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The solid solubilities of Al in Mg12La, Mg12Ce, Mg12Pr, Mg41Nd5 phases were investigated by key exper-
iments. The enthalpy of formation of ternary compounds was estimated using the model of Miedema. The
systematic thermodynamic evaluation and optimizations of ternary Al–Mg–RE (RE = La, Ce, Pr, Nd, Sm)
systems were based on the available experimental data and current investigation. The Al–Mg–Pr and
Al–Mg–Nd systems were optimized for the first time using a systematic approach. Arc-melted key alloys
were annealed at T = 673 K for four weeks and the phases were analyzed with electron probe micro-anal-
ysis (EPMA). The Mg12La intermetallic phase was confirmed by the present investigation. Optimized
model parameters have been obtained for the Gibbs energy functions of all stable phases, and the model
reproduces most critically assessed experimental results. The Modified Quasichemical Model, which
takes short–range ordering into account, is used for the liquid phase and the Compound Energy Formal-
ism (CEF) is used for the solid solutions in the binary and ternary systems. Kohler–type extrapolation
from binary systems was employed, where no ternary parameters were used for the liquid phase.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Magnesium–aluminium-based alloys are widely used because
of their low density, high strength-to-weight ratio, specific rigidity,
satisfactory salt-spray corrosion resistance and good ductility [1].
Special automobile applications, like engine blocks or power train
components require sufficient creep resistance at elevated temper-
ature. Lanthanum and cerium are two dominating constituents of
the mischmetal, which is a mixture of rare earth elements (mostly
light rare earths) with typical composition ranges of La (25–34)%,
Ce (48–55)%, Pr (4–7)% and Nd (11–17)% [2]. These elements are
important alloying additives for the development of magnesium
alloys since adding rare earth (RE = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, Lu, Y, and Sc) elements in Mg–Al alloys improve the
creep resistance [3] and strength at elevated temperatures. This
is attributed to the precipitation of intermetallic phases (such as
Al11RE3 and Al2RE phases), and the suppression of the formation
of the detrimental Mg17Al12 phase in the interdendritic or grain
boundary region. To estimate the nature of precipitating phases,
precipitation sequences and the relative amounts of secondary
phases, it is necessary to know thermodynamic properties and
the phase diagram of the ternary Al–Mg–RE systems which re-
quires a self-consistent thermodynamic database of Mg alloys con-
taining rare earth elements.
ll rights reserved.
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Furthermore, it is worth noting the importance of the solid sol-
ubility of rare-earth metals in solid (Mg)-HCP phase in the multi-
component alloy systems, including the influence of Al, because
of the positive effect of this solubility on the mechanical properties
and plasticity of magnesium alloys. It was confirmed from the re-
cent study of Hantzsche et al. [4] that magnesium sheets with weak
textures, which promise improved sheet formability [5], can be ob-
tained by adding alloying elements such as Nd, Ce and Y. It was
also pointed out that the amount of the RE addition required for
sufficient texture weakening depends on the solid solubility of
the respective element in magnesium matrix.

Generally, phase equilibria and thermodynamic properties in
the systems of the rare earth elements show smooth and regular
variations when passing from one rare earth element to the next
along the lanthanidelight rare earth series. Similarities among all
the Mg–Al–RE ternary systems are also expected. As a matter of
fact, the similar thermodynamic properties between the Al–Mg–
RE (RE = Gd, Dy, Ho, Er) systems were already reported [6,7]. The
Al–Mg–La, Al–Mg–Ce and Al–Mg–Sm ternary systems were opti-
mized independently by Hosseinifar and Malakhov [8], Gröbner
et al. [9] and Jia et al. [10], respectively. No thermodynamic optimi-
zation on the Al–Mg–Pr or Al–Mg–Nd system could be found in the
literature. De Negri et al. [11] performed experimental investiga-
tion on Al–Mg–RE (RE = Gd, Dy, Ho) systems by differential ther-
mal analysis (DTA), X-ray powder diffraction (XRD), light optical
microscopy (LOM), scanning electron microscopy (SEM) and
electron probe microanalysis (EPMA). Cacciamani et al. [6] did
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thermodynamic modelling and optimization of Al–Mg–RE
(RE = Gd, Dy, Ho) systems in a systematic manner based on the
experimental information of De Negri et al. [11]. Saccone et al.
[12] investigated experimentally the Al–Mg–Er ternary system
using the same technique as those of De Negri et al. [11] while Cac-
ciamani et al. [7] did thermodynamic modelling and optimization
of Al–Mg–Er system. It is of great importance to study the Al–
Mg–RE (RE = La, Ce, Pr, Nd, Sm) ternary systems in a systematic
and consistent way especially as estimation techniques must be
used for the mixing properties of intermetallic solutions. Further-
more, the systematic thermodynamic evaluations and modelling
of Al–Mg–heavy RE (heavy RE = Gd, Tb, Dy, Ho, Er) systems were
performed and presented in the dissertation of Jin [13].

As part of ongoing projects in our laboratory to develop thermo-
dynamic databases for multi-component Mg- and Al-based alloys,
the Al–Mg–light RE (La, Ce, Pr, Nd and Sm) were systematically
evaluated and optimized based on (1) binary Al–Mg [14], Al–RE
[15] and Mg–RE [16] thermodynamic and phase equilibria optimi-
zations, (2) a critical literature review, (3) new experimental re-
sults from this work and (4) estimations from the model of
Miedema carried out in the present study. Key experiments were
performed to verify the phase relationship and solid solubility lim-
its in the ternary systems. The binary Al–RE systems have been as-
sessed previously by our group [15,17,18]. The trends in the
thermodynamic properties (such as the enthalpy of mixing for
the liquid, the entropy of mixing for the liquid, and the enthalpy
of formation for the intermetallic compounds) of Al–RE systems
were also discussed in Jin et al. [15,18].The binary thermodynamic
parameters of Al-light RE (light RE = La, Ce, Pr, Nd, Sm) were taken
from Jin et al. [15],where as the Mg-light RE binary systems were
from Kang et al. [19].
2. Experimental information in the literature

For the Mg–Al–La system, Rogl [20]reported the experimental
information published prior to the year 1988, while Raghavan
[21] reviewed the experimental investigations published up to
the year 2008. Zarechnyuk et al. [22] studied the partial isother-
mal section at 400 �C for La concentration up to 33.3 at.%. Accord-
ing to these authors, no ternary intermetallic compound was
found and a limited solubility of Al in La2Mg17 and in LaMg3

was reported. Odinaev et al. [23] prepared 115 alloys with an
arc melting furnace using Al, Mg, and Laas starting materials with
99.995, 99.95 and 98.48 wt.% purity, respectively. They annealed
the alloys at 400 �C for 480 h. Phase equilibria in this isothermal
section were then investigated by metallography and X–ray pow-
der diffraction (XRD). Extensive solid solutions were observed. It
was reported that LaMg2 (prototype: MgCu2) and LaAl2 (proto-
type: MgCu2) formed a continuous Laves_C15 solid solution at
673 K with a miscibility gap (20–37 at.% Mg) and LaMg (proto-
type: CsCl) formed an extensive BCC_B2 solid solution with LaAl
(prototype: CeAl) up to �29 at.% Al. Moreover, a ternary com-
pound Al2Mg0.85La0.15 of unknown structure was found to be sta-
ble at this temperature. Odinaev et al. [24] studied the phase
equilibria in the Al–Mg–LaAl2sub-system by metallography, DTA,
and XRD. The liquidus projection and four pseudo-binary sections
were constructed in this region. The existence of LaMg12 phase re-
mained unclear according to Raghavan [21], although the LaMg12

phase was considered in the thermodynamic optimization of the
La–Mg system by Guo and Du [25] based on the investigation of
Darriet et al. [26]. Zheng et al. [27] investigated the liquidus sur-
face in the Al-rich corner of the Al–Mg–La system and reported a
eutectic reaction Liquid M aAl11La3 + Al3Mg2 + Al at T = 718 K.
Noting that Odinaev et al. investigated the Al–La–Mg [23], and
Al–Ce–Mg [28] systems using the same experimental technique
(DTA) to determine the liquidus temperatures and that the exper-
imental work from Gröbner et al. [9] suggested the liquidus tem-
peratures in the Al–Ce–Mg system were much higher than those
from Odinaev et al. [28], Hosseinifar and Malakhov [8] recently
studied two key alloys in the Al–Mg–La system (Al 60 wt.%, La
20.1 wt.%, Mg 19.9 wt.% and Al 70 wt.%, La 15.07 wt.%, Mg
14.93 wt.% respectively), by differential scanning calorimeter
(DSC) to verify the liquidus temperatures and thermal arrests dur-
ing the solidification process. They also reported an optimized Al–
Mg–La ternary system.

For the Mg–Al–Ce system, Zarechnyuk and Kripyakevich [29]
prepared 16 binary and 57 ternary alloys and determined a partial
isothermal section at 673 K for Ce compositions up to 33.3 at.%. A
ternary compound Al67Ce5Mg28 was reported with a structure of
the MgZn2 type (hexagonal Laves_C14 phase with a = 0.552 nm
and c = 0.889 nm). Two ternary compounds, Al23CeMg9 and Al4-

CeMg4 were reported by Cui and Wu [30] from their metallo-
graphic analysis on sixty arc-melted samples, which were
annealed at T = 673 K for 608 h. The crystal structure of these
two ternary compounds was not reported. However, these two
compounds were not confirmed in a later study by Odinaev et al.
[28] who reported a ternary compound Al2Ce0.2Mg0.8 with the
MgZn2 type structure. This compound was most likely the same
compound observed by Zarechnyuk and Kripyakevich [29]. In a la-
ter investigation, the same authors [31], using DTA, examined a
number of pseudo–binary sections in the Al–Mg–Ce ternary sys-
tem. It was reported that the ternary compound Al2Ce0.2Mg0.8 (or
Al2Ce0.15Mg0.85) melts congruently at T = 908 K. Extensive solid
solutions were observed by Odinaev et al. [28] based on micro-
structural and X–ray examinations. They reported that CeMg2

and CeAl2 form a continuous solid solution at T = 673 K with a mis-
cibility gap (5–20 at.% Mg) and CeMg forms an extensive solid solu-
tion with CeAl up to �30 at.% Al. Moreover, a limited solubility of
Al in CeMg12 was found [29]. Zheng et al. [32] measured a eutectic
temperature at 719 K involving liquid–Al–Al11Ce3–Al140Mg89 by
thermal analysis.

Recently, Gröbner et al. [9] prepared four key experiments by
arc melting under purified argon, sealed them in silica tubes and
annealed them at T = 673 K for 500 hours. According to their DTA
and XRD studies, Gröbner et al. [9] suggested that the ternary com-
pound Al13CeMg6 (referred to Al67Ce5Mg28 [29], Al2Ce0.2Mg0.8 or
Al2Ce0.15Mg0.85 [28,31]) melted incongruently around T = 728 K. It
was also claimed that solid solutions of the BCC_B2, Laves_C15,
and Ce(Mg,Al)12 phases were formed in the Al–Mg–Ce ternary sys-
tem and an optimized Al–Mg–Ce ternary system was obtained [9].

