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Abstract In order to establish a self-consistent thermo-

dynamic database for Al-Si-Mg-Ce quaternary system, all

the thermodynamic descriptions of 6 boundary binaries,

i.e., Al-Mg, Al-Si, Al-Ce, Mg-Si, Mg-Ce, and Si-Ce were

first unified. Then, the thermodynamic descriptions for

ternary Al-Mg-Ce system were re-assessed using the

CALculation of PHAse Diagrams (CALPHAD) method

based on all the critically reviewed experimental phase

equilibria. Moreover, the consistency between thermody-

namic descriptions for Al-Si-Ce ternary system and those

for the unified binaries was checked and confirmed. Sub-

sequently, the thermodynamic database for the Al-Si-Mg-

Ce quaternary system was established by combining the

four ternary subsystems, and the phase equilibria/thermo-

dynamic properties of the quaternary system were pre-

dicted via direct extrapolation from the ternary systems.

The reliability of the established database was finally val-

idated in one Al-7Si-0.6Mg-0.4Ce quaternary model alloy

by comprehensively comparing its experimentally mea-

sured phase transition temperatures and solidified

microstructure characteristics with the Gulliver-Scheil

simulation ones. Good agreement between the thermody-

namic predictions and experimental results indicates the

present thermodynamic database is reliable.

Keywords Al-Si-Mg-Ce system � CALPHAD � Gulliver-
Scheil simulation � phase diagram

1 Introduction

Aluminium-silicon casting alloys are widely used i.e., in

the automobile industry where involves a specific feature

like high strength-to-weight ratio and low fuel consump-

tion due to their low density, high corrosion resistance,

good wear resistance and castability.[1] Addition of mag-

nesium can improve the heat-treatment responsiveness and

thus increase the corrosion resistance and tensile properties

of the alloys.[2,3] In the traditional Al-Si-Mg castings, the

presence of coarse primary aluminium and plate-like

eutectic silicon, which results in poor mechanical proper-

ties, is undesirable. Therefore, the grain refinement is

usually required in Al-Si-Mg castings to obtain the

equiaxed primary aluminium and fibrous eutectic silicon

particle for improving their performance.[4]

Rare earth metals, such as cerium (Ce), have been found

to improve the mechanical properties and ductility of Al-

Si-Mg alloys through modifying their microstructure.[5] It

was reported that the Al-Si-Mg alloys with cerium addition

exhibit better microstructure due to the formation of

intermetallic phases with Ce, which may act as nucleation

sites for primary aluminium or suppress the growth rate of

silicon crystals.[6] For a better understanding of the nature

of the solidified phases and their relative amounts as well

as solidification sequence, the accurate phase diagram and

thermodynamic properties of the quaternary Al-Si-Mg-Ce

system in Al-rich corner are necessary.

The CALculation of PHAse Diagrams (CALPHAD)

approach has become a valuable tool to calculate phase

equilibrium and solidification sequences of the multi-
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component system. The key to perform accurate CAL-

PHAD-type thermodynamic calculations lies in the relia-

bility of the established thermodynamic descriptions for the

target alloy. Although the thermodynamic descriptions for

the boundary ternaries in quaternary Al-Si-Mg-Ce system

have been reported,[7–10] a simple extrapolation of the

reported ternary systems into the quaternary Al-Si-Mg-Ce

system is impossible, due to the inconsistent thermody-

namic descriptions of the boundary binaries utilized in

those ternary systems. Therefore, there is a need to unify

the thermodynamic descriptions for the boundary binary

systems in the Al-Si-Mg-Ce quaternary system and re-

assess the boundary ternaries if necessary, from which a

self-consistent thermodynamic database for the Al-Si-Mg-

Se system can then be established.

Consequently, the major objectives of the present study

are: (1) to unify the thermodynamic descriptions of the

boundary binaries in Al-Si-Mg-Ce quaternary system and

re-assess the thermodynamic descriptions for the Al-Mg-

Ce system based on the updated binaries by means of the

CALPHAD method; (2) to establish a self-consistent

thermodynamic description of the Al-Si-Mg-Ce quaternary

system based on direct extrapolation from the boundary

ternaries; (3) to verify the reliability of the established

thermodynamic descriptions in Al-rich corner by compar-

ing the model-predicted microstructure information in one

key quaternary alloy using the Gulliver-Scheil simulation

with the experimental microstructure after solidification.

