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Abstract
A brief review on the thermodynamic descriptions of all
the sub-binary and ternary systems in the Mg–Al–Zn–Sn
system available in the literature was first performed, from
which the most reliable ones were chosen. After that,
thermodynamic description of the quaternary Mg–Al–Zn–
Sn system was established via the direct extrapolation of
the chosen thermodynamic descriptions of the sub-binary
and ternary systems in the framework of CALculation of
PHAse Diagrams (CALPHAD) approach. The reliability
of the established thermodynamic database was finally
validated through a comprehensive comparison of the
model-predicted solidified microstructure characteristics
and phase fractions in different quaternary alloys with the
experimental ones.
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Introduction

The low density of magnesium alloys makes them an
attractive material for lightweight components in industry,
automobiles, and aerospace fields [1, 2]. For the past years,
numerous researches have been carried out on different
magnesium alloys [3, 4], among which the Mg–RE (rare
earth)-based alloys show excellent mechanical properties
and good corrosion resistance. However, the prices and
reserves of RE elements limit the application of Mg–
RE-based alloys in commercial domain. Therefore, the
development of RE-free magnesium alloys is very crucial.
However, the previous studies indicate the mechanical

properties of the current RE-free magnesium alloys are still
not exceedingly good enough, compared with Mg–RE-based
alloys. Thus, the development of novel RE-free magnesium
alloys is in urgent need. Nowadays, the computational
thermodynamics based on the CALculation of PHAse Dia-
grams (CALPHAD) approach [5] become an efficient tool
that supplies valuable information to guide the design of
alloys and/or the optimization of preparation processing. The
development cycle and costs of novel alloys can be then
significantly reduced with the aid of the computational
thermodynamics. The key point for the alloy design driven
by the computational thermodynamics lies in the accurate
thermodynamic database of the target alloy system. With the
accurate thermodynamic database, the multicomponent
phase equilibria at any composition/temperature/pressure
can be easily obtained. Moreover, the solidification process
of cast alloys of industrial relevance can also be predicted
according to, i.e., the Scheil–Gulliver simulations.

In the field of RE-free magnesium alloys, the AZ (Mg–
Al–Zn) and AT (Mg–Al–Sn) series magnesium alloys have
recently attracted more and more research attention of
researchers [6, 7] due to their low cost. Aluminum is a
common alloy element in magnesium alloys. Al addition can
improve the casting properties and mechanical properties of
magnesium alloys. As a major additive in magnesium alloys,
Zn can play a role in solution strengthening and second
phase strengthening, thus improving the creep resistance of
magnesium alloys. As a special alloy element, Sn additional
in magnesium alloys can induce the Mg2Sn phase with high
melting point that may suppress the slip of grain boundary
and improve the mechanical properties of alloys. Therefore,
if the optimal amounts of additional Al, Zn, and Sn in Mg
alloys can be designed, the optimal mechanical properties of
RE-free Mg–Al–Zn–Sn alloys can be achieved. However,
most of the current researches on AZ and AT series mag-
nesium alloys depends on trial-and-error experimental
investigation [8], which is very difficult to fully exploit the
potential of AZ and AT series alloys. In order to perform the
computational thermodynamics-driven alloy design of the
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Mg–Al–Zn–Sn system, the accurate thermodynamic
descriptions of quaternary Mg–Al–Zn–Sn system are the
prerequisite, but still missing in the literature.

Consequently, the major research targets of the present
paper are (i) to perform a comprehensive review on the
thermodynamic descriptions of all sub-binary and ternary
systems in the Mg–Al–Zn–Sn quaternary system, (ii) to
construct a self-consistent set of thermodynamic descriptions
of the Mg–Al–Zn–Sn quaternary system based on all
sub-binary and ternary systems, and (iii) to validate the
present thermodynamic database of the Mg–Al–Zn–Sn
quaternary system by comparing the Scheil–Gulliver solid-
ification simulation of two casting alloys with the experi-
mental ones available in the literature.

