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THERMODYNAMIC DESCRIPTION OF TERNARY Fe-B-X SYSTEMS. PART 7: Fe-B-C

Thermodynamic description of the Fe-B-C system in its iron-rich corner is developed in the context of a new Fe-B-X (X = Cr, 
Ni, Mn, Si, Ti, V, C) database. The thermodynamic parameters of the binary sub-systems, Fe-B, Fe-C and B-C, are taken from earlier 
assessments modifying the B-C description. The parameters of the Fe-B-C system are optimized in this study using experimental 
thermodynamic and phase equilibrium data from the literature. Liquid, beta-rhombo-B and graphite phases are described using the 
substitutional solution model, while the ferrite (bcc), the austenite (fcc), the cementite (M3C) and the M23C6 phases are described 
with the sublattice model and the borides, Fe2B, FeB and B4C, are treated as stoichiometric phases. A good correlation was obtained 
between the calculated and the experimental thermodynamic and phase equilibrium data. The description is recommended to be 
used at the composition region of wt% C + wt% B < 15 and at temperatures below 2700oC.
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1. Introduction

The current contribution builds upon our earlier started 
research [1] on a boron containing iron-based Fe-B-X database, 
where boron is treated as a substitutional component. To this end, 
a few pertinent descriptions have been published earlier [1-6] 
using the ThermoCalc software [7].

Moreover, a general Iron Alloys Database (IAD) is under 
development [8]. This database adapts the format of the Ther-
moCalc databases comprising the following components: Fe, Al, 
B, C, Ca, Ce, Cr, Cu, H, Mg, Mn, Mo, N, Nb, Ni, O, P, S, Si, 
Ti and V. IAD is be applied in an Inter Dendritic Solidification 
(IDS) solidification model [9, 10] used to simulate the non-equi-
librium solidification of steels as well as their solid-state phase 
transformations, including precipitate formation or dissolution, 
depending on the cooling/heating history. As IDS simulates 
non-equilibrium solidification (taking kinetics into account), the 
calculation times are longer than in conventional thermodynamic 
software simulating equilibrium solidification. This becomes 
a problem in the real-time online processes of continuous cast-
ing, where numerous strand intersections need to be simulated 
at the same time [11]. For this reason, few simplifications [8] 
were made to some phase descriptions of the IAD database to 
reduce the computation times. These simplifications cause typi-

cally very slight or ignorable deviation in the calculated results. 
Consequently, there is no fitting problem if one wants to apply 
the earlier assessed (not-simplified) data in the calculations.

A thermodynamic optimization of the Fe-B-C system was 
performed using the ThermoCalc software [7] and experimental 
thermodynamic and phase equilibrium data from the literature. 
The new description is focused on the iron-rich corner of the 
system. The system has been assessed by Hasebe et al. [12], 
Nishizawa et al. [13] and Ohtani et al. [14], but these descrip-
tions could not be used directly since their binary Fe-B and 
Fe-C data differ from those of the current Fe-B-X database. 
A thermodynamic Fe-B-C description is also available in the 
ThermoCalc software [7] (database TCFe7) but this description 
has not been shown in the open literature. Another reason for 
deriving a new description is that the earlier studies treated B 
as an interstitial component in most solution phases, whereas 
the current database, including the earlier Fe-B-X descriptions 
 [1-6], treats it as a substitutional component in all solution 
phases. This is a practical choice made in our first Fe-B-X de-
scription [1] based on the binary Fe-B assessment of Hallemans 
et al. [15]. The binary thermodynamic data used in the current 
Fe-B-C description is taken from Miettinen and Vassilev [1] for 
the Fe-B system, from Gustafson [16] for the Fe-C system and 
from Kasper and Lukas [17] for the B-C system. The models of 
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the beta-rhombo-Band B4C phases used by [17] were changed 
in this study, treating beta-rhombo-B as a substitutional solution 
phase and B4C as a simple stoichiometric phase. These treatments 
simplify the calculations of the IDS software and only margin-
ally affect the calculated phase equilibria in the iron-rich part of 
the Fe-B-C system. Note also the unusual choice in the present 
Fe-B-C description to treat B as a substitutional component in 
the bcc and fcc phases but C as an interstitial one [16]. This is 
intended to simplify the use of the present Fe-B-C description. 
But we also present an alternative Fe-B-C description treating 
both B and C as substitutional components; this description is 
applied in the IDS software.

