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THERMODYNAMIC DESCRIPTION OF TERNARY Fe-B-X SYSTEMS. PART 6: Fe-B-Ti

Thermodynamic optimizations of the ternary Fe-B-Ti system and its binary sub-system, B-Ti are presented. The thermodynamic 
descriptions of the other binaries, Fe-Ti and Fe-B, are taken from the earlier studies slightly modifying the Fe-Ti system assessment. 
The adjustable parameters of the Fe-B-Ti and B-Ti systems are optimized in this study using the experimental thermodynamic and 
the phase equilibrium data from the literature. The solution phases of the system are described using the substitutional solution 
model and the compounds (including borides) are treated as stoichiometric phases. The results show a good correlation between 
the calculated and measured thermodynamic and phase equilibrium data.
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1. Introduction

The current work continues the earlier started project [1] 
related to the development of boron containing iron-based Fe-B-
X database, where boron is treated as a substitutional component. 
The previous contributions Fe-B-Cr [1], Fe-B-Ni [2], Fe-B-Mn 
[3], Fe-B-V [4], published earlier are followed by the current ter-
nary Fe-B-Ti description. The purpose is to develop a simple and 
compatible thermodynamic database for steels, which provides 
important and practical input data for thermodynamic-kinetic 
models simulating their solidification. Thus, any complex phase 
descriptions published in the literature are beyond the scope 
of this database. The new Fe-B-Ti description can be applied 
in modeling of solidification and grain structure formation in 
various steels [5,6].

In this sixth part, a thermodynamic description is of the 
ternary Fe-B-Ti system and its binary sub-system B-Ti is con-
ducted using experimental (or assessed) thermodynamic and 
phase equilibrium data from the literature. The other binary 
thermodynamic parameters used in the current Fe-B-Ti descrip-
tion are taken from [1] for Fe-B and from [7,8] for Fe-Ti. The 
descriptions of the liquid Fe-Ti phase and Fe2Ti [8], however, 
were slightly modified in this study to achieve a better agreement 
with the measured mixing enthalpies in liquid and to facilitate 
the treatment of the Fe2Ti phase in other systems. Additionally, 
a simple temperature function was used for the FeTi molar Gibbs 
energy of formation. 

Although a description of the Fe-Ti system has been re-
cently published by Bo et al. [9], that study applies more refined 

sublattice treatments (for the Fe2Ti and FeTi phases), which are 
beyond the scope of our database.

The Fe-B-Ti system was earlier assessed by Tanaka and 
Saito [10] but quite tentatively and using binary data different 
from those of the current database. The B-Ti system has also 
been assessed earlier [11-13]. Nevertheless, these descriptions 
assume a stable TiB2 phase, which results in a poor description 
of the L + TiB2 equilibrium in iron-rich Fe-B-Ti alloys. Conse-
quently, the whole system should be reassessed using a simple 
temperature expression for the stoichiometric boride, TiB2.

2. Phases, modeling and data

Table 1 shows the phases and their modeling in the current 
Fe-B-Ti assessment. The solution phases (L, bcc, fcc, hcp) are 
described with the substitutional solution model and the binary 
compounds, including borides, are treated as stoichiometric 
phases. No solubility of Fe or Ti in the rhombohedral boron 
phase (referred to as “bet” bellow) is considered.

Detailed descriptions of the substitutional solution and 
sublattice models and their parameters are available from Qiu 
[14,15].

Experimental data about the pertinent systems are scarce 
but available and have been used for the current descriptions. 
For example, the experimental studies on the Fe-B-Ti system 
have been reviewed by Raghavan [16,17]. 

Rudy [18] reported differential thermal analyses data about 
the B-Ti system while Murray et al. [19] – assessed phase equi-
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libria data. Enthalpy of formation of solid B-Ti alloys, at 25°C 
has been assessed by various authors [20-25] while estimated 
Gibbs energies of formation of TiB2 have been presented also 
[26,27]. Entropy of formation of solid alloys, at 25°C [22,28] 
and heat capacity of TiB2 have been reported as well [29]. 

