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a b s t r a c t

Mg-based alloys have been investigated widely due to the great potential for high performance structural
applications. In the present work, the Mg–Sn binary system was re-optimized using the CALPHAD method
through Thermo-calc® software package on the basis of available experimental information. Combined
with the previous assessments of the Mg–Zn and Sn–Zn binary systems, the thermodynamic modeling
of the Mg–Sn–Zn ternary system was performed. The liquid phase is described by the associated solu-
eywords:
g-based alloys

hase diagram
ALPHAD
g–Sn–Zn ternary system

tion model with an associate Mg2Sn, while the solid solution phases, hcp(Mg), bct(Sn) and hcp(Zn), are
modeled by the substitutional solution model. The intermetallic compound Mg2Sn is treated as a stoi-
chiometric compound and its Gibbs energy was assessed considering the experimental heat capacity and
heat content. The solubility of Sn in the Mg–Zn intermetallic compounds, Mg7Zn3, MgZn, Mg2Zn3, MgZn2

and Mg2Zn11, is not taken into account. Liquidus projection and many vertical sections of this ternary
system were calculated. The calculated results are in good agreement with the reported experimental

data.

. Introduction

Mg-based alloys have great potential for high performance
tructural applications in the automotive and aerospace industries
ue to their good properties such as low density, high specific
trength, superior damping capacity and good castability [1–9]. For
xample, Mg–Zn-based alloys as the casting and wrought Mg alloys
ave been developed, which exhibit high strength and hardness

ollowed by the typical heat treatment [1–3]. On the other hand,
g–Sn-based alloys have been investigated actively to develop

ovel Mg-based alloys with the stable structure and good mechan-
cal properties at the high temperature [4–6]. However, there are

number of undesirable properties such as poor corrosion resis-
ance, inferior creep resistance and poor plastic processing ability,
esulting in the limited applications of the Mg-based alloys. There-
ore, increasing efforts have been made to develop Mg-based alloys
ith the excellent performances through addition of rare earth ele-
ents and other alloying elements (such as Al, Ca, Cu, Sr, Si, Sn, Y,

n and Zr) as well as optimization of the heat treatment and pro-

essing [1–9]. In order to better understand the role of alloying
lements and to design alloy compositions, phase diagrams and
hermodynamic properties of the related Mg-based alloy systems
re indispensable [7–9].
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As mentioned above, the Mg–Sn–Zn ternary system has become
one of the most important Mg-based alloy systems. Bamberger [10]
calculated the Mg–Sn–Zn ternary system from the extrapolation
of the three binary sub-systems using a commercial Mg database,
but the experimental information of this ternary system in pub-
lished literature was not reviewed. Thermodynamic calculation
of the Mg–Sn–Zn ternary system was also carried out by Jung et
al. [11] using the FactSage software. However, the complete ther-
modynamic modelling of the Mg–Sn–Zn ternary system has not
reported in Refs. [10,11]. Therefore, the present work is to evalu-
ate the experimental phase diagram and thermodynamic data of
the Mg–Sn binary system using the CALPHAD method [12,13] and
Thermo-calc® software package [14] and to obtain a consistent and
reliable thermodynamic description of the Mg–Sn–Zn ternary sys-
tem in combination with the previous assessments of the Mg–Zn
and Sn–Zn binary systems.

2. Binary systems

2.1. The Mg–Zn binary system

The Mg–Zn binary system was assessed by Agarwal et al. [15],

which reproduced most experimental information on thermody-
namic properties and phase boundaries. The updated optimization
of this binary system was carried out by Liang et al. [16] based on
the modification of thermodynamic models and the new experi-
mental data in the assessment of the Al–Mg–Zn ternary system.

dx.doi.org/10.1016/j.jallcom.2010.08.124
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wangjiang158@gmail.com
mailto:jiang.wang@empa.ch
dx.doi.org/10.1016/j.jallcom.2010.08.124
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Fig. 1. Calculated phase diagram of the Mg–Zn binary system by Liang et al. [16].

urthermore, this assessment was also used in the extrapolation of
he Cu–Mg–Zn [17], Mg–Mn–Zn [18] and Mg–La–Zn [19] ternary
ystems. Thus, the Gibbs energies of various phases in the Mg–Zn
inary system obtained by Liang et al. [16] were employed directly

n the present work. Fig. 1 shows the calculated phase diagram of
he Mg–Zn binary system.