2. Phases, modeling and data

Table 1 shows the phases and their modeling in the current 
Fe-B-C assessment. The liquid, beta-rhombo-B and graphite 
phases are described with a substitutional solution model, while 
the bcc (base centered cubic phase or ferrite), fcc (face centered 
cubic phase or austenite), the M3C (cementite) and M23C6 phases 
are described with sublattice models and the borides, Fe2B, FeB 
and B4C, are treated as stoichiometric phases. Detailed descrip-
tions of the substitutional solution and sublattice models and 
their parameters are available from Andersson [18]. This work 
introduces the phase descriptions of the Fe-Cr-C system but by 
replacing Cr with B, they can be applied to the phases of the 
current Fe-B-C system.

Experimental studies for the Fe-B and Fe-C systems have 
been reviewed by Miettinen and Vassilev [1] and Gustafson [16], 

respectively. The experimental phase equilibrium data applied 
in these optimizations are from [19-24] for the Fe-B system and 
from [25-32] for the Fe-C system. For the B-C system, experi-
mental phase equilibrium data of [33-35] was used to achieve 
simpler descriptions for the beta-rhombo-B (bet) and B4C phases 
than those in the optimization by Kasper and Lukas [17].

Experimental studies of the Fe-B-C system have been 
reviewed earlier by Raghavan [36] (before 1992) and Rogl 
[37] (before 2008). However, there are also some more recent 
measurements available. Table 2 shows the experimental in-
formation [38-52] selected for the current optimization of the 
Fe-B-C system.

3. Results

The thermodynamic description of the Fe-B-C system is 
presented in Table 3. The parameters marked with a reference 
code were adopted from earlier assessments [1,15-17,53-55] 
and those marked with O* were optimized using the Calphad 
approach [56]. This is a semi-empirical method for modeling 
thermodynamic properties of multicomponent alloys using all 
experimental and theoretical information available on the phase 
equilibria and the thermochemical properties of the system. 
The experimental data employed in the current optimization 
is summarized in Table 2. Note the strong temperature and 
composition dependency of the ternary liquid-state interaction 
parameter of LL

B,C,Fe, which was necessary to achieve a reason-
able accordance between the calculations and the measurements 
at any temperature. Also note the alternative data for the M23C6 
phase. With this parameter expression, the temperature making 
M23C6 unstable could be increased from 390°C to 500°C, which 
agrees better with the suggestions of [36,37] that M23C6 could 
decompose slightly below 600oC. This subject is discussed more 
closely later in the text. Finally, note the Gibbs energy expression 
of Gustafson [16] for the Fe-C cementite, Fe3C, applying HSER 
[53] as a reference state for the components (i.e. the enthalpy 
of the pure component in its reference phase at 298.15 K). This 
function has later been re-optimized by Hallstedt et al. [57], but 
it could not be adopted in the current study as the whole IAD 
database is based strongly upon the use of the function of Gus-
tafson [16]. Nevertheless, at high temperatures (T > 1000 K), 
the function of Hallstedt et al. [57] was reported to agree well 
with that of Gustafson [16].

TABLE 2
Experimental data applied in the optimization of the Fe-B-C system

Experimental data Reference
Primary precipitation surfaces and liquidus isotherms
Activity of Fe in liquid at 1600oC along composition line xC = 0.17 – 0.35xB
Activity coeffi  cient fC

B in liquid Fe-B-0.22wt%C alloys at 1600oC
Activity coeffi  cient fC

B in liquid Fe-1wt%B-C alloys at 1455oC and 1360oC
Graphite solubility in liquid with Fe isoactivity lines at 1600oC
Graphite solubility in liquid phase at 1600 to 1300oC
3 vertical sections at 0.5 wt% C, 0.7 wt% and 2.6 wt% B
7 isothermal sections at 1200oC, 1000oC, 950oC, 900oC, 850oC, 800oC and 700oC

[38-40]
[41]
[42]
[43]

[41,44,45]
[44,46,47]

[39,40,48,49]
[38,40,50-52]

TABLE 1
Phases and their modeling in the current Fe-B-C description

Phase Modeling 
liquid (L)

bcc_A2 (bcc, ferrite, α-Fe)
fcc_A1 (fcc, austenite, γ-Fe)

beta-rhombo-B (bet)
graphite (gra)

