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Critical evaluation and thermodynamic optimization have been carried out for the Mg-Ce, Mg-
Mn, Mg-Y, Ce-Mn, Ce-Y, and Mn-Y binary systems. All phase diagrams and thermodynamic
data such as enthalpies of mixing, heats of formation, etc., were considered to obtain one set of
model parameters of the Gibbs energies of all phases, which can reproduce the experimental
data within experimental error limits. For the liquid alloys, the Modified Quasi-chemical Model
in the pair approximation was used to treat short-range-ordering.
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1. Introduction

Although magnesium-based materials have a long history
of important commercial applications, including automo-
tive, there remains much to be learned about the basic
properties of the metal and its alloys. With the recent
renewed interest in lightweight wrought materials, including
both sheet and tube applications, there has been an increased
focus on developing a better understanding of novel
magnesium alloy systems, including those that incorporate
additions of such elements as Ce, Y, and Mn. These alloy
systems, along with other potential candidates, are being
actively pursued as possible routes to develop magnesium
materials with improved ductility, or even practical room-
temperature formability.

As part of a broader research project to develop a
comprehensive thermodynamic database for Mg alloys with
25 potential alloying elements, we have prepared a critically
evaluated and optimized database for the Mg-Ce-Mn-Y
system. The present article reports on our evaluation/
optimizations of the six binary subsystems. In a subsequent
article,[1] we report on optimizations for the ternary
subsystems.

The Ce-Mn and Ce-Y systems are evaluated/optimized
for the first time. The other four binary systems have been
assessed previously. However, we have reassessed these
systems for the following reasons. (a) Some new exper-

imental data have become available since the previous
assessments were published. (b) In certain areas the
agreement between the previous optimizations and the
experimental data was not sufficiently precise, particularly
as regards solubilities in the Mg(HCP-A3) phase, which
are of prime importance to the development of new alloys.
(c) The liquid Mg-Ce and Mg-Y phases show clear
evidence of short-range-ordering (SRO). In the present
assessment, this is taken into account through use of the
Modified Quasi-chemical Model (MQM). This provides
better representations of the partial properties of solutes in
Mg-rich alloys and better estimations of the properties of
ternary and higher-order liquid phases. (d) In the present
optimizations the Laves phases are modeled using the
compound energy formalism (CEF), thereby permitting
their incorporation into ternary and higher-order solutions.
(e) The previously assessed critical temperature of the
Mg-Mn liquid-liquid miscibility gap was much too high,
leading to the prediction of a large miscibility gap in
the Mg-Mn-Y ternary system in disagreement with
observations.

2. Thermodynamic Models and Parameters

All calculations and optimizations in the present study
were performed with the FactSage thermochemical soft-
ware.[2,3]

The Gibbs energies of all phases of pure Mg, Mn, and Ce
were taken from Dinsdale,[4] except for the HCP-A3 and the
DHCP phases of Ce as are discussed in sections 3.4 and 3.5.
The Gibbs energies of all phases of pure Y were taken from
Dinsdale.[5] A list of all the binary phases in the six binary
systems considered in the present study is given in Table 1.
The following is a brief outline of the models used for these
phases.

2.1 Liquid Solution

The Modified Quasi-chemical Model (MQM) in the pair
approximation[6] was used to model the liquid alloys. This
model, which takes SRO into account, has been used
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extensively for molten salts,[7-9] slags,[10] and sulfides.[11-13]

All details of the model and notation have been
described previously,[6,12] and only a brief summary is
given here.

In the MQM in the pair approximation, the following pair
exchange reaction between atoms A and B on neighboring
lattice sites is considered:

A� Að Þ þ B� Bð Þ ¼ 2 A� Bð Þ; DgAB ðEq 1Þ

where (i-j) represents a first-nearest-neighbor pair. The
nonconfigurational Gibbs energy change for the formation
of 2 moles of (A-B) pairs is DgAB.

Let nA and nB be the number of moles of A and B, nij be
the number of moles of (i-j) pairs, and ZA and ZB be the
coordination numbers of A and B. The pair fractions, mole
fractions, and ‘‘coordination-equivalent’’ fractions are also
defined respectively as:

Xij ¼ nij= nAA þ nBB þ nABð Þ ðEq 2Þ

XA ¼ nA= nA þ nBð Þ ¼ 1� XB ðEq 3Þ

YA ¼
ZAnA

ðZAnA þ ZBnBÞ
¼ ZAXA

ðZAXA þ ZBXBÞ
¼ 1� YB ðEq 4Þ

The Gibbs energy of the solution is given by:

G ¼ nAg
�
A þ nBg

�
B

� �
� TDSconfig þ nAB=2ð ÞDgAB ðEq 5Þ

where g�A and g�B are the molar Gibbs energies of the pure
components, and DSconfig is the configurational entropy of
mixing given by randomly distributing the (A-A), (B-B),
and (A-B) pairs in the one-dimensional Ising approxima-
tion:[6]

DSconfig¼�R nA lnXAþnB lnXBð Þ

�R nAA ln
XAA

Y 2
A

� �
þnBB ln

XBB

Y 2
B

� �
þnAB ln

XAB

2YAYB

� �� �

ðEq 6Þ

DgAB is expanded in terms of the pair fractions:

DgAB ¼ Dg�AB þ
X

i�1
gi0ABX

i
AA þ

X

j�1
g0jABX

j
BB ðEq 7Þ

where Dg�AB, gAB
i0 , and gAB

0j are the parameters of the model
that can be functions of temperature.

