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a b s t r a c t

Experimental work is done and combined with the Calphad method to generate a consistent thermody-
namic description of the Mg–Ca–Si–Sn quaternary system, validated for Mg-rich alloys. The viability of
a procedure for the selection of multicomponent key samples is demonstrated for this multicomponent
system. Dedicated thermal analysis with DTA/DSC on sealed samples is performed and the microstruc-
eywords:
icrostructure
agnesium alloys

hase equilibria
alphad modeling

ture of slowly solidified alloys is analyzed using SEM/EDX. The thermodynamic description and phase
diagram of the ternary Mg–Si–Sn system, developed in detail also in this work, deviates significantly
from a previous literature proposal. The phase formation in ternary and quaternary alloys is analyzed
using the tool of thermodynamic equilibrium and Scheil calculations for the solidification paths and com-
pared with present experimental data. The significant ternary/quaternary solid solubilities of pertinent
intermetallic phases are quantitatively introduced in the quaternary Mg–Ca–Si–Sn phase diagram and

l dat
validated by experimenta

. Introduction

Magnesium based Mg–Sn alloy systems recently attracted inter-
st because of their potentially good mechanical properties at high
emperatures [1]. Mg–Sn–Ca (TX) alloys are attractive candidates
mong Al-free alloys, potentially providing reasonable corrosion
nd good creep resistance [2–5]. It was shown that such alloys were
ble to compete with AZ91 in terms of corrosion behaviour and
lso showed a dramatic improvement of creep properties, compa-
able to the creep resistant alloy AE42 [6]. Interesting variations
f these TX alloys require knowledge about the impact of other
lloying elements such as Si and Ce in the corresponding multicom-
onent Mg-alloy systems TXS and TXE. All these new Al-free alloys
nable the use of Zr as grain refiner, which is not possible in alloys
f the AZ and AM group because of detrimental Al–Zr compound
ormation. The knowledge of the phase diagram and especially the
onsistent thermodynamic modeling of the Mg–Ca–Si–Sn system
re prerequisite for a better understanding of alloy behaviour, aim-
ng at focused alloy development and microstructure design during
olidification and potential heat treatment.

The global goal of this study is to generate a thermodynamic
escription of phase equilibria in the Mg–Ca–Si–Sn alloy system,

xperimentally validated with an emphasis on Mg-rich alloys. This
ork includes an extensive analysis of ternary Mg–Si–Sn alloys.

It is state of the art to utilize the Calphad method [7–9] for the
eneration of consistent thermodynamic descriptions of binary and

∗ Corresponding author. Tel.: +49 5323 72 2150; fax: +49 5323 72 3120.
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higher order systems, including the phase diagram. For ternary
and multicomponent phase diagrams the experimental database
is often scarce and sometimes contradictory. It is obviously an
extremely time- and cost-consuming process to elaborate such
phase diagrams solely by experimental work over wide ranges of
compositions and temperatures. It has been demonstrated that
this effort could be drastically reduced by selecting a relatively
small number of key experiments that are decisive for the ther-
modynamic description of the multicomponent system [10]. This
powerful procedure for the multicomponent key sample selection
is applied in the present study to generate a consistent ther-
modynamic description of the Mg–Ca–Si–Sn quaternary system
by combination of thermodynamic modeling with these properly
selected experimental investigations.

2. Thermodynamics and phase equilibria

2.1. Literature data

Reliable and mutually consistent thermodynamic data for the
binary subsystems are the key prerequisites to perform any rea-
sonable, even exploratory, calculations in the quaternary system.
The data sets of all six binary edge systems were selected from lit-
erature, namely Mg–Ca [11], Mg–Si [12], Mg–Sn [13], Ca–Si [14],
Ca–Sn [15], Si–Sn [16]. The Calphad modeling of the Mg–Sn system

was reported in Ref. [13] with an error, which subsequently had
been corrected in a private communication with these authors; the
corrected thermodynamic parameters of Mg–Sn system are pre-
sented in [11]. These thermodynamic data sets and the resulting
calculated phase diagrams are considered to be quite satisfactory.

dx.doi.org/10.1016/j.jallcom.2010.12.052
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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dx.doi.org/10.1016/j.jallcom.2010.12.052
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Phase equilibria of the ternary systems Mg–Ca–Sn [11] and
g–Ca–Si [14] were previously investigated by a combination

f experimental work and thermodynamic assessments in our
roup. Importantly, these ternary descriptions are based exactly
n the binary subsystems from literature [11–16]. For the ternary
a–Si–Sn system no published experimental investigation or
hermodynamic study could be found. Information about phase
iagram, ternary phases/solubilities or thermodynamic assessment
f the ternary Ca–Si–Sn system is not available in the literature.

The ternary Mg–Si–Sn system is in the focus of the present study.
thermodynamic assessment has been published by Jung et al.

17], using modified quasichemical model, based on the exper-
mental data of [18,19]. Published experimental phase diagram
ata in the Mg–Si–Sn system are limited to the Mg2Sn–Mg2Si
seudobinary section. Experimental phase diagram outside that
ection cannot be found in the literature. Phase relations in the
g2Sn–Mg2Si section were first investigated using thermal analy-

is, lattice parameter and microhardness variations by Muntyanu
t al. [18] and later by Nikitin et al. [19]. These two groups have
ubsequently used their published phase relations as a basis for
easurements of other thermophysical properties [20] and [21,22].
The first critical evaluation of this system has been done by

erro et al. [23], noting some disagreement between results of
18] and [19], namely melting temperatures of pure components,
ifferent extents of solid solubilities in the binary compounds
nd different compositions for the three phases involved in the
nvariant reaction L + Mg2Si = Mg2Sn. The solubility of Si in Mg2Sn
s reported essentially the same, 14 at.% Si [18] compared with
3.3 at.% Si [19]. However, the solubility of Sn in Mg2Si at about
00 ◦C significantly differs, 4.4 at.% Sn [18] versus 13.3 at.% Sn [19].
y selecting the results of [18] as the basis, a thermodynamic
ssessment has been done by Jung et al. [17], who accepted the
alue of Sn-solubility in Mg2Si as 4.4 at.% and value of Si solu-
ility in Mg2Sn as 14 at.% Si. The thermodynamic assessment of
17] was subsequently used by the same authors in an inter-
sting study of alloy design of Mg–Sn–Al–Si–(Sb–Zn–Mn) alloys
1]. Mg–Sn based alloys with additions of AZ31 alloy (and Si,
b) were used in this investigation and therefore common ele-
ents such as Al, Zn and Mn are also contained in Mg–Sn based

lloys. The SEM/EDS analysis of an as-cast TAS-sample, composition
g–7.79Sn–2.73Al–0.70Si–0.69Zn–0.19Mn (wt.%), shows that the

olubility of Si or Sn in binary Mg2Sn and Mg2Si phases is relatively
ow; values reported are about 3 at.% Si in Mg2Sn and about 2 at.% Sn
n Mg2Si [1]. In that experimental paper some Mg–Si–Sn phase dia-
rams, calculated from the previous thermodynamic assessment of
17], are also given.

