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a b s t r a c t

A self-consistent thermodynamic description of the Mg–Ca–Zn ternary system has been obtained in this
work. Four ternary intermetallic compounds (IM1, IM2, IM3 and IM4) and binary compounds with
extended ternary solubility have been included in the modeling. Binary compounds, CaZn11 and CaZn13

in the Ca–Zn system have been re-modeled by compound energy formalism (CEF) to accommodate
recently reported ternary solubility ranges. Also Mg2Ca in the Mg–Ca system has been re-optimized.
Among the ternary intermetallic compounds, IM1 and IM3 having complex solubility ranges have
also been modeled using compound energy formalism, whereas IM2 and IM4 have been considered
as stoichiometric phases. Modified quasi-chemical model (MQM) has been used to model the liquid
phase in the system. To investigate the behavior of the system and to verify the consistency of the
thermodynamic model with experimental results, key samples with 4 at% and 6 at% Ca concentration
were prepared and characterized with differential scanning calorimeter (DSC). Various vertical sections,
liquidus projection and isothermal section at 608 K, in the Mg–Ca–Zn system have been calculated and
found to be in good agreement with the experimental data.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

With the increased demand of hydrocarbon based fuel and
gradual increase in its price, the focus is shifting towards the fuel
efficient transportation technologies [1,2]. Among different stra-
tegies, first approach to enhance the fuel efficiency is the reduc-
tion of vehicle body weight. Magnesium (Mg), being the lightest
structural material, has attracted much attention to replace the
heavier parts in the automotive and aerospace applications [1,2].
In order to achieve desired mechanical properties, Mg is alloyed
with various elements. The addition of Ca to magnesium improves
strength, castability, creep resistance, corrosion resistance [3] and
oxidation resistance [4]. In addition, Zn has been found to increase
the peak-hardness value and enhance the age hardening kinetics
of the Mg–Ca alloys due to the formation of ternary precipitates
[5] that have lower lattice mismatch with the Mg solid solution
matrix [6,7]. Recently, Mg-rich Mg–Ca–Zn biocompatible metallic
glass having small amounts of Ca (0–8 at%) has been found
suitable for the development of biodegradable implants [8–10].
Since the Mg–Ca–Zn system is promising as a next-generation
material in both transportation and biomedical applications,
having an accurate understanding of the system is necessary.

Although the Mg–Ca–Zn ternary system and all three binary
constituents have already been modeled [11,12], some binary
compounds in two of the constituent binaries, Mg–Ca and Ca–
Zn, and Mg–Ca–Zn ternary have been re-optimized following the
availability of detailed experimental data on the Mg–Ca–Zn system
by Zhang et al. [13]. The changes incorporated in the model
presented in this study are given as follows: (a) Zhang et al. [13]
determined the extended ternary solid solubility of Mg2Ca. In the
reported thermodynamic modeling of the system [11,12], Mg2Ca
had been included as the compound with no ternary solubility
whereas in this study, extended ternary solid solubility of Mg2Ca
has been considered. (b) Zhang et al. [13] reported the ternary
solubility of CaZn11 and CaZn13 binary compounds experimentally.
In the present study, both CaZn11 and CaZn13 have been considered
as solid solutions with respective ternary solubility unlike earlier
studies [11,12]. (c) Two ternary intermetallic compounds IM1
(where IM denotes intermetallic compound) and IM3 having
complex solubility ranges have been considered as solid solutions.
IM2 and IM4 have been treated as the stoichiometric phases
due to their very limited homogeneity range. (d) Calculated
vertical section of the system in the Mg-rich region at constant
Ca composition (Ca¼4, 6 at%) has been compared with the
experimental data of [14], where this system shows promising
compositions for the formation of bulk metallic glass for biome-
dical applications [8]. In addition, ternary interaction parameters
in the liquid phase have also been re-optimized in the present

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/calphad

CALPHAD: Computer Coupling of Phase Diagrams and
Thermochemistry

http://dx.doi.org/10.1016/j.calphad.2014.03.003
0364-5916/& 2014 Elsevier Ltd. All rights reserved.

n Corresponding author.
E-mail address: mmedraj@encs.concordia.ca (M. Medraj).

CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 46 (2014) 134–147

www.sciencedirect.com/science/journal/03645916
www.elsevier.com/locate/calphad
http://dx.doi.org/10.1016/j.calphad.2014.03.003
http://dx.doi.org/10.1016/j.calphad.2014.03.003
http://dx.doi.org/10.1016/j.calphad.2014.03.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.calphad.2014.03.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.calphad.2014.03.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.calphad.2014.03.003&domain=pdf
mailto:mmedraj@encs.concordia.ca
http://dx.doi.org/10.1016/j.calphad.2014.03.003


study. Thermodynamic parameters of stoichiometric phases in the
constituent binaries other than mentioned above have been taken
from the literature [12]. All the binary and ternary phases with
solubility ranges (Mg2Ca, CaZn11, CaZn13, IM1 and IM3) have been
modeled using compound energy formulism (CEF) and the liquid
phase has been modeled with the modified quasi-chemical model.