Review on Thermodynamic Descriptions
for Binary Systems

Mg–Al

The Mg–Al binary system is of particular importance to the
magnesium and aluminum industry. The Mg–Al system
consists of three solution phases (liquid, (Mg)hcp, and
(Al)fcc) and three intermetallic compounds b (Al3Mg2), c
(Al12Mg17) and e (Al30Mg23) phases. In 1977, the calculated
phase diagram of Mg-Al system was firstly presented by
Saboungi and Hsu [9]. In their work, the authors treated the
c phase as a stoichiometric compound, which is unreason-
able in fact. The calculated eutectic temperature and com-
positions of (Al)fcc and b phases are inconsistent with the
experimental ones. From the literature [10], some major
issues were found in the work of Ludecke and Hack. The
calculated results by Ludecke and Hack show that Al3Mg2
phase disappears at low temperatures. In addition, the cal-
culated phase equilibria in Mg-rich side are not accurate.
Murray [11] re-assessed the Mg–Al system in 1982. The
author treated c phase as two sub-lattice model, i.e., that one
sub-lattice is occupied by Al and Mg and the other is
occupied by Al and vacancies. It should be noted the c phase
owns an a-Mn structure with four sub-lattices without the
vacancy occupation. Hence, such treatment for c phase is
inappropriate. Afterwards, the thermodynamic descriptions
of Mg–Al system were reported by Saunders [10] and Zuo
and Chang [12], respectively. In their work, the phase f not e
phase was considered in the Mg–Al system. However, the
results of [13] indicated the e phase is stable. Based on the
experimental results of [13], Chartrand and Pelton [14]
reviewed the Mg–Al system again. Later, Liang et al. [15]
re-optimized this system based on the new experimental data
[16]. The calculated results from [15] can well reproduce
most of the reported experimental ones. Therefore, the
thermodynamic parameters from Liang et al. [15] are

adopted in the present work for construction of the Mg–Al–
Zn–Sn quaternary system.

Mg–Zn

As an important binary system, the Mg–Zn system has been
experimentally and thermodynamically investigated by
many groups. In this binary system, liquid, (Mg)hcp, (Zn)hcp,
and five intermetallic compounds (i.e., MgZn2, Mg2Zn3,
Mg7Zn3, Mg12Zn13, and Mg2Zn11) exist. In 1988, a com-
prehensive thermodynamic assessment of Mg-Zn system
was carried out by Clark et al. [17] based on the reported
experimental data by Chadwick [18], Hume-Rothery and
Rounsefell [19], and Park and Wyman [20]. Nevertheless,
Higashi et al. [21] pointed that Mg7Zn3 phase was placed at
the hypereutectic part in the Mg-rich side according to Clark
et al. [17]. Afterwards, the thermodynamic descriptions of
Mg–Zn system were performed by Agarwal et al. [22],
Liang et al. [15], and Wasiur-Rahman and Medraj [23],
respectively. Agarwal et al. [22] treated all the intermetallic
compounds as stoichiometric compounds. However, Park
and Wyman [20] and Massalski [24] reported that MgZn2
phase owns a certain homogeneity range that has been
considered in the assessment of Liang et al. [15] and
Wasiur-Rahman and Medraj [23]. Besides, the liquid phase
was described using the Bragg–Williams model by Agarwal
et al. [22] and Liang et al. [15], while in the assessment by
Wasiur-Rahman and Medraj [23], the modified
quasi-chemical model (MQM) was employed to describe the
liquid phase. Later, Ghosh et al. [25] re-assessed the Mg–Zn
system based on the recently reported enthalpy of formation,
entropy, and Cp information of intermediate phases [26–29].
The thermodynamic descriptions by [15] have been used to
establish the thermodynamic descriptions of Mg–Sn–Zn
[30], Cu–Mg–Zn [31], Mg–Zn–Gd [32]. In consideration of
the consistence of thermodynamic database, the thermody-
namic parameters from [15] are selected in the present work.