M3C (cementite, dissolving B)
M23C6 (dissolving B)

Fe2B
FeB
B4C

(B,C,Fe), substitutional, RKMa

(B,Fe:C,Va), sublattice, RKM
(B,Fe:C,Va), sublattice, RKM

(B,C), substitutional, RKM
(B,C), substitutional, RKM
(Fe)3(B,C), sublattice, RKM

(Fe)23(B,C)6, sublattice, RKM
(Fe)2(B), stoichiometric
(Fe)(B), stoichiometric
(B)9(C)2, stoichiometric

a RKM = Redlich-Kister-Muggianu (Gibbs excess energy model)
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The calculated results were compared to the respective 
original experimental data to verify the optimization. All cal-
culations were carried out with the ThermoCalc software [7].

Figures 1 and 2 show the Fe-B and Fe-C phase diagrams 
calculated using the parameters of [1] and [16], correspondingly. 
The agreement with the experimental data [19-32] is good. 

The calculated B-C phase diagram is presented in Figure 3. 
The composition range of the B4C phase calculated by Kasper 
and Lukas [17] is wider than that assessed in the current study 
and their results agree better with the measurements. But as 
already mentioned, a simplified B4C phase description has been 
used in this work.

TABLE 3

Thermodynamic description of the Fe-B-C system. The thermodynamic data of pure components was taken from [53] unless not shown 
in the table. Parameter values except for TC and β are in J/mol. TC and β are the Curie temperature (K) and the effective magnetic moment 

(magneton) of a phase, respectively

liquid (1 sublattice, sites: 1, constituents: B,C,Fe)
LL

B,Fe = –133438 + 33.946T + 7771(xB – xFe) + 29739(xB – xFe)2

LL
B,C = –67045 + 4.47T + (–36683 + 2.446T)(xB – xC)

LL
C,Fe = –124320 + 28.5T + 19300(xC – xFe) + (49260 – 19T)(xC – xFe)2

LL
B,C,Fe = (140000 + 50T)xB + (140000 + 50T)xC + (–340000 + 250T)xFe

Ref.
[15]
[17]
[16]
O*

bcc (2 sublattices, sites: 1:3, constituents: B,Fe:C,Va)
oGbcc

Fe:Va = oGbcc
Fe

oGbcc
B:Va = oGbet

B + 43514 – 12.217T
oGbcc

Fe:C = oGbcc
Fe + 3oGgra

C + 322050 + 75.667T
oGbcc

B:C = oGbet
B + 3oGgra

C + 200000
Lbcc

B,Fe:Va = –50000 + 42T
Lbcc

Fe:C,Va = –190T
Tcbcc = 1043yFe
bbcc = 2.22yFe

[53]
[54]
[16]
O*
[1]
[16]
[16]
[16]

fcc (2 sublattices, sites: 1:1, constituents: B,Fe:C,Va)
oGfcc

Fe:Va = oGfcc
Fe

oGfcc
B:Va = oGbet

B + 50208 – 13.478T
oGfcc

Fe:C = oGfcc
Fe + oGgra

C + 77207 – 15.877T
oGfcc

B:C = oGbet
B + oGgra

C + 155000
Lfcc

B,Fe:Va = –66000 + 50T
Lfcc

Fe:C,Va = –34671
Tcfcc = –201yFe
bfcc = –2.1yFe

[53]
[54]
[16]
O*
[1]
[16]
[16]
[16]

beta–rhombo–B (1 sublattice, sites: 1, constituents: B,C)
oGbet

C = oGgra
C + (10000)

Lbet
B,C = (10000)

O*
O*

graphite (1 sublattice, sites: 1, constituents: B,C)
oGgra

B = oGbet
B + 5000

Lgra
B,C = 34386 + 8.679T

[17]
[17]