2. Literature review

Experimental studies and efforts to present a consistent and
accurate thermodynamic description of the Mg–Ca–Zn system and
constituent binaries were undertaken in the past by different
groups [11,12,15–34]. Based on the metallographic studies and

cooling curves data of 189 alloys, Paris [15] reported 16 different
isopleths and reported a ternary compound with the composition
Ca2Mg5Zn5. However, Paris [15] did not report any crystallographic
data for this compound. Later, Clark [16] investigated the isother-
mal section of the Mg–Ca–Zn system at 608 K employing metallo-
graphy and X-ray diffraction of 76 alloys and reported the presence
of two ternary compounds Ca2Mg6Zn3 and Ca2Mg5Zn13 [17,18].
Based on the above experimental data [15–18], the thermody-
namic modeling of the system was carried out by Brubaker
and Liu [11] considering one ternary stoichiometric compound:
Ca2Mg6Zn3 and speculating the existence of another, Ca2Mg5Zn13.
But because of lack of sufficient experimental information they
could not confirm the existence of the second ternary compound
in the Mg–Ca–Zn system. Brubaker and Liu [11] employed the
random mixing model for the liquid phase which does not take
short range ordering in the liquid into account. Later on, Wasiur-
Rehman and Medraj [12] re-optimized the Mg–Ca–Zn system by
considering different scenarios combining the work of Paris [15]
and Clark [16–18]. As a best fit to the experimental data, two
ternary compounds reported by Clark [16–18] were included
in the thermodynamic modeling. The isothermal sections of the
Mg–Ca–Zn system at 608 K modeled by Brubaker and Liu [11] and
Wasiur-Rehman and Medraj [12] are presented in Fig. 1a and b.
The appearance of the additional liquid region close to the Mg–Zn
side reported by Brubaker and Liu [11] is not consistent with the
experimental data [15]. Recently, Zhang et al. [13] experimentally
studied the isothermal section of the Mg–Ca–Zn system at 608 K
using a combination of the high-throughput diffusion couple
technique and equilibrated key alloys. The existence of four inter-
metallic ternary compounds was reported: Ca3MgxZn15�x (4.6rxr
12 at 608 K), Ca14.5Mg15.8Zn69.7, Ca2Mg5Zn13 and Ca1.5Mg55.3Zn43.2,
designated as IM1, IM2, IM3 and IM4 respectively. Both IM1 and
IM3 show extended ternary solubility while IM2 and IM4 were
reported as stoichiometric compounds [35]. The crystallographic
information of the ternary and binary compounds in the Ca–Mg–Zn
system is listed in Table 1 [35–37]. The structure of IM1 is hexagonal
with lattice parameters a¼0.9958 nm and c¼1.0395 nm at 66.9 at%
Mg content [35]. IM3 ternary intermetallic crystalizes in the
hexagonal structure with lattice parameters a¼1.4756 nm and
c¼0.8804 nm [36]. The homogeneity range of IM3 is 8.2rCar9.1,
27.1rMgr31.0 and 60.8rZnr64.7 at 608 K [36]. In addition,
Zhang et al. [13] reported extended ternary solubility for Mg2Ca,
CaZn11 and CaZn13 binary compounds. Mg2Ca has a hexagonal
C14-type crystal structure with lattice parameters a¼0.62528 nm
and c¼1.01435 nm [38] and MgZn2 has lattice parameters
a¼0.5220 nm and c¼0.8566 nm [39]. The maximum ternary
solubility of Mg2Ca corresponds to Ca33.3Mg55.9Zn10.8 composition.

Fig. 1. Comparison of the 608 K isothermal section of (a) Brubakar and Liu [11];
(b) Wasiur-Rehman and Medraj [12].

Table 1
Crystallographic information of the ternary and binary compounds in the
Ca–Mg–Zn system [35–37].

Phase Pearson symbol Space group Lattice parameters (Å)

a b c

Mg2Ca hP12 P63/mmc (194) 6.253 6.253 1.014
CaZn2 I12 Imma (74) 4.591 7.337 7.667
CaZn3 hP32 P63/mmc (194) 9.168 9.168 7.327
CaZn5 hP6 P6/mmc (191) 5.371 5.371 4.242
CaZn11 tI48 I41/amd O2 (141) 10.699 10.699 6.830
CaZn13 cF112 Fm-3c (226) 12.154 12.154 12.154
Zn hP2 P63/mmc (194) 2.665 2.665 4.947
Mg hP2 P63/mmc (194) 3.199 3.199 5.154
MgZn2 hP12 P63/mmc (194) 5.220 5.220 8.566
Mg2Zn11 cP39 Pm-3 (200) 8.552 8.552 8.552
IM1 [35] hP36 P63/mmc (194) 9.958 9.958 1.039
IM3 [36] hP92 P63/mmc (194) 14.756 14.756 8.804
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CaZn11 has the tetragonal crystal structure with lattice parameters
a¼1.0699 nm and c¼0.6830 nm [40]. CaZn13 has the fcc lattice
with lattice parameter a¼1.21543 nm [41]. CaZn11 and CaZn13

show the maximum ternary solubility to be 8.4 and 15.5 at% Mg,
respectively. The solubility range and crystal structure of Mg2Ca,
CaZn11, CaZn13, IM1 and IM3 at 608 K were studied using scanning
electron microscopy (SEM), electron probe micro-analysis (EPMA),
transmission electron microscopy (TEM), electron back-scattered
diffraction (EBSD) and X-ray diffraction (XRD) [13,35,36]. In addi-
tion, based on the atomic occupancy results and the crystal-
lographic details, two sublattice models were proposed for these
two ternary solid solutions [35,36]. Therefore, based on the
intensive experimental data reported by our group [13,14,35,36]
on the Mg–Ca–Zn system, re-optimization has been carried out in
this work.

3. Thermodynamic models

3.1. Pure elements

Gibbs energy of formation of Ca, Mg and Zn of a structure φ as a
function of temperature (T) is described as

0Gφ
Ca=Mg=ZnðTÞ ¼ aþbTþcT ln TþdT2þeT3þ f T �1þgT7þhT �9 ð1Þ

where, 0GφCa/Mg/Zn(T) is the Gibbs energy at the standard state and T
is the absolute temperature. The values of the coefficients a–h are
taken from the SGTE (Scientific Group Thermodata Europe) com-
pilation by Dinsdale [42].

