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a b s t r a c t

By using the calculation of phase diagrams (CALPHAD)method, thermodynamic assessments of the Er–Sb
and Sb–Tm systems were carried out based on the available experimental data including thermodynamic
properties and phase equilibria. The Gibbs free energies of the liquid, hcp, and rhombohedral phases in
the Er–Sb and Sb–Tm systemsweremodeled by the substitutional solutionmodel with the Redlich–Kister
formula, and the intermetallic compounds (Er5Sb3,αErSb,βErSb, ErSb2, Sb2Tm,αSbTm,βSbTm,αSb3Tm5,
and βSb3Tm5 phases) in these two binary systems were described by the sublattice model. An agreement
between the present calculated results and experimental data was obtained.

© 2011 Published by Elsevier Ltd
1. Introduction

Magnesium (Mg) alloys have been widely used in many
industrial fields due to their superior characteristics such as
low density, high specific strength, and good castability [1]. The
addition of rare earth (RE) elements to Mg base alloys can enhance
the high-temperature properties, corrosion resistance and casting
characteristics [2,3]. When Sb and RE atoms coexist in Mg base
alloys, Sb will combine with the RE to form dispersed particles,
which are mainly intermetallic compound phase distributed at
the grain boundaries and which improve the high-temperature
properties of the Mg base alloys [4]. Therefore, it is important to
understand the phase equilibria in Sb–RE binary systems.

The CALPHAD method, which is a powerful tool to reduce
the cost and time during development of materials, effectively
provides a clear guideline for material design. In order to
design high-performance alloys with rare earth elements, it is
important to develop a thermodynamic database including rare
earth element alloys. Currently, our group is focusing on the
development of a thermodynamic database of rare earth alloy
systems, which is important for the design of alloys with additions
of rare earth elements. As part of this thermodynamic database,
this work presents the thermodynamic descriptions of the Er–Sb
and Sb–Tm binary systems based on the available experimental
data by means of the CALPHAD method.
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2. Experimental information

2.1. The Er–Sb system

The Er–Sb system consists of two terminal solution phases (hcp
(Er) and rhombohedral (Sb) phases) and four intermetallic com-
pounds (Er5Sb3, αErSb, βErSb, and ErSb2 phases). Abdusalyamova
et al. [5] were the first to report incongruent melting of the
ErSb2 phase at 650 °C by means of differential thermal anal-
ysis (DTA). Later, based on thermal, microstructural, and X-ray
diffraction analysis, Abdusalyamova [6] investigated the phase dia-
gram in the Er–Sb system, and reported three stoichiometric com-
pounds: Er5Sb3 (peritectic formation at 1640 °C), ErSb (melting
point 2040 °C), and ErSb2 (peritectic formation at 650 °C). A re-
versible polymorphic transition (αErSb ↔ βErSb at 1810 °C)
was observed by Abdusalyamova [6]. According to the work of
Refs. [5,6], Okamoto [7] compiled the phase diagram of the Er–Sb
system, which is shown in Fig. 1. Using high-temperature DTA,
X-ray diffraction, and microstructural methods of analysis, Ab-
dusalyamova and Rachmatov [8,9] studied the phase diagram
in the Er–Sb system and determined two eutectic reactions: L
(∼15.5 at.% Sb) ↔ (Er) + Er5Sb3 at 1170 °C, and L(∼99 at.% Sb)
↔ ErSb2 + (Sb) at 625 °C [8](L(99.4 at.% Sb) ↔ ErSb2 + (Sb) at
620 °C [9]). In the work of Abdusalyamova and Rachmatov [8,9],
the maximum solid solubility of Sb in the hcp (Er) phase was indi-
cated to be greater than 1 at.%.

In addition, using a direct-reaction calorimeter, Pratt and
Chua [10] reported the standard enthalpy of formation of theαErSb
phase. Goryacheva et al. [11] extrapolated the standard enthalpies
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Fig. 1. The phase diagram of the Er–Sb system reviewed by Okamoto [7].

and entropies of formation of the αErSb and ErSb2 phases by
the electromotive force (EMF) method. Using Miedema’s model,
Colinet et al. [12] predicted that the value of the enthalpy of
mixing of the liquid phase with the reference states of pure liquid
metals at 50 at.% Sb in the Er–Sb system is −53 kJ/mol; however,
no temperature dependence was given in the work of Colinet
et al. [12].

