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The phase diagrams of the Al–Th and Th–Zn systems have been evaluated by using the Calculation of
Phase Diagrams (CALPHAD) method with the experimental data including the phase equilibria and ther-
modynamic properties. The Gibbs free energies of the liquid, bcc and hcp phases were described by the
subregular solution model with the Redlich–Kister equation, and those of the stoichiometric compounds
of the Th2Al, Th3Al2, ThAl, Th2Al3, ThAl2, ThAl3, Th2Al7, Th2Zn, ThZn2, ThZn4 and Th2Zn17 were described
by the two-sublattice model. The calculated phase equilibria and thermodynamic properties are in good
agreement with the experimental data.
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1. Introduction

Nuclear energy is a new kind of important energy, and the nu-
clear materials are the important fundamental guarantee to devel-
op a safe nuclear reactor with high efficiency [1–3]. Thorium (Th) is
an abundant element in nature with multiple advantages as a nu-
clear fuel for future reactors of all types [4]. The traditional meth-
ods of materials researches with many experimental tries are
unsuitable in the nuclear materials researches because of the rigor-
ous experimental conditions. Thus, the investigation on the phase
diagrams of nuclear materials systems is very important for devel-
opment of new nuclear materials. Our goal is to develop the ther-
modynamic database of the phase diagrams in nuclear material
system. The present authors have made some thermodynamic
assessments of nuclear material system [5–11]. As a part of this
thermodynamic database, the purpose of the present work is to
carry out thermodynamic assessment of the phase diagrams in
the Al–Th and Th–Zn systems based on the Calculation of Phase
Diagrams (CALPHAD) method by means of the available experi-
mental data.
2. Thermodynamic models

The information of the stable solid phases and the used models
in the Al–Th and Th–Zn systems are presented in Table 1.
ll rights reserved.

: +86 592 2187966.
2.1. Solution phases

Gibbs free energies of the solution phases (liquid, hcp, fcc and
bcc phases) in an A–B system, corresponding to the Al–Th, and
Th–Zn systems, are described by the subregular solution model.
The molar Gibbs free energy of each solution phase in A–B system
is given as follows:

G/
m ¼

X

i¼A;B

00G/
i xi þ RT

X

i¼A;B

xi ln xi þ EG/
m; ð1Þ

where 0G/
i is the molar Gibbs free energy of pure component i in the

respective reference state with the / phase, which is taken from the
SGTE pure element database [12]. R is the gas constant, and T is the
absolute temperature. The xi denotes the mole fraction of compo-
nent i. The term EG/

m is the excess Gibbs free energy, which is
expressed in the Redlich–Kister polynomials [13] as:

EG/
m ¼ L/

A;BxAxB; ð2Þ

where L/
A;B is the interaction energies in a hypothetical binary sys-

tem denoted by A–B, which is expressed in the following forms:

L/
A;B ¼ 0L/

A;B þ 1L/
A;BðxA � xBÞ þ 2L/

A;BðxA � xBÞ2 þ � � �

¼
Xn

m¼0

mL/
A;BðxA � xBÞm; ð3Þ

mL/
A;B ¼ aþ bT; ð4Þ

where the parameters of a and b were evaluated based on the
experimental data in binary systems, respectively.
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Table 1
The stable solid phases and the used models in the Al–Th and Th–Zn systems.

System Phase Prototype Crystal system Modeling phase Used models

Th–Al aTh Cu fcc (Al, Th) SSM
bTh W bcc (Al, Th) SSM
(Al) Cu fcc (Al, Th) SSM
Th2Al Al2Cu bct (Th)0.667(Al)0.333 SM
Th3Al2 U3Si2 Tetragonal (Th)0.6(Al)0.4 SM
ThAl CrB Orthorhombic (Th)0.5(Al)0.5 SM
Th2Al3 – Tetragonal (Th)0.4(Al)0.6 SM
ThAl2 AlB2 Hexagonal (Th)0.333(Al)0.667 SM
ThAl3 SnNi3 Hexagonal (Th)0.25(Al)0.75 SM
Th2Al7 – Orthorhombic (Th)0.222(Al)0.778 SM

