < T < 2180
2180 < T < 6000
298.15 < T < 1811
1811 < T < 6000
298.15 < T < 1728
1728 < T < 6000

208.15 < T < 2180
2180 < T < 6000

298.15 < T < 1811
1811 < T < 6000
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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 [A 79 158(1 1) <74+TI°+716)
T)=— _— = - - -_ _— <
Al™ 1a0p 497\, 2" a5 200 forr<1
-5 T-]S T—ZS
)=———+——+ -
F@o==217% " 35 1500] forr>1
518 790 [ 1
where A= —— |1+ —|--1
1125 497 \p
p =04

Te = —=311.5(yeeyva + Yoryo) + 1043(Yreyva + Yee¥o) + 575(YniYva + Yni Vo)
* YeYr(Ye + yva) [1650 + 550(yer — ye)l + yorYniwwal2373 + 617(yer ~ ywi)l
B = —0.008(ycryva + Yer¥o) + 2.22( YreYva + YreY) + 0.85(yniYva + YniVe)
—0.85ycyre( Yo + Yva) + 4YceYnidva
Whenever the calculated value of T¢ or g is negative, it should be divided by —1 when inserted in G and f(m).

Fcc
Two sublattices, sites 1:1 constituents: Cr, Fe, Ni:C, Va
°GE* = °GE™ + 7284 + 0.163T

°GENa = °Gre® — 1462.4 + 8.282T — 1.15T In T + 6.4-107* T2 298.15 < T < 1811
= H%® — 27,098.266 + 300.25256T — 46T In T + 2.78854- 10°' T~° 1811 < T < 6000

°GN* = HS™ — 5179.159 + 117.854T — 22.096T In T — 0.0048407T> 298.15 < T < 1728
= HS® — 27,840.655 + 279.135T — 43.1T In T + 1.12754-10°*' T~*° 1728 < T < 6000

°GEC = °GE° + °GE* + 25,000

oGhe, = oG + °GE® + 77,202 — 15.877T

oGhie = °Giee | °oGER 4 45000 + 1.88T

OL% (va = —29,686 — 18T

OLﬁC:C,Va = —34,761

OLchl?,Fe:Va = 10,833 ~ 7.477T

L& pe:va = 1410

0L e = —26,586 — 18T

Op ke iiva = 8347 — 12.1038T

L% ive = 29,895 — 16.3838T

0L i = —81,265 + 81.8T

O & iva = —12,054.355 + 3.27413T

L ve = 11,082.1315 — 4.45077T

2L niva = —725.805174

0Lk niic = 49,074 — 7.32T

ngsec.Ni:c = —25,800

OLtf:ch,Fe,Ni:Va = 1618
*OL%:,FC,Ni:C = —8215

p = 0.28

Te = —1109y¢;yva — 201 yYreYva T YreYc) + 633(Yni¥va T YniVO)

3605y yniYva T Yreyniyval2133 ~ 682(ype — yi)]
B = —2.46ycyve — 2.1(YreYva + YreYo) T 0.52(yniyva + ynive) — 1.91yc, Y Vva
Ve Vnival9.55 + 7.23(yre ~ yn) + 5.93(yre — yn)® + 6.18( ¥ ~ yn)’]

Whenever the calculated value of T¢ or B is negative, it should be divided by —3 when inserted in G7° and f (7).

