
Metal Science and Heat Treatment Vol. 39, Nos. 11 - 12, 1997 

THEORY 

UDC 669.017.11 

REFINEMENT OF THE F e - C  DIAGRAM ON THE BASIS OF RESULTS 
OF A THERMODYNAMIC ANALYSIS AND GENERALIZATION 
OF DATA FOR F e -  C AND F e -  C -  Cr SYSTEMS 1 

G. I. S i l ' m a n  2 

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 11, pp. 2 -  7, November, 1997. 

The F e -  C system has been studied quite thoroughly. However, some aspects of the system remain underde- 
veloped or at least disputable. This refers especially to the carbide part of the diagram. There is no unanimous 
opinion on the nature of melting of cementite (congruent or incongruent) and its melting temperature. Light 
carbide phases other than cementite are not represented by the diagram and there is no correspondence 
between the low-temperature part of the diagram and existing experimental data on carbide transformations in 
tempering of quenched steel. 

It is assumed in many textbooks, reference books, and 
monographs that the melting temperature of  cementite is 
equal to 1500-  1550~ or it is not given it all (i.e., the ce- 
mentite liquidus is not extended to the stoichiometric compo- 
sition of cementite). However, the results of  some calcula- 
tional and experimental works have shown that this tempera- 
ture is much lower and lies in the 1200 - 1270~ range [1, 2]. 

The problems of the melting behavior of  cementite and 
the expediency of representing the hypercementite region and 
the phase equilibrium in this region in the Fe - C diagram re- 
main unsolved. Most often cementite is represented con- 
gruently to the melting chemical compounds and the diagram 
of the metastable equilibrium is restricted to the cementite 
composition. For this reason the diagram is often called the 
i ron-cementi te  one. At the same time, it is known that the 
F e - C  system can contain one more metastable carbide with 
an Fe7C 3 stoichiometry in addition to cementite. This carbide 
has been obtained experimentally at a high pressure [3] or by 
other special methods [4]. Its crystal structure is close to that 
of CrTC 3 carbide with a rhombic lattice [5]. The structure of 
hypercementite alloys with Fe7C 3 carbides obtained at a pres- 
sure up to 90 kbar (9 GPa) has been studied in [3, 6]. This 
structure is represented by a mixture of  Fe3C and FeTC 3 car- 
bides and is interpreted as eutectic. For this reason, it has 
been suggested that the hypercementite part of the F e - C  
system should be represented by a diagram with a eutectic 
and congruent melting of cementite. In [6, 7] the open maxi- 
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mum of cementite corresponding to congruent melting of it is 
preserved in the diagram for atmospheric pressure. The pres- 
ence of an open cementite maximum in a diagram of metas- 
table equilibria has been assumed in a number of  works of 
foreign researchers [1, 8]. However, the authors of  [9] con- 
clude that this representation is incorrect and a variant of  the 
diagram having a peritectic transformation is more probable. 
This variant agrees with data obtained earlier by calculation 
[10] and with the variant suggested in [11]. 

All the suggested variants of the diagram are deficient be- 
cause of their conjectural nature and the absence of suffi- 
ciently reliable proofs of existence, to say nothing of the ab- 
sence of quantitative results on the phase equilibria of  the 
FeTC 3 carbide with other phases. 

The carbide phases formed in the decomposition of 
martensite are not represented by the diagram. The composi- 
tion of these carbides is described, by various estimates, by 
formulas ranging from Fe2C to Fe2.4C , i.e., their stoichi- 
ometry is close to Fe7C 3. By the data of  [12], at 2 0 0 -  250~ 
these carbides are more stable thermodynamically than ce- 
mentite. 

The aim of the present work consists in refining the phase 
diagram for alloys of the metastable F e - C  system in the re- 
gion of cementite and the hypercementite part (up to the 
FevC 3 carbide) and estimating the thermodynamic conditions 
of equilibrium of FeTC 3 with the other phases. 