Mg–Sn

As a simple binary eutectic system, the Mg–Sn system
includes two eutectic reactions and a congruently melting
compound, Mg2Sn. The phase equilibrium information of
binary Mg–Sn system was crucially assessed by
Nayeb-Hashemi and Clark [33]. In 1984, Fries and Lukas
[34] re-optimized the Mg–Sn system based on the published
experimental information. Afterwards, the thermodynamic
descriptions of this binary system were performed by Jung
et al. [35, 36] and Kang and Pelton [37], respectively. In the
work of [35–37], the high temperature Cp values of Mg2Sn
were evaluated according to the assumption of
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Cp (Mg2Sn) = 2Cp (Mg) + Cp (Sn). Recently, the thermo-
dynamic descriptions of Mg-Sn binary system were updated
by Meng et al. [30], who took into account the newly
reported heat capacities and heat contents of Mg2Sn at low
temperatures [38]. Later, Ghosh et al. [25] re-optimized the
Mg–Sn system. The liquid phase was described with the
MQM. It should be noted a better agreement between the
experimental data and thermodynamic calculations from [30]
is achieved, compared with previous ones [25, 33–37].
Therefore, the thermodynamic parameters of [30] are
directly adopted in the present work.

Al–Zn, Al–Sn, and Zn–Sn

Al and Zn are crucial alloy elements in the magnesium
alloys. Hence, the investigation on the Al–Zn binary system
is also necessary. There are two solid solution phases, i.e.,
(Al)fcc and (Zn)hcp, and three invariant reactions. As early as
1973, Hultgren et al. [39] reviewed the thermodynamic
properties and phase equilibria of the Al–Zn system. Later,
the thermodynamic assessment of this binary system was
carried out by Murray [40]. However, the calculated results
by [40] are not in good agreement with the experimental data
in the literature. Subsequently, Mey and Effenberg [41]
thermodynamically updated this system. However, their
calculated phase boundaries between (Al)fcc2 and (Al)fcc2 +
(Zn)hcp, as well as those for the miscibility gap of the (Al)fcc
phase are obviously different from the reported experimental
ones. Afterwards, thermodynamic assessment of the Al–Zn
binary system was performed by Mey [42], Chen and Chang
[43], and Mathon et al. [44], respectively. The thermody-
namic descriptions by [42–44] give very similar results.
Among the three assessments, the thermodynamic descrip-
tions of Al–Zn system reported by Mey [42] have been
applied to construct the thermodynamic databases for the
Al–Mg–Zn [15], Al–Zn–Ti [45], and Al–Cu–Zn [46] sys-
tems. In consideration of the compatibility of thermody-
namic database in multicomponent systems, the
thermodynamic parameters of Al–Zn system by [42] were
directly employed in the present work.

As a simple eutectic binary system, the Al–Sn system
consists of three solution phases, i.e., liquid, (Al)fcc, and
(Mg)hcp. The Al–Sn system was first reviewed by Hayes
[47]. Subsequently, the thermodynamic parameters from
[47] were included in COST 507 database [48]. Afterwards,
Kang and Pelton [37] thermodynamically reviewed the Al–
Sn binary system by modeling the liquid phase with MQM.
However, the groups of authors [37, 47] did not take into
account the solubility of Sn in (Al)fcc during their thermo-
dynamic assessments. It should be noted the calculated
solubility of Sn in (Al)fcc by Hayes [47] is much larger than
the reported experimental data. In addition, Flandorfer et al.

[49] presented the new experimental data on the enthalpies
of mixing in the liquid phase of this system. In the recent, the
present authors [50] re-optimized the Al–Sn binary system
by taking into account the new experimental information
[49]. The calculated phase equilibria and thermodynamic
properties from [50] show better agreements with compre-
hensive experimental data and have a significant improve-
ment compared with previous assessments [37, 47]. Thus,
the thermodynamic parameters by Cheng et al. [50] were
directly employed in this work.

Similarly, the Sn–Zn is also a simple eutectic system,
consisting of three solution phases, i.e., liquid, (Sn)bct, and
(Zn)hcp. The Sn–Zn binary system was thermodynamically
assessed by several groups [51–53]. Among them, Lee [51]
comprehensively reviewed the Sn–Zn binary system based
on the experimental data. The calculated results from Lee
[51] can better reproduce the reported experimental data.
Hence, the thermodynamic descriptions from [51] were
employed in the present work.

All the calculated phase diagrams of the Mg–Al, Mg–Zn,
Mg–Sn, Al–Zn, Al–Sn, and Sn–Zn binary systems according
to the adopted thermodynamic descriptions from Refs. [15,
30, 42, 50, 51] are shown in Fig. 1, respectively.