For the Al–Mg–Pr ternary system, no optimized ternary phase
diagram could be found in the literature. This ternary system has
been reviewed by Raghavan [33]. Odinaev et al. [34] prepared about
150 alloys with arc melting furnace and annealed them at T = 673 K
for 480 hours with the starting metals of 99.995% Al, 99.95% Mg and
99.78% Pr. Phase equilibria in this isothermal section were investi-
gated by metallography and XRD techniques. Extensive solid solu-
tions were observed. They found that PrMg2 (prototype: MgCu2)
and PrAl2 (prototype: MgCu2) form a continuous Laves_C15 solid
solution at T = 673 K with a miscibility gap (5–27 at.% Mg), and
PrMg (prototype: CsCl) forms an extensive BCC_B2 solid solution
with PrAl up to �30 at.% Al. Also, a ternary compound Al2Mg0.88-

Pr0.12 of MgZn2-type structure (Laves_C14) was found to be stable
at this temperature. Odinaev et al. [35] prepared 153 alloys in the
Al–Mg–PrAl2 region with the same starting metals as used in their
previous paper [34]. Phase equilibria were studied by metallogra-
phy, DTA, and XRD techniques. The liquidus projection and four
pseudo-binary sections were constructed in this region.

For the Mg–Al–Nd system, no optimized ternary phase diagram
could be found in the literature. The Al–Mg–Nd ternary system has
been reviewed by Raghavan [36]. Zarechnyuk et al. [22] studied a



TABLE 1
The solid phases in the Al–Mg–RE (RE = La, Ce, Pr, Nd, Sm) systems.

Phase symbol Phase description Prototype Pearson symbol

BCC_B2 (Mg, Al)(Mg, La, Ce, Pr, Nd, Sm) CsCl cP2
Laves_C15 (Mg, Al, La, Ce, Pr, Nd, Sm)2(Mg, Al, La, Ce, Pr, Nd, Sm) Cu2Mg cF24
Mg3RE (Mg, Al)3(Mg, La, Ce, Pr, Nd, Sm) BiF3 cF16
Al3RE (Mg, Al)3(La, Ce, Pr, Nd, Sm) Ni3Sn hP8
Al11RE3 (Mg, Al)11(La, Ce, Pr, Nd, Sm)3 aLa3Al11 oI28
Mg12RE (Mg, Al)12(La, Ce, Pr, Nd, Sm) CeMg12 oI338
Mg41RE5 (Mg, Al)41(La, Ce, Pr, Nd, Sm)5 Mg41Ce5 tI92
Mg17RE2 (Mg, Al)17(La, Ce, Pr, Nd, Sm)2 Ni17Th2 hP38
BCC_A2 (Al, Mg, La, Ce, Pr, Nd, Sm) W cI2
FCC_A1 (Al, Mg, La, Ce, Pr, Nd, Sm) Cu cF4
HCP_A3 (Al, Mg, La, Ce, Pr, Nd, Sm) Mg hP2
DHCP_A30 (Al, Mg, La, Ce, Pr, Nd, Sm) La hP4
Gamma (Mg)10(Mg, Al)24(Mg, Al)24 aMn cI58
Beta (Al)19(Mg,Al)2(Mg)12

Al30Mg23 Stoichiometric
La22Al53 Stoichiometric AlB2 hP3
LaAl Stoichiometric AlCe oC16
CeAl Stoichiometric AlCe oC16
Ce2Al Stoichiometric
aCe3Al Stoichiometric Ni3Sn hP8
bCe3Al Stoichiometric AuCu3 cP4
aPr3Al Stoichiometric Ni3Sn hP8
bPr3Al Stoichiometric AuCu3 cP4
Pr2Al Stoichiometric Co2Si oP12
PrAl Stoichiometric ErAl oP16
NdAl Stoichiometric ErAl oP16
Nd2Al Stoichiometric Co2Si oP12
Nd3Al Stoichiometric Ni3Sn hP8
Sm2Al Stoichiometric Co2Si oP12
SmAl Stoichiometric ErAl oP16
Al40Mg17La3 Stoichiometric
Al13Mg6Ce Stoichiometric MgZn2 hP12
Al50Mg22Pr3 Stoichiometric MgZn2 hP12
Al50Mg22Nd3 Stoichiometric MgZn2 hP12

TABLE 2
The enthalpies of formation of several Al–RE, Mg–RE and Al–Mg–RE compounds
calculated by the Miedema’s model.

Compounds DfH
o/(kJ�mol�1 of atoms)

Al12La �11.70
Al12Ce �11.39
Al12Pr �11.30
Al12Nd �12.56
Al12Sm �11.18
Al17La2 �15.72
Al17Ce2 �15.41
Al17Pr2 �15.26
Al17Nd2 �16.98
Al17Sm2 �15.13
Al41La5 �16.20
Al41Ce5 �15.89
Al41Pr5 �15.73
Al41Nd5 �17.51
Al41Sm5 �15.61
Mg11La3 �4.10
Mg11Ce3 �5.21
Mg11Pr3 �5.07
Mg11Nd3 �5.92
Mg11Sm3 �5.06
Al2Mg0.8Ce0.2(Al13Mg6Ce) �12.67
Al2Mg0.85La0.15(Al40Mg17La3) �10.49
Al2Mg0.88Pr0.12(Al50Mg22Pr3) �7.60
Al2Mg0.88Nd0.12(Al50Mg22Nd3) �8.35
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partial isothermal section at 673 K for Nd composition up to
33.3 at.%. No ternary intermetallic compound was reported and a
limited solubility of Al in NdMg12 and in NdMg3 was found. Odi-
naev et al. [37] prepared 87 alloys with arc melting furnace and an-
nealed them at 673 K for 480 h with the starting metals of 99.995%
Al, 99.95% Mg, and 99.98% Nd purity. Phase equilibria in this
isothermal section were investigated by metallography and XRD
techniques. Extensive solid solutions were also observed. Accord-
ing to their investigation [37], NdMg2(prototype: MgCu2) and
NdAl2(prototype: MgCu2) form a continuous Laves_C15 solid solu-
tion at T = 673Kwith a miscibility gap (3–30 at.% Mg) and NdMg
(prototype: CsCl) forms an extensive BCC_B2 solid solution with
NdAl up to �40 at.% Al. Also, a ternary compound Al2Mg0.88Nd0.12

of MgZn2-type structure (Laves_C14) was stable at this tempera-
ture. Odinaev et al. [38] prepared 60 alloys in the Al–Mg–NdAl2 re-
gion with the same starting metals as used in their previous paper
[37]. Phase equilibria were studied by metallography, DTA, and
XRD techniques. The liquidus projection and several pseudo-binary
sections were constructed in this region.

The Al–Mg–Sm ternary system has been reviewed by Raghavan
[39]. Zheng et al. [40] reported 15 single phase regions, 27 two-
phase regions, and 13 three-phase regions for the isothermal sec-
tion at T = 673 K studied by X-ray, metallographic and chemical
analysis, and no ternary compound was found. No experimental
thermochemical data for this system are available in the literature.
Jia et al. [10] optimized this ternary phase diagram based on the
investigation by Zheng et al. [40]. No ternary interaction parame-
ters were used and the ternary phase diagram was merely extrap-
olated from three binary sub-systems.

3. Methodology

3.1. Experimental methods

A solid–solid diffusion couple for the Al–Mg–La system was pre-
pared from two blocks of Mg and Al alloys with a La foil in the mid-
dle, like a sandwich. The blocks’ facing surfaces and the La foil were
pre-ground up to 1200 grit using SiC paper and polished using
1 lm water-based diamond suspension. The blocks were pressed
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together using a hydraulic press, placed in a Ta container and then
sealed in a quartz tube under protective argon atmosphere. The
prepared samples were annealed at T = 673 K for four weeks before
quenching in cold water. The annealed samples were grinded and
polished before being analyzed by electron probe microscopy anal-
ysis (EPMA) using point and line scans. However, no intermediate
layers in the Al–Mg–La solid–solid diffusion couple were observed,
probably due to the small diffusion coefficient at 673 K or poor sur-
face contact. Therefore, two key samples were arc–melted in a
water-cooled copper crucible under protective argon atmosphere
in order to avoid extensive oxidation of Mg and Al. The starting
materials are: La foil [50 mm ⁄50 mm⁄1.0 mm ,99.9 wt.% Rare
Earth Oxide (REO) purity], Al ingot (99.999 wt.%) and Mg ingot
(99.8 wt.%).

A solid–liquid diffusion couple in the Al–Mg–Ce system was
prepared using Mg0.667Ce0.333and Al0.667Ce0.333 alloys. The block
with lower liquidus temperature (Mg0.667Ce0.333 alloy) was melted
TABLE 3
Composition and microanalysis data of the alloys studied.

Sample Ternary system Nominal alloy composition (at.%)

A1 Al–Mg–La Al10Mg82La8

A2 Al–Mg–La Al80Mg12.5La7.5

A3 Al–Mg–Ce Al76Mg16Ce8

A4 Al–Mg–Ce Al8Mg57Ce35

A5 Al–Mg–Pr Al10.6Mg79.4Pr10

A6 Al–Mg–Pr Al56.2Mg22.4Pr21.4

A7 Al–Mg–Pr Al34Mg63Pr3

A8 Al–Mg–Pr Al78Mg15Pr7

A9 Al–Mg–Nd Al26.9Mg70.3Nd2.8

A10 Al–Mg–Nd Al10.6Mg79.4Nd10

Note: The error of EPMA measurements is approximately ±2 at.%.

FIGURE 1. Backscattered electron images of Al0.1Mg0.8
on top of the block with higher melting temperature (Al0.667Ce0.333

alloy) in an arc-melting furnace. Furthermore two additional key
samples of Al–Mg–Ce alloys were prepared. The prepared samples
were also annealed at T = 673 K for four weeks. The annealed alloys
were grinded and polished before EPMA analysis. The starting
materials are: Ce ingot (99.8% (REO)), Al ingot (99.999 wt.%) and
Mg ingot (99.8 wt.%).