2 Literature Review

2.1 Binary Systems

There are six boundary binaries in the Al-Si-Mg-Ce sys-

tem. The thermodynamic descriptions for Al-Si,[7] Al-

Mg,[7] Si-Mg[7] were already critically assessed in our

research group, and are directly utilized here. For the Al-Ce

system, there are several reported sets of thermodynamic

descriptions.[11–13] To ensure the compatibility of the

models and thermodynamic parameters of binary Al-Ce

with higher-order systems, we cannot directly use the very

recently thermodynamic descriptions for the Al-Ce system

given by Jin et al.[13] since they adopted modified quasi-

chemical model for liquid phase. Based on the critically

experimental measurements, Gao et al.[12] found that Al2Ce

should be treated as linear compound rather than Laves

phase (C15, prototype Cu2Mg),[11] and that there is an a/
bAl3Ce polymorphous transition at 973 �C. Moreover,

such observation of Gao et al.[12] was further confirmed by

Jin et al.[13] Thus the set of thermodynamic parameters

reported by Gao et al.[12] was accepted in the present work.

For the Si-Ce system, its thermodynamic description was

obtained from the published report by Ref 8. As for the

binary Mg-Ce system, two sets of thermodynamic

descriptions were given by Cacciamani et al.[14] and Zhang

et al.[15] respectively. They exhibit large discrepancies in

both Ce- and Mg-rich sides. It is found that the solubility

range of bcc phase assessed by Zhang et al.[15] is more

consistent with experimental data. However, the enthalpies

of formation of Mg17Ce2, Mg41Ce5 and Mg12Ce inter-

metallics are too negative given by Zhang et al.[15] and thus

cause Mg-Ce system difficulty in achieving compatibility

with higher-order systems. Li et al.[16] updated the ther-

modynamic description for the Mg-Ce system based on the

work of Zhang et al.[15] and it was thus directly adopted

here.

2.2 Ternary Systems

In the aspect of boundary ternaries, because the binary

systems Al-Si, Al-Mg, and Si-Mg adopted in this work are

the same as those used in the ternary Al-Si-Mg system by

Tang et al.[7] we directly applied their ternary interaction

parameters[7] in the current Al-Si-Mg system. For the

ternary Al-Si-Ce, the first isothermal section in Ce-poor

region at 400 �C was given by Altunina et al.[17] They

reported the existence of one ternary compound with the

composition Ce20Al35Si45 (at.%) and a composition range

for mixed crystals CeAlxSi2-x (aThSi2) with Al range up to

x = 1.8. Raman et al.[18] prepared the Al-Ce-Si alloys by

arc melting. The samples were then wrapped in molybde-

num foil, which was followed by heating in evacuated

silica capsules at 1000 �C for 96 h and slow cooling in air.

They found a different phase CeAl1.625Si0.375 with AlB2

structure type, which contradicts the wide composition

range of CeAlxSi2-x observed by Altunina et al.[17] The

existence of CeAl1.625Si0.375 phase was further confirmed

by Muraveva[19] at 500 �C in an investigation of the

isothermal section of Al-Ce-Si system. Two additional

ternary phases AlCeSi2 and Al4Ce3Si6 at 500 �C were

given by Flandorfer et al.[20,21] The crystal structures of

this two compounds were analyzed on the annealed sam-

ples by Paterson and Fourier methods and full-matrix

Rietveld refinement. Recently, Grobner et al.[8] presented a

systematic investigation of Al-Si-Ce. They found that

though a ternary compound Al4Ce3Si6 appears after

annealing an arc-melted Al2CeSi2 at 500 �C for 336 h, it

disappears when the annealing time prolongs to 870 h.

Therefore, it is reasonable to regard Al2CeSi2 and Al4
Ce3Si6 compounds to be not stable phase. The

microstructures of the samples Al90Ce8.0Si2.0, Al90Ce7.0-
Si3.0, Al90Ce5.7Si4.3, and Al90Ce2.6Si7.4 showed that Al11
Ce3 was primary crystallized phase only in the Si-poor

sample Al90Ce8.0Si2.0, while the phase s1-Ce(Si1-xAlx)2
solidified as the primary phase in other samples.[8]

58 J. Phase Equilib. Diffus. (2018) 39:57–67

123



Moreover, they also confirmed a transition reaction

L ? s1 ? s2-AlCeSi2 ?(Al) at 621 �C using the DSC

measurement. By coupling reliable experimental data in

literature with their own experimental results, a thermo-

dynamic assessment of Al-Ce-Si system was further per-

formed by Gröbner et al.[8] The ternary interaction

parameters evaluated by Gröbner et al.[8] together with the

updated boundary binaries described here can exactly

reproduce all the experimental phase equilibria utilized in

the assessment of Ref 8. Thus, the ternary interaction

parameters in the Al-Si-Ce system from Gröbner et al.[8]

were directly accepted here.