2.2. The Sb–Tm system

The Sb–Tm system consists of two terminal solution phases
(rhombohedral (Sb) and hcp (Tm) phases) and five intermetal-
lic compounds (Sb2Tm, αSbTm, βSbTm, αSb3Tm5, and βSb3Tm5
phases). Abdusalyamova et al. [5] were the first to report in-
congruent melting of the SbTm2 phase at 640 °C by means of
DTA. Later, based on different thermal and X-ray phase and mi-
crostructural analyses, Abdusalyamova et al. [13] investigated the
phase diagram in the Sb–Tm system, and reported three stoi-
chiometric compounds: SbTm2 (peritectic formation at 640 °C),
SbTm (melting point 2020 °C), and Sb5Tm3 (peritectic formation
at 1640 °C). Abdusalyamova et al. [13] also determined two eu-
tectic reactions: L(<1.0 at.% Tm) ↔ Sb2Tm + (Sb) at 620 °C, and
L(85 at.% Tm) ↔ Sb3Tm5 + (Tm) at 1180 °C. Two reversible poly-
morphic transitions (αSbTm ↔ β SbTm at 1780 °C and αSb3Tm5
↔ βSb3Tm5 at ∼ 1620 °C) were observed by Abdusalyamova
et al. [13]. In the work of Abdusalyamova et al. [13], the maximum
solid solubility of Sb in the hcp (Tm) phasewas suggested to be less
than 1.5 at%. The phase diagramof the Sb–Tmsystemwas reviewed
by Okamoto [14], and is shown in Fig. 2.

In addition, using a direct-reaction calorimeter, Pratt and
Chua [10] reported the standard enthalpy of formation of the
αSbTm phase. Boer et al. [15] reported the calculated standard
enthalpies of formation of the SbTm phase by using Miedema’s
model. Using the same method, Colinet et al. [12] predicted
the standard enthalpies of formation of the Sb2Tm, αSbTm, and
α Sb3Tm5 phases. Colinet et al. [12] also predicted that the value
of the enthalpy of mixing of the liquid phase with the reference
states of pure liquid metals at 50 at% Tm in the Sb–Tm system is
−52 kJ/mol; however, no temperature dependence was given in
the work of Colinet et al. [12].
Fig. 2. The phase diagram of the Sb–Tm system reviewed by Okamoto [14].

3. Thermodynamic models

3.1. Solution phases

In the Er–Sb and Sb–Tm binary systems (which are both
binary A–B systems), the liquid, hcp, and rhombohedral phases
are described as disordered substitutional solutions. The Gibbs free
energies of the liquid, hcp, and rhombohedral phases are described
by the substitutional solution model, as follows:

Gφ
m =

−
i=A,B

0Gφ

i xi + RT
−
i=A,B

xi ln xi + ∆EGφ
m, (1)

where 0Gφ

i is the Gibbs free energy of the pure component i in the
respective reference state with phase φ, which is taken from the
SGTE pure element database [16]; xi denotes the mole fraction of
component i; R is the gas constant; T is the absolute temperature;
and the term∆EGφ

m represents the excess Gibbs free energy, which
is expressed in Redlich–Kister polynomial form [17] as

∆EGφ
m = xAXB

n−
m=0

mLφ

A,B(xA − xB)m, (2)

mLφ

A,B = a + bT , (3)

where mLφ

A,B is the binary interaction parameter, and the coeffi-
cients of a and b are evaluated on the basis of available experimen-
tal data.

3.2. Stoichiometric intermetallic compounds

All the intermetallic compounds in the Er–Sb and Sb–Tm binary
systems are treated as stoichiometric phases. Due to lack of the
heat capacity data and according to the Neumann–Koppe rule, the
Gibbs free energy per mole of formula unit ApBq can be expressed
as follows:

∆0GApBq
f = GApBq

A:B − p0GSER
A − q0GSER

B = a′
+ b′T , (4)

where ∆0GApBq
f indicates the standard Gibbs free energy of

formation of the stoichiometric compound from pure elements;
the parameters of a′ and b′ are evaluated in the present work.
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Table 1
Experimental and calculated invariant reactions in the Er–Sb system.

Invariant reaction Reaction type Composition (at% Sb) Temperature (°C) Reference

L ↔ (Er) + Er5Sb3 Eutectic ∼15.5 >1.0 25 1170 [8,9]
13.2 1.4 25 1170.1 This work

L + αErSb ↔ Er5Sb3 Peritectic 50.0 37.5 1640 [6,8,9]
29.9 50.0 37.5 1639.8 This work

αErSb ↔ βErSb Polymorphic 50.0 1810 [6,8,9]
50.0 1810.1 This work

L ↔ βErSb Congruent 50.0 2040 [6,8,9]
50.0 2040 This work

L + αErSb ↔ ErSb2 Peritectic 50.0 66.7 650 [5,6,8,9]
98.7 50.0 66.7 650 This work

L ↔ErSb2 + (Sb) Eutectic 66.7 100 630 [7]
∼99 66.7 100 625 [8]
99.4 66.7 100 620 [9]
99 66.7 100 627 This work
Fig. 3. Calculated phase diagram of the Er–Sb system compared with the
experimental data [9].