3.2. Liquid phase

Several models have been proposed to thermodynamically
describe the liquid phase. Binary systems such as Ca–Zn and
Mg–Zn, show strong compound forming tendency and display a
pronounced minimum in the enthalpy of mixing of the liquid
phase. This is caused due to the presence of short range ordering
in the liquid phase [43]. The random mixing model (Bragg–
Williams model) does not consider short range ordering in the
liquid and requires too many parameters for optimization to fit the
experimental data. The Associate or Molecular model takes short
range ordering in the liquid phase into account with the assump-
tion that some molecules occupy some sites preferentially which is
not physically sound [44]. Moreover, Associate or Molecular model
does not correctly predict the thermodynamic properties of
ternary solutions when constituent binaries show short range
ordering [45]. The modified quasi-chemical model (MQM) with a
pair approximation is therefore used in this study to model the
liquid phase in the Mg–Ca–Zn system and the constituent binaries.
The details of the MQM were explained in a series of articles by
Dr. Pelton [46–48].

A brief description of MQM is given here. The energy of pair
formation can be expressed by the following equation:

ΔgAB ¼Δg0ABþ ∑
iZ1

gi0ABX
i
AAþ ∑

jZ1
g0jABX

j
BB ð2Þ

where, Δg0AB, g
i0
AB and g0jAB are the parameters of the model and can

be expressed as functions of temperature. Another important
aspect of the MQM is the atom to atom coordination number.
The coordination number of atoms A and B can be written as ZA
and ZB, which can be expressed as function of composition. They
can be presented by the following equations:

1
ZA

¼ 1

ZA
AA

2nAA

2nAAþnAB

� �
þ 1

ZA
AB

nAB

2nAAþnAB

� �
ð3Þ

1
ZB

¼ 1

ZB
BB

2nBB

2nBBþnAB

� �
þ 1

ZB
BA

nAB

2nBBþnAB

� �
ð4Þ

nij is the number of moles of (i–j) pairs, ZA
AA and ZA

AB are the
coordination numbers when all nearest neighbors of an A atom are
A or B atom, respectively. The composition of maximum short
range ordering is determined by the ratio ZB

BA/Z
A
AB. Values of ZA

AB
and ZB

BA are unique to the A–B binary system and should be
carefully determined to fit the thermodynamic experimental data
(enthalpy of mixing, activity etc.). The values of the coordination
numbers as well as binary excess parameters for the liquid have
been taken from Wasiur-Rahman and Medraj [12].

3.3. Terminal solid solution

The terminal solid solutions in the Mg–Ca–Zn system are
modeled using the random solution model. The Gibbs energy is
expressed as Redlich–Kister polynomial

G¼ xi0Gi
φþx0j G

φ
j þRT xi ln xiþxj ln xj

� �þexGφ ð5Þ

where i and j are the elements of the binary i–j system, exGφ is the
excess Gibbs energy function expressed as

exGφ ¼ XiXj
0Lφi;jþ Xi�Xj

� �1Lφi;jþ Xi�Xj
� �22Lφi;j�

h
ð6Þ

Each of the L terms may be temperature dependent according to
nLφi;j ¼ aþbT ð7Þ

The parameters a and b are generated by optimization using
experimental results of phase equilibria and thermodynamic data.

3.4. Intermediate stoichiometric compounds

Gibbs energy of the stoichiometric compounds IM2 and IM4 is
described using the following expression:

Gφ ¼ xi0Gi
φþx0j Gj

φþx0kG
φ
k þΔGf ð8Þ

where, φ denotes the phase of interest, xi, xj and xk are the mole
fraction of components i, j and k and Gi

φ, Gj
φ and Gk

φ represent the
Gibbs energy of the components in their standard state and
ΔGf¼aþbT is the Gibbs energy of formation per mole of atoms
of the stoichiometric compound. The parameters a and b are
determined in the same way to that of terminal solid solutions.

3.5. Intermediate solid solution phases

The Gibbs energy of intermediate solid solutions Mg2Ca,
MgZn2, CaZn11, CaZn13, IM1 and IM3 in the Mg–Ca–Zn system is
described by the compound energy formalism (CEF) as

G¼ Gref þGidealþGexcess

Gref ¼∑yliy
m
j …yq o

k Gði:j:…KÞ ð9Þ

Gideal ¼ RT∑lf l∑ly
l
ilny

l
i ð10Þ

Gexcess ¼∑yliy
l
jy

m
k ∑γ ¼ 0

γLði;jÞ:k ðyli�yljÞγ ð11Þ

where, i, j, … k represent components or vacancy in l, m and q
sublattices. yli represents the site fraction of component i on
sublattice l; fl is the fraction of sublattice l relative to the total
lattice sites, 0Gði;j;…;kÞ represents the compound energy of a real or
a hypothetical end member in the sublattice model. γLði;jÞ:k repre-
sents the interaction parameters which describe the interaction
between the constituents within the sublattice.

During the optimization of the model parameters, the Gibbs
energy of formation of the hypothetical end members is given a
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high positive value to avoid any unwanted formation whereas for
the stable compounds the values are determined. Two sublattice
model (Mg%, Ca, Zn)2 (Mg, Ca%, Zn) is used to describe Zn
solubility in Mg2Ca. Here, % denotes the major constituent of the
sublattice. Among all the end members, Mg2Ca and MgZn2 are the
stable phases and all other end members are hypothetical. This
model covers the entire composition range of the system therefore
the homogeneity range of Mg2Ca and MgZn2 could be successfully
reproduced. Based on the crystallographic information reported by
Zhang et al. [35] for IM1 a three sublattice model, (Ca)(Zn, Mg)(Mg,
Zn)4 has been used to reproduce the solubility. The model allows
the mixing of Mg and Zn in two of the lattices. It covers the

composition from 0 to 83.33 at% Zn which includes the solubility
range of IM1 completely. Therefore the solubility range of IM1
could be reproduced using this model. In the case of IM3, on the
basis of the atomic occupancy results and the crystallographic
details, Zhang et al. [36] proposed a three-sublattice model
(Ca%)3(Ca, Mg%)13(Mg, Zn%)30 for this compound. The model was
modified by incorporating vacancies into two of the constituent
lattices as (Ca%, Va)3(Ca, Mg%, Va)13(Mg, Zn%)30. IM3 has a diffused
solubility with uneven contour. Using the proposed three-
sublattice model by [36], it was not possible to model the
solubility of IM3 thermodynamically. Although Zhang et al. [36]
analyzed all three sublattices critically and defined all the site

Table 2
Nominal and actual composition of the samples and the transformation temperature at different scan rates for the samples with Ca¼4 at%.

