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bstract

In order to develop the thermodynamic database of phase equilibria in the Mg–Zn–Re (Re: rare earth element) base alloys, the thermodynamic
ssessments of the Ce–Zn and Pr–Zn systems were carried out by using the calculation of phase diagrams (CALPHAD) method on the basis of the
xperimental data including thermodynamic properties and phase equilibria. Based on the available experimental data, Gibbs free energies of the
olution phases (liquid, bcc, fcc, hcp and dhcp) were modeled by the subregular solution model with the Redlich–Kister formula, and those of the

ntermetallic compounds were described by the sublattice model. A consistent set of thermodynamic parameters has been derived for describing
he Gibbs free energies of each solution phase and intermetallic compound in the Ce–Zn and Pr–Zn binary systems. An agreement between the
resent calculated results and experimental data is obtained.

2007 Published by Elsevier B.V.
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. Introduction

Magnesium (Mg) base alloys are potential candidates for
tructural, automotive and aerospace applications owing to their
ow density, high specific strength, high specific rigidity and
ood damping capacity. In particular, the Mg base alloys of the
g–Zn series have great advantages for the development of low

ost Mg base alloys due to high strength of considerable harden-
ng response and good grain refinement by zirconium [1,2]. Rare
arth elements are often added to Mg base alloys to improve their
igh temperature strength and creep resistance by precipitation
ardness [3–5].

CALPHAD method is an important tool for designing new
g base alloys because it can significantly decrease cost and

ime during development of materials and provides a clear guide
ine for material design [6]. In order to develop the thermo-

ynamic database of phase equilibria in the Mg–Zn–Re base
lloys, the thermodynamic description of each lower-order sys-
em which forms a part of this thermodynamic database is
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ecessary. The purpose of this work is to present the thermody-
amic descriptions of the Ce–Zn and the Pr–Zn binary systems
y the CALPHAD method. The thermodynamic parameters of
ach phase in the Ce–Zn and Pr–Zn systems are optimized by
tting the experimental data on thermodynamic properties and
hase equilibria.

. Thermodynamic models

.1. Solution phases

In the Ce–Zn and Pr–Zn systems, Gibbs free energies of the
olution phases (liquid, fcc, bcc, hcp, dhcp) were described by
he subregular solution model. The molar Gibbs free energy of
ach solution phase in these two systems is given as follows:

�
m =

∑

i=Re,Zn

0G
�
i xi + RT

∑

i=Re,Zn

xi ln xi + �EG�
m (1)
here 0G
�
i denotes the Gibbs free energy of pure element in �

hase, which is taken from the SGTE pure element database [7];
e means the element Ce or Pr; xi represents the mole fraction of
lement i; R is the universal gas constant; T is the absolute tem-

mailto:lxj@xmu.edu.cn
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Table 1
The stable solid phases and the used models in the Ce–Zn system

Phase Structure type Modeling phase Used models

�Ce Cu fcc Subregular solution model
�Ce W bcc Subregular solution model
(Zn) Mg hcp Subregular solution model
CeZn CsCl (Ce)(Zn) Sublattice model
CeZn2 KHg2 (Ce)(Zn)2 Sublattice model
CeZn3 CEZn3 (Ce)(Zn)3 Sublattice model
Ce3Zn11 La3Al11 (Ce)3(Zn)11 Sublattice model
Ce13Zn58 Gd13Zn58 (Ce)13(Zn)58 Sublattice model
CeZn5 CaCu5 (Ce)(Zn)5 Sublattice model
Ce3Zn22 Ce3Zn22 (Ce)3(Zn)22 Sublattice model
�
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where the values of a′ and b′ are evaluated in the present work.
The stable solid phases and the used models in the Ce–Zn

and Pr–Zn systems are listed in Tables 1 and 2, respectively.
Ce2Zn17 Th2Ni17 (Ce)2(Zn)17 Sublattice model
Ce2Zn17 Th2Zn17 (Ce)2(Zn)17 Sublattice model
eZn11 BaCd11 (Ce)(Zn)11 Sublattice model

erature; the term�EG
�
m is the excess energy, which is expressed

n the Redlich–Kister polynomials [8] as

EG�
m = xRexZn

n∑

i=0

iL
�
Re,Zn(xRe − xZn)i (2)

here iL
�
Re,Zn is the binary interaction parameter, which is

xpressed as temperature dependence:

L
�
Re,Zn = a + bT + cT ln T (3)

here the values of a, b and c are evaluated on the basis of the
xperimental data in the present work.