M3C (2 sublattices, sites: 3:1, constituents: Fe:B,C)
oGM3C

Fe:B = 3oGbcc
Fe + oGbet

B –79000 + 12T
oGM3C

Fe:C = 3HSER
Fe + HSER

C – 10745 + 706.04T – 120.6TlnT
LM3C

Fe:B:C = 7700–4T

O*
[16]
O*

M23C6 (3 sublattices, sites: 20:3:6, constituents: Fe:Fe:B,C)
oGM23C6

Fe:Fe:B = 23oGbcc
Fe + 6oGbet

B – 435000 + 60T
oGM23C6

Fe:Fe:B = 23oGbcc
Fe + 6oGbet

B – 291500 – 996T + 132TlnT
oGM23C6

Fe:Fe:C = 23/3oGM3C
Fe:C + (6 – 23/3)oGgra

C + 15000
LM23C6

Fe:Fe:B:C = –204000 + 110T

O*
O**
[55]
O*

Fe2B (2 sublattices, sites: 2:1, constituents: Fe:B)
oGFe2B

Fe:B = 2oGbcc
Fe + oGbet

B –78783 + 10.398T [15]
FeB (2 sublattices, sites: 1:1, constituents: Fe:B)
oGFeB

Fe:B = oGbcc
Fe + oGbet

B – 70300 + 12T [1]
B4C (2 sublattices, sites: 9:2, constituents: B:C)
oGB4C

B:C = 9oGbet
B + 2Ggra

C – 268000 + 20T O*
O* – Parameter optimized in this work
O** – Alternative data making the M23C6 phase to disappear at 500oC
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Fig. 1. Fe-B phase diagram calculated by Miettinen and Vassilev [1], 
together with experimental data points [19-24]

Fig. 2. Fe-C phase diagram calculated by Gustafson [16]together with 
experimental data points [25-32]. Dotted lines refer to calculations after 
suspending the graphite phase

Figures 4 to 20 show the results of calculations for the Fe-
B-C system, together with the experimental data (Table 2). The 
agreement is good. Concerning the calculated liquidus projection 
of Figure 4, note that there is no general agreement between 
the experimental results of various studies, as stated also by 
Raghavan [37]. In calculations, no primary precipitation sur-
face of M23C6 was formed, which has been confirmed by seven 
studies [14,38,40,50,51,60,61], although two contrary views 
have also been presented [62,63]. The presence of the primary 
precipitation surface of M3C, instead, has widely been accepted. 
In Figure 4, the calculated M3C surface is shown in grey. This 
fits well with the experimental primary surface determinations 
by Kaneko et al. [38] and Borlera and Pradelli [39], including 

Fig. 3. Calculated B-C phase diagram, together with experimental data 
points [33-35].The letter A denotes the assessed data. Solid lines refer 
to the current calculations and the dotted lines refer to those by Kasper 
and Lukas [17]

Fig. 4. A calculated liquidus projection of the Fe-B-C system, together 
with experimental data by Kaneko et al. [38] and Borlera and Pradelli 
[39], and those assessed by Schürmann and Li [40]. Shown also are 
the calculated liquidus isotherms between 2000oC and 1300oC (dotted 
lines), together with experimental data points by Huang et al. [47] and 
those assessed by Schürmann and Li [40]. The lines suggested by [40] 
and calculated by Lentz et al. [49] are shown by the letters ‘a’ and ‘b’

the fcc/L/M3C monovariant line suggested by Schürmann and 
Li [40] and the M3C/L/gra monovariant line estimated from 
the measurements of [38, 39] and the suggestion of [40]. Both 
of these lines are shown by the open symbols with black dots 
inside. In the latter case, the selected M3C/L/gra line (symbols) 
represents a compromise made from the studies by [38-40]. The 
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calculated M3C surface, however, does not extend to such high 
B compositions as indicated by some experimental data points 
close to 4 wt% B and the invariant point P suggested by [40]. 
On the other hand, one may question the reliability of the latter 
point, since the broken line connecting invariant points of U3 
and P of [40] splits the experimental M3C region of Figure 4, 
making it possibly too narrow.

Figure 4 also shows the fcc/L/M3C and M3C/L/gra mono-
variant lines calculated by Lentz et al. [49] using the ThermoCalc 
software with the TCFe7 database (see the dense dotted lines). 
In their fcc/L/M3C line, a temperature minimum of 1122°C was 
obtained, which agrees well with the minimum of 1129°C sug-
gested by Schürmann and Li [40]. The compositions of those 
minima, however, are quite different, whereas the point of [40] 
is almost located in the fcc/L/M3C line of the present calcula-
tion. On the other hand, the corresponding temperature close to 
that composition is a bit higher (1144°C) indicating somewhat 
lower stability for the liquid phase than suggested by [40]. It 
was difficult to increase the stability (by calculations) without 
losing the good accordance obtained between the calculated and 
experimental M3C surface. A good indication of that may be the 
overly narrow M3C surface calculated by Lentz et al. [49] using 
data from a more stable liquid phase description.