The equilibrium pair distribution is calculated by setting

@G=@nABð ÞnA;nB¼ 0 ðEq 8Þ

This gives the ‘‘equilibrium constant’’ for the ‘‘quasi-
chemical reaction’’ of (Eq 1):

X 2
AB

XAAXBB
¼ 4 exp �DgAB

RT

� �
ðEq 9Þ

As DgAB becomes progressively more negative, the reaction
(Eq 1) is shifted progressively to the right, and the
calculated enthalpy and configurational entropy of mixing
assume, respectively, the negative ‘‘V’’ and ‘‘m’’ shapes
characteristic of SRO as in the Mg-Ce system discussed in
section 3.5.

The composition of maximum SRO is determined by the
ratio of the coordination numbers ZB/ZA. For example, to set
this composition at XMg = 3/4, (corresponding to the
composition CeMg3) in the Mg-Ce system, we set the ratio
ZMg/ZCe = 1/3. Although the model is sensitive to the ratio
of the coordination numbers, it is less sensitive to their
absolute values. The use of the one-dimensional Ising model

Table 1 All binary phases in the Mg-Ce-Mn-Y system considered in the present study

Phase Strukturbericht Prototype Pearson Symbol Space Group Model(a) Note

Liquid ... ... ... ... MQM

FCC A1 Cu cF4 Fm�3m CEF Ce, Mn are stable phases.

BCC A2 W cI2 Im�3m CEF Ce, Mn, Y are stable phases.

HCP A3 Mg hP2 P63/mmc CEF Mg, Y are stable phases.

DHCP A3¢ a-La hP4 P63/mmc CEF Ce is a stable phase.

Mg24Y5 A12 a-Mn cI58 I�43m CEF

Laves-C14 C14 MgZn2 hP12 P63/mmc CEF Mg2Y is a stable phase.

Laves-C15 C15 Cu2Mg cF24 Fd�3m CEF CeMg2, Mn2Y are stable phases.

BCC-B2 B2 CsCl cP2 Pm3m CEF MgY, CeMg are stable phases.

CeMg3 D03 AlFe3 cF16 Fm�3m CEF Limited solubility of Y(b)

Mn23Y6 D8a Mn23Th6 cF116 Fm�3m CEF Limited solubility of Mg and Ce(b)

CeMg12 D2b Mn12Th tI26 I4/mmm ST

CBCC(Mn) A12 a-Mn c58 I�43m ST

CUB(Mn) A13 b-Mn cP20 P4132 ST

Mn12Y D2h Mn12Th tI26 I4/mmm ST

Ce5Mg41 ... Ce5Mg41 tI92 I4/m ST

Ce2Mg17 ... Ni17Th2 hP38 P63/mmc ST

(a) MQM, Modified Quasi-chemical Model; ST, stoichiometric compound; CEF, compound energy formalism; (b) Ref 1
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in (Eq 6) introduces a mathematical approximation into the
model that we have found, by experience, can be partially
compensated by selecting values of ZB and ZA which are
smaller than the actual values. For example, for the Mg-Ce
system we have chosen ZMg = 2 and ZCe = 6.

When DgAB is small, it can be shown[6] that the
configurational entropy of mixing is approximately equal
to the random-mixing Bragg-Williams value and that the
excess Gibbs energy becomes approximately:

GE ffi ZAnA þ ZBnBð ÞYAYBDgAB=2 ðEq 10Þ

If ZA = ZB, then YA = XA and YB = XB. If, further, DgAB is
constant, (Eq 10) becomes a simple regular solution
expression with a minimum (or maximum depending on
the sign of DgAB) at XA = XB = 1/2. Suppose now that the
experimental data indicate that the extremum in GE occurs,
for example, close to XB = 1/4 rather than at XB = 1/2. We
could shift the extremum in the usual way by making DgAB
a linear function of composition (subregular model).
However, this can often result in poor fitting of the partial
properties at compositions near XB = 1.0. For example, in
the case where GE < 0, if we wish to shift the minimum to
XB = 1/4 by using the subregular model, then we must set
GE = a + bXB where a < 0 and b > 0. This causes the
partial excess Gibbs energy of component B to increase, and
even to become positive, at high values of XB.

Another way to shift the composition of the minimum
without this undesirable side effect is to keep DgAB constant
and to choose ZA and ZB such that ZB/ZA = 3. Examples
are given for the Mn-Y and Ce-Mn systems in sections 3.1
and 3.3.

2.2 Solid Solutions

All solid solutions were modeled using the well-known
Compound Energy Formalism (CEF).[14] For example, the
Laves phase (Mg,Y )2

a [Mg,Y]1
b has two sublattices, the a

and b lattices, with Mg and Y on both lattices. Its Gibbs
energy in the CEF is given by

G ¼ yaMgy
b
MgGMg:Mg þ yaMgy

bGMg:Y þ yaYy
b
MgGY:Mg þ yaYy

b
YGY:Y

þ 2RT yaMg ln y
a
Mg þ yaY ln y

a
Y

� �
þ RT ybMg ln y

b
Mg þ ybY ln y

b
Y

� �

þ
X

i;j;k

yai y
a
j y

b
kLij:k þ

X

i;j;k

yaky
b
i y

b
j Lk:ij ðEq 11Þ

where yi
a, yi

b are site fractions of component i on each
sublattice, and Gi:j is the Gibbs energy of end member
(i )2

a [ j ]1
b. A Gibbs energy Gi:j is required for every possible

end member pair. Lij:k and Lk:ij are interaction parameters
between components i and j on one sublattice when the
other sublattice is occupied only by k.