Graphite
Constituent: C
°GE — H® = —17,369 + 170.73T — 24.3T In T — 4.723-107* T? + 2,562,600 !
-2.643-10°T2 + 1.2-10° 773
Cementite
Two sublattices, sites 3:1 constituents: Cr, Fe, Ni:C
*GE = 3°GEC + °GE - 29,392 + 41.65T — 9.32T In T + 2.6282-107% T2
°Gile — H® = —10,745 + 706.04T — 120.6T In T
°Gulc — HSER = 3°Glf* + °GE* — 34,700 — 20T
L e = 20,976 — 20.3144T
OLgmi.c = 29,400
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Table II. Cont. Summary of Thermodynamic Parameters Describing the Fe-Cr-Ni-C System in SI Units (J, mol, K)*

Cl'3C2
Two sublattices, sites 3:2 constituents: Cr:C

°G&e — HS™® = —92,138 + 632.1755T — 105.6289T In T — 0.022348T

M23C6

Three sublattices, sites 20:3:6 constituents: Cr, Fe, Ni:Cr, Fe, Ni:C
°GMB. .. — HS™ = —462,844 + 3200.2837T — 550.0669T In T — 0.20436637°

°Gerec = 20/23°GE%cr.c + 3/23°GreSre:c

°GrEenc = 20/23°Gire.c + 3/23°GeFerc

°GMZ.c = 23/3°GENc — 5/3°GE* + 66,920 — 40T
°Grdwi:c = 20/23°Gre.c + 3/23°Griicc

°GNZre-c = 20/23°GNivize + 3/23°Gree.c

*GNBG.c = 23°Ghe + 6°GE* + 212,988

°G&%iic = 20/23°GEZcrc + 3/23°GNiicc

°GNEerc = 20/23°Gaic + 3/23°G8%.c
LYY ceFe:c = 604,852 — 158.6196T

LY crFec = —1,914,930
LY orrec = —1,914,930
M;C,

Two sublattices, sites 7:3 constituents: Cr, Fe, Ni:C

°GM . — HSER = —177,506 + 1471.6421T — 249.20917 In T — 0.024006T>

oGM1 . = 7°GIE + 3°GE® + 113,385 — 78.37T
°Gaic = T°GRs* + 3°GE + 193,000

L ¥ e.c = —131,281 + 53.4926T

HpM o= —41,451

*Ung,Fe,Ni:c = —323,854

Sigma

Three sublattices, sites 8:4:18 constituents: Fe, Ni:Cr:Cr, Fe, Ni

°Gho.cricr = 8°GIEC + 22°GE* + 92,300 — 95.96T

°Gle:crre = 8°Gr* + 4°G&™ + 18°GR™ + 117,300 — 95.96T

°Gleicrni = 8°GRe° + 4°GE + 18°GR™

°GRizcoror = 8°GhE + 22°GE* + 173,460 — 188T
°GRiscere = 8°GR° + 4°GE + 18°GR*

°Glicrni = 8°GHE + 4°GI* + 18°GI™ + 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,;C4 very well, although there
is some discrepancy for the Ni dependence of the C con-
tent and of the C activity according to Tuma’s results.!®!
These quantities depend upon the variation of the C ac-
tivity of fcc with the Cr and Ni contents. After excluding
experimental information which falls inside the fcc +
M;Cq region, the remaining data were fitted well, and
the present description should be better than previous ones
by Natesan and Kassner!” and by Hillert and
Waldenstrom, )

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

METALLURGICAL TRANSACTIONS A

be used for realistic predictions of the solubility of M,;C¢
in Fe-rich alloys. No information from the Ni-rich region
was used for the optimization because of scarcity. How-
ever, an expression was proposed®” for the solubility of
M;C; in an alloy with 16.74 at. pct Cr, 9.42 at. pct Ni,
and 0.15 at. pet C (similar to the INCONEL* 600 alloy).

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

In (wt pct C) = 9.0 — 14,713/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. 13—The solubility of M,C; 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,;Cs in fcc, the
distribution of Cr between M,C; or M,;C, and fcc or bee
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. CONCLUSIONS

From the present work, it can be concluded that the
recent assessment of the Cr-Ni-C system!® can be used
as a basis for a reasonable assessment of 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,!” appeared again.

The experimental information on the C activity in fcc
may partly fall in the fcc + M,;Cq 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 M,;Cs in fec within
the high Fe region and of M,C; in fcc within the high
Ni region.
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