A rather unexpected indication to question the large solid sol-
bility in the Mg2Sn–Mg2Si system came from a study of the final
tage of solidification in a secondary aluminum alloy W319 of
ypical composition Al–7.5Si–3.5Cu–0.3Mg–0.1Sn (wt.%) [24]. The
ignificant segregation of tin during solidification manifests itself
n tiny precipitates of Mg2Sn and (Sn), however, this cannot be pic-
ured accepting the same large solubility values as done by Jung
t al. [17] – it results in simulated precipitation of Mg2Si alone and
ermination of solidification way above the stability of (Sn) [25].
t was predicted that the simplest and most effective solution to
alculate the approximate constitution of that as-cast aluminum
lloys is to assume, tentatively, a much smaller mutual solid solubil-
ty of Mg2Si and Mg2Sn in ternary Mg–Si–Sn system. Furthermore,
ur preliminary experimental phase analysis results of slowly
olidified quaternary Mg–Ca–Si–Sn samples showed much lower

olubility of Si in Mg2Sn phase, namely 3–4 at.% Si versus 14–at.%
i from [18] and 13.3 at. % Si from [19], and solubility of Sn in Mg2Si
hase is 7–8 at. % Sn versus 4.4 at.% Sn [18] and 13.3 at.% Sn [19].
hese reasons prompted our focus on reinvestigation of the ternary
g–Si–Sn system.
mpounds 509 (2011) 3326–3337 3327

2.2. Development of the Mg–Si–Sn ternary and Mg–Ca–Si–Sn
quaternary thermodynamic descriptions

The thermodynamic parameters of the constituent binary sys-
tems are taken from previous works [11–16].

The Gibbs energy function for the element i (i = Mg, Sn, Ca, Si) in
the � phase (solid or liquid) is described by the equation:

G0,�
i (T) = a + bT + cT ln T + dT2 + eT3 + fT−1 + gT7 + hT−9, (1)

The standard element reference (SER) state has been chosen,
which is hcp for Mg, bct for Sn, and diamond for Si, which results
in zero enthalpy of the element (i) at 298.15 K and 1 bar in this SER
state. T is the absolute temperature. The Gibbs energy function of
the element i in its SER phase, � = SER, is often denoted as GHSERi,

GHSERi = G0,SER
i (T) (2)

The Gibbs energy functions for Mg, Sn, Ca and Si are taken from
the SGTE (Scientific Group Thermodata Europe) compilation by
Dinsdale [26].

The solution phases hcp (Mg), fcc (�Ca), bcc (�Ca), bct (Sn) and
diamond (Si) are described by the substitutional solution model.

G� =
∑

i

xi · G0,�
i

+ RT
∑

i

xi ln xi +
∑

i,j>i

xi · xj ·
∑

�

L�,�
i,j

·
(

xi − xj

)�
,

(3)

where xi (xj) represents the mole fraction of element (i) (j), (with
(i) (j) = Mg, Sn, Ca and Si), R is the gas constant (R = 8.3145 J/mol K)
and L�,�

i,j
is the Redlich–Kister parameter representing the interac-

tion between elements (i) and (j) [27]. The short-range order in the
liquid phase is described by the associate solution model, resulting
in two additional liquid species (i), Mg2Sn and Ca2Sn, with the sum-
mation in Eq. (3) covering (i) (j) = Mg2Sn, Ca2Sn, Mg, Sn, Ca and Si
[11]. The interaction parameters, L�,�

i,j
, may be linearly temperature

dependent and is usually expressed as L�,�
i,j

= A�,�
i,j

+ B�,�
i,j

· T

The thermodynamic description of the ternary Mg–Si–Sn sys-
tem is developed in this work. The two phases Mg2Si and Mg2Sn
have same crystal structure (CaF2 structure type, cF12 Pearson sym-
bol) and therefore these two phases are described as one phase,
Mg2X. The results from SEM/EDX presented below show that no
complete solubility exists between the two binary end members.
The asymmetric solid state demixing is introduced in the descrip-
tion of Mg2X using interaction parameters presented in Table 1. The
labeling Mg2X′ and Mg2X′′ have been used to distinguish between
Sn-rich and Si-rich phases in this work, respectively. The desig-
nation Mg2X′ indicates the Mg2(Si,Sn) phase and Mg2X′′ indicates
the Mg2(Si,Sn) phase, where major species on sublattices are high-
lighted by bold face.

For the other two Mg-containing ternary systems, Mg–Ca–Sn
and Mg–Ca–Si, the thermodynamic descriptions are taken from the
literature [11] and [14], respectively. Considering the lack of any
experimental data for the ternary Ca–Si–Sn system we have per-
formed only extrapolative calculations from the binary subsystems.
That means that the Gibbs energy functions of solution phases in
the ternary Ca–Si–Sn, the liquid phase and terminal solid solution
phases (Ca), (Si) and (Sn), are constructed from the binary func-
tions without ternary interaction parameters, whereas the Gibbs
energies of intermetallic compounds are taken from the values of
the binary edge systems. This approximation is considered to be of

little impact to the phase equilibria in the Mg-corner of quaternary
Mg–Ca–Si–Sn system.

In the quaternary description limited quaternary solubilities
were introduced in the description of CaMgSn and CaMgSi inter-
metallic phases. These phases possess the same crystal structure,
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Table 1
Thermodynamic parameters for the Mg–Si–Sn and Mg–Ca–Si–Sn systems. Major species on sublattices are highlighted by bold face. The compound energies listed refer to
additional metastable end members of the solid solution phases while other values are given in the subsystems listed in original publications [11–16].

Phase name Model Parameters in J/(mol formula unit)

Mg2X (Mg)0.5(Sn,Si)0.25 L0,Mg2X
Mg:Sn,Si = +5000

L1,Mg2X
Mg:Sn,Si = +900

CaMgSn (Ca,Mg)1(Ca)1(Sn,Si)1

G0,MgSnCa
Mg:Ca:Si

= −165000 + 45 T + G0,HCP
Mg + G0,FCC

Ca + G0,Diamand
Si

G0,MgSnCa
Ca:Ca:Si

= −140000 + 45 T + 2G0,FCC
Ca + G0,Diamand

Si

G0,MgSiCa = −140000 + 50 T + 2G0,FCC + G0,BCT

w
b
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p

T
T

CaMgSi (Ca,Mg)1(Ca)1(Sn,Si)1

ith Co2Si (ordered anti PbCl2) structure type and Pearson sym-
ol oP12, and, theoretically, should be modeled as the same phase.
owever, no continuous solid solubility was detected in the quater-
ary system but rather two-phase structures of CaMgSn + CaMgSi.
odeling that as spinodal demixing would be quite complicated

nd require also more experimental data. Therefore, for practical
easons, separate Gibbs energy functions were assigned to CaMgSn
nd CaMgSi.

