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a  b  s  t  r  a  c  t

Critical  evaluation  and  optimization  of  all available  phase  diagram  and  thermodynamic  data  for  the
Mn–RE  (RE  =  La,  Ce,  Pr,  Nd and  Sm)  systems  have  been  conducted  to obtain  reliable  thermodynamic  func-
tions of all the phases  in the system.  In the thermodynamic  modeling,  it is found  that  the  Mn–RE  systems
show  systematic  changes  in  the  phase  diagrams  and  thermodynamic  properties  such  as  enthalpy  of  mix-
ing in  liquid  state  in the  order  of periodic  number  in  the  lanthanide  series.  This  systematic  thermodynamic
eywords:
hermodynamic modeling
hase diagrams
hermodynamic properties
odified Quasichemical Model

modeling  approach  for all light  RE  elements  can  allow  to  resolve  inconsistencies  in  the  experimental  data.

Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
ompound Energy Formalism

. Introduction

Rare Earth (RE) metals are widely used in many industrial fields
ncluding permanent magnet, electronic materials and structural

aterials. As a small addition of RE can enhance magnetic, elec-
ronic, optical and mechanical properties of numerous materials,
he usage of the RE is still expanding regardless of the strategic
ontrol of their supply.

Magnesium alloys are getting great scientific and industrial
ttention as the lightest structural materials. One of the drawbacks
f Mg  alloys is their poor formability at room temperature due to
he limited slip system with hcp crystal structure. Recently, several
tudies [1–5] show that the additions of small amounts of RE can
onsiderably enhance the ductility of Mg  alloys. Therefore, a lot of
esearch on Mg–RE alloys is undergoing to clarify the role of RE
n the enhanced deformation mechanism and to find out the most
ptimum Mg  alloy compositions. In order to respond to the need
f Mg–RE alloy development, a large thermodynamic database for
g alloys containing RE has been developed with critical system-

tic analysis and optimization of the entire RE series data. This
ncludes the thermodynamic database of the Mg–RE [6],  Mg–RE–RE
6], Mg–Al–RE [7,8], Mg–Zn–RE and Mg–Mn–RE systems.
In the thermodynamic “optimization” of a chemical system, all
vailable thermodynamic and phase equilibrium data are evaluated
imultaneously in order to obtain one set of model equations for the

∗ Corresponding author. Tel.: +1 514 398 2608; fax: +1 514 398 4492.
E-mail address: in-ho.jung@mcgill.ca (I.-H. Jung).

925-8388/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2012.02.072
Gibbs energies of all phases as functions of temperature and com-
position. From these equations, all the thermodynamic properties
and phase diagrams can be back-calculated. In this way, all the data
are rendered self-consistent and consistent with thermodynamic
principles. Thermodynamic property data, such as activity data,
can aid in the evaluation of the phase diagram, and phase diagram
measurements can be used to deduce thermodynamic properties.
Discrepancies in the available data can often be resolved, and inter-
polations and extrapolations can be made in a thermodynamically
correct manner.

Recently, the thermodynamic optimizations for several binary
Mn–light RE systems have been performed. The Mn–Ce system was
optimized by Tang et al. [9] and Kang et al. [10], and the Mn–Pr and
Mn–Sm systems were optimized by Wang et al. [11,12].  No ther-
modynamic optimizations have been conducted for the Mn–La and
Mn–Nd systems. In addition, new enthalpy of mixing data for liq-
uid Mn–Sm and Mn–Nd systems were determined very recently
by Berezutskii and Ivanov [13] and Ivanov et al. [14], respectively,
which can be critical to constrain the thermodynamic properties of
the systems. The entalapy prediction by the previous optimization
by Wang et al. [12] for the Mn–Sm system is completely inconsis-
tent with these new experiemntal data by Berezutskii and Ivanov
[13].

Therefore, the primary purpose of the present study is to per-
form a complete review of all available experimental data and

previous optimizations and critical optimization of thermodynamic
properties of alloy phases in binary Mn–light RE alloy systems. In
particular, the systematic analysis of the whole light RE systems
can provide a more accurate evaluation of the thermodynamic

ghts reserved.
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http://www.sciencedirect.com/science/journal/09258388
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roperties and phase diagram data of Mn–RE. The Mn–Pm and
n–Eu systems were not considered in the present study because

o thermodynamic and phase diagram data are available in the lit-
rature although Pm and Eu are in the light RE class. This study is
art of the thermodynamic database development of multicompo-
ent Mg–RE alloy design.

. Thermodynamic models

.1. Liquid phase

The Modified Quasichemical Model [15,16], which accounts
or short-range-ordering of nearest-neighbor atoms, was  used
o model the liquid solutions because it gives a more realis-
ic thermodynamic description of the liquid phase compared
ith the conventional simple random-mixing Bragg Williams
odel [15,16].  The Modified Quasichemical Model was  success-

ully applied to many liquid metallic solutions [16–18] and ionic
olutions [19,20] exhibiting strong short-range-ordering behavior.

Recently, the energy of nearest-neighbor pair formation in the
odified Quasichemical Model is expanded as a polynomial in the

air fractions [15,16] instead of the component fractions [19,21].
n addition, the coordination numbers are now allowed to vary

ith composition. These modifications provide greater flexibility
n reproducing the binary experimental data and in combining
ptimized binary liquid parameters into a large database for multi-
omponent solutions [15]. A short description of the model is given
elow; details can be found in previous studies [15,16].

