
CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 41 (2013) 89–107
Contents lists available at SciVerse ScienceDirect
CALPHAD: Computer Coupling of Phase Diagrams and
Thermochemistry
0364-59

http://d

n Corr

E-m

mmedra
journal homepage: www.elsevier.com/locate/calphad
Thermodynamic calculation of the Mg–Mn–Zn and Mg–Mn–Ce
systems and re-optimization of their constitutive binaries

P. Ghosh, M. Medraj n

Department of Mechanical Engineering, Concordia University, 1455 De Maisonneuve Blvd. West, Montreal, QC, Canada H3G 1M8
a r t i c l e i n f o

Article history:

Received 8 August 2012

Received in revised form

25 January 2013

Accepted 25 January 2013
Available online 16 February 2013

Keywords:

Mg–Mn–Zn ternary system

Mg–Mn–Ce ternary system

Thermodynamic modeling

Modified quasi-chemical model
16/$ - see front matter & 2013 Elsevier Ltd. A

x.doi.org/10.1016/j.calphad.2013.01.008

esponding author. Tel.: þ1 5148482424; fax:

ail addresses: mmedraj@encs.concordia.ca,

j@me.concordia.ca (M. Medraj).
a b s t r a c t

The Mg–Mn-Ce and Mg–Mn–Zn ternary systems are modeled using the CALPHAD approach. Each

constituent binary is critically reviewed in light of available experimental information. Consequently,

binaries are re-optimized or directly adopted from the literature. All the binary liquids in the present

optimization are modeled by the modified quasi-chemical model (MQM) while the random mixing

model is used to describe the terminal solid solutions. The sub-lattice model is applied to the

compounds with well-defined solubility range in contrast to the stoichiometric phases which are

described as line compounds. Binaries are then extrapolated to form the ternaries without adding any

ternary parameters. Very little experimental data is available on these two systems. Nonetheless, the

present optimization reproduces most of experimental findings on these binaries as well as ternary

systems with reasonable accuracy. Incorporation of future experimental data, as and when available,

will refine the present optimization.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The present study deals with thermodynamic modeling of the
Mg–Mn–Zn and Mg–Mn–Ce systems which are two important
Mg-alloys ternary systems. The five constituent binaries are
critically evaluated based on the available literature data. This
section will briefly summarize the literature findings on these
systems and subsequently explain the need for re-optimization of
few of the constituent binaries.

The latest journal article published on thermodynamic model-
ing of the Mn–Zn system used Bragg–Williams model [1]. This
system will be re-optimized using the modified quasi-chemical
model (MQM). The MQM is considered more physically sound
than other models such as the associate solution model [2]. In
addition, the earlier optimization of the Mn–Zn system [1] only
considered phases present above 400 1C and did not include all
available literature data. In order to be consistent with the other
binaries as well as to achieve closer representation of the experi-
mental results, the Mn–Zn system is re-optimized in the current
study. In addition, the present re-optimization takes into account
the reported solubility ranges for the compounds which were
otherwise not considered in an earlier unpublished work [3].
ll rights reserved.

þ1 5148483175.
In case of the Mg–Mn system, contradiction exists in the
calculated consolute temperature of the liquid miscibility gap as
published by different investigators [4–7]. Kang et al. [4] calcu-
lated a much lower value than that of Gröbner et al. [5] and Khan
and Medraj [7]. Their respective values could not be verified due
to the lack of any experimental data in the literature. The above
issue is addressed in the present study and subsequently the Mg–
Mn system is re-optimized. Care was taken to improve thermo-
dynamic description over the previous assessments.

In case of the Mg–Ce binary system, the model parameters are
mostly taken from the work of Kang et al. [4], except for the
incorporation of some minor but important changes. For example,
the value for Ce_fcc-Ce_hcp transformation as used by [4]
results in an artificial stabilization of hcp_Mg phase in the
calculated ternary liquidus surface of the Mg–Mn–Ce system.
Besides, the present work critically reviewed the work of Zhang
et al. [8] and pointed out the anomaly observed. All these
concerns are discussed in detail in Section 2.3. Incorporation of
these changes also forced slight modification of the thermody-
namic description of this system from that of Kang et al. [4].

The Mn–Ce system was thermodynamically modeled by Kang
et al. [4] and Tang et al. [9]. Kang et al. [4] used the MQM to
describe the liquid phase but did not take into account the
experimentally reported solubility of Mn in Ce. Although Tang
et al. [9] did take into account the solubility, they described the
liquid phase by random mixing model. Very recently, Kim and
Jung [10] re-optimized the system using the MQM for the liquid
phase and simultaneously took into account the solubility of Mn
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in Ce. They also reported some solubility of Ce in b-Mn and the
corresponding reaction b(Mn)—a(Mn)þL was estimated at
�626 1C. Unfortunately, this could not be found in the said
reference (ref. no. 26 in Ref. [10]) or any other published
literature. In the present study, the liquid phase is re-optimized
using the MQM and a-Mn is described by B–W model which was
otherwise considered as pure elements in Ref. [10]. These are
done in order to be consistent with rest of the binaries. In
addition, all the available experimental data are also incorpo-
rated. A brief discussion of the literature data on this system is
presented in Section 2.4.

In the present study, the Mg–Zn system is directly adopted
from the authors’ previous work [11] on the Mg–Zn–Sn ternary.
The ternary showed good agreement with the experimental
findings. Thus, it was worthwhile to use the same thermodynamic
description of the Mg–Zn system to construct another ternary,
such as Mg–Mn–Zn to verify its applicability. This was successful
without even modifying a single parameter. The Mg–Zn phase
diagram is shown in Fig. 1 along with experimental data taken
from the literature [12–19]. However, careful observations of the
assessed diagram have revealed slight modifications of invariant
temperatures of the following reactions: L2Mg51Zn20þMg12Zn13

and LþMg_hcp2Mg51Zn20; which are actually at 343 1C. These
temperatures were earlier mentioned at 342 1C and 341 1C,
respectively. Please note that, nothing has been modified in the
thermodynamic description of this system and the changes have
come purely from a more accurate visual inspection of the
calculated Mg–Zn phase diagram.

In addition, terminal binary solid solutions are given special
attention in this work. For example, solid solutions of elements
with similar crystal structure in a binary system are modeled
using one single Gibbs energy function. This is because it is
assumed that pure elements with the same crystal structure
should have identical interaction parameters [20] when they
form terminal solid solutions having the same crystal structures,
due to the random substitutional arrangements of these atoms.
This is the reason why Mg_hcp and Zn_hcp terminal solid
solutions in the Mg–Zn system are modeled using single Gibbs
energy function. Same is followed for d-Mn and d-Ce as well as for
g-Mn and g-Ce phases in the Mn–Ce binary system.

The changes in the constituent binaries necessitate the re-
calculation of the ternaries. This is done by extrapolating the
constituent binaries. Furthermore, the optimized binaries as well
as the ternaries are critically compared with the experimental
data from the literature and with the previous assessments.
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Fig. 1. The Mg–Zn phase diagram from [11].
2. Critical evaluation of the literature data

2.1. Mn–Zn system

Numerous researchers [21–53] have investigated the Mn–Zn
system experimentally in order to establish the phase equilibria
and obtain the thermodynamic properties of the system. How-
ever, many of these experimental results are contradictory.
Okamoto and Tanner [54] rigorously reviewed and summarized
these earlier experimental works [21–53] on the phase equilibria,
thermodynamic properties and the crystal structures of different
phases in the Mn–Zn system. Liquid, five terminal solid solutions
(a-Mn, b-Mn, g-Mn, d-Mn and Zn_hcp) and one intermediate
solid solution are reported in the literature. All the Mn terminal
solid solutions show appreciable solubility of Zn, except a-Mn
which only exhibits 1.7 at% Zn as determined by X-ray diffraction
[32,54]. On the contrary, the reported solubility of Mn in Zn_hcp
is very small (�0.5 at%). The intermediate solid solution (denoted
as ‘H’ and ‘e’ phase in the current and [54] works, respectively) is
a controversial phase field. The phase field show a wide composi-
tion range (42–88 at% Zn) with the possible presence of three
regions. However, the presence of these regions has not been
conclusively validated in the published literature. In addition to
the solution phases, numerous intermediate compounds are
reported as well. Most of these compounds have composition
range close to 5–7 at% Zn. Okamoto and Tanner [54] also assessed
the Mn–Zn phase diagram, based primarily on the phase equili-
bria data of Wachtel and Tsiuplakis [47] for the composition
range from 60 at% to 100 at% Zn, on Romer and Wachtel [51] for
0–60 at% Zn and above 400 1C and on Nakagawa and Hori [39] for
30–70 at% Zn and below 400 1C.

Miettinen [1] modeled the Mn–Zn system using the experi-
mental data recommended by Okamoto and Tanner [54]. Mietti-
nen [1] used random mixing model for the binary liquid phase
and optimized the system above 400 1C. He thus omitted the
following phases: �a-MnZn3, g-Mn5Zn8, b1-MnZn, z-MnZn13. The
only stoichiometric phase considered by him was d-MnZn9 but he
did not incorporate the reported solubility range. Also, the
eutectic reaction at the Zn rich side was mentioned as L2d-
MnZn9þZn_hcp instead of L2z-MnZn13þZn_hcp as suggested in
the literature [21–25,28–29,47]. He did not incorporate solubility
of Mn in Zn_hcp and instead considered it as zero. In addition,
near the Mn-rich part of the phase diagram, his optimization
failed to achieve good agreement with the experimental data of
Romer and Wachtel [51] who observed wider two solid phase
regions of a-Mn (CBCC) and b-Mn (CUB). Recently, Khan [3] in his
dissertation used the MQM to describe the liquid phase and
significantly improved the thermodynamic description of the
system over that of Miettinen [1]. Khan [3] modeled the system
starting from room temperature and thus took into account the
phases which were otherwise neglected by Miettinen [1]. He
modeled g(Mn5Zn8) and H phase using sub-lattice model in order
to incorporate the reported solubility ranges and obtained good
agreement. However, all the other compounds were described as
stoichiometric phases in his work. In the present study, the Mn–Zn
system has been further improved by taking into account the
solubility ranges reported for the intermediate compounds, which
were not taken into consideration by Khan [3].

