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a b s t r a c t

A thermodynamic optimization of the boron–cobalt–iron ternary system is performed based on thermo-
dynamic models of the three constitutional binary systems and the experimental data on phase diagrams
and thermodynamic properties of the ternary system. The liquid, fcc A1, bcc A2 and hcp A3 solution
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phases are described by the substitutional solution model. The three intermediate line compounds,
(Co,Fe)B, (Co,Fe)2B and (Co,Fe)3B, are described by the two sublattice model. A set of thermodynamic
parameters are obtained. The calculated phase diagram and thermodynamic properties are in reasonable
agreement with most of the experimental data.

© 2011 Elsevier B.V. All rights reserved.
hermodynamic modeling

. Introduction

Cobalt–iron–boron alloys are among the important transition
etal–boron alloys widely used in the industry owing to their high

ardness and resistance to wear. The cobalt–boron, iron–boron
nd cobalt–iron–boron alloys, characterized by their excellent soft
agnetic property, favorable mechanical performance and good

orrosion resistance, are promising for technological applications
1]. The cobalt–iron–boron alloys also show large glass forming
bility (GFA). Amorphous alloys processed through rapid solidifi-
ation and nanocrystalline materials derived from the amorphous
atrix show special properties of technological interest [2,3].

or example, amorphous iron-cobalt-boron alloys with induced
niaxial anisotropy exhibits high magnetoelastic characteristics,
nd have potentials to be used as sensitive elements of various
echanical-deformation gages, magnetoelastic transducers, delay

ines of sonic and ultrasonic signals [4]. The rapidly solidified
ron-transition metal-boron alloys after consolidation and subse-
uent heat treatment show enhanced mechanical properties at
igh temperatures [5]. Understanding the phase relations and the

hermodynamic properties of the B–Co–Fe system is, thus, of par-
icular interest in identifying alloy compositions and processing

ethods for obtaining desired properties in these materials. In
his study, a thermodynamic optimization of the B–Co–Fe ternary

∗ Corresponding author at: School of Materials Science and Technology, China
niversity of Geosciences, No.29, Xueyuan Road, Beijing 100083, PR China.
el.: +86 10 82320512; fax: +86 10 82322974.

E-mail address: liuyuqin@cugb.edu.cn (Y.Q. Liu).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.170
system is carried out using the CALPHAD method based on the
thermodynamic descriptions of the three constitutional binary sys-
tems and the experimental phase diagram and thermodynamic
data.

2. Literature review

2.1. The B–Co system

The B–Co system is characterized by the occurrence of three
intermediate compounds, Co3B, Co2B and CoB. Boron is slightly sol-
uble in the fcc A1 Co forming �Co terminal solid solution phase,
whereas no Co solubility has been detected in the rhombohedral B
(�B) phase. The B–Co system has been thermodynamically modeled
by several researchers [6–9]. The calculated results of Ref. [6] show
large discrepancies with the current experimentally derived phase
diagram and thermodynamic data due to limited experimental
information used in the modeling. The thermodynamic assessment
of Ref. [7] seems to be unreliable, as pointed out by Du et al. [8], since
inaccurate enthalpy of mixing values were used in the optimiza-
tion. Sixteen parameters were used for the liquid phase in Ref. [9],
although most of the experimental data can be successfully repro-
duced by their model. Du et al. [8] recently reinvestigated the B–Co
phase diagram using X-ray diffraction (XRD), optical microscopy
(OM), electron probe microanalysis (EPMA) and differential ther-

mal analysis (DTA) and carried out a critical optimization based on
their own results and available data. In the present work, the ther-
modynamic parameters reported by Du et al. [8], which can well
reproduce most of the experimental data, were used. The calculated
B–Co phase diagram is presented in Fig. 1.

dx.doi.org/10.1016/j.jallcom.2011.01.170
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liuyuqin@cugb.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.01.170
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Pradelli et al. [21] reported the liquidus surface and the isother-
mal section at 1000 ◦C based on XRD, thermal analysis (TA) and
OM studies for the concentration range of 0 to 50 at.% B in
the B–Co–Fe system. The reported isothermal section at 1000 ◦C
ig. 1. Calculated B–Co phase diagram based on the thermodynamic description of
u et al. [8].