Some of the Laves phases observed in the present
binary systems, Mg2Ce and Mn2Y, show only negligible
deviation from stoichiometry. Hence, only GMg:Ce and
GMn:Y are sufficient to describe these phases in the binary
systems. That is, in the binary systems they can be
described as stoichiometric compounds. However, these
binary Laves phases form solid solutions in ternary and

higher-order systems which we are modeling as part of our
larger study. Hence, all possible Gi:j values must be
defined. For example, the Laves-C15 phase in the Mg-Ce-
Mn-Y system was modeled with 16 end members. Among
these end members, Mg2Ce and Mn2Y are stable and
almost stoichiometric compounds in the Mg-Ce and Mn-Y
binary systems, respectively. Hence, GMg:Ce and GMn:Y are
directly taken from the Gibbs energies of the correspond-
ing compounds. Gibbs energies of several other end
members were optimized from the known solid solubilities
in binary, ternary, or higher-order systems. For example,
GMg:Y in the Laves-C15 phase was optimized to reproduce
the solubility of Mg in Mn2Y.

[1] The Gibbs energies of the
remaining end members were arbitrarily set to high
positive values so that unknown solid solubilities are
calculated to be negligible.

3. Critical Evaluation and Thermodynamic
Optimization of Binary Systems

The optimized model parameters for all phases as
obtained in the present study are listed in Table 2.

3.1 The Mn-Y System

This system was extensively reviewed by Palenzona and
Cirafici[15] and was thermodynamically optimized by Flan-
dorfer et al.[16] and Gröbner et al.[17]

The earlier optimization[16] was based mainly on DTA
data from Myklebust and Daane.[18] Clearly, phase diagram
data alone are not sufficient for a complete thermodynamic
optimization. A later investigation by Pisch et al.[19] of the
enthalpies of formation of intermetallic compounds in the
Mn-Y system by aluminum drop solution calorimetry
showed that the optimized enthalpies of formation of the
binary intermetallic compounds[16] were too negative.
Hence the optimized Gibbs energy of liquid Mn-Y alloys
was also too negative. Gröbner et al.[17] reoptimized the
system using the newly determined enthalpies of forma-
tion.[19] However, the enthalpy of mixing measured by
isoperibol calorimetry[20] could not be well reproduced as
can be seen in Fig. 1 and 2. The minimum in the enthalpy of
mixing curve near XY = 0.25 suggests the use of the
MQM with ZMnY

Mn /ZMnY
Y = 1/3.

Figure 3 shows the phase diagram optimized in the
present study along with the DTA measurements of
Myklebust and Daane.[18] Agreement between calculation
and experiment is good except for the two experimental
points on the liquidus of Y(HCP). Since it has been reported
that Mn does not dissolve in Y(HCP),[16] these two
measured points are almost certainly in error because they
violate the limiting liquidus slope rule.[21]

Figure 4 shows the enthalpy of formation of intermetallic
compounds. Calorimetrically determined data by Pisch
et al.[19] are compared with calculations from the present
optimization and from those of Flandorfer et al.[16] and
Gröbner et al.[17] As seen in the figure, the measured
enthalpy of formation of Mn2Y is higher than the average of
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Table 2 Optimized model parameters of all binary phases in the Mg-Ce-Mn-Y system (J/mole)

Liquid Alloy

Coordination Numbers(a) Gibbs energies of pair exchange reactions

i j Zi
ij Zj

ij

Ce Mg 6 2 DgCeMg = -15,899.2 + 7.43T - 8,368XCeCe + (-9,623.2 + 2.51T)XMgMg

Ce Mn 6 3 DgCeMn = 5020.8 - 1.26T + (-627.6 + 2.1T)XCeCe + 836.8XMnMn

Ce Y 6 6 DgCeY = 697.33

Mg Mn 6 6 DgMgMn = 14,644 + (-7,471.91 + 3.49T)XMgMg

Mg Y 3 6 DgMgY = -12,761.2 + 3.77T + (-8368 + 6.28T)XMgMg
2 + 2092XYY

2

Mn Y 2 6 DgMnY = -3356.4 - 0.50T - 1255.2XMnMn
2 + (-418.4 - 3.35T)XYY

2

Laves-C14 (MgZn2-type): (Ce, Mg, Mn, Y)2[Ce, Mg, Mn, Y] Laves-C15 (Cu2Mg-type): (Ce, Mg, Mn, Y)2 [Ce, Mg, Mn, Y]

G(Ce:Ce) = 3G(Ce,FCC-A1) + 30,000 G(Ce:Ce) = 3G(Ce,FCC-A1) + 62,760

G(Ce:Mg) = 2G(Ce,FCC-A1) + G(Mg,HCP-A3) + 41,840 G(Ce:Mg) = 2G(Ce,FCC-A1) + G(Mg,HCP-A3) + 41,840