Review on Thermodynamic Descriptions
for Ternary Systems

Mg–Al–Zn

Because Al and Zn are basic alloy elements for a series of
high-strength magnesium/aluminum alloys. Thus, the ther-
modynamic descriptions of Mg–Al–Zn are of importance
and can serve as the basis for the quaternary and
higher-order systems. For Mg–Al–Zn ternary system, there
are two ternary phases, which named as / with the nominal
composition (Al, Zn)5Mg6 and T with the nominal compo-
sition (Al, Zn)49Mg32 (note that it was denoted s in [15]),
respectively. In addition, a ternary quasi-crystal phase
named as Q was reported. The ternary Mg–Al–Zn system
was initially assessed by Chen [54] using the technology
from Chen and co-workers based on the PMLFKT program
[55] for computing the phase equilibria. It should be noted
that the models for MgZn2 and T phases are different from
those for their isotopic phases in the Al–Mg–Cu system [56].
Afterwards, Liang et al. [57] assessed the Mg–Al–Zn system
based on the thermodynamic descriptions of the Mg–Al [12],
Mg–Zn [22] and Al–Zn [43] binary systems. In their work,
three different models (disordered solution phases, stoi-
chiometric compounds, and semi-stoichiometric phases) are
used to different phases in this system.

Subsequently, Liang et al. [15] experimentally and ther-
modynamically investigated the Mg–Al–Zn ternary system.
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In their work, 34 ternary samples were annealed at 335 °C
for 19 days. The phase equilibria were determined by X-ray
diffraction (XRD), differential scanning calorimetry (DSC),
and differential thermal analysis (DTA). In addition, the
compositions of these phases were investigated by electron
probe microanalysis (EPMA) and listed in the literature. The
experiments were performed to provide the experimental
information of the ternary solubilities of the Mg–Al and
Mg–Zn phases, as well as to improve the cognitions of
extensions of the homogeneity ranges of / and T phases.
These experimental data together with the constitutional,
thermochemical, and crystallographic data from the literature
were considered in their optimization. Moreover, the ther-
modynamic descriptions of Mg–Al–Zn system were estab-
lished based on the thermodynamic descriptions of the Mg–
Al [15], Mg–Zn [15], and Al–Zn systems [42], which have
been discussed in detail in Sect. 3. The calculated results
from [15] can well reproduce most of the experimental data.
The calculated vertical and isothermal sections in ternary
Mg–Al–Zn system from [15] are shown in Figs. 2 and 3,
respectively.

Mg–Al–Sn

In the Mg–Al–Sn ternary system, no ternary phase was
reported, and no ternary solubilities of the binary inter-
metallic compounds were observed. In 2006, Doernberg
et al. [58] experimentally and thermodynamically investi-
gated the Mg–Al–Sn system. There are 9 samples placed in a
Ta capsule which were melted in argon atmosphere. Seven
samples are with high magnesium contents, with Mg content
varying between 61.7 and 75 at.%. The other two contained
26 and 33.3 at.% Mg, respectively. The isothermal equili-
bration at 400 °C was performed for 3 weeks. The liquidus
of different vertical sections was determined by DTA and
DSC. The microstructure of those alloys was investigated by
XRD and scanning electron microscope (SEM). The calcu-
lated phase diagrams from [58] are in good agreement with
their own experimental results and reported experimental
data from other literature. Afterwards, the thermodynamic
descriptions of the Mg–Al–Sn ternary system were carried
out by Kang and Pelton [37]. In their work, the short-range
ordering was taken into account for the liquid phase. A series

Fig. 1 Calculated phase diagrams of a Mg–Al, b Mg–Zn, c Mg–Sn, d Al–Zn, e Al–Sn, and f Zn–Sn binary systems by Liang et al. [15], Meng
et al. [30], Mey [42], Cheng et al. [50], and Lee [51], respectively
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of calculated vertical sections of Mg–Al–Sn were shown in
their literature. The calculated results can well reproduce the
experimental data. Recently, Cheng et al. [50] re-optimized
the Mg–Al–Sn system and established a self-consistent
thermodynamic database for this ternary system. In their
work, the ternary liquid was described with associated
solution model. A comprehensive comparison between the
calculated phase equilibria/thermodynamic properties and
the experimental data from the literature showed that their
calculate results are in good agreement with these experi-
mental information. Besides, the results of Scheil simula-
tions furthermore validated the reliability of these
thermodynamic descriptions. The vertical and isothermal
sections due to [50] are shown in Figs. 4 and 5, respectively.

