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Critical assessment of the experimental data and re-optimization of the binary Mg-Zn, Ca-Zn systems
and the Laves phase of the Mg-Ca system have been performed. A comprehensive thermodynamic
database of the Mg-Ca-Zn ternary system is presented. All available as well as reliable experimental data
both for the thermodynamic properties and phase boundaries are reproduced within experimental error
limits. In the present assessment, the Modified Quasichemical Model in the pair approximation is used
for the liquid phase to account for the presence of the short-range ordering properly. The intermediate
solid solutions are modeled using the compound energy formalism. Since the literature included con-
tradicting information regarding the ternary compounds in this system, thermodynamic modeling of
phase equilibria is used to determine the most likely description of this system and to exclude the self-
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contradicting experimental observations.
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1. Introduction

The main objective of adding alloying elements to pure
magnesium is to increase the strength, corrosion and creep resis-
tances which are important for industrial applications including
automotive and aerospace sectors. It was found that alloying Mg
with Ca increases the strength, castability and corrosion resistance
whereas the presence of Zn in the binary Mg-Ca alloys enhances
the precipitation hardening response [1]. As part of a broader
research project to create a self-consistent database for the Mg
alloys, a thermodynamic description of the Mg-Ca-Zn ternary
system is created in the present work.

All the three constituent binary systems Mg-Zn, Ca-Zn and Mg-
Ca and the ternary Mg-Ca-Zn system itself have been optimized
previously. However, the two constituent binary systems Mg-Zn
and Ca-Zn and the ternary Mg-Ca-Zn system have been re-opti-
mized in the present work for the following reasons: (a) the Laves
C14 phase in the Mg-Zn binary system is modeled using the
compound energy formalism (CEF) [2] and compared with the
experimental data for the first time. (b) According to Terpilowski [ 3]
the maximum short-range order (SRO) in the liquid phase occurs

* Corresponding author. Tel.: +1 514 848 2424x3146; fax: +1 514 848 3175.
E-mail address: mmedraj@encs.concordia.ca (M. Medraj).
URL: http://[www.me.concordia.ca/~emmedraj

0966-9795/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.intermet.2009.03.014

near the composition of MgZn, Laves phase at around 60 at.% Zn in
the Mg-Zn system and Hafner et al. [4] mentioned that, the Ca-Zn
system belongs to the class of glass-forming binary metallic
systems which also indicates the tendency for short-range ordering
in the liquid phase [5]. In the present assessment, this is taken into
account through the use of the Modified Quasichemical Model
(MQM) [6-8] for the liquid phase. This provides better represen-
tation of the partial properties of the solutes in the Mg-rich alloys
and better estimations of the properties of the ternary and higher
order liquid phases [9]. (c¢) Two ternary compounds reported by
Clark [10] were considered during modeling of the Mg-Ca-Zn
ternary system after careful assessment of the different contra-
dicting experimental results from the literature regarding the
number of ternary compound formation.

The optimized Gibbs energy parameters of the third binary,
Mg-Ca system, are taken from Aljarrah and Medraj [11] who also
used the Modified Quasichemical Model for the liquid phase. Since
they [11] modeled the MgyCa Laves C14 phase as a stoichiometric
compound, it is remodeled in the present work using the
compound energy formalism. Thereby permitting its incorporation
with the MgZn, phase having the same crystal structure and
eventually allowing to describe both phases with a single Gibbs
energy function. Three ternary interaction terms were used in order
to be consistent with the available experimental data from the
literature. These interaction terms do not influence the constituent
binaries and were kept as small numerically as possible as
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suggested by Chartrand and Pelton [12]. All the thermodynamic
optimization and calculation have been performed in the current
work using FactSage 5.5 software [13].

2. Critical evaluation of the available experimental data

The initial step of thermodynamic modeling and optimization
according to CALPHAD method [14] is to collect and classify
experimental data relevant to Gibbs energy as input. Crystallo-
graphic information is also useful for modeling the Gibbs energy
especially for the ordered phases. The list of crystallographic
information for all the phases considered in the present study is
given in Table 1. The next step is to critically evaluate the already
collected experimental data by identifying the inconsistent and
contradicting data and choosing the most reliable sets to be used
for optimization [15].

2.1. Mg-Zn binary system

2.1.1. Phase diagram

Boudouard [16] firstly determined the liquidus curve for the
whole composition range by thermal analysis. But due to contam-
ination problem, his reported experimental data will not be used in
this work. Later on, the liquidus line of the Mg-Zn binary system
was evaluated by Grube [17], Bruni et al. [18], Bruni and Sandonnini
[19], Chadwick [20] using thermal analysis and their reported
values agree reasonably well with each other. Grube [17] at first
reported the intermediate phase MgZn, with a melting point of
868 K and this was confirmed by later investigators [18-20] but at
a slightly lower melting point. A new compound MgZns discovered
by Chadwick [20] was later replaced by Mg>Zn1; based on the more
reliable X-ray diffraction analysis of Samson [21]. Afterward, Hume-
Rothery and Rounsefell [22] studied the system in the composition
range of 30-100 at.% Zn using thermal and microscopic analyses
and their data agree fairly well with those of [17] and [20]. They

Table 1
Crystallographic information for all the solid phases considered in the Mg-Ca-Zn
ternary system.

Phase Structure Pearson Space Model® Note Reference
type symbol  group

HCP A3 hP2 P63/ RM Mg, Zn have stable [76]
mmc HCP phase

FCC Al cF4 Fm3m RM Ca has stable FCC [76]

phase
BCC A2 cl2 Im3m RM Ca has stable BCC  [76]
phase

Laves-C14 (14 hP12 P63/ CEF MgZn,, MgyCa are  [77]
mmc stable phases

Mgs1Znyg D7y 0l142 Immm ST [27]

Mg12Zn13 ST [25]

Mg,Zn3 mc110 B2/m ST [23]

Mg,Zny; D8, cP39 Pm3 ST [21]

CasZn El, oC16 Cmcm ST [48]

CasZns D8; tI32 14/mcm ST [47]

CaZn Br oC8 Cmcm ST [48]

CaZn, ol12 Imma ST [65]

CaZns hP32 P63/ ST (48]
mmc

CaZns D24 hP6 Pe/ ST [66]
mmm

CaZny t148 14/amd ST [67]