.2. The Sn–Zn binary system

Lee [20] assessed firstly the Sn–Zn binary system in their serial
ssessments of Pb-free solder alloys. Afterwards, Ohtani et al. [21]

mployed the different lattice stability of hcp-Sn to optimize this
inary system. Considering the compatibility of thermodynamic
atabase in the multi-component system, the assessment of Lee
20] was used in the present work. The calculated phase diagram
f the Sn–Zn binary system is presented in Fig. 2.

Fig. 2. Calculated phase diagram of the Sn–Zn binary system by Lee [20].
Fig. 3. Calculated phase diagram of the Mg–Sn binary system in the present work.

2.3. The Mg–Sn binary system

The Mg–Sn binary system was reviewed critically by Nayeb-
Hashemi and Clark [22] up to 1984. Fries and Lukas [23] assessed
this binary system based on the reported experimental informa-
tion. However, the inadvertent stability of the hcp(Mg) phase was
not noticed, which is stable in Sn-rich side in the original publica-
tion. The optimization of this binary system was updated later, but
the complete thermodynamic parameters of all condensed phases
were not published in Ref. [24]. In addition, the new experimental
data on the heat capacity and heat content of Mg2Sn at low temper-
ature were reported recently. Therefore, the re-assessment of the
Mg–Sn binary system was carried out in the present work based on
the reported experimental data and previous optimizations [23,24].

3. Experimental information
3.1. The Mg–Sn binary system

The Mg–Sn binary system was investigated by many researchers [25–36]. Hey-
cock and Neville [25] determined firstly the liquids of the bct(Sn) phase through

Fig. 4. Calculated phase diagram of the Mg–Sn binary system compared with the
experimental data [26–35,47] in the present work.
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easuring the effect of Mg on the freezing point of molten Sn. Afterwards, the liq-
idus was determined by Grube [26], Kurnakow and Stepanow [27], Hume-Rothery
28], Raynor [29] and Steiner et al. [30] using thermal analysis as well as by Nayak
nd Oelsen [31,32] using calorimetry. Also, Ellmer et al. [33] reported the liquidus
n the Sn-rich side. There are some slight discrepancies for the measured liquidus
f the hcp(Mg) phase and intermetallic compound Mg2Sn, while the reported that
f the bct(Sn) phase are in good agreement with each other. After analyzed care-

ully these experimental data [25–33], Nayeb-Hashemi and Clark [22] pointed out
hat the experimental results of Hume-Rothery [28], Raynor [29] and Steiner et
l. [30] are much more reliable than others. This conclusion was accepted in the
resent work. The phase boundary of the hcp(Mg) phase was measured by Grube
nd Vosskühler [34] and Vosskühler [35] using resistivity analysis, by Raynor [29]
sing metallography, by Nayak and Oelsen [32] using calorimetry, and by Nishinura

able 1
hermodynamic parameters of the Mg–Sn–Zn ternary system.

Phase Thermodynamic parametersa

Liquid (Mg, Mg2Sn, Sn, Zn)

(0)LL
Mg,Zn = −77729.24 + 680.52266T −

(1)LL
Mg,Zn = +3674.72 + 0.57139T

(2)LL
Mg,Zn = −1588.15

(0)LL
Sn,Zn = +12558 − 8.7041T

(1)LL
Sn,Zn = −5623 + 4.196T

(2)LL
Sn,Zn = +4149 − 4.091T

0GL
Mg2Sn = −66092.9 + 94.809T − 11.57

(0)LL
Mg,Mg2Sn = +5970.6 − 8.744T

(0)LL
Mg,Sn = −30841.1 + 0.781T

(0)LL
Mg2Sn,Sn = −12468.2 − 4.815T

(0)LL
Mg2Sn,Zn = +9000 − 4.3T

(0)LL
Mg,Sn,Zn = +20000 − 35T

(1)LL
Mg,Sn,Zn = +25000 − 30T

(2)LL
Mg,Sn,Zn = +78000 − 92T

hcp(Mg) (Mg, Sn, Zn)

0Ghcp A3
Zn = 0Ghcp Zn

Zn + 2969.82 − 1.5696

(0)Lhcp
Mg,Zn = −3056.82 + 5.63801T

(1)Lhcp
Mg,Zn = −3127.26 + 5.65563T

(0)Lhcp
Sn,Zn = +30453

(0)Lhcp
Mg,Sn = −26256.5 + 6.234T

(1)Lhcp
Mg,Sn = −31895.7

hcp(Zn) (Mg, Sn, Zn)