2.2. Mg–Mn system

A wide miscibility gap exists in the liquid phase of the Mg–Mn
system. Experimental data on this system are limited and are
inconsistent among one-another. Hashemi and Clark [55]
reviewed these data. Very limited solubility of Mn in Mg and
negligible solubility of Mg in Mn are observed. No intermetallic
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compound is reported in the system. Recently, Gröbner et al. [5]
investigated the monotectic reactions in this system by DTA
technique using a sealed Ta-crucible and refined the previous
results.

Gröbner et al. [5] also revised the previous thermodynamic
description of Tibbals [6] based on their new experimental data.
They optimized the Mg–Mn liquid phase using random solution
model and obtained good fit with the experimental data [5,56].
Recently, Kang et al. [4] and Khan and Medraj [7] re-optimized
the system using the MQM for the liquid phase. Kang et al. [4]
reported a consolute temperature of the liquid miscibility gap at
1902 1C while Gröbner et al. [5] and Khan and Medraj [7]
calculated much higher consolute temperature; 3202 1C and
3415 1C, respectively. In support of their lower consolute tem-
perature, Kang et al. [4] cited Antion [57] argument who ques-
tioned the existence of very high consolute temperatures of the
binary miscibility gap based on the experimental observation of
the consolute temperature of the ternary Mg–Mn–Y system. On
the contrary, Khan and Medraj [7] showed that their calculated
consolute temperature (3415 1C) is close to the estimated value
(�2783 1C) according to Predel’s derivation [58] which is as
follows: Tc � 2DHm=Rþ2DsX

m; where, Hm is molar enthalpy of
mixing, Sx

m is excess entropy of mixing. They also pointed out that
the percentage deviation between the calculated and the esti-
mated value in this case is within the percentage deviation of
other similar systems such as Al–In, Al–Pb, Bi–Zn and Cd–Ga.
Khan and Medraj [7] argued that it is more reasonable to evaluate
the system on the basis of such thermodynamic considerations
rather than the use of single experimental information in a
specific higher order system to validate the reliability of the
calculation in a lower order system as performed by Kang
et al. [4]. Their argument was further substantiated by the fact
that there is no other experimental information available on any
other ternary systems involving Mg–Mn as a constituent binary,
except the results of Antion [57] to support the conclusion made
by Kang et al. [4].

2.3. Mg–Ce system

This system has been extensively reviewed by Nayeb-Hashemi
and Clark [59] and thermodynamically optimized by Cacciamani
et al. [60]. Later on Kang et al. [4] optimized this system using the
MQM for the liquid phase. Zhang et al. [61] studied experimen-
tally the intermetallic compounds in this system using laboratory
prepared samples. They observed a shift in the position of Mg12Ce
from its theoretical value of 7.69 at% Ce. The measurement
showed a value of 8.22 at% Ce at the left boundary, and 8.47 at%
Ce at the right. They have therefore re-designated Mg12Ce as
Mg11Ce, with composition range of Mg(11.17�10.8)Ce at room
temperature. They argued that probably Mg11Ce is a defect
structure of Mg12Ce with vacancies substituting Mg sites [61].
They also refuted the existence of Mg10.3Ce phase (same as
Mg17Ce2) being very close to 10.8 at% Ce, the right boundary of
Mg11Ce. However, in a subsequent publication [8] on the thermo-
dynamic description of the same system, the same group of
authors used Mg12Ce instead of Mg11Ce and also considered the
existence of Mg17Ce2 phase. In this case, Zhang et al. [8] only
changed the enthalpy of formation values of Mg12Ce, taking all
the other parameters from Kang et al. [4]. However, by doing so,
they could reduce the eutectic temperature at the Mg-side from
601 1C to 593 1C but disturbed the other invariant reaction
temperatures. Cacciamani et al. [60] and Kang et al. [4] used
50,000 J/mol and 5230 J/mol for the Gibbs energy of the hypothe-
tical phase transformation from pure stable Ce_fcc to unstable
Ce_hcp, respectively and obtained reasonably good fit with the
experimental phase diagram and thermodynamics properties.
Kang et al. [4] reduced this value to accommodate the observed
large solubility of Ce in Y_hcp. However, experimental informa-
tion is limited on Ce–Y system and very few data points are
available only with significant scatter. Wang et al. [62] suggested
a value of 8500 J/mole for this transformation (Ce_fcc-Ce_hcp)
from their first principle calculation at 0 K. Meng et al. [63]
adopted this value and successfully reproduced Ce–Y system.

2.4. Mn–Ce system

The first investigation on the Mn–Ce system was carried out by
Rolla and Iandelli [64,65] who reported two thermal arrests at
612 1C and 998 1C. The second thermal arrest was interpreted as a
monotectic temperature associated with a narrow miscibility gap
between 68 at% and 82 at% Mn. However, the existence of the
miscibility gap was not confirmed by Mirgalovskaya and Strel’ni-
kova [66] neither later on by Tang et al. [9]. Thamer [67]
investigated the phase relationships in the Ce-rich region (below
20 at% Mn) by differential thermal analysis (DTA), metallography
and X-ray diffraction technique using high purities Ce (99.8%
pure) and Mn (99.96% pure) starting materials. He [67] reported
the eutectic reaction to occur at 16.170.5 at% Mn and 622 1C.
Perkins et al. [68] reported this temperature to be at 61873 1C
and at 14 at% Mn. Iandelli [65] placed this eutectic reaction at a
temperature of 612 1C and 15.1 at% Mn liquid composition while
Mirgalovskaya and Strel’nikova [66] determined it at 12 at% Mn
liquid composition and 635 1C temperature. Thamer [67] reported
two catatectic reactions; (i) d-Ce2g-CeþLiquid at 571 at% Mn
and 638 1C temperature and (ii) b-Mn2a-MnþLiquid at 625 1C.
Thamer [67] also determined the solubilities of Mn in d-Ce and
g-Ce and reported values of 5 at% and 2 at% Mn at 638 1C,
respectively, and indicated that the solubility of Mn in g-Ce drops
to less than 1 at% at 600 1C. By examining lattice parameters,
Iandelli [65] found that a-Mn dissolves negligible amount of Ce at
room temperature. Tang et al. [9] in their work on thermody-
namic assessment of the Mn–Ce system quoted the solubility of
Ce in (b-Mn) as 1.8 at% Ce (reference [7] of [9], which was listed
as ‘under review’). Unfortunately, the present authors could not
find this paper in the published literature. Another published
article [69] by the same group of authors on the same topic also
did not report any such finding. This system does not have
intermediate compounds.

Kang et al. [4], Tang et al. [9] and Kim and Jung [10] assessed
the Mn–Ce system thermodynamically. While Kang et al. [4] and
Kim and Jung [10] used the MQM for the liquid phase, Tang et al.
[9] used simple random mixing model. However, surprisingly
Kang et al. [4] assumed negligible solubility of Mn in both g-Ce
and d-Ce. Also their calculated transition temperature from
d-Ce2g-Ce was much higher (�724 1C) than �638 1C, the
experimental value reported in the literatures [9,67]. Kim and
Jung [10] considered the solubility of Mn in Ce and at the same
time reported some solubility of Ce in b-Mn. Unfortunately, the
later one could not be found in the mentioned reference (ref. no.
26 in Ref. [10]) or any other published literature. In the present
study, the liquid phase is re-optimized using the MQM and a-Mn
is described by B–W model which was otherwise considered as
pure elements in Ref. [10]. These are done in order to be
consistent with rest of the binaries. All the other available
experimental data are also incorporated.

2.5. Mg–Mn–Ce ternary system

There are very few experimental data on the Mg–Mn–Ce
system. Mikheeva [70] measured an isothermal section at
530 1C in the Mg-rich region. No ternary phases in equilibrium
with Mg_hcp were observed. Petrov et al. [71] reported two
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vertical sections (0.3 wt% and 1.6 wt% Ce) in the Mg-rich region
constructed by thermal and microscopic methods. A columnar
structure in Mg-rich alloy was reported by Chukhrov and Khrisa-
nova [72] which is believed to be the results of a ternary
eutectic reaction (L-Mg_hcpþa-MnþCeMg12) as suggested by
Kang et al. [73]. Recently, Zhang et al. [8] determined three
vertical sections at 0.6 wt%, 1.8 wt% and 2.5 wt% Mn by
cooling curve analysis (CCA) and differential scanning calorimetry
(DSC). No other experimental data could be found in the open
literature.