CaZnys D25 cF112 Fm3c ST [68]

CaMggZns hP22 P31c ST [56]

Ca;MgsZn3 ST No information

available

2 RM = random mixing, CEF = compound energy formalism, ST = stoichiometric
compound.

[22] also reported another new compound MgZn which was later
substituted with a compound having 12:13 stoichiometric ratio by
Clark and Rhines [23] using X-ray diffraction analysis. Takei [24] at
first discovered the compound Mg>Zn3 which occurs by a peritectic
reaction at 683 + 10 K where the values of Anderko et al. [25] and
Park and Wyman [26] were 483 &5 K and 489 + 1 K, respectively,
using the same methods: thermal analysis, microscopic examina-
tion and X-ray diffraction (XRD). Takei [24] also assumed that the
Mg,Zn3 phase is in equilibrium with the Mg terminal solid solution
at room temperature which was later proved to be wrong by [23]
according to whom, MgZn, instead of Mg>Zns, is in equilibrium
with Mg terminal solid solution below 598 K and their result was
confirmed by other investigators [25,26]. Contradicting results
regarding the peritectic formation of the MgZn3; compound, which
was discovered by Takei [24], were found in the literature. Later on,
Higashi et al. [27] resolved this issue by placing the compound on
the hypo-eutectic side of the Mg-rich eutectic after careful crystal
structure determination using X-ray diffraction analysis. The new
composition of Mgs1Znyg (28.169 at.% Zn) differs a little from that of
Mg7Zns3 (30 at.% Zn) suggested by previous authors and its eutec-
toid decomposition was confirmed by Clark and Rhines [23] which
occurred at 598 K. This new composition will be used in the present
work.

The solid solubility of Zn in Mg was first measured by Chadwick
[20] using microscopic examination of the quenched samples; but
his results seem to show too high zinc content due to the presence
of silicon as impurity and will not be considered in this work.
Afterward, the Mg solvus curve was reported by several investi-
gators such as Schmidt and Hansen [28] using metallography,
Grube and Burkhardt [29] using electrical resistance measure-
ments, Schmid and Seliger [30] using X-ray diffraction and Park and
Wyman [26] using X-ray diffraction and microscopic examination
and their values agree fairly well with each other. Besides Park and
Wyman [26] measured the Mg solidus curve according to whom
the maximum solubility of Zn in Mg is 2.5 at.% Zn at 613 -1 K. The
limited solubility of Mg in Zn was determined by Hume-Rothery
and Rounsefell [22] applying metallographic analysis. They repor-
ted that the maximum solubility of Mg in Zn is 0.3 at.% Mg at 637 K.
The narrow homogeneity range for the intermediate solid solution
MgZn; was firstly measured by Park and Wyman [26] as 1.0 at.% Zn,

Fig. 1. The liquidus projection of the Mg-Ca-Zn ternary system, as drawn by Paris [45],
indicating the locations of his sixteen isopleths. The axes are in mass fraction.
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Table 2
Optimized model parameters of the liquid binary Mg-Zn, Ca-Zn and Mg-Ca phases.

Atom-atom “coordination numbers”?

Gibbs energies of pair exchange reactions (J/mol)

A B 78, z8,

Mg Zn 6 4 A%Gyl = —8100.84 +2.26T + (~146.3 — 3.55T) Xyigmig + (~79.42 — 4.24T)Xznzn

Ca Zn 6 3 AXGI 17765 + 0.084T — 10282.8Xcaca — 7942.0Xzn7n

Mg Ca 5 4 A%GU | = ~13187.9 + 7.98T + (6908.55 — 23.0T)Xcac, + (8899.22 — 15.93T)Xyiguig”

2 For all pure elements (A= Mg, Ca and Zn), ZQA = 6.
b parameter was taken from Aljarrah and Medraj [11].

from 66 at.% Zn at 689 K to 67.1 at.% Zn at 654 K and their reported
values will be compared with the current findings.

An assessment of the Mg-Zn system was performed by Clark
etal.[31] based on the experimental work of Chadwick [20], Hume-
Rothery and Rounsefell [22] and Park and Wyman [26]. On the
other hand, Agarwal et al. [32] and Liang et al. [33] optimized the
system where both of them used Redlich-Kister polynomial [34] for
the liquid phase which cannot account for the presence of short-
range ordering (SRO) in the liquid phase. Hence this feature will be
handled in the present work using the Modified Quasichemical
Model.

2.1.2. Thermodynamic properties

Pyka [35] and Agarwal and Sommer [36] measured the enthalpy
of mixing of the Mg-Zn liquid using calorimetric measurement at
different temperatures where the values of [35] showed

Table 3
Comparison between calculated and experimental invariant points in the Mg-Zn
system.

temperature independence but the values of [36] at 933 K showed
some deviation from the other values in the Mg-rich side. This is
perhaps due to the stabilization of one or more Mg-rich interme-
diate phases and it is an indication of short-range ordering in the
liquid phase as suggested by [36]. Terpilowski [3], Chiotti and Ste-
vens [37], Moser [38] and Pogodaev and Lukashenko [39] measured
the activity of Mg over Mg-Zn liquid at different temperatures
using electromotive force (EMF) technique. On the other hand, the
activity of Zn in the liquid alloy was calculated by Terpilowski [3]
using Gibbs-Duhem equation at 923 K. The same property was
experimentally measured by Pogodaev and Lukashenko [39] at
1073 K and Kozuka et al. [40] at 943 K where both of them used
vapor pressure measurement. Terpilowski [3] also measured the
partial enthalpy of Mg at 923 K whereas the same property was
measured by Agarwal et al. [32] at 873 K using calorimetric method
and their results will be compared with the values of [3] and those
from the present work.

