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THERMODYNAMIC DESCRIPTION OF TERNARY Fe-B-X SYSTEMS. PART 5: Fe-B-Si

Thermodynamic descriptions of the ternary Fe-B-Si system and its binary sub-system, B-Si, are developed in the context of
anew Fe-B-X (X = Cr, Ni, Mn, V, Si, Ti, C) database. The thermodynamic parameters of the other binary sub-systems, Fe-Si and
Fe-B, are taken from earlier assessments. Experimental thermodynamic and phase equilibrium data available in the literature has
been used for the optimization of the thermodynamic parameters of the Fe-B-Si and B-Si systems. The solution phases are described
using substitutional solution model and the compounds (silicides and borides) are treated as stoichiometric phases. The calculated
and experimental thermodynamic and phase equilibrium data were found to be in good agreement.
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1. Introduction

The current contribution builds upon our earlier started
research [1] regarding the development of 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 [1-4].

A general Iron Alloys Database (IAD) is under development
[5]. It contains simple-format thermodynamic data for solution
phases and compounds comprising the following elements: Fe,
Al, B, C, Ca, Ce, Cr, Cu, H, Mg, Mn, Mo, N, Nb, Ni, O, P, S, Si,
Tiand V. The IAD is applied in the Inter Dendritic Solidification
(IDS) solidification model [6-8], which can be used to simulate
the non-equilibrium solidification of steels as well as their solid-
state phase transformations, including precipitate formation or
dissolution, depending on the cooling/heating history. As the
IDS simulates non-equilibrium solidification. Simulation of non-
equilibrium solidification inherently means that kinetics have
been accounted for, i think this could be omitted, the calculation
times are longer than in a conventional thermodynamic software
simulating equilibrium solidification. However, calculation times
can be decreased considerably by applying simple-format ther-
modynamic [AD-data. This is a clear benefit in real-time online
processes of continuous casting, where one deals with numerous
strand intersections needing simulation [9].

Although Si is not a transition metal like Cr, Ni or Mn, it
is an important constituent of the steels and the Fe-B-Si system
deserves an individual assessment. Experimental thermodynamic
and phase equilibrium data available in the literature has been
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used for this purpose. Some relevant information has been pre-
sented by Tokunga et al. [10] and by Poletti and Battezzati [11].
However, it could not be used directly as their binary data are
not compatible with the current database (where B is treated as
substitutional constituent). In addition, the emphasis of the a.m.
studies [10,11] is put on the glass formation phenomena, which
is not considered in the present work.

The binary system descriptions are taken from [1] for
Fe-B and from [12] for Fe-Si. The latter is a slightly modified
version from previous Fe-Si optimizations [13, 14] ignoring
the B2-ordering but including its effect to the stability of the
disordered bcc phase. Hence, the data of [12] fits better for
modelling of steels solidification and it has been retained for the
current work.

The B-Si system was assessed by Zaitsev and Kodentsov
[15]. Nevertheless, the combination of their interaction param-
eters with the unary SGTE data [16,17] lead to some unusual
results. For example, beta-thombo-B phase appeared stable in
the middle of the B-Si phase diagram.

This system has also been assessed by Fries and Lukas
[18], and by Tokunga et al. [19]. The former description [18],
however, is rather complex for the current database, as it applies
a three-sub-lattice model for the silicides. Neither was the latter
description [19] suitable, because its Gibbs energy expression
for pure Si, in beta-rhombo-B phase, is different from that of
the current database and because the calculated liquid phase
constituent activities do not agree so well with the measurements
of [15]. Consequently, the B-Si system ought to be re-optimized
in the current work.
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2. Theory (phases and their modeling)

Table 1 shows the phases and their modeling in the cur-
rent Fe-B-Si assessment. The ternary solutions phases (liquid,
bee and fec) are described with a substitutional solution model
[20] while the binary and the ternary compounds (borides and
silicides) are treated as stoichiometric phases.