Kang et al. [4,73] performed thermodynamic modeling on this
system by extrapolating the constituent binaries. Later on, based
on the experimental findings [61,74], Zhang et al. [8] modified
the free energy of the Mg12Ce intermetallic compound but kept all
the other parameters of Kang et al. [4,73] the same. All the
solid solution phases were modeled using compound energy
formalism (CEF) in their work [4,8]. They [4,8] also assumed no
solubility of Mn in d-Ce and g-Ce which was contrary to the
experimental data of Thamer [67] who measured 5 at% and 2 at%
solubility of Mn at 638 1C in d-Ce and g-Ce, respectively. In the
present study all the terminal solid solutions are described using
Bragg–Williams Model taking into consideration the solubility of
Mn in d-Ce and g-Ce according to the reported experimental data
in the literature. Also, d-Ce and d-Mn are modeled using a single
Gibbs energy function considering their identical crystal struc-
ture. Similar approach has been taken for g-Ce and g-Mn. Apart
from these, Kang et al. [4,73] placed the consolute temperature of
the Mg–Mn liquid at much lower temperature than the current
work.
2.6. Mg–Mn–Zn ternary system

Only two experimental measurements, one by Joel and Schnei-
der [75] and the other by Bumazhnov [76], on the Mg–Mn–Zn
phase equilibria have been found in the literature. Raynor [77]
and later on Ohno and Schmid-Fetzer [78] reviewed these works
and only the key aspects are summarized here. Bumazhnov [76]
calculated the solubility of Mn and Zn in the Mg solid solution by
microstructural analyses and XRD measurements. He observed a
significant increase in Mn solubility in the Mg solid solution with
decreasing amount of Zn. Joel and Schneider [75] studied the
ternary phase equilibrium in the Mg-rich region which was found
only qualitatively consistent with the work of Bumazhnov [76] by
Ohno and Schmid-Fetzer [78]. Ohno and Schmid-Fetzer [78] also
presented a thermodynamic description of the Mg–Mn–Zn sys-
tem which unfortunately does not agree with none of the two
available experimental data [75,76]. Ohno and Schmid-Fetzer [78]
disputed the results of Bumazhnov’s [76] experiment on the
ground that the 30 days annealing period and the subsequent
isothermal holding for 7 days at different temperatures may not
be sufficient for the required solid state equilibrium in the Mg-
rich corner of the Mg–Mn–Zn system. Ohno and Schmid-Fetzer
[78] also criticized the technique of microstructural observation
in detecting the solubility limit of Mn in Mg solid solution in the
Mg–Mn–Zn system for its inherent difficulties. Ohno and Schmid-
Fetzer [78] termed the ternary invariant reaction Lþa-
Mn2Mg_hcpþMg51Zn20 depicted by Joel and Schneider [75] as
unreasonable and corrected it to LþMg_hcp2a-MnþMg51Zn20

on the basis of the well-established thermodynamic description
of the Mg–Zn system. Ohno and Schmid-Fetzer [78] calculated Zn
composition dependence of the incipient melting temperature of
Mg-0.2 wt% Mn–Zn alloy and compared it with the experimental
data of [79]. They achieved better consistency near the low Zn
concentration but very poor consistency as Zn concentration
increases.
3. Thermodynamic models

3.1. Pure elements

The Gibbs energy of pure element i (i¼Mg, Mn, Ce and Zn) in a
certain phase j is described as a function of temperature by the
following equation:

0G
j
i ðTÞ ¼ aþbTþcTln TþdT2

þeT3
þ f T�1

þgT7
þhT�9

ð1Þ

where, 0Gi
j(T) is the Gibbs energy at standard state and T is the

absolute temperature. The values of the coefficients a to h are
taken from the SGTE (Scientific Group Thermodata Europe)
compilation by Dinsdale [80].
3.2. Liquid phase

The liquid phase is modeled in this work using the MQM
where the pair approximation is utilized to describe the short
range ordering (SRO). It is observed that the alloy systems which
show a strong compound forming tendency in the solid state (i.e.,
Mg–Zn, Mg–Ce etc.) display a pronounced minimum in the
enthalpy of mixing of the liquid phase and this is caused by the
existence of short-range ordering [81]. The Bragg–Williams
random-mixing model needs too many parameters to describe
binary solutions having short-range ordering and thus not con-
sidered very effective. The ‘‘associate’’ or ‘‘molecular’’ model [82]
was also proposed to deal with the short-range ordering. How-
ever this model assumes that some molecules occupy certain
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 [83]. A detailed
description of the MQM can be found elsewhere [2,84].
3.3. Terminal solid solutions

Random solution model is used to describe the disordered
terminal solid solution phases. The excess Gibbs energy is
expressed using Redlich–Kister polynomial [85] according to the
following equation.

G¼ x0
i Gj

i þx0
j Gj

j þRT½xilnxiþxjlnxj�þ
exGj ð2Þ

where, exGj is the excess Gibbs energy function expressed as

exG
j
¼ XAXB½

0L
j
A,BþðXA�XBÞ

1L
j
A,BþðXA�XBÞ

22LjA,B�:

Each of the L term may be temperature dependent according to

nL
j
A,B ¼ aþbðTÞ:

The parameters a and b are obtained by optimization using
experimental results of phase equilibria and thermodynamic data.
3.4. Intermediate compounds

All the intermediate compounds in the Mg–Ce system are
considered stoichiometric. The Gibbs energy for a stoichiometric
compounds is described by the following equation:

Gj
¼ x0

i Gi
j1
þx0

j Gj2
j þDGf

ð3Þ

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

j1 and Gj
j2 represent the

Gibbs energy in their standard state and dGf
¼aþbT is the Gibbs

energy of formation per mole of atoms of the stoichiometric



Table 1
The stable phases and the model used to describe them in the Mg–Mn–(Ce, Zn) system.

Type Phase System Model used

Terminal solid solution Hcp Mg–Mn, Mg–Zn, Mn–Zn, Mg–Ce B–W

d_bcc Mg–Mn, Mn–Ce, Mn–Zn, Mg–Ce

g_fcc Mg–Mn, Mn–Ce, Mn–Zn, Mg–Ce

a-Mn Mg–Mn, Mn–Ce, Mn–Zn

b-Mn Mg–Mn, Mn–Ce, Mn–Zn

dhcp_Ce Mn–Ce, Mg–Ce Pure element

Intermediate phase d1(MnZn9) Mn–Zn Sub-lattice

d(MnZn9) Sub-lattice
�a-MnZn3 Sub-lattice

H* MQM

g-Mn5Zn8 Sub-lattice

MgZn2 Mg–Zn Sub-lattice

Compounds Mg12Ce Mg–Ce Stoichiometry

Mg17Ce2

Mg41Ce5

Mg3Ce

Mg2Ce

MgCe

b1-MnZn Mn–Zn Stoichiometry

z-MnZn13

Mg2Zn11 Mg–Zn Stoichiometry

Mg2Zn3

Mg12Zn13

Mg51Zn20

Liquid liquid Mg–Mn, Mg–Zn, Mn–Zn, Mg–Ce, Mn–Ce MQM

n Designated as ‘e’ phase in previous study [54].

Table 2
Gibbs free energy of stable and hypothetical pure elements.

Phase Pure

element

Gibbs energy (J/mol) Nature of the

phase

Refs.

hcp Mg 0G
hcp

Mg
Stable [79]

Ce 0G
hcp

Mg ¼
0G

fcc

Ce þ8000 Hypothetical This

work

Mn 0G
hcp

Mn ¼
0G

cbcc

Mn þ3700 Hypothetical This

work

Zn 0G
hcp

Zn
Stable [79]

g Mg 0G
g
Mg ¼

0G
hcp

Mg þ30002T Hypothetical This

work

Ce 0G
g
Ce

Stable [79]

Mn 0G
g
Mn

Stable [79]

Zn 0G
g
Zn ¼

0G
hcp

Zn þ2970�1:5T Hypothetical This

work

d Mg 0G
d
Mg ¼

0G
hcp

Mg þ3000�1:9T Hypothetical This

work

Ce 0G
d
Ce

Stable [79]

Mn 0G
d
Mn

Stable [79]

Zn 0G
d
Zn¼

0G
hcp

Zn þ2687�2T Hypothetical This

work

a-Mn Mg 0G
a-Mn

Mg ¼
0G

hcp

Mg þ4600 Hypothetical This

work
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compound. The parameters a and b are determined in a similar
fashion to that of terminal solid solutions.

Two intermediate phases, z(MnZn13) and b1(MnZn) in the
Mn–Zn system are modeled as stoichiometric phases. The other
compounds in this system are described using the compound
energy formalism (CEF) [86,87]. For example, the MgZn2 (Laves)
phase in the Mg–Zn system [11] is modeled using two sublattices;
(Mg, Zn) and (Mg, Zn)2. This model of two sublattices covers the
whole composition range and therefore the homogeneity range of
MgZn2 (�66–67.1 at % Zn) could be successfully reproduced.
Similarly, in the case of Mn5Zn8 in the Mn–Zn system; two
sublattices have been considered with only Zn in the second
sublattice with eight sites and mixing both Mn and Zn atoms on
the first sublattice with five sites. The Gibbs energy per formula
unit is given by:

DGMn5Zn8 ¼ yZn
0GZn: ZnþyMn

0GMn: Znþ5RT yZnlnyZnþyMnlnyMn

� �

þyZn � yMn
0LMn,Zn ð4Þ

where, yZn and yMn are the site fractions of Zn and Mn on the first
sublattice, respectively. Gibbs energy of formation of the end
members 0GZn:Zn and 0GZn:Mn and the L terms are optimized to fit
the experimental data.
Ce 0G
a-Mn

Ce ¼
0G

fcc

Ce þ5000 Hypothetical This

work

Mn 0G
a-Mn

Mn
Stable [79]

Zn 0G
a-Mn

Zn ¼
0G

hcp

Zn þ3000 Hypothetical This

work

b-Mn Mg 0G
b-Mn

Mg ¼
0G

hcp

Mg þ4600 Hypothetical This

work

Ce 0G
b-Mn

Ce ¼
0G

fcc

Ce þ20,000þ5T Hypothetical This

work

Mn 0G
bMn

Mn
Stable [79]

Zn 0G
b-Mn

Zn ¼
0G

hcp

Zn þ3000 Hypothetical This

work
3.5. Intermediate solid solutions

In addition to the liquid phases, the ‘H’ phase (intermediate
solid solution) in the Mn–Zn system is modeled using the MQM to
reproduce its large solubility range.

There are no compounds in the Mg–Mn and Mn–Ce systems.
Also no ternary compounds are reported in both the ternaries of
interest (Mg–Mn–Ce and Mg–Mn–Zn). In the present study, the
constituent binaries are extrapolated according to the Kohler
extrapolation method [88] to construct the ternaries without
addition of any ternary parameters.

The terminology and the models used in this work in
describing the Gibbs energy of all the stable phases in the
Mg–Mn–(Ce, Zn) system are listed in Table 1 and all the
optimized model parameters of different phases are summar-
ized in Tables 2–6.