We used two methodological approaches, namely, (1) a 
thermodynamic analysis of the F e - C  system with calcula- 
tion of the position of the line of  the cementite liquidus and 
(2) a thermodynamic analysis of the F e -  C -  Cr system with 
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Fig. !. A part of the F e - C  diagram in the region of the cementite liquidus. 
Calculated by Eq. (8). 

recalculation of  the results for the F e -  C system (i.e., for zero 
chromium content). 

The thermodynamic parameters o f  cementite were calcu- 
lated proceeding from the conditions of  equilibrium of  
austenite and the melt with cementite. For the reaction of  seg- 
regation of  cementite from the solution 

3[Fe] + [C] = Fe3C 

the equilibrium constant is 

aFe~C 
X ~ -  ~ , (1) 

aFe a c 

where aFe3C , aFe, and a c are the activities of  cementite, 

iron, and carbon respectively. In a first approximation, ce- 
mentite can be treated as a stoichiometric compound and 
therefore its activity can be taken equal to 1. 

The change in the free energy of  the system during the 
reaction of  segregation of  cementite is determined from the 
equation 

AF = AF ~ + RTIn Keq , (2) 

where AF ~ is the change in the free energy in the reaction that 
occurs under standard conditions (the standard state of  carbon 

is graphite a~ad that o f  iron is pure ),-iron). Under equilibrium 

conditions AF = 0 and 

A F ~  + 31nave). (3) 

The activity of  carbon act and iron av~ in austenite 
was calculated from the equations [13, 14] 

In acy = In Nq + 4590 ( N c . _ N c  ~ ) ( 2 _  Ncy_ N~. ~ ), (4) 
Nc Y T 

In at:c. t = In Nve_ ~ 4590 T N( ' t '  (5) 

where Nc. ~ and NF~. t are the atomic fractions of  carbon and 
iron in austenite, respectively (in the case considered, under 

equilibrium ofaustenite  and cementite); Ncy is the solubility 

of  graphite in austenite expressed in atomic fractions; T is 
the Kelvin temperature. 

Using (4) and (5) we find the temperature dependence of  

AF ~ for the austenite - cementite equilibrium: 

I Nc r 4590 , - -  . 
AF~ = RT In Nc +---~-- Uvc.c- N~r ) (2 - N c y -  N~r ) + 

3In (1 - Nc~) - 3 x---- ~ . (6) 

Our calculation has shown that dependence (6) is virtu- 
ally linear and can be described by a simple equation: 

AF ~  12 ,390-  11.52T (7) 

(here AF ~ is measured in J/mole).  

This equation differs somewhat from the familiar 
Richardson equation [5], although the results obtained from 
both equations agree well and their difference does not ex- 
ceed the error o f  calculation by the Richardson equation. At 
the same time it is more expedient to use Eq. (7) because it 
has been derived from the conditions of  phase equilibrium. 

The value of  ~ 0  can be expressed in terms of  the pa- 
rameters of  the melt. In this case we can use expressions of  
types (2) and (6) but with allowance for the change in the 

chemical potential o f  iron AI.tcv[ ~ in melting. We used the 

value of  Ap.~r ~ presented in [15]. After some transformations 

we obtain 

AF 0 n~[-,  NCL 10 720 . . . . . .  
= ~ 1  in ,-77-, + ~ tJvCL - ~Vct ) (2 - " L NCL " - NcL N~L ) + 

10 720 ] L-'t" 
3In (1 - NCL ) - 3 x ~ N2L -- 3A~F r (8) 

Joint solution of Eqs. (7) and (8) gives the temperature 
dependence of the solubility of cementite in the melt. This 
dependence is plotted in Fig. 1. It can be seen that the tem- 
perature of the liquidus line for the stoichiometric cementite 
composition is much lower than that assumed earlier and is 
close to 1 2 6 0 -  1270~ Similar results have been obtained 
experimentally in [2]. However, the results o f  our calculation 
do not answer the question of  the melting behavior of  cemen- 
tite (congruent or incongruent). 