In the case of a binary A–B liquid solution, the atoms A and B are
istributed over the sites of a quasi-lattice in liquid solution. The
ollowing pair exchange reaction can be considered:

A − A) + (B − B) = 2(A  − B) (1)

here (A − B) represents a first-nearest-neighbor pair of A and B.
he non-configurational Gibbs energy change for the formation of
wo moles of (A − B) pairs according to reaction [1] is �gAB. Then
he Gibbs energy of the solution is given by:

 = (nAGo
A + nBGo

B) − T�Sconfig + nAB

(
�gAB

2

)
(2)

here Go
A and Go

B are the molar Gibbs energies of the pure com-
onents A and B, nA and nB are the numbers of moles of A and B
toms, and nAB is the number of moles of (A − B) pairs. �Sconfig is
he configurational entropy of mixing given by a random distribu-
ion of the (A − A), (B − B) and (A − B) pairs in the one-dimensional
sing approximation:

Sconfig = −R(nA ln XA + nB ln XB) − R

[
nAA ln

(
XAA

Y2
B

)

+nBB ln

(
XBB

Y2
B

)
+ nAB ln

(
XAB

2YAYB

)]
(3)

here nAA, nBB and nAB are the numbers of moles of each kind
f pairs, and the pair fraction (XAA, XBB and XAB) and coordination
quivalent fraction (YA and YB) can be calculated as:

AA = nAA

nAA + nBB + nAB
(4)

BB = nBB

nAA + nBB + nAB
(5)
AB = nAB

nAA + nBB + nAB
(6)

A = XAA + XAB

2
(7)
ompounds 525 (2012) 191– 201

YB = XBB + XAB

2
(8)

The �gAB is the model parameter to reproduce the Gibbs energy
of liquid phase of the binary A − B system, which is expanded as a
polynomial in terms of the pair fractions, as follows:

�gAB = �go
AB +

∑
i≥1

gi0
AB(XAA)i +

∑
j≥1

g0j
AB(XBB)j (9)

where �go
AB, gi0

AB and g0j
AB are the adjustable model parameters

which can be functions of temperature.
In the Modified Quasichemical Model, the coordination num-

bers of A and B, ZA and ZB, can be varied with composition to
reproduce the short-range-ordering as follows:

1
ZA

= 1

ZA
AA

(
2nAA

2nAA + nAB

)
+ 1

ZA
AB

(
nAB

2nAA + nAB

)
(10)

1
ZB

= 1
ZB

BB

(
2nBB

2nBB + nAB

)
+ 1

ZB
BA

(
nAB

2nBB + nAB

)
(11)

where ZA
AA is the value of ZA when all nearest neighbors of an A

atom are A atoms, and ZA
AB is the value of ZA when all nearest neigh-

bors are B atoms. ZB
BB and ZB

BA are defined in an analogous manner.
In the present study, Zi

ii
for all elements (i = Mn  and RE (La, Ce, Pr,

Nd and Sm)) are set to be 6. To reproduce the maximum or mini-
mum enthalpies of Mn–light RE liquid alloys at 0.3–0.4 mol  fraction
RE, ZMn

MnRE and ZRE
MnRE are set to be 3 and 6, respectively. During the

course of the present study, it was  found that this set of coordina-
tion numbers can reproduce the experimental data more accurately
with a small number of model parameters. For example, if the coor-
dination numbers of Mn  and RE for all nearest neighbors were set
to 6, more model parameters would have been required and the
experimental data would have been less accurately reproduced.

2.2. Solid solutions

The solid solution phases were described by the Compound
Energy Formalism [22] with a one-sublattice approach (Mn, RE)
for substitutional site. The molar Gibbs energy of the solid solution
can be expressed as:

G = (yMnGo
Mn + yREGo

RE) + RT(yMn ln yMn + yRE ln yRE)

+ aLMn,REyMnyRE(yRE − yMn)a (12)

where yMn and yRE are the site fractions of Mn  and RE elements
in the sublattice, and R and T are the gas constant and tempera-
ture in Kelvin. Go

Mn and Go
RE are the molar Gibbs energies of solid

phases of Mn  and RE. The binary interaction parameters between
Mn  and RE in the sublattice, aLMn,RE where a ≥ 0, are adjustable
models parameters.

2.3. Stoichiometric compounds and elements

The Gibbs energies of all pure elements are taken from the SGTE
database version 5.0 [23]. As the heat capacities of all stoichiomet-
ric compounds in Mn–light RE systems were not available, they
were estimated using the Neumann–Kopp rule. There is no exper-
imental study for the enthalpy and entropy of formation at 298 K
of the intermetallic compounds in Mn–light RE systems. Conse-
quently, the enthalpy and entropy of formation at 298 K were used
as adjustable parameters to reproduce the phase diagram of the
systems.
BCC (Mn), FCC (Mn) and Mn23Sm6 phases in Mn–light RE sys-
tems exhibit magnetic transitions associated with Neel or Curie
temperatures. The magnetic transition below 298 K (typically anti-
ferromagnetic transition with Neel temperature) was taken directly
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Fig. 1. The optimized phase diagram of the Mn–La system with experimental data
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Fig. 2. Integral enthalpy of mixing in Mn–La liquid at 1600 K with experimental data

27].

nto account in the calculation of S298. The Curie temperature
ferromagnetic transition) occurs typically above 298 K, of which

agnetic contribution to the Gibbs energy was  considered by an
mpirical relationship suggested by Inden [24] and modified by
illert and Jarl [25].

. Critical evaluation and thermodynamic optimization

The thermodynamic optimizations of the binary systems were
erformed based on all available thermodynamic data for the com-
ounds, solid and liquid solutions and on the critically assessed
hase diagram data. The optimized values for the model parameters
re listed in Table 1. The details of the thermodynamic optimiza-
ion are explained in the following sections. All the thermodynamic
alculations were performed using the FactSage thermodynamic
oftware [26].

.1. The Mn–La system

The only available experimental phase diagram for this system
as investigated by Rolla and Iandelli [27] using thermal analy-

is (TA) followed by metallography and X-ray diffraction (XRD)
n the entire composition range. The alloys were prepared from
9.5 wt.% La and 99.8 wt.% Mn  in Pythagoras crucibles under a melt
f NaCl + BaCl2 in a Tamann furnace. The monotectic and eutec-
ic reactions were observed at 1081 ◦C and 701 ◦C, respectively,
sing TA. The existence of a liquid miscibility gap was found from

 thermal arrest detected at 1081 ◦C in the composition range of
.6–0.85 mol  fraction La. However, the consolute temperature of
he binary miscibility gap was not determined. No intermediate
hases were found in the system. Using XRD, the authors also pro-
osed no mutual solubility of La and Mn  in the solids. The phase
iagram data of Rolla and Iandelli [27] are shown in Fig. 1.