As explained in [11], the binary Ca2Sn phase possesses the
ernary solubility which terminates at the CaMgSn composition and
his phase was modeled with the three sublattices (Ca,Mg)1Ca1Sn1.
he ternary phase named CaMgSi was modeled by Gröbner et
l. [14] also as three sublattice line-compound (Ca,Mg)1Ca1Si1
o reflect the experimentally observed ternary solubilities. In
he present study, taking into account measured quaternary sol-
bilities in these ternary phases, these phases were modeled
ith three sublattices as (Ca,Mg)1(Ca)1(Sn,Si)1. However, the two
hases are distinguished by the major species on the sublattices,

ndicated by bold font: The phase named CaMgSn, modeled as
Ca,Mg)1(Ca)1(Sn,Si)1 covers the solution range from Ca2Sn to
aMgSn with a limited solubility of Si. The phase named CaMgSi,
odeled as (Ca,Mg)1(Ca)1(Sn,Si)1 indicates the ternary CaMgSi

omposition with limited solubilities of Sn and Ca. The software
ackage Pandat 8 [28,29] is utilized for all calculations in this work.
he thermodynamic parameters for the ternary and quaternary

ystem optimized in this work are listed in Table 1.

. Experimental details

Four samples have been prepared in the ternary Mg–Si–Sn system with com-
ositions given in Table 2. Sample numbers reflect the Mg-alloying component

able 2
emperatures extracted from the DTA/DSC signals obtained by thermal analysis in the M

Nr. Sample composition (at.%) Thermal signal
Heatinga (◦C) Coolin

TS1 Mg 90 630 w –
Sn 9.2 573 w 572
Si 0.8 566 s 563

TS2 Mg 67 917 w 891
Sn 25 826 wc 820
Si 8 780 sc 787

564 w 563

TS3 Mg 66.7 967 s 950
Sn 19.3 830 wc 819
Si 14 782 sc 787

628

TS4 Mg 66.7 978 s 965
Sn 16.7 816 wc 827
Si 16.6 783 sc 779

a Onset for invariant reactions, peak maximum otherwise.
b Onset (s = strong signal, w = weak and diffuse signal).
c Double signal, strong at the lower and weak at the higher temperature.
Ca:Ca:Sn Ca Sn

G0,MgSiCa
Mg:Ca:Sn = −158000 + 45 T + G0,HCP

Mg + G0,FCC
Ca + G0,BCT

Sn

G0,MgSiCa
Mg:Ca:Sn,Si

= −40000

notations for Sn (T), Si (S) and Ca (X). One Mg-rich sample, TS1, was selected to verify
the Mg-rich invariant reaction and three samples are located on the Mg2Sn–Mg2Si
section. In the quaternary system five Mg–Ca–Si–Sn key samples, see Table 3, were
selected to assess the accuracy of the calculated invariant five-phase reactions
involving both the liquid and the (Mg) phase and having an Mg-rich overall compo-
sition, following the procedure given by Janz et al. [10]. The samples were analyzed
by metallographic analysis, scanning electron microscopy with energy-dispersive
X-ray microanalysis (SEM/EDX), differential thermal analysis (DTA) and differen-
tial scanning calorimetry (DSC). The details of each experimental procedure are
described below.

3.1. Sample preparation

The starting materials for preparation of alloy samples were Mg pieces (99.99
mass%, Alfa, Karlsruhe, Germany), Sn bar (99.999 mass%, Alfa, Karlsruhe, Germany),
Ca granules (99.99 mass%, Alfa, Karlsruhe, Germany) and Si chips (99.9998 mass%,
Wacker, Burghausen, Germany). The pure elements were weighed, pressed into pel-
lets, in order to break any oxide layers, and placed in a thin-walled tantalum capsule
designed as a small cylinder with two ends. The second end was arc welded onto
the filled Ta capsule under 1 bar argon atmosphere. This reduces the possibility of
sample contamination, oxidation or loss due to vaporization, thus enabling repeated
heating and cooling cycles [30]. All samples were then pre-melted in an evacuated
test oven to allow alloy formation to occur and to check if the weld on the Ta cap-
sule was secure before performing the high temperature DSC/DTA experiments.
In the pre-melting cycle the capsule was heated at 10 K/min up to a temperature
100 K above the limit of the subsequent DSC/DTA experiments, which is in fact 200 K
above the expected liquidus temperature of the sample. That temperature was held
for 15 min allowing for a complete melting and alloying before cooling down at
10 K/min and taking the closed capsule to the DSC/DTA equipment. No inhomo-
geneity due to incomplete melting/alloying could be detected in any of the samples

during the subsequent microstructure analysis.

3.2. DSC/DTA experiments

Thermal analyses by differential scanning calorimetry (DSC) and differential
thermal analysis (DTA) were performed using a Setaram MHTC 96 DSC apparatus

g–Si–Sn system compared with data from thermodynamic calculation.

Interpretation
gb (◦C) Calc. (◦C) Phase boundary or invariant reaction

632.4 L/L + Mg2X′′

w 575.1 L + Mg2X′′/L + Mg2X′′ + (Mg)
s 562.9 U2: L + Mg2X′′ = Mg2X′ + (Mg)

w 927.6 L/L + Mg2X′′

wc

sc 781.5 m1: L + Mg2X′′ = Mg2X′

w 562.9 U2: L + Mg2X′′ = Mg2X′ + (Mg)

s 969.4 L/L + Mg2X′′

wc

sc 781.5 m1: L + Mg2X′′ = Mg2X′

w 634.7 U1: L + Mg2X′′ = Mg2X′ + (Si)

s 985.6 L/L + Mg2X′′

wc

sc 781.5 m1: L + Mg2X′′ = Mg2X′
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Table 3
Temperatures extracted from the DTA/DSC signals obtained by thermal analysis in the Mg–Ca–Si–Sn system compared with data from thermodynamic calculation.