G(Ce:Mn) = 2G(Ce,FCC-A1) + G(Mn,CBCC-A12) + 41,840 G(Ce:Mn) = 2G(Ce,FCC-A1) + G(Mn,CBCC-A12) + 41,840

G(Ce:Y) = 2G(Ce,FCC-A1) + G(Y,HCP-A3) + 41,840 G(Ce:Y) = 2G(Ce,FCC-A1) + G(Y,HCP-A3) + 41,840

G(Mg:Ce) = 2G(Mg,HCP-A3) + G(Ce,FCC-A1)-43,264.73 + 10.35T G(Mg:Ce) = 2G(Mg,HCP-A3) + G(Ce,FCC-A1)- 47,449 + 10.35T

G(Mg:Mg) = 3G(Mg,HCP-A3) + 15,000(b) G(Mg:Mg) = 3G(Mg,HCP-A3) + 15,000(b)

G(Mg:Mn) = 2G(Mg,HCP-A3) + G(Mn,CBCC-A12) + 83,680 G(Mg:Mn) = 2G(Mg,HCP-A3) + G(Mn,CBCC-A12) + 49,340

G(Mg:Y) = 2G(Mg,HCP-A3) + G(Y,HCP-A3) - 37,548.96 + 6.6T G(Mg:Y) = 2G(Mg,HCP-A3) + G(Y,HCP) - 20,920

G(Mn:Ce) = 2G(Mn,CBCC-A12) + G(Ce,FCC-A1) + 41,840 G(Mn:Ce) = 2G(Mn,CBCC-A12) + G(Ce,FCC-A1) + 41,840

G(Mn:Mg) = 2G(Mn,CBCC-A12) + G(Mg,HCP-A3) + 83,6804 G(Mn:Mg) = 2G(Mn,CBCC-A12) + G(Mg,HCP-A3) + 49,340

G(Mn:Mn) = 3G(Mn,CBCC-A12) + 3000(c) G(Mn:Mn) = 3G(Mn,CBCC-A12) + 83,680

G(Mn:Y) = 2G(Mn,CBCC-A12) +G(Y,HCP-A3) + 14,983.568 +12.57T G(Mn:Y) = 2G(Mn,CBCC-A12) + G(Y,HCP-A3) - 7,200 + 12.57T

G(Y:Ce) = 2G(Y,HCP-A3) + G(Ce,FCC-A1) + 41,840 G(Y:Ce) = 2G(Y,HCP-A3) + G(Ce,FCC-A1) + 41,840

G(Y:Mg) = 2G(Y,HCP-A3) + G(Mg,HCP-A3) + 67,548.96 - 6.6T G(Y:Mg) = 2G(Y,HCP-A3) + G(Mg,HCP) + 88,220

G(Y:Mn) = 2G(Y,HCP-A3) + G(Mn,CBCC-A12) + 23,936- 12.57T G(Y:Mn) = 2G(Y,HCP-A3) + G(Mn,CBCC-A12) + 174,560 - 12.57T

G(Y:Y) = 3G(Y,HCP-A3) + 15,000(d) G(Y:Y) = 3G(Y,HCP-A3) + 125,520

LMg,Y:Mg = LMg,Y:Y = 21,000(d)

LMg:Mg,Y = LY:Mg,Y = -21,000 + 7.5T(d)

BCC-B2 (CsCl-type): (Mg, Mn)[Ce, Mg, Y] HCP-A3: (Ce, Mg, Mn, Y)

G(Mg:Ce) = G(Mg,HCP-A3) + G(Ce,FCC-A1) - 28,600 + 5.08T G(Ce,HCP-A3) = G(Ce,FCC-A1) + 5230

G(Mg:Mg) = 2G(Mg,HCP-A3) + 8,368 LCe,Mg = -24,476.4
G(Mg:Y) = G(Mg,HCP-A3) + G(Y,HCP-A3) - 29,031.03 + 6.06T LCe,Mn = 62,760

G(Mn:Ce) = G(Mn,CBCC-A12) + G(Ce,FCC) + 83,680 LCe,Y = 0

G(Mn:Mg) = G(Mn,CBCC-A12) + G(Mg,HCP-A3) + 41,840 LMg,Mn = 37,148.1 - 1.8103T(e)

G(Mn:Y) = G(Mn,CBCC-A12) + G(Y,HCP-A3) - 836.8 LMg,Y = -27,031.25 + 13.95T - 2,836.21(XMg-XY)
(d)

LMn,Y = 62,760

BCC-A2: (Ce, Mg, Mn, Y) FCC-A1: (Ce, Mg, Mn, Y)

LCe,Mg = -15,594.01 - 9.75T + 9340.62(XCe-XMg) LCe,Mg = -9,273.15 - 2.07T

LCe,Mn = 35,982.4 + 4184(XCe-XMn) LCe,Mn = 41,840 + 6276(XCe-XMn)

LCe,Y = 2092 LCe,Y = 0

LMg,Mn = 83,680 LMg,Mn = 83,680

LMg,Y = -48,242.98 + 25.5T LMg,Y = 62,760

LMn,Y = 62,760 LMn,Y = 62,760

DHCP-A3¢: (Ce, Y) Mg24Y5: (Mg)24[Mg, Y]4{Y}1
G(Ce) = G(Ce,FCC-A1) - 1,200 + 4.2T G(Mg:Mg:Y) = 28G(Mg,HCP-A3) + G(Y,HCP-A3) - 21,170.12