Concerning the ternary system, four isothermal sections, at 
1450, 1290, 1175 and 1050°C from Ottavi et al. [30] and from 
A. Antoni-Zdziobek et al. [31] have been used in the optimiza-
tion, as well as one vertical section, at molar ratio xB:xTi = 2 from 
Ottavi et al. [30] and Shurin and Panarin [32]. 

Moreover, experimental data of the Fe-Ti phase equilibria 
[7,14,15,33-46], the mixing enthalpy of liquid Fe-Ti alloys 
[47-49], the chemical potentials of Fe and Ti in the liquid al-
loys [50,51], and the enthalpy of formation of Fe2Ti and FeTi 
[52,53] were used for the partial re-optimization of the Fe-Ti 
system.

3. Results

The thermodynamic description of the Fe-B-Ti system 
is shown in Table 2. The parameters marked with a reference 
code were taken from the earlier assessments and the rest were 
optimized (O*) using experimental data or estimated (E*) since 
no experimental data are available.

The calculated results are compared with the original ex-
perimental data to verify the optimization. All calculations were 
carried out using the ThermoCalc software [57].

Figsures 1 to 3 show the calculated Fe-B phase diagram [1] 
and the Fe-Ti and B-Ti phase diagrams reassessed in the current 
study, respectively. The agreement with the experimental data 
is reasonable. In Table 3 more details about the calculated and 
the experimental invariant points of the B-Ti system have been 
compiled.

TABLE 1

Phases and their modeling in the current Fe-B-Ti description

Phase Modeling 
liquid (L)
bcc_A2 (bcc, base centered cubic)
fcc_A1 (fcc, face centered cubic)
hcp_A3 (hcp, hexagonal close packing)
Fe2Ti (l)
FeTi
Fe2B
FeB
TiB
Ti3B4
TiB2
beta-rhombo-B (bet)

(B,Fe,Ti), substitutional, RKMa

(B,Fe,Ti), substitutional, RKM
(B,Fe,Ti), substitutional, RKM
(B,Fe,Ti), substitutional, RKM
(Fe)2(Ti), stoichiometric
(Fe)(Ti), stoichiometric
(Fe)2(B), stoichiometric
(Fe)(B), stoichiometric
(Ti)(B), stoichiometric
(Ti)3(B)4, stoichiometric
(Ti)(B)2, stoichiometric 
(B)

a – RKM – Redlich-Kister-Muggianu (Gibbs excess energy model).

TABLE 2

Thermodynamic description of the Fe-B-Ti system. Thermodynamic data of pure components are taken from the literature [54] 
unless shown otherwise 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,Fe,Ti)
LL

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

LL
B,Ti = (–265000 + 15.5T) + (–134000 + 17.7T)(xB – xTi) + + (+73000)(xB – xTi)2 + (+60000)(xB – xTi)3

LL
Fe,Ti = (–78500 + 13.2T) + (+300)(xFe – xTi) + (+13300)(xFe – xTi)2

LL
B,Fe,Ti = (–100000 + 60T)xB + (–275000 + 60T)xFe + (–100000 + 60T)xTi

Ref.
[55]
O*
O*
O*

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

B = oGbet
B + (+43514 – 12.217T)

Lbcc
B,Fe = (–50000 + 42T)

Lbcc
B,Ti = (–87000)

Lbcc
Fe,Ti = (–59098 + 11.5T) + (–1796 + 1T)(xFe – xTi) + (+5602 + 3.5T)(xFe – xTi)2

Tc bcc = 1043xFe
βbcc = 2.22xFe

[56]
[1]
O*
[7]
[54]
[54]

fcc (1 sublattice, sites: 1, constituents: B,Fe,Ti)
oG fcc

B = oGbet
B + (+50208 – 13.478T)

L fcc
B,Fe = (–66000 + 50T) 