Nr. Sample composi-tion (at.%) Thermal signal (◦C) Interpretation
Heatinga Coolingb Calc. temperature Phase boundary or invariant reaction

TXS1 Mg 87.329 745 w 735 w 769.0 L/L + Mg2X′′

Ca 0.015 588 w 586 w 590.9 L + Mg2X′′/L + Mg2X′′ + CaMgSn
Sn 9.896 – – 564.7 L + Mg2X′′ + CaMgSn/L + Mg2X′′ + CaMgSn + (Mg)
Si 2.76 564 s 563 s 562.8 U5: L + Mg2X′′ = CaMgSn + (Mg) + Mg2X′

TXS2 Mg 88.891 – – 569.7 L/L + Mg2X′′

Ca 0.01 – – 565.1 L + Mg2X′′/L + Mg2 X” + Mg2 X”
Sn 10.764 564 s 563 s 562.8 U5: L + Mg2X′′ = CaMgSn + (Mg) + Mg2X′′

Si 0.335

TXS3 Mg 90 892 w 890 w 922.5 L/L + CaMgSi
Ca 7 – – 861.6 L + CaMgSi/L + CaMgSi + CaMgSn
Sn 2 624 s 624 s 605.2 L + CaMgSi + CaMgSn/L + CaMgSi + CaMgSn + (Mg)
Si 1 519 s 518 s 515.4 U6: L + CaMgSi = CaMgSn + (Mg) + CaMg2

TXS4 Mg 90 914 w 910 w 918.5 L/L + CaMgSn
Ca 4 648 w 640 w 658.2 L + CaMgSn/L + CaMgSn + CaMgSi
Sn 5 621 s 619 s 633.3 L + CaMgSi + CaMgSn/L + CaMgSi + CaMgSn + (Mg)
Si 1 c c 589.3 U4: L + CaMgSi = (Mg) + Mg2X′′ + CaMgSn

564 w 563 w 562.8 Scheil: U5/L → (Mg) + Mg2X′ + CaMgSn

TXS5 Mg 90 849 w 843 w 889.0 L/L + CaMgSn
Ca 2 – – 646.8 L + CaMgSn/L + CaMgSn + CaMgSi
Sn 7 c c 604.1 L + CaMgSi + CaMgSn/L + CaMgSi + CaMgSn + (Mg)
Si 1 603 s 600 s 589.3 U4: L + CaMgSi = (Mg) + Mg2X′′ + CaMgSn

(
G
±
p
T
D
i

F
m
a
M

565 s 563 s

a Onset for invariant reactions, peak maximum otherwise.
b Onset (s = strong signal, w = diffuse signal).
c See remarks in text.

SETARAM Instrumentation, Caluire, France) and Netzsch DTA 404 S (NETZSCH-
erätebau GmbH, Selb, Germany), respectively. For all samples, tests were run at

5 K/min from about 100 K below to about 100 K above the expected reaction tem-
erature, obtained from calculated phase diagrams based on preliminary datasets.
hese are essentially extrapolations from the binary and ternary subsystems. Each
SC/DTA experiment included three heating and cooling cycles, where the first heat-

ng cycle usually did not show reasonable results. No reactions between the samples

ig. 1. (a) Calculated Mg–Si–Sn liquidus surface. The bold gray lines indicate the
aximum solid solubilities in the pseudobinary section Mg2Si–Mg2Sn at the invari-

nt reaction L + Mg2X′′ = Mg2X′ . (b) Magnified Mg–Sn side. Mg2X′ indicates the
g2Sn-rich phase and Mg2X′′ indicates the Mg2Si-rich phase.
562.8 U5: L + Mg2X′′ = CaMgSn + (Mg) + Mg2X′

and the Ta capsule were observed. There were also no signs of reaction between the
outside of the Ta capsule and sample holder or protective gas used in the DSC/DTA
apparatus. For the cooling curves, onset temperatures are determined. The heating
peaks are interpreted according to the peak shape analysis; for invariant reactions,
onset temperatures are determined and otherwise peak maximum temperatures
are evaluated. Some signals were weak and diffuse as indicated with the tabulated
results.

3.3. SEM/EDX analysis

A CamScan 44 scanning electron microscope (Obducat CamScan, Cambridge)
(SEM) was used to analyze the microstructure of the samples after solidification with
slow (5 K/min) cooling rate in the final thermal analysis run. Back scattered electrons

were used to produce the images shown in this publication while secondary electron
images were used to help identify the difference between a darker phase and a
depression or hole in the surface of the sample before conducting energy dispersive
X-ray (EDX) analysis. For optimal resolution in the SEM the samples were embedded
in electrically conductive material and polished to 1 �m.

Fig. 2. Calculated vertical section of the Mg–Si–Sn phase diagram at 90 at.% Mg with
thermal signals of sample TS1 measured in this work.
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Fig. 3. SEM/BSE micrograph of sample TS1 after slow cooling.

. Results and discussion

.1. The ternary Mg–Si–Sn system

Results of the thermal analysis of the four samples investigated
n this work are presented in Table 2. The thermal signals are eval-
ated from the three independent heating and cooling cycles for
ach sample. Strong and wide (double) peaks have been detected
n region 780–830 ◦C in all three samples TS2–TS4 located on the

g2Sn–Mg2Si section. This is the lower temperature value with the
tronger part of these double peaks.

The interpretations of the experimental temperatures in the
ast column are based on the final thermodynamic calculation
eveloped in this work. The calculated liquidus surface over the
ntire composition range is shown in Fig. 1 with a detailed view
f the Mg–Sn-rich edge. From the present calculation, three invari-
nt four-phase reactions and one invariant three-phase maximum
nvolving the liquid phase are identified and compiled in Table 4.
or the three Mg-richest reactions, m1, U1 and U2, our experimen-

al values, evaluated from Table 2, are shown for comparison in
able 4. The three last columns compile the literature data [17–19].

The calculated vertical phase diagram section at 90 at.% Mg with
uperimposed data from sample TS1 is presented in Fig. 2. Exper-

ig. 4. Phase amounts for sample TS1, see Fig. 2, calculated for solidification unde
+ Mg2X′′ = Mg2X′ + (Mg), and e2 is the binary eutectic L = Mg2Sn + (Mg).
mpounds 509 (2011) 3326–3337

imental literature data are not available. It is obvious that the
thermal signals agree with the calculation, given more exactly in
Table 2. The microstructure of this sample in Fig. 3 clearly shows
in the magnified inset that Mg2X′′ precipitates before Mg2X′. The
larger grains of (Mg) correspond to a large amount of this phase,
even a (Mg) dendrite is visible at the right hand side of Fig. 3. It
is not clear from this microstructure if the very small amount of
Mg2X′′ precipitates before (Mg) or vice versa. Finally, in an appar-
ently eutectic-like structure, the (Mg) phase occurs jointly with
Mg2X′. The magnified inset also shows larger crystals of Mg2X′

around the primary Mg2X′′. That may be due to the fact that the
primary Mg2X′′, having the same crystal structure, could provide
potent nucleation sites for the growth of Mg2X′.

This is in excellent agreement with the calculated phase frac-
tions along the solidification path of sample TS1 under equilibrium
condition given in Fig. 4a. After primary solidification of Mg2X′′

the secondary precipitation L → (Mg) + Mg2X′′ produces signifi-
cantly more (Mg). This is followed by the invariant transition-type
reaction U2: L + Mg2X′′ = (Mg) + Mg2X′, however, the amount of
consumed Mg2X′′ is negligible. That is why the occurrence of
(Mg) + Mg2X′ resembles a eutectic-like structure. This is also seen
in Fig. 1b by the very small Si content of liquid at U2, only 0.31 at.%
Si, which makes U2 almost degenerate to the binary Mg–Sn eutectic
e2.