TABLE 1

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

Phase

Modeling

liquid (L)

bee A2 (bee)
fcc Al (fee)
dia_A4 (dia)
beta-rhombo-B (bet)
Fezsi

FCSSi3

FeSi

FeSiz-H
FeSiz-L

FezB

FeB

SiB,

SiBg

SiBj
Fey;SinBio (T1)
FesoSijoBag (T2)
Feq0SiyBs (T3)

(B,Fe,Si), substitutional, RKIM*
(B,Fe,Si), substitutional, RKM
(B,Fe,Si), substitutional, RKM
(B,Si), substitutional, RKM
(B,Si), substitutional, RKM
(Fe),(Si), stoichiometric
(Fe)s(Si);, stoichiometric
(Fe)(Si), stoichiometric
(Fe);3(Si);, stoichiometric
(Fe)(Si),, stoichiometric
(Fe),(B), stoichiometric
(Fe)(B), stoichiometric
(S1)(B);5.¢7, stoichiometric
(Si)(B)g, stoichiometric
(Si)(B)3, stoichiometric
(Fe)47(S1),9(B), stoichiometric
(Fe)s5(S1);¢(B),g, stoichiometric
(Fe),(S1)4(B)g, stoichiometric

# — Redlich-Kister-Muggianu (Gibbs excess energy model)

2.1. Solution phases

For a substitutional solution phase of the Fe-B-Si system,
the molar Gibbs energy is expressed as

fol = xgc OGI?C + xg OG]g + xgi oGgi +
+ RT(le)e In xl?e + xg In xg + xgi In xgi) +
+ xl?engﬁe,B + xl?exgiLge,Si + nggiL%,Si +
+xl?ex1€xgil‘€e,B,Si + monrjl (1)

where R is the gas constant (8.3145 J/K mol), T is the absolute
temperature (K), x; is the mole fraction of component i, °G? is
the molar Gibbs energy of pure component i in phase f expressed
relative to the enthalpy of the component in its stable phase at
298.15 K [16, 20], L¢,», ;18 a binary parameter accounting for the
interaction between components 7 and j in phase ¢, and L¢Fe,B,Si is
a ternary interaction parameter of phase f. For these parameters,
°G*% s a function of temperature, and L";j and L¢Fe,B,Si = L";j, P
can be functions of temperature and composition. For the in-
teraction parameters, the following composition dependencies
[20-22] are possible

MyMAx

L = Zo "L = x)" )

Lﬁ‘k =vf Lﬁ’jk + "? Lg'jk +vf Lz'kk (3)

where m is the degree of the binary parameter (n,x = maximum
degree) and v;’s are composition variables defined as v;= x; +
(1 —x; = x; — x;)/3. The advantage achieved by using the terms
v; as composition variables (instead of mole fractions), is that
the sum of the v; terms is always 1 in multicomponent systems
[13,20]. In the present ternary Fe-B-Si description, Equation (3)
is applied for the liquid phase whereas no ternary parameters
are optimized for the bec and fec, phases, due to the very low
solubility of boron in them.

The term "G, represents the contribution to the Gibbs
energy due to the magnetic ordering expressed for solid solution
phases, bee and fee, as suggested by Hillert and Jarl [23]

"GP = RT In(B? +1)- f(2) 4)

where /¢ is a composition-dependent parameter related to the
total magnetic entropy and 7 is defined as z = 7/T¢? where Tc?
is the critical temperature of magnetic ordering. The function
f(7) takes the polynomial form proposed by [23]. For the liquid
phase, of course, "°G? = 0.

2.2. Compounds

All compounds of the binary Fe-B, Fe-Si and B-Si phase
diagrams are treated as binary stoichiometric phases, as no
solubility of a third component has been reported for them. The
ternary compounds, Fe4;S1,0B1, FesoSi oByg and Fe,,SiyBg, are
treated as stoichiometric phases, as suggested by Tokunga et al.
[10], due to their negligible homogeneity ranges [24-26]. The
binary and the ternary stoichiometric compounds Gibbs energies
of formation are expressed as

°G% , =a’G% +b°GE + A+ BT 5)
° ,ﬁ’fe’B’S[za" b LhOGY +¢c°GU 4 A+ BT (6)

where a, b and ¢ are stoichiometric coefficients and °GY is the
molar Gibbs energy of pure component i in its stable phase at
298.15 K [16].