The partial isothermal section of the Al-Mg-Ce system

with Ce composition up to 33.3 at.% at 400 �C was first

studied by Zarechnyuk et al.[22] They reported a ternary

compound Al67Ce5Mg28 with the Laves MgZn2 structure

type. Based on 6 arc-melted samples annealed at 400 �C
for 608 h, Cui et al.[23] reported two ternary compounds,

i.e., Al4CeMg4 and Al21CeMg8, by means of metallo-

graphic analysis. However, the crystal structures of the two

compounds were not determined by Ref 23 and their

existence was not confirmed in the later studies.[9,10,24,25]

Zheng et al.[18] determined a small portion of the Al-rich

liquidus surface and a eutectic reaction, L = (Al) ? Al11
Ce3 ? b (Al140Mg89), occurring at 446 �C by using ther-

mal analysis (TA). A more detail investigation of the Al-

Mg-Ce system was conducted by Odineav,[24,25] who

reported a new ternary compound Al2Ce0.8Mg0.2 with the

congruent melting point of 635 �C. Based on x-ray powder

diffraction (XRD) analysis, they claimed that this com-

pound is the same as that reported by Zarechnyuk et al.[22]

and both belong to the Laves MgZn2 structure type.

Besides, Odineav et al.[24] also determined the solubility of

Al in CeMg2, CeMg and CeMg12 at 400 �C and 7 invariant

reactions[25] by means of XRD and differential themal

analyzer (DTA), respectively. Gröbner et al.[9] employed

several key alloys to measure the isothermal section of the

Al-Mg-Ce system at 400 �C. All the samples were sealed

in evacuated silica tubes and annealed at 400 �C for 500 h.

They suggested that the ternary compound Al13CeMg6
melted incongruently at T = 455 �C. Based on the XRD

results, three other ternary compounds, including Ce(M-

g,Al), Ce(Mg,Al)2 and Ce(Mg,Al)12, were also observed in

the Al-Mg-Ce system.[9] Based on the literature data and

their own experiments, Gröbner et al.[9] performed a ther-

modynamic assessment of the ternary Al-Mg-Ce system

using the Calphad method. After that, Jin et al.[10] prepared

Mg0.6667Ce0.3333 and Al0.6667Ce0.3333 samples by arc

melting under purified argon, assembled the samples into

one solid-liquid diffusion couple and annealed it at 400 �C
for 4 weeks. Based on the electron probe microanalyzer

(EPMA) and XRD analysis, the ternary phases Al13CeMg6,

BCC_B2 and Laves_C15 were reported. Very recently, two

of the present authors, Lu and Zhang,[26] investigated the

thermal stability of Al13CeMg6 compound by integrating

DSC, XRD and EPMA techniques. They determined that

the crystal structure of Al13CeMg6 compound is MgNi2
structure using the Rietveld method. Moreover, they also

observed that the Al13CeMg6 melts at 492.1 �C via a

peritectic reaction: liquid ? Al11Ce3 ? Al13CeMg6 and

decomposes at a certain temperature between 320 and

400 �C with a eutectoid reaction: Al13CeMg6 ? Al11-
Ce3 ? Al3Mg2. However, the experimental phase equilib-

ria by Ref 9, 24–26 cannot be well described by the

reported ternary interaction parameters[9,10] in combination

with the updated boundary binaries. Hence, there is a sig-

nificant necessary to re-assess the thermodynamic

descriptions for the Al-Mg-Ce system to reproduce the

experimental data in literature. In the present thermody-

namic assessment, the experimental data from Odineav

et al.[24] Gröbner et al.[9] and Lu and Zhang[26] were taken

in account, while the experimental data on liquid surface of

the Al-Mg-Ce system from Ref 25, 27 were not considered

due to the large uncertainty of the data.

For the Mg-Si-Ce boundary ternary, its thermodynamic

descriptions can be directly extrapolated from the corre-

sponding binary boundaries because no ternary phase has

been reported in the Mg-Si-Ce system and we only focus

on the Al-rich phase equilibria of the Al-Si-Mg-Ce qua-

ternary system. For the Al-Si-Mg-Ce quaternary system, no

any reports on the experimental phase equilibria/thermo-

chemical data are available in the literature, and thus a

direct extrapolation of the boundary ternaries was made for

Al-Si-Mg-Ce system.