Sample No. Nominal composition (at%) Actual composition (at%) Scan rate (K/min) Transformation temperature at different scan rates (K)

Phase transformation no.1 Liquidus (obtained from cooling)

1 Ca4Mg68Zn28 Ca4.1Mg70.8Zn25.1 10 611 641
5 611 641
0a 611 641

2 Ca4Mg66Zn30 Ca4.2Mg68.7Zn27.1 10 611 619
5 611 620
0a 611 621

3 Ca4Mg64Zn32 Ca4.3Mg66.1Zn29.6 10 611 –

5 611 –

0a 611 –

4 Ca4Mg62Zn34 Ca4.1Mg63.2Zn32.7 10 611 633
5 611 638
0a 611 643

5 Ca4Mg60Zn36 Ca3.8Mg60.4Zn35.8 10 611 665
5 611 665
0a 611 665

a Extrapolated.

Table 3
Nominal and actual composition of the samples and the transformation temperature at different scan rates for the samples with Ca¼6 at%.

Sample no. Nominal
composition (at%)

Actual
composition (at%)

Scan rate
(K/min)

Transformation temperature at different scan rates (K)

Phase
transformation no.1

Phase
transformation no.2

Liquidus
(obtained from cooling)

6 Ca6Mg72Zn22 Ca6.1Mg72.7Zn21.2 10 611 647 686
5 611 649 688
0a 611 651 690

7 Ca6Mg70Zn24 Ca6.2Mg70.5Zn23.3 10 611 641 669
5 611 641 672
0a 611 641 675

8 Ca6Mg68Zn26 Ca5.8Mg67.4Zn26.8 10 611 – 627
5 611 – 627
0a 611 – 627

9 Ca6Mg66Zn28 Ca6.1Mg64.8Zn29.1 10 611 – 627
5 611 – 627
0a 611 – 627

10 Ca6Mg64Zn30 Ca6.0Mg62.7Zn31.3 10 611 – 623
5 611 – 623
0a 611 – 623

11 Ca6Mg62Zn32 Ca5.8Mg60.0Zn34.2 10 611 – 654
5 611 – 654
0a 611 – 654

12 Ca6Mg60Zn34 Ca6.2Mg58.5Zn35.3 10 611 – 646
5 611 – 649
0a 611 – 652

a Extrapolated.
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occupancies, they did not find any other anti-structure elements
mixed in these lattices. Therefore vacancies are added to the first
two sublattices according to the general guidelines by Hillert [49].
The occurrence of vacancy is natural in the lattices and their
presence provides flexibility during modeling. Among the end
members of this model, Ca3Mg13Zn30 is close to the stability range
of IM3 and hence Gibbs free energy of formation is negative and is
optimized to stabilize the compound. All other end members of
the model are hypothetical. This model also covers the whole
composition range in which IM3 is stable or in equilibrium with
other phases. As for the Ca–Zn binary compounds extending in the
ternary system, CaZn11 and CaZn13 have been remodeled using

sublattice model to accommodate the ternary solubility. The ear-
lier assessment by [12] used stoichiometric model for these
compounds since no solubility was reported at that time. CaZn11

and CaZn13 are modeled using two sublattices as (Ca)(Mg, Zn)11
and (Ca)(Mg, Zn)13, respectively, where Mg mixes in the second
lattices.

4. Experimental procedure

To investigate the behavior of the glass formation and to confirm
the consistency of the thermodynamic model with experimental
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Fig. 2. Comparison of the optimized Mg–Ca binary phase diagram with the experimental data from literature.
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Fig. 3. Comparison of the optimized Ca–Zn binary phase diagram with the experimental data from literature.
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results, 5 samples with 4 at% Ca and 7 samples with 6 at% Ca were
prepared. The starting materials were supplied by Alfa Aesar with
purities of 99.98% Mg, 99.99% Zn and 99% Ca. The alloys were
prepared in an arc-melting furnace with water-cooled copper cruci-
ble in an argon atmosphere using a non-consumable tungsten
electrode. Samples were re-melted five times to ensure homogeneity.
To compensate for the mass loss of Mg and Zn due to their high
vapor pressure, extra 8 and 12 weight percentages of Mg and Zn,
respectively, were added to the compositions before melting. The
actual composition of the samples was determined by Inductively
Coupled Plasma (Ultima 2 ICP-OES) spectrometer. The nominal and
actual compositions of the samples used in this paper are listed in
Tables 2 and 3. The difference between nominal compositions and
actual compositions is below 3 at%. The actual compositions were
used for the analysis.