.2. Stoichiometric intermetallic compounds

The intermetallic compounds of the CeZn, CeZn2, CeZn3,
e3Zn11, Ce13Zn58, CeZn5, Ce3Zn22, Ce2Zn17 and CeZn11 in

he Ce–Zn binary system and PrZn, �PrZn2, �PrZn2, PrZn3,
r3Zn11, Pr13Zn58, Pr3Zn22, �Pr2Zn17, �Pr2Zn17 and PrZn11

n the Pr–Zn binary system are treated as stoichiometric com-

ounds. The Gibbs free energy per mole of formula unit RepZnq

s expressed as follows:

RepZnq
m = p

p + q

0GSER
Re + q

p + q

0GSER
Zn + �0GRepZnq

f (4)

able 2
he stable solid phases and the used models in the Pr–Zn system

hase Structure type Modeling phase Used models

Pr �La dhcp Subregular solution model
Pr W bcc Subregular solution model

Zn) Mg hcp Subregular solution model
rZn CsCl (Pr)(Zn) Sublattice model
PrZn2 CeCu2 (Pr)(Zn)2 Sublattice model
PrZn2 – (Pr)(Zn)2 Sublattice model
rZn3 YZn3 (Pr)(Zn)3 Sublattice model
r3Zn11 Y3Zn11 (Pr)3(Zn)11 Sublattice model
r13Zn58 Pu13Zn58 (Pr)13(Zn)58 Sublattice model
r3Zn22 Pu3Zn22 (Pr)3(Zn)22 Sublattice model
Pr2Zn17 Th2Ni17 (Pr)2(Zn)17 Sublattice model
Pr2Zn17 Th2Zn17 (Pr)2(Zn)17 Sublattice model
rZn11 BaCd11 (Pr)(Zn)11 Sublattice model

F

Fig. 1. The phase diagram of the Ce–Zn system reviewed by Okamoto [12].

here �0Gf
RepZnq represents the Gibbs free energy of forma-

ion per mole of formula unit RepZnq referred to the standard
lement reference (SER) state of the component elements, which
s described as

0Gf
RepZnq = a′ + b′T (5)
ig. 2. The phase diagram of the Pr–Zn system reviewed by Okamoto [12].
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Table 3
Thermodynamic parameters in the Ce–Zn system

Parameters in each phase (J/mol)