3 Thermodynamic Models

According to the critically reviewed information above,

Ce(Mg,Al), Ce(Mg,Al)2, Ce(Mg,Al)12 and Al13CeMg6 pha-

ses were considered in the Al-Mg-Ce ternary system. For the

quaternary system, liquid, fcc_A1 (Al, aCe), bcc_A2 (bCe),
hcp_A3 (Mg), and diamond (Si) solution phases were inclu-

ded. Considering no any experimental information on the

solubility of fourth element in ternary compounds, all the

ternary compounds are treated as pure ternary ones in qua-

ternary Al-Si-Mg-Ce system. The thermodynamic models for

all the involved phases are presented concisely as follows.

3.1 Liquid and Solid Solution Phases

The liquid, fcc_A1 (Al, aCe), bcc-_A2 (bCe), hcp-_A3
(Mg), and diamond (Si) phases are described by the sub-

stitutional solution model. Taking the liquid phase for

example, its molar Gibbs energy is expressed by the fol-

lowing equations[28,29]
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Gliquid ¼ refGliquid þ mixGliquid þ exG
liquid
bin þ exG

liquid
ter

ðEq 1Þ

with

refGliquid ¼ xAl
0G

liquid
Al þ xSi

0G
liquid
Si þ xMg

0G
liquid
Mg

þ xCe
0G

liquid
Ce

ðEq 2Þ
mixGliquid = RT � xAl ln xAlþxSi ln xsiþxMg ln xMgþxCe ln xCe

� �

ðEq 3Þ

exG
liquid
bin ¼ xAlxSi

Xn

i¼0

ðxAl � xSiÞi � LiAlSi

þ xAlxMg

Xn

i¼0

ðxAl � xMgÞi � LiAlMg

þ xAlxCe
Xn

i¼0

ðxAl � xCeÞi � LiAlCe

þ xSixMg

Xn

i¼0

ðxMg � xSiÞi � LiSiMg

þ xSixCe
Xn

i¼0

ðxCe � xSiÞi � LiSiCe

þ xMgxCe
Xn

i¼0

ðxCe � xMgÞi � LiMgCe

ðEq 4Þ

exG
liquid
ter

¼ xAlxSixMg

Xn

i¼Al;Si;Mg

½xi þ ð1 � xAl � xSi � xMgÞ = 3� � LiAlSiMg

þ xAlxSixCe
Xn

i¼Al;Si;Ce

½xi þ ð1 � xAl � xSi � xCeÞ = 3� � LiAlSiCe

þ xAlxMgxCe
Xn

i¼Al;Mg;Ce

½xi þ ð1 � xAl � xMg � xCeÞ = 3� � LiAlMgCe

þ xMgxSixCe
Xn

i¼Mg;Si;Ce

½xi þ ð1 � xMg � xSi � xCeÞ = 3� � LiMgSiCe

ðEq 5Þ

where xi (i = Al, Si, Mg or Ce) is the mole fraction of

element i, R is the gas constant, and T is the temperature in

Kelvin. 0G
liquid
i (i = Al, Si, Mg or Ce) is the molar Gibbs

energy of the pure element i in the liquid state, which can

be directly taken from the compilation of Dinsdale.[30] LiAB
(A, B = Al, Si, Mg or Ce, and A = B), and LiABC (A, B,

C = Al, Si, Mg or Ce, and A = B = C) are the binary,

ternary, and interaction parameters, respectively. All of

these parameters are temperature-dependent, and usually

expressed as aþb � T , and thus the interaction parameters

are termed as asþbs � T . The interaction coefficients, as

and bs, are either optimized based on the experimental data

or computed from first-principles calculations.[31]

3.2 Intermetallic Compounds

Taking into account the fact that there is a continuous solid

solution CeM2 between the binary CeAl2 and CeMg2
phases and the crystal structures of both CeAl2 and CeMg2
belong to Cu2Mg,[9,24,25] the CeM2 phase is described by

the sublattice model Ce1(Al,Mg)2. The other two analogous

ternary solid solutions CeM and CeM12 are modeled with

Ce1(Al,Mg)1 and Ce1(Al,Mg)12, respectively. According to

the formula for the sublattice model,[32] the molar Gibbs

energy of the representative CeM2 is expressed as

GCeM2 ¼ yAlG
0;CeM2

Ce:Al þ yMgG
0;CeM2

Ce:Mg

þ 0:66667RT � yAl ln yAl þ yMg ln yMg

� �

þ yAlyMgL
0;CeM2

Ce:Al;Mg þ yAlyMg yAl � yMg

� �
L
1;CeM2

Ce:Al;Mg

ðEq 6Þ

where yAl and yMg are the site fractions of Al and Mg on

the second sublattice. The two end-members G
0;CeM2

Ce:Al and

G
0;CeM2

Ce:Mg , also named as the compound energies, are

expressions relative to the Gibbs energy of fcc_A1 Al,

hcp_A3 Mg and fcc_A1 Ce at the same temperature.