L fcc
B,Ti = Lbcc

B,Ti (fcc not stable in binary B – Ti)f
L fcc

Fe,Ti = (–51625 + 11T) + (–1950 – 6T)(xFe – xTi) + (+14875)(xFe – xTi)2

Tc fcc = – 201xFe
β fcc = – 2.1xFe

[56]
[1]
E*
[7]
[54]
[54]

hcp (1 sublattices, sites: 1, constituents: B,Fe,Ti)
oGhcp

B = oGbet
B + (+50208 – 13.478T)

Lhcp
B,Ti = Lbcc

B,Ti
Lhcp

Fe,Ti = (–28750 + 11T) + (–1700 – 6T)(xFe – xTi) + (+15000)(xFe – xTi)2

[56]
O*
[10]

Fe2Ti (l) (2 sublattices, sites: 2:1, constituents: Fe:Ti)
Gl

Fe:Ti = 2oGFe
bcc + oGTi

hcp + (–83918 – 4.764T + 2.3644TlnT + 0.00016T2) O*
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Fig. 1. Calculated [1] Fe-B phase diagram

Fig. 2. Calculated Fe-Ti phase diagram, together with experimental 
data points [7,15,33-36, 38,40,43,46]. Solid lines refer to the current 
assessment and dotted lines refer to that of Lee [8]

Concerning the Fe-Ti system, which is partially re-
optimized in this study, it is important to discuss the main 
differences between the current calculations and those of Lee 
[8]. It can be seen in Figure 1 that the current stoichiometric 
treatment of Fe2Ti does not fit well with the experimental Fe2Ti 
+ FeTi + L equilibrium but gives slightly better agreement for 
the Fe2Ti experimental melting point. An improved agreement 
with the experimental mixing enthalpy data of liquid [47-49] 
has been achieved using new liquid phase description (Fig. 4). 
In the reassessed Fe-Ti system, good agreement was obtained 
also between the calculated and experimental bcc + fcc region 
[36,37,39,41], the phase boundaries between bcc, FeTi and 
hcp-phases [42,44,45] (not visible in Figure 1), the chemical 
potentials of Fe and Ti in the liquid phase [50,51], and the en-
thalpies of formation of Fe2Ti and FeTi [52,53]. The results of 
the current Fe-Ti system reassessment for the solid state phase 
equilibria are identical to those of Lee [8].

FeTi (2 sublattices, sites: 1:1, constituents: Fe:Ti)
oGFeTi

Fe:Ti = oGbcc
Fe + oGhcp

Ti + (–53693 – 8.819T + 1.6717TlnT + 0.00106T 2) [8]#
Fe2B (2 sublattices, sites: 2:1, constituents: Fe:B)
oGFe2B

Fe:B = 2oGbcc
Fe + oGbet

B + (–78783 + 10.398T)
oGFe2B

Ti:B = 2oGhcp
Ti + oGbet

B + (–90000 + 45T)
LFe2B

Fe,Ti:B = (–240000)

[55]
O*
O*

FeB (2 sublattices, sites: 1:1, constituents: Fe:B)
oGFeB

Fe:B = oGbcc
Fe + oGbet

B + (–70300 + 12T) [1]
TiB (2 sublattices, sites: 1:1, constituents: Ti:B)
oGTiB

Ti:B = oGhcp
Ti + oGbet

B + (–163000 + 4T) O*
Ti3B4 (2 sublattices, sites: 3:4, constituents: Ti:B)
oGTi3B4

Ti:B = 3oGhcp
Ti + 4oGbet

B + (–644000 + 25T) O*
TiB2 (2 sublattices, sites: 1:2, constituents: Ti:B)
oGTiB2

Ti:B = oGhcp
Ti + 2oGbet

B + (–287000 + 5T) O*
Oa – Parameter optimized in this work
Eb – parameter estimated in this work
# – Simplified function. The reference states of Fe and Ti changed from HSER of [8].