Liquid phase, format (Ce, Zn)
0L

Liq
Ce,Zn = −116372.167 + 39.3T

1L
Liq
Ce,Zn = 70000 − 19T

2L
Liq
Ce,Zn = −42000 + 20T

Fcc phase, format (Ce, Zn)
0LFcc

Ce,Zn = −2000

CeZn compound, format (Ce)0.5(Zn)0.5
0GCeZn

Ce:Zn − 0.50Gfcc
Ce − 0.50G

hcp
Zn = −34040 + 6.4T

CeZn2 compound, format (Ce)0.333(Zn)0.667
0GCeZn2

Ce:Zn − 0.3330Gfcc
Ce − 0.6670G

hcp
Zn = −40060 + 9.22T

CeZn3 compound, format (Ce)0.25(Zn)0.75
0GCeZn3

Ce:Zn − 0.250Gfcc
Ce − 0.750G

hcp
Zn = −38473.75 + 9.83T

Ce3Zn11 compound, format (Ce)0.214(Zn)0.786
0GCe3Zn11

Ce:Zn − 0.2140Gfcc
Ce − 0.7860G

hcp
Zn = −36882.7 + 9.286T

Ce13Zn58 compound, format (Ce) 0.183 (Zn)0.817
0GCe13Zn58

Ce:Zn − 0.1830Gfcc
Ce − 0.8170G

hcp
Zn = −35352.77 + 8.94T

CeZn5 compound, format (Ce)0.167(Zn)0.833
0GCeZn5

Ce:Zn − 0.1670Gfcc
Ce − 0.8330G

hcp
Zn = −34491.67 + 8.883T

Ce3Zn22 compound, format (Ce)0.12(Zn)0.88
0GCe3Zn22

Ce:Zn − 0.120Gfcc
Ce − 0.880G

hcp
Zn = −30196 + 7.4T

Ce2Zn17 compound, format (Ce)0.105(Zn)0.895
0GCe2Zn17

Ce:Zn − 0.1050Gfcc
Ce − 0.8950G

hcp
Zn = −27973.68 + 6.526T
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Table 4
Thermodynamic parameters in the Pr–Zn system

Parameters in each phase (J/mol)