4. Optimized results and discussion

The optimization of the thermodynamic parameters was car-
ried out by using the PARROT program in the Thermo-Calc soft-
ware [18], which can handle various kinds of experimental data.
The experimental data of the phase diagram and thermodynamic
properties were used as input to the program. Each piece of se-
lected information was given a certain weight based on the im-
portance of data, which was changed by trial and error during the
assessment, until most of the selected experimental information
was reproduced within the expected uncertainty limits.

4.1. The Er–Sb system

The calculated Er–Sb phase diagram compared with the exper-
imental data is shown in Fig. 3, and the calculated compositions
and temperatures for the invariant reactions compared with the
selected experimental data are listed in Table 1. It is seen that the
calculated results are in reasonable agreement with the experi-
mental data [9]. The calculated maximum solid solubility of Sb in
the hcp (Er) solution phase is 1.4 at%, which is in agreement with
the experimental data (>1.0 at% Sb) [8,9] and considered reason-
able. A set of complete self-consistent thermodynamic parameters
describing the Gibbs free energy of each phase in the Er–Sb system
is given in Table 2.
Table 2
Thermodynamic parameters in the Er–Sb system assessed in the present work.

Parameters in each phase (J/mol)

Liquid phase, format (Er, Sb)
0LLiqEr,Sb = −211744 − 17.793T ,

1LLiqEr,Sb = 41385 − 41.111T ,

2LLiqEr,Sb = 48000 − 3.108T

Hcp phase, format (Er, Sb)
0LHcpEr,Sb = −171000

Er5Sb3 phase, format (Er)0.625(Sb)0.375

∆0GEr5Sb3
f = −83050 + 1.23T

αErSb phase, format (Er)0.5(Sb)0.5

∆0GαErSb
f = −111583 + 7.314T

βErSb phase, format (Er)0.5(Sb)0.5

∆0GβErSb
f = −111266 + 7.162T

ErSb2 phase, format (Er)0.333(Sb)0.667

∆0GErSb2
f = −75142 + 5.507T

Table 3
Comparison of experimental and calculated values for the standard enthalpies of
formation (kJ/mol of atoms) of intermetallic compounds in the Er–Sb system.

Phase Experimental [11] Experimental [10] Calculated

Er5Sb3 −83.05
αErSb −113.4 −109 −111.583
ErSb2 −75.6 −75.142

The reference states of pure elements of Er and Sb are hcp and rhombohedral phases,
respectively.

Table 4
Comparison of experimental and calculated values for the standard entropies of
formation (J/K mol of atoms) of intermetallic compounds in the Er–Sb system.

Phase Experimental [11] Calculated

Er5Sb3 −1.23
αErSb −7.6 −7.314
ErSb2 −5.0 −5.507

The reference states of pure elements of Er and Sb are hcp and rhombohedral phases,
respectively.

The calculated standard enthalpies of formation with reference
states of the Er (hcp) and Sb (rhombohedral) phases comparedwith
the experimental data are presented in Fig. 4 and Table 3, and
a comparison of standard entropies of formation with reference
states of the Er (hcp) and Sb (rhombohedral) phases between the
calculated and the experimental data is shown in Fig. 5 and Table 4.
It is seen that an agreement with the thermodynamic properties
is obtained between the calculated results and the experimental
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Fig. 4. Calculated standard enthalpies of formation with reference states of Er
(hcp) and Sb (rhombohedral) phases in the Er–Sb system compared with the
experimental data [10,11].

Fig. 5. Calculated standard entropies of formation with reference states of Er
(hcp) and Sb (rhombohedral) phases in the Er–Sb system compared with the
experimental data [11].

data. Fig. 6 shows the calculated enthalpies of mixing of the liquid
phase at 2100 °C with reference states of pure Er (liquid) and Sb
(liquid) in the Er–Sb binary system. The calculated value at 50 at%
Sb is−52.936 kJ/mol,which is very close to the value of−53 kJ/mol
predicted by Colinet et al. [12]. Therefore, the calculated enthalpies
of mixing of the liquid phase in the Er–Sb system are reasonable.

4.2. The Sb–Tm system

The calculated Sb–Tmphase diagram comparedwith the exper-
imental data is shown in Fig. 7, and the calculated compositions
and temperatures for the invariant reactions compared with the
selected experimental data are listed in Table 5. It is seen that the
calculated results are basically in agreement with the experimen-
tal data of the phase equilibria [13], except for the temperature of
Fig. 6. Calculated enthalpies of mixing of liquid phase at 2100 °C with reference
states of pure elements of Er (liquid) and Sb (liquid) compared with the predicted
data [12].