The numerical data of the invariant points in Figure 4 are 
given in Table 4. Note that the calculated compositions of these 
points are somewhat different from those suggested by Schürmann 
and Li [40]. In addition, the reaction L + Fe2B = fcc + M3C (U4) 
was proposed by [40] conflicting with the calculated eutectic 
reaction of L = Fe2B + fcc + M3C (E). The reason for the transi-
tion reaction (U4) is the earlier discussed temperature minimum 
of 1129°C on the monovariant line of fcc/L/M3C (see Figure 4), 
whereas according to calculations, the temperature decreased 
continuously from U3 (1149oC) to E (1137oC). Note, however, 
the large scatter in the calculated and suggested composition 
and temperature values of invariant point E/U4, which leaves 
an accurate determination of the corresponding reaction and 
its location in Figure 4 uncertain. An additional calculation 
was carried out for the reaction L + B4C = FeB + gra (U1) (not 

shown in Figure 4) using the more complex B4C description of 
Kasper and Lukas [17]. This resulted in temperature and com-
position values of 1567°C, 12.51 wt% B and 0.88 wt% C for the 
invariant point U1 which agree well the values given in Table 4. 
Consequently, treating B4C as a stoichiometric phase can be 
considered a reasonable simplification in the present iron-rich 
description of the system.

Figures 5 and 6 illustrate the calculated Henrian activity data 
of the liquid phase. The agreement with measurements by Miki 
et al. [41], Burlyev [42] and Ball [43] is reasonable when taking 

TABLE 4
Calculated (calc.) and experimental (exp.) invariant points 

in the Fe-B-C system

Reaction Type t 
(oC)

wt % 
B in L

wt % 
C in L Reference

L + B4C = FeB + gra U1 1565 12.41 0.89 Calc this study
L + FeB = Fe2B + gra U2 1357

1350
7.61
7.2

1.36
0.7

Calc this study
Exp [40]

L + Fe2B + gra = M3C P 1216
1191

3.74
4.5

2.54
1.5

Calc this study
Exp [40]

L + gra = fcc + M3C U3 1149
1145

0.07
0.2

4.29
4.10

Calc this study
Exp [40]

L = Fe2B + fcc + M3C

L + Fe2B = fcc + M3C

E
E
U4
U4
U4

1137
1097
1132
1148
1100

3.03
3.24
3.42
3.7
2.8

1.01
1.25
0.85
0.5
1.0

Calc this study
Exp [36]
Calc [49]
Exp [40]
Exp [38]

Fig. 6. Calculated Henrian activity coefficients of f C
B (a) and f B

C (b) in 
liquid Fe-B-C alloys, together with experimental data points by Burlyev 
[42] and Ball [43]

Fig. 5. Calculated activity of Fe in liquid Fe-B-C alloys at 1600°C along 
the composition line xC = 0.17 – 0.35xB, together with experimental data 
points by Miki et al. [41]. The graphite phase was suspended from the 
calculations. The reference state used is pure liquid Fe
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into account that the corresponding measurements indicate rela-
tively low liquid phase stability at high temperatures, in regard 
to the high stability at low temperatures according to Schürmann 
and Li [40]. This, in fact, is the reason it was necessary to use 
the earlier stated strong temperature dependency for the ternary 
liquid–state interaction parameter of LL

B,C,Fe. According to that 
choice, the increasing temperature did not stabilize the liquid 
phase too much and the agreement, particularly for the B and C 
activity coefficients (Figure 6), remained reasonable. Additional 
thermodynamic data is available from Witusiewicz [64] for the 
enthalpy of mixing of liquid Fe-B-C alloys at 1627°C. Increasing 
the carbon composition makes this enthalpy data more negative, 
but not so much as predicted by the calculations.