Four ternary alloys in the Al–Mg–Pr system were prepared by
melting stoichiometric amounts of the constituent elements in
tantalum crucibles placed in an induction furnace under a protec-
tive argon atmosphere. Two alloys for the Al–Mg–Nd system were
melted in an arc-melting furnace in a water-cooled copper crucible
under a protective argon atmosphere. The prepared samples were
annealed in a resistance furnace at 673 K for four weeks before
quenching in cold water. All the samples were grinded up to
1200 grit using SiC paper and polished using 1 lm water-based
diamond suspension. Electron probe microscopy analysis (EPMA)
Observed phases EPMA analysis (at.%)

Al Mg RE

(Mg) 0.3 99.4 0.3
(AlxMg1-x)2La 58.9 8.4 32.7
(AlxMg1-x)12La 1.3 91.2 7.5
(AlxMg1-x)11La3 78.4 1.5 20.1
(Al) 90.7 9.1 0.2
Ternary phase s1 69.0 23.9 7.1
(Al) 89.4 10.5 0.1
(AlxMg1-x)11Ce3 77.4 0.3 22.3
Ternary phase s2 66.0 26.7 7.3
(AlxMg1-x)Ce 42.2 7.7 50.1
(AlxMg1-x)2Ce 9.2 56.4 34.4
(Mg) 0.0 99.9 0.1
(AlxMg1-x)2Pr 61.0 4.8 34.2
(AlxMg1-x)12Pr 0.3 91.9 7.8
(Mg) 2.0 98.0 0.0
(AlxMg1-x)2Pr 64.5 1.5 34.0
(AlxMg1-x)3Pr 71.2 3.7 25.1
(Mg) 8.6 91.4 0.0
(AlxMg1-x)11Pr3 73.6 3.3 23.1
Gamma 37.3 60.9 1.8
(Al) 92.2 7.8 0.0
(AlxMg1-x)11Pr3 76.2 0.2 23.6
Ternary phase s3 66.9 27.0 6.1
(Mg) 10.3 89.6 0.1
(AlxMg1-x)11Nd3 76.1 1.8 22.1
Gamma 38.3 60.5 1.2
(Mg) 0.2 99.3 0.5
(AlxMg1-x)2Nd 61.6 4.3 34.1
(AlxMg1-x)41Nd5 0.2 89.9 9.9

2La0.08 alloy annealed at T = 673 K for four weeks.



FIGURE 2. Backscattered electron images of Al0.8Mg0.125La0.075 alloy annealed at
T = 673 K for four weeks.

FIGURE 3. Backscattered electron image of the solid–solid Al2Ce–MgCe diffusion
couple annealed at T = 673 K for 10 weeks.

FIGURE 4. The composition profiles from the line scan of the Al2Ce–Mg2Ce
diffusion couple (the error of EPMA measurements is approximately ±2 at.%).
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was employed to detect the phases and determine their composi-
tions. The starting materials were: Pr ingot (99.9% (REO)), Nd ingot
(99.8% (REO)), Al ingot (99.999 wt.%) and Mg ingot (99.8 wt.%).

It was noted that some magnesium and aluminium loss was ob-
served during arc-melting process. To compensate for the mass
loss of Mg and Al, additional 6 and 4 wt.% of Mg and Al, respec-
tively, guided by trial and error method, were added into the nom-
inal composition in order to investigate the desired phase
equilibria. For the studies of phase equilibria in this work, it was
judged unnecessary to get the actual compositions, which could
be determined by inductively coupled plasma mass spectrometry
(ICP-MS) method.

3.2. Miedema model estimations for binary and ternary
thermodynamic data

The enthalpy of mixing [41,42] for an A–B disordered solution is
estimated using the Miedema model with the following
expression:

DHAB ¼ fAB

� xAð1þ lAxBð/A � /BÞÞxBð1þ lBxAð/B � /AÞÞ
xAV2=3

A ½1þ lAxBð/A � /BÞ� þ xBV2=3
B ½1þ lBxAð/B � /AÞ�

:

ð1Þ

For an ordered stoichiometric compound, enthalpy of formation
is given by the following expression:

ðDHABÞorder ¼ DHAB

� 1þ c
V1=3

A V1=3
B DHAB

fABfxAV2=3
A ½1þlAxBðuA �uBÞ� þ xBV2=3

B ½1þlBxAðuB �uAÞ�g

 !2
2
4

3
5;
ð2Þ

fAB ¼
2PV2=3

A V2=3
B

1
n1=3

WSA

þ 1
n1=3

WSB

� �ð/�B � /�AÞ
2 þ Q

P
ðn1=3

WSA
� n1=3

WSB
Þ2 � a� R

P

� �
: ð3Þ

In equations (1)–(3), xi, /i, Vi, nWSi
are the mole fraction, chem-

ical potential (or work function), molar volume, and the electronic
density at the Wigner-Seitz cell boundary of component i, respec-
tively. a, P, R

P ;
Q
P , lA, lB and c are semi-empirical parameters evalu-

ated and reported in Miedema [41]. The empirical parameter P
assumes different values depending if A and B are both transition,
both non-transition, or transition and non-transition elements; Q/P
is assumed to be a constant that equals 9.4 [41].

The formation enthalpy of a crystalline solid solution can be de-
scribed as [43]:

DHcryst ¼ DHchem þ DHelastic þ DHstruct; ð4Þ

where DHchem: chemical contribution due to the mixing of two
components given by equation (1); DHelastic: elastic contribution
due to the atom-size mismatch effect; DHstruct: structural contribu-
tion due to the valence and crystal structure difference of the two
components.

DHelastic ¼ xA � xBðxADHelastic
BinA þ xBDHelastic

AinB Þ; ð5Þ

where DHelastic
BinA and DHelastic

AinB are the atom-size mismatch contribution
to the solution enthalpy in a binary system. It can be evaluated by
the following expression:

DHelastic
AinB ¼

2GBðV�A � V�BÞ
2

3V�B þ 4GBKAV�A
; ð6Þ

ðV�i Þ
2=3 ¼ V2=3

i ð1þ liðui �ujÞÞ ði; j ¼ A; BÞ; ð7Þ
where GB is the shear modulus of the solvent; KA is the compress-
ibility of the solute and V �i (i = A, B) are the molar volumes of the
solute or the solvent.

The structural contribution to the enthalpy is difficult to obtain
without the use of ab initio calculations. It is argued that this con-
tribution has a minor effect compared to the chemical and elastic
contribution to the total enthalpy [44]. In the present study, the
structural contribution is neglected.

DHstruct � 0: ð8Þ



FIGURE 5. Backscattered electron images of the Al0.76Mg0.16Ce0.08alloy annealed at T = 673 K for four weeks.

FIGURE 6. Backscattered electron images of the Al0.08Mg0.57Ce0.35 alloy annealed at
T = 673 K for four weeks.

FIGURE 7. Backscattered electron images of the Al0.106Mg0.794Pr0.10 alloy annealed
at T = 673 K for four weeks.

FIGURE 8. Backscattered electron images of the Al0.78Mg0.15Pr0.07 alloy annealed at
T = 673 K for four weeks.

FIGURE 9. Backscattered electron images of the Al0.269Mg0.703Nd0.028 alloy annealed
at T = 673 K for four weeks.
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The enthalpy of formation of a ternary alloy is assumed to be
the sum of contribution from the three binary sub-systems. For a
ternary system, there are a few simple and reliable interpolation
models such as those of Kohler, Muggianu and Toop to estimate
the thermodynamic properties from the binary sub-systems. A
general interpolation technique of the thermodynamic model for
the multicomponent systems is given by Pelton [45]. The choice
of the interpolation model should be made according to the ther-
modynamic properties of the three sub-binary alloys. In the cur-
rent study, the thermodynamic properties (like enthalpy of
mixing in the liquid) of the three binary systems Al–Mg, Al–RE
and Mg–RE are quite different from each other. The Kohler model
is chosen in the present study, and the enthalpy of formation for
the ternary compound can be expressed as:
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FIGURE 10. The enthalpy of mixing of the HCP solid solution in the Al–La system.
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FIGURE 11. The enthalpy of mixing of the HCP solid solution in the Al–Ce system.
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DHcryst
ijk ¼ ð1� xiÞDHcryst

jk

xj

xj þ xk
;

xk

xj þ xk

� �
þ ð1

� xjÞDHcryst
ik

xi

xi þ xk
;

xk

xi þ xk

� �
þ ð1

� xkÞDHcryst
ij

xi

xi þ xj
;

xj

xi þ xj

� �
; ð9Þ

where i, j, k are the three components in a ternary system, xi, xj or xk

is the mole fraction of each component, DHcryst
ij , DHcryst

jk , DHcryst
ik and

DHcryst
ijk are the contributions (chemical, elastic and structural contri-

butions) of the three sub-binary systems and ternary system,
respectively. The chemical and elastic enthalpies of ternary alloys
can be extrapolated similarly from those of sub-binary systems by
the equation (9).

The model parameters of /i, Vi, and nWSi
from Shubin and Shu-

nya’ev [46] were preferred in the present calculations. The estima-
tions of the enthalpy of formation using the model parameters
from Shubin and Shunya’ev [46] gives better agreement with the
available experimental data than those calculated from the model
parameters of Boer et al. [41].

3.3. Thermodynamic models used in the present study

All the present optimizations have been carried out using Fact-
Sage thermodynamic software [47]. The thermodynamic proper-
ties of pure Mg and light rare earth (La, Ce, Pr, Nd and Sm) are
taken from the SGTE database [48], except the Pr and Sm in the
FCC-structure, together with La, Pr, Nd and Sm in the HCP-
structure which are taken from Kang et al. [16]. The present study
is based on thermodynamic and phase equilibrium modelling of
Al–Mg, Al–RE and Mg–RE (RE = La, Ce, Pr, Nd and Sm) binary sys-
tems [14–16], in which the Modified Quasichemical Model
(MQM) was used for the liquid phase with a consistent set of coor-
dination numbers for the elements ensuring compatibility with our
previous database.
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FIGURE 12. The enthalpy of mixing of the HCP solid solution in the Al–Pr system.

enthalpy of mixing for HCP solid solution from our thermodynamic database 

Miedema model Enthalpy of mixing for liquid at 1500K from thermodynamic optimization 

Mole fraction Nd

En
th

al
py

 o
f m

ix
in

g 
(k

J/
m

ol
e 

of
 a

to
m

s)

0 0.2 0.4 0.6 0.8 1 
-50

-40

-30

-20

-10

0 

FIGURE 13. The enthalpy of mixing of the HCP solid solution in the Al–Nd system.
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3.3.1. Modified Quasichemical Model (MQM) for the liquid phase
The detailed description of the MQM can be found in Pelton

et al. [49]. A brief summary of MQM is given in Jin et al. [15,18].
The same notation is used in the present article. The MQM has
been successfully applied to alloy liquid solutions [50,51], molten
oxides [52,53], molten salts [54,55], and molten metal-sulphides
systems [56]. As was shown by Kang et al. [51], liquid Mg–RE alloys
usually exhibits a strong short-range ordering near XRE = 0.25–
0.33. Such short-range ordering in binary liquid alloy becomes
more evident in several binary Al–RE systems as discussed by Jin
et al. [15,18]. In order to treat short-range ordering effectively in
the Mg–Al–RE ternary systems, the Modified Quasichemical Model
in the pair approximation has been used in the present study. The
Kohler-like method [45] was used to estimate the excess Gibbs en-
ergy in the ternary liquid in the present study.

3.3.2. Compound Energy Formalism (CEF) for solid solutions
The compound energy formalism [57–60] was introduced to de-

scribe the Gibbs energy of solid phases with sub–lattices. Ideal
mixing of species on each sub-lattice is assumed. The sub-lattice
stoichiometry depends on the base crystal structure. The same
notation for the model parameters is used as those in Kang et al.
[17].