3. Experimental data

The experimental studies of the Fe-B-Si system have been
reviewed by Raghavan [27]. Table 2 shows the experimental
information selected for the current optimization of the B-Si
and Fe-B-Si systems.

The phase equilibria of the B-Si system have been studied
by several researchers [28-33] as reviewed by Olesinski and
Abbaschian [34]. Some discrepancy appears in these measure-
ments, in the vicinity of the eutectic reaction of L = dia + SiBg,
but otherwise, the agreement is reasonable. The thermodynamic
properties of the liquid phase have been investigated by Zaitsev
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TABLE 2
Experimental data applied for the optimization for the B-Si and Fe-B-Si systems
System Experimental data Reference
B-Si Phase diagram [15], [19], [28-33]
Activity of B and Si in liquid alloys at 1577°C [15]
Liquidus projection and liquidus temperatures [10], [35]
Isothermal section at 900°C [25]
Three vertical sections at xg, = 0.8 & 0.65, xg = 0.1 and xg; = 0.1 [107, [11], [36]
Fe-B-Si Enthalpy of mixing of liquid alloys at 1550°C [37], [38]
Gibbs energy of formation of liquid alloys at 1550°C [37]
Partial chemical potentials of B and Si in liquid alloys at 1500°C [37]
Partial chemical potential of Si in liquid alloys and 1350°C [37]
Partial chemical potential of B in liquid alloys at 1550 and 1455°C [39]

and Kodentsov [ 15] using the Knudsen mass spectrometry. Boron
and silicon activities in silicon-rich melts have been measured.

The Fe-Si-B system has been studied by several research-
ers. Poletti and Battezzati [11] used the differential scanning
calorimetry to measure phase boundary transitions heat effects at
cooling of iron-rich alloys, while Tokunga et al. [10] performed
studies, both, at heating and at cooling. Nagumo and Sato [34]
determined liquidus temperatures of iron-rich alloys from cool-
ing curves. Some liquidus temperature determinations are also
available from Desre [35].

Solid state phase equilibria have been studied by Arons-
son and Engstrom [24], Chaban and Kuzma [25] and Efimov
et al. [26]. Three near-stoichiometric compounds, Fe;;Si,0B1¢,
FesoSi;oB, and Fe,SiyBg, were identified [24-26] and two iso-
thermal sections were suggested, (at 1000°C [24] and 900°C [25]).

The thermodynamic properties of the liquid phase were
investigated by Zaitsev et al. [37] using Knudsen-cell mass spec-
trometry and the integral variant of effusion method. Enthalpy of
mixing of liquid alloys and liquid phase activities (i.e. chemical
potentials) of boron and silicon were measured (Table 2). Meas-

urements are available also from Witusievicz et al. [38], for liquid
alloys enthalpy of mixing, and from Ball [39], for boron activities
(chemical potentials) in iron-rich melts (Table 2).

4, Results and discussion

During the optimization process of both systems, B-Si
and Fe-B-Si, priority was given to the liquid phase, for which
experimental thermodynamic data are most available. Then, the
Gibbs energy expressions of the compounds were adjusted with
the experimental phase equilibrium data, first for SiB,,, SiB¢ and
SiB; (B-Si system) and thereafter for Fe,;Si50B1g, FesqSijoBag
and Fe,SiyBg (Fe-B-Si system). Gibbs energy expressions op-
timized in earlier studies have been used as start values. In spite
of the emphasis given to the liquid phase, the whole optimization
process was iterative, aiming at a reasonable evaluation of all
parameters, at the same time.