.2. The B–Fe system

The equilibrium B–Fe phase diagram is composed of the liq-
id, bcc A2 (�Fe and �Fe solid solution), fcc A1 (�Fe solid solution),
hombohedral B (�B), Fe2B and FeB phases. Thermodynamic anal-
sis of the B–Fe system has been performed extensively [6,10–15].
aufman et al. [6] used the subregular solution model to describe

he liquid, bcc A2 and fcc A1 phases. Chart [10] provided a six-
arameter description for the liquid phase and an estimated
olubility of B in the Fe solid solution. In the work of Ohtani et al.
11], the Fe solid solution phases were modeled as interstitial solu-
ions in order to calculate the Fe–B–C ternary phase diagram. Liao
nd Spear [12] calculated the B–Fe phase diagram assuming no sol-
bility of B in Fe solid solution. The SGTE recommended expressions
or the pure elements were not used in the work of [6,10–12]. Halle-

ans et al. [13] suggested substitutional solubility of B in the Fe and
eassessed this system. Van Rompaey et al. [14] developed two sets
f thermodynamic descriptions for the B–Fe system, considering B
oth as interstitial species and as substitutional species in the Fe
olid solutions, respectively. More recently, Yoshitomi et al. [15]
eassessed the B–Fe system by combining the first principles cal-
ulations and CALPHAD method. However, the predicted invariant
eaction temperature for liquid ↔ FeB + �B is around 43 ◦C lower
han the widely accepted value of 1500 ◦C [16]. In the present study,
he thermodynamic parameters assessed by Van Rompaey et al.
14], where B was treated as a substitutional species in the Fe solid
olution, were adopted. The calculated B–Fe binary phase diagram
s shown in Fig. 2.

.3. The Co–Fe system

The equilibrium phases in the Co–Fe binary system are liq-
id, bcc A2 (�Fe and �(Fe,Co) solid solution), fcc A1 (�(Co,Fe) solid
olution), hcp A3 (�Co solid solution). Fernandez Guillermet [17]
arried out a thermodynamic assessment of the Co–Fe system with-
ut taking into account the �(bcc A2)/�′(bcc B2) order-disorder
ransition. Colinet and Antoni-Zdziobek [18] modeled this system
sing a hybrid approach consisting of the cluster variation method

CVM) and CALPHAD assessment, but the effect of ordering on
he low-temperature �(bcc A2)/�(fcc A1) equilibrium was not pre-
ented. Ohnuma et al. [19] considered the magnetic and chemical
rdering contributions of the bcc B2 structure and reassessed the
Fig. 2. Calculated B–Fe phase diagram based on the thermodynamic description of
Van Rompaey et al. [14].

Fe–Co system based on their own experimental results and avail-
able data. The calculated phase diagram showed good agreement
with the experimental data. In the present work, thermodynamic
parameters assessed by Ohnuma et al. [19] were directly used and
the calculated Co–Fe phase diagram is shown in Fig. 3.

2.4. The B–Co–Fe ternary system

The B–Co–Fe ternary system consists of eight equilibrium
phases: liquid, bcc A2 (�Fe and �Fe solid solution), fcc A1 (�(Fe,Co)
solid solution), hcp A3 (�Co solid solution), rhombohedral B (�B),
(Co,Fe)B, (Co,Fe)2B and (Co,Fe)3B. Recently, the experimental phase
diagram and thermodynamic data available in the literature were
critically reviewed by Fabrichnaya [20]. Key experimental informa-
tion is briefly discussed below.
Fig. 3. Calculated Co–Fe phase diagram based on the thermodynamic description
of Ohnuma et al. [19].
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easonably agrees with the work of Rogl et al. [22] except for
he (Co,Fe)3B + (Co,Fe)2B + fcc A1 three-phase tie-line triangle (see
ig. 7a for details).

van Loo and van Beek [23] measured the partial isothermal sec-
ion at 1173 K for the concentration range of 0 to 37.5 at.% B using
RD, OM, scanning electron microscopy (SEM) and EPMA. It was
evealed that Co2B and Fe2B forms continuous solutions (Co,Fe)2B
nd Fe can replace large amount of Co in the Co3B.