G(Y) = G(Y,HCP-A3)(f) + 6,276 G(Mg:Y:Y) = 24G(Mg,HCP-A3) + 5G(Y,HCP-A3) -227,282.29 + 36.53T(d)

LCe,Y = -8840.34 - 4.2T

Stoichiometric compounds

Compound H�298.15K, J/mol S�298.15K, J/mol Æ K Cp, J/mol Æ K
CeMg12 -139,880.0 377.01 Cp = Cp (Ce,FCC-A1) + 12 · Cp (Mg,HCP-A3)

Ce2Mg17 -215,906.0 591.63 Cp = 2 · Cp (Ce,FCC-A1) + 17 · Cp (Mg,HCP-A3)

Ce5Mg41 -576,002.0 1387.78 Cp = 5 · Cp (Ce,FCC-A1) + 41 · Cp (Mg,HCP-A3)

CeMg3 -76,000.0 140.97 Cp = Cp (Ce,FCC-A1) + 3 · Cp (Mg,HCP-A3)

Mn23Y6 -153,700.0 1046.82 Cp = 23 · Cp (Mn,CBCC-A12) + 6 · Cp (Y,HCP-A3)

Mn12Y -32,695.9 440.59 Cp = 12 · Cp (Mn,CBCC-A12) + Cp (Y,HCP-A3)

(a) For all pure elements (Ce, Mg, Mn and Y). (b) Ref 78. (c) Ref 79. (d) Ref 68. (e) Ref 34. (f) G(Y,HCP-A3) from Ref 5

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 28 No. 4 2007 345



the enthalpies of Mn23Y6 and Y(HCP). As a result, it is not
stable at lower temperatures. As seen in Fig. 3, Mn2Y is
calculated to decompose to Mn23Y6 and Y below ~386�C
when the optimized enthalpy of formation of Mn2Y
(-2.4 kJ/mole of atoms) is taken to be the same as the
measured value.[19]

3.2 The Mg-Mn System

This system was extensively reviewed by Nayeb-
Hashemi and Clark[22] and was optimized by Tibbals.[23]

The system exhibits negligible solubility of Mg in solid Mn,
very limited solubility of Mn in solid Mg and wide
immiscibility in liquid alloys. No intermetallic compounds
have been reported. Many investigations have been carried
out to determine the solubility of Mn in both HCP and liquid
Mg.[24-33] Recently, Gröbner et al.[34] measured the mono-

tectic temperature by DTA using a sealed Ta crucible. Based
on their measurements, they revised the previous thermo-
dynamic description of Tibbals.[23]

Both previous optimizations[23,34] reproduce the ob-
served solubilities of Mn in both HCP and liquid Mg, and
the optimization by Gröbner et al. also reproduces the
measured monotectic temperature.

The consolute temperature of the binary miscibility gap
has not been measured. The earlier optimizations[23,34]

calculate it at 4359 and 3202�C, respectively.
Antion[35] evaluated the Mg-Mn-Y ternary system and

reported that such high binary consolute temperatures result
in a calculated miscibility gap in the ternary system that is
much larger than that observed experimentally. Hence, in
the present study, we reoptimized the liquid in the Mg-Mn
system with simultaneous consideration of the experimental
data in the Mg-Mn-Y system. The resultant calculated
binary consolute temperature is 1902�C. Figure 5 shows the

Fig. 1 Partial enthalpies of mixing of Mn and Y in liquid Mn-
Y alloys at 1600�C. Comparison of experimental data with opti-
mizations from present study and by Flandorfer et al.[16] and
Gröbner et al.[17]. Data points from Valishev et al.[20]

Fig. 2 Enthalpy of mixing[20] in liquid Mn-Y alloys at 1600�C.
Comparison of experimental data with optimizations from pres-
ent study and by Flandorfer et al[16] and Gröbner et al.[17]. Data
points from Valishev et al.[20]

Fig. 3 Optimized phase diagram of the Mn-Y system. Closed
triangles from Myklebust and Daane[18]

Fig. 4 Enthalpy of formation of intermetallic compounds in the
Mn-Y system at 25�C. Dashed line is metastable enthalpy of for-
mation (Mn2Y is not stable at 25�C). From Flandorfer et al.,[16]

Gröbner et al.,[17] and Pisch et al.[19]
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present optimized phase diagram of the Mg-Mn system. Our
subsequent optimization of the Mg-Mn-Y system[1] agrees
well with the experimental data of Antion[35] without the
need for any adjustable ternary parameters for the liquid
phase. Calculated solubilities of Mn in both HCP and liquid
Mg are shown in Fig. 6 along with the experimental data.