The optimized Fe-B-Si system parameters are presented in
Table 3. Those marked with a reference code are from earlier as-

TABLE 3

Thermodynamic description of the Fe-B-Si system. Thermodynamic data of pure components are taken from Dinsdale [16]
unless shown otherwise in the table. Parameter values except for 7¢ and £ are in J/mol. 7c and f are the Curie temperature (K)
and the effective magnetic moment (magneton), of a phase, respectively

liquid (1 sublattice, sites: 1, constituents: B,Fe,Si) Ref.
LLB’FC = (~133438 + 33.946T) + (+7771)(xg — Xpe) + (+29739)(xp — Xpe) [40]
LLB’Si = (+14000 — 87) + (0)(xg — xg;) + (+14000 — 47)(x — xg;)° O*
LLFC,Si = (~164435 + 41.977T) + (-21.523T)(xXge — xs;) + + (5220 + 5.726 T)(xpe — Xs;)> + (28955 + 26.275T)(xp — Xs;)° [12,14]
LLB,FC,Si = (0)xg *+ (40000 — 50T)xf, + (+150000 — 25 7)xg; O*
bee (1 sublattice, sites: 1, constituents: B,Fe,Si)

0Ghecy = 0GPy + (+43514 — 12.217T) [17]
Py g = (-50000 + 427) [1]
L}’“’Fe,si = (-211000 + 80.27) + (37000 — 74.5T)(xg, — Xs;) + (10000 + 41.2T)(xp, — x5;)* [12]
1> = 1043xp, + xpeXsi(504(xp, — Xs;) [14]
B¢ =222xp, [16]
fce (1 sublattice, sites: 1, constituents: B,Fe,Si)

oGbec, = °Gbely + (+43514 — 12.2177) [17]
Ly ke = (~66000 + 507) [1]
Lf"“Fe,Si = (~125248 + 41.166T) + (—142708)(xp, — Xg;) + (89907)(xp, — Xsi)* [12-14]
Te ¢ = —201xp, [16]
£ =2 1xp, [16]
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dia (1 sublattice, sites: 1, constituents: B,Si)