Figures 7 and 8 show the calculated graphite solubilities 
in the liquid phase at 1600°C up to 11.4 wt% B (xB = 0.40) and 
at 1600°C to 1300°C up to 3 wt% B, respectively. The agree-
ment with measurements by Schenck et al. [44], Sunkar and 
Morita [45], Miki et al. [41], Yu et al. [46] and Huang et al. [47] 
is relatively good indicating reasonable stability for the liquid 
phase at high temperatures. In the latter case, also shown are 
some iron isoactivity lines in the liquid. The agreement with 
the measurements by [45] is reasonable. Sunkar and Morita 
[45] also measured the B activities in liquid, but these data do 
not agree so well with the calculations. This is mainly due to 
the higher B activities in binary Fe-B alloys by [45] in regard to 
the calculated activity values and those measured by Yukinobu 
et al. [58] and Zaitsev et al. [59].

Figures 9 through 11 show calculated vertical sections of 
the system at 0.5 wt% C, 0.7 wt% C and 2.6 wt% B, respectively. 
The agreement with the experimental data of Vogel and Tam-
mann [48], Borlera and Pradelli [39], Schürmann and Li [40] 

and Lentz et al. [49] can be considered reasonable. In Figure 11, 
note the wider L + gra region by [40] pushing the temperature 
of M3C formation from the calculated value of 1219°C down 
to 1180°C. More vertical sections are available from [48] but 
due to the absence of reliable measurements for determining 
the phase equilibria with M3C and M23C6, these sections are 
not considered here.

Figures 12 to 18 show seven calculated isothermal sections 
for the system at 1200°C, 1000°C, 950°C, 900°C, 850°C, 800°C 

Fig. 9. Calculated vertical section of the Fe-B-C system at 0.5wt%C, 
together with experimental data points by Vogel and Tammann [48] and 
Schürmann and Li [40]. The data from [40] is estimated

Fig. 7. Calculated graphite solubility in the liquid phase of the Fe-B-C 
system at 1600oC, together with experimental data points by Schenck 
et al. [44], Sunkar and Morita [45] and Miki et al. [41]. Shown also 
are some iron isoactivity lines for the liquid phase (dotted lines). The 
reference state used is pure liquid Fe

Fig. 8. Calculated graphite solubility in the liquid phase of the Fe-B-C 
system at 1600oCto 1300oC, together with experimental data points by 
Schenck et al. [44], Yu et al. [46] and Huang et al. [47]
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and 700°C. In Figure 12, note the higher stability of the liquid 
phase at 1200°C by Schürmann and Li [40] than that obtained 
by the calculations by Ohtani et al. [14]. The present calculations 
agree better with the suggestions by [40], although at high B and 
low C compositions, the liquid phase stability remains much 
smaller, due to the binary Fe-B description fixed in an earlier 
study [1]. Concerning the isotherms where liquid is not present, 
note the absence of the graphite phase in Figure 18. It was sus-

Fig. 10. Calculated vertical section of the Fe-B-C system at 0.7wt%C, 
together with experimental data points of Borlera and Pradelli [39] and 
Lentz et al. [49]

Fig. 11. Calculated vertical section of the Fe-B-C system at 2.6wt%B, 
together with experimental or estimated data points by Schürmann and 
Li [40]. The dotted lines show the phase regions of L + gra and L + M3C 
as suggested by [40]

Fig. 12. Calculated isothermal section of the Fe-B-C system at 1200oC, 
together with the liquid phase region proposed by Schürmann and Li 
[40] (dashed line) and calculated by Ohtani et al. [14] (dotted line). The 
calculated three-phase triangles are shown in grey

Fig. 13. Calculated isothermal section of the Fe-B-C system at 1000oC, 
together with experimental data points by Borlera and Pradelli [50], 
Hasebe and Nishizawa [51] and Lentz et al. [52]. The calculated three-
phase triangles are shown in grey

pended from the calculations because it was not detected in the 
measurements by Kaneko et al. [38] and Borlera and Pradelli 
[39]. Thus, Figure 18 represents a metastable diagram unlike the 
diagrams of Figures 12-17. Additionally, note the absence of the 
M23C6 phase at 1000°C (Figure 13) and its presence at 950°C 
(Figure 14). The precise high-temperature limit of the M23C6 
decomposition was calculated to be 983°C, whereas according 
to measurements, M23C6 was observed to become unstable above 
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950°C [61] and at 966°C [50]. At low temperatures, the M23C6 
phase disappears again from the structure. The measurements of 
Borlera and Pradelli [39] suggest the decomposition of M23C6 
below 600°C, but when accepting the high stability of the phase 
at 700°C (Figure 18), it was not possible to get it to disappear 
in the calculations close to 600°C. By applying the simple M3C 
and M23C6 phase descriptions given in Table 3, M23C6 disappears 

at a much lower temperature, i.e. 390°C. However, applying an 
alternative and more complex temperature function for parameter 
°GFe:Fe:B