Th–Zn aTh Cu fcc (Th, Zn) SSM
bTh W bcc (Th, Zn) SSM
(Zn) Mg hcp (Th, Zn) SSM
Th2Zn Al2Cu bct (Th)0.667(Zn)0.333 SM
ThZn2 – Hexagonal (Th)0.333(Zn)0.667 SM
ThZn4 BaAl4 bct (Th)0.2(Zn)0.8 SM
Th2Zn17 Th2Zn17 Rhombohedral (Th)0.105(Zn)0.895 SM

SSM: subregular solution model and SM: sublattice model.
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2.2. Stoichiometric intermetallic compounds

In the Th–Me (Me: Al or Zn) system, the intermetallic com-
pounds (Th2Al, Th3Al2, ThAl, Th2Al3, ThAl2, ThAl3, Th2Al7, Th2Zn,
ThZn2, ThZn4 and Th2Zn17) are stoichiometric compounds. The
Gibbs free energy for per mole of formula unit ThpMeq can be ex-
pressed as:

D0GThpMeq

f ¼ GThpMeq
m � p0Gref

Th � q0Gref
Me ¼ a0 þ b0T; ð5Þ

where the D0GThpMeq

f indicates the standard Gibbs free energy for the
formation of the stoichiometric compound from pure elements, and
the parameters of a0 and b0 were evaluated in the present paper.
3. Experimental information

3.1. The Al–Th binary system

The phase diagram in the Al–Th system consists of four solution
phases (liquid, aTh, bTh, (Al) phases), and seven intermetallic com-
pounds (Th2Al, Th3Al2, ThAl, Th2Al3, ThAl3, ThAl2, Th2Al7 phases).
The phase diagram in the Al–Th system has been investigated by
many researchers [14–19]. Murray [17] studied the phase diagram
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Fig. 1. The phase diagram of the Al–Th system reviewed by Kassner [20].
in the Al–Th system by thermal analysis, X-ray diffraction and
metallographic methods, and found that the Th2Al, Th3Al2 and
ThAl2 compounds are directly formed from the liquid phase, while
the ThAl, Th2Al3 and ThAl3 compounds are formed by the peritectic
reactions (Th2Al3 + L M ThAl, L + ThAl2 M Th2Al3 or L + ThAl2 M

ThAl3). Murray [17] reported that the Th3Al2 and Th2Al3 com-
pounds eutectoidally decompose at 1075 �C and 1100 �C, respec-
tively, and the solid solubilities of Al in the aTh and bTh phases
are 0.4 at.% at 1000 �C and 0.85 at.% at 1300 �C. However, the liqui-
dus of the Al–Th binary system around the Th-corner has not been
determined. The phase diagram in the Al–Th system reviewed by
Kassner et al. [20] is shown in Fig. 1.

In addition, the enthalpies and entropies of formation of the
Th2Al7 and ThAl3 compounds in the temperature range from
673 �C to 807 �C were determined by Poyarkov et al. [19] on the
basis of Electromotive Force (EMF) measurements. And the enthal-
py formation of ThAl2 was measured calorimetically by Wang et al.
[21].

3.2. The Th–Zn binary system

The phase diagram in the Th–Zn system consists of four solution
phases (liquid, aTh, bTh, (Zn) phases), and four intermetallic
200

400

600

800

1000

1200

1400

1600

1800

20 40 60 80

T
em

pe
ra

tu
re

 / 
  

Zn / at. % 

Th Zn

T
h 2

Z
n

T
hZ

n 2

T
hZ

n 4

T
h 2

Z
n 1

7

Liquid

αTh

βTh

1040

945

1055
1105 1095

1015

419.58

1045
995

30.5
48.6

74.4
86.6

1360

1755

(Zn)

Fig. 2. The phase diagram of the Th–Zn system reviewed by Okamoto [27].