0Ghcp Zn
Mg = 0Ghcp A3

Mg + 100

(0)Lhcp Zn
Mg,Zn = −3056.82 + 5.63801T

(1)Lhcp Zn
Mg,Zn = −3127.26 + 5.65563T

(0)Lhcp Zn
Sn,Zn = +30453

(0)Lhcp Zn
Mg,Sn = +8000

bct(Sn) (Sn, Zn)
0Gbct

Zn = 0Ghcp Zn
Zn + 4184

(0)Lbct
Sn,Zn = +6660 + 19.686T

Mg7Zn3 (Mg)7(Zn)3 GMg7Zn3 = 70Ghcp A3
Mg + 30Ghcp Zn

Zn − 33574

MgZn (Mg)1(Zn)1 GMgZn = 120Ghcp A3
Mg + 130Ghcp Zn

Zn − 2369

Mg2Zn3 (Mg)2(Zn)3 GMg2Zn3 = 20Ghcp A3
Mg + 30Ghcp Zn

Zn − 54406

MgZn2 (Mg, Zn)1(Mg, Zn)2

0GMgZn2
Mg:Mg = 30Ghcp A3

Mg + 15000

0GMgZn2
Mg:Zn = 0Ghcp A3

Mg + 20Ghcp Zn
Zn − 35355

0GMgZn2
Zn:Mg = 20Ghcp A3

Mg + 0Ghcp Zn
Zn + 65355

0GMgZn2
Zn:Zn = 30Ghcp Zn

Zn + 15000

(0)LMgZn2
Mg,Zn:Mg = (0)LMgZn2

Mg,Zn:Zn = +8000

(0)LMgZn2
Mg:Mg,Zn = (0)LMgZn2

Zn:Mg,Zn = +35000

Mg2Zn11 (Mg)2(Zn)11 GMg2Zn11 = 20Ghcp A3
Mg + 110Ghcp Zn

Zn − 738

Mg2Sn (Mg)2(Sn)1 GMg2Sn = − 96165.9 + 339.999T − 66.285T

a Gibbs energies are expressed in J/mol. The all lattice stabilities of Mg, Sn and Zn are g
ompounds 508 (2010) 570–581

and Tanaka [36] using heat tinting method. The solidus measured by Raynor [29],
Nayak and Oelsen [32], Grube and Vosskühler [34] and Vosskühler [35] are in mutual
agreement, whereas the solubility of Sn in the hcp(Mg) phase measured by Nayak
and Oelsen [32] is slight higher than those of Vosskühler [35] and Raynor [28]. The
experimental information mentioned above was taken into account in the present
optimization.

According to the review [22], the solubility of Mg in bct(Sn) phase appears

to be very small and thus was ignored during the present optimization. In
addition, the intermetallic compound Mg2Sn is treated as a stoichiometric
compound in the present work because its homogeneity of Mg2Sn is very nar-
row.

Enthalpy of mixing of liquid Mg–Sn alloys was determined by Kawakami [37] at
1073 K, Nayek and Oelsen [38] at 1073 K and Sommer et al. [39] at 1073 K, 1133 K and

Reference

95T ln T + 0.04T2 [16]

[20]

6T ln T + 20GL
Mg + 0GL

Sn This work

This work

8T [16]

[20]

This work

[16]

[16]

This work

[20]

1.54 + 35.5T [16]

80.84 + 59.24524T [16]

.2 + 13.60156T [16]

[16]

.45 + 8.83886T

.45 − 8.83886T

18.32 + 18.45457T [16]

ln T − 0.0121662T2 + 96000T−1 + 3.33828 × 10−7T3 This work

iven by Dinsdale [58].
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Table 2
Invariant reactions in the Mg–Sn binary system.

Invariant reaction Type T (K) Composition (xL
Sn) Reference

L ↔ hcp(Mg) + Mg2Sn
Eutectic

838 0.116 [26]
854 0.120 [27]
834 0.105 [28]
834 0.107 [29]
839 0.105 [31]
840 0.107 [32]
834 0.110 [30]
833 – [34]
834 – [35]
834 0.112 [23]
834 0.118 This work

L ↔ Mg2Sn Congruent

1056 0.333 [26]
1068 0.333 [27]
1051 0.333 [28]
1053 0.333 [31]
1051 0.333 [32]
1044 0.333 [30]
1043 0.333 [46]
1043 0.333 [45]
1043 0.333 [23]
1043 0.333 This work