TABLE 3

Calculated (calc) and experimental (exp) invariant points of the 
B-Ti system. CB

i denotes the B concentration in an equilibrium 
phase  i

1 – 2 – 3 t 
°C

CB
1 

wt% 
CB

2 
wt% 

CB
3 

wt% Reference

L = bcc + 
TiB

1534
1540

1.928
1.671

0.060
—

18.419
17.246

calc This study
exp [19]

L + Ti3B4 
= TiB

2156
2160

13.705
13.082

23.138
23.138

18.419
17.826

calc This study
exp [19]

L + TiB2 + 
Ti3B4

2199
2190

14.260
14.052

31.111
28.641

23.138
23.138

calc This study
exp [19]

L = TiB2
3233
3225

31.111
30.472

31.111
30.472

calc This study
exp [19]

L = bet + 
TiB2

2057
2080

89.275
91.710

100
100

31.111
31.431

calc This study
exp [19]

bcc = TiB + 
hcp

882
884

0.0006
—

18.419
17.246

0.0002
—

calc This study
exp [19]
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In addition to the phase diagram of Figure 3, more results 
for the B-Ti system optimization are shown in Figures 5 and 6. 
The enthalpy of formation of solid B-Ti alloys (Figure 5) resulted 
from the calculations is slightly different than by that of Bätzner 
[11]. Particularly, note the less negative enthalpy value of the 
current TiB2 description, which prevents that phase from coming 
too stable in the L + TiB2 equilibrium appearing in the iron-rich 

corner of the Fe-B-Ti system. For the Gibbs energy of formation 
of TiB2 (Figure 6), the calculations are in reasonable agreement 
with the somewhat different experimental data of [26] and [27]. 

For the entropy of formation of solid TiB and TiB2 at 25°C, 
[22] and [28] give experimental values of 17.6 and 9.5 J/(mol·K), 
respectively, whereas the ones calculated by this study and 
Bätzner [11] are about 16.5 and 11.5 J/(mol·K). Finally, the 
current calculations agree reasonably well and slightly better 
than those of Bätzner [11] with the experimental heat capacity 

Fig. 3. Calculated B-Ti phase diagram, together with experimental data 
points of Rudy [18] and those assessed by Murray et al. [19]. DTA – dif-
ferential thermal analysis, IM – incipient melting, SM – sharp melting, 
and SC – specimen collapsed. Solid lines refer to the current calculations 
and dotted lines refer to those of Bätzner [11]

Fig. 5. Calculated enthalpy of formation of solid B-Ti alloys at 25°C, 
together with experimental data points [20-25]. Solid line refers to the 
current calculations and dotted line refers to those of Bätzner [11]. The 
reference states used are pure hcp Ti and pure beta-rhombo B

Fig. 6. Calculated Gibbs energy of formation of TiB2, together with 
experimental data points [26,27]. Solid line refers to the calculations 
(this work) and dotted line refers to those of Bätzner [11]. The reference 
states used are pure hcp Ti and pure beta-rhombo B

Fig. 4. Calculated enthalpy of mixing of liquid Fe-Ti alloys at 1600°C, 
together with experimental data points [47-49]. Solid lines refer to 
the current calculations and dotted lines refer to those of Lee [8]. The 
reference states used are pure liquid Fe and Ti
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of TiB2 [29], although not that well with heat capacity data from 
Chase [28].

The results for the Fe-B-Ti system are shown in Table 4 and 
Figures 7-13. The agreement with the available experimental data 
is reasonably good. However, the calculated liquidus projection 
(Figure 7), as well as the calculated invariant points of the system 
(Table 4) should be considered as tentative only, which is due to 
the lack of systematic ternary experimental data. For the eutectic 
reaction of L = fcc + Fe2B + TiB2, however, two assessed points 
of 3.7wt%B-1170°C [30] and 0.66 wt% Ti-3.41 wt% B-1155°C 
[31] are available. These are not far from the calculated points 
of 0.94 wt% Ti, 3.90 wt% B and 1166°C.