We used the second approach to solve this problem and 
determine the conditions of  equilibrium of  the phases of  the 
F e - C  system (the melt, austenite, ferrite, and cementite) 
with FeTC 3 carbide. It is based on the techniques of  thermo- 
dynamic analysis o f  ternary systems developed by the author 
of  [ 16] and makes it possible to calculate and plot sections of 
phase diagrams for such systems. This method can involve 
the approximate equation of  Hellert [1] and modified and re- 
fined equations relating the thermodynamic activities of  the 
components of  a complex system to the coefficients o f  the in- 
terphase distribution of  the elements. The method, its equa- 
tions, and the admissible calculation errors are described in 
[16]. In the present work I modified the equations in order to 
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reduce the calculation errors. In the new equations the as- 
sumptions used by Hellert are partially compensated by the 
averaged values o f  the carbon contents in the phases of  the 
alloyed and unalloyed alloys. An analysis has shown that for 
chromium-bearing alloys (about 5% Cr in the austenite) the 
calculation error due to the use o f  a refined equation is equal 
to - 3 % ,  whereas for the Heilert equation it is about five 
times higher. 

As applied to the F e -  C -  Cr system the refined equa- 
tions can be represented in the form 

c, = [ 3cr Ncr,  (9) ac In---  6- 
a C 

tt  t 

i3Cr = _ (Kcr - 1) + (NCN~,~) - Kcr Nq,v) ) (10) 
(KCr- I ) N c + ( c ( , v )  -Kc ,  Nc(~v))' 

where a fir and ac  ~ are the thermodynamic activities of  carbon 

in the alloyed and unalloyed alloys, respectively; N c and 
Ncr are the atomic fractions o f  carbon and chromium in the 

alloy; [3 c~ is a coefficient allowance for the effect of  chro- 

mium on the thermodynamic activity of  carbon in the alloy; 
Kcr is the coefficient o f  the distribution of  chromium be- 
tween the high-carbon and low-carbon phases o f  the alloy; 

, I , , ,, I ( ?~z" " 
NC(a, 0 : ~" (Nco + N c ) and Nc(av ) = ~" v ' c  o + Nc ) are the 

mean equilibrium carbon contents (in atomic fractions) in the 
low-carbon and high-carbon phases of  the two-phase alloy, 

respectively (here Nco and Nc' ~ are the equilibrium carbon 

contents in the phases of  the unalloyed alloy, N c and N c '  

are the same quantities in the phases of  the alloyed alloy). 
As a rule, this method is used in going from binary sys- 

tems to ternary or more complex ones. The initial data for 
such an analysis are the phase diagrams of  the corresponding 
binary systems, the thermodynamic activities o f  the compo- 
nents in the binary systems, and the coefficients of  the inter- 
phase distribution o f  the elements, commonly determined ex- 
perimentally. 

In the present work the method is used to solve the in- 
verse problem that consists in going from a ternary F e -  C -  
Cr system to a binary F e - C  one in the regions where the 
FeTC 3 carbide is in equilibrium with the other phases. In this 
case the most reliable isothermal sections of  the F e - C - C r  
diagram, constructed experimentally and published in [17 - 19], 
are used as the initial data. These sections correspond to the 

four-phase equilibria o f  ix + 7 + D + e (760~ + L + D + c 
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Fig.  2. Isothermal  sect ions  o f  the Fe - C - Cr  d iagram:  a) for 760~ b ) for 

1000~ c) for 1175~ d )  for 1255~ 

(1175~ 7 + L + D + ip (1255~ and the three-phase equi- 

librium of),  + D + E at 1000~ They are presented in Fig. 2 
after recalculation of  the mass fractions of  carbon and chro- 
mium into atomic fractions and some correction aimed at 
matching the sections with each other and with the F e - C  

diagram. Here Ix is used to denote ferrite, ), is used for 

austenite, D for cementite, L for the melt, ~ for carbide 

(Fe, Cr)TC 3, and lp for carbide (Cr, Fe)23C 6. 
Table I presents the initial data for calculating the equi- 

librium content N c of  carbon in the phases of  F e - C  alloys 
(from the Fe - C diagram) and the thermodynamic activity of  
carbon a c in the biphase regions of  the F e - C  system (in ac- 
cordance with the data of [2 ,  1 2 -  15]). 