The activity of B (referred to pure solid �B) in the ternary
–Co–Fe melt at 1300 ◦C was determined via the electromotive

orce (emf) measurements by Ushio and Ogawa [24]. The activ-
ty of B was found with negative deviation from ideal solution.

itusiewicz [25] measured the partial enthalpies of formation of
he B–Co–Fe melt at 1627 ◦C by isoperibolic calorimetry.

. Thermodynamic model

.1. liquid, fcc A1, bcc A2 and hcp A3 phases

The liquid, fcc A1, bcc A2 and hcp A3 phases are modeled by the
ubstitutional solution model and the Gibbs energy is expressed by
edlich–Kister–Muggianu equation [26],

� = x�
B

0G�
B + x�

Co
0G�

Co + xj
Fe

0G�
Fe + RT(x�

B ln x�
B + x�

Co ln x�
Co

+ x�
Fe ln x�

Fe) + x�
B x�

CoL�
B,Co + x�

B x�
FeL�

B,Fe + x�
Cox�

FeL�
Co,Fe

+ x�
B x�

Cox�
FeL�

B,Co,Fe + G�
mag (1)

here R is the gas constant and T is the temperature in
elvin. � represents the liquid, fcc A1, bcc A2 and hcp A3 phases.
�
B , x�

Co and x�
Fe denote the mole fractions of B, Co and Fe in the

phase, respectively. 0G�
B , 0G�

Co and 0G�
Fe are the molar Gibbs

nergy of B, Co and Fe with a � structure and taken from the SGTE
ompilation by Dinsdale [27]. L�

B,Co, L�
B,Fe and L�

Co,Fe are the inter-

ction parameters of three constitutional binary systems. L�
B,Co,Fe is

xpressed as follows:

�
B,Co,Fe = xB

0L�
B,Co,Fe + xCo

1L�
B,Co,Fe + xFe

2L�
B,Co,Fe (2)

here iL�
B,Co,Fe(i = 0, 1, 2) are the ternary interaction parameters

nd will be evaluated in this work.
G�

mag in Eq. (1) is the magnetic contribution to the Gibbs energy,
hich vanishes for the liquid phase. For fcc A1, bcc A2 and hcp A3
hases, G�

mag is calculated by the Hillert–Jarl–Inden model [28,29]:

�
mag = RT ln(ˇ + 1)g(�) (3)

here � = T/Tc, Tc is the Curie temperature, ˇ is the average mag-
etic moment per atom (in Bohr magnetons). The function g(�) is
he polynomial derived by Hillert and Jarl [29]. The parameters Tc

nd ˇ are usually expressed as a function of composition as follows:

c = xB · T0
c,B + xCo · T0

c,Co + xFe · T0
c,Fe + xBxCo · TB,Co

c + xBxFe · TB,Fe
c

+ xCoxFe · TCo,Fe
c + xBxCoxFe · TB,Co,Fe

c (4)

c = xB · ˇ0
B + xCo · ˇ0

Co + xFe · ˇ0
Fe + xBxCo · ˇB,Co + xBxFe · ˇB,Fe

+ xCoxFe · ˇCo,Fe + xBxCoxFe · ˇB,Co,Fe (5)

here T0
c,i

and ˇ0
i

are the Curie temperature and the Bohr magne-
i,j
ons of components i (i = B, Co, Fe), respectively. Tc and ˇi,j are the

nteraction parameters for the three constitutional binary systems
–Co, B–Fe and Co–Fe. TB,Co,Fe

c and ˇB,Co,Fe are the ternary interac-
ion parameters and are assumed to be zero in this work due to lack
f experimental data.
pounds 509 (2011) 4805–4810 4807

3.2. Line compounds (Co,Fe)B, (Co,Fe)2B and (Co,Fe)3B

In the B–Co–Fe ternary system, CoB and FeB phases extend
at a constant stoichiometry of boron and form line compounds
(Co,Fe)B; and Co2B and Fe2B phases form line compounds (Co,Fe)2B.
The Co3B phase is stable only in the B–Co binary system and Fe can
substitute quite remarkable amount of Co to form (Co,Fe)3B. In this
work, these three line compounds are described by two-sublattice
model (Co,Fe)m(B)n. The Gibbs energy of these compounds is
expressed by,

Gϕ = y′
Co

0Gϕ
Co:B + y′

Fe
0Gϕ

Fe:B + mRT(y′
Co ln y′

Co + y′
Fe ln y′

Fe)