Liquid phase, format (Pr, Zn)
0L

Liq
Pr,Zn = −112893.879 + 28.008T

1L
Liq
Pr,Zn = 73587.04 − 21.204T

2L
Liq
Pr,Zn = −34066.071 + 10.39T

dhcp phase, format (Pr, Zn)
0G

dhcp
Zn − 0G

hcp
Zn = 2108.72

0L
dhcp
Pr,Zn = −39139.65 + 5.422T

bcc phase, format (Pr, Zn)
0Lbcc

Pr,Zn = −67287.643 − 35.723T + 4.138T ln T

1Lbcc
Pr,Zn = 27339.80

PrZn compound, format (Pr)0.5(Zn)0.5
0GPrZn

Pr:Zn − 0.50G
dhcp
Pr − 0.50G

hcp
Zn = −32430 + 2.725T

�PrZn2 compound, format (Pr)0.333(Zn)0.667
0G�PrZn2

Pr:Zn − 0.3330G
dhcp
Pr − 0.6670G

hcp
Zn = −35866.67 + 3.73T

�PrZn2 compound, format (Pr)0.333(Zn)0.667
0G�PrZn2

Pr:Zn − 0.3330G
dhcp
Pr − 0.6670G

hcp
Zn = −35619.68 + 3.43T

PrZn3 compound, format (Pr)0.25(Zn)0.75
0GPrZn3

Pr:Zn − 0.250G
dhcp
Pr − 0.750G

hcp
Zn = −34917.5 + 4.88T

Pr3Zn11 compound, format (Pr)0.214(Zn)0.786
0GPr3Zn11

Pr:Zn − 0.2140G
dhcp
Pr − 0.7860G

hcp
Zn = −34120.71 + 5.22T

Pr13Zn58 compound, format (Pr)0.183(Zn)0.817
0GPr13Zn58

Pr:Zn − 0.1830G
dhcp
Pr − 0.8170G

hcp
Zn = −33303.94 + 5.671T

Pr3Zn22 compound, format (Pr)0.12(Zn)0.88
0GPr3Zn22

Pr:Zn − 0.120G
dhcp
Pr − 0.880G

hcp
Zn = −30350 + 6.488T

�Pr2Zn17 compound, format (Pr)0.105(Zn)0.895
0G�Pr2Zn17

Pr:Zn − 0.1050G
dhcp
Pr − 0.8950G

hcp
Zn = −29228.63 + 6.632T

�Pr2Zn17 compound, format (Pr)0.105(Zn)0.895
0G�Pr2Zn17

Pr:Zn − 0.1050G
dhcp
Pr − 0.8950G

hcp
Zn = −28897.66 + 6.316T

P

a
g
m

3

a
d
d

eZn11 compound, format (Ce)0.083(Zn)0.917
0GCeZn11

Ce:Zn − 0.0830Gfcc
Ce − 0.9170G

hcp
Zn = −24495.83 + 6.5T

. Experimental information

.1. Ce–Zn system

The phase diagram in the Ce–Zn system was mainly investigated by Chiotti
nd Mason [9], who measured the whole composition range of the phase diagram
y differential thermal analysis (DTA), metallography and X-ray diffraction, and
etermined the phase stability of the CeZn, CeZn2, CeZn3, CeZn3.67, CeZn4.5,
eZn5.25, CeZn7, CeZn8.5 and CeZn11 compounds. Based on the vapor-pressure
ata obtained by the dewpoint method, the equations for the excess molar Gibbs
ree energy of liquid alloys and the Gibbs free energies, enthalpies and entropies
f formation for the intermetallic compounds were also derived by Chiotti and
ason [9]. Johnson and Yonco [10] measured the electromotive force between

ure Ce and an alloy consisting of zinc-rich liquid in equilibrium with CeZn11

y using a fused-salt cell method and gave the equations for the standard Gibbs
ree energy of formation of the CeZn11 phase. Later, Johnson and Yonco [11]
tudied the Ce–Zn system by using a high-temperature galvanic cell method and
btained a similar equation for the standard Gibbs free energy of formation of
he CeZn11 phase and an equation for the partial molar excess Gibbs free energy
f Ce in dilute solutions of Ce in liquid Zn.
Okamoto [12] reviewed the phase diagram of the Ce–Zn system, based on
he experimental data [9], with slight changes in compositions of some com-
ounds (Ce13Zn58 for CeZn4.5 [13], CeZn5 for CeZn5.25 [14], and Ce3Zn22 for
eZn7 [15]), as shown in Fig. 1, where the liquidus temperature in the Zn-rich
ortion is still being tentative. According to the experimental results of Chiotti

P
p
d
t
t

rZn11 compound, format (Pr)0.083(Zn)0.917
0GPrZn11

Pr:Zn − 0.0830G
dhcp
Pr − 0.9170G

hcp
Zn = −24687.5 + 6.025T

nd Mason [9], the possibility of a eutectoid reaction at about 500 ◦C was sug-
ested by thermal-analyses data, however, which was not confirmed by either
etallographic or X-ray data.

.2. Pr–Zn system

The phase diagram in the Pr–Zn system was mainly investigated by Mason
nd Chiotti [16], who measured the whole composition range of the phase
iagram by using the metallographic, thermal, X-ray and resistivity data, and
etermined the phase stability of the PrZn, PrZn2, PrZn3, Pr3Zn11, Pr13Zn58,

r3Zn22, Pr2Zn17 and PrZn11 compounds. Saccone et al. [17] studied the Pr–Zn
hase diagram in the Pr-rich region up to 50 at.% Zn and confirmed the literature
ata from Mason and Chiotti [16], with slight differences in the temperature of
he invariant equilibria by differential thermal analysis, X-ray powder diffrac-
ometry, metallographic analysis and quantitative electron probe microanalysis.
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Table 5
Experimental and calculated invariant reactions in the Ce–Zn system

Invariant reaction Reaction type Composition at.% Zn Temperature ◦C Reference

L ↔ �Ce+CeZn Eutectic ∼17.6 – 50.0 ∼495 [9]
18.3 0.1 50.0 499 This work

L ↔ CeZn+CeZn2 Eutectic 55.7 50.0 66.7 795 [9]
56.5 50.0 66.7 794 This work

L ↔ CeZn2+CeZn3 Eutectic 73.2 66.7 75.0 810 [9]
73.7 66.7 75.0 817 This work

L + Ce3Zn11 ↔ CeZn3 Peritectic 74.3 78.6 75.0 820 [9]
74.0 78.6 75.0 817 This work

L + Ce13Zn58 ↔ Ce3Zn11 Peritectic 76.5 81.7 78.6 840 [9]
76.5 81.7 78.6 839 This work