oGdia, = oGher 1 (+20) [17]
L%y g = (+77500 — 257) o*
bet (1 sublattice, sites: 1, constituents: B,Si)
0Ghel, = ° Gy, + (+78625 — 68.25T+0.015T2) o*
Fe,Si (2 sublattices, sites: 2:1, constituents: Fe:Si)
OGS 6 = 2°G", + °GUg, + (<71256.6 — 10.62T) [12-14]
FesSis (2 sublattices, sites: 5:3, constituents: Fe:Si)
OGFeSBL ¢ = 5°GPp, + 3°GMag + (241144 + 2.16T) [12-14]
FeSi (2 sublattices, sites: 1:1, constituents: Fe:Si)
OGYeS i = OGP + °GU; + (<72761.2 + 4.44T) [12-14]
FeSi (2 sublattices, sites: 1:1, constituents: Fe:Si)
OGYeS i = OGP, + OGN + (<72761.2 + 4.44T) [12-14]
FeSi,-H (2 sublattices, sites: 3:7, constituents: Fe:Si)
oGFeSIZH o =30GPy, + T°GU; + (~196490 — 9.2T) [12-14]
FeSi,-L (2 sublattices, sites: 1:2, constituents: Fe:Si)
oGFeSiZLy o =0GbeL, +20GYy, + (—82149 + 10.44T) [12-14]
Fe,B (2 sublattices, sites: 0.6667:0.3333, constituents: Fe:B)
0GF2B 1 =0.6667°G", + 0.3333°GPg + (-26261 + 3.4667) [40]
FeB (2 sublattices, sites: 0.5:0.5, constituents: Fe:B)
°GFeB, p = 0.5°G"L, + 0.5°G'; + (=35150 + 67) [1]
SiBy, (2 sublattices, sites: 1:15.67 constituents: Si:B)
oGSB . o =2GM +15.67°G*'y + (-207600 + 587) o*
SiBg (2 sublattices, sites: 1:6, constituents: Si:B)
oGSO, = oGdiay 4 oGl + (~154100 + 48T) o*
SiBj3 (2 sublattices, sites: 1:3 constituents: Si:B)
oGSB3 L = 0Gdiag + 3°Gbel, + (117300 + 507) o*
Fe,;SixgB1g (T1) (3 sublattices, sites: 47:20:10, constituents: Fe:Si:B)
°GT cesip = 47°GPg, + 20°GUg; + 10°G*!5 + (=2380000 + 507) O*
FegpSiipBag (T5) (3 sublattices, sites: 50:10:20, constituents: Fe:Si:B)
0GP pesip = 50°GPp, + 10°GHg; + 20°GP'y + (—2457000 + 2307) o*
Fey0SisBg (T3) (3 sublattices, sites: 20:4:6, constituents: Fe:Si:B)
G pesip = 20°G™ g + 4°G; + 6°G"'y + (-864000 + 72T) o*
O* — Parameter optimized in this work.
sessments, and those marked with O* are optimized in the current TABLE 4
study using the literature experimental data shown in Table 2. Calculated and experimental invariant points of the B-Si system
The descriptions of the Fe-B and Fe-Si systems have been
done by us previously [1,12]. p1-¢2-¢3 |Temp (°C) | xg* | xg¥ | xa# Ref.
For the binary B-Si and the ternary Fe-B-Si systems, the L + beta 2020 0.907 | 0.970 | 0.959 Exp [33]
results calculated in this work are compared with the original =SiB, 2020 1 0.906 | 0.969 | 0.940 | Cal This study
experimental data to verify the optimization asshown in the 2030 10.929 1 0.975 1 0.959 Cal [19]
following subsections. All calculations are carried out with the 202010907 1 0.970 1 0.940 Cal [15]
2020 0.926 | 0.979 | 0.967 Cal [18]
ThermoCalc software [41]. L+ SiB, 1850 | 0.653]0.940 | 0.857| Exp[33]
= SiByg 1850 0.627 | 0.940 | 0.857 | Cal This study
1857 | 0.649|0.959 | 0.857 |  Cal[19]
4.1. System B-Si 1850 0.645 | 0.940 | 0.857 Cal [15]
1850 0.621 | 0.941 | 0.862 Cal [18]
Calculated and experimental invariant points of the B-Si | L=dia+SiBg | 1385 | 0.080 | 0.030 | 0.857 |  Exp [34]
system are compared in Table 4. One can see that the agreement 1381 1 0.123 | 0.035 | 0.857 | Cal This study
. 1394 0.098 | 0.020 | 0.857 Cal [19]
is reasonably good. . _ . 1362 | 0.140 | 0.035 [ 0.857 |  Cal[15]
Figure 1 exhibits B-Si phase diagram calculated with the 1384 1008100110854 Cal [18]
parameters obtained in this work, together with experimental dia + SiB, 1270 |0.010 | 0.857 [ 0.750 | Exp [34]
data points [15,19,28-33]. The diagram calculated by Tokunga et =SiB, 1270 0.019 | 0.857 | 0.750 | Cal This study
al. [19] is shown by dotted curves. Si solubility in the bet phase 1272 0.013 | 0.857 | 0.750 Cal [19]
at low temperatures is feebler in comparison with the measure- 1270 1 0.007]0.855 | 0.738 |  Cal [18]




ments of Armas et al. [32]. It was not possible to ameliorate the
agreement without making the bet phase stable in the middle of
the diagram. The situation is different when applying a sublat-
tice model for that phase [18]. Note also the presence of the
SiB; phase considered by Fries and Lukas [18] and Olesinski
and Abbaschian [34] but not by Zaitsev and Kodentsov [15].

2100 | | | |

o [28]
A [29]
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1900 <I[30] L

2000

1800
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SiBg
SiB,

Temperature Celsius

T I T .
@ 0 0.2 0.4 0.6 0.8 1.0
Si Mole Fraction B B

Fig. 1. B-Si phase diagram calculated with the parameters obtained in
this work, together with experimental data points [15,19,28-33]. The
diagram calculated by Tokunga et al. [19] is shown by dotted curves

Calculated activities of Si and B in liquid B-Si alloys at
1577°C (Figure 2), agree well with experimental data points

1_0_ 1 | | | | |

0-9_ . I B |
» P
5 0.8- Si O L
©
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Fig. 2. Calculated activities of Si and B in B-Si alloys at 1577°C, to-
gether with experimental data points of Zaitsev and Kodentsov [15].
The solid curves refer to the calculations of this study and dotted curves
refer to those of Tokunga et al. [19]. The reference states used are pure
liquid Si and B
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of Zaitsev and Kodentsov [15]. The solid curves refer to the
calculations of this study and dotted curves refer to those of
Tokunga et al. [19].