Mg–Zn–Sn

For Mg–Zn–Sn ternary system, no ternary phase was
reported in the previous investigations. In 2006, Bamberger
[59] presented the calculated phase diagrams of Mg–Al–Sn
system based on the commercial Mg database. However,

only the isothermal section at 450 °C was shown. Jun et al.
[60] assessed the Mg–Zn–Sn system. In their work, the
authors did not report the thermodynamic parameters and
only showed the liquidus projection. Moreover, the experi-
mental validation for the calculated results did not take into
account in their work.

The thermodynamic descriptions of Mg–Zn–Sn ternary
system were performed by Meng et al. [30] using CAL-
PHAD approach. In their work, the Mg–Sn system was
updated and the thermodynamic parameters of Mg–Zn [15]
and Sn–Zn [51] systems were directly adopted in their work.
The associated solution model was applied for the Mg–Zn–
Sn ternary liquid phase consisting of Mg, Zn, Sn, and
Mg2Sn. Meng et al. [30] showed that the calculated liquidus
projection and vertical sections are in a reasonable agree-
ment with most of reported experimental data. Afterwards,
Ghosh et al. [25] re-optimized the ternary Mg–Zn–Sn system
based on Mg–Sn, Mg–Zn, and Sn–Zn systems from their
own work. Their calculated results are also consistent with
the equilibrium invariant points. The typical vertical and
isothermal sections due to [30] are shown in Figs. 6 and 7,
respectively.

Fig. 2 Calculated vertical
sections in Mg–Al–Zn system
along a 36 at.% Mg, and b 20 at.
% Zn by Liang et al. [15]

Fig. 3 Calculated isothermal
sections of the ternary Mg–Al–Zn
system at 673.15 K and 573.15 K
from Liang et al. [15]
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Al–Zn–Sn

For the Al–Zn–Sn ternary system, no ternary compound was
observed. The thermodynamic assessment of Al–Zn–Sn
system was initially performed by Hayes [47] by means
of CALPHAD method. Later, many groups [61–66]

investigated the experimental enthalpies of mixing of the
liquid phase, activities of Al in the liquid and phase
equilibria information. In consideration of these new
experimental data, Cheng and Zhang [67] thermodynami-
cally re-assessed the Al–Zn–Sn system based on the ther-
modynamic descriptions of Al–Sn [50], Al-Zn [42], and

Fig. 4 Calculated vertical sections close to the Mg–Al side of ternary Mg–Al–Sn system: a Mg0.9777Sn0.0223—Al, b Mg0.9985Sn0.0015—Al, and
c Mg0.95Sn0.05—Al according to Cheng et al. [50]

Fig. 5 Calculated isothermal
sections of the ternary Mg–Al–Sn
system at 623.15 K and 573.15 K
according to Cheng et al. [50]

Fig. 6 Calculated vertical
sections in Mg–Zn–Sn system
along a 2 wt% Mg, and b 48 wt
% Mg by Meng et al. [30]
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Sn–Zn [51] binary systems. The thermodynamic descrip-
tions from [67] are very consistent with most of the exper-
imental data. The calculated vertical sections and isothermal
sections from [67] are shown in Figs. 8 and 9, respectively.

Thermodynamic Models

The thermodynamic parameters of the pure elements Mg, Al,
Zn and Sn were directly taken from SGTE compilation of
Dinsdale [68].