Nikolaenko and Nosova [28] determined the partial enthalpy
f mixing of La between 0 < XLa < 0.63 and that of Mn  between
.48 < XLa < 1.0 at 1600 K in liquid Mn–La using isoperibolic
alorimetry and starting materials made of 99.9 wt.% Mn  and
9.86 wt.% La. Then, using the Gibbs–Duhem equation, they sug-
ested smoothed values of both, the partial enthalpies of mixing

nd the integral enthalpy of mixing, in the whole Mn–La liquid. The
xperimental data of the partial and integral enthalpies of the liquid
re presented in Figs. 2 and 3, respectively. The integral enthalpy of
ixing of the Mn–La liquid shows a positive deviation from ideal
[28].

solution behavior with a maximum at about 8 kJ mol−1 near 0.4 mol
fraction La.

The system was previously assessed by Palenzona and Cirafici
[29] using only the experimental data of Rolla and Iandelli [27], for
which the melting temperature of La and the liquidus were mod-
ified. In our optimization, the temperature-independent terms of
the liquid interaction parameters were firstly adjusted to repro-
duce the experimental enthalpy data of Figs. 2 and 3. However, the
parameters were insufficient to reproduce the phase diagram data
of Fig. 1. Consequently, the calculated phase diagram and enthalpies
were well reproduced after adding small temperature-dependent
model parameters as shown in Figs. 1–3.  The only remaining dis-
crepancies are observed for the La liquidus though. Its melting
temperature reported by Rolla and Iandelli [27] is already lower
than the accepted melting temperature by about 100 ◦C. The rea-
son of the experimental error cannot be clarified, but it may  be
associated to the strong oxidation behavior of La. The calculated
invariant reactions are listed in Table 2 in comparison with the
experimental ones. The calculated consolute temperature of the
binary miscibility gap is 1165 ◦C at 0.28 mol  fraction La.
Fig. 3. Partial enthalpies of mixing in Mn–La liquid at 1600 K with experimental
data [28].
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Table  1
Optimized model parameters for the all binary systems (J mol−1 or J mol−1 K−1).

Phase Thermodynamic parameters

Liquid Coordination numbers
i  j Zi

ij
Zj

ij

Mn  La 3 6
Mn  Ce 3 6
Mn  Pr 3 6
Mn Nd 3 6
Mn Sm 3 6
�gMnLa = 15,062.4 − 7.1128T + (−2092.0 + 4.6024T)XMnMn

+ (−3347.2 + 0.8368T)XLaLa − 3765.6 X2
MnMn

�gMnCe = 5439.2 − 0.8368T − 1673.6 X2
MnMn

�gMnPr = 5020.8 − 0.523T − 627.6 XPrPr

�gMnNd = 2092 − 1.883T
+ (−4184 + 6.276T)XMnMn + (4184 + 0.335T) XNdNd

�gMnSm = 1673.6 + 2.51T + (−418.4 + 2.51T)XMnMn

+ (3347.2 − 2.72T)XSmSm + 4184 X2
SmSm

FCC-A1 (Mn, Ce) 0LMn,Ce = 27, 519.4, 1LMn,Ce = 2173.96
TFCC-A1

C,Mn (Curie temperature) = 540 K, BFCC-A1
O,Mn (Magnetic

moment) = 0.62 �B mol−1, P factor = 0.28
BCC-A2 (Mn, Ce, Pr, Nd) 0LMn,Ce = 22, 812.24, 1LMn,Ce = −1915.28

0LMn,Pr = 41,  840, 1LMn,Pr = −39, 748 + 4.184T ,
2LMn,Pr = 50,  208 − 38.074T
0LMn,Nd = 41, 840, 1LMn,Nd = −34, 727.2 + 4.184T ,
2LMn,Nd = 50,  208 − 38.074T
TBCC-A2

C,Mn = 580 K, BBCC-A2
O,Mn = 0.27 �B mol−1, P factor = 0.4

CUB-A13 (Mn) GCUB-A13
Ce = GFCC-A1

Ce + 2510.4
0LMn,Ce = 20,  920 + 5.02T

DHCP (Pr) GDHCP
Mn = GCBCC-A12

Mn + 2000
0LMn,Pr = 31,  380

Mn23Pr6 �HO
298 = 130, 047.88, SO

298 = 1326.34
Cp = 23 × Cp (Mn, CBCC-A12) + 6 × Cp (Pr, DHCP)

Mn23Nd6 �HO
298 = 113, 453.68, SO

298 = 1318.16
Cp = 23 × Cp (Mn, CBCC-A12) + 6 × Cp (Nd, DHCP)

Mn2Nd �HO
298 = 16, 202.94, SO

298 = 156.05
Cp = 2 × Cp (Mn, CBCC-A12) + Cp (Nd, DHCP)

Mn23Sm6 �HO
298 = −42, 000, SO

298 = 1186.09
Cp = 23 × Cp (Mn, CBCC-A12) + 6 × Cp (Sm, RHOMB)
Tc = 439 K, B0 = 3 �B mol−1 [47], P factor = 0.28

Mn2Sm �HO
298 = −6300, SO

298 = 136.90
Cp = 2 × Cp (Mn, CBCC-A12) + Cp (Sm, RHOMB)

Table 2
Calculated invariant reactions with the experimental data in the Mn–La system.

Type Reaction T (◦C) Reference

Monotectic L(XLa = 0.187) → Mn(CUB-A13, XLa = 0) + L(XLa = 0.392)
L(XLa = 0.122) → Mn(CUB-A13, XLa = 0) + L(XLa = 0.392)

1086.2
1081.0

This work[21]

Eutectic L(XLa = 0.825) → Mn(CBCC-A12, XLa = 0) + La(FCC-A1, XLa = 1)
L(XLa = 0.830) → Mn(CBCC-A12, XLa = 0) + La(FCC-A1, XLa = 1)

705.3
701.0

This work[21]

Fig. 4. The optimized phase diagram of the Mn–Ce system in whole composition range (a) and in the range of 0–20 mol% Mn (b) with experimental data [9,30–33].
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Fig. 5. Integral enthalpy of mixing in Mn–Ce liquid at 1600 K with experimental data
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Fig. 6. Partial enthalpies of mixing in Mn–Ce liquid at 1600 K with experimental data

Saccone et al. [36] investigated the complete phase diagram
28].  The previous optimizations of Tang et al. [9] and Kang et al. [10] are depicted
y the dotted line and dashed line, respectively.