Table 4
Reaction Reaction Composition Temperature Reference Optimized model parameters of all the terminal solid solutions and stoichiometric
type (at.% Zn) (K) compounds of Mg-Zn, Ca-Zn and Mg-Ca systems.
Eutectic L~ Mgs1Zny + Mg ,Zny3 28.9 614.0 This work Terminal solid solution
28.7 gg% Hg Phase Gibbs energy parameters (J/mol)
30.2 615.5 [20] Mg_Hcp, Zn_Hcp Guibzn = —2090.19+5.21T
;g:z) g}g:gi }:g Sg} Mg_Hep GHeP ., — 171006 + (~12.327)
L<Mg,Zny1 + Zn_Hcp 929 640.0 This work Stoichiometric compounds
- 41, 17
925 236.((]) {]8} Compound AH%e 15« A 151 Cp (J/mol K)
_ 641.0 [20] (J/mol-atom) (J/mol-atom K)
92.2 637.0 [22]
922 637.0 [26]
Mgs1Zn20 —5276.06 —0.54 Cp =51 x Cy(Mg, Hep-
Peritectic L+ Mg_Hcp < Mgs;Znyg 289 614.0 This work A3) + 20 x Cy(Zn, Hep-Zn)
283 615.0+1.0 [26] Mg5Zn 13 —10440.03 -235 Cp = 12 x Cy(Mg, Hep-
= 617.0-621.0 [25] A3)+ 13 x Cy(Zn, Hep-Zn)
L + MgyZn3 < Mgy5Zny3 29.7 620.0 This work Mg,Zn; —10877.24 —-0.92 Cp=2 x Cy(Mg, Hep-
= 627.0 [22] A3)+ 3 x Cy(Zn, Hep-Zn)
29.0 620.0+10 [26] Mg,Zny; —9882.95 —6.85 Cp=2 x Cy(Mg, Hep-
= 622.0+2.0 [25] A3)+ 11 x Cp(Zn, Hep-Zn)
L + Laves C14 < Mg,Zn3 371 689.0 This work CasZn ~11906.31 ~3.82 Cp=3 x Cy(Ca, Bec-
= 683.0+10.0 [24] A2) + Cy(Zn, Hep-Zn)
= 689.0+10 [26] CasZns —14486.92 -0.88 Cp=5 x Cy(Ca, Bee-
= 683.0+1.0 [25] A2) + 3 x Cy(Zn, Hep-Zn)
L+ Laves C14 - Mg,Zny, 90.0 654.0 This work CaZn —17842.54 -0.53 Cp = Cp(Ca, Bee-A2) + Cy(Zn,
= 654.0 [26] Hep-zn)
- 653.5 [22] CaZn, —22728.35 -1.48 Cp = Cp(Ca, Bec-
Congruent Lo Laves.C14 66.7 862.0 This work ()42 Cofm, | A7)
66.7 868.0 [17] CaZns —21418.76 —2.66 Cp = Cp(Ca, Bec-
66.7 862.0 [19] A2)+ 3 x Cp(Zn, Hep-Zn)
66.7 858.0 [20] CaZns —19997.51 —3.84 Cp = Cp(Ca, Bee-
66.7 863.0 [22] A2)+5 x Cy(Zn, Hcp-Zn)
66.7 861.0 [26] CaZny; —14798.75 —3.62 Cp =Cp(Ca, Bee-
A2)+ 11 x Cy(Zn, Hep-Zn)
Eutectoid Mgs;Znyo <> Mg_Hcp + Mg(,Zny3 28.1 599.0 This work CaZnjs —14149.64 —4.23 Cp = Cp(Ca, Bee-
= 598.0 [23] A2) + 13 x Cy(Zn, Hep-Zn)
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Table 5

Optimized model parameters for ternary solutions and compounds in the present study.

Laves-C14 (MgZn,-type): (Mg,Ca,Zn), (Mg,Ca,Zn) (J/mol)

OGygmg — 3G(Mg, Hep-A3) + 11653.84

OGca:ca = 3G(Ca, Bec-A2) + 126236.0

9Gzn:zn = 3G(Zn, Hep-Zn) 4 22521.84

DGMg;Zn = G(Mg, Hcp-A3) + 2G(Zn, Hep-Zn) — 34296.9 + 1.713T
OGg:ca = 2G(Mg, Hep-A3) + G(Ca, Bcc-A2) — 33440.0 + 8.36T
°Gea:zn = G(Ca, Bec-A2) + 2G(Zn, Hep-Zn) + 71060.0

0y MgZn, _ oyMgzn,

LMg,Zn:Mg = LMg,Zn:Zn = 33866.55

0yMgZn, __ 0yMgZn, _

LMg:Mg.Zn = LZn:Mg,zn =420

0yMg,Ca _ ojMg,Ca _ oyMgCa _ ojMzm:Ca

Lygicamg = Luvgcaca = LImgmgca =  Lcamgca = 42019.28

OGZn;Mg = 2G(Mg, Hcp-A3) + G(Zn, Hep-Zn) + 56973.4
Gcamg = G(Mg, Hep-A3) + 2G(Ca, Bec-A2) + 16720.0
OGzn:ca=2G(Ca, Bcc-A2) + G(Zn, Hep-Zn) + 16720.0

Liquid phase (J/mol)

LMgCa(Zn) = 7]2-540v LMan(Ca) = 712v540v LCaZn(Mg) =4180

Stoichiometric compounds

Compound AHY4 15 ¢ (J/mol-atom) AS9gg 15 (J/mol-atom K) Cp (J/mol K)
Ca,MgesZns —14801.83 -0.17 Cp =2 x Cy(Ca,Bcc-A2) + 6 x Cy(Mg,Hcp-A3) + 3 x Cp(Zn,Hep-Zn)
Ca,MgsZn ;3 —16740.51 ~010 Cp=2 x Co(Ca,Bcc-A2) + 5 x Co(Mg,Hep-A3) + 13 x Cy(Zn,Hep-Zn)

The enthalpy of formation of the three intermediate compounds
Mg12Zny3, MgZn; and Mg,Znq; was determined by Schneider et al.
[41] using reaction calorimetry, where the same property for the
first two phases was measured by King and Kleppa [42] using tin
solution calorimetry and for all the phases by Pedokand et al. [43]
using EMF measurement. All these experimental data will be
considered during the present study.