172 Z.S. Li et al. / Journal of Nuclear Materials 396 (2010) 170–175
compounds (Th2Zn, ThZn2, ThZn4, Th2Zn17 phases). The phase dia-
gram in the Th–Zn system was investigated by many researchers
[22–26]. Chiotti and Gill [26] determined the phase diagram in
the Th–Zn system by thermal analysis, metallographic method
Table 2
Thermodynamic parameters in the Al–Th system.

System Parameters in each phase (J/mol)

Th–Al Liquid phase, format (Al, Th)1

0LLiq
Al;Th ¼ �93725þ 4:523T

1LLiq
Al;Th ¼ �30000

2LLiq
Al;Th ¼ �20156þ 9:264T

Fcc phase (A1), format (Al, Th)1(Va)1

0Lfcc
Al;Th ¼ 6670

1Lfcc
Al;Th ¼ 10557þ 7:000T

2Lfcc
Al;Th ¼ �27932

Bcc phase (A2), format (Al, Th)1(Va)3

0Lbcc
Al;Th ¼ �32510

1Lbcc
Al;Th ¼ 26059

2Lbcc
Al;Th ¼ 20000

Th2Al phase, format (Th)0.6667(Al)0.3333

GTh2Al
Al:Th ¼ �44333þ 11:491T þ 0:66670Gfcc

Th þ 0:33330Gfcc
Al

Th3Al2 phase, format (Th)0.6(Al)0.4

GTh3Al2
Al:Th ¼ �41970þ 7:999T þ 0:60Gfcc

Th þ 0:40Gfcc
Al

ThAl phase, format (Th)0.5(Al)0.5

GThAl
Al:Th ¼ �42950þ 6:127T þ 0:50Gfcc

Th þ 0:50Gfcc
Al

Th2Al3 phase, format (Th)0.4(Al)0.6

GTh2Al3
Al:Th ¼ �38940þ 1:719T þ 0:40Gfcc

Th þ 0:60Gfcc
Al

ThAl2 phase, format (Th)0.3333(Al)0.6667

GThAl2
Al:Th ¼ �41518þ 2:593T þ 0:33330Gfcc

Th þ 0:66670Gfcc
Al

ThAl3 phase, format (Th)0.25(Al)0.75

GThAl3
Al:Th ¼ �37826þ 4:805T þ 0:250Gfcc

Th þ 0:750Gfcc
Al

Th2Al7 phase, format (Th)0.2222(Al)0.7778

GTh2Al7
Al:Th ¼ �36911þ 6:698T þ 0:22220Gfcc

Th þ 0:77780Gfcc
Al

Table 3
Thermodynamic parameters in the Th–Zn system.

System Parameters in each phase (J/mol)