The present calculations agree with the experimental data of
Zaitsev and Kodentsov [15] better than with these of Tokungaet
al. [19]. Additional experimental data for boron activity coef-
ficient in liquid alloys is available from [42-44]. These activity
data show a large positive deviation from Raoult’s law with
yg > 3.6 and do not agree with the present calculations nor with
the measurements of [15] giving yg ~ 1.

4.2. System Fe-B-Si

Figures 3-16 present the results obtained by the current
optimization of the Fe-B-Si system, which agree reasonably well
with the experimental data (Table 2). The calculated liquidus
projection (Figure 3) should be considered as tentative, due to
the lack of systematic experimental data for the different liquidus
surfaces. The calculated monovariant lines of Desre et al. [35]
concur well with the current calculationsat low Si contents, but
these lines were not drawn to higher Si contents, as no ternary
phases (7, T», T5) were considered in their study.

6 | | 1 |
; Monovar : Liquidus
. isotherms
5 o b 1:15000C
2:1400°C
3:1300°C
4:1200°C
449 4 Ut - 5:1150°C
o 6:1110°C
©
o Maximas:
= 34 - a:11s6°C
o) b : 1155°C
g)fcc_ ¢:1139°C
2 =
1 - -
0 — T * T * T S
A FeO 5 10 15 20

Weight Pct Si

Fig. 3. Calculated primary surfaces of the Fe-B-Si system, together
with the data points from the calculations of Desre et al. [35]. The cal-
culated liquidus isotherms between 1500 and 1100°C (dotted curves)
are plotted too

Figures 4 and 5 show two calculated isothermal sections
of the system, at 1225 and 900°C, which agree reasonably well
with the experimental data. It is important to note (Figure 4) the
isolation (i.e. gradual disappearance) of the liquid phase as the
temperature decreases below 1175°C.

Figures 6-9 show four calculated vertical sections of the
system at xg, = 0.80, xp, = 0.65, x5 = 0.1 and xg; = 0.1, where x;
is the mole fraction of the respective element. The agreement
with the experimental data is reasonable. In Figure 6, the dotted
lines show the liquidus surfaces and the eutectic temperature
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Fig. 4. Calculated isotherm of 1225°C (thick lines) and liquid regions
of 1175 and 1125°C (thin lines) in the Fe-B-Si system, together with
experimental data points of Tokunga et al. [10], and Desre et al. [35]

900°C

O 1-phase
A 2-phase
¥ 3-phase

FeSi

g
0-X I N A— 1 Q/\ 7aY
A Fe 0 pet 0.1 020 03 To.4. 0.5
Mole Fraction i F€s5i3

Fig. 5. Calculated isotherm of 900°C in the Fe-B-Si system, together
with experimental data points of Chaban and Kuzma [25]. The broken
line shows the FeSi-T, equilibrium suggested by [25]

calculated by Poletti and Battezzatti [11] and in Figures 7-9, they
show the liquidus surfaces calculated by Tokunga et al. [10].

It is of worth noting that the correlation between the
calculated liquidus lines and the measured data points in the
silicon-poor regions of Figures 6 through 8 and the boron-poor
region of Figure 9 is moderate. This discrepancy could not be
reduced by modifying the binary Fe-B and Fe-Si descriptions,
because they well agree with the corresponding binary measure-
ments [1,12]. Another reason to keep these binary descriptions
untouched is that they have already been used in other ternary
optimizations of the IAD database. Indeed, it is more likely, that
most of the mentioned discrepancies are due to the measure-
ments themselves. For example, Tokunga et al. [10] stated that
the measurements of Nagumo and Sato [36] may have been
affected by supercooling, due to the high amorphization ability

of the alloys. Consequently, the measured temperatures have
dropped considerably below the calculated curves, as shown
in Figures 8 and 9. Concerning other measurements [10,11] it
is more difficult to explain the reason for the low temperature
values of some points (see Figures 6 and 7).