Here we have a significant distinction to the phase diagram
calculation by Jung et al. [17], showing a much wider primary crys-
tallization field of (Mg), even though the temperature calculated
for U2 is similar. According to that calculation sample TS1 should
have unambiguously produced primary (Mg) which is in distinct
conflict with the experimental result and the present calculation.

It is interesting to note that the calculated Scheil solidification
path (see Fig. 4b) for sample TS1 is almost identical to the equi-
librium solidification path. Under Scheil condition the invariant
reaction U2 cannot proceed because of its transition-type, requiring
consumption of Mg2X′′. It is overrun and the liquid solidifies along
the very short monovariant reaction L → (Mg) + Mg2X′ between
U2 and e2 in the temperature range 562.88–562.83 ◦C. Also, the
amounts of solidified phases are virtually identical to the equilib-
rium case.

The calculated phase diagram along the exact composition sec-
as solid lines in Fig. 5. The invariant three-phase reaction
L + Mg2X′′ = Mg2X′ at 781.5 ◦C is the calculated pseudobinary peri-
tectic, denoted also as the maximum m1 in Fig. 1 and Tables 2 and 4.
Melting points of the pure compounds are 1081.4 ◦C (Mg2Si) and

r (a) equilibrium and (b) Scheil conditions. U2 is a transition-type reaction,
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Table 4
Calculated invariant ternary reactions involving liquid phase in the Mg–Si–Sn system. Comparison of calculated and experimental data from this work with literature data.

Type Invariant reaction Temperature (◦C) Method Reference

Calc.a Exp.a Lit.

m1 L + Mg2X′′ = Mg2X′ 781.5 782 857855860 CalculationExperimentalExperimental [17][18][19]
U1 L + Mg2X′′ = Mg2X′ + Si 634.7 628 758
U2 L + Mg2X′′ = (Mg) + Mg2X′ 562.9 564 563
U3 L + Si = Mg2X′ + Sn 203.9 200

a This work.

Fig. 5. Calculated pseudobinary Mg2Sn–Mg2Si section of the Mg–Si–Sn phase dia-
gram (constant 66.6667 at.% Mg, solid lines). Thermal signals of samples TS2–TS4
measured in this work and experimental literature data [18,19] are superimposed,
t
M
t
s

7
T
c
M

(
a

F
e

ogether with the calculated phase diagram of Jung et al. [17]. Mg2X′ indicates the
g2Sn-rich and Mg2X′′ the Mg2Si-rich solid solution phase. Arrows plotted at low

emperature indicate the measured solid solubilities in the present slowly cooled
amples.

74.0 ◦C (Mg2Sn). Superimposed in Fig. 5 are data from samples
S2 to TS4 and the available literature data. The key point is the

onflicting data on the mutual solid solubilities among Mg2X′ and
g2X′′.
The microstructure investigations and EDX analysis of all slowly

5 K/min) solidified samples (TS1–TS4) indicate solid solubilities of
bout 3–4 at.% Si in Mg2X′ and about 7–8 at.% Sn in Mg2X′′. These

ig. 6. Calculated vertical sections of the Mg–Si–Sn phase diagram at (a) 66.80 at.% Mg a
xact pseudobinary section, Fig. 5.
Calculation [17]
Calculation [17]
Calculation [17]

data are plotted in Fig. 5 as arrows since it is hard to assign a tem-
perature value, however, a reasonable agreement with the present
calculation may be suggested.

In comparison with literature data, first of all the huge dis-
crepancy between the experimental solubility data of Sn in Mg2X′′

between Muntyanu et al. (4.4 at.% Sn) [18] and Nikitin et al.
(13.3 at.% Sn) [19] at about 600 ◦C is emphasized. These data are
plotted as the open square and the open circle, respectively, in
Fig. 5. Since both authors used essentially the same experimental
methods (thermal analysis, lattice parameter and microhardness
variations) this casts some doubt on these values. Data for the sol-
ubility of Si in Mg2X′ from both groups are similar, 14 at.% Si [18]
and 13.3 at.% Si [19] compared to the present 3–4 at.% Si.

It is noted that the smaller solid solubility values are
also indicated by experimental investigations of a Mg-rich
Mg–Sn–Al–Si–Zn–Mn alloy by Jung et al. [1] and the pre-
dicted final stage of solidification in a secondary aluminum alloy
Al–7.5Si–3.5Cu–0.3Mg–0.1Sn (wt.%) by Emadi et al. and Schmid-
Fetzer [24,25], as detailed in Section 2.1. The presently evaluated
mutual solubilities are, however, corroborated by two stronger
points, the thermal analysis data and the primary phases as detailed
below.

The large solubility values of Si in Mg2X′ [18,19] are entirely
incompatible with the pseudobinary peritectic temperature, at the
invariant three-phase maximum m1, L + Mg2X′′ = Mg2X′, consis-
tently measured in the present work as strong peaks very close
to the calculated value of 781.5 ◦C. It is emphasized that these
data, detailed in Table 2, are obtained by dedicated DTA/DSC

experiments with multiple runs on samples sealed in Ta-capsules.
By contrast, the thermal signals reported at 855 ◦C and 860 ◦C
by Muntyanu et al. [18] and Nikitin et al. [19], respectively, for
that invariant reaction have been obtained by inferior experi-
mental procedures. Muntyanu et al. [18] used only one run with

nd (b) 66.60 at.% Mg. The superimposed experimental data are the same as in the
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Fig. 7. SEM/BSE micrograph of sample TS2 after slow cooling.

5–20 K/min, sample molten in corundum crucibles in air; Nikitin
t al. [19] used only one heating run with 1.5 K/min, sample
olten in corundum crucibles in a steel container under argon.
e were not able to reproduce these data in our more sophisti-

ated experiments and did not observe any peak in the 840–870 ◦C
emperature range on any DTA/DSC curve. Good agreement is
bserved in Fig. 5 between calculated and experimental results of
he present investigations, especially for the strong and important
hermal signals of the invariant reaction, but also for the liquidus
ata.

For samples TS2 and TS3 two weak peaks have been detected
t 564 ◦C and 628 ◦C, respectively. These data are presented in
able 2 with the assigned interpretation. This cannot be understood
n the exact pseudobinary section Mg2X′–Mg2X′′ in Fig. 5. How-
ver, the picture changes when the sample composition is slightly
hifted by weighing uncertainties in magnesium content away from
g2X′–Mg2X′′ section. This is exemplified in Fig. 6a for a constant
agnesium composition of 66.80 at.% Mg. With this slight excess

f Mg the invariant reaction U2, L + Mg2X′′ = Mg2X′ + (Mg), appears
t 563 ◦C, in agreement with the weak thermal signal from sample
S2. In fact, a small amount of (Mg) from reaction U2 appears in the
icrostructure of sample TS2 in Fig. 7, supporting this interpreta-

ion of the thermal signal. Reaction U2 was also confirmed by the
trong peak in sample TS1.