.2. The Mn–Ce system

An early investigation of the phase diagram was  carried out
y Iandelli [30] using TA with alloys made from 99.5 wt.% Ce and
9.8 wt.% Mn.  The eutectic reaction was located at 0.85 mol  fraction
e at 612 ◦C while a possible liquid miscibility gap with a monotec-
ic between 0.18 and 0.324 mol  fraction Ce at 998 ◦C was reported.
o intermediate solid phases were detected. Mirgalovskaya and
trel’nikova [31] reinvestigated the system using TA and metallog-
aphy and agreed reasonably well with the work of Iandelli [30]
xcept for the eutectic temperature at 635 ◦C. Mirgalovskaya and
trel’nikova assumed that the allotropic transition temperatures of
n at 998 ◦C and 1087 ◦C, which are different from those of pure
n,  were due to some solid solubility of Ce in Mn  (BCC and FCC).

hamer [32] determined the phase diagram by DTA, metallography
nd XRD in the Ce-rich region between 500 and 800 ◦C with start-
ng materials having a higher purity than those of Iandelli [30]. The
utectic reaction was positioned at 0.84 mol  fraction Ce at 622 ◦C.
he solubility of Mn  in Ce was determined to be about 5 mol%
n in Ce (BCC) and about 2 mol% Mn  in Ce (FCC) at 638 ◦C. Later,

ang et al. [33] prepared several alloys in the liquid miscibility gap
egion assumed by Iandelli [30] and confirmed the non-existence
f immiscibility by XRD and scanning electron microscopy (SEM)
nalysis from the quenched samples. Afterwards, Tang et al. [9]
repared four key alloys by arc melting using 99.9 wt.% Mn  and
e, respectively, for key experiments to support their thermody-
amic modeling. Samples were annealed at 600 ◦C and identified
y XRD. Phase transition temperatures were determined by DTA
sing alumina crucibles under Ar atmosphere. Results agree well
ith other experimental data, which are depicted in Fig. 4.

Nikolaenko and Nosova [28] measured the partial enthalpy of
ixing of Mn  in the Ce-rich region and that of Ce in the Mn-rich

egion of the Mn–Ce liquid at 1600 K using isoperibolic calorime-
ry and starting materials made of 99.9 wt.% Mn  and 99.86 wt.%
e. Then, based on the Gibbs–Duhem equation, they proposed
moothed values of both, the partial and the integral enthalpies of
ixing, for the entire Mn–Ce liquid. Unlike the Mn–La system, they

nly showed smoothed values without any experimental data. The
xperimental data of the partial and integral enthalpies of the liquid
re presented in Figs. 5 and 6, respectively. The integral enthalpy

f mixing of the Mn–Ce liquid shows positive deviation from ideal
olution behavior with a maximum at about 3 kJ mol−1 near 0.4 mol
raction Ce, which is less than half of the Mn–La system.
[28].  The previous optimizations of Tang et al. [9] and Kang et al. [10] are depicted
by  the dotted line and dashed line, respectively.

The system was previously assessed by Palenzona and Cirafici
[34] based mainly on the work of Iandelli [30], Mirgalovskaya and
Strel’nikova [31] and Thamer [32] and reviewed by Okamoto [35].
Recently, thermodynamic optimizations were performed by Tang
et al. [9] and Kang et al. [10]. Unfortunately, the optimization of
Kang et al. [10] omitted the solubility of Mn in Ce determined by
Thamer [32]. In the thermodynamic optimization of Tang et al. [9],
the authors adopted the Bragg–Williams random mixing model
with the Redlich–Kister expression for the liquid. However, they
did not consider the thermodynamic data of the liquid phase deter-
mined by Nikolaenko and Nosova [28]. The calculated integral and
partial enthalpies of mixing for the liquid phase at 1600 K opti-
mized by Tang et al. [9] are slightly off from the experimental data
of Nikolaenko and Nosova [28]; this is shown in Figs. 5 and 6.

In the present thermodynamic modeling, the mutual solubil-
ities of Mn  and Ce in both, FCC-A1 and BCC-A2 solid solutions,
were reproduced with two  temperature-independent Gibbs excess
parameters with the assumption of large solid state miscibil-
ity gaps. The solubility of Ce in Mn  CUB-A13 solid solution was
estimated using its liquidus and the transition temperatures of
Mn CUB-A13 to Mn  FCC-A1 and Mn  CBCC-A12 to Mn  CUB-A13,
respectively. The eutectic temperature determined by Thamer [32]
(622 ◦C) and Tang et al. [9] (621 ◦C) were considered as the eutectic
temperature of L → Ce FCC-Al solid solution + Mn  CBCC-A12. The
Gibbs energy of Ce in Mn  CUB-A13 structure is assessed to be
2.5104 kJ mol−1 relative to the stable structure of Ce FCC-A1 since
the stable Ce CUB-A13 is not available. No solid solution was consid-
ered for the Mn  CBCC-A12 phase because no solubility data exist for
this phase. For the liquid, a small temperature dependent term was
needed to reproduce both, the phase diagram and enthalpy data,
of the liquid phase. The computed phase diagram and the partial
and integral enthalpies of the liquid are in good agreement with
the experimental data, which is shown in Figs. 4–6.  In the phase
diagram of Fig. 4a, the metastable liquid miscibility gap is depicted
as a dotted line. The calculated invariant reactions are compared to
the experimental ones in Table 3.

3.3. The Mn–Pr system
using DTA, metallography, XRD and electron probe micro-analysis
(EPMA). The alloys were prepared in the induction furnace using
starting materials made of 99.9 wt.% Pr and 99.9 wt.% Mn and
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Table  3
Calculated invariant reactions with the experimental data in the Mn–Ce system.