1500 ' : '

xFe=0.80
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Fig. 6. Calculated vertical section at Fe molar fractionof xg, = 0.80 in
the Fe-B-Si system, together with experimental data points of Poletti
and Battezzati [11]. The solid curves refer to the calculations of this
study and the dotted curves refer to those of Tokunga et al. [10] for the
liquidus surface and the eutectic temperature line
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Fig. 7. Calculated vertical section at Fe molar fractionof xg, = 0.65 in
the Fe-B-Si system, together with experimental data points of Tokunga
et al. [10]. The solid curves refer to the calculations of this study and
the dotted curves refer to those of [10] for the liquidus surface

Vertical sections at xg, = 0.65 (Fig. 7) and at xg; = 0.10 (Fig-
ure 9) have also been calculated by Poletti and Battezzati [11].



Their results agree slightly better with the measurements than
the current calculations, which is partly due to their different
Fe-B system description.
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Fig. 8. Calculated vertical section at B molar fraction of xg =0.10 in the
Fe-B-Si system, together with experimental data points of Tokunga et al.
[10] and Nagumo and Sato [36]. Solid lines refer to the calculations of
this study and dotted lines refer to those of [10] for the liquidus surface
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Figures 10-15 demonstrate the calculated ternary liquid
phase mixing enthalpy and Gibbs energy of formation (Fig-
ures 15 and 11) and the calculated partial molar Gibbs energies
of Si and B in the ternary liquid phase (Figures 12-15). In every
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case, the agreement with the experimental data is good and
slightly better than those calculated by [10,11].
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calculations and dotted lines show those of Poletti and Battezzati [11].
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(pure solid B)
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states used are pure liquid Fe and Si and beta-rhombo B (pure solid B)
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The calculated boron solubility in the fcc and bce phases
is shown in Figure 16. The Si content increase promotes the
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Fig. 13. Calculated chemical potential of Si (GSi, kJ/mol) in liquid
Fe-B-Si alloys at 1500°C, together with experimental data points of
Zaitsev et al. [37]. Solid lines refer to the current calculations and dot-
ted lines show those of Poletti and Battezzati [11]. The reference state
used is pure liquid Si

formation of Fe, B, which slightly decreases the boron solubility.
The latter diminishes with the temperature decrease from 1150
to 1000°C as well. Additional experimental thermodynamic
data about Si activity in liquid alloys are available from Ji et al.
[45], but these are not consistent with the calculations and the
experimental data of Zaitsev et al. [37].
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Fig. 14. Calculated chemical potential of Si (GSi, kJ/mol) in liquid
Fe-B-Si alloys at 1350°C, together with experimental data points of
Zaitsev et al. [37]. Solid lines refer to the current calculations and dot-
ted lines show those of Poletti and Battezzati [11]. The reference state
used is pure liquid Si
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Fig. 15. Calculated chemical potential of B (GB, kJ/mol) in liquid
Fe-B-Si alloys at B mole fraction of xg =0.10, together with experimen-
tal data points of Ball [39]. Solid lines refer to the current calculations
and dotted lines show those of Poletti and Battezzati [11]. The reference
state used is pure liquid B

5. Conclusions

This work represents a step toward extending the thermo-
dynamic Iron Alloys Database to be used to simulate the non-
equilibrium solidification and solid-state phase transformations
of steels. The thermodynamic descriptions of the Fe-B and Fe-Si
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Fig. 16. Calculated B solubility in fcc and bee phases of the Fe-B-Si
system at 1150 and 1000°C

were retained from already published sources. The parameters
of the other binary sub-system, B-Si, were reassessed. For the
sake of consistency and simplicity of the whole database, B was
permitted to form substitutional solutions in the B-Si and Fe-
B-Si systems. In these descriptions, 18 phases, i.e., liquid, bce,
fcc,dia, beta-rhombo-B, Fe,Si, FesSi;, FeSi, FeSi,-H, FeSi,-L,
Fe,B, FeB, SiB,, SiBg, SiBj, Fes;Sis0Bg, FesoSijoByg and
Fe,(Si4Bg, have been considered. Experimental thermodynamic
and topological data have been used for the optimization of the
B-Si and Fe-B-Si systems. The calculated and experimental
thermodynamic and phase equilibrium data were found to be
in good agreement.
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