In Mg–Sn binary system, the short-range ordering was
taken into account for the liquid phase that was described
using the associated model [69]. Hence, the associated
model, which is possible to be integrated with the substitu-
tional solution model, was also adopted for the liquid phase
in the Mg–Al–Zn–Sn quaternary system. The liquid phase
was treated as five species (i.e., Mg, Al, Zn, Mg2Sn, and Sn)
and four elements (i.e., Mg, Al, Zn, and Sn), among which
Mg2Sn is the associated cluster. The (Mg)hcp, (Al)fcc,
(Zn)hcp, and (Sn)bct were described as completely disordered
solutions. For Mg-Al-Zn-Sn quaternary system, the molar
Gibbs energy of the solution phase (i.e., liquid, (Mg)hcp,

(Al)fcc, (Zn)hcp, and (Sn)bct) can be expressed as follows
[70]:

G/
m ¼

X

i

xi
0G/

i þRT
X

i

xi ln xi þ EG/
m ð1Þ

where R is the gas constant, / represents the solution phase,

xi and 0G/
i denote the mole fraction and the molar Gibbs

energy of the elements i (i = Mg, Al, Zn, Mg2Sn, or Sn for
the liquid phase while i = Mg, Al, Zn, or Sn for the solid
solution phases), and EG/

m represents the excess Gibbs
energy, which can be expressed by the Redlich–Kister
polynomial:

EG/
m ¼

X

i6¼j

xixjL
/
i;j þ

X

i6¼j 6¼k

xixjxkL
/
i;j;k þ

X

i

X

j[ i

X

k[ j

X

l[ k

xixjxkxlL
/
i;j;k;l

ð2Þ
with

L/i;j ¼
Xn

j[ i;v¼0

vL/i;j xi � xj
� �v ð3Þ

Fig. 7 Calculated isothermal
sections of the ternary Mg–Zn–Sn
system at 623.15 K and 573.15 K
from Meng et al. [30]

Fig. 8 Calculated vertical
sections in Al–Zn–Sn system
along a Al0.0697Zn0.9303—
Al0.1198Sn0.8802 and
b Sn0.949Zn0.051—Al by Cheng
and Zhang [67]
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L/i;j;k ¼ iL/i;j;k xiþ gi;j;k
� �þ jL/i;j;k xjþ gi;j;k

� �þ kL/i;j;k xk þ gi;j;k
� �

ð4Þ

gi;j;k ¼ 1� xi � xj � xk
� �

=3 ð5Þ
vL/i;j (i, j = Mg, Al, Zn, Mg2Sn, or Sn for the liquid phase,
while i, j = Mg, Al, Zn, or Sn for the solid solution phases,

and i 6¼ j) and i=j=kL/i;j;k (i, j, k = Mg, Al, Zn, Mg2Sn, or Sn
for the liquid phase, while i, j, k = Mg, Al, Zn, or Sn for the
solid solution phases, and i 6¼ j 6¼ k) are the binary and
ternary interaction parameters, respectively. These parame-
ters are usually expressed as a + bT. The a and b represent
the interaction coefficients.

Thermodynamic Descriptions for Mg–Al–Zn–
Sn Quaternary System

Up to now, no accurate thermodynamic descriptions for Mg–
Al–Zn–Sn quaternary system have been reported. In the
present work, all the sub-binary and ternary systems were
comprehensively reviewed in the above sections. Based on
the above assessment, the thermodynamic parameters of
Mg–Al–Zn, Mg–Al–Sn, Mg–Zn–Sn, and Al–Zn–Sn systems
due to [15, 30, 50, 67] were directly employed in this work.
Through the CALPHAD approach, a thermodynamic
description of Mg–Al–Zn–Sn quaternary system is then
established based on the Muggianu extrapolation [71].

Figure 10a shows the calculated isothermal section of
Mg–Al–Zn–Sn quaternary system at 573.15 K and 10 at.%
Sn. Compared with Fig. 3b, the existence of Mg2Sn was
conformed in this isothermal section. Due to the addition of
Sn, the number and types of phases in the corresponding
regions change. The existence of Mg2Sn could improve the
strength of Mg alloys. Figure 10b shows the calculated
vertical section of this quaternary system along
Mg0.90Al0.06Zn0.02Sn0.02—Mg0.98 Zn0.02. Taking point A as

an example, it can be found that the (Mg)hcp, Mg12Zn13, and
Mg2Sn are finally solidified structure. It is very obvious that
the Mg12Zn13 will not appear in the Mg–Al–Sn system.
Thus, it can be seen that the addition of 2 at.% Zn has a great
influence on phase diagrams of Mg–Al–Sn ternary system.
According to Fig. 10, it should be noted the addition of
Sn/Zn has a great influence on the Mg–Al–Zn/Mg–Al–Sn
ternary system. Hence, the establishment of self-consistent
thermodynamic database of the Mg–Al–Zn–Sn quaternary
system is of importance.