Type Reaction T (◦C) Reference

Catatectic Mn(BCC-A2, XCe = 0.033) → Mn(FCC-A1, XCe = 0.027) + L(XCe = 0.136)
Mn(BCC-A2, XCe

a) → Mn(FCC-A1, XCe
a) + L(XCe = 0.130)

1094.0
1087.0

This work
[25]

Catatectic Mn(FCC-A1, XCe = 0.044) → Mn(CUB-A13, XCe = 0.028) + L(XCe = 0.314)
Mn(FCC-A1, XCe

a) → Mn(CUB-A13, XCe
a) + L(XCe = 0.175)

989.4
998.0

This work
[25]

Catatectic Mn(CUB-A13, XCe = 0.028) → Mn(CBCC-A12, XCe = 0) + L(XCe = 0.815)
Mn(CUB-A13, XCe

a) → Mn(CBCC-A12, XCe
a) + L(XCe = 0.835)

626.2
625.0

This work
[26]

Catatectic Ce(BCC-A2, XCe = 0.944) → Ce(FCC-A1, XCe = 0.983) + L(XCe = 0.846)
Ce(BCC-A2, XCe = 0.95) → Ce(FCC-A1, XCe = 0.98) + L(XCe = 0.86)
Ce(BCC-A2, XCe

a) → Ce(FCC-A1, XCe
a) + L(XCe

a)

637.8
638.0
640.0

This work
[26]
[28]

Eutectic  L(XCe = 0.821) → Mn(CBCC-A12, XCe = 0) + Ce(FCC-A1, XCe = 0.981)
L(XCe = 0.850) → Mn(CBCC-A12, XCe = 0) + Ce(FCC-A1, XCe = 1)
L(XCe = 0.878) → Mn(CBCC-A12, XCe = 0) + Ce(FCC-A1, XCe

a)
L(X = 0.839) → Mn(CBCC-A12, X = 0) + Ce(FCC-A1, XC

a)

618.7
612.0
635.0
622.0

This work
[24]
[25]
[26]
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The Mn–Pr liquid has a slightly lower positive enthalpy of mixing
than the Mn–Ce liquid. The maximum in the integral enthalpy of
mixing curve is about 2.5 kJ mol−1 near 0.4 mol  fraction Pr.
Ce Ce

L(XCe
a) → Mn(CBCC-A12, XCe

a) + Ce(FCC-A1, XCe
a)

a The exact compositions are not specified in the reference.

antalum or molybdenum crucibles which were sealed by welding
o prevent the oxidation and evaporation of sample. The authors
eported the existence of the Mn23Pr6 compound, which forms
eritectically at 790 ◦C and decomposes at about 650 ◦C, after veri-
ying the quenched samples by EPMA and corresponding powders
y XRD. They also confirmed that the metastable Laves-type PrMn2
hase forms peritectically at 740 ◦C and disappears to form Pr6Mn23
fter annealing for a few hours at temperatures slightly below
40 ◦C. Using DTA, it was proposed that the solubilities of Mn  in
r BCC and Pr DHCP at 665 ◦C are about 6 mol% Mn  and 1–2 mol%
n,  respectively. Moreover, the solubility of Pr in Mn  was shown

o be negligible based on EPMA results. The phase transforma-
ion temperature of Mn  CBCC-A12 to Mn  CUB-A13 was  detected
t 600 ◦C by DTA (cooling path), which is much lower than the
ccepted allotropic transformation of Mn  (707 ◦C). Apparently, this
ifference is due to the slow kinetics of the transformation in the
olid state and therefore these experimental data were not taken
nto account in the present optimization. The experimental data of
accone et al. [36] are presented in Fig. 7.

Nikolaenko and Nosova [28] measured the partial enthalpy of
ixing of Mn  in the Pr-rich region and that of Pr in the Mn-rich

egion of Mn–Pr liquid at 1600 K using isoperibolic calorimetry
nd starting materials made of 99.9 wt.% Mn  and 99.86 wt.% Pr.

ike in the previous two Mn–RE systems, they proposed smoothed
alues of both, the partial and the integral enthalpies of mixing,
or the whole Mn–Ce liquid using the Gibbs–Duhem equation.
nfortunately, they also gave only smoothed values without any

ig. 7. The optimized phase diagram of the Mn–Pr system with experimental data
36].
e

621.0 [28]

experimental data. The enthalpy data are presented in Figs. 8 and 9.
Fig. 8. Integral enthalpy of mixing in Mn–Pr liquid at 1600 K with experimental data
[28].  The dotted line shows the previous optimization of Wang et al. [11].

Fig. 9. Partial enthalpies of mixing in Mn–Pr liquid at 1600 K with experimental
data [28]. The previous optimization of Wang et al. [11] is depicted by the dotted
line.
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on the phase diagram study of Kirchmayr and Lugscheider [37],
Mikhsalenko and Kuz’ma [38] and Saccone et al. [39]. Since then,
no thermodynamic modeling was  performed on this system.
J. Kim, I.-H. Jung / Journal of Alloys

Previous optimization for this system was performed by Wang
t al. [11] using a random-mixing model for the liquid phase.
lthough Wang et al. could reproduce the experimental data of

he phase diagram, the calculated integral and partial enthalpies
f mixing of the liquid at 1600 K are slightly dissimilar with the
rend from the smoothed values of both, the partial and integral
nthalpies of mixing. Moreover, five model parameters includ-
ng two temperature-dependent parameters were used for the
escription of the liquid phase. The calculated partial and integral
nthalpies of mixing of the liquid phase at 1600 K are shown in
igs. 8 and 9, respectively, together with the ones obtained by Wang
t al. [11].

The Mn–Pr system was optimized using the experimental phase
iagram of Saccone et al. [36] and the enthalpy data of Nikolaenko
nd Nosova [28]. First, the liquid model parameters were mostly
xed by the liquidus of Mn  and the enthalpy data. Then, the Gibbs
nergies of the Pr BCC and Pr DHCP solid solutions and of the
n23Pr6 stoichiometric compound were assessed to fit the phase

iagram. The Gibbs energy of Mn  in Pr DHCP structure is assessed to
e 2 kJ mol−1 relative to the stable structure of Mn  CBCC-A12 since
he stable Mn  DHCP is not available. As no thermodynamic data for

n23Pr6 are available, the �H298 and S298 of the compound were
etermined to reproduce its dissociation temperature after the Cp

as evaluated by the Neumann–Kopp rule. As seen in Figs. 7–9,
he optimized phase diagram and calculated enthalpies are in good
greement with the experimental data. The calculated invariant
eactions are compared with the experimental ones in Table 4.