L + CeZn5 ↔ Ce13Zn58 Peritectic 79.6 83.3 81.7 870 [9]
79.4 83.3 81.7 870 This work

L + Ce3Zn22 ↔ CeZn5 Peritectic 81.0 88.0 83.3 885 [9]
81.1 88.0 83.3 886 This work

L + Ce2Zn17 ↔ Ce3Zn22 Peritectic 86.6 89.5 88.0 960 [9]
86.2 89.5 88.0 959 This work

L + Ce2Zn17 ↔ CeZn11 Peritectic 97.8 89.5 91.7 795 [9]
97.5 89.5 91.7 795 This work

L ↔ CeZn Congruent – 825 [9]
825 This work

L ↔ CeZn2 Congruent – 875 [9]
875 This work

L –

H
S
C

f
o
o
e
a
l

t
p
p

T
G

P

C
C
C
C
C
C
C
C
C

T

↔ Ce2Zn17 Congruent

owever, the congruent melting temperature of the PrZn phase determined by
accone et al. [17] is 900 ◦C, and the corresponding result from Mason and
hiotti [16] is 882 ◦C.

Chiotti and Mason [18] derived the equations for the excess molar Gibbs
ree energy of liquid alloys and the Gibbs free energies, enthalpies and entropies

f formation for the intermetallic compounds based on the vapor-pressure data
btained by the dewpoint method, Johnson and Yonco [11] also obtained the
quations for the standard Gibbs free energy of formation of the PrZn11 phase
nd the partial molar excess Gibbs free energy of Pr in dilute solutions of Pr in
iquid Zn by means of the electromotive force measurements.

4

v

able 6
ibbs free energies of formation of intermetallic compounds in the Ce–Zn system

hase Gibbs free energy of formation (kJ/mol of atoms)

500 ◦C 700 ◦C

Present
calculation

Experimental
data [9,11]

Present
calculatio

eZn −28.67 −29.75 −26.31
eZn2 −32.36 −33.13 −29.09
eZn3 −30.23 −31.05 −26.66
e3Zn11 −29.03 −29.91 −25.49
e13Zn58 −27.74 −28.70 −24.20
eZn5 −26.91 −27.61 −23.35
e3Zn22 −23.72 −25.33 −20.36
e2Zn17 −22.16 −23.55 −18.94
eZn11 −18.69 −19.60 −15.42

−18.53*

he reference states of pure elements of Ce and Zn are fcc and liquid phases, respect
980 [9]
980 This work

Okamoto [12] reviewed the phase diagram of the Pr–Zn system, based on
he experimental data [16], as shown in Fig. 2, in which the temperature of the
olymorphic transformation in PrZn2 and the liquidus temperature in the Zn-rich
ortion are still being tentative.
. Optimized results and discussion

The optimization of the thermodynamic parameters of the
arious phases was performed with PARROT module of the

900 ◦C

n
Experimental
data [9,11]

Present
calculation

Experimental
data [9,11]

−26.81 −23.96 −23.88
−29.57 −25.82 −25.87
−27.46 −23.08 −23.67
−26.27 −21.95 −22.38
−25.02 −20.66 −21.05
−23.88 −19.79 −19.85
−21.61 −16.99 −17.56
−19.88 −15.72 −15.87
−16.02 −12.16 −12.06
−15.39* −12.25*

ively. Note: Results with “*” are from Ref. [11], the others are from Ref. [9].



170 C.P. Wang et al. / Journal of Alloys and Compounds 458 (2008) 166–173

F
d

T
t
o
a
o
w
u
l

b

F
C
s

F
a

d
a

4

ig. 3. The calculated phase diagram of the Ce–Zn system with experimental
ata [9].

hermo-Calc package, which takes various types of experimen-
al data for the optimization process [19]. The experimental data
f the phase diagram and thermodynamic properties were used
s input to the program. Each piece of selected information was
ffered a certain weight according to the importance of the data,
hich was changed by trial and error during the assessment,
ntil most of them is reproduced within the expected uncertainty

imits.