The microstructure of sample TS2, Fig. 7, also demonstrates that
g2X′′ clearly is the primary phase, engulfed by Mg2X′ and that
sharp phase boundary is observed. This is an additional confir-
ation of the present interpretation of the strong thermal signal

t the peritectic temperature m1 in Fig. 5. Assuming the validity
f the previous phase diagram, shown dashed, sample TS2 would
ave produced Mg2X′ as primary phase and no Mg2X′′ at all, in
ontradiction to the experimental observation.

In the slightly Mg-deficient section at constant 66.60 at.%, shown
n Fig. 6b, the invariant reaction U1, L + Mg2X′′ = Mg2X′ + Si, appears
t 635 ◦C. This corresponds to the small DTA peak of sample TS3,
hus validating this reaction temperature. In the microstructure of
ample TS3, not shown here, the Si-phase cannot be found which is
onsistent with the calculated negligible amount of only 0.1% of this
hase, formed under equilibrium condition. The comparison of all
nvariant temperatures in Table 4 indicates a reasonable agreement
etween the experimental value and the present calculation of the
emperature of that invariant reaction U1 and also the significant
ifference to the calculation by Jung et al. [17].
Fig. 8. Calculated vertical phase diagram section Mg–Mg74.39Ca0.03Si5.58Sn20 in the
Mg–Ca–Si–Sn quaternary system compared with experimental data from DSC of
sample TXS1.

4.2. Quaternary Mg–Ca–Si–Sn alloys

The compositions of the five Mg–Ca–Si–Sn key samples and the
results of thermal measurements and their interpretation are sum-
marized in Table 3. Using the algorithm presented in [10], two
Mg–Ca–Si–Sn key samples were selected to assess the accuracy of
the calculated invariant five-phase reactions involving both the liq-
uid and the (Mg) phase and having a Mg-rich overall composition.
Another three quaternary key samples were selected for investi-
gation along the vertical section with 90 at.% of Mg. Both series of
samples were selected based on preliminary thermodynamic calcu-
lation and having a Mg-rich overall composition more than 70 at.%
of Mg to check invariant reaction U4, U5 and U6 as shown in Table 5.

Two intermetallic phases are relevant in the quaternary sys-
tem with quaternary composition and solubility ranges, designated
here as CaMgSi and CaMgSn in a shorthand notation. CaMgSi
originates from the end member of the ternary solid solution
Mg1−xSiCa1+x (x = 0–0.2) [14], while CaMgSn originates from the
binary Ca2Sn with a ternary solution range MgxSnCa2−x (x = 0–1)
[11]. In equilibrium with (Mg), that is for Mg-rich alloys, the
shorthand notations CaMgSi and CaMgSn very closely reflect the
compositions of these intermetallic phases in the ternary systems.
In the quaternary samples, which are in equilibrium with (Mg),
a solubility of Sn in CaMgSi and a solubility of Si in CaMgSn was
discovered with solution ranges up to both, 10 at.% Sn and 10 at.%
Si.

Fig. 8 shows a calculated phase diagram section from pure Mg
through the composition of the first sample, TXS1, together with the
thermal DSC signals. This sample validates the temperature of the
invariant transformation U5: L + Mg2X′′ = CaMgSn + (Mg) + Mg2X′ at
563 ◦C, which it was selected for. A quite reasonable agreement
is also found for the liquidus and the transition temperature to
the three-phase region. This finding is corroborated by the phase
assembly detected in the microstructure of the slowly cooled sam-
ple. The microstructure of the sample TXS1 in Fig. 9 clearly shows
that Mg2X′′ is the primary crystallizing phase. It is engulfed by
Mg2X′, which also appears jointly with (Mg) in a eutectic-like struc-

ture. Some CaMgSn is also found indicated in the enlarged inset in
Fig. 9 as the very bright lamella, hard to see in this reproduction
but clearly in the microscope. This is consistent with the calculated
solidification path under equilibrium condition in Fig. 10a, showing
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ig. 9. Scanning electron micrograph (SEM/BSE) of sample TXS1 after slow cooling
n DSC. The inset at top right shows a higher magnification of the Mg2X′ region

here the fine white lamellae of CaMgSn are identified.

he termination of solidification in the reaction U5 at 563 ◦C. Even
hough four solid phases are involved in this invariant reaction,
ssentially only (Mg) + Mg2X′ are formed in significant amount,
xplaining the eutectic-like structure. It is noteworthy that the cal-
ulated solidification path under Scheil conditions, given in Fig. 10b,
s not much different even though all solid phases involved exhibit
ignificant solid solubility. Reaction U5 cannot take place in this

ase because of its transition-type, however, immediately after that
oint the solidification of the entire residual liquid occurs in the
arrow range between about 562.83 and 562.77 ◦C in the reaction
→ (Mg) + Mg2X′ (+Mg2X′′). Thus, the assumption of Scheil condi-

able 5
alculated invariant reactions and liquid phase compositions in the Mg-corner of the Mg

Type Reaction Liquid composi

Mg

U1 L + Ca7Mg6Si14 + CaMgSi = CaMgSn + Mg2X′′ 66.85
U2 L + CaMgSn + Mg2X′′ = Mg2X′ + Ca7Mg6Si14 56.86
U3 L + CaMgSi = CaMgSn + Ca2Si + CaMg2 61.33
U4 L + CaMgSi = (Mg) + Mg2X′′ + CaMgSn 91.86
U5 L + Mg2X′′ = CaMgSn + (Mg) + Mg2X′ 89.06
U6 L + CaMgSi = CaMgSn + (Mg) + CaMg2 88.93

Fig. 10. Phase amounts for sample TXS1, see Fig. 8, calculated for s
Fig. 11. Calculated vertical phase diagram section Mg89.1Ca0.005Sn10.895–
Mg85.9Ca0.018Si4.982Sn9.1 in the Mg–Ca–Si–Sn quaternary system compared
with experimental data from DSC of samples TXS1 and TXS2.

tions would also be consistent with both, the essentially invariant
appearance of the DSC signal and the observed microstructure.

Fig. 11 shows the calculated phase diagram section through
the composition of the two Ca-poor key samples, TXS1 and TXS2,
vides just a different view on the same phase equilibria discussed
above.