Table 1 shows the reported crystal structures of the stable bin-
ary and ternary phases of the studied systems. In the present work,
it is assumed that Mg and Al can potentially substitute each other
on their respective sub-lattices for all solid solutions. As shown in
table 1, the ternary phases (Al40Mg17La3, Al13Mg6Ce, Al50Mg22Pr3,
and Al50Mg22Nd3) are considered to be stoichiometric phases,
although a narrow homogeneity range of their existence could
not be excluded. The CEF is used for all solid solutions in the pres-
ent study, and the sub-lattices species for each one is given in table
1. For each intermetallic phase in the Mg-light RE (MgRE, Mg3RE,
Mg12RE, Mg41RE5, and Mg17RE2 phases) and Al-light RE (Al2RE, Al3-

RE, and Al11RE3 phases) sub-systems, a solid solution with the cor-
responding crystal structure is constructed, where a substitution of
the RE elements by another light RE is permitted. For the Mg3RE
solid solution, the same model is used as the one from Kang et al.
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FIGURE 14. The enthalpy of mixing of the HCP solid solution in the Al–Sm system.

TABLE 4
Some invariant reactions of the Al–Mg–La system for XLa < 1/3.

Reaction T/K Typea Composition/(at.%)

Exp.b Calc. Phase Calc.

Al La Mg

L + Al53La22 M Laves_C15 + LaAl3 1468 U L 73.0 23.9 3.1
L M HCP + Laves_C15 + La(Mg,Al)12 873 E L 2.2 3.8 94.0
L M FCC + La3Al40Mg17 + Beta 706, 719c 724 E L 62.8 0. 2 37.0
L M Gamma + La3Al40Mg17 + Beta 709 724 E L 60.1 0. 2 39.7
L + a-Al11La3 + FCC M Al40La3Mg17 739 P L 65.5 0. 3 34.2
L + La2Mg17 M Laves_C15 + La(Mg,Al)12 903 U L 2.3 8.7 89.0
L M HCP + Gamma + a-Al11La3 705 711 E L 30 0. 1 69.9
L + a-Al11La3 + La3Al40Mg17 M Gamma 730 P L 54.6 0. 2 45.2
L + La2Mg17 + La5Mg41 M Laves_C15 920 P L 2.3 13.1 84.6

a P: peritectic, U: quasiperitectic, E: eutectic.
b Experimental data were taken from Odinaev et al. [24] unless another reference is given.
c Experimental data were taken from Hosseinifar and Malakhov [8].

TABLE 5
Model parameters of the Modified Quasichemical Model used for liquid alloys.

Coordination numbers References

i J Zi
ij Zj

ij

Al Al 6 6 [15]
Ce Ce 6 6 [15]
La La 6 6 [15]
Pr Pr 6 6 [15]
Nd Nd 6 6 [15]
Sm Sm 6 6 [15]
Mg Mg 6 6 [16]
Al Ce 3 6 [15]
Al La 3 6 [15]
Al Pr 3 6 [15]
Al Nd 3 6 [15]
Al Sm 3 6 [15]
Mg Ce 2 6 [16]
Mg La 2 6 [16]
Mg Pr 2 6 [16]
Mg Nd 2 6 [16]
Mg Sm 2 6 [16]
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[16] except that Mg and Al substitute each other on the first sub-
lattice. Mg is introduced in the second sub-lattice [16] since con-
siderable solubility of Mg in Mg3Pr(cF16) was reported by Saccone
et al. [61] using a Smith thermal analysis technique.
For the BCC_B2 phase, as is known, all Mg–RE binary systems,
except for the Mg–Yb binary system, contain the BCC_B2 phase
(prototype CsCl) while all AlRE phases in the Al–RE binary systems
do not have this CsCl structure. The initial guess of Gibbs energy of
the metastable AlRE-BCC_B2 phases is based on the assumption
that the difference of energy between two different structures (sta-
ble AlRE structure and AlRE-BCC_B2 structure) are the same as the
one calculated by Gao et al. [62] using first-principles and the en-
tropy of formation of metastable AlRE-BCC_B2 phases was as-
sumed to be the same as the one from the corresponding stable
phase. Then, the Gibbs energy of the metastable AlRE-BCC_B2
phases is optimized to fit the available ternary experimental data.
In the present study, the BCC_B2 phase was modelled using two
sub-lattice CEF with (Mg, Al)(Mg, La, Ce, . . ., Sm) formula.

For the Laves_C15 phase, all Al–RE and Mg–RE (RE = La, Ce, Pr,
Nd, Sm) binary systems studied contain the Laves_C15 phase
(cF24, prototype Cu2Mg). A two sub-lattice CEF with (Al, Mg, La,
Ce, Pr, Nd, Sm)2(Al, Mg, La, Ce, Pr, Nd, Sm) formula was employed
to model the Laves_C15 phase.

For other solid solutions (Al3RE, Al11RE3, Mg12RE, Mg41RE5, and
Mg17RE2), Al and Mg atoms were introduced in the first sub-lattice,
while the rare earth elements are assumed to mix ideally on the
second sub-lattice in each one of these solid solutions, e.g., (Al,
Mg)3(La, Ce, Pr, Nd, Sm) for the Al3RE(hP8) phase. These phases were
described as stoichiometric compounds in their binary systems.



TABLE 6
Optimized model parameters for solid solutions in the studied ternary systems
(J�mol�1).

Gibbs energies of end members and parameters, DGo/(J�mol�1) References

Laves_C15 (Cu2Mg-type): (Al,Mg,La,Ce,Pr,Nd,Sm)2[Al,Mg,La,Ce,Pr,Nd,Sm]
G(Al:Al) = 3GHSERAL + 41,840 Al–Mg [14]
G(Al:Mg) = 2GHSERAL + GHSERMG + 30,000 + 4T
G(Mg:Al) = 2GHSERMG + GHSERAL + 104,971 � 16.46T
G(Mg:Mg) = 3GHSERMG + 15,000 Mg–RE [16]
G(Ce:Ce) = 3GHSERCE + 62,760
G(Ce:Mg) = 2GHSERCE + GHSERMG + 41,840
G(La:La) = 3GHSERLA + 62,760
G(La:Mg) = 2GHSERLA + GHSERMG + 41,840
G(Pr:Pr) = 3GHSERPR + 62,760
G(Pr:Mg) = 2GHSERPR + GHSERMG + 41,840
G(Nd:Nd) = 3GHSERND + 62,760
G(Nd:Mg) = 2GHSERND + GHSERMG + 41,840
G(Sm:Sm) = 3GHSERSM + 62,760
G(Sm:Mg) = 2GHSERSM + GHSERMG + 41,840
G(Ce:Al) = 2GHSERCE + b + 41,840
G(La:Al) = 2GHSERLA + GHSERAL + 41,840
G(Pr:Al) = 2GHSERPR + GHSERAL + 41,840
G(Nd:Al) = 2GHSERND + GHSERAL + 41,840
G(Sm:Al) = 2GHSERSM + GHSERAL + 41,840
L(Al,Mg:La) = 20,920(YAl � YMg) � 20,083(YAl � YMg)2 This work
L(Al,Mg:Ce) = �20,920 + 33,890(YAl � YMg) This work
L(Al,Mg:Pr) = �4184 + 27,196(YAl � YMg) This work
L(Al,Mg:Nd) = �8368 + 33,054(YAl � YMg) This work
L(Al,Mg:Sm) = 29,288 This work

BCC_B2 (CsCl-type): (Al,Mg)[Mg,Ce,La,Pr,Nd,Sm]
G(Al:La) = GHSERAL + GHSERLA � 79,000 + 5.70T Al–RE [15]
G(Al:Ce) = GHSERAL + GHSERCE � 82,217 + 12.91T
G(Al:Pr) = GHSERAL + GHSERPR � 83,496 + 10.34T
G(Al:Nd) = GHSERAL + GHSERND � 89,092 + 12.81T
G(Al:Sm) = GHSERAL + GHSERSM � 91,000 + 16.00T
G(Mg:La) = GHSERMG + GHSERLA � 28,990 + 5.08T Mg–RE [16]
G(Mg:Ce) = GHSERMG + GHSERCE � 28,600 + 5.08T
G(Mg:Pr) = GHSERMG + GHSERPR � 28,800 + 5.08T
G(Mg:Nd) = GHSERMG + GHSERND � 29,291 + 5.08T
G(Mg:Sm) = GHSERMG + GHSERSM � 28,600 + 5.08T
L(Al,Mg:La) = �25,104 This work
L(Al,Mg:Ce) = �41,840 This work
L(Al,Mg:Pr) = �24,686 This work
L(Al,Mg:Nd) = �23,430 This work
L(Al,Mg:Sm) = �12,552 This work

(La,Ce,Pr,Nd,Sm)[Al,Mg]12

G(Ce:Mg) = GHSERCE + 12GHSERMG � 74,057 + 11.6T Mg–RE [16]
G(La:Mg) = GHSERLA + 12GHSERMG � 77,781 + 4.9T
G(Pr:Mg) = GHSERPR + 12GHSERMG � 72,802 + 14.9T
G(Nd:Mg) = GHSERND + 12GHSERMG � 59,200 + 14.9T This work
G(Sm:Mg) = GHSERSM + 12GHSERMG � 45,800 + 14.9T This work
G(Ce:Al) = GHSERCE + 12b � 168,000 + 11.6T This work
G(La:Al) = GHSERLA + 12GHSERAL � 186,000 + 6.64T This work
G(Pr:Al) = GHSERPR + 12GHSERAL � 171,000 + 14.9T This work
G(Nd:Al) = GHSERND + 12GHSERAL � 164,000 + 14.9T This work
G(Sm:Al) = GHSERSM + 12GHSERAL � 151,000 + 14.9T This work
L(Ce:Al,Mg) = �167,360 This work
L(La:Al,Mg) = �41,840 This work

Al3RE (Ni3Sn) : (Al,Mg)3[La,Ce,Pr,Nd,Sm]
G(Mg:La) = 3GHSERMG + GHSERLA � 36,400 + 5.51T This work
G(Mg:Ce) = 3GHSERMG + GHSERCE � 40,800 + 12.6T This work
G(Mg:Pr) = 3GHSERMG + GHSERPR � 39,600 + 19.1T This work
G(Mg:Nd) = 3GHSERMG + GHSERND � 38,400 + 20.6T This work
G(Mg:Sm) = 3GHSERMG + GHSERSM � 34,000 + 20.6T This work
L(Al,Mg:La) = 16,736 This work
L(Al,Mg:Ce) = 16,736 This work