+ y′
Coy′

Fe

n∑

i=0

iLϕ
Co,Fe:B(y′

Co − y′
Fe)i (6)

where y′
Co and y′

Fe are the site fractions of Co and Fe in the first sub-
lattice. 0Gϕ

Co:B and 0Gϕ
Fe:B are the Gibbs energy of the end members

(Co)m(B)n and (Fe)m(B)n, respectively. 0Gϕ
Co:B for (Co,Fe)B, (Co,Fe)2B

and (Co,Fe)3B phases are taken from the binary B–Co system. 0Gϕ
Fe:B

for (Co,Fe)B and (Co,Fe)2B are taken from the binary B–Fe system.
iLϕ

Co,Fe:B is the ith interaction parameter between Co and Fe in the
first sublattice and is obtained in the optimization of this work
together with 0G(Co,Fe)3B

Fe:B . More detailed description of the sublattice
model can be found in Ref. [30].

It is worth to have a short discussion on the magnetic contri-
bution in the (Co,Fe)B, (Co,Fe)2B and (Co,Fe)3B phases here. Van
Rompaey et al. [14] included the magnetic contribution in iron
borides. The Curie temperatures for FeB and Fe2B obtained in Ref.
[14] are 600 K and 1018 K, respectively, which are in good agree-
ment with the experimental values of 598 K for FeB and 1015 K for
Fe2B [31]. Du et al. [8] did not consider the magnetic contribution in
the cobalt borides probably due to lack of experimental indication
of magnetic transitions. Further experiments are needed to clarify
the magnetic transitions in cobalt borides and cobalt-iron borides.
In this work, the magnetic contribution to the Gibbs energy for the
cobalt borides and cobalt-iron borides are assumed to be zero.

4. Results and discussions

Thermodynamic optimization of the B–Co–Fe ternary system
was performed using the PanOptimizer program in the Pandat
software [32]. During the optimization process, each piece of
experimental data is given a certain weight. The weights were
systematically changed during the assessment until most of the
experimental data were accounted for within the claimed uncer-
tainty limits. Table 1 presents the summary of the thermodynamic
parameters in the B–Co–Fe system.

Fig. 4a presents the calculated liquidus projection along with the
isothermal contours at different temperatures. The experimental
results of Pradelli et al. [21] are redrawn in Fig. 4b for comparison.
The agreement between calculated and experimentally obtained
liquidus projection is generally satisfactory. The predicted pri-
mary crystallization fields for (Co,Fe)3B phase is narrower than that
experimentally determined [21]. This difference may be traced to
the primary crystallization fields of Co3B in the evaluated B–Co
phase diagram, which is much narrower than that reported in Ref.
[21]. The ternary eutectic reaction L ↔ (Co,Fe)2B + (Co,Fe)3B + fcc A1
is well reproduced with the calculated invariant temperature of
1040.7 ◦C and liquid composition of 20 at.% B and 49 at.% Co, while

the experimental determined values are 1040 ◦C and liquid com-
position of 20 at.% B and 50 at.% Co.

The calculated activities of B referred to �B in the B–Co–Fe melt
at 1300 ◦C are plotted in Fig. 5 along with the experimental data
[24]. The predicted activities of boron agree reasonably with the
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Table 1
Summary of the thermodynamic parameters in the B–Co–Fe system.a

Phase and thermodynamic parameters Reference

Liquid: (B,Co,Fe)1
0Lliquid

B,Co = −162, 096.49 + 48.363T [8]

1Lliquid
B,Co = −2542.75 + 4.712T [8]

2Lliquid
B,Co = 32, 123.74 [8]

0Lliquid
B,Fe = −126, 220 + 29.440T [14]

1Lliquid
B,Fe = 8390 [14]

2Lliquid
B,Fe = 33, 538 [14]

0Lliquid
Co,Fe = −9753.82 [19]

2Lliquid
Co,Fe = 2757.96 [19]

0Lliquid
B,Co,Fe = −208, 172 + 16.8287T This work

1Lliquid
B,Co,Fe = 245, 290 − 127.651T This work

2Lliquid
B,Co,Fe = 245, 290 − 127.651T This work

bcc A2: (B,Co,Fe)1

0Lbcc A2
B,Fe = −63, 789 + 55.341T [14]