Table 3
Optimized model parameters for the liquid phase in the Mg–Mn–(Ce, Zn) system.

System Model parameters Model used Refs.

Coordination Number Parameters; J/mole

Mg–Mn ZMg
Mg,Mn ¼ 4 , ZMn

Mn,Mg ¼ 6 Dg0
¼22,970.2 MQM This work

ZMg
Mg,Mg ¼ ZMn

Mn,Mn ¼ 6 Dg10
¼�12,999.35

Mg–Ce ZMg
Mg,Ce ¼ 2 , ZCe

Ce,Mg ¼ 6 Dg0
¼�15,914.4þ7.44 T MQM [4]

ZMg
Mg,Mg ¼ ZCe

Ce,Ce ¼ 6 Dg10
¼�9,632.4þ2.51 T

Dg01
¼�8,371.8

Mg–Zn ZMg
Mg,Zn ¼ 4 , ZZn

Zn,Mg ¼ 6 Dg0
¼�8,326.2þ3.19 T MQM [11]

ZMg
Mg,Mg ¼ ZZn

Zn,Zn ¼ 6 Dg10
¼�460.24�3.27 T

Dg01
¼�62.76�3.77 T

Mn–Ce ZMn
Mn,Ce ¼ 3 , ZCe

Mn,Ce ¼ 6 Dg0
¼5,564.72�0.84 T MQM This work

ZMn
Mn,Mn ¼ ZCe

Ce,Ce ¼ 6 Dg10
¼�1.046 T

Dg01
¼�1,004.16þ1.26 T

Mn–Zn ZMn
Mn,Zn ¼ 6 , ZZn

Zn,Mn ¼ 6 Dg0
¼�3,249.71þ1.38 T MQM This work

ZMn
Mn,Mn ¼ ZZn

Zn,Zn ¼ 6

Table 4
Optimized model parameters for the terminal solid solutions in the Mg–Mn–(Ce, Zn) system.

Phase Components Parameters (J/mol) Model used Refs.

Mg_hcp Mg–Mn 0L
Mg_hcp

Mg,Mn ¼ 32,000 B–W This work

Zn_hcp Mg–Ce 0L
Mg_hcp

Mg,Ce ¼�24,476:4 B–W [4]

Mg–Zn 0L
Mg,Zn_hcp

Mg,Zn ¼�1200þ6:5T B–W [11]

Mn–Zn 0L
Zn_hcp

Mn,Zn ¼ 5000�3T B–W This work

g-Ce Ce–Mn 0L
g-Ce,Mn

Ce,Mn ¼ 29,000þ3:5T; 1L
g-Ce,Mn

Ce,Mn ¼ 1:9T B–W This work

g-Mn Ce–Mg 0L
g-Ce

Ce,Mg ¼�9273:0 B–W This work

Mn–Mg 0L
g-Mn

Mn,Mg ¼ 80,000 B–W This work

Mn–Zn 0L
g-Mn

Mn,Zn ¼�12,900þ2:535T B–W This work

d-Ce Ce–Mn 0L
d-Ce,Mn

Ce,Mn ¼ 31,74025:7T; 1L
d-Ce,Mn

Ce,Mn ¼ 6T B–W This work

d-Mn Ce–Mg 0L
d-Ce

Ce,Mg ¼�15594�9:75T; 1L
d-Ce

Ce,Mg ¼�9000 B–W This work

Mn–Mg 0L
d-Mn

Mn,Mg ¼ 80,000 B–W This work

Mn–Zn 0L
d-Mn

Mn,Zn ¼�12,310þ2:1T; 1L
d-Mn

Mn,Zn ¼ 1500�1:0T B–W This work

a-Mn Mn–Ce 0L
a-Mn

Mn,Ce ¼ 80,000 B–W This work

Mn–Mg 0L
a-Mn

Mn,Mg ¼ 80,000þ50T B–W This work

Mn–Zn 0L
a-Mn

Mn,Zn ¼ 10,000 B–W This work

b-Mn Mn–Ce 0L
b-Mn

Mn,Ce ¼ 80,000þ100T

Mn–Mg 0L
b-Mn

Mn,Mg ¼ 80,000þ50T B–W This work

Mn–Zn 0L
b-Mn

Mn,Zn ¼�30,877þ71:7T; 1L
b-Mn

Mn,Zn

¼ 47,000þ84:35T; 2L
b-Mn

Mn,Zn

¼ 75,730þ9:62T

B–W This work

P. Ghosh, M. Medraj / CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 41 (2013) 89–10794
4. Thermodynamic optimization

4.1. Mn–Zn binary system

The optimized Mn–Zn phase diagram resulting from the
current work is shown in Fig. 2 together with the experimental
data of Nakagawa and Hori [39], Romer and Wachtel [51] and
Wachtel and Tsiuplakis [47] recommended by Okamoto and
Tanner [54]. Unlike the work of Miettinen [1], the current
modeling takes into account all the phases present below or
above 400 1C. The present model also consideres the solubility
ranges reported for d (MnZn9), d1 (MnZn9) and a (MnZn3) which
were otherwise considered as stoichiometric compounds by
Khan [3]. The g(Mn5Zn8) and H phases are modeled using the
sublattice and the MQM, respectively; while z(MnZn13) and
b1(MnZn) compounds are described as stoichiometric phases,
similar to that of Khan [3].

In Table 7, the calculated invariant reactions in the Mn–Zn
binary system are compared with the experimental data from the
literature [21–22,24–25,29,32,39,47,51]. It is seen from this table,
that most of the experimentally observed invariant reactions are
reasonably reproduced. The liquidus phase boundaries were
measured by many investigators and most of them showed good
consistency with each other. However, disagreement in various
reports and the lack of confirming data were found for solid
phases [54]. In the current work the calculated liquidus shows
good agreement with the measured data. The maximum solubi-
lity of Zn in a-Mn is reported as 1.7 at% by X-ray diffraction study



Table 5
Optimized model parameters for the intermediate solid solutions in Mg–Mn–(Ce, Zn) system

System Phase Parameters (J/mol). (J/mol/K) Model used Refs.

Mn–Zn d1 (MnZn9) 0G
Mn10

Mn,Mn ¼ 10Gða-Mn,cbcc_MnÞþ50,000 Sub-lattice This work

0G
Mn9 Zn

Mn,Zn ¼ 9Gða-Mn,cbcc_MnÞ
þGðZn, hcp_ZnÞþ50,000þ200T

0G
Zn10

Zn,Zn ¼ 10GðZn,hcp_ZnÞþ50,000þ10T
0DHMnZn9

298:15K ¼�17,500; 0DSMnZn9

298:15K ¼ 417:97

Cp¼Cp(a-Mn, cbcc_Mn)þ9Cp(Zn, hcp_Zn)

0L
MnZn9

Mn,Zn:Mn ¼�15,000; 0L
MnZn9

Mn,Zn:Zn ¼�10,000�15T

0L
MnZn9

Mn:Mn,Zn ¼�10,000; 0L
MnZn9

Zn:Mn,Zn ¼�50,000

d (MnZn9) 0G
Mn10

Mn,Mn ¼ 10Gða-Mn,cbcc_MnÞþ13,000þ130T Sub-lattice This work

0G
Mn9 Zn

Mn,Zn ¼ 9Gða-Mn, cbcc_MnÞ
þGðZn,hcp_ZnÞþ10,000þ100T

0G
Zn10

Zn,Zn ¼ 10GðZn,hcp_ZnÞþ15,000þ100T
0DHMnZn9

298:15K ¼�17,500; 0DSMnZn9

298:15K ¼ 417:97

Cp¼Cp(a-Mn, cbcc_Mn)þ9Cp(Zn, hcp_Zn)

0L
MnZn9

Mn,Zn:Mn ¼�30,000; 0L
MnZn9

Mn,Zn:Zn ¼�13,000�100T

0L
MnZn9

Mn:Mn,Zn ¼�100,000210T

�a-MnZn3 0G
Mn4

Mn,Mn ¼ 4Gða-Mn,cbcc_MnÞþ25,000þ20T Sub-lattice This work

0G
Mn3 Zn

Mn,Zn ¼ 3Gða-Mn,cbcc_MnÞ
þG Zn,hcp_Znð Þþ14,000þ10T

0G
Zn4

Zn,Zn ¼ 4GðZn,hcp_ZnÞþ20,000þ20T
0DHMnZn3

298:15 K ¼�15,000; 0DSMnZn3

298:15 K ¼ 160:25

Cp¼Cp(a-Mn, cbcc_Mn)þ3Cp(Zn, hcp_Zn)

0L
MnZn3

Mn,Zn:Mn ¼ 50,000þ100T; 0L
MnZn3

Mn,Zn:Zn ¼�22,000

0L
MnZn3

Mn:Mn,Zn ¼�60,000þ35T; 0L
MnZn3

Zn:Mn,Zn ¼ 20,000

H-phase Dg0
Mn,Zn ¼�744:321:975T MQM This work

Dg10
Mn,Zn ¼�794:96þ1:1506T

Dg01
Mn,Zn ¼�10,167:12þ8:87T

g-Mn5Zn8 0G
Mn5 Zn8

Mn,Zn ¼ 5Gða-Mn,cbcc_MnÞ
þ8GðZn,hcp_ZnÞþ98,491:38256:90T

Sub-lattice This work

0G
Zn13

Zn,Zn ¼ 13GðZn,hcp_ZnÞþ962:32

0L
Mn5Zn8

¼�199,995:2þ197:4848T

Mg–Zn MgZn2 LAVE 0G
Mg3

Mg:Mg ¼ 3GðMg,hcp_A3Þþ43:49� 103 Sub-lattice [11]