Fig. 7. Calculated phase diagram of the Sb–Tm system compared with the
experimental data [13].

eutectic reaction (L ↔ Sb2Tm + (Sb)), which shows a discrepancy
of 7.1 °C between the calculated results and the experimental data.
A set of complete self-consistent thermodynamic parameters de-
scribing the Gibbs free energy of each phase in the Sb–Tm system
is given in Table 6.

The calculated standard enthalpies of formation with reference
states of the Sb (rhombohedral) and Tm (hcp) phases compared
with the experimental data are presented in Fig. 8 and Table 7.
It is seen that the calculated standard enthalpy of formation of
the αSbTm phase is less negative than the value obtained by Pratt
and Chua [10], but it is more negative than the value predicted
by Colinet et al. [12]; furthermore, it is very close to the value
predicted by Boer et al. [15]. By considering the agreement of
the majority of the experimental data including the data of the
phase equilibria and thermodynamic properties, we think that
this calculated result can be accepted. Fig. 9 shows the calculated
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Table 5
Experimental and calculated invariant reactions in the Sb–Tm system.

Invariant reaction Reaction type Composition (at.% Tm) Temperature (°C) Reference

L ↔(Sb) + Sb2Tm Eutectic <1.0 0 33.3 620 [13]
0.96 0 33.3 627.1 This work

L + αSbTm ↔ Sb2Tm Peritectic 50.0 66.7 640 [5,13]
1.1 50.0 66.7 640 This work

αSbTm ↔ βSbTm Polymorphic 50.0 1780 [13]
50.0 1780.4 This work

L ↔ βSbTm Congruent 50.0 2020 [13]
50.0 2020 This work

L + αSbTm ↔ βSb3Tm5 Peritectic 50.0 62.5 1640 [13]
67.3 50.0 62.5 1640.5 This work

αSb3Tm5 ↔ βSb3Tm5 Polymorphic 62.5 ∼1620 [13]
62.5 1620.6 This work

L ↔ αSb3Tm5 + (Tm) Eutectic 85 62.5 >98.5 1180 [13]
83.8 62.5 98.8 1179 This work
Table 6
Thermodynamic parameters in the Sb–Tm system assessed in the present work.

Parameters in each phase (J/mol)

Liquid phase, format (Sb, Tm)
0LLiqsb,Tm = −219000 − 32.067T ,

1LLiqsb,Tm = −33941 + 49.848T ,

2LLiqsb,Tm = 94097 − 12.3T ,

3LLiqsb,Tm = −39081

Hcp phase, format (Sb, Tm)
0LHcpsb,Tm = −185000
Sb2Tm phase, format (Sb)0.667(Tm)0.333

∆0GSb2Tm
f = −76138 + 3.458T

αSbTm phase, format (Sb)0.5(Tm)0.5

∆0GαSbTm
f = −112990 + 4.004T

βSbTm phase, format (Sb)0.5(Tm)0.5

∆0GβSbTm
f = −112000 + 3.522T

αSb3Tm5 phase, format (Sb)0.375(Tm)0.625

∆0GαSb3Tm5
f = −83519 − 2.621T

βSb3Tm5 phase, format (Sb)0.375(Tm)0.625

∆0GβSb3Tm5
f = −82824 − 2.988T

Table 7
Comparison of experimental and calculated values for the standard enthalpies of
formation (kJ/mol of atoms) of intermetallic compounds in the Sb–Tm system.

Phase Predicted [12] Experimental [10] Experimental [15] Calculated

Sb2Tm −71 −76.138
αSbTm −88 −157 −115 −112.99
αSb3Tm5 −80 −83.519

The reference states of pure elements of Sb and Tm are rhombohedral and hcp
phases, respectively.

enthalpies of mixing of the liquid phase at 2200 °C with reference
states of pure Sb (liquid) and Tm (liquid) in the Sb–Tm binary
system. The calculated value at 50 at% Tm is −54.75 kJ/mol, which
is close to−52 kJ/mol predicted by Colinet et al. [12]. Therefore, the
calculated enthalpies of mixing of the liquid phase in the Sb–Tm
system are reasonable.

5. Conclusions

The phase diagrams in the Er–Sb and Sb–Tm binary systems
were thermodynamically assessed based on experimental data
including phase equilibria and thermodynamic data, and most of
the experimental information can be satisfactorily reproduced on
the basis of the optimized thermodynamic parameters.
Fig. 8. Calculated standard enthalpies of formation with reference states of Sb
(rhombohedral) and Tm (hcp) phases in the Sb–Tm system compared with the
predicted data [10,12,15].

Fig. 9. Calculated enthalpies of mixing of liquid phase at 2200 °C with reference
states of pure elements of Sb (liquid) and Tm (liquid) compared with the predicted
data [12].
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Appendix. Supplementary data

Supplementary material related to this article can be found
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