The melting temperatures and phase transformations were
studied using 5 and 10 K/min heating and cooling rates by means

of a differential scanning calorimeter (DSC) from SETARAM Instru-
mentation under a continuous flow of purified argon. Temperature
calibration of the DSC equipment was done using standard
samples of Sn, Al, Zn, Ni and Au. Samples were placed in a graphite
crucible covered with a lid. The reproducibility of every measure-
ment was confirmed by collecting the data during three different
heating and cooling cycles on each sample. The estimated error of
measurements between the repetitive cycles is 72 K or less.
Temperatures corresponding to various thermal events were
obtained from the analysis of the DSC curves during heating and
cooling runs. As mentioned earlier, the alloys were prepared in an
arc melting furnace. During melting the temperature of the
furnace reaches more than 3200 K. While in the DSC experiments,
the temperature is kept around 775 K. Thus the mass loss/oxida-
tion was not a concern during the DSC experiments as it was
during the arc-melting. However, Thermo-gravimetric analysis
(TGA) was done to observe any mass loss or gain of the samples

Liquid

Mg-hcp + Mg12Zn13

L + Mg-hcp

L + MgZn2

L + Mg2Zn3

M
gZ

n 2
 +

 M
g 2

Zn
3

M
g 1

2Z
n 1

3 +
 M

g 2
Zn

3

M
gZ

n 2
 +

 M
g 2

Zn
11

L + MgZn2

M
g-

hc
p 

+ 
M

g
2Z

n 1
1

Mg-hcp

Mg-hcp + Mg51Zn20

MgZn2

L + Zn-hcp

[20]
[21]
[23]

[24]
[25]
[27]

[31]
[32]
[33]

Mole fraction, Zn

Te
m

pe
ra

tu
re

, K

0 0.2 0.4 0.6 0.8 1
300

500

700

900

Fig. 4. Comparison of the optimized Mg–Zn binary phase diagram with the experimental data from literature.

Fig. 5. DSC curve with the heating and cooling rate 10 K/min (a) sample no. 2 (Ca4.2Mg68.7Zn27.1) containing 4 at% Ca and (b) sample no. 8 (Ca5.8Mg67.4Zn26.8) containing 6 at
% Ca.
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due to decomposition or oxidation. None of the DSC measure-
ments showed fluctuation in the TGA curve during the experi-
ments. Also, each sample was weighed and inspected visually
before and after the experiment to detect any change in mass or
discoloration due to oxidation.

5. Results and discussion

5.1. The constituent binaries of the Mg–Ca–Zn system

The calculated Mg–Ca phase diagram using the current data-
base has been compared with the experimental data from the
literature [15,19,22,26,30,34,50] as shown in Fig. 2. Recently, it has

been reported that Mg2Ca has ternary solubility in the Mg–Ca–Zn
system. In order to incorporate the solubility of Zn in Mg2Ca, it has
been re-optimized using a two Sublattice model which has been
discussed earlier in Section 3.5. In addition, the ternary solid
solubility in the MgZn2 binary compound is negligible. Mg2Ca
and MgZn2 being iso-structural compounds, Laves_C14 phase,
have been modeled by CEF employing the same Gibbs energy
function in the Mg–Ca–Zn ternary system. The optimized Ca–Zn
binary phase diagram incorporating CaZn11 and CaZn13 as solid
solutions with Mg maintains good agreement between the opti-
mized phase diagram and the experimental results from the
literature [28,29] as shown in Fig. 3. The calculated congruent
melting temperature of CaZn11 is 996 K which matches well with
the experimental value 995 K. The calculated decomposition

Fig. 6. (a) Calculated isopleths in Mg–Ca–Zn system at Ca¼4 at% in comparision to the experimental data. (b) Calculated isopleths in Mg–Ca–Zn system at Ca¼6 at% in
comparision to the experimental data.
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temperature of CaZn13, 940 K, is close to the experimental value
944 K. The calculated Mg–Zn phase diagram with the experimen-
tal data from the literature [20,21,23–25,27,31–33] is presented in
Fig. 4. The calculated congruent melting temperature and binary
homogeneity range of MgZn2 are found to be in good agreement
with the available experimental data from the literature. During
optimization the model parameters of the binary liquid and
stoichiometric compounds were taken from an earlier work [12]
of our group to ensure the consistency with the available experi-
mental phase diagram and thermodynamic properties.

5.2. Mg–Ca–Zn system

A complete self-consistent thermodynamic database for the
Mg–Ca–Zn system has been constructed. Unlike Brubaker and Liu
[11], Wasiur-Rehman and Medraj [12], four ternary intermetallic
compounds, IM1, IM2, IM3, IM4 reported by Zhang et al. [13] are
included in the modeling. Since all the binaries show similar
thermodynamic properties and do not differ to a large extent,
symmetric Kohler geometric model [51] was employed for the
extrapolation into the ternary system. Three ternary interaction
parameters for the liquid phase have been used to achieve
consistency with the current and literature experimental results.

5.2.1. Vertical section from this study
Fig. 5a and b shows the DSC curves of samples 2 and 8. In sample 2,

two peaks can be observed in both heating and cooling cycles. At
10 K/min scan rate, onset of the heating peaks is found at 611 K and
626 K, which are encountered at 607 K and 619 K during cooling. The
difference between onset of heating and onset of cooling of liquidus
indicates noticeable super cooling effect where the liquidus tempera-
ture during heating was found to be 626 K while 619 K during cooling.
Therefore the correct liquidus temperature of this sample should
be somewhere in between these two values. In order to minimize
the super cooling effect, DSC measurements at 5 and 10 K/min are
extrapolated to 0 K/min i.e. to the equilibrium, as shown in Table 2.
Hence, the corrected liquidus temperature during heating and cooling
are obtained as 624 K and 621 K, respectively. The experimental data
along with vertical sections at 4 at% and 6 at% Ca from this study have
been compared with the current thermodynamic calculations as
shown in Fig. 6a and b. The calculated vertical sections fit very well
with the experimental data. The presence of deep eutectic indicates
the high potential for the formation of metallic glasses, which is in
agreement with our previous findings [14].