L
0;CeM2

Ce:Al;Mg and L
1;CeM2

Ce:Al;Mg are the ternary interaction parame-

ters, which can be optimized from the available experi-

mental data. Analogous expressions can be written for the

Gibbs energies of the other two phases CeM and CeM12.

The remaining Al13CeMg6 ternary compound is con-

sidered as a stoichiometric compound due to the negligible

homogeneity range according to Ref 9,10,26 Thus, the

molar Gibbs energy for Al13CeMg6 (s) is expressed relative
to the mechanical mixing of the pure elements via the

following equation:

0Gs � 0:65Gfcc�A1
Al � 0:05Gfcc�A1

Ce � 0:3G
hcp�A3
Mg

¼ e þ f � T
ðEq 7Þ

in which the coefficients e and f are to be evaluated in the

present work.

4 Experimental Procedure

In order to validate the reliability of the established ther-

modynamic database for the quaternary Al-rich Al-Si-Mg-

Ce system, one key model alloy, i.e., Al-7Si-0.6Mg-0.4Ce

(in wt.%), was prepared and its as-cast microstructure

information and transition temperatures served as the

experimental basis.

High-purity elements of Al (purity: 99.999 wt.%), Si

(purity: 99.99 wt.%), Mg (purity: 99.99 wt.%), and Ce

(purity: 99.99 wt.%) purchased from Alfa Aesar (China)

60 J. Phase Equilib. Diffus. (2018) 39:57–67

123



Chemicals Co., Ltd. were used to minimize any potential

effects from possible contamination by tracer elements. All

the compositions hereinafter are expressed as a weight

percentage unless otherwise specified. Al-7Si-0.6Mg alloy

was first placed in a graphite crucible, and then melted in

an induction furnace under an argon gas atmosphere. Since

Mg is prone to evaporation during melting, 5% excess of

Mg was used. After being homogenized at about 720 �C
for 5 min, an Al-2Ce master alloy was then added at a

holding temperature of 750 �C to attain the required

chemical compositions. Subsequently, the melt was slowly

solidified in the graphite crucible by shutting off the fur-

nace power so that each relevant phase is sufficiently

grown to allow clear detection. The chemical composition

of the sample was measured by inductively coupled plasma

(ICP) and further confirmed by chemical analysis (CA).

The results show that the maximum deviation from the

designed alloy compositions is 0.02 wt.%.

To determine the phase transition temperatures of the

model alloy, differential scanning calorimetry (DSC;

DSC404C, Netzsch, Germany) measurement was per-

formed on this alloy using a Pt-Pt/Rh thermocouple. The

accuracy for temperature measurement was estimated to

be ± 1.5 �C.
The sample was subject to microstructural observation.

Specimen was taken from the center of as-cast ingot by

wire-electrode cutting, then mechanically ground and fur-

ther polished on automatic polishing equipment using an

oxide polishing suspension (OP-S) at a rotation speed of

250 rpm. The micrograph sample was analyzed by the

back-scattered electron (BSE) image (JXA-8530, JEOL,

Japan), equipped with an electron probe microanalyzer

(EPMA; JXA-8530, JEOL, Japan). The volume fractions of

relevant phases in the alloy were measured with the linear

intercept method[33] using an Image-Pr plus 6.0 metallo-

graphic analyzer. At least four different image views were

obtained for the specimen.

5 Results and Discussion

5.1 Thermodynamic Descriptions for Ternary Al-

Si-Ce and Al-Mg-Ce Systems

The thermodynamic optimization was performed using the

PARROT module incorporated in Thermo-Calc soft-

ware,[34] which minimizes the sum of the squared differ-

ences between the experimental and calculated values. The

weight for experimental data is chosen based on the reli-

ability of the original literature, and the finally obtained

parameters are given in Table 1.

The calculated phase diagrams of Al-Ce, Si-Ce, and Mg-

Ce sub-binary systems according to the respective ther-

modynamic descriptions by Ref 8, 12, 16 adopted in the

present work are shown in Fig. 1. The calculated phase

diagram of Mg-Ce is compared with the experimental

data.[35–38] As can be seen in Fig. 1(c) and (d), there exists

a reasonable agreement between the calculated phase

equilibria and the experimental ones except for the point at

low temperature by Saccone et al.[35] In fact, Saccone

et al.[35] observed five thermal signals on Ce94Mg4 (in

at.%) sample by using Smith thermal analysis technique,

i.e., 789.4 �C (liquidus), 775.4, 606.3, 584.7 and 431.9 �C,
but very small thermal effect occurred in solid-state

transformation at the lowest temperature.[35] It means that

it is difficult to determine the accurate thermal signal using

the thermal analysis technique. Thus, in the original work

of Li et al.[16] they put lower weight on the last signal (i.e.,

431.9 �C) during the assessment of binary Mg-Ce system.