2.2. Ca-Zn binary system

2.2.1. Phase diagram

Very limited amounts of experimental data have been found in
the literature for the Ca-Zn system. The earlier works of Donski [44]
and Paris [45] will be abandoned in the present work due to
contamination problem during sample preparation. Liquidus data
of Messing et al. [46] suggested to be most reliable in terms of
sample preparation and experimental methods. They performed
differential thermal analysis (DTA) supplemented by X-ray
diffraction analysis (XRD) to investigate the liquidus line. Because
of the high vapor pressure of the Ca-Zn alloys above 50 at.% Zn,
Messing et al. [46] also used vapor effusion measurement for
compound identification. They reported accuracy of +5K and
predicted eight intermediate stoichiometric compounds: CasZn,
CayZngy, CaZn, CaZny, Ca7Znyo, CaZns, CaZny; and CaZnqs. Apart from
CaZny, CaZns and CaZny;, all compounds undergo peritectic
decomposition. Later on, the compounds Ca;Zng and CayZnyg
designated by [46] were replaced with CasZns and CaZns, respec-
tively, based on the more accurate crystallographic investigations of
Bruzzone et al. [47] and Fornasini and Merlo [48] and these will be
used in the present optimization.

2.2.2. Thermodynamic properties

Itkin and Alcock [49] evaluated the activity of Zn at 1073 K
during their assessment from the vapor pressure measurement
data of Chiotti and Hecht [50] who used dewpoint method for
samples containing greater than 50 at.% Zn and the Knudsen effu-
sion method for lower Zn concentration. Delcet and Egan [51]
determined the activity of Ca at 1073 K using EMF measurement.
No experimental data for the enthalpy of mixing of the liquid phase
could be found in the literature. The enthalpy of formation for all
the intermediate phases was calculated by Chiotti and Hecht [50]

from the temperature dependence of the experimental Zn vapor
pressure data and phase equilibrium condition.

2.3. Mg-Ca-Zn ternary system

The experimental work on the liquidus curve of the Mg-Ca-Zn
ternary system was first carried out by Paris [45] by cooling of 189
different alloys in sixteen different isopleths as shown in Fig. 1.
Although Paris’ [45] samples might have had contamination
problem, as mentioned earlier, they were used during the optimi-
zation of the ternary Mg-Ca-Zn system because not many other
experimental works on this ternary system could be found in the
literature. Based on his thermal analysis and metallography, Paris
reported one ternary compound with a composition of Ca;MgsZns
but did not provide any crystallographic information for it. The
isothermal section in the Mg-Zn side of the Mg-Ca-Zn system at
608 K was studied by Clark [10] using metallography and powder
X-ray diffraction on seventy-six alloys searching for other ternary
phases. This was performed using the diffusion couple method and
two ternary compounds were reported, namely  and w which
were stable at room temperature under equilibrium condition and
disputed the composition of CayMgsZns reported by Paris [45]. The
compositions of the two ternary compounds were mentioned by
Clark later on in the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) [52,53] which were Ca;MggZns for  and CayMgsZnys3
for w. No liquid phase was detected at 608 K during his experiment.
Then recently, Larinova et al. [54] worked on this system using XRD
and Jardim et al. [55,56] using XRD, transmission electron micros-
copy (TEM), energy dispersive X-ray spectroscopy (EDS) coupled
with scanning transmission electron microscopy (STEM) and
scanning electron microscopy (SEM). Both of them reported
a ternary compound and determined with Ca;MggZn3; composition
which is similar to the first compound given in the JCPDS card
reported by Clark [10]. Larinova et al. [54] and Jardim et al. [55,56]
prepared their samples in the form of ribbons using melt spinning
technique and heat treated those samples for almost 1 h at 673 K
and 473 K, respectively. Jardim et al. [56] also reported the crys-
tallographic information of the compound CapMggZns.

A computational thermodynamic model on this system was
reported by Brubaker and Liu [57] where they considered only the
first ternary compound, reported by Clark [10]. Their proposed
model was based on the random mixing of atoms in the liquid
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Fig. 2. (a) Re-optimized Mg-Zn phase diagram, (b) Zn-rich portion of the Mg-Zn system compared with experimental data.

phase, which cannot properly handle the presence of short-range
ordering. For these reasons, this system is being remodeled using
the modified quasichemical model in this work.

3. Analytical description of the employed
thermodynamic models

The Gibbs energy of pure element i (i=Mg, Ca and Zn) in
a certain phase ¢ is described as a function of temperature by the
following equation:

09 _ 2 3 -1 7 -9
Gi(T) =a+bT+cTInT+dT* +eT> +fT"" +gT" +hT
(1)

where OG?(T) is the Gibbs energy at standard state and T is the
absolute temperature. The value of the coefficients a to h are taken

from the SGTE (Scientific Group Thermodata Europe) compilation
by Dinsdale [58].

The Gibbs energy for stoichiometric compounds is described by
the following equation:

G = x°G +x°G + AGy )

where ¢ denotes the phase of interest, x; and x; are the mole
fraction of components i and j and OG?‘, e d represent the Gibbs
energy in their standard state and AGf=a+bT is the Gibbs
energy of formation per mole of atoms of the stoichiometric
compound where the parameters a and b are obtained by opti-
mization using experimental results of phase equilibria and
thermodynamic data.

Random solution model was used to describe the disorder
terminal solid solution phases which can be expressed as:
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Fig. 3. Calculated enthalpies of mixing of Mg and Zn in liquid Mg-Zn alloy at 981 K in
comparison with the experimental results.

G = X°G! +x°G! + RT [x; In x; + x; In x;] + **G? 3)

The excess Gibbs energy *G? is expressed using the Redlich-
Kister polynomial model [34] as follows:

exg — X; sz“Ld’ w1th”L¢ =ap+byxT (n=0,1...m)

(4)

where ”L?J is the interaction parameters, m+ 1 is the number of
terms, a, and b, are the parameters of the model that need to be
optimized considering the experimental phase diagram and ther-
modynamic data.

In the present work, two terminal solid solution phases Mg_Hcp
and Zn_Hcp of the Mg-Zn system were modeled using one set
Gibbs energy description.