L ↔ Mg2Sn + bct(Sn) Eutectic

482 0.889 [26]
477 0.915 [27]
473 0.903 [28]
471 0.914 [31]
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213 K using calorimetry. The calculated enthalpy of mixing of liquid Mg–Sn alloys
as also reported by Eremenko and Lukashenko [40] at 923 K from the electromotive

orce (EMF) measurements as well as by Steiner et al. [30] at 1043 K, Eldridge et al.
41] at 1043 K and Sharma [42] at 1073 K from the vapor pressure measurements. It
s evident that the measured enthalpy of mixing of liquid alloys by Nayek and Oelsen
38] at 1073 K is less negative than the data obtained by Kawakami [37] and Sommer
t al. [39]. The enthalpies of mixing of liquid alloys at three different temperatures
rom Sommer et al. [39] show slight temperature dependency in the composition
ange of 30–50 at.% Sn. Thus, the dependence of the enthalpy of mixing of the liq-
id alloys on temperature is taken into account. Moreover, it should be pointed out

hat the enthalpy of mixing deduced from electromotive force and vapour pressure

ethods may be not as reliable as the data obtained directly through calorimetry.
herefore, the experimental data in Refs. [37,39] were used in the present optimiza-
ion, while the results in Refs. [38,40–42] were given up and only compared with
he present calculated results.

able 3
nvariant reactions in the Mg–Sn–Zn ternary system.

Invariant reaction Type T (K)

L ↔ Mg2Sn + MgZn2 e1

843
840
837

L ↔ Mg2Sn + hcp(Zn) e2

626
628
625

L + MgZn2 ↔ Mg2Sn + Mg2Zn3 U1 684

L + Mg2Zn3 ↔ Mg2Sn + MgZn U2 618

L + Mg2Sn ↔ hcp(Mg) + MgZn U3 614

L + MgZn2 ↔ Mg2Sn + Mg2Zn11 U4
641
644

L ↔ hcp(Mg) + MgZn + Mg7Zn3 E1 614

L ↔ Mg2Sn + Mg2Zn11 + hcp(Zn) E2
626
624

L ↔ Mg2Sn + bct(Sn) + hcp(Zn) E3
456
459
0.914 [32]
0.904 [30]
0.908 [23]
0.905 This work

The activity of Mg in liquid Mg–Sn alloys was determined by Eldridge et al.
[43] and Ashatakala and Pidgeon [44] by the vapor pressure method as well as by
Eremenko and Lukashenko [40], Sharma [42], Eckert et al. [45], Egan [46] and Moser
et al. [47] through the EMF method. In the present work, the experimental data on
activity of Mg in liquid Mg–Sn alloys in Refs. [42,45–47] was used.

The enthalpies of formation of the solid Mg–Sn alloys were determined by
Kubaschewski [48] at 923 K, Nayak and Oelsen [49] at 293 K and Borsese et al.
[50] at 300 K, respectively. The enthalpy of formation of Mg2Sn was measured
by Kubaschewski and Evans [51], Beadmore et al. [52] and Sommer et al. [39]. In
addition, the heat capacity of Mg2Sn in the temperature from 2 K to 300 K was

determined by Jelinek et al. [53] and Morishita and Koyama [54]. Moreover, the
heat contents (HT–H298) of Mg2Sn were reported by Sommer et al. [39] in high
temperature range and by Morishita and Koyama [54] in low temperature range.
The experimental results [39,48–54] are consistent with each other and thus were
considered in the present optimization.

Composition Reference

(xL
Mg) (xL

Zn)

0.3805 0.5729 [56]
0.3859 0.5658 [57]
0.3880 0.5569 This work

0.0976 0.8511 [56]
0.0894 0.8691 [57]
0.0761 0.8783 This work

0.6475 0.3405 This work

0.7049 0.2902 This work

0.7081 0.2873 This work

0.0969 0.8641 [57]
0.0951 0.8788 This work

0.7097 0.2896 This work

0.0917 0.8691 [57]
0.0771 0.8798 This work

0.0739 0.1147 [57]
0.0653 0.1005 This work
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i = a + b · T + c · T ln T + d · T2 + e · T3

+ f · T−1 + g · T7 + h · T−9 (1)
ig. 5. Enlarged phase diagram of the Mg–Sn binary system with the experimental
ata [26–35] in the present work. (a) Mg-rich part and (b) Sn-rich part.