.4. The Mn–Nd system

The first phase diagram investigation of this system was carried
ut by Kirchmayr and Lugscheider [37]. Alloys made of 99.9 wt.%
n  and Nd were prepared by melting in a high frequency induc-

ion furnace using alumina crucibles. Three compounds, Mn12Nd,
n23Nd6, and Mn2Nd were identified by means of DTA and XRD

nd verified by X-ray fluorescence spectrometry (XRF) and met-
llography. Mikhalenko and Kuz’ma [38] performed long duration
nnealing experiments of Mn-rich alloys characterized by XRD to
etermine the stability of the three compounds observed by Kirch-
ayr and Lugscheider. They found that Mn12Nd is unstable in the

ntire temperature range while the Mn23Nd6 and Mn2Nd are sta-
le in limited temperature ranges. Recently, Saccone et al. [39]
einvestigated the system using DTA, XRD, metallography and
PMA. The alloys were prepared from 99.9 wt.% Nd and Mn
n an induction furnace with tantalum crucibles. The authors
eported much lower liquidus boundaries than those determined
y Kirchmayr and Lugscheider and slightly different peritectic and
utectoid decomposition temperatures for Mn23Nd6 and Mn2Nd
han the ones determined by Makhalenko and Kuz’ma [38]. Saccone
t al. [39] proposed that Mn2Nd and Mn23Nd6 form peritectically at
20 ◦C and 930 ◦C, respectively, and decompose at about 580 ◦C and
80 ◦C after analyzing the quenched samples by EPMA and corre-
ponding powders by XRD. Preference was given to their results
n the present optimization because of the higher resolution of
he EPMA technique over the XRD, which was used to identify
he phases in the work of Makhalenko and Kuz’ma [38]. No com-
rehensive study on the homogeneity ranges of Nd and Mn  were
erformed, but Kirchmayr and Lugscheider [37] mentioned that
ven if they exist, they will be very small from based on their XRD
nalysis of Mn  and Nd samples. The experimental data are shown
n the phase diagram of Fig. 10.

Regarding the thermodynamic properties of Mn–Nd liquid,

vanov et al. [14] measured the partial enthalpy of mixing of Nd
etween 0 < XNd < 0.25 and that of Mn  between 0.42 < XNd < 1.0

n the Mn–Nd liquid using isoperibolic calorimetry and high
urity alloys prepared from 99.95 wt.% Mn  and 99.85 wt.% Nd. The
Fig. 10. The optimized phase diagram of the Mn–Nd system with experimental data
[37–39].

partial enthalpy of Nd was  measured using alumina crucibles for
the alloys having less than 10 mol% Nd and zirconia crucibles for the
alloys having up to 28 mol% Nd at 1550 K. The partial enthalpy of Mn
was measured using molybdenum crucibles for the alloys having
less than 10 mol% Mn  and zirconia crucibles for the alloys having
up to 58 mol% Mn  at 1600 K. The smoothed values of both, the par-
tial enthalpies of mixing and the integral enthalpy of mixing in the
entire Mn–Nd liquid were determined by the same method used
by Nikolaenko and Nosova [28] assuming that the change of partial
enthalpy is negligible in the temperature range between 1550 K and
1600 K. The experimental data are shown in Figs. 11 and 12.  Inter-
estingly, the integral enthalpy of mixing of the Mn–Nd liquid vary
from small negative values between 0 and about 0.25 mol fraction
Nd to positive values above 0.25 mol  fraction Nd. The maximum and
minimum in the integral enthalpy curves are about 2 kJ mol−1 near
0.6 mol  fraction Nd and about −0.3 kJ mol−1 near 0.1 mol  fraction
Nd, respectively. There is no thermodynamic data for the interme-
diate phases Mn23Nd6 and Mn2Nd.

The whole system was  reviewed by Okamoto [40,41] based
Fig. 11. Integral enthalpy of mixing in Mn–Nd liquid at 1600 K with experimental
data [14].
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Table  4
Calculated invariant reactions with the experimental data in the Mn–Pr system.

Type Reaction T (◦C) Reference

Peritectic Mn(CUB-A13, XPr = 0) + L(XPr = 0.648) → Mn23 Pr6

Mn(CUB-A13, XPr = 0) + L(XPr = 0.635) → Mn23 Pr6

789.9
790.0

This work
[32]

Catatectic Pr(BCC-A2, XPr = 0.939) → Pr(DHCP, XPr = 0.9852) + L(XPr = 0.784)
Pr(BCC-A2, XPr = 0.94) → Pr(DHCP, XPr = 0.985) + L(XPr = 0.758)

672.4
665.0

This work
[32]

Eutectic L(XPr = 0.770) → Mn23 Pr6 + Pr(DHCP, XPr = 0.9846) 660.5
665.0

This work
[32]

 0.9852)
 0.985)

649.5
650.0

This work
[32]
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L(XPr = 0.750) → Mn23 Pr6 + Pr(DHCP, XPr = 0.985)
Eutectoid Mn23 Pr6 → Mn(CBCC-A12, XPr = 0) + Pr(DHCP, XPr =