The Modified Quasichemical Model (MQM) in the pair approx-
imation was selected to describe the liquid phases of the constit-
uent binary systems. Alloy systems which show a strong compound
forming tendency in the solid state (i.e. Ca-Zn, Mg-Zn, etc.) also

display a pronounced minimum in the enthalpy of mixing of the
liquid phase and this is caused due to the existence of short-range
ordering [59]. The Bragg—Williams (BW) random-mixing model is
not able to represent the binary solutions with short-range
ordering (SRO) and to describe the enthalpy and entropy of mixing
functions properly. The “associate” or “molecular” model [60] was
also proposed to deal with the short-range ordering. However
associate model assumes that some molecules occupy some of the
atomic sites which are not physically sound. Another important
weakness of the “associate” model is its inability to predict the
correct thermodynamic properties of ternary solutions when the
binary sub-systems exhibit short-range ordering [61]. The MQM
has been described extensively elsewhere [6-8] and will be out-
lined briefly here. In the pair approximation of the MQM, the
simple pair exchange reaction between atoms A and B on neigh-
boring lattice sites is considered as follows:

(A_A)pair+(B_B)pair: Z(A_B)pair§ Agap (5)

where (A-B) represents a first-nearest neighbor pair and Agag is the
nonconfigurational Gibbs energy change for the formation of two
moles of (A-B) pairs. According to Pelton et al. [6-8] the molar
Gibbs energy of a binary A-B solution is given as:
Glia — (nAOgllq Ogllq) _ TASconfig | (%) Agap (6)
Here na and np are number of moles of components A and B, nag is
the number of moles of (A-B) pairs, AS®"8 is the configurational
entropy of mixing given by random distribution of the (A-A), (B-B)
and (A-B) pairs.

Pelton et al. [6] made modification to equation (6) by expanding
Agap as a polynomial in terms of the pair fraction Xaa and Xgg as
shown in equation (7)

Agnp = Agp + > ghpXha + Zg%gx{;B (7)

i>1 =1

where Agg, gL{’B and gng are the model parameters to be optimized
and can be expressed as functions of temperature (Agg; = a+ bT).
In addition, further modification has been made in the coordination
numbers by making them composition-dependent in order to
overcome the drawbacks of the constant coordination numbers.
This modification can be expressed as:
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Fig. 4. Calculated activities of Mg and Zn (relative to pure liquid Mg and Zn) in Mg-Zn alloys at 923 K and 1073 K, respectively.
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Fig. 5. Calculated partial enthalpy of mixing for Mg in the Mg-Zn liquid at 923 K.
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where Zf\\A and ZQB are the values of Z4 when all nearest neighbors
of an A atom are As, and when all nearest neighbors of A atom are
Bs, respectively. Similarly for ZEB and ZEA. The composition of
maximum short-range ordering is determined by the ratioZE, /Z2;.
Values of ZQB and ZBBA are unique to the A-B binary system and
should be carefully determined to fit the thermodynamic experi-
mental data (enthalpy of mixing, activity, etc.). The values of ZQA
and Z§; are common for all systems containing A and B as
components. The coordination number of the pure elements in the
metallic solution, Zl\l\;llgMg = Z8., = ZZ, , was set to be 6. Because
this value gave the best possible fit for many binary systems and
was also recommended by Pelton et al. [6-8]. The values of Z,\'\,/[EZH.
ZBg 2850 280 Zysc, and ZEy, are chosen to permit the
composition of maximum short-range ordering in the binary
system to be consistent with the composition that corresponds to
the minimum enthalpy of mixing and are listed in Table 2. In order
to set the composition of maximum SRO at 60 at.% Mg as suggested
by [3] in the Mg-Zn system, we set ZRAASZD = 6and ZZ},, = 4. For
the Ca-Zn system, the maximum short-range ordering near 66 at.%
Zn was obtained by setting Zgjﬁn = 6 and Zglzn = 3. Aljarrah and
Medraj [11] set the values as Zy;5., = 5 and Zggmg = 4 in order to
set the composition of maximum SRO near the composition 55 at.%
Mg in the Mg-Ca system.

The Gibbs energy of the ordered intermediate solution phase is
described by the compound energy formalism (CEF) [2] which can
be expressed as:

G = Gref + Gideal 4 Gexcess (10)
Gt =3y YOG (11)
Gideal _ RTZfI ny ]ny£ (12)
l i
Y
Gexeess = Zy,’-y}yk’" Z:OYLUJW X (yf _YD (13)
v=

where ijj,...k represent components or vacancy, [, m and q represent
sublattices. y% is the site fraction of component i on sublattice L. f; is
the fraction of sublattice [ relative to the total lattice sites. OG(,;j:m:k)
represents the energy of a real or hypothetical compound (end
member). "L;jy.x represents the interaction parameters between
components i and j on one sublattice when the other sublattice is
occupied only by k.

The Laves phases observed in the Mg-Zn and Mg-Ca systems
are MgZn, and Mg»Ca, have the same crystal structure and CEF is
employed to model them using one set of Gibbs energy parame-
ters. Modeling of these phases requires information regarding the
crystal structure and homogeneity range. In the present work,
these two phases have been modeled in a way so that all the three
components occupy both sublattices as (Mg,Ca,Zn),(Mg,Ca,Zn);.
This model of two sublattices covers the whole composition range
and therefore the homogeneity range of 0.66 < xz, < 0.671 which
was reported by [26] could be obtained from this model for MgZn,
phase. MgZn, and Mg,Ca are stable phases in their corresponding
binaries, hence OGMg:zn and OGMg:ca are set equal to the actual
Gibbs energies of the phases. The Gibbs energies of the other
hypothetical end members are arbitrarily set to high positive
values. Although CaZnj; is a stable phase in the Mg—Ca-Zn ternary
system, it is not a Laves phase and it is modeled using stoichio-
metric model in the present work. The values of the interaction
parameters of equation (13) are kept large positive due to the
narrow homogeneity range of the MgZn, phase and the stoichi-
ometry of the MgyCa phase.

All the optimized model parameters of different phases in
the Mg-Ca-Zn ternary system are summarized in Tables 2, 4
and 5.

4. Results and discussions
4.1. Mg-Zn binary system

4.1.1. Phase diagram

The calculated Mg-Zn binary system is shown in Fig. 2, which
shows reasonable agreement with the experimental data from the
literature. From the same figure, it can be seen that there are two
eutectic points, four peritectic points and all the intermediate
compounds melt incongruently except MgZn,. Table 3 lists all the
calculated invariant points in comparison with the experimental
data from the literature.
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Fig. 6. Calculated enthalpies of formation at 298.15 K for the compounds in the Mg-Zn
system. Reference states are Mg-Hcp and Zn-Hcp.
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Fig. 7. (a) Re-optimized Ca-Zn phase diagram, (b) Zn-rich portion of the Ca-Zn system compared to experimental data.