.2. The Mg–Sn–Zn ternary system

Ogawa et al. [55] studied experimentally the liquid Mg–Sn–Zn alloys in the tem-
erature range from 700 K to 800 K using a mass spectrometer. No experimental
alues for activities of components and excess Gibbs energy of liquid alloys were
etermined in their work. Furthermore, it should be pointed out that the com-
ositions of alloy samples were changed because of Zn evaporation during their
xperiments. Therefore, their experimental information is not reliable and was not
aken into account in the present optimization. Except for Ref. [55], thermodynamic
roperties of the Mg–Sn–Zn ternary system have been not reported in the published

iterature.
Using the thermal analysis and microscopy method, Otani [56] studied the

hase relations of the Mg–Sn–Zn ternary system. Five vertical sections, 2 wt.% Mg,
8 wt.% Mg, 2 wt.% Sn, 10 wt.% Sn and 3 wt.% Zn, were determined, respectively. The
g2Sn–MgZn2 and Mg2Sn–Zn vertical sections were also measured as pseudobinary

utectic systems. It should be noted that Otani [56] constructed and analyzed these
ertical sections and invariant reactions based on the outdated phase diagram of
he Mg–Zn binary system including only four intermetallic compounds, � (about
0 at.% Zn), MgZn, MgZn2 and MgZn5. However, five intermetallic compounds,
g7Zn3, MgZn, Mg2Zn3, MgZn2 and Mg2Zn11, were confirmed experimentally in
he updated Mg–Zn phase diagram. Recently, Gödecke and Sommer [57] investi-
ated the Mg2Sn–MgZn2–Zn–Sn part in the Mg–Sn–Zn ternary system through the
hermal analysis and microscopy method. Six vertical sections, 10 wt.% Mg, 2 wt.%
n, 40 wt.% Sn, 85 wt.% Sn, 70 wt.% Zn and 90 wt.% Zn, were measured, respectively.
he MgZn2–Mg2Sn and Zn–Mg2Sn vertical sections were also verified to be pseu-
Fig. 6. Calculated enthalpies of mixing of liquid alloys in comparison with experi-
mental data [37–39] and the assessed results [23] (Ref. states: liquid Mg and liquid
Sn).

dobinary eutectic systems. The invariant reactions and liquid projection for the
Mg2Sn–MgZn2–Zn–Sn part were established.

According to the measurements by Otani [56] and Gödecke and Sommer [57],
no stable ternary compound was found in the Mg–Sn–Zn system. The experimental
information on the phase relations in Refs. [56,57] was taken into account in the
present optimization.

4. Thermodynamic model

4.1. Pure elements

The stable forms of the pure elements at 298.15 K and 1 bar are
chosen as the reference states. The Gibbs energy for the element i
in � status is given as:
Fig. 7. Calculated activity of Mg at 1073 K with the experimental data [42,45–47]
and the assessed results [23] (Ref. state: liquid Mg).
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ig. 8. Calculated enthalpies of formation of solid in comparison with the experi-
ental data [39,48–52] and the assessed results [23] at 298 K (Ref. states: hcp-Mg

nd bct-Sn).

here HSER
i

is the enthalpy of the element i in its standard reference
tate (SER) at 298.15 K and 1 bar; T is the absolute temperature in K;
�
i

(T) is the Gibbs energy of the element i with structure �; 0G�
i

(T)
s the molar Gibbs energy of the element i with the structure of �
eferred to the enthalpy of its stable state at 298.15 K and 1 bar. In
he present work, 0G�

Mg(T), 0G�
Sn(T) and 0G�

Zn(T) are taken from the
GTE (Scientific Group Thermodata Europe) database compiled by
insdale [58].

.2. Liquid and solution phases

The liquid phase is described using the associate solution model
ased on the experimentally measurements of mixing enthalpy of

he Mg–Sn liquid alloys. The liquid phase is assumed to be consti-
ute of four species: Mg, Sn, Zn and Mg2Sn. Review and description
f the associate model can be found in Refs. [59,60]. The molar Gibbs

ig. 9. Calculated heat capacity of Mg2Sn in comparison with the experimental data
53,54] and the assessed results [23].
Fig. 10. Calculated heat content of Mg2Sn in comparison with the experimental data
[39,54] and the assessed results [23].

energy of the liquid phase is described by:

GL
m = yMg

0GL
Mg + ySn

0GL
Sn + yZn

0GL
Zn + yMg2Sn

0GL
Mg2Sn

+RT(yMg ln yMg + ySn ln ySn + yZn ln yZn + yMg2Sn ln yMg2Sn)