Th–Zn Liquid phase, format (Th, Zn)1

0LLiq
Th;Zn ¼ �85000þ 17:000T

1LLiq
Th;Zn ¼ 50000

2LLiq
Th;Zn ¼ �50000þ 15:000T

Fcc phase (A1), format (Th, Zn)1(Va)1

0Lfcc
Th;Zn ¼ 20000

Bcc phase (A2), format (Th, Zn)1(Va)3

0Lbcc
Th;Zn ¼ 20000

Hcp phase (A3), format (Th, Zn)1(Va)0.5

Ghcp
Th ¼ 5000þ Gfcc

Th
0Lhcp

Th;Zn ¼ 0

Th2Zn phase, format (Th)0.6667(Zn)0.3333

GTh2Zn
Th:Zn ¼ �18800þ 1:250T þ 0:66670Gfcc

Th þ 0:33330Ghcp
Zn

ThZn2 phase, format (Th)0.3333(Zn)0.6667

GThZn2
Th:Zn ¼ �32180þ 2:400T þ 0:33330Gfcc

Th þ 0:66670Ghcp
Zn

ThZn4 phase, format (Th)0.2(Zn)0.8

GThZn4
Th:Zn ¼ �28700þ 1:200T þ 0:20Gfcc

Th þ 0:80Ghcp
Zn

Th2Zn17 phase, format (Th)0.105(Zn)0.895

GTh2Zn17
Th:Zn ¼ �26550þ 4:900T þ 0:1050Gfcc

Th þ 0:8950Ghcp
Zn
and vapor pressure method, and found that the melting points of
these compounds (Th2Zn, ThZn2, ThZn4 and Th2Zn17) under con-
strained vapor conditions were 1055 �C, 1105 �C, 1095 �C and
1015 �C, respectively. Five eutectic reactions of the L M aTh +
Th2Zn, L M ThZn2+ ThZn4, L M ThZn4+ Th2Zn17, L M Th2Zn + ThZn2

and L M Th2Zn17 + Zn exist in this system with the following eutec-
tic temperatures and Zn atom percentages: 1040 �C and 30.5 at.%
Zn, 945 �C and 48.6 at.% Zn, 1045 �C and 74.4 at.% Zn, 995 �C and
86.8 at.% Zn, 419.58 �C and 0 at.% Zn. However, the relation be-
tween the liquid and Th-rich phases (including aTh and bTh
phases) was only estimated by Chiotti and Gill [26] without en-
ough experimental data. The phase diagram in the Th–Zn system
reviewed by Okamoto [27] is shown in Fig. 2.

In addition, the standard enthalpy and entropy of formation for
the compounds in the Th–Zn system were determined by many
researchers [26,28–30] using vapor pressure measurement or
EMF method. Based on these experimental data, Chiotti et al.
[31] calculated these thermodynamic properties of the Th2Zn17,
ThZn4, ThZn2 and Th2Zn compounds.

4. Optimized results and discussion

Optimization of thermodynamic parameters describing the
Gibbs free energy of each phase is carried out by using PARROT
module in the Thermo-Calc software [32], a computer program
that can accept different types of data, such as any specific thermo-
dynamic quantities and phase equilibria, in the same operation.
Each piece of the selected data is given a certain weight and the
weight can be changed until a satisfactory description for most
of the selected data is achieved.

All the parameters were finally evaluated together and adjust-
ments were made to give the best description of the binary Al–Th
and Th–Zn systems. All evaluated parameters are listed in Tables 2
and 3.

4.1. Al–Th system

Fig. 3 shows the calculated phase diagram in the Al–Th system
compared with the experimental data [14,15,18,19], and all the
invariant reactions in the Al–Th system are listed in Table 4, where
good agreement between calculated results and experimental data
is obtained. The deviation between the calculated liquidus and the
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Table 4
Experimental and calculated invariant reactions in the Al–Th system.

Reaction type Reaction Al (at.%) T (�C) Reference

Peritetic reaction L + ThAl2 M Th2Al3 56 66.7 60 1394 ± 14 [20]
53.8 66.7 60 1394.8 This work

Peritetic reaction L + bTh M aTh 15 1 �1 1382 ± 10 [20]
13.4 1.91 1.93 1391.8 This work

Peritetic reaction Th2Al3 + L M ThAl 60 48 50 1318 ± 10 [20]
60 47.6 50 1317.3 This work

Eutectic reaction L M Th3Al2 + Th2Al 35 40 33.3 1296 ± 2 [20]
38.8 40 33.3 1299.2 This work

Eutectic reaction L M ThAl + Th3Al2 43 50 40 1290 ± 4 [20]
43 50 40 1295.8 This work

Eutectic reaction L M Th2Al + aTh 20 33.3 0.85 1243 ± 2 [20]
18.3 33.3 2.4 1236.5 This work

Peritetic reaction L + ThAl2 M ThAl3 84 66.7 75 1120 ± 2 [20]
85.6 66.7 75 1122.6 This work

Eutectoid reaction Th2Al3 M ThAl2 + ThAl 60 66.7 50 1100 ± 5 [20]
60 66.7 50 1104.1 This work

Eutectoid reaction Th3Al2 M ThAl + Th2Al 40 50 33.3 1075 ± 2 [20]
40 50 33.3 1070.9 This work