That is why the calculated solvus of fcc-(Ce) phase exhibits

a certain deviations from the experimental data of Sac-

cone.[35] Figure 2(a) presents the calculated isothermal

section of the Al-Si-Ce at 500 �C, while Fig. 2(b) and

(c) displays the vertical sections along Al0.9Ce0.1-Al0.9Si0.1
and Ce0.2Si0.8-Al0.8Ce0.2 according to the thermodynamic

descriptions for boundary binaries[7,8,12] and the ternary

Table 1 Summary of the

thermodynamic parameters in

the Al-Mg-Ce system

MCe: model (Al,Mg)0.5Ce0.5
0GMCe

Al:Ce � 0:5 � 0Gfcc A1
Al � 0:5 � 0Gfcc A1

Ce ¼ 2500

0LMCe
Al;Mg:Ce ¼ �80000þ 50 � T

M2Ce: model (Al,Mg)0.6667Ce0.3333
0LMCe

Al;Mg:Ce ¼ �16667þ 3:333 � T
1LMCe

Al;Mg:Ce ¼ 16667

M12Ce: model (Al,Mg)0.9231Ce0.0769

0GM12Ce
Al:Ce � 0:9231 � Gfcc A1

Al � 0:0769Gfcc A1
Ce ¼ �76923

0LM12Ce
Al;Mg:Ce ¼ 6154

Al13CeMg6: model Al0.65Ce0.05Mg0.3

0G
Al13CeMg6
Al:Ce:Mg � 0:65 � Gfcc A1

Al � 0:05 � Gfcc A1
Ce � 0:3 � Ghcp A3

Mg ¼ �11625þ 0:5 � T

Unit in J/mole-atom for Gibbs energy, Kelvin for T
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interaction parameters by Ref 8. The corresponding

experimental data from Grönber et al.[8] and Flandorfer

et al.[21] are also superimposed for a direct comparison. As

can be seen, the calculated results exhibit the excellent

consistency with all the experimental data.[8,21] This fact

indicates that the unified binary descriptions for the bina-

ries Al-Si,[7] Al-Ce[12] and Si-Ce[8] are consistent with the

ternary interaction parameters from Gröbner et al.[8]

The calculated isothermal section of the Al-Mg-Ce

system at 400 �C according to the presently evaluated

thermodynamic descriptions compared with the

experimental data[9,24] is shown in Fig. 3(a). As can be

seen in the figure, most of the experimental data can be

well reproduced by the present calculations. It can also be

indicated that CeAl and CeMg are partially miscible

because they have different crystal structures. Though the

CeMg2 is metastable in binary Ce-Mg system at 400 �C, it
is stabilized by Al in the ternary system. The CeMg2 and

CeAl2 form a solid solution with a miscibility gap at

400 �C since they have the same structure. This is in good

agreement with the previous assessment by Gröbner

et al.[9] Figure 3(b) shows the calculated vertical section

Fig. 1 Calculated phase diagrams of, (a) Al-Ce, (b) Si-Ce binary

systems according to the thermodynamic descriptions reported by

Gao et al.[12] and Gröbner et al.[8] respectively. Calculated (c) phase

diagram of Mg-Ce and (d) its enlarged part in Mg-rich corner

according to the thermodynamic descriptions reported by Li[16]

compared with the experimental data[36–38]
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along Al-Al0.3Mg0.6Ce0.1 compared with experimental

data.[9,26] It can be easily observed that the ternary com-

pound Al13CeMg6 melts at 492.7 �C and decomposes at

327.9 �C. The presently calculated results agree well with

the experimental data, but conflict to the assessment results

by Gröbner et al.[9] In the work of Gröbner et al.[9] they

claimed that the Al13CeMg6 phase melted incongruently at

400 �C and retained at temperature lower than 320 �C,
which is not consistent with the recently experimental

results by Lu and Zhang.[26]