3.3 The Ce-Mn System

The phase diagram has been investigated by thermal
analysis, and enthalpies of mixing of liquid Ce-Mn alloys
have been reported. An early investigation employing
thermal analysis by Iandelli[36] reported two thermal arrests
at 612 and 998�C. The latter was interpreted as a monotectic
temperature associated with a narrow miscibility gap.[36] In
a later thermal analysis investigation, Mirgalovskaya and
Strel�nikova,[37] reported the two temperatures 998 and
1087�C as allotropic transition temperatures accompanying

a small solubility of Ce in Mn (FCC and BCC). This
interpretation has been adopted in the present optimization.
It is possible that hydrogen impurities in Mn could have
given spurious results in the earlier study. Thamer examined
the phase diagram in the Ce-rich region by differential
thermal analysis (DTA), x-ray diffraction (XRD), and
metallography.[38] According to Iandelli[36] and Thamer,[38]

the solubility of Ce in Mn is virtually zero at room
temperature and at 600�C. The solubility of Mn in Ce(FCC)
is assumed to be negligible, there being no evidence to the
contrary. Figure 7 shows the optimized phase diagram along
with the experimental data.

Ce-Mn liquid alloys exhibit small positive enthalpies of
mixing.[39]The calculated integral enthalpy of mixing at
1327 in Fig. 8 along with the experimental data. The
entropy of mixing is close to ideal. Hence with ZCeMn

Mn /
ZCeMn
Ce = 1/2, the MQM reduces nearly to a Bragg-Williams

model with the excess Gibbs energy as a polynomial in the

Fig. 5 Optimized phase diagram of the Mg-Mn system. Closed
circle from Gröbner et al.[34]

Fig. 6 Optimized phase diagram of the Mg-Mn system in the
Mg-rich region. Data points from Schmid and Siebel,[24] Grogan
and Haughton,[25] Beerwald,[26] Grube,[27] Tiner,[28] Siebel,[29]

Schneider and Stobbe-Scholder,[30] Petrov et al.,[31] Chukhov,[32]

Drits et al.,[33] and Gröbner et al.[34]

Fig. 7 Optimized phase diagram of the Ce-Mn system. Data
points from Iandelli,[36] Mirgalovskaya and Strel�nikova,[37] and
Thamer[38]

Fig. 8 Enthalpy of mixing in liquid Ce-Mn alloys at 1327�C.
Comparison of experimental data (Nikolaenko and Nosova[39])
with optimizations from present study
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equivalent fractions as described in section 2.1, giving the
maximum in Fig. 8 near XCe = 1/3 as observed.

3.4 The Ce-Y System

Experimental information in the Ce-Y system is scarce.
An earlier version of the phase diagram[40] showed complete
miscibility at low temperatures between Ce(DHCP) and
Y(HCP). Valletta[41] reported a d phase (hexagonal aSm
type) near 50 at.% Y, based probably on lattice parameter
measurements. In a later investigation, Flandorfer et al.[42]

studied the system by DTA. As well, they annealed samples
at 500�C for 3000 h, followed by quenching and analysis by
XRD. The d phase was found to be metastable, and two-
phase (FCC + DHCP) and (DHCP + HCP) regions were
observed. The optimized phase diagram is shown in Fig. 9
along with the experimental points of Flandorfer et al.[42]

The transformation temperature from pure FCC(Ce) to pure
DHCP(Ce) was changed from 61�C (the current value in the
COST-507 database[43]) to 10�C according to the recent
investigation by Gschneidner et al.[44]

Flandorfer et al.[42] observed two phases (FCC + DHCP)
at equilibrium at overall compositions of 10 and 25 at.% Y
at 500�C as shown in Fig. 9. However, such a wide two-
phase region is inconsistent with the measurements by
Gschneidner et al.[44] who reported an enthalpy of transfor-
mation from DHCP(Ce) to FCC(Ce) of 181 ± 12 J/mol
based on differential scanning calorimeter measurements.
With such a small enthalpy of transformation, the thermo-
dynamically calculated width of the two-phase region at
500�C is only a few atomic percent. Hence, we must reject
either the measurements[44] of the enthalpy of transforma-
tion or the observation[42] of the relatively wide two-phase
region. We have chosen the former option and have adjusted
the enthalpy of transformation accordingly to 1200 J/mol to
reproduce the phase diagram measurements. However,
further experimental work is required to decide this point.

The Gibbs energy of hypothetical pure Ce(HCP) was
optimized by simultaneous consideration of data for the
Ce-Y and Ce-Mg systems to reproduce the measured

relatively large solubility of Ce in Y(HCP) as shown in
Fig. 9, and in Mg(HCP), as is discussed in section 3.5.

Flandorfer et al.[42] interpreted their DTA points near
780�C as indicating a peritectoid reaction at this tempera-
ture. In the present optimization, these points have been
reinterpreted as shown in Fig. 9. Because of the paucity and
scatter of the experimental data, and because of the
aforementioned discrepancy between the enthalpy of trans-
formation of Ce and the measured two-phase region, the
optimized phase diagram should be regarded as tentative,
pending future experimental investigations.

3.5 The Mg-Ce System

This system was extensively reviewed by Nayeb-Has-
hemi and Clark[45] and was thermodynamically optimized
by Cacciamani et al.[46] The system has six intermetallic
compounds. Ce2Mg17 and CeMg2 are stable only over
limited temperature ranges. CeMg12 has two polymorphs
(body-centered orthorhombic and tetragonal), although the
exact phase transformation temperature is not known. A
CeMg12(II) allotrope with a body-centered, totally ordered,
orthorhombic structure (oI338, Immm) was first reported by
Johnson et al.[47] from single-crystal XRD analyses. Later,
however, its existence was rejected by Deportes et al.,[48]

who did not observe higher-order harmonics that were
expected from the structure suggested by Johnson et al.[47]

In the present study, only tetragonal CeMg12 was consid-
ered. The solubility of Ce in the HCP phase[49-54] and of Mg
in theFCC phase[55,56] have been measured by several
investigators.