0G
Zn3

Zn:Zn ¼ 3G Zn,hcp_Znð Þþ20� 103

0G
Mg2 Zn

Mg:Zn ¼ 2G Mg,hcp_A3ð ÞþG Zn,Hcp_Znð Þþ30� 103

0G
MgZn2

Mg:Zn �55,979:23þ380:999T

�74Tln Tþ0:00085T2
�3:333� 10�6T3

0DHMgZn2

298:15 K ¼�33,815;

0S
MgZn2

298:15 K ¼ 115:005; Cp¼ 74�0:0017Tþ2� 10�5T2

0L
MgZn2

Mg,Zn:Mg ¼
0L

MgZn2

Mg,Zn:Zn ¼
0L

MgZn2

Mg:Mg,Zn

¼
0L

MgZn2

Zn:Mg,Zn ¼ 1:0
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of Potter and Huber [32] which is higher than the value calculated
by the preset study of 0.38 at%. However, the maximum solubility
of Mn in Zn is calculated as 0.38 at% at eutectic temperature,
closer to the reported value of 0.58 at% by [28]. The boundary
between b-Mn/[b-Mnþa-Mn] was determined at 1671 at% Zn at
400 1C [32,51] which is very close to the estimated value from this
study (14.8 at% Zn). A wide variation of the maximum solubility
of Zn in b-Mn was noticed in the literature. The reported values
are 48 at% [39], 17.4 at% [32] and 23 at% [51]. The present study
calculates a value of 32.3 at% Zn, in between the reported values
in the literature. Potter and Huber [32] reported a wider g-Mn
phase field than that of Romer and Wachtel [51]. The present
finding also showed a wider field. In addition, it should be pointed
out that the possible order-disorder transition of the d-Mn phase
has not been considered in the present modeling as no experi-
mental evidence could be found in the literature. The most



Table 6
Optimized model parameters for the stoichiometric compounds in Mg–Mn–(Ce, Zn) system.

System Compound Parameters (J/mol), (J/mol/K) Model used Refs.

Mg–Ce Mg12Ce 0DHMg12 Ce
298:15 K ¼�139,880:2; 0S

Mg12 Ce

298:15 K ¼ 377:01 Stoichiometric [4]

Cp¼12Cp(Mg, hcp_A3)þCp(Ce, fcc_Ce)

Mg17Ce2 0DHMg17 Ce2

298:15 K ¼�215,906; 0S
Mg17 Ce2

298:15 K ¼ 591:63 Stoichiometric [4]

Cp¼17Cp(Mg, hcp_A3)þ2Cp(Ce, fcc_Ce)

Mg41Ce5 0DHMg41 Ce5

298:15 K ¼�576,002; 0S
Mg41 Ce5

298:15 K ¼ 1387:78 Stoichiometric [4]

Cp¼41Cp(Mg, hcp_A3)þ5Cp(Ce, fcc_Ce)

Mg3Ce 0DHMg3 Ce
298:15 K ¼�76,000; 0S

Mg3 Ce

298:15 K ¼ 140:97 Stoichiometric [4]

Cp¼3Cp(Mg, hcp_A3)þCp(Ce, fcc_Ce)

Mg2Ce 0DHMg2 Ce
298:15 K ¼�47,449; 0SMg2 Ce

298:15 K ¼ 124:5 Stoichiometric [4]

Cp¼2Cp(Mg, hcp_A3)þCp(Ce, fcc_Ce)

MgCe 0DHMgCe
298:15 K ¼�28,600; 0S

MgCe

298:15 K ¼ 97:08 Stoichiometric [4]

Cp¼2Cp(Mg, hcp_A3)þCp(Ce, fcc_Ce)

Mn–Zn b1-MnZn 0DHMnZn
298:15 K ¼�14,000; 0S

MnZn

298:15 K ¼ 63:17 Stoichiometric This work

Cp¼Cp(a-Mn, cbcc_Mn)þCp(Zn, hcp_Zn)

z-MnZn13 0DHMnZn13

298:15 K ¼�22,500; 0S
MnZn13

298:15 K ¼ 578:4 Stoichiometric This work

Cp¼Cp(a-Mn, cbcc_Mn)þ13Cp(Zn, hcp_Zn)

Mg–Zn Mg2Zn11 0DHMg2 Zn11

298:15 K ¼ �85,820; 0s
Mg2 Zn11

298:15 K ¼ 499:65 Stoichiometric [11]

Cp¼200þ0.473 T�0.004 T2

Mg2Zn3 0DHMg2 Zn3

298:15K ¼ �54,950; 0S
Mg2 Zn3

298:15K ¼ 183:725; Stoichiometric [11]

Cp¼122�0.0311 Tþ0.0001 T2

Mg12Zn13 0DHMg12 Zn13

298:15 K ¼ �250,500; 0S
Mg12 Zn13

298:15 K ¼ 885:3 Stoichiometric [11]

Cp¼600.5�0.10875 Tþ0.0005 T2

Mg51Zn20 0DHMg51 Zn20

298:15 K ¼ 335,000:355; 0S
Mg51 Zn20

298:15 K ¼ 2510 Stoichiometric [11]

Cp¼51�Cp(Mg, hcp_A3)þCp(Zn, hcp_Zn)

Zn Mn

[51] [47]

H

δ-Mn γ

γ

-Mn

L

β-Mn

α-Mn

H +β-Mn
-Mn5Zn8

δ-MnZn9
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Fig. 2. The calculated Mn–Zn phase diagram along with experimental data points

taken from the literature [47,51].
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ambiguous portion of the phase diagram, as mentioned by
Okamoto and Tanner [54] is the H (denoted as e in Ref. [54])
phase field. Due to the lack of confirming data this phase is
modeled as one wide field in the current work instead of a
possible existence of three separate phase fields as suggested by
Okamoto and Tanner [54]. For this reason, some of the speculated
invariant reactions involving different allotropes of H-phase are
not taken into consideration in the current work. The calculated
composition of the H/[Hþb-Mn] phase transformation at 500 1C
is 46.1 at%, reasonably close to the experimentally determined
value of 48 at% Zn [49]. The present study estimates the formation
temperature of x-MnZn13 as 433 1C at 92.9 at% Zn, both of which
are close to the experimentally determined values of 428 1C,
430 1C [28,47] and 92.9 at% Zn [28]. A very small solubility range
of 88–90.8 at% Zn for d1-MnZn9 was reported between 350 1C and
424 1C whereas the current study calculates it from 89.3 at% to
90.2 at% Zn. The estimated formation temperature of 425 1C for
this phase is very close to the reported value of 424 1C [28]. Good
match is also established between the estimated solubility range
of 76.6–83.2 at% Zn for g-Mn5Zn8 and that of the experimentally
reported value of 77–84.4 at% Zn [26]. According to Schramm’s
[28] finding, d-MnZn9 has a composition variation of 86.5–
90.6 at% Zn. The current study calculates this as 86.7–89.5 at%
Zn and shows reasonable match. The formation temperature of
this phase is calculated as 468.5 1C, a little higher than the
reported value of 462 1C [28]. The formation temperature of
�a-MnZn3 is determined as 348 1C in this study, higher than
325 1C as tentatively proposed temperature [28,54]. The reported
Mn-rich solubility limit was 70 at% Zn at both 150 1C and 100 1C,
whereas our calculated ones are 65 at% and 67.2 at% Zn, respec-
tively. The transition type phase transformation from �a-MnZn3 to
�a1-MnZn3 reported at �143 1C [54] is not considered in this
present study. Though we achieved good consistency for most of
the phase boundaries, still there exists a lot of scope for improve-
ment. This may be achieved by new experiments on this system.

The calculated thermodynamic properties are compared with
the experimental measurements in Fig. 3(a–c). The activity of Zn
in the Mn–Zn liquid measured by Baker et al. [53] is reproduced
by the current model as shown in Fig. 3a. The activity of Zn in Mn-
rich alloy measured by Dimov et al. [89] at 1300 1C agrees well
with the current calculation as shown in Fig. 3b. In Fig. 3c, the
calculated activity of Zn in solid Mn–Zn alloys at 420 1C also
shows reasonable agreement around 0.2 at% Mn with the mea-
sured value of Anantatmula [52].

The Mn–Zn system is a very complex system because of the
presence of numerous intermediate compounds with solubility
ranges. This made the thermodynamic optimization of this
system a challenging task. The latest journal article published
on thermodynamic modeling on this system was by Miettinen [1].
For simplification, Miettinen [1] modeled this system only above
400 1C and used Bragg–Williams model to describe the liquid
phase. However, the current modeling takes into account all the



Table 7
Invariant points of the Mn–Zn system

Reaction type Reaction Composition (at%Zn) Temp. (1C) References

Peritectic Lþd-Mn2H 62.5 46 48 845 This work

62 47 50 835 Exp.[28]

65 50 53 815 Exp. [51]

65.5 48.1 51.1 815 Calc.[3]

Eutectoid d-Mn2g-MnþH 36.3 34.7 40 633 This work

38 34 42 620 Exp. [51]

40 35 – 650 Exp. [32]

37.2 32 42.8 627 Calc.[3]

Eutectoid g-Mn2b-MnþH 35.7 21.2 42.7 532 This work

31 25 46 530 Exp. [51]

35 18 554 Exp. [32]

33.8 22.4 47.7 530 Calc.[3]

Eutectoid H2b-MnþMnZn3 62.5 27 69 332 This work

63 – 68.5 �250 Exp.[28]

62 48 69 220 Exp. [39]

68.6 29.3 75 282 Calc.[3]

Peritectoid b-Mnþ �a-MnZn32b1-MnZn 0.3 63.1 50 178 This work

47 70 50 180 Exp. [39]

31.4 75 50 180 Calc.[3]

Peritectoid Hþg-Mn5Zn82 �a-MnZn3 70 76 73 350 This work

72 77 74.50 325 Exp.[28]

71.7 76 75 325 Calc.[3]

Congruent H2g-Mn5Zn8 80.7 80.7 421 This work

80.8 80.8 400 Exp.[28]