In Figure 8, a round bcc + L region appears, due to the 
“strong” value of the liquid state ternary interaction parameter 
LL

B,Fe,Ti. Using this parameter it was possible to attain a curvature 
for the L/L + TiB2 boundary, which agrees well with the experi-
mental data points of [30] (see Figure 8). One has to be aware 
that when using the Gibbs energy expressions for TiB2 [11,12], 
such a curvature would be possible only by introducing a rather 
strong liquid ternary interaction parameter, which would cause 
unusual extensions for the bcc + L region in the iron rich corner. 
Clearly, the substitutional solution model may not be the best 
choice to describe the thermodynamic properties of iron-rich 
Fe-B-Ti alloys, but that model still seems to work well using 
the currently available data.

Fig. 7. Calculated liquidus projection in the Fe-rich corner of the  Fe-B-Ti 
system. Shown also are the calculated liquidus isotherms between 2000 
and 1200°C, by dotted lines

Fig. 8. Calculated isotherm of 1450°C in the Fe-B-Ti system, together 
with experimental data points [30]

Fig. 9. Calculated isotherm of 1290°C in the Fe-B-Ti system, together 
with an experimental data point for the liquid phase [31]. Shown also 
is the liquid phase at 1200°C, with and additional experimental data 
point from [31]

In Figure 10, note the experimental Fe-B side three phase 
triangle of fcc-Fe2B-L, not appearing by the calculations. This 
is due to the low Fe-B eutectic temperature by the calculations, 
1172°C, supported also by [58], in regard to 1195°C suggested 
by [31]. That three-phase triangle, however, becomes present 
also by the calculations, if we lower the temperature of Figure 10 
with 4°C only. An inconsistency between the experimental data 
from [30] and [31] resulting in different eutectic temperatures and 
compositions (given by the bending points of the dotted lines of 
the figure) is seen in Figure 12. The best compromise found in the 
process of optimization was to use preferably the L/L + TiB2 data 
from [30] and the eutectic temperature by Shurin and Panarin [32]. 

Finally, Figure 13 shows the calculated B solubility in 
the fcc and bcc phases. The Ti content increase promotes the 
formation of TiB2, which considerably decreases B content in 
these solid solutions. The boron amount is decreased also with 
the temperature drop from 1150 to 1000°C.
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TABLE 4
Calculated invariant points in the Fe-rich corner 

of the Fe-B-Ti system

Reaction Code t, °C wt% Ti in L wt% B in L
L + FeB = Fe2B + TiB2 U1 1404 0.68 8.81

L + fcc = bcc + TiB2 U2 1322 10.86 2.95
L = fcc + Fe2B + TiB2 E1 1166 0.94 3.90

L = fcc + TiB2 + l E2 1068 20.67 2.58

Fig. 10. Calculated isotherm of 1175°C in the Fe-B-Ti system, together 
with experimental data points [31]

Fig. 11. Calculated isotherm of 1050°C in the Fe-B-Ti system, together 
with experimentally determined phase regions [30] (dotted lines)

4. Summary

A thermodynamic description was optimized for the ternary 
Fe-B-Ti system and its binary sub-system B-Ti, using the ex-

perimental thermodynamic and phase equilibrium data from the 
literature. The system Fe-Ti was reoptimized partially as well. 
In these descriptions, twelve phases, i.e., liquid, bcc, fcc, hcp, 
Fe2Ti, FeTi, Fe2B, FeB, TiB, Ti3B4, TiB2 and beta-rhombo-B, 
were considered. The disordered solution phases, i.e., liquid, 
fcc, bcc and hcp, were described with the substitutional solution 
model, and all compounds, i.e, Fe2Ti, FeTi, Fe2B, FeB, TiB, 
Ti3B4, TiB2, were treated as stoichiometric phases. In addition, 
no solubility of Fe and Ti was assumed in the beta-rhombo-B 
phase. A good correlation was obtained between the calcu-
lated and the experimental thermodynamic and phase equili-
brium data.

Fig. 12. Calculated vertical section in the Fe-B-Ti system at molar ratio 
xB:xTi = 2, together with experimental data points [30,32]

Fig. 13. Calculated B solubility in the fcc and bcc phases of the Fe-B-Ti 
system, at 1150 and 1000°C
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