The previous optimization by Cacciamani et al.[46]

reproduces the phase diagram and thermodynamic proper-
ties of liquid alloys reasonably well. However, their
calculated solubility of Ce in Mg(HCP) is virtually zero,
contrary to the experimental data, because the value of the
Gibbs energy for the hypothetical phase transformation of
pure Ce from stable FCC to unstable HCP used by
Cacciamani et al.[46] was very positive (50,000 J/mole).
The use of this very positive value also makes it very
difficult to reproduce the large solubility of Ce in Y(HCP) in
the Ce-Y system (See section 3.4). Consequently, the Gibbs
energy of the hypothetical phase transformation of pure Ce
has been revised in the present study to 5230 J/mole by
taking into account data for both the Mg-Ce and Ce-Y
systems. This value is in reasonable agreement with the
value of 8500 J/mole suggested by Wang et al.[57] from
first-principles calculations at 0 K.

The liquid alloy was modeled with the MQM with
maximum SRO at the composition XMg = 3/4 (CeMg3) as
evidenced by the fact that the enthalpy of mixing passes
through a minimum near this composition (and also by the
fact that the most stable solid compound is found at this
composition). Figure 10 shows the calorimetrically mea-
sured integral enthalpy of mixing in liquid Mg-Ce alloys,
along with optimized curves from the present study and
from Cacciamani et al.[46] Figure 11 shows the calculated
entropy of mixing in liquid Mg-Ce alloys. The ‘‘m’’ shape
of the entropy of mixing in Fig. 11 results naturally in the
MQM because the maximum in SRO occurs near XCe = 1/4,

Fig. 9 Optimized phase diagram of the Ce-Y system. Source:
Flandorfer et al.[42]
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whereas with the Bragg-Williams model used by Caccia-
mani et al.,[46] it is necessary to introduce arbitrary excess
entropy terms in order to reproduce this shape.

The optimized phase diagram of the Mg-Ce system is
shown in Fig. 12 to 14 along with reported experimental
data.[42,49,55,56,58,59] There is a large discrepancy in the Ce
solubilities in the HCP phase as reported by different
investigators. Rokhlin[54] used higher purity Mg than the
other investigators, and Park and Wyman[52] annealed their
samples for a longer time (~1000 h). These two investiga-
tions suggest a relatively low solubility of Ce in the HCP
phase, and this was accepted in the present study. Solubil-
ities of alloying elements in the HCP phase are of great
practical importance, and it would be worthwhile to
reinvestigate the solubilities in this region experimentally.

Figure 15 shows measured[60-63] and optimized enthal-
pies of formation of the intermetallic compounds. The

optimized enthalpy of formation of CeMg in the present
study is less negative than that of Cacciamani et al.[46] but
close to recently measured experimental data.[62] Vapor
pressure measurements of Mg over liquid alloys were
conducted by Bayanov et al.,[64] and these are compared
with the optimized thermodynamic calculations in Fig. 16.
Although the calculations are slightly higher than the
experimental vapor pressure data, the temperature depen-
dence is in good agreement.

A small nonstoichiometry of the CeMg BCC-B2 phase at
high temperature (see Fig. 12) is predicted based on the
Henrian activity coefficient of Mg in this structure obtained
from our optimizations of other MMg BCC-B2 phases.
However, no measurements of the extent of this nonstoi-
chiometry are available.

Fig. 10 Enthalpy of mixing in liquid Mg-Ce alloys at 817�C.
Comparison of experimental data (Nagarajan and Sommer[63])
with optimizations from present study and by Cacciamani
et al.[46]

Fig. 11 Calculated entropy of mixing in liquid Mg-Ce alloys at
817�C. Comparison of experimental data with optimizations
from present study and by Cacciamani et al.[46]

Fig. 12 Optimized phase diagram of the Mg-Ce system. Data
points from Flandorfer et al.,[42] Haughton and Schofield,[49]

Gschneidner,[55] Joseph and Gschneidner,[56] Vogel and Heu-
mann,[58] and Wood and Cramer[59]

Fig. 13 Solubility of Mg in Ce(FCC). Comparison of experi-
mental data (Gschneidner,[55] Joseph and Gschneidner[56]) with
optimizations from present study
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3.6 The Mg-Y System

A thermodynamic optimization of the Mg-Y system was
first carried out by Ran et al.,[65] who used the Wagner-
Schottky model[66] to describe the nonstoichiometry of the
Mg24Y5 and MgY phases. Later, Lukas[67] revised the
optimization using different modeling for the solid solu-
tions. The system has been reoptimized by Fabrichnaya
et al.,[68] using more recent calorimetric data for the liquid
alloys[69] and crystal structure data for the intermetallic
phases,[42,70] modeling Mg24Y5, Mg2Y (Laves-C14), and
MgY (BCC-B2) using the CEF,[14] and treating MgY as an
ordered BCC phase. Generally, this latest optimization by
Fabrichnaya et al.[68] reproduces most of the experimental
information well except for the phase boundary between
HCP(Mg) and Mg24Y5. An accurate thermodynamic

description of Mg-rich alloys and of solubilities in these
alloys is of great importance. Furthermore, as discussed in
section 1, the use of the MQM to account for SRO in liquid
alloys will generally result in better predictions in ternary
and higher-order systems. For these reasons, in the present
study we have revised the optimization of Fabrichnaya
et al.[68]