+EGL
m (2)

and

EGL
m = yMgySn

n∑

i=0

(i)LL
Mg,Sn(yMg − ySn)i

+ yMgyMg2Sn

n∑

i=0

(i)LL
Mg,Mg2Sn(yMg − yMg2Sn)i

+ yMg2SnySn

n∑

i=0

(i)LL
Mg2Sn,Sn(yMg2Sn − ySn)i

+ yMgyZn

n∑

i=0

(i)LL
Mg,Zn(yMg − yZn)i

+ ySnyZn

n∑

i=0

(i)LL
Sn,Zn(ySn − yZn)i

+ yMg2SnyZn

n∑

i=0

(i)LL
Mg2Sn,Zn(yMg2Sn − yZn)i

+ yMgyMg2SnySnLL
Mg,Mg2Sn,Sn + yMgyMg2SnyZnLL

Mg,Mg2Sn,Zn

+ yMg2SnySnyZnLL
Mg2Sn,Sn,Zn + yMgyMg2SnySnyZnLL

Mg,Mg2Sn,Sn,Zn

+ xMgxSnxZnLL
Mg,Sn,Zn (3)

with

0GL
Mg2Sn = a0 + b0 · T + c0 · T ln T + 20GL

Mg + 0GL
Sn (4)
LL
Mg,Sn,Zn = xMg

(0)LL
Mg,Sn,Zn + xSn

(1)LL
Mg,Sn,Zn + xZn

(2)LL
Mg,Sn,Zn (5)

where yi (i = Mg, Mg2Sn, Sn and Zn) represents the mole frac-
tion of each species in the liquid phase; (i)LL

Mg,Sn, (i)LL
Mg,Mg2Sn,

(i)LL
Mg2Sn,Sn,

(i)LL
Mg,Mg2Sn,Sn, (i)LL

Mg,Zn and (i)LL
Sn,Zn are interaction
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Fig. 11. Calculated liquid projection of the Mg–Sn–Zn ternary system in the present work.

Fig. 12. The reaction scheme of invariant reactions in the Mg–Sn–Zn ternary system.
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ig. 13. Calculated vertical section of Mg2Sn–Mg2Zn with experimental data
56,57].

arameters of the liquid phase in the Mg–Sn, Mg–Zn and
n–Zn binary systems, respectively; (i)LL

Mg2Sn,Zn, (i)LL
Mg,Mg2Sn,Zn,

i)LL
Mg2Sn,Sn,Zn, (i)LL

Mg,Mg2Sn,Sn,Zn and (i)LL
Mg,Sn,Zn , are ternary interac-

ive parameters, but (i)LL
Mg2Sn,Zn and (i)LL

Mg,Sn,Zn, are only used in the
resent optimization and others are set to be zero due to lack of
xperimental information in liquid ternary alloys.

On the other hand, the substitutional solution model is
mployed to describe the solid solution phases, hcp(Mg), bct(Sn)
nd hcp(Zn), respectively. The molar Gibbs energy of the solution
hase � (� = hcp(Mg), bct(Sn) and hcp(Zn)) can be expressed as:

�
m = xMg

0G�
Mg + xSn

0G�
Sn + xZn

0G�
Zn

+ RT(x ln x + x ln x + x ln x ) + EG� (6)
Mg Mg Sn Sn Zn Zn m

here R is the gas constant, xMg, xSn and xZn are the mole fractions

f Mg, Sn and Zn, respectively, and EG�
m is the excess Gibbs energy

ig. 14. Calculated vertical section of Mg2Sn–Zn with experimental data [56,57].
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expressed by the Redlich–Kister–Muggianu expression [61,62]:

EG�
m = xMgxSn

n∑

i=0

iL�(xMg − xSn)i + xMgxZn

n∑

i=0

iL�(xMg − xZn)i

+ xSnxZn

n∑

i=0

iL�(xSn − xZn)i + xMgxSnxZn(xMg
(0)L�

Mg,Sn,Zn

+ xSn
(1)L�

Mg,Sn,Zn + xZn
(2)L�

Mg,Sn,Zn) (7)

where (i)L�
Mg,Sn, (i)L�

Mg,Zn and (i)L�
Sn,Zn are binary interaction parame-

ters in the Mg–Sn, Mg–Zn and Sn–Zn binary systems, respectively.
The ternary interactive parameters, (i)L�

Mg,Sn,Zn, are set to zero for the
solid solution phases (hcp(Mg), bct(Sn) and hcp(Zn)) due to lack of
experimental data in the present work.

4.3. Intermetallic compounds

In the Mg–Sn binary system, the intermetallic compound Mg2Sn
is treated as a stoichiometric compound because of its narrow
homogeneity range. Since the heat capacity and heat content of
Mg2Sn was determined by Jelinek et al. [53] and Morishita and
Koyama [54], the Gibbs energy of Mg2Sn can be given as:

GMg2Sn = a1 + b1 · T + c1 · T ln T + d1 · T2 + e1 · T−1 + f1 · T3 (8)

where the parameters a1 to f1 are to be optimized in the present
work.