Experimental Validation

Kim et al. [72] investigated the microstructures of 5 as-cast
Mg–Al–Zn–Sn alloys by means of optical microscope (OM),
SEM, and XRD. The corresponding optical micrographs and
SEM images were also provided in the original publication
[72]. In their work, ingot was fabricated by a squeeze cast.
The quaternary alloys were induction melted at 750 °C in a
mild steel crucible under protective atmosphere and cast into
a permanent mould.

In the present work, the solidified phase fractions of two
as-cast samples (Mg–5Al–1Zn–1Sn (wt%) and Mg–5Al–
1Zn–5Sn (wt%)) from [72] were counted by using the
Image-Pro software based on the SEM images. To validate
the reliability of established thermodynamic database of this
quaternary system, the Scheil solidification simulations were
performed to obtain the solidified phase fractions for the two
as-cast alloys. The simulation results were then compared
with the experimental data. The Scheil solidification mode,
which is based on the assumption of the fast diffusion in the
liquid phase but no diffusion in the solid, is much closer to the
actual casting conditions, compared with the equilibrium
solidification. Based on the current simulation results, the
solidification sequences for Mg–5Al–1Zn–1Sn are L !
(Mg)hcp, L ! c + (Mg)hcp, and L ! (Mg)hcp + c + Mg2Sn,

Fig. 9 Calculated isothermal
sections of the ternary Al–Sn–Zn
system at 573.15 K and 523.15 K
from Cheng and Zhang [67]
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while the solidification sequences for Mg–5Al–1Zn–5Sn
are L ! (Mg)hcp, L ! Mg2Sn + (Mg)hcp, and L !
(Mg)hcp + c + Mg2Sn. The predicted final microstructures of
the two alloys contain Mg2Sn, (Mg)hcp, and c phases, which
are the consistent as the actual as-cast samples. The simulated
solidification paths of the two quaternary alloys are shown in
Fig. 11. Moreover, Table 1 shows the contrast results of
solidification phase fractions between the calculated results
and experimental ones. It should be noted that the experi-
mental values were the average ones determined directly by
using the Image-Pro software based on the corresponding
SEM images from the original publication [72]. According to

Table 1, it should be noted that predicted values for solidified
phases are in good agreement with the experimental ones.

Conclusions

• All thermodynamic descriptions of Mg–Al, Mg–Zn, Mg–
Sn, Al–Zn, Al–Sn, and Zn–Sn binary systems were
crucially evaluated.

• All thermodynamic descriptions of Mg–Al–Zn, Mg–Al–
Sn, Mg–Zn–Sn, and Al–Zn–Sn ternary systems were
crucially reviewed.

Fig. 10 a Calculated isothermal
section of the quaternary Mg–Al–
Zn–Sn system at 573.15 K and 10
at.% Sn, b Calculated vertical
section of the quaternary Mg–Al–
Zn–Sn system along
Mg0.90Al0.06Zn0.02Sn0.02—Mg0.98
Zn0.02, in the present work

Fig. 11 Simulated solidification
paths of a Mg–5Al–1Zn–1Sn (wt
%) and b Mg–5Al–1Zn–5Sn (wt
%) under the Scheil–Gulliver
conditions, respectively

Table 1 Solidified phase fractions obtained by Scheil simulation and experimental statistics

Alloy No. (wt%) Phase Calculated results (vol.%) Experimental statistics (vol.%)

Mg–5Al–1Zn–1Sn (Mg)hcp 95.3 96.7±0.2

Al12Mg17(c) + Mg2Sn 4.7 3.3±0.2

Mg–5Al–1Zn–5Sn (Mg)hcp 92.6 93.6±0.3

Al12Mg17(c) + Mg2Sn 7.4 6.4±0.3
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• A self-consistent Mg–Al–Zn–Sn quaternary system was
established. Moreover, a comparison between the Scheil
simulation results and the experimental data showed a
very good agreement, indicating that this quaternary
thermodynamic database is reliable.
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