Mn23 Pr6 → Mn(CBCC-A12, XPr = 0) + Pr(DHCP, XPr =

The experimental Mn  liquidus determined by Saccone et al. [39]
s thermodynamically more plausible than the one reported by
irchmayr and Lugscheider [37] from the viewpoint of the limit-

ng slope rule [42]. Moreover, the experimental data of Saccone
t al. are more consistent with the stability data of intermetallics
eported by Mikhalenko and Kuz’ma [38]. In the thermodynamic
ptimization, therefore, the phase diagram experimental data of
accone et al. [39] were preferred over the ones of Kirchmayr
nd Lugscheider [37]. Although Kirchmayr and Lugscheider [37]
entioned that there is little mutual solubility of Mn  and Nd, the

olubility of Mn  in Nd BCC-A2 is expected due to the similarity of the
n–Nd system with the Mn–Pr one and the Mn–Nd liquidus mea-

ured by Saccone et al. [39]. A solubility of about 4 mol% Mn in Nd
CC-A2 at 736 ◦C was assumed in the present study. The calculated
hase diagram and enthalpy curves are in good agreement with the
xperimental data as shown in Figs. 10–12. The thermodynamic
ata of the two intermetallic compounds Mn23Nd6 and Mn2Nd
ere determined to reproduce the phase diagram data in Fig. 10

fter determining their heat capacities using the Neumann–Kopp
ule. The low temperature Cp of the Mn2Nd phase measured by
im-Ngan et al. [43], using adiabatic calorimetry, was  not taken

nto account in the present optimization because of the insufficient
emperature range (1.2–200 K). The invariant reactions of the sys-
em are compared with experimental data in Table 5. The predicted

etastable liquid miscibility gap shown as a dotted line in Fig. 10
as a consolute point near 0.6 mol  fraction Nd.

.5. The Mn–Sm system
Kirchmayr and Lugscheider [37] determined the phase diagram
f Mn–Sm system using DTA, XRD and XRF which are the same
echniques that they used for determining the Mn–Nd system in

ig. 12. Partial enthalpies of mixing in Mn–Nd liquid at 1600 K with experimental
ata [14].
Fig. 13. The optimized phase diagram of the Mn–Sm system with experimental data
[37].

the same study. The results are shown in Fig. 13.  Two intermetal-
lic compounds, Mn2Sm and Mn23Sm6, which melt peritectically,
were identified. In the solid state, the mutual solubilities of Sm and
Mn were proposed to be small based on XRD data. No other phase
diagram study has been carried out for this system.

Berezutskii and Ivanov [13] determined the partial and inte-
gral enthalpies of mixing of the Mn–Sm liquid using isoperibolic
calorimetry. The experimental method and estimation technique
used by Berezutskii and Ivanov [13] are the same as the ones
used by Nikolaenko and Nosova [28]. Using high purity starting
materials prepared from 99.99 wt.% Mn  and 99.98 wt.% Sm,  the
partial enthalpies of mixing were measured at 1400 K between
0.42 < XSm < 1.0 in molybdenum crucibles and at 1600 K between
0 < XSm < 0.28 in alundum crucibles. Then, the smoothed values of
the partial enthalpies of mixing and the integral enthalpy of mix-
ing were determined by the same method used by Nikolaenko and
Nosova [28] assuming that the change of partial enthalpy is neg-
ligible in the temperature range between 1400 K and 1600 K. The
enthalpies of mixing of the liquid are depicted in Figs. 14 and 15.
Like the Mn–Nd system, the integral enthalpy of mixing of Mn–Sm
liquid vary from negative values between 0 and about 0.5 mol  frac-
tion Sm to positive values above 0.5 mol  fraction Sm.  The enthalpy
curves show a maximum of about 1 kJ mol−1 near 0.75 mol  fraction
Sm and a minimum of about −0.8 kJ mol−1 near 0.1 mol  fraction Sm.
Using high-temperature isoperibolic calorimetry, Shilov et al. [44]
determined the enthalpy of formation of Mn23Sm6 at 1320 K to be
−92 ± 5 kJ mol−1; unfortunately, no data are available for Mn2Sm.

The system was  previously optimized by Wang et al. [12]
based on the work of Kirchmayr and Lugscheider [37] using the

Bragg–Williams random mixing model with the Redlich–Kister
expression for the liquid phase. As shown in Figs. 14 and 15,  the
integral and partial enthalpies of mixing of the liquid at 1600 K
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Table  5
Calculated invariant reactions with the experimental data in the Mn–Nd system.

Type Reaction T (◦C) Reference

Peritectic Mn(CUB-A13, XNd = 0) + L(XNd = 0.327) → Mn23 Nd6

Mn(CUB-A13, XNd = 0) + L(XNd = 0.283)a → Mn23 Nd6

Mn(CUB-A13, XNd = 0) + L(XNd = 0.325) → Mn23 Nd6

930.0
1100.0

930.0

This work
[34]
[36]

Peritectic Mn23 Nd6 + L(XNd = 0.478) → Mn2Nd
Mn23 Nd6 + L(XNd = 0.448) → Mn2Nd
Mn23 Nd6 + L(XNd = 0.488) → Mn2Nd

820.1
975.0
820.0

This work
[34]
[36]

Catatectic Nd(BCC-A2, XNd = 0.96) → Nd(DHCP, XNd = 1) + L(XNd = 0.763) 734.9 This work
Eutectic L(XNd = 0.708) → Mn2Nd + Nd(DHCP, XNd = 1)

L(XNd = 0.749) → Mn2Nd + Nd(DHCP, XNd = 1)
L(XNd = 0.730) → Mn2Nd + Nd(DHCP, XNd = 1)

699.4
700.0
695.0

This work
[34]
[36]

Eutectoid Mn2Nd → Mn23 Nd6 + Nd(DHCP, XNd = 1)
Mn2Nd → Mn23 Nd6 + Nd(DHCP, XNd = 1)

580.4
580.0

This work
[36]

Eutectoid Mn Nd → Mn(CBCC-A12, X = 0) + Nd(DHCP, X d = 1)
d = 1)

480.4 This work

less re

o
i

K
s

F
i
[

F
d

23 6 Nd N

Mn23Nd6 → Mn(CBCC-A12, XNd = 0) + Nd(DHCP, XN

a Note that the liquid composition determined in the experimental study [34] is 

ptimized by Wang et al. [12] are significantly off the recent exper-

mental data of Berezutskii and Ivanov [13].