0Lbcc A2
Co,Fe = −26, 222.7 + 125T − 15.502T ln T − 632, 250T−1 [19]

2Lbcc A2
Co,Fe = 2686.79 + 632, 250T−1 [19]

0Tcbcc A2
Co,Fe = 590 [19]

0ˇbcc A2
Co,Fe = 1.406 1ˇbcc A2

Co,Fe = −0.6617 [19]

fcc A1: (B,Co,Fe)1
0Lfcc A1

B,Co = −18, 734.7 [8]

0Lfcc A1
B,Fe = −70, 178 + 55.470T [14]

0Lfcc A1
Co,Fe = −8968.75 [19]

2Lfcc A1
Co,Fe = 3528.8 [19]

0Tcfcc A1
Co,Fe = 283 1Tcfcc A1

Co,Fe = 879 [19]

0ˇfcc A1
Co,Fe = 8.407 1ˇfcc A1

Co,Fe = −3.644 [19]

0Lfcc A1
B,Co,Fe = −77, 346.8 This work

hcp A3: (B,Co,Fe)1
0Lhcp A3

Co,Fe = 5000 [19]

0Tchcp A3
Co,Fe = −253 1Tchcp A3

Co,Fe = 1494 [19]

0ˇhcp A3
Co,Fe = 5.41 1ˇhcp A3

Co,Fe = −0.24 [19]

(Co,Fe)B: (Co,Fe)0.5(B)0.5
0G(Co,Fe)B

Co:B = −40, 617 + 134.822T − 21.326T ln T − 0.00419T2 +
297, 858T−1

[8]

0G(Co,Fe)B
Fe:B = −46, 832 + 162.147T − 25.000T ln T − 0.00250T2 +
265, 000T−1

[14]

0Tc(Co,Fe)B
Fe:B = 600 [14]

0ˇ(Co,Fe)B
Fe:B = 1.03 [14]

0L(Co,Fe)B
Co,Fe:B = −1000 − 3.512T This work

(Co,Fe)2B: (Co,Fe)0.6667(B)0.3333

0G(Co,Fe)2B
Co:B − 0.66670Ghcp A3

Co − 0.33330G�B
B = −28, 564 + 5.077T [8]

0G(Co,Fe)2B
Fe:B = −32, 029 + 160.620T − 26.350T ln T − 0.00236T2 +
243, 997T−1

[14]

0Tc(Co,Fe)2B
Fe:B = 1018 [14]

0ˇ(Co,Fe)2B
Fe:B = 1.91 [14]

0L(Co,Fe)2B
Co,Fe:B = −20, 271.21 + 15.000T This work

1L(Co,Fe)2B
Co,Fe:B = −3237.94 + 5.000T This work

(Co,Fe)3B: (Co,Fe)0.75(B)0.25

0G(Co,Fe)3B
Co:B − 0.750Ghcp A3

Co − 0.250G�B
B = −21, 131.79 + 3.1928T [8]

0G(Co,Fe)3B
Fe:B − 0.750Gbcc A2

Fe − 0.250G�B
B = −20, 080 + 3.712T This work

0L(Co,Fe)3B
Co,Fe:B = −42, 300.34 + 30T This work

a Temperature (T) in Kelvin and Gibbs energy in J/mol-atom.
Fig. 4. (a) Calculated liquidus projection of the B–Co–Fe system along with the
isothermal contours at different temperatures and (b) the experimentally deter-
mined B–Co–Fe liquidus projection by Pradelli et al. [21].

experimental results. The predicted activities of B show large neg-
ative deviation from the ideal solution. At the fixed B content, the
activity of B changes slightly with the changes of Co content in the
single-phase liquid region.

Fig. 6 presents the calculated enthalpies of mixing for the
B–Co–Fe melt at 1627 ◦C along the lines of (Fe0.25Co0.75)1−xBx,
(Fe0.5Co0.5)1−xBx and (Fe0.75Co0.25)1−xBx. The reference state is liq-
uid B, Co and Fe. The experimental data determined by Witusiewicz
[25] are superimposed for comparison. The experimental values
are well reproduced by this calculation with an error less than
±2 kJ/mol-atom. At the fixed Fe:Co ratio, the calculated enthalpy
of mixing increases in magnitude with the increase in B concen-
tration. The influence of Fe:Co ratio on the enthalpy of mixing is
relatively obvious at the high B concentration.