The carbon content Nc0 in Table 1 refers to the phase o f  

the biphase region that is given first. For example, Ncor _ L) is 

the solubility of  carbon in the phase L that is in equilibrium 

with the ),-phase, and NCoCL_~) is the solubility of  carbon in 

the ),-phase under the same biphase equilibrium. 
The transition from the F e -  C - Cr system to the Fe - C 

system occurs though three-phase regions (conode triangles) 
in isothermal sections of  the Fe - C -  Cr diagram, for exam- 

ple, through the 7 - D - ~  triangle (Fig. 2). Taking into ac- 

T A B L E  I 

[, ~  

0 
a c  

D - L  D - ' ~  D - o .  L - y  

Nc 0 

" [  - a L - D "f - D ~ - D L - y y - L "[ - cL o~ - y 

760 - 1.24 1.19 - 

1000 - 1.101 - - 

1175 1.20 1.036 - 0.875 

1255 2.24 - - 0 .476 

0.62 - 0.041 0.0029 - - 0.023 0 .0015 

- - 0.072 . . . . .  

- 0 .184 0.096 - 0 .164 0.086 - - 

- 0.235 - - 0.139 0 .070 - - 
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Fig. 3. G e o m e t r i c  eva lua t ion  o f  the d i f ference  in the values  o f t h e  t he rmody-  

namic  ac t iv i ty  o f  ca rbon  in b iphase  regions  o f  the Fe - C -  Cr  and Fe - C 

sys t ems  at 1000~ 

count that the thermodynamic activity o f  carbon in this trian- 
gle is constant and the same for all the alloys, including the 
corresponding boundary conodes o f  the biphase regions, we 

can pass from the y0D0 conode (in the F e -  C system) to a 

conode triangle (i.e., to the boundary conode 7D) and then 

from the boundary conodes De and y~ of  the triangle to the 

corresponding conodes Doe 0 and ),0e0 in the F e - C  system 
and calculate the thermodynamic activities of  carbon on these 
conodes. 

As an example, we present a detailed calculation for a 

temperature o f  I O00~ 

The coefficient lBc{ oct _ Y) for cementite in the biphase re- 

gion D - ' ) '  was calculated by Eq. (10). For the case consid- 

ered it can be written in the form 

o - y  ( N ?  -- k 'D-' t  hJ'f 
= "c~ "c(~,) (11) 13c~ (X o - 1) + ) 

D-Y (N[? C(D - y) KC~ - N~{a,.) ) 

In correspondence with the section of  the F e - C - C r  
diagram at 1000~ presented in Fig. 2 and with allowance for 

the stoichiometry of  cementite we obtain N~ ) = 0.25, N~I~,, ) = 
Cr 0.064, KcOr - v =  4.457, and [3C(D_y)=-4.128. In accordance 

with Eq. (9) we can write 

0 Cr D 
In a c = In ac(o_v)+ [3C(D_ v)NC~ (12) 

for the carbon activity in the three-phase region, where N~  is 

the equilibrium content o f  chromium in the cementite for the 

T A B L E  2 

t, ~ a c 

o . 
a c m biphase  regions  

three-phase equilibrium ) ' -  D - e, N ~  = 0.156. The calcula- 

tion gives In a C = -  0.548 and a c = 0.578. 
In correspondence with Eqs. (10) and (9) we calculate the 

values of  Cr Cr for the Fe - C 
~C(~ - y), - D), a c ( ~  - ~,) ~C{E-D}' ag(~ and 0 

system, namely, 

~: ~:-D D 
Cr ( K c r D -  I ) + ( N c - K c '  NC ) ( 1 3 )  

[~C(~ - D) = -- ~ - O c O �9 
Xc~ (Nc - N c ) 

c, (G- '  ' - Nc'.av) ) (14) 
~3C(~ - 't) = - Kcr -~' (Ng - N~(,,,) ) ' 

0 = In a c -  13cC{2 o) N:r .  (15) In ac{ ~ _ D) 