5.2.2. Vertical section from the literature
Different vertical sections calculated in the present study have

been compared with the experimental results of Paris [15] as shown

Fig. 7. (a) Calculated isopleth between Mg0.63Ca0.37–Ca0.80Zn0.20 in Mg–Ca–Zn system in comparision to the experimental data. (b) Calculated isopleth Mg2Ca–CaZn11 in
Mg–Ca–Zn system in comparision to the experimental data. (c) Calculated isopleth MgZn29CaZn2 in Mg–Ca–Zn system in comparision to the experimental data.
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in Fig. 7a–c. Vertical sections along Mg0.63Ca0.37–Ca0.80Zn0.20, Mg2Ca–
CaZn11 and MgZn2–CaZn2 are plotted in Fig. 7a–c. Fig. 7a shows the
agreement between the calculated vertical section and the experi-
mental data of Paris [15] and demonstrates the accuracy of the
current thermodynamic model. The vertical sections shown in Fig. 7b
and c along the composition range Mg2Ca–CaZn11 and MgZn2–CaZn2
represent the complex Zn-rich corner of the Mg–Ca–Zn system and
are consistent with the experimental data of Paris [15] within the
experimental error of 710 K. Brubaker and Liu [11] presented
vertical section along the composition range Mg2Ca–MgZn2 in
comparison with the experimental data of Paris [15]. Presence of

deep liquidus in the vertical section calculated from their model
indicated flaw in the model. The liquidus obtained in the present
study is consistent with the experimental data. Although the
problem of the deep liquidus was resolved by Wasiur-Rehman and
Medraj [12], their model had some issues. For example the difference
between the calculated and experimental liquidus along Zn rich
corner varies from �20 to 100 K because they did not consider the
presence of all the ternary compounds and the ternary solubility of
the binary compounds. In the present study, the difference between
the calculated and experimental phase boundaries is within 717 K
and therefore is more accurate than earlier studies [11,12].
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6. Liquidus projection

Fig. 8a presents the liquidus projection of the Mg–Ca–Zn
system calculated in this study. The superimposed experimental
data points corresponding to the primary solidification region are
taken from Paris [15]. A magnified image of the promising glass
forming region of the Mg–Ca–Zn system is presented in Fig. 8b.
Another magnified image near the Zn-rich corner is shown in
Fig. 8c to elaborate the liquidus valley. Different symbols represent
different primary phases forming during solidification reported by
Paris [15]. 22 invariant reactions and three maximum points are
identified and their details are presented in Table 4. Liquidus
projection in the system shows 20 primary crystallization regions.
Four of them belong to ternary intermetallic compounds (IM1,
IM2, IM3 and IM4), three to the end members (Mg-hcp, Ca-bcc and
Ca-fcc) and the rest to the binary compounds. There is a good
agreement between the calculated primary crystallization regions
and experimental data of Paris [15] over almost the entire
composition range. However, disagreement with the results of
Paris [15] can be seen along the Zn-rich corner and the ternary
compounds IM1, IM2, IM3. This is mainly because of difference
between the nomenclatures of the compounds in these regions as
Paris [15] was not aware of the existence of CaZn3, CaZn13 and
different ternary intermetallic compounds IM1, IM2 and IM3.
Therefore, it was not possible for him to differentiate between
data for CaZn3 and CaZn5, CaZn11 and CaZn13 and ternary com-
pounds. Hence he used the same symbol to represent the experi-
mental data in the primary solidification regions of these phases as
shown in Fig. 8a. The primary solidification region of these ternary
compounds IM1 and IM3 falls under the solidification region of
Ca2Mg5Zn5, the only ternary compound Paris reported [15]. The
liquidus projection for two ternary compounds reported by
Brubaker and Liu [11] matches well with the results from this
study except along the primary solidification region of Ca2Mg5Zn13

and Zn-rich region of the ternary system. The disagreement along
the primary solidification region of Ca2Mg5Zn13 is due to the

reason that Brubakar and Liu [11] included only two ternary
compounds whereas four ternary compounds are included in the
present study. In comparison with the liquidus projection reported
by Wasiur-Rehman and Medraj [12], the disagreement is also
along the primary solidification region of the ternary compounds.
This is again due to the number of ternary compounds included in
the modeling. Liquidus projection calculated in this study shows
the solidification of two intermetallic compounds IM1 and IM3 in
the region where Wasiur-Rehman and Medraj [12] reported the
solidification of Ca2Mg6Zn3.

7. Isothermal section of the Mg–Ca–Zn system

Mg2Ca shows complex ternary solubility range. Present calcu-
lation shows the solubility limit of Mg2Ca to be 3.2 at% Zn at
30.6 at% Ca which agrees well with the experimental data of Zhang
et al. [13]. The other Laves phase, MgZn2 does not show any
ternary solubility in the Mg–Ca–Zn system. As shown in Fig. 9a
and b, optimized Laves phase matches well with the experimental
solubility range. The optimized model parameters of the
Laves_C14 phase are presented in Table 5. Four interaction terms
were necessary to reproduce the solubility range of this phase. The
other binary compounds optimized in this study are CaZn11 and
CaZn13. These compounds form substitutional solid solutions
where Mg substitutes Zn. Two excess Gibbs energy parameters
have been used to reproduce the solubility range of CaZn13

whereas one is used for CaZn11. The optimized model parameters
are presented in Table 5. The solubility limits of CaZn11 and
CaZn13, at 608 K obtained in this work are in agreement with the
experimental data reported by Zhang et al. [13] within the
experimental error, as shown in Fig. 9a and b.

The thermodynamic data of the ternary stoichiometric com-
pounds, IM2 and IM4 is given in Table 6. The calculated decom-
position temperature of IM2 and IM4 from this optimization is
822 K and 612 K, respectively and these compounds are stable

Table 4
Four-phase equilibrium points and their reactions in the Ca–Mg–Zn system.