81.6 81.6 413 Calc.[3]

420 Exp.[47]

Eutectoid H2d-MnZn9þg-Mn5Zn8 83 87 82.4 418 This work

85.6 88.9 84.4 350 Exp.[28]

85 88 84 350 Exp.[47]

83.9 90 83.11 408 Calc.[3]

Peritectic LþH2 d-MnZn9 97 86.3 88.3 467 This work

96.3 88.6 90 462 Exp.[28]

– 88.5 90 462 Exp.[47]

97.4 87 90 462 Calc.[3]

Peritectic Lþd-MnZn9 2z-MnZn13 98.7 89.6 93 433 This work

98.1 90.6 92.7 428 Exp.[28]

– 90.5 92 430 Exp.[47]

98.7 90 92.9 428 Calc.[3]

Peritectoid d-MnZn9þz-MnZn132d1-MnZn9 89.5 93 90 425 This work

90.6 92.6 90.8 424 Exp.[28]

Eutectic L 2 z-MnZn13þZn_hcp 99.3 93 99.6 415 This work

99.3 87.5 100 418 Exp. [21]

96 80 98 400 Exp. [22]

99 87.2 100 416 Exp. [23]

98.9 87.5 99.5 419 Exp. [24]

99.5 90 100 414 Exp. [25]

98.6 92.9 99.4 416 Exp.[28]

99.2 92.7 99.6 417 Calc.[3]

417 Exp.[29]

416 Exp.[47]
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phases present below and above 400 1C. The liquid phase is
described by the MQM and thus makes the system compatible
with the other binaries described by the MQM. The only com-
pound, d-MnZn9, considered by Miettinen [1] was described as
line compound. However, a composition variation of 86.5–
90.6 at% Zn was found in experimental literature [28]. The present
optimization calculates a solubility range of 86.7–89.5 at% Zn
for the above phase, reasonably close to the experimental
results. Additionally, the eutectic reaction at Zn rich side was
mentioned incorrectly (L2d-MnZn9þZn_hcp instead of L2z-
MnZn13þZn_hcp) in [1]. Miettinen [1] also described Zn_hcp and
H phase by a single Gibbs energy function which resulted in zero
solubility for Mn in Zn_hcp. The current work resolves these
anomalies observed in Miettinen’s [1] work. In addition, the
present model considers the solubility ranges reported for
g(Mn5Zn8), H, d(MnZn9), d1(MnZn9) and �a (MnZn3) as suggested
by experimental findings [54]. Also, a-Mn is described by Bragg–
Williams model in the current work in order to be consistent with
the other systems.

4.2. Mg–Mn binary system

Fig. 4 shows the calculated Mg–Mn phase diagram in compar-
ison with experimental phase diagram data of Gröbner et al. [5]



A
ct

iv
ity

[53]

MnZn

[89]

A
ct

iv
ity

Mole fraction, Mn

Mole fraction, Mn

MnZn

[52]

A
ct

iv
ity

MnZn Mole fraction, Mn

Fig. 3. Calculated activity of Zn (a) in liquid Mn–Zn alloy at 1300 1C, (b) in liquid

Mn–Zn alloy at 1250 1C and (c) in solid Mn–Zn alloy at 420 1C along with

experimental data. The reference state for Zn is pure liquid Zn.

Te
m

pe
ra

tu
re

, °
C

 

Mole fraction, Mn

Mg_hcp +α-Mn

L +β-MnL +α-Mn

L + γ-Mn
L + δ-Mn

Mg_hcp

L #2

L

MnMg

[5]

Fig. 4. The calculated Mg–Mn phase diagram along with experimental data

from [5].

Te
m

pe
ra

tu
re

, °
C

 

Mole fraction, Mn

Mg_hcp +α -Mn

L +α -Mn

L +β -Mn

Mg_hcp

L

[90] [91]
[96] [69] [97]
[94] [92] [93]

MnMg

Fig. 5. The calculated Mg-rich part of the Mg–Mn phase diagram along with

experimental data from the literature.

Te
m

pe
ra

tu
re

, °
C

 

Mole fraction, Ce 

2

CeMg

Fig. 6. The calculated Mg–Ce phase diagram in comparison with experimental

data from the literature.

P. Ghosh, M. Medraj / CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 41 (2013) 89–10798
who used DTA, SEM and EDS. They [5] reported that the binary
monotectic (L2Lþd-Mn) temperature occurs between 1194 1C
and 1202 1C. The current optimization calculates this temperature
as 1205 1C, a few degrees higher than the experimental findings.
The other transition temperatures measured by Gröbner et al. [5]
were 1135–1137 1C for d-Mn2Lþg-Mn; 1078–1097 1C for g-
Mn2Lþb-Mn; 706 1C for b-Mn2Lþa-Mn (wrongly written as
731 1C in Table 1 of Ref. [5]) and 642–653 1C for Lþa-
Mn2Mg_hcp. The present optimization calculates the above
temperatures as 1137 1C, 1084 1C, 706 1C and 650 1C, which are
in accord with the findings of Gröbner et al. [5]. Fig. 5 compares
the Mg-rich side of the Mg–Mn phase diagram with the data from
the literature [90–97]. The calculated solubility of Mn in Mg
favors the data of Drits et al. [97], Grogan et al. [91] and Petrov
et al. [95] which are self-consistent but deviate from the data of
Schmid and Siebel [90] who measured higher Mn solubility in
Mg_hcp. Similarly, the liquidus data of Petrov et al. [95] are
preferred over Siebel [93] in the present calculation, both of
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whom used dip sampling technique but Petrov et al. [95] reported
higher liquidus temperature than Siebel [93]. This is based on the
suggestion by Hashemi and Clark [55] who pointed out that the
dip sampling method has several sources of error that would
lower the measured liquidus temperatures and thus the higher
liquidus temperatures should be given higher weight during
optimization.

The temperature near the equi-atomic position in the misci-
bility gap in the current study is calculated as 3256 1C. This value
is comparable to 3415 1C and 3202 1C, the calculated values of
Khan and Medraj [7] and Gröbner et al. [5], respectively. However,
higher than 1902 1C, the value calculated by Kang et al. [4]. The
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Table 8
Invariant points of the Mg–Ce system.

Reaction type Reaction Composition (

Congruent L2Mg3Ce 25

25

Peritectic LþMg3Ce2Mg2Ce 39.5

�41

Congruent L2MgCe 50

Peritectic LþMg3Ce2Mg41Ce5 10.8

Peritectic LþMg41Ce52Mg17Ce2 8.3

Peritectic LþMg17Ce22Mg12Ce 7.3

Eutectoid Mg17Ce22Mg12CeþMg41Ce5 10.55

8.85

Eutectic L2MgCeþd-Ce 63.4

65

Eutectic L2Mg12CeþMg_hcp 4.4

6.03

4.4

3.5

4.3

4.2

4.3

4.8

Eutectoid d-Ce2g-CeþMgCe 84
Predel’s empirical equation estimates this temperature as
2783 1C [7]. The percentage deviation between this value and
that calculated by Khan and Medraj [7] and the present calcula-
tion are found to be 17.1% and 13.4% (calculation is done by
expressing temperature unit in Kelvin). These are well within the
percentage deviation of other similar systems [7] estimated in a
similar fashion. Khan and Medraj [7] found it more reasonable to
evaluate the model on the basis of such thermodynamic con-
siderations rather than to use single experimental information in
a specific higher order system to validate the reliability of the
calculation in a lower order system as performed by Kang
et al. [4]. Except the results of Aniton [57] as obtained in his
dissertation, no other relevant experimental information on any
other ternary system involving Mg–Mn as a constituent system is
available to support the conclusion of Kang et al. [4] that the
critical temperature of the Mg–Mn miscibility gap should be far
less than that calculated by Predel’s equation. Moreover, in a
subsequent publication where Antion is one of the co-authors
[98], a higher consolute temperature was used. Considering these
above facts, the present authors agree with Khan and Medraj [7]
and place their calculated consolute temperature close to the
value estimated by Predel’s equation.

In the present optimization, the consistency of the Mg–Mn
system with the available experimental data, especially near the
Mg-rich side is improved over [7]; even after using one less model
parameter for the liquid as well as the Mg_hcp phase. In addition,
a-Mn and b-Mn are described using Bragg–Williams model
without compromising their consistency with the experimental
data. This has to be done to be consistent with the Mn–Zn system
which shows considerable solubility of Zn in these phases,
especially in b-Mn. However, in earlier optimizations [4,7] these
two were roughly assumed as pure elements.
at% Ce) Temp. (1C) References

25 799 This work

25 796 Exp. [59]

25 33.3 750 This work

25 33.33 750 Exp. [59]

50 721 This work

25 10.96 625 This work

635 Exp. [102]

10.96 10.55 617 This work

621 Exp.[102]

10.55 7.7 611 This work

616 Exp.[102]

597 Calc.[8]

7.7 10.96 606.6 This work

7.7 10.87 611 Exp. [59]

593 Calc. [8]

50 65.6 676 This work

50 688 Exp. [59]

10.55 0.11 598 This work

585 Exp. [105]

0.28 590 Exp.[99]

0.09 593 Exp.[16]

590 Exp. [101]

593 Exp. [102]

59172 Exp. [103]

594 Exp. [104]

0.2 593 Calc. [8]

93 50 498 This work

490 Exp. [106]

91.8 505 Exp. [107]
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4.3. Mg–Ce binary system