All the parameters were eventually optimized to obtain the
est consistency between calculated results and experimental

ig. 4. The calculated enthalpies of formation of intermetallic compounds in the
e–Zn system at 500 ◦C compared with experimental data [9,11]. The reference

tates of pure elements of Ce and Zn are fcc and liquid phases, respectively.

p
u
c
i
C

F
a

ig. 5. The calculated excess partial molar Gibbs free energy for Zn of liquid
lloys at 827 ◦C (1100 K) in the Ce–Zn system with experimental data [9].

ata. All evaluated parameters in the Ce–Zn and Pr–Zn systems
re listed in the Tables 3 and 4, respectively.

.1. Ce–Zn system

For the Ce–Zn binary system, the experimental data on
hase diagram and thermodynamic properties [9,11] were

sed in the optimization. It is noted that the Ce2Zn17
ompound has two types of structure according to the exper-
mental results of Iandelli and Palenzone [20]. But the
e2Zn17 compound is modeled as one phase in this study

ig. 6. The calculated excess partial molar Gibbs free energy for Ce of liquid
lloys at 827 ◦C (1100 K) in the Ce–Zn system with experimental data [9,11].
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Table 7
Experimental and calculated invariant reactions in the Pr–Zn system

Invariant reaction Reaction type Composition
at.% Zn

Temperature
◦C

Reference

L ↔ bcc A2 + PrZn Eutectic 22.5 – 50.0 576 [16]
21.5 14 50.0 570 [17]
21.7 12.5 50.0 572 This work

L ↔ PrZn + �PrZn2 Eutectic 57.9 50.0 66.7 833 [16]
58.4 50.0 66.7 822 This work

L ↔ �PrZn2 + PrZn3 Eutectic 73.9 66.7 75.0 830 [16]
73.2 66.7 75.0 830 This work

L + Pr3Zn11 ↔ PrZn3 Peritectic 74.4 78.6 75.0 833 [16]
74.6 78.6 75.0 834 This work

L + Pr13Zn58 ↔ Pr3Zn11 Peritectic 76.6 81.7 78.6 855 [16]
77.1 81.7 78.6 856 This work

L + Pr3Zn22 ↔ Pr13Zn58 Peritectic 80.0 88.0 81.7 891 [16]
81.5 88.0 81.7 891 This work

L + �Pr2Zn17 ↔ Pr3Zn22 Peritectic 85.6 89.5 88.0 956 [16]
86.0 89.5 88.0 956 This work

L + Pr2Zn17 ↔ PrZn11 Peritectic 89.5 89.5 91.7 743 [16]
89.5 89.5 91.7 743 This work

dhcp + PrZn ↔ bcc A2 Eutectoid – 50.0 10.6 558 [16]
2 50.0 11 550 [17]
1.5 50.0 11.5 550 This work

�PrZn2 ↔ �PrZn2 Polymorphic-transformation ∼550 [16]
– 550 This work

�Pr2Zn17 ↔ �Pr2Zn17 Polymorphic-transformation 775 [11]
– 775 This work

L ↔ PrZn Congruent – 882 [11]
900 [19]
884 This work

L ↔ PrZn2 Congruent – 898 [11]
898 This work

L ↔ Pr2Zn17 Congruent

Table 8
Gibbs free energies of formation of intermetallic compounds at 500 ◦C in the
Pr–Zn system

Phase Gibbs free energy of formation (kJ/mol of atoms)

Present calculation Experimental data [11,18]

PrZn −29.90 −29.88
�PrZn2 −32.41 −32.54
�PrZn2 – –
PrZn3 −30.50 −30.40
Pr3Zn11 −29.41 −29.33
Pr13Zn58 −28.22 −28.15
Pr3Zn22 −24.58 −24.28
�Pr2Zn17 −23.34 −22.92
�Pr2Zn17 – –
PrZn11 −19.25 −18.91

−18.25*

The reference states of pure elements of Pr and Zn are dhcp and liquid phases,
respectively. Note: Results with “*” are from Ref. [11], the others are from Ref.
[18].

b
g

t
i
T
w

t
5
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M

– 978 [11]
978 This work

ecause the relative polymorphic transformation data are mea-
er.