Equilibrium reactions Type Composition (at%) Temp. (K)

Ca Mg Zn

Lþ lave_14(Mg2Ca)þCa(bcc)2Ca(fcc) P1 73.08 25.52 1.40 716.03
LþZn2Caþ IM22IM1 P2 17.90 28.75 53.35 768.74
Lþ IM3þZn13Mg122IM4 P3 1.91 67.09 31.00 613.81
LþZn3Ca52ZnCa3þ lave_14(Mg2Ca) U1 62.34 15.93 21.73 599.20
LþCaZn2Zn3Ca5þ lave_14(Mg2Ca) U2 57.68 15.70 26.62 614.26
LþZn2Ca2CaZnþ lave_14(Mg2Ca) U3 55.30 16.18 28.51 629.66
Lþ IM22IM1þ IM3 U4 16.64 30.55 52.81 768.63
LþZn3Ca2Zn2Caþ IM2 U5 18.02 22.14 59.84 797.88
LþZn5Ca2Zn3Caþ IM2 U6 17.62 20.30 62.08 807.30
LþZn5Ca 2CaZn11þ IM2 U7 11.22 22.49 66.29 819.23
Lþ IM22CaZn11þ IM3 U8 8.84 30.15 61.01 787.12
LþCaZn112CaZn13þ IM3 U9 8.62 30.48 60.90 786.21
LþCaZn132IM3þ lave_14(MgZn2) U10 7.20 33.29 59.51 777.43
Lþ lave_14(MgZn2)2IM3þZn3Mg2 U11 3.77 57.35 38.88 670.75
LþZn3Mg22IM3þZn13Mg12 U12 1.94 66.83 31.23 615.34
LþZn13Mg122IM4þZn20Mg51 U13 1.20 69.07 29.72 609.96
LþZn20Mg512IM4þMg-hcp U14 1.31 69.08 29.61 609.53
Lþ IM12IM3þMg-hcp U15 3.13 67.31 29.56 611.00
Lþ lave_14(Mg2Ca)2IM1þMg-hcp U16 8.30 67.94 23.76 649.22
L2lave_14(Mg2Ca)þCa(fcc)þZnCa3 E1 64.94 16.64 18.41 600.02
L2IM1þZn2Caþ lave_14(Mg2Ca) E2 23.74 38.22 38.04 720.21
L2Mg-hcpþ IM3þ IM4 E3 2.27 67.96 29.77 608.65
L2lave_14(Mg2Ca)þZn2Ca M1 32.95 31.11 35.94 753.21
L2IM2þ IM3 M2 9.67 30.70 59.63 787.74
L2IM2þZn5Ca M3 12.93 21.83 65.23 821.90
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down to the room temperature. The optimized solubility range
of the other two ternary compounds, IM1 and IM3 is compared
with the experimental values in Fig. 9a and b. IM1 forms a

substitutional solid solution in which Mg replaces Zn. Three
sublattices model based on the crystallographic information of
Zhang et al. [35] has been employed to model ternary intermetallic
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compound IM1 as discussed earlier in this paper. The compound
required five interaction parameters to achieve consistency with
the experimental homogeneity range. The optimized model para-
meters are presented in Table 5. The phase relations and homo-
geneity range compares well with the experimental results of [13].
IM1 is in equilibrium with Mg-hcp, Mg2Ca, CaZn2, IM2 and IM3 by
forming five 2-phase and five 3-phase regions at 608 K. The model
used for IM3 is (Ca%, Va)3(Ca, Mg%, Va)13(Mg, Zn%)30. The opti-
mized model parameters of IM3 are presented in Table 5. The
optimized homogeneity range and phase relations agree well with
the experimental data. The calculated homogeneity range of IM3
matches with the values of the experimental homogeneity range
within the experimental error limit of 72 at%. Three interaction

parameters have been used for optimizing the homogeneity range
of IM3. Ternary interaction parameters of the Mg–Ca–Zn liquid
phase have been re-optimized using the modified quasi-chemical
model in the present study. The values of the ternary interaction
parameters do not have any bearing on binary phase diagrams and
were kept as small as possible as suggested by Chartrand and
Pelton [52]. The optimized model parameters for the liquid phase
are given in Table 6. Combining the models for Mg2Ca, MgZn2,
CaZn11, CaZn13, IM1 to IM4 and liquid, the re-optimized Mg–Ca–Zn
isothermal section at 608 K is shown in Fig. 9a. Fig. 9b shows the
experimentally determined isothermal section for this system
at the same temperature by Zhang et al. [13]. The optimized
isothermal section reproduces the experimental data for the

Table 5
Optimized model parameters for IM1, IM3, CaZn11, CaZn13 and Laves_C14.

IM1 Model: (Ca)(Zn, Mg)(Mg, Zn)4 (J/mol atom)

GCa:Zn:Mg ¼1/6G (Ca, bcc-A2)þ1/6G (Zn, hcp-Zn)þ4/6G (Mg, hcp-A3)–14,321.30þ5.31T This study
GCa:Zn:Zn¼1/6G (Ca, bcc-A2)þ5/6G (Zn, hcp-Zn)–3488.17þ0.70T
GCa:Mg:Mg¼1/6G (Ca, bcc-A2)þ5/6G (Mg, hcp-A3)–3488.17þ0.70T
GCa:Mg:Zn¼1/6G (Ca, bcc-A2)þ4/6G (Zn, hcp-Zn)þ1/6G(Mg, hcp-A3)–19,915.34þ7.54T

L0Ca:Zn:Mg;Zn¼�47,997.17þ20.79T; L1Ca:Zn:Mg;Zn¼�17,650.12þ4.88T

L0Ca:Zn:Zn;Mg ¼ 209.29þ2.09T; L1Ca:Zn:Zn;Mg¼�20,580.18þ5.93T;