Al11RE3 (aAl11La3) : (Al,Mg)11[La,Ce,Pr,Nd,Sm]3

G(Al:La) = 11GHSERAL + 3GHSERLA � 575,000 + 8.6T
G(Al:Ce) = 11GHSERAL + 3GHSERCE � 610,000 + 39.0T
G(Al:Pr) = 11GHSERAL + 3GHSERPR � 615,000 + 59.1T Al–RE [15]
G(Al:Nd) = 11GHSERAL + 3GHSERND � 575,000 + 53.5T
G(Al:Sm) = 11GHSERAL + 3GHSERSM � 527,000 + 53.5T
G(Mg:La) = 11GHSERMG + 3GHSERLA � 84,626 + 8.6T This work
G(Mg:Ce) = 11GHSERMG + 3GHSERCE � 69,550 + 39.0T This work
G(Mg:Pr) = 11GHSERMG + 3GHSERPR � 58,800 + 53.5T This work
G(Mg:Nd) = 11GHSERMG + 3GHSERND � 48,700 + 53.5T This work
G(Mg:Sm) = 11GHSERMG + 3GHSERSM � 38,885 + 53.5T This work

TABLE 6 (continued)

Gibbs energies of end members and parameters, DGo/(J�mol�1) References

Al17RE2 (Ni17Th2) : (Al,Mg)17[La,Ce,Pr,Nd,Sm]2

G(Al:La) = 17GHSERAL + 2GHSERLA � 298,692 + 5.7T
G(Al:Ce) = 17GHSERAL + 2GHSERCE � 292,732 + 26.0T
G(Al:Pr) = 17GHSERAL + 2GHSERPR � 289,945 + 39.4T This work
G(Al:Nd) = 17GHSERAL + 2GHSERND � 322,546 + 35.7T
G(Al:Sm) = 17GHSERAL + 2GHSERSM � 287,564 + 59.8T
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In the Al–Mg system [14], there are liquid, FCC, HCP, Gamma
(Al12Mg17), Beta (Al140Mg89), and Epsilon (Al30Mg23) phases.
3.4. Estimations on Gibbs free energy of metastable end-members in
solid solutions

The difference of enthalpy of formation at T = 298 K between
the metastable phases Mg3La, Mg3Ce, Mg3Pr, Mg3Nd and Mg3Sm
in the Ni3Sn-hP8 structure and the stable phases (Mg3La, Mg3Ce,
Mg3Pr, Mg3Nd and Mg3Sm in the BiF3-cF16 structure) was taken
from the results of ab initio calculations by Tao [63,64], while the
entropy of formation at T = 298 K for these metastable phases are
assumed to be the same as the ones calculated from their respec-
tive stable phases. As to the enthalpy of formation at T = 0 K for
Mg3La(cF16) phase, it was noted that ab initio calculations by Tao
[63,64] (�13.1 kJ�gatom�1) and by Taylor et al. [65,66]
(�13.5 kJ�gatom�1) gave very similar results. The Mg11RE3 phase
in the aAl11La3-oI28 structure, the Al12RE phase in the Mg12Ce-
oI338 structure, the Al17RE2inthe Ni17Th2-hP38 structure, and the
Al41RE5phase (RE = La, Ce, Pr, Nd, Sm) in the Mg41Ce5-tI92 structure
are calculated using the Miedema model and the results are shown
in table 2.The entropy of formation at T = 298 K of the Mg11RE3

phases in the aAl11La3-oI28 structure is linearly interpolated be-
tween the entropy of the stable Mg3RE and Mg41RE5(RE = La, Ce,
Pr, Nd) phases or between the entropy of the stable Mg3Sm and Al5-

Sm compound at T = 298 K. The entropy of formation at 298 K of
the Al12RE phases in the Mg12Ce-oI338 structure, the Al17RE2-

phases in the Ni17Th2-hP38 structure, and the Al41RE5 phases
(RE = La, Ce, Pr, Nd, Sm) in the Mg41Ce5-tI92 structure is linearly
interpolated between the entropy of Al and the entropy of the
Al-richest stable compound (that is Al1lRE3 where RE is La, Ce, Pr
and Nd, Al3Sm) at 298 K.
4. Results and discussions

4.1. Experimental results

The experimental results of microanalysis on ten key alloys (A1,
A2. . . A10) are listed in table 3.Backscattered electron images of
two key alloys (A1, A2) in the Al–Mg–La system annealed at
T = 673 K for four weeks are shown in figures 1 and 2. The compo-
sitions of the phases detected have been measured by EPMA (table
3). The stability of the Mg12La phase at 673 Kwas confirmed and
the solid solubility of Al in this phase is found to be small. Shown
in figure 2 is a microphotograph of sample A2, where three phases
((Al), Al11La3, ternary phase (noted as s1)) are in equilibrium at
673 K. The composition of the ternary s1 phase in the A2 sample
is close to the stoichiometry Al40Mg17La3, which is used in the
present optimization. This ternary phase corresponds to the Al2-

Mg0.85La0.15 proposed by Odinaev et al. [23].
A backscattered electron image of the solid-solid Al2Ce–MgCe

diffusion couple annealed at T = 673 K for 10 weeks is shown in fig-
ure 3. Unfortunately, some phases (probably Mg3Ce and Mg41Ce5

intermetallic compounds) in the solid-solid Al2Ce–MgCe diffusion
couple were chipped out during the quenching process probably



TABLE 7
Optimized model parameters for stoichiometric compounds.

Compound DH�298/(J�mol�1)) S�298 /(J�K�1�mol�1) Cp/(J�K�1�mol�1)

Al13CeMg6 �248,368.0 627.48 Cp = 13Cp(Al,FCC_A1) + Cp(Ce,FCC_A1) + 6Cp(Mg,HCP_A3)
Al40Mg17La3 �701,000.0 1878.07 Cp = 40Cp(Al,FCC_A1) + 17Cp(Mg,HCP_A3) + 3Cp(La,DHCP)
Al50Mg22Pr3 �776,101.6 2325.97 Cp = 50Cp(Al,FCC_A1) + 22Cp(Mg,HCP_A3) + 3Cp(Pr,DHCP)
Al50Mg22Nd3 �738,772.0 2322.99 Cp = 50Cp(Al,FCC_A1) + 22Cp(Mg,HCP_A3) + 3Cp(Nd,DHCP)
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FIGURE 15. The calculated isothermal section of the Mg–Al–La ternary system at T = 673 K compared with experimental data of Odinaev et al. [23].
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due to their brittleness. The composition profiles from the result of
EPMA 26 lm line scan of the diffusion couple are shown in figure 4.
Three phases were identified: BCC_B2, Laves_C15 and the Al2Ce
compound. One tie-line between BCC_B2 and Laves_C15 is estab-
lished. Backscattered electron images of two key alloys (A3, A4)
in the Al–Mg–Ce system annealed at 673 K for four weeks were
shown in figures 5(a), (b) and 6, respectively. The identified phases
and microanalysis data are listed in table 3. Three phases (Al-FCC
solid solution, a ternary phase (noted as s2) and the Al11Ce3 com-
pound) are in equilibrium at 673 K as shown in figure 5. The com-
position of the ternary phase (s2) is close to Al13Mg6Ce proposed
by Gröbner et al. [9], which corresponds to the Al2Mg0.8Ce0.2 re-
ported by Odinaev et al. [28]. One tie-line was constructed between
BCC_B2 and Laves_C15 from figure 6, which is also consistent with
the results of Gröbner et al. [9].

For the Al–Mg–Pr system, four key alloys (A5, A6, A7, and A8)
annealed at T = 673 K for four weeks were investigated. Only the
backscattered electron images for key alloys A5 and A8 are shown
in figures 7 and 8 respectively. Their microanalysis data are listed
in table 3. The solid solubility of Al in Mg12Pr phase is negligible,
unlike in Mg12La and Mg12Ce. This is consistent with the phase
equilibria determined by Odinaev et al. [34]. A small amount of
Mg in the (Mg,Al)3Pr solid solution is detected and used in the
present optimization. This characteristic is similar to the (Mg,Al)3-

La phase. The microstructure of sample A8, which is in a three-
phase field, is shown in figure 8, where the presence of a ternary
phase (s3) in the Al-rich region is highlighted. The average
composition of this ternary phase is close to the stoichiometry Al2-

Mg0.88Pr0.12 [33], which is labelled as Al50Mg22Pr3 in the present
study.

For the Al–Mg–Nd system, two key alloys (A9,A10) annealed at
T = 673 K for four weeks are studied. Only the backscattered elec-
tron image for alloy A9 is shown in figure 9. The solid solubility
of Nd in the Gamma phase is negligible. A small solubility of Mg
in (Mg,Al)11Nd3 is observed (see table 3). Negligible solid solubility
of Al in Mg41Nd5 phase is detected.
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It was worth noting that the ternary phases Al40Mg17La3 (s1),
Al13Mg6Ce (s2), and Al50Mg22Pr3 (s3) are formed in quasi-peritec-
tic reactions and that these reactions are almost complete as can be
seen from the phase compositions in table 3.

All the phases observed and their compositions are considered
in the present optimization.

4.2. Thermodynamic optimizations of Al–Mg–RE (La, Ce, Pr, Nd, Sm)
ternary systems

Table 2 shows the estimated enthalpies of formation of the sta-
ble ternary compounds (Al40Mg17La3, Al13Mg6Ce, Al50Mg22Pr3 and
Al50Mg22Nd3) from the Miedema model, which are used as initial
guesses for the thermodynamic optimizations. The entropies of
formation of these four ternary compounds are estimated from
the contribution of Al11RE3 and MgxAly alloy (x, y is calculated by
mass balance) in Mg–Al–Al11RE3 system. The enthalpies of forma-
tion of these ternary phases were then optimized in order to obtain
satisfactory results for phase equilibria. As is seen in table 2, the
hypothetical phases (Al12La, Al12Ce, Al12Pr, Al12Nd and Al12Sm) in
the Mg12Ce-oI338 structure, which are the end-members of the
(Mg, Al)12(La, Ce, Pr, Nd,Sm) solid solution (Mg12Ce-oI338) are also
estimated from the Miedema model together with other hypothet-
ical phases like Mg11RE3 phase in the aAl11La3-oI28 structure, and
Al41RE5 phase in the tI92-Mg41Ce5 structure.

Due to great importance of the HCP_A3solid solution in Mg al-
loys, the enthalpy of mixing of the HCP_A3solution in the Al–RE
(RE = La, Ce, Pr, Nd, Sm) subsystems are also estimated using the
Miedema model. The Gibbs energy of the HCP_A3solution, which
is supposed to be less stable than the DHCP solution in the Al–RE
systems, has to be evaluated although it is not stable in the Al–
RE (RE = La, Ce, Pr, Nd, Sm) phase diagrams. Figures 10–14 show
the optimized enthalpies of mixing of HCP_A3 solution in the Al–
RE (RE = La, Ce, Pr, Nd, Sm) respectively, compared with the enthal-
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pies of mixing of the liquid at T = 1500 K in the Al–RE systems and
the estimated enthalpies of mixing from the Miedema model.