The maximum solubility of Zn in Mg was found to be 2.82 at.%
Zn which is close to the experimental value of 2.9 at.% Zn reported
by Grube and Burkhardt [29]. However, Park and Wyman [26] and
Schmidt and Hansen [28] reported this as 2.5 at.% Zn and 2.4 at.%
Zn, respectively. Hence the value from the present calculation lies
between the experimental values of [26,28,29]. On the other
hand, a very limited solubility of Mg in Zn (0.1 at.% Mg) was
observed. This is in the same order of magnitude of the experi-
mental value of Hume-Rothery and Rounsefell [22] (0.3 at.% Mg).
Moreover, it is worth noting that, both Agarwal et al. [32] and
Liang et al. [33] used two Redlich-Kister terms to describe the
terminal solid solution where in the present work, one Redlich-
Kister term was used to model this phase. The congruent melting
temperature of the intermediate compound MgZn, was found to
be 862 K which is in good agreement with most of the experi-
mental data except Grube [17], according to whom the value was

868 K which is the highest among all the available experimental
data.

4.1.2. Thermodynamic properties

The calculated enthalpy of mixing of the Mg-Zn liquid at 981 K,
shown in Fig. 3, is in good agreement with the experimental data
from the literature except for the small deviation from the data of
Agarwal and Sommer [36] at 933 K near the composition range 20-
55 at.% Zn. Nevertheless the current results agree well with those of
Pyka [35]. It is also worth noting from the same figure that, the
minimum value of enthalpy of mixing occurs near 60 at.% Zn which
is very close to the value suggested by Terpilowski [3], where
maximum short-range ordering takes place. The calculated activi-
ties of Mg and Zn components over the liquid phase at 923 K and
1073 K are shown in Fig. 4 where the activity of Mg shows good
consistency with the experimental data. Some deviation can be
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Table 6
Comparison between calculated and experimental invariant points in the Ca-Zn
system.

Reaction Reaction Composition Temperature Reference
type (at.% Zn) (K)
Eutectic L & CasZn +CasZnz 28.4 664 This work
274 664 [46]
L < CaZns + CaZns 76.0 913 This work
76.4 911 [46]
L & CaZns+CaZny;; 854 960 This work
86.4 963 [46]
Peritectic L+ Ca_Bcc « CazZn 279 666 This work
- 667 [46]
L+ CaZn < CasZns 36.4 687 This work
- 687 [46]
L+ CaZn, < CaZn 39.7 712 This work
- 712 [46]
L+ CaZn, < CaZns 753 915 This work
- 915 [46]
L+ CaZny; < CaZnys 98.3 942 This work
- 942 [46]
Congruent L « CaZn, 66.7 971 This work
66.7 977 [46]
L < CaZns 833 964 This work
83.3 968 [46]
L & CaZny; 91.7 995 This work
91.7 997 [46]
Allotropic Ca_Fcc < Ca_Bcc 0.0 716 This work
0.0 718 [46]
0.0 716 [49]

seen between the calculated value and the experimental data of
Pogodaev and Lukashenko [39] and Kozuka et al. [40] for the
activity of Zn near 40-80 at.% Zn. This discrepancy is perhaps due to
the less accurate vapor pressure method used by [39,40]. However,
the calculated activity curve of Zn shows reasonable agreement
with the calculated results of Terpilowski [3] where he extracted
the values from the activity of Mg using the Gibbs-Duhem equa-
tion. Fig. 5 shows the partial enthalpy of mixing for Mg (AHy) in
the Mg-Zn liquid at 923 K in comparison with the experimental
results from the literature where good consistency was
accomplished.

Comparison between the enthalpies of formation of the inter-
mediate compounds and the experimental results from the litera-
ture is shown in Fig. 6. Reasonable consistency was achieved with
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Fig. 8. Calculated activities of Ca and Zn (relative to pure liquid Ca and Zn) in Ca-Zn
alloys at 1073 K.
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Fig. 9. Optimized enthalpies of formation at 298.15 K for the compounds in the Ca-Zn
system.

the experimental values within the error limits. The enthalpy of
formation for Mg>Zn1; phase measured by Pedokand et al. [43] is
not consistent with the experimental value of Schneider et al. [41]
as well as the calculated value in this work. However, the data of
Schneider et al. [41] is considered more reliable because of the use
of reaction calorimetry.

4.2. Ca-Zn binary system

4.2.1. Phase diagram

Most recently Spencer et al. [59] evaluated the experimental
work of the Ca-Zn system and carried out a thermodynamic
calculation of this system using the Modified Quasichemical Model
for the liquid phase. However their work has just appeared after
this system has been modeled in this work. In addition, to build
a self-consistent Mg alloy database, an independent re-optimiza-
tion and thorough assessment on this system has been performed
in the present work. Fig. 7 shows the optimized phase diagram of
the Ca-Zn system along with the experimental results of Messing
et al. [46]. The calculated phase diagram shows reasonable agree-
ment with the experimental data from the literature. The allotropic
transformation o (Fcc_A1) <« B (Bcc_A2) of Ca takes place at 716 K
which is the same as the value adopted by Itkin and Alcock [49]
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Fig. 10. Enthalpy of mixing of liquid Ca-Zn alloys at 1173 K.
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Fig. 11. [69,70,71,72,73,74,75] phase diagram of [11] including the re-optimized Mg,Ca Laves phase from the present work.

during their assessment of this system. Previously, Brubaker and
Liu [62] modeled the CaZns phase as congruently melting
compound but in that case the liquidus of CaZns on the Ca-rich side
becomes too flat and according to Okamoto and Massalski [63], this
is thermodynamically improbable. Hence in the present work,
incongruent melting of the CaZns phase is considered which is
supported by the recent work of Spencer et al. [59]. Neither Ca nor
Zn displays any solubility in one another and hence were not
included in the present work. The temperatures and phase
composition of invariant reactions are presented in Table 6. It can
be seen from the same table that the maximum difference between
the experimental and calculated results is 6 K in temperature and
1.0 at.% in composition.