The microstructure of sample TXS2 in Fig. 12 shows only
two phases, Mg2X′ and (Mg), even though the phase diagram

–Ca–Si–Sn system compared with measured temperatures, this work.

tion, (at.%) Temperature (◦C)

Ca Si Sn Calc. Exp.

2.04 16.62 14.49 985.1 –
3.29 0.55 39.30 754.0 –
36.91 0.03 1.73 700.2 –
0.02 0.56 7.56 589.3 603
0.01 0.31 10.62 562.8 564
10.87 1 × 10−6 0.2 515.4 518

olidification under (a) equilibrium and (b) Scheil conditions.
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ig. 12. Scanning electron micrographs (SEM/BSE) of sample TXS2 after slow cooling
n DSC.

n Fig. 11 indicates Mg2X′′ to be the primary phase. This appar-
nt contradiction is resolved by the calculated phase fractions
uring equilibrium solidification in Fig. 13a. Indeed, Mg2X′′ crys-
allizes as primary phase at 570 ◦C, but in a negligible fraction
ith a maximum of only 0.0007 at 565 ◦C where Mg2X′ starts to

orm. Therefore, only very little liquid solidifies in the reaction
5, L + Mg2X′′ = CaMgSn + (Mg) + Mg2X′ at 562.8 ◦C, since almost
o Mg2X′′ is available. Solidification occurs essentially in the
arrow temperature range 562.83–562.80 ◦C by L → (Mg) + Mg2X′

+CaMgSn), which nicely explains the apparently eutectic-like
icrostructure in the main part of Fig. 12. Similar to the ternary

ample TS1 in Fig. 3, the larger crystals of Mg2X′ might be due to
he fact that some Mg2X′′ had already solidified before, thus pro-
iding potent nucleation sites for the growth of Mg2X′. Again, the
omparison of the equilibrium case with calculated phase fractions
nder Scheil conditions in Fig. 13b indicates essentially the same
olidification path. The main solidification range is just extended

o a slightly lower temperature of 562.77 ◦C and in both cases the
alculated fraction of CaMgSn is below 0.0003, not detectable in the
icrostructure.
The three samples TXS3 to TXS5 are all located on the 90 at.% Mg

ection and that calculated vertical phase diagram sectionis shown

Fig. 13. Phase amounts for sample TXS2, see Fig. 11, calculated for
Fig. 14. Calculated vertical phase diagram section in the Mg–Ca–Si–Sn quaternary
system Mg90Si1Sn9–Mg90Ca9Si1. The experimental thermal analysis data from DSC
for samples TXS3, TXS4 and TXS5 are superimposed.

in Fig. 14 together with the thermal signals from these samples.
More details on the phase diagram are given in the next section.

The present equilibrium calculation demonstrates that sample
TXS3 solidifies primary CaMgSi between 922 ◦C and 861 ◦C, fol-
lowed by secondary precipitation of CaMgSn, third precipitation
of (Mg) until solidification terminates in the invariant reaction
U6, L + CaMgSi = CaMgSn + (Mg) + CaMg2 at 515 ◦C. The microstruc-
ture of this sample in Fig. 15a shows good agreement with this
calculated phase formation, which is additionally supported by
the agreement with the DTA signals, especially for the quaternary
invariant reaction U6.

The microstructures of both samples TXS4 and TXS5 in Fig. 15b
and c, respectively, clearly show a significant amount of primary
CaMgSn phase, in agreement with the calculation. The secondary
CaMgSi precipitation, seen in the phase diagram section, produces
only negligible phase fractions in contrast to the following phase
field with calculated huge amounts of (Mg), again in agreement

with the microstructures.

In sample TXS5 the subsequent solidification of Mg2X′′ and
Mg2X′ occurs at invariant reactions in agreement with the
strong thermal signals given in Table 3 and also depicted

solidification under (a) equilibrium and (b) Scheil conditions.
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Fig. 15. Scanning electron micrographs (SEM/BSE) of sam

n Fig. 14. These are the transition-type reactions reaction
4, L + CaMgSi = (Mg) + Mg2X′′ + CaMgSn, at 589.3 ◦C and U5,
+ Mg2X′′ = CaMgSn + (Mg) + Mg2X′ at 562.8 ◦C. Below this solidus
four-phase microstructure (Mg) + Mg2X′ + CaMgSn + Mg2X′′ with

alculated phase fractions in qualitative agreement with the
icrostructure in Fig. 15c is observed. In the phase diagram sec-

ion an additional solid state invariant reaction at 456.1 ◦C is
iven, (Mg) + CaMgSn + Mg2X′′ → Mg2X′ + CaMgSi. This transforma-
ion should, if equilibrating, essentially consume the Mg2X′′ and
roduce CaMgSi. However, no thermal signal at all is detected near
hat temperature and also the microstructure of TXS5 suggests that
his solid state reaction does not occur at the cooling rate of the DTA
xperiment.

The thermal signals of sample TXS4 can be interpreted by
eviewing the calculated enthalpy variation with temperature
nder both equilibrium and Scheil conditions in Fig. 16. We gen-
rally apply this procedure since it is better than the simple
omparison with phase diagrams. The vertical arrows indicate cal-
ulated phase transition temperatures and superimposed are the
xperimental DSC/DTA signals using the same symbols as in the
hase diagram, Fig. 14. In Fig. 16a the sequence of equilibrium phase

egions is separated by dashed lines and it is noted that the invariant
eactions (bold font) occur over a range of enthalpy values at con-
tant temperature. By contrast, under Scheil conditions in Fig. 16b,
lso separated by dashed lines, only the phases actually precipitat-
ng from liquid in the temperature regions are listed. The invariant
a) TXS3, (b) TXS4 and (c) TXS5 after slow cooling in DTA.

reactions U4 and U5 are given in brackets to indicate that the liquid
only touches these five-phase equilibria but they do not proceed.
Both reactions are of the transition-type, as detailed in Table 5,
and under the Scheil conditions it is impossible to consume a solid
phase.

The enthalpy curves in Fig. 16a and b reveal the strongest vari-
ation at 633 ◦C with beginning (Mg) crystallization, thus assigned
to the strongest signal shown in Table 3. The subsequent reaction
U4 at 589.3 ◦C produces a much smaller enthalpy variation under
equilibrium conditions and solidification terminates. Under Scheil
conditions no enthalpy effect at all is seen and a significant fraction
of residual liquid, fL = 0.14, proceeds down to lower temperature
hitting the reaction U5 at562.8 ◦C. Even though this U-type reaction
cannot proceed under Scheil conditions an enthalpy effect is calcu-
lated because of the transition of the residual liquid (fL = 0.09) into
the subsequent and final L → (Mg) + Mg2X′ + CaMgSn solidification
step, terminating at 562.77 ◦C. In this narrow temperature range the
Mg2X′ phase, non-equilibrium for this alloy, is produced. Both, the
weak thermal signal at 564 ◦C and the occurrence of Mg2X′ in the
microstructure, see Fig. 15b, support the interpretation that sample
TXS4 solidifies close to Scheil conditions as opposed to equilibrium

conditions.