Fig. 7a and b presents the calculated isothermal sections at
1000 ◦C and 900 ◦C, respectively. The experimental data are super-

imposed as dotted lines for comparison. It is evident that CoB and
FeB forms continuous solid solutions (Co,Fe)B, while Co2B and Fe2B
forms continuous solid solutions (Co,Fe)2B. In the (Co,Fe)3B phase,
Fe can substitute up to 41.4 at.% Co at 1000 ◦C and 55.8 at.% Co at
900 ◦C, respectively, which is consistent with the experimental data
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ig. 5. Calculated activities of B in the B–Co–Fe melt at 1300 ◦C compared with
vailable experimental data [24]. The reference state is rhombohedral B (�B).

22,23]. The predicted tie triangle for fcc A1 + bcc A2 + (Co,Fe)3B
nd bcc A2 + (Co,Fe)3B + (Co,Fe)2B three phase equilibrium is con-
istent with that determined by van Loo and van Beek [23]. The
redicted tie triangle for (Co,Fe)3B + (Co,Fe)2B + fcc A1 three phase
quilibrium at 1000 ◦C agree well with the result of Rogl et al. [22].
he position of tie triangle for (Co,Fe)3B + (Co,Fe)2B + fcc A1 three
hase equilibrium reported in Ref. [21] seems to be unreliable as

t differs greatly from that reported in Ref. [22] and the trend of
ie triangle at 900 ◦C determined by van Loo and van Beek [23].
n addition, Pradelli et al. [21] reported the composition of liq-
id for invariant reaction L ↔ (Co,Fe)2B + (Co,Fe)3B + fcc A1 at the

nvariant temperature 1040 ◦C is 20 at.% B and 50 at.% Co, which
s far outside the (Co,Fe)3B + (Co,Fe)2B + fcc A1 three phase region

t 1000 ◦C reported in the same work and is unlikely to happen.
urther experiments are needed to clarify this contradiction.

The calculated quasibinary CoB–FeB phase diagram is plotted
n Fig. 8 along with the results of Pradelli et al. [21]. This is a

ig. 6. Predicted enthalpy of formation referred to liquid components for the
–Co–Fe melt at 1627 ◦C compared with the experimental data [25].

Fig. 7. Calculated isothermal section of the B–Co–Fe system at (a) 1000 ◦C and (b)
900 ◦C. The experimental data from Refs. [21–23] are superimposed for comparison.
simple isomorphous system in which there is mutual solubility of
the two components, CoB and FeB, in both liquid and solid states
throughout the entire composition range. The predicted CoB–FeB
phase diagram differs greatly from the experimental result of
Pradelli et al. [21]. This discrepancy can be explained from two
aspects. The first aspect is the melting point of FeB as reported by
[21] is around 57 ◦C higher than that evaluated by Van Rompaey
et al. [14] in the B–Fe binary system. It should be noted that the
experimentally determined melting point for FeB differ greatly,
from 1540 ◦C reported by Voroshnin et al. [33] and 1590 ◦C by
Sidorenko et al. [34] to 1650 ◦C reported by Portnoi et al. [35]. The
second aspect is related to the broadness of the liquid + (Co,Fe)B
two phase field. For a simple isomorphous system, the existence

of such broad two phase field is unlikely when the difference
in the enthalpies of fusion of the two terminal constituents are
not very large. The respective enthalpies of fusion of CoB and
FeB are 26.6 kJ/mol-atom and 33.5 kJ/mol-atom at their melting
points.
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. Conclusions

A thermodynamic optimization of the B–Co–Fe ternary system
as been carried out based on available experimental data. The
hermodynamic descriptions of the three constitutional binary sys-
ems are taken from previous studies. For the B–Co–Fe ternary
ystem, the substitutional solution model was used to describe
he solution phases, while the sublattice model was used for the
ine compounds (Co,Fe)B, (Co,Fe)2B and (Co,Fe)3B. A set of ther-

odynamic parameters have been obtained. The calculated phase
iagram and thermodynamic properties are in reasonable agree-
ent with most of the experimental data. Further experiments are

eeded to clarify the conflicts in the experimentally determined
hase diagrams.
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