4.2.2. Thermodynamic properties

The calculated activities of Ca and Zn over the Ca-Zn liquid at
1073 K are shown in Fig. 8 where a reasonable agreement was
accomplished between the calculated curves and the experimental
points. Comparison is also made with the assessment of [59] in the
same figure. Better agreement was not possible without deterio-
rating the liquidus curve. Fig. 9 shows a comparison between the
calculated enthalpy of formation of all the intermediate phases and
the experimental data. The consistencies for all the phases are
reasonable except some mismatch exists for CasZn where the
experimental value is more negative than the calculated value. This
is probably due to the less accurate vapor pressure measurement
followed by [50]. However, the calculations of [59,62] showed very
similar results to the present calculation. The calculated enthalpy
of mixing in comparison to the calculated curve of [59] over the
Ca-Zn liquid phase at 1173 K is shown in Fig. 10. The trend of these
two curves is similar however, the results of [59] are more
exothermic than the present calculation for the whole composition
range.

4.3. Mg-Ca binary system

All the phases except Mg;Ca compound of the Mg-Ca binary
system were reproduced using the same model parameters repor-
ted by Aljarrah and Medraj [11]. The intermediate compound
MgyCa has the Laves C14 crystal structure which is similar to

MgZn;. Hence it is decided to remodel Mg,Ca using the compound
energy formalism in order to represent both MgZn, and Mg,Ca
Laves C14 phases by one Gibbs energy function in the Mg—Ca-Zn
ternary system. The optimized phase diagram of Aljarrah and
Medraj [11] is shown in Fig. 11 but with the newly optimized Mg,Ca
Laves phase from the present work.

4.4. Mg-Ca-Zn ternary system

A self-consistent thermodynamic database for the Mg-Ca-Zn
system has been constructed by extrapolating the three consti-
tuting binaries Mg-Zn, Ca-Zn and Mg-Ca. Three ternary interaction
parameters were used in order to achieve consistency with the
available experimental data from the literature. The symmetric
Kohler geometric model [64] was used for extrapolation since none
of the constituent binaries show extreme dissimilarity in their
thermodynamic properties. The different ternary compounds
reported in the literature were considered during the present
optimization.

From Fig. 12, it can be seen that there are six ternary eutectic
(E1-Esg) points, eleven quasi-peritectic (U;-Uy1) points, one ternary
peritectic (P1) and eight maximum (m{-mg) points present in this
system. Information of all the ternary invariant points is summa-
rized in Table 7. The calculated liquidus projection shows reason-
able consistency with the experimental results for most of the
primary solidification regions except some deviation in the Zn-rich
side. This is perhaps due to the fact that, Paris [45] reported two
different compounds namely CaZnyg and CaZn4 in that region. But
later investigation proved four other compounds: CaZns, CaZns,
CaZny; and CaZnqs. It is not clear from Paris’ results which data
points correspond to CaZns and which ones would correspond to
CaZns. The same applies to the CaZny; and CaZni3 compounds.
Hence in Fig. 12, based on Paris’ work [45] one common symbol was
used to mark CaZns and CaZns and another one for CaZny; and
CaZnys. It is also worth noting that, assuming the existence of
a second ternary compound (CapMgsZny3) during optimization,
resulted in a better consistency with the experimental points of
Paris [45] and Clark [10]. More details about this assumption in
comparison with the other possibilities will be discussed in the
following section.
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Fig.12. Calculated liquidus surface of the Mg-Ca-Zn system in comparison with the experimental data of Paris [45]. The shaded area in the Mg-rich region shows the location of the

compositions used in [54,55].

4.4.1. The approach followed to include the ternary compounds in
the Mg-Ca-Zn system

As mentioned earlier, the experimental data reported in the
literature by Paris [45] and Clark [10] regarding the number of
ternary compounds in the Mg-Ca-Zn system is self-contradicting.
Therefore several scenarios combining these two works were
tried in order to find out the most probable description of this
system. In this method, the ternary phase diagram was calculated
and compared with all the experimental data for the following
cases:

e Considering only the compound (Ca;MgsZns) reported by Paris
[45]

e Considering only one (CazMgeZns) of the two compounds
reported by Clark [10]

e Considering only the two ternary compounds (Ca;MggZns and
Ca;MgsZni3) reported by Clark [10]

e Considering Paris’ compound (Ca;MgsZns) with one of Clark’s
compounds (Ca;MgsZn;3)

Several vertical sections (Sections V-VII in Fig. 1) which passed
through the regions of probable compound formation have been
chosen and presented in Figs. 13-16, for the better clarification and
comparison.

Fig. 13 illustrates the calculated vertical sections V-VII by
considering only the ternary compound reported by Paris [45]. It
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Table 7
Calculated four-phase equilibria points and their reactions in the Mg-Ca-Zn system.
Type Reaction Composition (wt.%) Temperature (K) Reference
Mg Ca Zn
Eq L & Mg_Hcp + Ca;MgeZns + Mg,Ca 55.6 115 329 701.5 This work
55.5 16.0 28.5 673.0 [45]
E; L < Mg_Hcp + Ca;MgeZns + CaZn, 17.6 24.7 57.7 720.0 This work
135 24.0 62.5 723.0 [45]
Es L & CaZn, + Ca;MgeZns + Ca;MgsZn3 171 19.2 63.7 720.0 This work
E4 L < Mg_Hcp + Ca;MgeZns + Mg12Zn13 44.5 2.1 534 610.0 This work
Es L & Mg,Ca + Ca_Fcc + CaszZn 10.5 59.5 30.0 580.0 This work
8.0 59.0 33.0 592.0 [45]
Es L & CazMgsZny3 + MgZn, + CaZny; 91 4.0 86.9 800.0 This work
Py L+ Mg,Ca + Ca_Bcc « Ca_Fcc 17.0 78.7 43 708.0 This work
Uy L+ Mgs1Znyo <> Mg_Hcp + Mg 2Znq3 46.4 1.0 52.6 599.0 This work
U, L+ MgoZn; < Mgq2Zn;3 + Ca;MgsZns 44.7 1.5 53.8 615.0 This work
Us L+ CapMgsZny3 < MgyZns + Ca;MggZns 43.7 1.8 54.5 620.0 This work
Uy L+ MgZn2 < Mg,Zn3 + Ca;MgsZny3 353 2.2 62.5 682.0 This work
Us L+ CaZny; < MgZn, + CaZnis 79 0.9 91.2 790.0 This work
Us L+ CaZns < CaZnq; + CazMgsZngs 7.8 6.7 85.5 810.0 This work
U, L+ CaZns < CaZns + CazMgsZngs 8.0 14.3 77.7 780.0 This work
Ug L+ CaZns < CaZn, + CapMgsZng3 8.5 14.8 76.7 770.0 This work
Ug L+ CaZn, < Mg,Ca + CaZn 10.0 474 42.6 598.0 This work
Uqo L+ CaZn < Mg,Ca + CasZns 10.0 49.5 40.5 588.0 This work
Up L+ CasZns < MgyCa + CasZn 10.2 55.2 34.6 580.0 This work
my L < Mg_Hcp + Ca;MgsZns 54.5 10.8 34.7 711.2 This work
my L & Mg,Ca + Ca;MgeZns 348 19.3 45.9 776.3 This work
ms3 L & MgyCa + Ca;MgeZns 15.6 30.0 544 723.7 This work
my L < CaZn, + Ca;MgeZns 171 21.0 61.9 722.3 This work
ms L < Ca;MgeZns + Ca;MgsZng3 23.6 13.7 62.7 740.3 This work
mg L & CaZns + Ca;MgsZny3 8.0 8.8 83.2 8344 This work
my L & MgZn, + Ca;MgsZnq3 134 4.5 82.1 824.7 This work
mg L & MgZn, + CaZny; 8.6 2.6 88.8 804.9 This work