Peritetic reaction L + ThAl3 M Th2Al7 92.9 75 77.8 876 ± 8 [20]
92.4 75 77.8 879.2 This work

Eutectic reaction L M (Al) + Th2Al7 97.1 0 77.8 630 ± 2 [20]
97.3 0 77.8 628.4 This work

Congruent reaction L M Th2Al 33.3 1307 ± 2 [20]
33.3 1310 This work

Congruent reaction L M Th3Al2 40 1301 ± 2 [20]
40 1300 This work

Congruent reaction L M ThAl2 66.7 >1520 [20]
66.7 1520 This work
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estimated values by Kassner et al. [20] is smaller than 4 at.% Al.
Since there is no enough experimental data on the liquidus, this
calculated result is acceptable and can provide information for
the further experiment. The calculated solid solubilities of Al in
the bTh and aTh phases are respectively less than 1.5 at.% and
2 at.%, which are close to Murray’s result [17].

The calculated enthalpy and entropy of formation in the whole
compositional region at 1000 K based on the present assessed ther-
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Fig. 4. The calculated enthalpy of formation at 1000 K in the Al–Th system
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elements of Th and Al are aTh and liquid phases, respectively.)
modynamic parameters are shown in Figs. 4 and 5, which are in
good agreement with the experimental data [19,21].
4.2. The Th–Zn system

The calculated phase diagram in the Th–Zn system with exper-
imental data [26] is shown in Fig. 6. The calculated phase diagram
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Table 5
Experimental and calculated invariant reactions in the Th–Zn system.

Reaction
type

Reaction Th
(at.%)

T (�C) Reference

Catatectic
reaction

bTh M aTh + L 100 100 – 1360 [27]
99.78 99.8 85.2 1358.5 This work

Eutectic
reaction

L M aTh + Th2Zn 69.5 100 66.7 1040 [27]
71.9 99.86 66.7 1044 This work

Eutectic
reaction

L M ThZn2 + ThZn4 25.6 33.3 20 1045 [27]
26 33.3 20 1041 This work

Eutectic
reaction

L M ThZn4 + Th2Zn17 13.2 20 10.5 995 [27]
13.3 20 10.5 999 This work

Eutectic
reaction

L M Th2Zn + ThZn2 51.4 66.7 33.3 945 [27]
50.1 66.7 33.3 945 This work

Eutectic
reaction

L M Th2Zn17 + (Zn) 0 10.5 0 419.58 [27]
0 10.5 0 419.52 This work

Congruent
reaction

L M Th2Zn 66.7 1055 [27]
66.7 1052 This work

Congruent
reaction

L M ThZn2 33.3 1105 [27]
33.3 1105 This work

Congruent
reaction

L M ThZn4 20 1095 [27]
20 1098 This work

Congruent
reaction

L M Th2Zn17 10.5 1015 [27]
10.5 1014 This work
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is in agreement with most of the experimental results reported by
Chiotti and Gill [26]. In the Th-rich region, a smaller solubility of Zn
in the aTh and bTh phases was given in this work, and the liquidus
in the Th-rich region was predicted according to the assessment of
Chiotti and Gill [26]. These results can provide information for the
further experiment. All the invariant equilibria in the Th–Zn sys-
tem are listed in Table 5.

Figs. 7 and 8 show the calculated enthalpy and entropy of for-
mation in the whole compositional region at 700 K based on the
present assessed thermodynamic parameters with the experimen-
tal data [26,28–31], where the reference states of pure elements of
Th and Zn are fcc and hcp phases, respectively. Good agreement is
obtained between the present calculated results and experimental
data [26,28–31].
5. Conclusions

The phase diagrams and thermodynamic properties in the Al–
Th and Th–Zn binary systems were evaluated from the available
experimental information in literature. A consistent set of opti-
mized thermodynamic parameters has been derived for describing
the Gibbs free energy of each solution phase and intermetallic
compounds in the Al–Th and Th–Zn binary systems. Most of exper-
imental information can be satisfactorily reproduced on the basis
of the optimized thermodynamic parameters.
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