0 Cr 
In ac( ~ _ y) = In a c - ~3c( c _ y)N~r. (16) 

We use the section at 1000~ (Fig. 2) and the stoichiometry 

of  the carbides to obtain N~ ) = 0.25, N~E = 0.30, N~(~v)Y = 0.065, 

/~c~ -D = 1.67,/Q-~- Y = 7.43. After the calculation we arrive at 

Cr 0 = 1.171 13C~E = - 6 . 6 1 0 ;  13c/~_ y ) = - 3 . 5 7 9 ;  In aC(~_D) - D )  

0 o = 0,383, and 0 = 1,467, ac{~ - D) = 3 225;  In ac( e _ y) ac( ~ _ y} 

0 also be determined The values o f  a~ D) and ac{ ~ _ r} can 

without calculation by plotting them geometrically on the ba- 
sis o f  a geometric interpretation o f  the changes in the thermo- 
dynamic activities o f  the components in biphase regions of  
ternary systems suggested in [20]. A ptot is presented in 

Fig. 3 for the biphase equilibria T -  ~ and D - Y. For the phase 

7 we used the mean values o f  the solubility of  carbon 

Y = 0.065 Nc(av) (Nd(~,,) = 0.064 for the T - D  equilibrium and r 

for the y - 8 equilibrium). 
In correspondence with the geometric interpretation, the 

solutions to Eq. (9) for the biphase regions considered corre- 
spond to the segments cut by the continuations o f  the conodes 
on a line parallel to the axis of  ordinates and passing through 
the point N c = 1. This is done using the following rule of  
signs: if the cut segment lies above the axis o f  abscissas the 
activity of  the component considered (carbon in our case) de- 
creases, if it lies below the axis o f  abscissas the activity in- 
creases. In correspondence with this rule the lengths of  the 
segments in Fig. 3 are given with minus sign. 

It follows from Fig. 3 and Eq. (9) that for both biphase 

regions we have 

a + D  c + L  e + y  e + c t  

760 0 .656 +_ 0 .020  4.253 _+ 0.255 - 1.687 .+ 0.101 

1000 0 .578 .+ 0 .017 3 .226  +_ 0 .194 1.467 .+ 0 .088 

1175 0 . 5 4 7 _ + 0 . 0 1 6  2 . 7 3 2 + 0 . 1 6 4  1.696+_0.102 1 3 6 5 + _ 0 . 0 8 2  

1255 0 . 3 3 7 ' _ 0 . 0 1 0  - 2 .516 .+0 .151  1.232_+0.074 

1.559 .+ 0 .094 

In 0 - I n  0 - 0 . 6 4 3 + 0 . 9 3 0 .  
a c ( c  - 7) - aC(D - "t) 

0 = 
o = 0.101 wehave lnac i c_ , t )  Since ac( D _ r) 

0 = 1.467, i.e., the result 0.383 and act~_y} 

is the same as calculated above. We see 

that at least a preliminary estimate o f  the 
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effect of  the alloying elements on the thermo- 
dynamic conditions of  the phase equilibria can 
be obtained by a simple geometric construction 1200 
without calculation. For example, it is clear 
from Fig. 3 that the F e - C  system has a region II00 
where the D and e carbides are in equilibrium 
but the thermodynamic activity of  carbon is so to00 

high (a~ 3) that this equilibrium can 

hardly be fixed without the development of  900 
graphitization of both phases. 

800 
A similar thermodynamic calculation and 

plotting has been conducted for the tempera- 700 
tures of  the four-phase equilibria (790, 1175, 
and 1255~ The results obtained are pre- 
sented in Table 2 with the errors due to the cal- 
culation method used. 