The calculated Ce–Zn phase diagram is shown in Fig. 3
ogether with the experimental data. All the invariant reactions
n the Ce–Zn system with experimental data [9] are listed in
able 5. The calculated phase diagram is in excellent agreement
ith the experimental results reported by Chiotti and Mason [9].
The calculated values of the Gibbs free energies of forma-

ion of all stoichiometric compounds in the Ce–Zn system at
00, 700 and 900 ◦C together with experimental data [9,11] are
isted in Table 6. The calculated enthalpies of formation of the
ntermetallic phases at 500 ◦C with experimental data [9,11] are
hown in Fig. 4, where the reference states of pure elements
f Ce and Zn are the fcc and liquid phases, respectively. Fig. 5
hows the excess partial molar Gibbs free energy for Zn of liq-

id alloys at 827 ◦C (1100 K) with experimental data [9]. It is
een that there is a discrepancy between our calculated results at
he Ce-rich side and the calculated results given by Chiotti and

ason [9], as shown in Fig. 5. Since Chiotti and Mason [9] gave
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F
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ig. 7. The calculated phase diagram of the Pr–Zn system with experimental
ata [16,17].

he composition dependence of the equation in the range from
to 17.7 at.% Zn by extrapolation, thus our calculated results

re considered to be acceptable. Fig. 6 shows the excess par-
ial molar Gibbs free energy for Ce of liquid alloys at 827 ◦C
1100 K) with experimental data [9,11].
.2. Pr–Zn system

For the Pr–Zn binary system, the experimental data on the
hase diagram and thermodynamic properties [11,16–18] were

ig. 8. The calculated enthalpies of formation of intermetallic compounds in the
r–Zn system at 500 ◦C compared with experimental data [11,18]. The reference
tates of pure elements of Pr and Zn are dhcp and liquid phases, respectively.

f
t
o
i

F
a

ig. 9. The calculated excess partial molar Gibbs free energy for Zn of liquid
lloys at 827 ◦C (1100 K) in the Pr–Zn system with experimental data [18].

sed in the optimization. The calculated Pr–Zn phase diagram
ogether with the experimental data is shown in Fig. 7. All the
nvariant reactions in the Pr–Zn system compared with exper-
mental data [16] are listed in Table 7. The calculated phase
iagram is in excellent agreement with most of the experimental
esults reported by Mason and Chiotti [16].

The calculated and experimental values [11,18] of the Gibbs

ree energies of all stoichiometric compounds in the Pr–Zn sys-
em at 500 ◦C are listed in Table 8. And the calculated enthalpies
f formation of the intermetallic phases at 500 ◦C with exper-
mental data [11,18] are shown in Fig. 8, where the reference

ig. 10. The calculated excess partial molar Gibbs free energy for Pr of liquid
lloys at 827 ◦C (1100 K) in the Pr–Zn system with experimental data [11,18].
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tates of pure elements of Pr and Zn are dhcp and liquid phases,
espectively. Figs. 9 and 10 show the excess partial molar
ibbs free energies for Zn and Pr of liquid alloys at 827 ◦C
00 K) with experimental data [11,18]. A good agreement is
btained between the present calculated results and experimental
ata.

. Conclusions

The phase diagrams and thermodynamic properties in the
e–Zn and Pr–Zn binary systems were evaluated by combin-

ng the thermodynamic models with the available experimental
nformation in literature. A consistent set of optimized thermo-
ynamic parameters has been derived for describing the Gibbs
ree energy of each solution phase and intermetallic compound
n the Ce–Zn and Pr–Zn binary system, and good agreement
etween the calculated results and most of the experimental data
s obtained.
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