5.2 Thermodynamic Descriptions for Al-Rich Al-Si-

Mg-Ce Quaternary System and Experimental

Validation

Considering that there have been no any reports on qua-

ternary compound and phase equilibira in Al-rich Al-Si-

Mg-Ce quaternary system in the literature, the thermody-

namic database of the Al-rich Al-Si-Mg-Ce quaternary

system can be easily established by directly combining the

four boundary ternaries adopted/assessed in the present

work. To justify the reliability of the established

Fig. 2 (a) Calculated isothermal section of the Al-Ce-Si ternary

system at 500 �C according to the thermodynamic descriptions for

boundary binaries[7,8,12] and the ternary interaction parameters by Ref

8. Calculated vertical sections along (b) Al0.9Ce0.1-Al0.9Si0.1 (in

mole fraction) and (c) Ce0.2Si0.8-Al0.8Ce0.2 (in mole fraction)

according to the thermodynamic descriptions for boundary bina-

ries[7,8,12] and the ternary interaction parameters by Ref 8 compared

with the corresponding experimental data[8,21]

Fig. 3 Calculated (a) isothermal section of the Al-Mg-Ce ternary system at 400 �C and (b) vertical section along Al-Al0.3Mg0.6Ce0.1 (in mole

fraction) according to the present assessed thermodynamic descriptions, compared with the corresponding experimental data[9,24,26]
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thermodynamic database, we intend to fully compare the

model-predicted microstructure information after solidifi-

cation and phase transition temperatures in one key model

alloy due to the presently established thermodynamic

database of the Al-Si-Mg-Ce quaternary system with the

experimental data. To do this, the Gulliver-Scheil solidifi-

cation simulation of the Al-7Si-0.6Mg-0.4Ce alloy was

performed, and then comprehensively compared with the

experimental data. In the Gulliver-Scheil solidification

simulations, diffusion in liquid phase is assumed to be fast

enough to achieve the equilibrium immediately, while no

diffusion in solid phases is assumed. Such assumptions are

acceptable for describing the casting process in, i.e., Al

alloys, because the cooling rate is usually large and no fast

diffusion species exist in Al alloys.

Figure 4(a) displays the model-predicted solidification

curve of the Al-7Si-0.6Mg-0.4Ce alloy under the Scheil

condition. As shown on the curve, there are four

transitions, i.e., the formation of primary (Al), the binary

eutectic reaction Liquid ? (Al) ? (Si), the ternary eutec-

tic reaction Liquid ? (Al) ? (Si) ? AlCeSi2, and the

quaternary eutectic reaction Liquid ? (Al) ?(Si) ?

AlCeSi2 ? Mg2Si occurring at 613.8, 571.8, 568.7, and

558.2 �C, respectively. Figure 4(b) displays the heating

and cooling DSC curves performed on the Al-7Si-0.6Mg-

0.4Ce sample at the heating/cooling rate of 10 �C/min.

Three endothermic peaks (i.e., Peaks 1a, 2a, and 3a) are

observed in the heating curve, which exactly corresponded

to the formation of primary (Al), the binary eutectic reac-

tion Liquid ? (Al) ? (Si), and the ternary eutectic reac-

tion Liquid ? (Al) ? (Si) ? AlCeSi2. However, no

noticeable peak is observed on the heating curve for the

quaternary reaction Liquid ? (Al) ? (Si) ? AlCeSi2 ?

Mg2Si. That may be attributed to its overlap with the peak

for ternary eutectic reaction over the narrow temperature

interval at this relatively large heating rate of 10 �C/min.

Fig. 4 (a) Model-predicted solidification path of the model alloy (Al-

7Si-0.6Mg-0.4Ce) according to the presently established thermody-

namic database of the quaternary Al-Si-Mg-Ce system under the

Scheil-Gulliver conditions; (b) heating and cooling DSC curves of the

mode alloy at a heating/cooling rate of 10 �C/min; (c) model-

predicted volume fractions of the primary (Al) and constituent solid

phases in eutectic structure of as-cast model alloy, compared with the

experimental data; (d) back-scattered electron (BSE) image of the as-

cast model alloy
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On the cooling curve, only two exothermic peaks (Peaks 1b

and 2b) can be clearly observed. The peak corresponding to

ternary eutectic reaction (Peak 3b) is very weak in the

vicinity of the peak for binary eutectic reaction (Peak 2b).

This is due to the overlap of the transition peaks of binary,

ternary, and even quaternary eutectic formation over this

narrow temperature interval during solidification. For a

detail comparison, the calculated phase transition temper-

atures together with DSC signals are indicated. The cal-

culated results from the Scheil simulation for the binary

(571.8 �C) and ternary eutectic reactions (568.7 �C) agree
well with the corresponding temperatures of Peaks 2a (573)

and 3a (562 �C) during heating. The model-predicted

transition temperature for the primary (Al) is 613.8 �C,
which is exactly located between Peak 1b (607 �C) during
cooling and Peak 1a (632 �C) during heating. The slight

deviation from Peak 1b is because the undercooling for the

nucleation of primary (Al) is not considered in the Scheil

solidification simulation, but the deviation from Peak 1a is

because Peak 1a significantly overlaps with the adjacent

peak on the heating curve and therefore it is difficult to

derive an accurate reaction temperature for the primary

(Al) phase.