The calculated results were used to con- 
struct the diagram of the thermodynamic activ- 
ity of  carbon in the F e - C  system, where the 

biphase regions with a e-phase (FeTC3) are rep- 
resented by the principal line and a band that 
allows for the maximum possible calculation 
error (Fig. 4). Figure 4a presents the diagram in 
the conventional t ( ~  c coordinates with- 

out the bottom part that characterizes the c~ - D 

and ~ t -  e equilibria. This is explainable by the 

fact that the slopes of  the c t - D  and D -  8 lines 
at low temperatures are so close that it is im- 
possible to determine the point 9f  their inter- 
section in the extrapolation with satisfactory 
accuracy. The coordinates of this point can be 
determined much more simply when the dia- 
gram is plotted in 1/T-In a c coordinates where T is the ab- 
solute temperature in degrees Kelvin (Fig. 4b and c). The 

lines of  the biphase equilibria with the e-phase are plotted us- 
ing the main calculated points in Fig. 4b and with allowance 

for the band of errors in Fig. 4c. The c t -  D equilibrium lines 
are plotted with the use of  experimental data [15]. 

The coordinates of  the intersection points in Fig. 4 that 
characterize the conditions of  nonvariant three-phase equili- 

bria in the Fe - C  system with participation of the e-phase are 
presented in Table 3 with indication of the calculation errors. 

An analysis of  the calculated results and the plotted val- 
ues has shown that the temperatures of the first three equili- 
bria have been determined the most accurately. The greatest 
error occurred in the determination of the temperature of the 
fourth equilibrium. If  we take into account that the error due 
to the calculation method has been evaluated without consid- 
ering the errors introduced with the initial data for the calcu- 
lation (in particular, the experimentally determined coeffi- 
cients of the interphase distribution of the elements), the total 
error can be much higher than that given in Table 3 (some- 
times by a factor of 2 -  2.5). Even in this case the results re- 
main quite reliable for the first three equilibria, but for the 
fourth equilibrium we can only state that the method used can 

t, ~ a 
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i' 
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Fig. 4. Diagram of  the thermodynamic 
activity of carbon in the F e - C  system: 

a) in t - a  c coordinates; b )  in 103/T - 

lna c coordinates; c) in 103 /T - Inac  
coordinates with the band of  errors in the 

D -  ~ region. 
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determine its existence only qualitatively. Here the mean tem- 

perature given in Table 3 and used in the subsequent plotting 

is only a first quantitative approximation that requires refining. 
Using the calculated data, after the transition from the 

thermodynamic activity of carbon to its content (on the basis 

of the data and dependences presented in [2, 1 2 -  15]) we 

plotted a diagram of metastable equilibria in the Fe - C sys- 
tem (Fig. 5). This diagram differs from other known variants 

by the presence of regions with a Fe7C 3 carbide (e-phase), 
which made it possible to continue it to the carbon content 

corresponding to the stoichiometry of FeTC 3. 

TABLE 3 

Equation 
of  three-phase 103/T t ,  ~ a C In a C 

equilibrium 

L + e ~ - D  0.653+_0.001 1258 + 3  2.62+_0_13 0.964+_0.05 

L # y + e  0.725+_0.002 I100_+ 10 1 .40+0.08 0.34+-0.05 

y ~ c t + ~  1.017+0.005 710+_5 1.72+_0.10 0.54_.0.06 

D ~:~ a + c 1-78-+0.09 2 9 0 •  15.1 _+5.0 2.72_+0.30 
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Fig. 5. Diagram of metastable equilibria in the Fe-C system (before the 
FeTC 3 carbide). 

C O N C L U S I O N S  

1. The F e -  C system includes a biphase region of carbide 

equilibria (cementite Fe3C and carbide FeTC3). 
2. The domain of the existence of cementite is bounded 

from above (1258~ and from below (about 290~ outside 

this domain another carbide phase, namely, FevC 3 (or e-pha- 
se), is more stable thermodynamically. 

3. At 1258~ the F e - C  system possesses a nonvariant 

peritectic equilibrium L + e ~--- D, i.e., cementite melts incon- 

gruently. 

4. At about 290~ there is a eutectoid equilibrium D ~-~ 

+ ~; below this temperature both carbide phases are charac- 

terized by a high degree of metastability (a c > 15). 
5. In accordance with the stoichiometric composition and 

the thermodynamic characteristics the low-temperature modi- 

fication of FeTC 3 carbide can be identified with c-carbide seg- 
regated in the decomposition of martensite in tempering of 

hardened steel. 
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