Figures 17 and 18 show the optimized phase diagram
along with reported experimental data.[42,71-76] Model
parameters of the Mg24Y5 phase were slightly changed
from those of Fabrichnaya et al.[68] in order to reproduce the
reported phase boundary with Mg(HCP) more accurately.
Figure 19 shows calorimetric data[69] for the integral
enthalpies of mixing in liquid alloys along with calculations
from the present and earlier optimizations. In the present
study, the MQM was used for the liquid with the com-
position for maximum ordering at XY = 1/3. Calculations

Fig. 14 Solubility of Ce in Mg(HCP). Comparison of experi-
mental data with optimizations from present study. Data points
from Haughton and Schofield,[49] Weibke and Schmidt,[50]

Dow,[51] Park and Wyman,[52] Crosby and Fowler,[53] and Rokh-
lin[54]

Fig. 15 Enthalpy of formation of intermetallic compounds in
the Mg-Ce system at 25�C. Data points from Biltz and Piper,[60]

Orgen et al.,[61] Pahlman and Smith,[62] and Nagarajan and
Sommer[63]

Fig. 16 Vapor pressure of Mg over liquid Mg-Ce alloys. Com-
parison of experimental data (Bayanov et al.[64]) with optimiza-
tions from present study. Numbers on lines are overall mole
fraction of Mg in the liquid phase

Fig. 17 Optimized phase diagram of the Mg-Y system. Data
points from Flandorfer et al.,[42] Gibson and Carlson,[71] and
Smith et al.[72]
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from the present study and by Fabrichnaya et al.[68] are in
good agreement with the experimental data, although the
present optimization gives slightly superior fits in the Mg-
rich region. The calculated entropy of mixing in liquid
alloys is shown in Fig. 20. That of Fabrichnaya et al.[68] is
almost flat, which seems unlikely, while that of Ran et al.[65]

also seems unlikely. Figure 21 shows the calculated activity
of Mg in liquid Mg-Y alloys at 900�C along with
experimental data from vapor pressure measurements.[77]

Figure 22 compares enthalpies of formation at 25�C as
measured by Smith et al.[72] employing differential acid
solution calorimetry and the Knudsen effusion method with
the optimized values in the present study. Also, the
measured vapor pressures of Mg over Mg-Y alloys are in
good agreement with calculations from the present study, as
shown in Fig. 23.

Fig. 18 Optimized phase diagram of the Mg-Y system in the
Mg-rich region. Data points from Flandorfer et al.,[42] Gibson
and Carlson,[71] Smith et al.,[72] Sviderskaya and Padezhnova,[73]

Mizer and Clark,[74] and Drits et al.[75,76]

Fig. 19 Enthalpy of mixing in liquid Mg-Y alloys at 727�C.
Comparison of experimental data (Agarwal et al.[69]) with opti-
mizations from the present study and by Ran et al.,[65] Lukas,[67]

and Fabrichnaya et al.[68]

Fig. 20 Calculated entropy of mixing in liquid Mg-Y alloys at
727�C. Data points from by Ran et al.,[65] Lukas,[67] and Fabri-
chnaya et al.[68]

Fig. 21 Calculated activity of Mg (relative to pure liquid Mg)
in Mg-Y alloys at 900�C. Data points from Ganesan and Ipser[77]

Fig. 22 Enthalpy of formation of intermetallic compounds in
the Mg-Y system at 25�C. Data from Ran et al.,[65] Lukas,[67]

Fabrichnaya et al.[68], and Smith et al.[72]
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4. Conclusions

A complete thermodynamic database has been prepared
for all six binary subsystems of the Mg-Ce-Mn-Y system.
All available thermodynamic and phase equilibrium data
have been critically evaluated to obtain one set of optimized
model parameters of the Gibbs energies of all phases that
can reproduce the experimental data within experimental
error limits. Evaluations/optimizations of the ternary sub-
systems have also been performed and will be reported in a
subsequent article.[1]

The use of the Modified Quasi-chemical Model (MQM)
for the liquid phase has permitted SRO to be taken into
account. This provides better representations of the partial
properties of solutes in solutions rich in Mg, the activities of
solutes in dilute solution being of much practical impor-
tance. As will be shown in a forthcoming article, use of the
MQM generally also results in better estimations of the
properties of ternary and higher-order liquid alloys.

When the extent of SRO is small, the MQM reduces to a
model in which the excess Gibbs energy is a polynomial
expansion in the coordination-equivalent fractions rather
than in the mole fraction. The composition of the maximum
or minimum in the excess Gibbs energy curve can thereby
be easily set to any desired value by fixing the ratio of the
coordination numbers of the components. It has been shown
that this method of setting the composition of the extremum
can often represent the data better than the usual method of
including subregular and higher polynomial terms in a
Redlich-Kister expansion in the mole fractions, and again
better representation of partial properties in dilute compo-
sition regions result.
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