According to the experimental results measured by Otani [56]
and Gödecke and Sommer [57], there is no solubility of Sn in
Mg7Zn3 and Mg2Zn3. The solubilities of Sn in MgZn2 at 613 K and
840 K along the Mg2Sn–MgZn2 vertical section are 0.6 wt.% and
0.7 wt.%, respectively [57]. The solubilities of Zn in Mg2Sn along
the Mg2Sn–MgZn2 and Mg2Sn–Zn vertical sections are 0.2 wt.% and
about 0.1 wt.%, respectively [57]. However, Otani [56] reported the
higher solubility of Zn in Mg2Sn (up to about 5 wt.%), which are
not convincible. In addition, the solubility of Sn in other Mg–Zn
intermetallic compounds (MgZn, Mg2Zn11) was not studied. There-
fore, the solubilities of Sn in Mg7Zn3, Mg2Zn3, MgZn2, MgZn and
Mg2Zn11 as well as the solubility of Zn in Mg2Sn were not consid-
ered in the present work.

5. Results and discussion

Using the compatible lattice stabilities of the elements Mg, Sn
and Zn compiled by Dinsdale [58], the model parameters for various
phases in the Mg–Sn–Zn ternary system were optimized using the
PARROT module in the Thermo-calc® software package developed
by Sundman et al. [14]. This module works through minimizing the
square sum of the differences between experimental data and cal-
culated values. During the present optimization procedure, each
set of the experimental data was given a certain weight according
to the reliability and compatibility of the experimental data. Ther-
modynamic parameters in the Mg–Sn–Zn ternary system used and
obtained finally in the present work are summarized in Table 1. The
calculated invariant reactions in the Mg–Sn binary system and the
Mg–Sn–Zn ternary system are given in Tables 2 and 3, respectively.
It can be seen that the reasonable agreement is achieved between
the calculated results and the experimental data.
5.1. The Mg–Sn binary system

Fig. 3 shows the calculated phase diagram of the Mg–Sn binary
system. The comparison of calculated phase diagram with the
experimental data is given in Fig. 4. Enlarged parts of the Mg–Sn
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ig. 15. Calculated vertical sections at the different Mg compositions in the Mg–S
8 wt.% Mg.

hase diagram in both Mg-rich and Sn-rich parts with the exper-
mental data are further shown in Fig. 5. The calculated liquidus
f hcp(Mg) and Mg2Sn agree well with more reliable experi-
ental data in Refs. [28–30]. The calculated liquidus of bct(Sn)

hase and the solidus of hcp(Mg) phase are also consistent with
he experimental data [25–35]. The calculated temperatures and
ompositions of invariant reactions are compared with the exper-
mental data [26–32,34,35,45,46] and the assessed values by Fries
nd Lukas [23] in Table 2. As can be seen, the calculated results
ncluding liquidus, solidus and temperatures and compositions of
nvariant reactions are in good agreement with most of the exper-
mental data and the assessed results [23].

The calculated enthalpy of mixing of liquid Mg–Sn alloys is com-
ared with the experimental data [37–39] and the assessed results
y Fries and Lukas [23] at different temperatures in Fig. 6. The
resent calculated results agree well with the experimental data

37,39] as well as the calculated results [23] and also show tem-
erature dependency of enthalpy mixing of liquid alloys, while
here is a slight discrepancy between the calculated values and the
xperimental ones [38].
ternary system with experimental data [56,57]. (a) 2 wt.% Mg; (b) 10 wt.% Mg; (c)

Fig. 7 presents the comparison of the calculated activities of Mg
in the liquid Mg–Sn alloys with the experimental data [42,45–47]
and the assessed results by Fries and Lukas [23] at 1073 K. It can be
seen that the calculated activities of Mg in liquid Mg–Sn alloys are
in good agreement with the measured experimental data [45–47]
and the calculated results [23], but show only a small discrepancy
in the Mg-rich part compared with the experimental data reported
by Sharma [42].

The enthalpies of formation of solid Mg–Sn alloys and inter-
metallic compound Mg2Sn in the Mg–Sn binary system at 298 K
were calculated as given in Fig. 8. As can be seen, the present
calculated enthalpy of formation of solid Mg–Sn alloys is in good
agreement with the measured experimental data [48,50] and the
assessed results by Fries and Lukas [23], but show some devia-
tion from the experimental data reported by Nayak and Oelsen
[49]. The calculated enthalpy of formation of Mg Sn agrees with
2
experimental data [39,48–52]. Figs. 9 and 10 show the calcu-
lated heat capacity and heat content of Mg2Sn in comparison
with the experimental data [39,53,54] and the assessed results
by Fries and Lukas [23], respectively. The calculate heat capacity
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ig. 16. Calculated vertical sections at the different Sn compositions in the Mg–Sn–Z
n; (d) 85 wt.% Sn.