M23C6  given in Table 3, the temperature could be increased to 
500°C, without causing any noticeable differences in the results 
of Figures 13 through 18. This is just to indicate that we still have 
some possibilities to affect the low-temperature phase equilibria 
of this system if new measurements become available. All in all, 

Fig. 16. Calculated isothermal section of the Fe-B-C system at 850oC, 
together with experimental data points by Hasebe and Nishizawa [51]. 
The calculated three-phase triangles are shown in grey

Fig. 17. Calculated isothermal section of the Fe-B-C system at 800oC, 
together with experimental data points by Borlera and Pradelli [50], 
Hasebe and Nishizawa [51] and Lentz et al. [52]. The calculated three-
phase triangles are shown in grey

Fig. 14. Calculated isothermal section of the Fe-B-C system at 950oC, 
together with experimental data points by Kaneko et al. [38] and 
Hasebe and Nishizawa [51]. The calculated three-phase triangles are 
shown in grey

Fig. 15. Calculated isothermal section of the Fe-B-C system at 900oC, 
together with experimental data points by Borlera and Pradelli [50], 
Hasebe and Nishizawa [51] and Lentz et al. [52]. The calculated three-
phase triangles are shown in grey
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the agreement between the calculations and measurements in all 
isotherms is quite good, taking into account the slight discrepan-
cies between different measurements. As an example, compare 
the experimentally determined fcc + M23C6 regions at 900°C 
(Figure 15) and 850°C (Figure 16). At 900°C, the measure-
ments by Kaneko et al. [38] show a more extensive homogeneity 
range for M23C6 than the calculations (see one black triangle 
of M23C6located in the fcc + M23C6 + M3C region and the two 
star symbols of three-phase equilibria located in the fcc + M3C 
region), whereas at 850°C, the homogeneity range by Hasebe 
and Nishizawa [51] is narrower than obtained by the calcula-
tions (see the measured fcc-M3C tie lines going falsely through 
the two calculated three-phase triangles of fcc + M23C6 + M3C). 

Consequently, we have a discrepancy between the measurements 
of [38,51], which cannot be satisfied by the calculations.

Finally, Figure 19 shows the calculated boron solubility in 
the fcc phase of the system. Increasing the C content promotes the 
formation of M3C, which reduces the B solubility. The solubility 
is also reduced by a temperature drop from 1140°C to 1000°C. 
Shown also are the results of calculations treating carbon as 
a substitutional solution component [8] in the bcc and fcc phases. 
The corresponding data are given in Table 5. The deviation 
between these calculations is barely detectable indicating that 
the substitutional solution model works well for the bcc and fcc 
phases of the Fe-B-C system. Measured boron solubilities in the 

Fig. 18. Calculated isothermal section of the Fe-B-C system at 700oC, 
together with experimental data points by Kaneko et al. [38], Borlera and 
Pradelli [50] and Lentz et al. [52]. The calculated three-phase triangles 
are shown in grey. Graphite has been suspended from the calculations

TABLE 5

Thermodynamic descriptions of the substitutional solution bcc and fcc phases of the Fe-B-C system applied in the IAD database [8]. 
Thermodynamic data for pure Fe is taken from [53] and the parameter values except for TC and β are in J/mol (see Table 3)

bcc (1 sublattice, sites: 1, constituents: B,C,Fe)
oGbcc

B = oGbet
B + 43514 – 12.217T

oGbcc
C = oGgra

C + 107350 + 35.764T
Lbcc

B,Fe = –50000 + 42T
Lbcc

C,Fe = –119.04T – 43.886T(xC – xFe) – 7.858T(xC – xFe)2

Tcbcc = 1043(xFe + xC) – 200xFexC
bbcc = 2.22(xFe + xC)

[54]
[8]
[1]
[8]
[8]
[8]

fcc (1 sublattice, sites: 1, constituents: B,C,Fe)
oGfcc

B = oGbet
B + 50208 – 13.478T

oGfcc
C = oGgra

C + 155005 + 13.703T
Lfcc

B,Fe = –66000 + 50T
Lfcc

C,Fe = –162313 – 43.515T + (–60802 – 17.241T)(xC – xFe) + (–10956–3.306T)(xC – xFe)2