Since new optimizations of the Al–RE (RE = La, Ce, Pr, Nd, Sm)
[15] and Mg–RE [16] binary systems are carried out using the Mod-
ified Quasichemical Model for the liquid phase, the thermody-
namic properties and phase diagram of the Mg–Al–RE system are
calculated by combining our two new optimizations with the pre-
vious optimization for the Al–Mg system by Chartrand [14]. In the
Al–Mg system by Chartrand [14], there are liquid, FCC, HCP, Gam-
ma (Al12Mg17), Beta (Al140Mg89), and Epsilon (Al30Mg23) phases. As
shown in table 1, two sub-lattices were used for all the solid solu-
tion phases involved in the present study.

Laves_C15 and BCC_B2 phases appears in all the Mg–Al–RE
(RE = La, Ce, Pr, Nd, Sm) isothermal sections at T = 673 K. For the La-
ves_C15 phase, two optimized interaction parameters for the Al
and Mg mixing in the first sub-lattice were required in order to
reproduce the observed miscibility gap by Odinaev et al. [23] at
673 K. The Laves phases observed in the binary systems Al2RE
and Mg2RE are expected to show negligible deviations from stoi-
chiometry. In other words, the phases can be described as stoichi-
ometric compounds in the binary systems. Therefore, G0

Al2RE and
G0

Mg2RE were set equal to the Gibbs energy of the corresponding
stoichiometric compounds Al2RE and Mg2RE; the Gibbs energies
of other end members were taken either from the COST–507 data-
base [67], or were set to arbitrarily large values as shown in table 6.
For the BCC_B2 phase, G0

AlRE was used as a model parameter to
reproduce the Al solubility measured by Odinaev et al. [23]; other
Gibbs energies were either taken from the binary optimization in
the RE–Mg system [16] or were set to arbitrarily large values.
One interaction parameter was necessary to reproduce the 2-phase
equilibria between the BCC_B2 and pure RE phases at 673 K
(table 6).

It is worth noting that liquidus experimental data are available
only for the Al–Mg–Al2RE systems. In the present study, thermody-
namic properties in the region of XRE > 1/3 are estimated. Only
invariant reactions of the Al–Mg–RE system for XRE < 1/3 are listed.
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4.2.1. The Al–Mg–La system
The Al–Mg–La ternary system has been reviewed by Raghavan

[21]. Recently, Hosseinifar and Malakhov [8] thermodynamically
optimized this system to conduct a feasibility study to produce a
new material containing a ductile FCC matrix with LaMg (BCC_B2)
intermetallic via casting. In their study, they partially revised the
Mg–La system and optimized the Al–Mg–La ternary system based
on the optimized Al–Mg system from Liang et al. [68], the opti-
mized Mg–La system from Guo and Du [25] using the substitu-
tional solution model with Redlich–Kister formalism to describe



TABLE 8
Some invariant reactions of the Al–Mg–Ce system for XCe < 1/3.

Reaction T/K Typea Composition/(at.%)

Exp.b Calc. Phase Calc.

Al Ce Mg

L + Laves_C15 M HCP + Al3Ce 892 U L 4.6 1.0 94.4
L + Al3Ce M a-Al11Ce3 + HCP 890 U L 5.2 0.8 94.0
L + HCP M Laves_C15 + Ce(Mg,Al)12 875 U L 2.1 3.3 94.6
L + FCC M Al13CeMg6 + Beta 714

719 [27]c
723 U L 63.0 0.3 36.7

L M Gamma + Al11CeMg6 + Beta 715 723 E L 60.1 0.3 39.6
L + a-Al11Ce3 M FCC + Al13CeMg6 718

728 [7]
734 U L 65.4 0.6 34.0

L + Ce5Mg41 M Laves_C15 + Ce(Mg, Al)12 881 U L 0.8 8.6 90.6
L M HCP + Gamma + a-Al11Ce3 711 E L 30.1 0.1 69.8
L + a-Al11Ce3 + Al13CeMg6 M Gamma 730 P L 53.9 0.4 45.7
L + CeMg3 M Laves_C15 + Ce5Mg41 893 U L 4.6 1.0 94.4

a P: peritectic, U: quasiperitectic, E: eutectic.
b Experimental data were taken from Odinaev et al. [31] unless another reference is given.
c Reported reaction is L M (Al) + Al4Ce + Al8Mg5 from Zheng et al. [32].
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the excess Gibbs energy for Al–Mg and Mg–La liquid solutions, and
the optimized Al–La system from Zhou and Napolitano [69] using
an associate model for the liquid with Al, La and Al2La as mixing
species. They used Muggianu method [45] for the evaluation of
the Al–Mg–Laternary liquid [8]. In the present study, the Al–Mg–
La system was optimized based on our previous optimizations
for the Al–La [15], Al–Mg [14], Mg–La [16] binary systems. The
Modified Quasi-chemical Model was used for all the liquid where
short-range ordering is taken into account. It is believed to be more
realistic than the associate model.

It is worth noting that LaMg12 was treated as a stoichiometric
compound in the Mg–La system [16]. Giovannini et al. [70] re-
investigated the Mg-rich region of the Mg–La system and found
the intermetallic compound LaMg12 with oI338-CeMg12 structure.
Darriet et al. [26] and Denys et al. [71] obtained a broad homogene-
ity range for the LaMg12 phase. It was reported by Poletaev et al.
[72] that the LaMg12-xalloy crystallized with three different struc-
ture modifications depending on the cooling rate: hexagonal TbCu7

with highest cooling rate, tetragonal ThMn12 with medium cooling
rate, and orthorhombic LaMg11 with lowest cooling rate.

The ternary compound, Al40Mg17La3 (noted as Al2Mg0.85La0.15 in
[23]), was assumed to be a stoichiometric compound.

The invariant reactions for XLa < 1/3 are listed in table 4 and
compared with the available experimental data [24]. The Gibbs en-
ergy of the liquid phase was calculated using the symmetric
Kohler-like approximation with no ternary interaction parameters.
The optimized model parameters are summarized in tables 5–7.

For the Mg12RE solid solution, G
	

Al12La and a binary parameter (ta-
ble 6) for the mixing of Al and Mg in one sub-lattice is used to fit
the experimental data on the solid solubility of Al. For all solution
phases, no ternary parameters were required. The Gibbs energy of
the Al40Mg17La3 compound, formed with a peritectic reaction as
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can be seen in figure 2, was optimized to reproduce the measured
phase equilibria at T = 673 K. In general, the optimization was di-
rected mainly towards reproducing the phase equilibrium data at
673 K measured by Odinaev et al. [23].

A calculated isothermal section of the Mg–Al–La ternary system
at T = 673 K is shown in figure 15 along with the experimental data
of Odinaev et al. [23]. LaMg and LaAl are only partially miscible be-
cause they have different crystal structures (CsCl and AlCe type,
respectively). On the other hand, both LaMg2 and LaAl2 have the
Cu2Mg type structure and they form a Laves_C15 solid solution
with a miscibility gap at low temperature. The miscibility gap in
the Laves_C15 solution measured by Odinaev et al. [23] compares
favourably with the present thermodynamic calculation. Most
experimental data were well reproduced by present calculations
and the agreement between the calculated and experimental sec-
tions are satisfactory.

However, there are a few discrepancies between the study of
Odinaev et al. [23] and the current study. Similar differences were
also encountered by Hosseinifar and Malakhov [8].The LaMg2
phase is unstable at T = 673 K in the present study. According to
Odinaev et al. [23], LaMg2 is stable at 673 K. This contradicts the re-
sult of Vogel and Heumann [73] who reported that LaMg2 decom-
poses into LaMg3 and LaMg near T = 887 K. However, it is stabilized
over a wide temperature range as LaAl2 dissolves into it. Kang et al.
[16] and Guo and Du [25] considered that the LaMg2 phase is
unstable at 673 K. Secondly, the LaMg12 and Al30Mg23 phases were
considered in the current investigation, which were overlooked by
Odinaev et al. [23]. Finally, the Al2La and AlLa two-phase equilib-
rium is only reported to exist in the Al-La binary system by Odi-
naev et al. [23]. However, it is probable that Mg dissolves in
Al2La phase, the reason of which is stated above. Then the Al2La
and AlLa two-phase equilibrium could extend into the ternary re-
gion. Moreover, the present interpretation of the microstructure
of the anneal alloy Al0.5Mg0.06La0.44 did not contradict the observed
three-phase field in Odinaev et al. [23]. There are two differences
between the present calculations and the optimized phase diagram
of Hosseinifar and Malakhov [8]. Firstly, the solid solubility of Al in
LaMg12 was considered in the present study which was evidenced
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by the experimental data of Gröbner et al. [9]. This modification
might be of practical importance to Mg alloys design, since the
LaMg12 phase could precipitate from the primary Mg phase during
the solidification process, the amount of which could affect the
mechanical properties of Mg alloy very much. Secondly, the La5-

Mg41 phase was taken into consideration in the present study.
It is worth noting that a miscibility gap occurred within La-

ves_C15 phase at T = 673 K. This is a common phenomenon for La-
ves_C15 phases, which was also found in the Al–Mg–Ce, Al–Mg–Pr
and Al–Mg–Nd systems.

Figures 16-23 show several calculated sections compared with
the experimental DTA data by Odinaev et al. [24]. It is observed
that the reported liquidus temperatures of Odinaev et al. [24] lie
far below those from present calculation. Hosseinifar and Malak-
hov [8] did calorimetric investigation on two alloys (Al61.3La18.7-

Mg20 and Al70.6La14Mg15.4 by wt%) to check liquidus temperature
in the Al–Mg–La system and their measured values were much
higher than those of Odinaev et al. [24]. Gröbner et al. [9] investi-
gated the liquidus temperature in the Mg–Al–Ce system using
DTA and concluded that the low liquidus temperature of Odinaev
et al. [31] could not be accepted. They pointed out that the reliable
DTA data at high temperature can only be obtained by using her-
metically sealed inert crucible to avoid evaporation, oxidation
and side reactions. Although the experimental details were not gi-
ven by Odinaev et al. [23], their liquidus temperature might be in
error due to the oxidation of the rare earth elements, high evapo-
ration of Mg metal, and experimental difficulties at high
temperature.

Figure 24 shows the calculated liquidus surface in the Mg–Al–La
system with the experimental data from Hosseinifar and Malakhov
[8]. It can be seen that the calculated liquidus temperature agrees
well with the experimental data [8]. The liquidus surface is domi-
nated by the Laves_C15 (almost pure Al2La) and Al11RE3phases,
which have high melting temperatures and very negative enthal-
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TABLE 9
Some invariant reactions of the Al–Mg–Pr system for XPr < 1/3.

Reaction T/K Typea Composition/(at.%)

Exp.b Calc. Phase Calc.