To further validate the reliability of the established

thermodynamic database of the Al-Si-Mg-Ce system, the

solidification sequence of the alloy Al-7Si-0.6Mg-0.4Ce

was analyzed based on a comparison between the Scheil

solidification simulated results and the solidified

microstructures. According to Fig. 4(a), the solidification

sequence of the alloy is: Liquid ? (Al), Liq-

uid ? (Al) ? (Si), Liquid ? (Al) ? (Si) ? AlCeSi2, and

Liquid ? (Al) ? (Si) ? AlCeSi2 ? Mg2Si. Thus, it can

be predicted that (Al), (Si), AlCeSi2, and Mg2Si phases are

involved in the final microstructure of the model alloy in

the as-cast state, and the primary (Al), binary eutectic

(Al) ? (Si), ternary eutectic (Al) ? (Si) ? AlCeSi2, and

quaternary eutectic (Al) ? (Si) ? AlCeSi2 ? Mg2Si con-

stitute the as-cast microstructure. Additionally, the Scheil

simulations presented in Fig. 4(a) allow quantitative pre-

diction of the fractions for each constituent solid phase/

structure in the as-cast microstructure.[4] For example, the

predicted fractions for the solidified (Al), (Si), AlCeSi2 and

Mg2Si phases in the Al-7Si-0.6Mg-0.4Ce alloy are 93.844,

5.22, 0.45, and 0.49 vol.%, respectively, as displayed in

Fig. 4(c).

Figure 4(d) displays the BSE image of the as-cast Al-

7Si-0.6Mg-0.4Ce alloy. Based on the EPMA composition

measurement together with the above Scheil simulations,

all the phases involved in the as-cast microstructures of

alloy can be characterized. The bright phase present in the

microstructure was determined to be Al30.1Ce27.6Mg0.7-
Si41.6 (in at.%), which exactly corresponds to the AlCeSi2
phase though very small solubility of Mg is observed in

experiment. In the Fig. 4(d), along the boundary of the

primary (Al) phase, a few (Al) ? (Si) lamellar eutectic

structures that originate from the binary eutectic reaction

Liquid ? (Al) ? (Si) can be observed. Additionally, some

fine structures consisting of (Al) ? (Si) ? AlCeSi2 are

observed near the primary (Al), indicating the occurrence

of the ternary eutectic transition Liquid ? (Al) ? (Si) ?

AlCeSi2. In addition, skeleton-like Mg2Si phase is also

present in the quaternary eutectic structure. Therefore, the

solidification sequence, phases and structures involved in

the alloy as observed by the experimental BSE images are

in excellent agreement with the Scheil prediction based on

the presently established thermodynamic database. Addi-

tionally, the volume fractions of each constituent solid

phase in the as-cast microstructure of the alloy Al-7Si-

0.6Mg-0.4Ce were experimentally measured and compared

with the Gulliver-Scheil simulated result, as demonstrated

in Fig. 4(c). The results show that the experimental data

can be accurately reproduced by the calculated results

within the estimated experimental errors. It indicated that

the presently established thermodynamic database for the

Al-Si-Mg-Ce quaternary system in the Al-rich region is

reliable. Moreover, based on the present thermodynamic

data of Al-Si-Mg-Ce system together with their atomic

mobility in liquid and fcc phases,[39] different solidification

processes of Al-Si-Mg-Ce multi-component cast alloy have

been accurately predicted in our previous work,[39] which

further validates the reliability of the thermodynamic

database of the Al-Si-Mg-Ce quaternary system in this

work.

6 Conclusions

• Based on all the experimental phase equilibria available

in the literature, the thermodynamic description of

ternary Al-Mg-Ce system was re-assessed via the

CALPHAD technique.

• Based on the unified thermodynamic descriptions for

all the boundary binaries and adopted/assessed thermo-

dynamic descriptions for boundary ternaries, a self-

consistent thermodynamic database of Al-rich Al-Si-

Mg-Ce system in the Al-rich region was established via

direct extrapolation.

• The reliability of the established thermodynamic

database was further validated by comparing the

Gulliver-Scheil simulation of a quaternary Al-7Si-

0.6Mg-0.4Ce alloy with its experimental phase transi-

tion temperatures and microstructure in as-cast alloy.

Good agreement between the thermodynamic calcula-

tion and experimental results indicates that the present

thermodynamic database for the Al-Si-Mg-Ce quater-

nary system in the Al-rich region is reliable.
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