Tcfcc = –201(xFe + xC)
bfcc = –2.1(xFe + xC)

[54]
[8]
[1]
[8]
[8]
[8]

Fig. 19. Calculated solubility of B in the fcc phase of the Fe-B-C system 
at 1140oC and 1000oC. The lines refer to calculations treating carbon 
as an interstitial solution component and boron as a substitutional 
solution component in the bcc and fcc phases (Table 3) and broken 
lines refer to calculations treating both components as substitutional 
solution ones (Table 5)
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fcc phase have been reported by Cameron [65], but unfortunately, 
this data is not available to the public. However, the effect of a C 
addition to reduce the boron solubility was stated.

Additional measurements for the solidus temperatures and 
the solid-state phase equilibria for three Fe-B-C alloys are avail-
able from Sudo et al. [66]. These data correlate somewhat moder-
ately with the present calculations and those of the ThermoCalc 
software, which are close to each other. For the least alloyed steel 
of Fe76B6C18 (at%), however, the measured solidus of 1125°C 
is reasonably close to the calculated value of 1149°C, and the 
measured structures of fcc + M3C at 1000°C and M23C6 + M3C 
at 800°C are identical to the calculated values. Measurements 
are available also for Fe-B-C alloys containing 30 to 60 at% B, 
by Homolová et al. [67], who determined three-phase triangles 
of Fe2B + FeB + graphite, FeB + B4C + graphite and FeB + 
B4C + beta at 900°C and 600°C for eleven alloys. The current 
calculations agree well with these measurements. Neverthe-
less, this is only due to the simple treatment of the B4C phase 
as a stoichiometric B9C2 phase (see Table 3). Instead, using the 
more eloquent B4C descriptions by Kasper and Lukas [17], slight 
carbon solubility must be allowed in borides Fe2B and FeB to sat-
isfy the measurements, as demonstrated by Homolová et al. [67].

Due to the strong temperature and composition depend-
ency introduced for the liquid state interaction parameter 
LL

B,C,Fe, the present description is not recommended to be used 
at temperatures above 2700°C and at compositions above wt% 
C + wt% B > 15. At higher temperatures, the graphite solubility 
starts to behave in an unexpected manner, due to the increasing 
tendency of the liquid to form a miscibility gap. Before its forma-
tion, however, the bcc phase becomes falsely stable at 2969°C 
and with a composition of about 0.06 wt% B and 9.5 wt% C. 
Below 2700°C, however, the present liquid phase description 
works reasonably well.

4. Conclusions

A thermodynamic description was optimized for the ter-
nary Fe-B-C system and its binary sub-system, B-C, applying 
experimental thermodynamic and phase equilibrium data from 
the literature. In these descriptions, 10 phases, i.e., liquid, bcc, 
fcc, beta-rhombo-B, graphite, M3C (cementite), M23C6, Fe2B, 
FeB and B4C, were considered using the thermodynamic substi-
tutional solution and sublattice models introduced earlier [18]. 
The descriptions of the beta-rhombo-B and B4C phases of the 
B-C system were simplified from their more complex earlier 
versions [17]. This has only a marginal effect on the presented 
calculations. A good or reasonable correlation was obtained be-
tween the calculated and the experimental thermodynamic and 
phase equilibrium data, though only by introducing a relatively 
strong temperature and composition dependency for the liquid 
state interaction parameter LL

B,C,Fe. Consequently, the current 
description works well only in the iron-rich corner of the system, 
within the composition range of wt% C + wt% B < 15 and at 
temperatures below 2700oC.

The work continues the earlier started development for the 
Iron Alloy Database (IAD) [1-6,8] applied in the IDS software 
[9,10] to simulate the non-equilibrium solidification and solid-
state phase transformations of steels. As that database treats 
boron and carbon as substitutional components, it was necessary 
to introduce two bcc and fcc phase descriptions, one for treating 
carbon as an interstitial solute (conventional treatment, Table 3) 
and one for treating it as a substitutional solute (IAD-treatment, 
Table 5). Due to the very low solubility of B in these phases, 
the results obtained by these two treatments are practically 
identical.
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