Al Pr Mg

L + Pr5Mg41 M Laves_C15 + Mg3Pr 861 U L 0.7 10.1 89.2
L M HCP+ Laves_C15 + Pr(Mg,Al)12 843 E L 0.8 6.1 93.1
L + Pr5Mg41 M Laves_C15 + Pr(Mg,Al)12 847 U L 0.8 8.2 91.0
L M Gamma + Beta + Pr3Al50Mg22 709 724 E L 59.98 0.05 39.97
L + Al11Pr3 + FCC M Pr3Al50Mg22 730 P L 0.639 0.001 0.36
L M Gamma + HCP_A3 + Al11Pr3 708 712 E L 29.77 0.03 70.2
L + FCC M Beta + Pr3Al50Mg22 724 U L 62.64 0.06 37.3
L + Pr3Al50Mg22 + Al11Pr3 M Gamma 726 P L 58.83 0.07 41.1

a P: peritectic, U: quasiperitectic, E: eutectic.
b Experimental data were taken from Odinaev et al. [35] unless another reference is given.
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pies of formations. The primary phase regions of these phases inter-
sect that of Mg(HCP_A3). Therefore, these phases are likely to precip-
itate in the HCP phase during Mg alloy solidification process. The
ternary phase Al40Mg17La3 is formed peritectically (table 4), which
is in agreement with our experiment as can be seen in figure 2.

4.2.2. The Al–Mg–Ce system
The Al–Mg–Ce system has been thermodynamically optimized

by Gröbner et al. [9] without ternary interaction parameters for
the liquid phase using a substitutional solution model for the liquid
with Muggianu interpolation from three binary sub-systems.
Unfortunately, the short-range ordering effect was not considered
in the substitutional solution model of their liquid phase. In the
present study, MQM is employed for the ternary liquid taking into
account the short-range ordering effect and Kohler-type interpola-
tion is used. The ternary compound Al13CeMg6 has a MgZn2 type
structure, which is the same as that of the Laves_C14 phase. How-
ever, it was assumed to be a stoichiometric (line) compound be-
cause no solid solubility has been observed experimentally.
The invariant reactions for XCe < 1/3 are listed in table 8. The
Gibbs energy of the liquid phase was calculated using the symmet-
ric Kohler-like approximation [45]with no ternary interaction
parameters. The transformation temperature from pure FCC(Ce)
to pure DHCP(Ce) was changed by Kang et al. [17] from T = 334 K
(the current value in the COST-507 database [67]) to T = 283 K re-
ported in [74]. The optimized model parameters are summarized
in tables 5–7.

In order to reproduce the miscibility gap observed for the La-
ves_C15 phase [28], two optimized interaction parameters were
required (L0

Al;Mg:Ce, L1
Al;Mg:Ce). One interaction parameter was neces-

sary to reproduce the 2-phase equilibria between the BCC_B2
and the FCC_A1 (Ce) phases. For the Ce(Al,Mg)12 phase, the Gibbs
energy of hypothetical CeAl12 and one interaction parameter were
optimized in order to reproduce the experimental data. For the
other solution phases, no ternary parameters were required. The
Gibbs energy of the Al13CeMg6 compound was optimized to repro-
duce the measured peritectic melting temperature [9]and phase
equilibria at T = 673 K [28].
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In figure 25, a calculated isothermal section of the Mg–Al–Ce
ternary system at T = 673 K is shown along with the experimental
data of Odinaev et al. [28] and Gröbner et al. [9]. CeMg and CeAl are
only partially miscible since they have different crystal structures
(CsCl and AlCe type, respectively). However, CeMg2 and CeAl2 form
a Laves_C15 solid solution because they have the same structure
(Cu2Mg type) with a miscibility gap at low temperature. For the
isothermal section of the Mg–Al–Ce ternary system at 673 K, most
experimental data are well reproduced by current calculations.
According to Odinaev et al. [28], CeMg2 is stable and forms a solid
solution at 673 K. However, this contradicts the result of Vogel and
Heumann [73] who reported that CeMg2 decomposes into CeMg3

and CeMg near T � 888 K. This can be also seen in figure 26, in
which the calculated CeMg2–CeAl2 is shown. CeMg2 is only stable
over a limited temperature range (891 K � 1023 K). However, it
is stabilized over a wide temperature range as CeAl2 dissolves into
it. The miscibility gap in the Laves_C15 solution measured by
Odinaev et al. [28] compares favourably with the present thermo-
dynamic calculation.
Figures 27-30 show several calculated sections compared with
the experimental DTA data by Odinaev et al. [31]and Gröbner
et al. [9]. In all these figures, it can be observed that the thermody-
namic calculations reproduce the temperatures where liquid alloys
first form, through either eutectic or peritectic reactions, very clo-
sely. However, the reported liquidus temperatures of Odinaev et al.
[31] are far below the present calculations. Similar discrepancies
were also observed in the calculations of the Mg–Al–La and Mg–
Al–Y systems, in which experimental DTA data are also available
from Odinaev et al. [75].

In connection with this, Gröbner et al. [9]claimed that the re-
ported liquidus temperatures by Odinaev et al. [31]might be in er-
ror due to experimental difficulties at high temperature, although
the experimental details were not given. Gröbner et al. [9] used
sealed Ta crucibles in their DTA experiment to measure the liqui-
dus temperature, which we believe is to be more accurate than
that of Odinaev et al. [31]. As seen in figure 27, the measured liqui-
dus temperatures from two different studies show considerable
discrepancy (�290 K). The calculated liquidus temperature in the
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present study is closer to the temperature reported by Gröbner
et al. [9]. Clearly, further experimental work to measure liquidus
temperatures is required.

Figure 31 shows the calculated liquidus surface in the Mg–Al–
Ce system. The liquidus surface is dominated by the Laves_C15 (al-
most pure Al2Ce) and Al11Ce3 phases, which have high melting
temperatures and very negative enthalpies of formations. The pri-
mary phase regions of these phases intersect that of Mg(HCP_A3).
Therefore, these phases are likely to precipitate in the HCP phase
during Mg alloy production. The peritectic-formed ternary phase
Al13Mg6Ce is in agreement with our experiment (figure 4).

In general, the thermodynamic calculation results in the present
study give very similar or superior results when compared to the
calculations by Gröbner et al. [9].

4.2.3. The Al–Mg–Pr system
The Gibbs energy of the liquid phase was calculated using the

symmetric Kohler-like approximation [45] with no ternary interac-
tion parameters for the liquid phase. The invariant reactions for the
Al–Mg–Pr system are listed in table 9. The optimized
model parameters for the solid solutions are summarized in tables
5–7.

For Pr(Mg,Al)12, the similarity among the La, Ce, Pr and Nd was
considered although no data for the solid solubility of Al in PrMg12

phase were reported. The enthalpy of formation of PrAl12 com-
pound was calculated by the Miedema model in the present study.
Similar to the Al–Mg–La and Al–Mg–Ce systems, thirteen ternary
solid solutions (Laves_C15, BCC_B2, (Mg, Pr)(Mg, Al)3, Pr(Mg, Al)3,
Pr3(Mg, Al)11, Pr(Mg, Al)12, (Mg, Al)41Pr5, (Mg, Al)17Pr2,HCP_A3,
FCC_A1, BCC_A2, DHCP_A3’ and Gamma) were considered in the
present study (table 1). For the Laves_C15 phase, two optimized
interaction parameters for the first sub-lattice were required in or-
der to reproduce the observed miscibility gap by Odinaev et al. [23]
at T = 673 K. One interaction parameter was necessary to repro-
duce the 2-phase equilibria between the BCC_B2 and the DHCP_A3’
(Pr) phases. For the Pr(Al,Mg)12 phase, the Gibbs energy of hypo-
thetical PrAl12 and one interaction parameter were optimized in
order to reproduce our experimental data. The ternary compound,
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TABLE 10
Invariant reactions of the Al–Mg–Nd system for XNd < 1/3.

Reaction T/K Typea Composition/(at.%)

Exp.b Calc. Phase Calc.

Al Nd Mg

L M Laves_C15 + Nd5Mg41 + HCP_A3 820 E L 0.6 7.4 92.0
L + Mg3Nd M Laves_C15 + Nd5Mg41 833 U L 0.5 9.1 90.4
L + Al3Nd M HCP_A3 + Al11Nd3 845 U L 11.9 0.3 87.8
L M Gamma + Beta + Nd3Al50Mg22 708 724 E L 62.63 0.07 37.3
L M Gamma + HCP_A3 + Al11Nd3 708 712 E L 29.81 0.05 70.14
L M Beta + Gamma + Nd3Al50Mg22 709 724 E L 59.98 0.07 39.95
L + Al11Nd3 + FCC_A1 M Nd3Al50Mg22 734 U L 64.43 0.13 35.44

a P: peritectic, U: quasiperitectic, E: eutectic.
b Experimental data were taken from Odinaev et al. [38] unless another reference is given.
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Al50Mg22Pr3 (noted as Al2Mg0.88Pr0.12 in [34]), was assumed to be a
stoichiometric (line) compound in the present study because no
solid solubility has been reported. The Gibbs energy of the Al50-

Mg22Pr3 compound was optimized to reproduce phase equilibria
at 673 K.

The calculated isothermal section of the Mg–Al–Pr ternary sys-
tem at T = 673 K is shown in figure 32 along with the experimental
data of Odinaev et al. [34]. PrMg and PrAl are only partially misci-
ble because they have different crystal structures (CsCl and AlEr
type, respectively). On the other hand, both PrMg2 and PrAl2 have
the Cu2Mg type structure and they form a Laves_C15 solid solution
with a miscibility gap at low temperature. Most experimental data
are well reproduced by the calculations. According to Odinaev et al.
[34], PrMg2 is stable and forms a solid solution at 673 K. However,
this contradicts the result of Saccone et al. [76] who reported that
PrMg2 decomposes into PrMg3 and PrMg near T = 943 K. PrMg2 is
only stable over a limited temperature range (943 K � 1013 K).
However, it is stabilized over a wide temperature range as PrAl2
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dissolves into it. The miscibility gap in the Laves_C15 solution
measured by Odinaev et al. [34] compares favourably with the
present thermodynamic calculation.

Figures 33–36 show several calculated sections compared with
the experimental DTA data by Odinaev et al. [35]. In all these fig-
ures, it can be observed that the thermodynamic calculations
reproduce the temperatures where liquid alloys first form, through
either eutectic or peritectic reactions, very closely. However, the
reported liquidus temperatures of Odinaev et al. [34] are far below
the present calculations. Similar discrepancies were also observed
in calculations of the Mg–Al–La and Mg–Al–Ce system in the pres-
ent study, in which experimental DTA data are also available from
the work of Odinaev et al. [23,31]. It might be in error due to exper-
imental difficulties at high temperature, although the experimental
details were not given.

Figure 37 shows the calculated liquidus surface for the Al–Mg–Pr
system. The liquidus surface is dominated by the Laves_C15 (almost
pure Al2Pr) and Al11Pr3 phases, which have high melting tempera-
tures and very negative enthalpies of formations. The primary phase
regions of these phases intersect that of Mg(HCP_A3). Therefore,
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these phases are likely to precipitate in the HCP phase during Mg al-
loy solidification process. The peritectically formed ternary phase
Al50Mg22Pr3 is confirmed by our experiment (see figure 8).