L2Ca:Zn:Zn;Mg¼�13,809.65þ1.40T

IM3 Model: (Ca, Va)3(Ca, Mg, Va)13(Mg, Zn)30 (J/mol atom)
0GCa:Ca:Mg ¼16/46G (Ca, bcc-A2)þ30/46G (Mg, hcp-A3)þ4549.78 This study
0GCa:Ca:Zn ¼16/46G (Ca, bcc-A2)þ30/46G (Zn, hcp-Zn)þ3184.85
0GCa:Mg:Mg ¼3/46G (Ca, bcc-A2)þ43/46G (Mg, hcp-A3)þ5459.74
0GCa:Mg:Zn ¼3/46G (Ca, bcc-A2)þ13/46G (Mg, hcp-A3)þ30/46G (Zn, hcp-Zn)–19,722.26þ9.33T
0GCa:Va:Mg ¼3/46G (Ca, bcc-A2)þ30/46G (Mg, hcp-A3)þ8190.00
0GCa:Va:Zn ¼3/46G (Ca, bcc-A2)þ30/46G (Zn, hcp-Zn)þ8190.00
0GVa:Ca:Mg ¼13/46G (Ca, bcc-A2)þ30/46G (Mg, hcp-A3)þ8190.00
0GVa:Ca:Zn ¼13/46G (Ca, hcp-A2)þ30/46G (Zn, hcp-Zn)þ8190.00
0GVa:Mg:Mg ¼43/46G (Mg, hcp-A3)þ8190.00
0GVa:Mg:Zn ¼13/46G (Mg, hcp-A3)þ30/46G (Zn, hcp-Zn)þ8190.00
0GVa:Va:Mg ¼30/46G (Mg, hcp-A3)þ8190.00
0GVa:Va:Zn ¼30/46G (Zn, hcp-Zn)þ8190.00

L0Ca;Va:Mg:Zn¼�9099.56

L0Ca:Ca;Mg:Zn¼L0Va:Ca;Mg:Zn¼�38,081.68

L0Ca:Mg:Mg;Zn¼�2729.57

CaZn11 Model: (Ca)(Zn,Mg)11 (J/mol atom)
0GCa: Zn ¼1/12G (Ca, bcc-A2)þ11/12G (Zn, hcp-Zn)–14,939.82þ3.79T This study
0GCa: Mg ¼1/12G (Ca, bcc-A2)þ11/12G (Mg, hcp-A3)–978.08þ13.26T
0LCa: Zn;Mg ¼�22,533.56

CaZn13 Model: (Ca)(Zn,Mg)13 (J/mol atom)
0GCa: Zn ¼1/14G (Ca, bcc-A2)þ13/14G (Zn, hcp-Zn)–14,046.29þ4.14T This study
0GCa: Mg ¼1/14G (Ca, bcc-A2)þ13/14G (Mg, hcp-A3)þ9988.52þ7.18T
0LCa:Zn;Mg ¼�36,715.45þ2.24T; 1LCa: Zn;Mg ¼�3737.32

Laves_C14 (MgZn2 type): (Mg, Ca, Zn)2 (Mg, Ca, Zn) (J/mol atom)
0GCa:Ca ¼G (Ca, bcc-A2)þ42,078.60 [12]

GMg:Mg¼G (Mg, hcp-A3)þ3884.60 [12]
0GZn:Zn ¼G (Zn, hcp-Zn)þ7507.30 [12]
0GZn:Mg ¼2/3G (Zn, hcp)þ1/3G (Mg, hcp-A3)–11,096.56þ0.78T This study
0GMg:Ca ¼2/3G (Mg, hcp-A3)þ1/3G (Ca, bcc-A2)–16,554.68þ3.52T This study
0GZn:Ca ¼2/3G (Zn, hcp)þ1/3G (Ca, bcc-A2)–15,325.61 This study
0GMg:Zn ¼2/3G (Mg, hcp-A3)þ1/3G (Zn, hcp-Zn)þ21,789.88 This study
0GCa:Mg ¼2/3G (Ca, bcc-A2)þ1/3G (Mg, hcp-A3)þ5573.30 [12]
0GCa:Zn ¼2/3G (Ca, bcc-A2)þG (Zn, hcp)þ19,533.73 This study

L0Mg;Ca:Mg¼L0Mg;Ca:Ca¼L0Mg:Mg;Ca¼L0Ca:Mg;Ca¼14,006.00 [12]

L0Mg;Zn:Mg¼L0Mg;Zn:Zn¼11,288.00 [12]

L0Mg:Mg;Zn¼L0Zn:Mg;Zn¼1.40 [12]

L0Mg:Ca;Zn¼�29,300.60 This study
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system with high accuracy. The isothermal section at 608 K
optimized in this work shows significant improvement compared
with the model optimized by the previous researchers [11,12]. The
improvement is mainly due to the incorporation of the four
ternary intermetallic compounds based on the recent experimen-
tal data reported by our group [13,35,36].

8. Conclusion

Thermodynamic modeling of the Mg–Ca–Zn system has been
carried out based on the CALPHAD approach using FactSage
software. The thermodynamic modeling of Laves phases in the
Mg–Ca and Mg–Zn system, CaZn11 and CaZn13 in the Ca–Zn system
has been carried out. Four ternary intermetallic compounds, IM1,
IM2, IM3 and IM4 have been included in the modeling of this
system for the first time. Ternary interaction parameters based on
the modified quasi-chemical model for the liquid phase have
been re-optimized. Experiments were carried out for samples
with constant Ca composition (Ca¼4 and 6 at%). The results show
good agreement between the calculated vertical sections and
experimental data from the current work and from the literature
over the entire composition range. The current thermodynamic
model reproduces the phase relations and solubility ranges in the
Mg–Ca–Zn system along the constituent binaries, various vertical
sections, liquidus projection and isothermal section at 608 K.
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