In the present optimization of the Mg–Ce system, the model
parameters are mostly taken from the work of Kang et al. [4]
except for the incorporation of minor but important changes. For
instance, the Gibbs energy of the hypothetical phase transforma-
tion from pure stable Ce_fcc to unstable Ce_hcp is changed from
5230 J/mol [4] to 8000 J/mol. Both values are able to reproduce
the binary with similar consistency. However, the former one
results in an artificial stabilization of Mg_hcp phase in the
calculated ternary liquidus surface of Mg–Mn–Ce system. The
present value is close to the value suggested by Wang et al. [62]
derived from first principle calculation at 0 K. Kang et al. [4]
reduced this value from 50,000 J/mol [60] to 5230 J/mol to
accommodate the observed large solubility of Ce in Y_hcp.
However, a value of 8500 J/mol was adopted by Meng et al. [63]
and they could successfully reproduce the large solubility of Ce in
Y_hcp. Based on these findings, the present optimization adopts a
value of 8000 J/mol for this hypothetical transformation. Apart
from that, the present optimization modifies model parameters
for the g-Ce and d-Ce terminal solid solutions used by Kang
et al. [4]. However, no extra model parameters are added and
even for g-Ce, only one parameter is used whereas two were used
by Kang et al. [4].As stated earlier, Zhang et al. [8] reduced the
stability of Mg12Ce by increasing the formation enthalpy from
�139,880 J/mol to �137,580 J/mol. This reduces the eutectic
temperature of L2Mg_hcpþMg12Ce from 601 1C to 593 1C,
resulting in the transition temperature to be closer to the
reported value between �590 1C and 594 1C [99–104]. However,
this alters the stability of the phases present at the nearby region.
For example, Mg17Ce2 becomes stable from 593 1C to 617 1C
which is not supported by the experimental findings of [59].
The present calculation yields a eutectic temperature of 598 1C, in
between the values reported by Kang et al. [4] and Zhang et al. [8]
without compromising the consistency of the other phase regions.

Figs. 6 and 7 show the calculated Mg–Ce phase diagram and
the invariant reactions are tabulated in Table 8 along with the
experimental data of [16,59,99–109]. A large variation in the
experimental solid solubility of Ce in Mg_hcp is observed in the
literature [16,99–105]. The present optimization followed the
data of Rokhlin [103] who used higher purity Mg and that of
Park and Wyman [16] who used longer annealing time to achieve
equilibrium. Their findings suggest a relatively low solubility of
Ce in Mg_hcp. The rest of the findings of the present calculation
show reasonable consistency with the literature data.

The thermodynamic properties of the liquid phase are not
discussed further as the model parameters of the liquid phase of
Mg–Ce system are directly adopted from Kang et al. [4]. However,
for readers’ reference, Fig. 8a and b, respectively show the
calculated enthalpy of mixing at 817 1C and the activity of Mg
at 860 1C in the Mg–Ce liquid in comparison with the experi-
mental data of [110–111].

4.4. Mn–Ce binary system

The calculated Mn–Ce phase diagram is shown in Fig. 9 in
relation to experimental data obtained from the literature [65,66].
Calculated vis-�a-vis experimental invariant reactions are listed in
Table 9. Fig. 10 shows the Ce-rich side of the Mn–Ce phase
diagram together with experimental data points measured by
other researchers [65,67,68]. The eutectic reaction at the Ce-rich
corner (L2g-Ceþa-Mn) is calculated at 621 1C which is close to
the measured values of 62272 1C [67] and 62172 1C [9]. The
composition of the liquid for this reaction is calculated at 17.6 at%
Mn in the present study, close to the experimental value of
16.1 at% Mn [67]. The other invariant reaction of d-Ce2 g-CeþL
in this Ce-rich region is calculated at 639.4 1C while the experi-
mentally measured values are 638 1C [67] and 64072 1C [9]. The
two invariant reactions near the Mn-rich side, g-Mn2 Lþb-Mn
and d-Mn2Lþg-Mn, are calculated as 999 1C and 1087.5 1C,
respectively and within 72 1C of the experimentally measured
values reported in the literature [65,66,112]. The calculated
compositions of the invariant reactions are also within 72–
3 at% from the experimentally measured values as shown clearly
in Table 9. Fig. 11 compares the calculated enthalpy of mixing of



Table 9
Invariant points of the Mn–Ce system.

Reaction type Reaction Composition (at%Mn) Temp. (1C) Reference

Eutectic L2g-Ceþa-Mn 17.6 1.69 100 621 This work

16.1 �2 �99.5 62272 Exp.[67]

16.35 1.53 100 621.6 Calc.[9]

6217 2 Exp.[9]

17.9 1.9 100 618.7 Calc. [10]

Catatectic d-Ce2g-CeþL 5 1.51 15.0 639.4 This work

5 2 14 638 Exp.[67]

5 1.36 14.3 638.2 Calc.[9]

64072 Exp.[9]

5.6 1.7 15.4 637.8 Calc. [10]

Catatectic g-Mn2Lþb-Mn 98.7 76 100 999 This work

�96.5 �82.5 � 99 998 Exp.[112]

�98 �71 �99.0 9987 2 Exp. [65,66]

96.76 71.74 98.19 997.8 Calc.[9]

989.4 Calc. [10]

Catatectic d-Mn2Lþg-Mn 98.37 86.9 99.1 1087.5 This work

�96 87 �98.5 1087 Exp.[112]

�98 �86 �98.3 108772 Exp. [66]

97.12 84.61 97.79 1087.8 Calc.[9]

1094 Calc. [10]
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the liquid phase at 1327 1C with the reported values [113] and
shows good consistency.

As can be seen from the figures and the table, the present
optimization reproduced the experimental phase diagram and
thermodynamic properties reasonably well. Unlike earlier opti-
mization by Kang et al. [4] employing the MQM for the liquid
phase, this study assumed solubility of Mn in both g-Ce and d-Ce
in accordance with the literature [65,67,68]. The calculated
transition temperature (�639 1C) from d-Ce to g-Ce is also lower
than their calculated value (�724 1C). This is also well supported
by the experimental findings of Tang et al. [9] and Thamer [67].
Unlike Ref. [10], the present optimization assumes negligible
solubility of Ce in b-Mn due to the lack of any evidence for such
solubility in the published literature. Apart from that, d-Ce and
d-Mn are treated as one Gibbs energy function because of their
same crystal structure. An analogous treatment is also applied to
the g-Ce and g-Mn phases. Table 9 clearly shows that the present
optimization yields improved match with the experimental data
[65–67,112] over the earlier optimizations [4,9,10].

4.5. Mg–Mn–Ce ternary system

As no ternary compounds are known to exist in the Mg–Mn–
Ce system, the ternary phase diagram is constructed by extra-
polating the constituent binaries. Fig. 12 shows the liquidus
surface calculated from the present optimization. A ternary
eutectic reaction (L2Mg_hcpþa-MnþCeMg12) is calculated at
599 1C which agrees with the work of Kang et al. [4]. Figs. 13 and
14 show the calculated vertical sections for constant Ce and Mn,
respectively in comparison with experimental data from the
literature. The vertical section at 0.3 wt% Ce calculated in the
present work matches well with the experimentally measured
diagram by Petrov et al. [71] as shown in Fig. 13(a). However, for
the 1.6 wt% Ce vertical section, discrepancies are observed
between the calculated and experimental diagrams (Fig. 13(b)).
Experimental diagram shows the presence of Mg_hcp and
(a-MnþMg_hcp) phase regions whereas the calculated one
does not show these. Instead, the (Mg_hcpþMg12Ce) and
(a-MnþMg_hcpþMg12Ce) phase regions are seemed to be
extended in these regions. It is interesting to note that in the
present optimization with increasing Ce percentage from
0.3 wt% to 1.6 wt%, the stability of Mg12Ce compound increases
which caused the increase in the (Mg_hcpþMg12Ce) and
(a-MnþMg_hcpþMg12Ce) phase regions. The same has been
observed in the optimization of Kang et al. [4]. Attempts were
made to obtain a better consistency between the calculated and
experimental Ce-vertical sections. However, this resulted in an
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extended Mg_hcp region in Mg–Ce binary system, contrary to the
binary experimental data [15,103]. Unfortunately, no other
experimental data are available in the published literature to
support or refute the findings of Petrov et al. [71]. However, one
will agree with the fact that it is quite difficult to experimentally
measure the phases present in very dilute alloys, such as in the
present cases which have been more difficult way back in 1957.
Though, the present authors do not want to disregard the
experimental findings of Petrov et al. [71] based on the mere fact
that the experimental results do not match with the calculated
ones, but strongly suggest the need of fresh experiments to
construct those Ce-vertical sections. Based on the new results,
ternary parameters may be added, if needed, to achieve better
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consistency. For the constant Mn vertical sections, the present
calculation successfully reproduces the experimental observa-
tions reported in [8], except the LiquidþMg2MgþMg12Ce—-

transition temperature calculated at 599 1C which is a little bit
higher than the experimental finding which ranges between
590 1C and 595 1C.