4.2.4. The Al–Mg–Nd system
The invariant reactions for the Al–Mg–Nd system are listed in

table 10. The Gibbs energy of the liquid phase was calculated using
the symmetric Kohler-like approximation[45] with no ternary
interaction parameters. The optimized model parameters are sum-
marized in tables 5–7.

For Nd(Mg,Al)12, the similarity among the La, Ce, Pr and Nd was
considered although no data for the solid solubility of Al in NdMg12

phase were reported. The enthalpy of formation of NdAl12 com-
pound was calculated via the Miedema model. Similar to the Al–
Mg–La, Al–Mg–Ce and Al–Mg–Pr systems, thirteen ternary solid
solutions (Laves_C15, BCC_B2, (Mg, Nd)(Mg, Al)3,Nd(Mg, Al)3, Nd3(-
Mg, Al)11, Nd(Mg, Al)12, (Mg, Al)41Nd5, (Mg, Al)17Nd2,HCP_A3,
FCC_A1, BCC_A2, DHCP_A3’ and Gamma) were considered in the
present study. For the Laves_C15 phase, like the Al–Mg–Pr system,
two optimized interaction parameters for the first sub-lattice were
required in order to reproduce the observed miscibility gap at
T = 673 K by Odinaev et al. [37]. One interaction parameter was
necessary to reproduce the 2-phase equilibria between the BCC_B2
and the DHCP_A3’ (Nd) phases. The ternary compound, Al50Mg22-

Nd3 (noted as Al2Mg0.88Nd0.12 in [37]), was assumed to be a stoichi-
ometric (line) compound in the present study because no solid
solubility has been reported. The Gibbs energy of the Al50Mg22Nd3

compound was optimized to reproduce phase equilibria at 673 K.
In general, the optimization was directed mainly towards repro-
ducing the phase equilibrium data at 673 K measured by Odinaev
et al. [37].

A calculated isothermal section of the Mg–Al–Nd ternary sys-
tem at T = 673 K is shown in figure 38 along with the experimental
results of Odinaev et al. [37]. NdMg and NdAl are only partially
miscible because they have different crystal structures (CsCl and
AlEr type, respectively). On the other hand, both NdMg2 and NdAl2
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have the Cu2Mg type structure and they form a Laves_C15 solid
solution with a miscibility gap at low temperature. Most experi-
mental data are well reproduced by the calculations. According
to Odinaev et al. [37], NdMg2 is stable and forms a solid solution
at 673 K. However, this contradicts the result of Delfino et al.
[77] who reported that NdMg2 decomposes into NdMg3 and NdMg
near T = 949 K. NdMg2 is only stable over a limited temperature
range (949 K � 1034 K). However, it is stabilized over a wide tem-
perature range as NdAl2 dissolves into it. The miscibility gap in the
Laves_C15 solution measured by Odinaev et al. [37] compares
favourably with the present thermodynamic calculations.

Figures 39–42 show several calculated sections compared with
the experimental DTA data by Odinaev et al. [38]. In all these fig-
ures, it can be observed that the thermodynamic calculations
reproduce the temperatures very closely, where liquid alloys first
form, through either eutectic or peritectic reactions. However,
the liquidus temperatures reported by Odinaev et al. [24] lie far be-
low the present calculations. Similar discrepancies were also ob-
served in calculations of the Mg–Al–La, Mg–Al–Ce and Mg–Al–Pr
systems. It might be in error due to experimental difficulties at
high temperature, although the experimental details were not
given.

Figure 43 shows the calculated liquidus surface of the Mg–Al–
Nd system. The liquidus surface is dominated by the Laves_C15 (al-
most pure Al2Nd) and Al11Nd3 phases, which have high melting
temperatures and very negative enthalpies of formations. The pri-
mary phase regions of these phases intersect that of Mg(HCP_A3).
Therefore, these phases are likely to precipitate in the HCP phase
during Mg alloy solidification process.

4.2.5. The Al–Mg–Sm system
The calculated isothermal section is illustrated in figure 44 with

the experimental data at T = 673 K by Zheng et al. [40]. It was noted
that intermetallic compound phases Al4Sm and AlSm3 have not
been taken into consideration in this work. According to the re-
00.60.70.80.9

S

Mg
mole f

4 
6 

7 

8 

11

13

SmMg

SmMg2 

SmMg3 

SmMg5 

Sm5Mg41

Gamma 

FIGURE 44. The calculated isothermal section of the Mg–Al–Sm ternary sys
cently assessed Al–Sm [15] binary phase diagram, there is an Al11-
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and Mg41Sm5 exist in the Mg–Sm [16] binary phase diagram re-
cently optimized, which were not taken into account by Zheng
et al. [40]. Generally, the calculated isothermal section has repro-
duced the experimental data with satisfaction. It was worth noting
a few differences in the optimization between Jia et al. [10] and the
current study. First of all, there is a modification of Sm3Al11 phase.
In the present study, the Sm3Al11 phase exists only at high-temper-
ature range from 1351 K to 1684 K [15], which was mainly based
on the investigation of Delsante et al. [78]. Secondly, the Mg2Sm
phase was considered to be stable at high-temperature range from
653 K to 1015 K [16] and decomposed to Mg3Sm and MgSm phases
at 653 K, which was similar to Mg2La, Mg2Ce, Mg2Pr and Mg2Nd
phases. Thirdly, it was assumed that there is certain solid solubility
of Al in MgSm (BCC_B2) phase, which was believed to be reason-
able by considering the similarities among Al–Mg–La, Al–Mg–Ce,
Al–Mg–Pr, Al–Mg–Nd, Al–Mg–Gd, Al–Mg–Dy, Al–Mg–Ho, Al–Mg–
Er [13] and Al–Mg–Sm systems. Thirdly, it was believed that Mg2-

Sm and Al2Sm could form Laves_C15 solid solution since both of
them have the same crystal structure (C15, MgCu2-type). Finally,
unlike the investigation of Zheng et al. [40], Al4Sm and AlSm3 were
not considered in Al–Sm and Al–Mg–Sm systems; Mg13Sm2 was
described as Mg41Sm5 and Mg5Sm exists in Mg–Sm and Al–Mg–
Sm systems [39], Al3Mg2 phase was considered as Al30Mg23. The
Gibbs energy of the liquid phase was calculated using the symmet-
ric Kohler-like approximation with no ternary interaction
parameters.

For the Laves_C15 and BCC_B2 phases, the excess Gibbs ener-
gies were similar to the ones in Al–Mg–Pr and Al–Mg–Nd systems.

The liquidus projection with the univariant points was pre-
sented in figure 45. The liquidus surface is dominated by the La-
ves_C15 (almost pure Al2Sm) and Ni3Sn (Al3Sm) phases, which
have high melting temperatures and negative enthalpies of forma-
tions. The primary phase regions of these phases intersect that of
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Mg(HCP_A3). Therefore, these phases are likely to precipitate in
the HCP phase during Mg alloy solidification process.

The calculated invariant reactions in the Al–Mg–Sm system are
listed in table 11 compared with the calculated results from Jia
et al. [10]. The optimized model parameters are summarized in ta-
bles 5–7.

Compared to Al–Mg–La, Al–Mg–Ce, Al–Mg–Pr and Al–Mg–Nd
systems, the Al–Mg–Sm system exhibits three dissimilarities.
Firstly, no ternary compound was reported for the Al–Mg–Sm sys-
tem, while one ternary compound with similar composition in the
Al-rich part was reported for the Al–Mg–La, Al–Mg–Ce, Al–Mg–Pr
and Al–Mg–Nd systems. It is worth noting that Sm (rhombohedral)
has a different structure from La, Ce, Pr and Nd elements, all of
which have a double hexagonal close-packed structure at low tem-
perature. Secondly, there was almost no solid solubility of Mg in
Laves_C15 (almost pure Al2Sm) phase, contrary to Al–Mg–La, Al–
Mg–Ce, Al–Mg–Pr and Al–Mg–Nd systems, where a miscibility
gap would occur in Laves_C15 phase at low temperature (<
800 K). Although the topology of the Al–Mg–Sm isothermal section
at T = 673 K is different between the present study and Jia et al.
[10], there is no contradiction to the reported three-phase equilib-
ria of Zheng et al. [40] for the alloys labelled as 8 and 9 in figure 44.
Finally, Sm3Al11 exists only at high temperature, different from La3-

Al11, Ce3Al11, Pr3Al11 and Nd3Al11, which are stable down to room
temperature.
Generally, the calculated isothermal section at T = 673 K shows
satisfactory agreement with the experimental data of Zheng et al.
[40].
5. Conclusions

Thermodynamic evaluations and optimizations of the Al–Mg–
La, Ce, Pr, Nd, Sm systems have been systematically carried out
on the basis of the literature information and new experimental re-
sults from this work. The Al–Mg–Pr and Al–Mg–Nd systems were
optimized for the first time using a systematic approach. Similar
model parameters were used for these five ternary systems. It
was pointed out that previous thermal analysis data interpreted
as liquidus temperature by Odinaev et al. [24,31,35,38] are much
lower than the experimental data from [8,9] which is preferred
in the present study. The Miedema model was used to calculate
enthalpies of formation for the ternary compounds and metastable
phases Al12RE (Mg12Ce-oI338), Al17RE2 (Ni17Th2-hP38), and Al41RE5

(Mg41Ce5-tI92). The entropies of formation of these metastable
phases are interpolated between Al and stable Al11RE3 phases.
The difference of enthalpy of formation for Mg3RE phase between
two different structures (metastable Ni3Sn-hP8 and stable BiF3-
cF16) are assumed to be the same as the those from first-principles
by Tao et al. [64]. The calculated phase equilibria in the designated



TABLE 11
Some invariant reactions of the Al–Mg–Sm system for XSm < 1/3.

Reaction T/K Typea Composition/(at.%)

Exp. Calc. Phase Calc.

Al Sm Mg

L M Laves_C15 + Sm5Mg41 + HCP_A3 791 E L 0.6 8.8 90.6
L + SmMg5 M Laves_C15 + Sm5Mg41 797 E L 0.8 10.4 88.8
L + Mg3Sm M Laves_C15 + SmMg5 821 U L 1.2 12.6 86.2
L + Al11Sm3 + Laves_C15 M Al3Sm 1416 P L 75.3 18.3 6.4
L M HCP_A3 + Gamma + Al3Sm 712 E L 29.78 0.02 70.2
L + FCC M Beta + Al3Sm 724 U L 62.68 0.08 37.24
L + Beta M Gamma + Al3Sm 724 U L 59.99 0.07 39.94
L M HCP_A3 + Laves_C15 + Al3Sm 880 E L 7.4 0.3 92.3

a P: peritectic, U: quasiperitectic, E: eutectic.
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equilibrated-alloys agree well with the experiments carried out in
the present investigation. The optimized phase diagrams agreed
well with our key experiments. No ternary parameters were used
for the liquid in ternary systems. The extrapolation from the binary
systems produced a satisfactory agreement with the ternary exper-
imental data, thus indicating well described Gibbs energy data sets
of the binary phases.
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