After this discussion a remark should be made why, by con-
trast, for sample TXS5 the strong thermal signal at 603–600 ◦C
in Table 3 was related to reaction U4. First of all, the extent of
reaction U4 under equilibrium, and thus the enthalpy effect, is sig-
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Fig. 16. Calculated enthalpy variation of sample TXS4 under (a) equilibrium and (b) Schei
visually close (arbitrary enthalpy) to the calculated data to facilitate comparison with bre
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ig. 17. Combination of the calculated ternary liquidus projections up to 50 at.% Mg
rom the three subsystems of the Mg–Ca–Si–Sn quaternary system.

ificantly larger for alloy TXS5 compared to TXS4. Second, a strong
nthalpy variation is calculated for the start of (Mg) crystalliza-
ion at 604.1 ◦C (equilibrium) or 603.5 ◦C (Scheil). This would fit the
trong signal even better than U4 (equilibrium), however, because
f the narrow temperature range, a unique assignment to these
hree possible effects is difficult and some overlap may be consid-
red. Similarly, the last strong signal of TXS5 at 565–563 ◦C may be
ssigned either to U5 (equilibrium) at 562.8 ◦C or, under Scheil con-
itions, to freezing of residual liquid (fL = 0.39) into the subsequent
nd final L → (Mg) + Mg2X′ + CaMgSn solidification step, terminat-
ng at 562.77 ◦C.
.3. Quaternary Mg–Ca–Si–Sn phase diagram

The calculated partial liquidus surface of the Mg–Ca–Si–Sn
uaternary system is presented in Fig. 17 as combination of the

ig. 18. Combination of the calculated ternary isothermal sections up to 50 at.% Mg at (a
ystem.
l conditions. The DSC signals display the experimental temperatures and are placed
aks in the enthalpy curve.

liquidus projections of the ternary edge systems for composi-
tions 50–100 at.% Mg. A tetrahedron comprising quaternary alloy
compositions, depicted in the insert, is formed by folding the Ca-
containing ternaries up, thus forming a top vertex at pure Ca.
The invariant six phase reactions involving the liquid phase and
(Mg) in Mg-corner are listed in Table 5. Some of these reac-
tions degenerate almost to a ternary edge system, for example,
especially the reaction U6 at 515.4 ◦C involves a liquid phase
composition of only 1 × 10−6 at.% Si and the transformed CaMgSi
phase fraction is virtually zero (3.4441e-005). The temperature
of this reaction is also virtually identical to that of the E3 reac-
tion in the Mg–Sn–Ca system investigated by Kozlov et al. [11].
Thus, in reality, U6 degenerates to this ternary eutectic reaction,
L = CaMgSn + (Mg) + CaMg2.

The combination of the ternary liquidus surfaces in Fig. 17
provides an overview of the relatively narrow extent of primary
crystallization of (Mg), beyond which primary intermetallic pre-
cipitates are expected in the quaternary system, namely CaMg2,
CaMgSi, Mg2X′′, Mg2X′ and CaMgSn. All these solid phases do
have their origin in the binary or, in case of CaMgSi, ternary
subsystems. However, solid solution ranges extend into quater-
nary compositions, as indicated by the sublattice models for
CaMgSn, (Ca,Mg)1(Ca)1(Sn,Si)1, and CaMgSi, (Ca,Mg)1(Ca)1(Sn,Si)1,
respectively, with majority species indicated by bold font. Ternary

compositions are observed for Mg2X , (Mg)2(Si,Sn)1, and Mg2X ,
(Mg)2(Sn,Si)1, while only CaMg2 remains a stoichiometric phase
in the quaternary system. All these solubilities were deter-
mined by EDX analysis of quaternary samples as stated above.
Therefore, no separate (true) quaternary phase is observed and

) 700 ◦C and (b) 500 ◦C from the three subsystems of the Mg–Ca–Si–Sn quaternary
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his agrees with a general expectation for metallic systems
31].

In a similar fashion the combination of the ternary isothermal
ections at 700 ◦C and 500 ◦C in Mg-corner are shown in Fig. 18a
nd b. Fig. 18a provides an overview of the narrow homogeneous
egion of liquid phase, extending from pure Mg at 700 ◦C essentially
long the binary edges Mg–Ca, Mg–Sn and somewhat along Mg–Si.
ive solid phases are in equilibrium with this liquid: CaMg2, Mg2X′,
g2X′′, CaMgSi and CaMgSn. The corresponding phase diagram at

00 ◦C shows the solid state equilibria in Fig. 18b. The same five
olid intermetallic phases are now in equilibrium with the emerged
olid (Mg) phase.

. Conclusions

The viability of a procedure for the selection of multicomponent
ey samples [10] is demonstrated for the Mg–Ca–Si–Sn quater-
ary system. The corresponding experimental work is combined
ith the Calphad method to generate a consistent thermodynamic
escription of the Mg–Ca–Si–Sn quaternary system, validated for
g-rich alloys.
The thermodynamic description and phase diagram of the

ernary Mg–Si–Sn system, developed also in this work, deviates
ignificantly from the literature [17]. The phase diagram pro-
osed here is supported by dedicated DTA/DSC experiments and
icrostructure analysis on samples along the 66.67 at.% Mg sec-

ion Mg2X′–Mg2X′′ (Mg2Sn–Mg2Si) and the first experiment ever
eported on a 90 at.% Mg sample. In addition to deviations along
he Mg2X′–Mg2X′′ section it is found that the primary crystalliza-
ion field of (Mg) is significantly smaller compared to the previously
uggested Mg–Si–Sn phase diagram [17].

Using the tool of thermodynamic equilibrium and Scheil cal-
ulations the solidification paths of ternary and quaternary alloys
re analyzed in detail with respect to the precipitation sequence
f phases and their amounts and it compares well with the actual
hase formation in the microstructure. The most efficient compar-

son to the experimental thermal signals from DTA/DSC is done by
alculation of the enthalpy variation with temperature, exemplified
or one quaternary alloy.

It is also noted that for most of the Mg-rich alloys the effective
hase formation and the thermal signals simulated by calcula-
ions under the extreme conditions of Scheil and equilibrium are
uite similar. It may be suggested, in first approximation, that the
ifferent cooling rates associated to these conditions may pro-
uce similar effective phase formation in the Mg-rich Mg–Ca–Si–Sn
lloys.

A thermodynamic description for the quaternary Mg–Ca–Si–Sn

hase diagram, developed from the assessed ternary subsystems,

s validated for alloys in equilibrium with (Mg). For the first time,
he ternary/quaternary solid solubilities of pertinent intermetallic
hases are quantitatively introduced and validated by experimen-
al data.
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