4.6. Mg–Mn–Zn ternary system

Very few experimental works on the Mg–Mn–Zn system are
available in the literature. Moreover, the data contradict each
other. Nevertheless, no ternary compound could be found in the
literature. In the present study, the ternary system is thermo-
dynamically described by extrapolating the constituent binaries
and subsequently compared with the few available experimental
data. No ternary parameter is added to optimize the system.
Fig. 15 shows the liquidus surface of the Mg–Mn–Zn system as
calculated by the current optimization. Fig. 16 presents the partial
liquidus surface of this system near the Mg–Zn edge. The Mg-rich
part of this edge is shown in Fig. 16a along with experimental
data extracted from the assessed phase diagram by Joel and
Schneider [75] and calculated phase boundaries from Ohno and
Schmid-Fetzer [78]. The experimental monovariant reaction line
for LþMg_hcpþa-Mn is slightly shifted towards higher Mn side.
However, qualitative correlation could be established between
the present calculation and the experimental observation [75] as
both of them indicated lowering of monovariant reaction line
with the addition of Zn. Ohno and Schmid-Fetzer [78] also
observed similar trend and a shift between their calculated phase
diagram and the diagram assessed by Joel and Schneider [75].
Ohno and Schmid-Fetzer [78] pointed out that Joel and Schneider
[75] used a liquid composition with too high Mn content for the
Lþa-Mn2Mg_hcp reaction in the Mg–Mn system as compared
to the recently and more accurate experimental data on the Mg–Mn
system [5]. They also argued that the slight almost parallel shift of
this line is quite compatible with the experiments [75]. In the
present study, the calculated monovariant line is more parallel
and closure to the experimental findings of [75] than Ohno and
Schmid-Fetzer [78] assessed diagram, indicating higher accuracy
of the present thermodynamic description of the system. Fig. 16b
shows enlarged portion of the partial liquidus surface near the
middle of the Mg–Zn edge. Corresponding invariant reactions are
listed in Table 10. The transition temperature of LþMg_hcp2b-
MnþMg51Zn20 has been calculated as 343 1C; in between the
calculated 341 1C [78] and experimental 347 1C [75] findings.
However, the Mn is detected as b-Mn (i.e., Mn_cub) in the present
calculation instead of a-Mn (Mn_cbcc) as calculated by Ohno and
Schmid-Fetzer [78]. This is because in the present calculation the
a-Mn region extends up to 40 wt% Zn while it ended at 55 wt% Zn
in the calculation of [78]. Fig. 16c shows the magnified Mg-rich
corner just below this invariant reaction at 342 1C. Experimental
data in this region [75] and assessed phase boundaries from [78]



Table 10
Invariant reactions in the Mg–Mn–Zn system, near the middle of the Mg–Zn edge

Reaction type Reaction Composition of liquid, wt% Temp (1C) References

Mn Mg Zn

Ternary quasi-peritectic LþMg_hcp 2b-MnþMg51Zn20 0.2 48.0 51.8 342.82 This work

0.2 47.5 52.3 340.18 Calc.[78]

347 Exp.[76]

Ternary eutectic L2b-MnþMg51Zn20þMg12Zn13 0.20 47.74 52.06 342.79 This work

0.25 47.41 52.34 340.16 Calc.[78]

Ternary quasi-peritectic LþMg2Zn32Mg51Zn20þMg12Zn13 0.22 47.18 52.6 346.40 This work
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also plotted on the same diagram. The experimental data of [75]
correspond to 347 1C whereas assessed value of [78] is at 340 1C.
Present calculation shows the Mg_hcp phase field extended
towards higher Mn concentration but lower at Zn side as
compared to [78]. None of the assessed diagrams (the present
work as well as that of Ref. [78]) shows good match with the
experimental findings. However, the experimental data reported
by [75] is inconsistent and seemed to be unreliable. For example,
they [75] claimed to have a wider presence of Mg51Zn20, even for
a very low concentration of Zn. However, the present assessment
shows presence of Mg_hcpþa-Mn in that region and supported
by the calculation of [78]. Ohno and Schmid-Fetzer [78] pointed
out that this could be due to absence of a proper equilibrium
condition during experimentation [75]. Nonetheless, more experi-
mental work is required to have a better understanding of the
phase relationships in this region. The Zn-rich corner of the
liquidus surface is magnified and presented in Fig. 17. Experi-
mental information does not exist for this region too. Several
isothermal sections are calculated and shown in Fig. 18 in
comparison with available experimental data [76]. It can be seen
from these figures that the present calculation always yields
lower solubility than what is reported in the experimental results
of Bumazhnov [76] who measured the solubilities by microstruc-
tural analysis. Detecting trace compositions in small sized parti-
cles by microstructural observation is often associated with high
difficulties and this could have caused determination of higher
solubility than the actual values [78]. Further, when the weight
fraction of Zn approaches zero, the experimental observation by
Bumazhnov [76] does not approach to the solubility limit of the
Mg–Mn binary system as pointed out in Ohno and Schmid-Fetzer
[78]. Bumazhnov [76] and Joel and Schneider [75] both reported
that the Mn solubility in Mg_hcp decreases with increasing Zn
composition, although their data provide quantitatively different
results. Ohno and Schmid-Fetzer [78] questioned this consistency
suspecting it to be the result of possible non-equilibrium effect in
these two experimental works. The current calculation estimates
almost constant solubility of Mn in Mg_hcp with increasing Zn,
similar to the calculated results of [78]. Fig. 19 shows the calculated
vertical section near the Mg-rich side for 0.02 wt% Mn. In this figure,
the bold solid line is the boundary between Mg_hcp/[Mg_hcpþLi-
quid] from the present calculation and the dashed line represents the
same from Ohno and Schmid-Fetzer’s calculation [78]. The solid
triangles are the experimentally determined incipient melting tem-
peratures (or solidification temperatures) for Mg–Mn–Zn cast alloy
with 0.02 wt% Mn by Busk and Marande [79]. As one can see from
the figure that the present calculation yields a result where calcu-
lated solidification temperatures for lower Zn content are lower than
the experimental ones and just the opposite for higher Zn content
(more than 3 wt% Zn). However, the gap becomes less with increas-
ing Zn content. On the contrary, the assessed diagram by Ohno and
Schmid-Fetzer’s calculation [78] showed very good match for low Zn
content but poor match for higher Zn content. They argued that this
is because that at lower Zn content the solidification process is
closure to the equilibrium condition but as Zn concentration
increases, it becomes more like Scheil conditions. They also calcu-
lated solidification temperatures according to Scheil condition and
showed that at higher Zn concentration, experimentally determined
and Scheil’s calculated temperatures match very well with each
other. Busk and Marande [79] determined these solidification
temperatures based on tensile testing during stepwise heating
where a critical amount of liquid must be present to the observed
brittle fracture. It is thus expected that the experimental data always
take a slightly higher value than the calculated equilibrium tem-
peratures. Also, at low Zn composition range, the detection of small
amount of residual liquid results in a large uncertainty in the
measured solidification temperatures. Thus the present calculation
which shows lower solidification temperatures and higher gap
from the experimentally measured temperatures is quite justi-
fied. With increasing Zn concentration, more and more solid
state diffusion is required to attain equilibrium which could not
be attained in sand-mold casting. This resulted in determination
of lower solidification temperatures by Busk and Marande [79]
in higher Zn concentration range. This agreement is also sup-
ported by the fact that at this Zn concentration range, Scheil’s
calculation matches well with the experimental values, suggest-
ing the solidification process took place at non-equilibrium
conditions. In this range, the present calculation yields values
between the experimentally determined ones [79] and that of
assessed by Ohno and Schmid-Fetzer’s [78].
5. Summary

In the present optimization five binaries are investigated (i.e.,
Mg–Ce, Mg–Mn, Mg–Zn, Mn–Zn and Mn–Ce) and subsequently
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Fig. 18. The Mg-rich corner of the calculated isothermal sections at (a) 200 1C, (b) 250 1C, (c) 275 1C, (d) 300 1C and (e) 325 1C along with experimental points for Mg

solubility from the literature.
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Fig. 19. Zn composition dependence of the incipient melting temperature of as-cast

Mg–Mn–Zn alloys containing 0.2 wt% Mn presented by solid triangles in Ref. [79].

The bold black line represent the boundary between Mg_hcp/[Mg_hcpþLiquid]

from present calculation and the dashed line represents the same from Ref. [78].
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extrapolated to construct two ternaries, Mg–Mn–Ce and Mg–Mn–Zn,
without adding any ternary parameters. The whole idea of this
present work is to improve the thermodynamic description of the
existing systems by incorporating as much as experimental data
from the literature as possible. However, care is taken to keep the
number of model parameters at the lowest and if and when
possible to stick with the model parameters of the earlier works.
The latter part is given importance as the earlier description of the
binary of interest has already been successful to describe a
ternary system with some different elements. A huge change in
model parameters of a binary system (especially in case of liquid
phase) to describe a new ternary system might make the already
modeled ternaries that used these binary parameters (as pub-
lished in earlier works) quite off. This has become more important
as in most of the cases; experimental data on the ternaries are
sparse. Nevertheless, the followings are the salient features of the
present work:
1.
 Mn–Zn system not only is modeled using the MQM but also
improved a lot over the previous assessment. For the first time,
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the Mn–Zn system is optimized taking into account the
solubility ranges of almost all the compounds. Good agree-
ment is found between the calculated and the experimental
observations considering the complexity of the system.
2.
 The concerns/issues found in previous assessment of the
concerned binaries are addressed and changes are made
accordingly. For example, the value of Gibbs energy of the
hypothetical phase transformation of pure Ce from stable FCC
to unstable HCP is modified along with the changes for the
model parameters of the g-Ce and d-Ce terminal solid solu-
tions. In the case of the Mn-Ce system, the solubility of Mn in
g-Ce and d-Ce was not considered in the earlier optimiza-
tion [4]. In the present study this is accounted for and the
system is re-optimized. The consistency of the Mg–Mn system
is improved over the last recent publication [7] and contro-
versial issue on the consolute temperature of the liquid
miscibility gap is addressed.
3.
 Most of the time, the improved thermodynamic description of
the binaries has been achieved using less number of para-
meters than the previous assessments.
4.
 All the terminal solid solutions in the binary systems are
modeled using Bragg–Williams random solution model. Term-
inal solid solutions with the same crystal structures are
described using one single Gibbs’ energy function. Although
this has made the present optimization process more compli-
cated and difficult to reproduce the experimental results, it
had to be done because it is more physically sound. This has
been achieved without compromising the consistency with the
experimental data.
5.
 In order to verify the quality of the thermodynamic re-
optimization, the modified binaries are extrapolated to con-
struct the Mg–Mn–(Ce, Zn) ternaries and compared with the
available experimental data.
6.
 The present optimization achieves better consistency with the
experimental data for the Mg–Mn–Zn and Mg–Mn–Ce systems
than the previous assessments.
7.
 Being two important members in the Mg-alloys system, the
Mg–Mn–Ce and Mg–Mn–Zn should be studied experimentally
in more detail. Based on the new experimental data, the
present optimization can be further refined.
Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.calphad.2013.
01.008.
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