grees well with the experimental data [53,54] at high temper-
ture, while shows the slight deviation at low temperature. It
an be seen that the excellent agreement is achieved between
he calculated heat content of Mg2Sn and the experimental data
39,54]. However, the calculated heat capacity by Fries and Lukas
23] at low temperature deviates unreasonably from the exper-
mental data [53,54] and the present calculated results. The
imilar case is also shown in the comparison of the calculated
eat content of Mg2Sn by Fries and Lukas [23] with the exper-

mental data [54] and the present calculated results. Therefore,
he present assessed thermodynamic parameters of Mg2Sn are

uch more reasonable and better than those of Fries and Lukas
23].
.2. The Mg–Sn–Zn ternary system

Fig. 11 shows the calculated liquid projection of the Mg–Sn–Zn
ernary system. The reaction scheme of the invariant reactions in
he Mg–Sn–Zn ternary system is given in Fig. 12. The correspond-
ary system with experimental data [56,57]. (a) 2 wt.% Sn; (b) 10 wt.% Sn; (c) 40 wt.%

ing temperatures and compositions of the invariant reactions are
given in Table 3. As can be seen, the liquid projection is dominated
by the region of the primary crystallization for Mg2Sn because of
its high stability. The invariant reactions (E2, E3, U4, e1 and e2) in
the Mg2Sn–MgZn2–Zn–Sn part are in good agreement with the
reported experimental results [56,57]. In the Mg2Sn–MgZn2–Mg
part, the calculated results show that there are four invariant reac-
tions, U1, U2, U3 and E1, which need to be confirmed in the further
experiments.

The calculated vertical sections of Mg2Sn–Mg2Zn and Mg2Sn–Zn
are compared with the experimental data [56,57] in Figs. 13 and 14,
respectively. As mentioned experimental results in Refs. [56,57],
these two vertical sections are pseudobinary eutectic systems. It is
evident that the calculated phase boundaries are in good agreement

with the experimental data [56,57].

The calculated vertical sections at the different compositions
of Mg, Sn and Zn, are presented in Figs. 15–17, respectively. In
Fig. 15, the calculated vertical sections at 10 wt.% Mg and 48 wt.%
Mg are consistent with the experimental results [56,57], while the
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Combined with the previous assessments of the Mg–Zn and Sn–Zn
ig. 17. Calculated vertical sections at the different Zn compositions in the Mg–Sn
0 wt.% Zn.

alculated phase boundary for the vertical section of 2 wt.% Mg
hows a slight deviation from the experimental data [56]. This
eviation may result from the high stability of Mg2Sn. However,
ince the experimentally reported solubility of Zn in Mg2Sn is
ncomplete and inconsistent, Mg2Sn is only modeled as a stoi-
hiometric compound. Therefore, no thermodynamic parameters
an be used to modify the stability of Mg2Sn in the Mg–Sn–Zn
ernary system. In the present work, other efforts have also been

ade to reproduce the phase boundary between L + hcp(Zn) and
+ hcp(Zn) + Mg2Sn in the 2 wt.% Mg section. However, it should
e noticed that the calculated phase boundary is not sensitive to
he most ternary parameters because this section is very close to
hase diagram of the Sn–Zn binary system. The present authors

uggest further experimental investigations to determine this ver-
ical section and the solubility of Zn in Mg2Sn. Fig. 16 compares
he calculated vertical sections at 2 wt.% Sn, 10 wt.% Sn, 40 wt.%
n and 85 wt.% Sn with the experimental data [56,57]. The cal-
ulated vertical sections at 3 wt.% Zn, 70 wt.% Mg and 90 wt.%
rnary system with the experimental data [56,57]. (a) 3 wt.% Zn; (b) 70 wt.% Zn; (c)

Zn are illustrated in Fig. 17. It can be seen that the calcu-
lated results agree well with the experimental data [56,57] from
Figs. 16 to 17.

6. Conclusions

The Mg–Sn binary system was re-optimized using the CALPHAD
method through Thermo-calc® software package. A set of self-
consistent parameters for the Mg–Sn binary system was obtained,
which can be used to reproduce satisfactorily most experimen-
tal data including thermodynamic property and phase diagram.
binary systems, the thermodynamic modeling of the Mg–Sn–Zn
ternary system was performed. Liquidus projection and several
vertical sections of this ternary system were calculated. The calcu-
lated results are in good agreement with the reported experimental
data.
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