shows reasonable consistency except some deviation in the region
belonging to CaZns especially in Fig. 13(b) and (c) (sections VI
and VII) which might be an indication of the presence of a second
compound.

By considering one of the two ternary compounds reported by
Clark [10] almost similar liquidus curves like the first case have
been obtained and demonstrated in Fig. 14. Again the presence of
a second ternary phase near the primary solidification region of
CaZns especially in Fig. 14(b) and (c) (sections VI and VII) becomes
markedly apparent.

Based on the aforementioned observations, it is decided to
consider the two ternary compounds reported by Clark [10]. Fig. 15
illustrates the outcome of this consideration through different
vertical sections. It can be seen from this figure that these calcu-
lated vertical sections are considerably closer to the experimental
data points than those calculated without considering the second
ternary compound.

Finally, the system was modeled considering two ternary phases
where one of them was reported by Paris [45] (Ca;MgsZns) and the
other one reported by Clark [10] (CaMgsZn;3). Fig. 16 shows the
calculated vertical sections in relation to the experimental data.
Liquidus curves similar to those in the previous case have been
obtained for all the verticals.

There are two other possibilities which can be considered
regarding the ternary compounds in this system. One by including
only the second compound reported by Clark [10] (CaMgsZny3).
Second, considering the compound reported by Paris [45]
(CapMgsZns) with the first compound reported by Clark [10]
(CazMggZns). These scenarios were not pursued because of the
following reasons: (1) the presence of the ternary compound
CayMgeZns was confirmed by later investigators [54-56], so it
should be included in the Mg-Ca-Zn ternary system. (2) Paris’ [45]
compound and Clark’s [10] first compound are similar in compo-
sition. Therefore Clark’s first compound is thought of as

a replacement of that of Paris and only one of them should be
included in the Mg-Ca-Zn phase diagram.

Therefore, among the four feasible cases which were discussed
earlier, it can be seen that the last two where two ternary
compounds were considered provided better consistency with the
experimental points of the ternary phase equilibria than the first
two. In the last two feasible scenarios, the second phase
(CazMgsZny3) as reported by Clark [10] is common. The only
difference between these two cases is the composition of the first
ternary compound which is CaMggZns (reported by Clark [10]) for
the third case and Ca;MgsZns (reported by Paris [45]) for the last
one. Clark [10] heat treated the alloys using diffusion couple for
almost three weeks and this method proved to be more reliable for
phase identification than that of Paris [45] who used thermal and
metallographic analyses. In addition, Paris’ liquidus curves sug-
gested the presence of the second ternary compound which he was
unable to detect. It is also worth mentioning that, the works of
Larinova et al. [54] and Jardim et al. [55] mainly concentrated on the
primary solidification region of Mg-rich solid solution and the
locations of their alloy compositions are shown in Fig. 12. For this
reason perhaps they were unaware about the existence of the
second ternary phase. Hence more emphasis has been given on the
result of Clark [10]. All the other isopleths of Paris [45] shown in
Fig. 1 were also reproduced concurrently during optimization
considering the two ternary compounds of Clark and found to be
consistent.

Fig. 17 shows the calculated isothermal section of the Mg-Ca-Zn
system at 608 K where reasonable agreement with the experi-
mental data of Clark [10] was achieved by considering two ternary
compounds. Some discrepancy can be observed around the ternary
phase Ca;MggZns because it was modeled as stoichiometric phase
whereas, Clark [10] speculated homogeneity in that phase but he
was unable to determine its limits. It can also be seen from
the same figure that a small region of liquid phase appears in the
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Fig. 17. Calculated isothermal section of the Mg-Ca-Zn system at 608 K with two ternary compounds compared with experimental data of [10] where A denotes: Ca;MggZn; and B

denotes: Ca;MgsZns.

Ca-rich side of the ternary phase diagram at 608 K even though
Clark [10] did not find any liquid phase during the experiment. This
is perhaps due to the fact that, he did the experiment in the Mg-Zn
side of the ternary system.

5. Concluding remarks

An inclusive description of the Mg-Ca-Zn ternary system was
carried out based on CALPHAD approach. Critical evaluations and
optimizations of the constituent binaries Mg-Zn, Ca-Zn, Laves C14
phase of the Mg-Ca system and the corresponding ternary Mg—Ca-
Zn system have been presented. The optimized binary phase
diagrams as well as the different thermodynamic properties like
integral enthalpy of mixing, enthalpy of formation of the
compounds and partial properties such as activity and partial
enthalpy of mixing show reasonable agreement with the available
experimental data. The Modified Quasichemical Model (MQM) has
been used for the liquid phase in order to account for the presence
of short-range ordering (SRO). The consideration of the two ternary
compounds reported by Clark resulted in the best consistency with
the experimental results reported in the literature. Nevertheless,
additional experimental work is necessary to obtain more infor-
mation about the ternary compounds regarding their melting
points, crystal structure, solubility limits and enthalpies of forma-
tion. Finally, the present work can act as a roadmap to conduct key
experiments for further evaluation of this system.
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