Like for the Mn–Nd system, the Mn  liquidus reported by
irchmayr and Lugscheider [37] is thermodynamically the less rea-
onable. Consequently in the present optimization, the assessed Mn

ig. 14. Integral enthalpy of mixing in liquid Mn–Sm alloys at 1600 K with exper-
mental data [13]. The dotted line is from the previous optimization of Wang et al.
12].

ig. 15. Partial enthalpies of mixing in Mn–Sm liquid at 1600 K with experimental
ata [13]. The previous optimization of Wang et al. [12] is shown by the dotted line.
480.0 [36]

liable (see the text for more details).

liquidus was lowered to be thermodynamically more reasonable
from the viewpoint of the limiting slope rule [42]. For the phases
Mn2Sm and Mn23Sm6, who  melt peritectically, no other data than
the ones of Kirchmayr and Lugscheider [37] exist and we had no
other choice than to use their data. The enthalpy of mixing of the
liquid, determined by Berezutskii and Ivanov [13], was  taken into
account to determine the model parameters of liquid phase. The
enthalpy of formation of Mn23Sm6 measured by Shilov et al. [44]
(−92 ± 5 kJ mol−1) was  relatively well reproduced in the present
optimization (−91.3 kJ mol−1). The calculated invariant reactions
are compared with experimental ones in Table 6. Although the
enthalpy data shown in Figs. 14 and 15 are well reproduced in the
present optimization, the calculated phase diagram is in less agree-
ment with the experimental data of Kirchmayr and Lugscheider
[37] due to the above-mentioned possible error in the experiments.
In order to validate the present thermodynamic optimization or
obtain a more accurate thermodynamic optimization of the system,
new phase diagram experiments are clearly needed.

4. Systematic analysis of Mn–light RE systems

It is shown that the available and reliable experimental data of
Mn–light RE systems are consistently reproduced by the present
optimizations in all the systems. As it is well known, the RE met-
als across the lanthanide series show regular changes in electronic
(electronegativity) and physical properties such as the melting
temperature, the atomic radius and the density, with an increase of
the atomic number. It is therefore expected that certain trends exist
as well in the thermodynamic properties and phase relationships
of the Mn–RE binary systems.

In the course of the present study, it is found that the enthalpies
of mixing in liquid Mn–RE (RE = La, Ce, Pr, Nd and Sm)  follow
such trends, as shown in Fig. 16.  The calculated and experimental
integral enthalpies of mixing of liquid Mn–RE solutions at 1600 K
are gradually changed from positive to negative values from La
to Sm.  The light RE elements, except La, are metallic elements
which are characterized by the filling of f orbital. By filling the f
orbital in atomic number order, the attractive interaction between
Mn and RE elements seems to become stronger with a minimum
between 0.3 and 0.4 mol  fraction RE. The asymmetry observed in
the enthalpies of mixing curves comes possibly from the size dif-
ference between Mn  and RE. That is, RE has a larger atomic size
(180 pm for Sm ∼ 188 pm for La) than Mn  (130 pm)  [45]. Conse-
quently, the negative interaction between Mn  and RE can naturally

induce the short range ordering of Mn  and RE near the Mn-rich side,
which produces the slight negative deviation observed in the Mn-
rich region. Likewise, the calculated entropies of mixing in liquid
Mn–RE alloys at 1600 K shown in Fig. 17 are also gradually changed
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Table  6
Calculated invariant reactions with the experimental data in the Mn–Sm system.

Type Reaction T (◦C) Reference

Peritectic Mn(CUB-A13, XSm = 0) + L(XSm = 0.289) → Mn23Sm6

Mn(CUB-A13, XSm = 0) + L(XSm = 0.411)a → Mn23Sm6

1025.3
1025.0

This work
[34]

Peritectic Mn23Sm6 + L(XSm = 0.471) → Mn2Sm
Mn23Sm6 + L(XSm = 0.531) → Mn2Sm

930.1
930.0

This work
[34]

Eutectic L(X = 0.718) → Mn Sm + Sm(DHCP, X = 1) 792.8 This work

less re
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1
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1

Sm 2 Sm

L(XSm = 0.678) → Mn2Sm + Sm(DHCP, XSm = 1)

a Note that the liquid composition determined in the experimental study [34] is 

rom positive to negative deviation from the ideal entropy of mix-
ng (dotted curve). The lesser entropies near 0.3–0.4 mol  fraction
E support the gradual change of enthalpies with increasing the RE
tomic number. These thermodynamic properties are also reflected
n the phase diagrams. From the assessed phase diagram of each
ystem (Figs. 1, 4, 7, 10 and 13), it is clearly seen that the stability
f solid intermetallic phases in the systems increases with increas-
ng the RE atomic number, especially near 0.3 and 0.4 mol  fraction

E. No stable intermetallic compounds appear in the Mn–La and
n–Ce systems. Stable compounds appear from the Mn–Pr system

Mn23Pr6) and become stable at lower temperature with increasing
he atomic number (Mn23Sm6 and Mn2Sm). The change of hypo-

ig. 16. Calculated enthalpies of mixing in Mn–RE (La, Ce, Pr, Nd and Sm) liquid at
600 K.

ig. 17. Calculated entropies of mixing in Mn–RE (La, Ce, Pr, Nd and Sm)  liquid at
600 K. The dotted line represents the ideal entropy of mixing.

[

[
[

[
[
[

[
[
[

795.0 [34]

liable (see the text for more details).

thetical liquid miscibility gap (dotted curve) also shows the trend
of increasing stability in liquid phases with RE atomic order. These
interesting trends and regularities are also successively found in
the Mn-heavy RE (Gd, Tb, Dy, Ho, Er, Tm,  Lu and Y) systems [46].

5. Summary

Critical evaluation and optimization of all available phase dia-
gram and thermodynamic data for the Mn–RE (RE = La, Ce, Pr, Nd
and Sm)  systems have been conducted to obtain reliable thermody-
namic functions of all the phases in the system. The thermodynamic
properties of liquid phase were described using the Modified Qua-
sichemical Model and the solid solution phases such as bcc, fcc,
cubic and dhcp were described using the one-sublattice Compound
Energy Formalism. The magnetic properties of solid phases were
also taken into account.

In the thermodynamic modeling, it is found that the Mn–RE
systems show systematic changes in the phase diagrams and ther-
modynamic properties such as enthalpy of mixing in liquid state
in the order of periodic number in the lanthanide series. With
increase of periodic number of light RE elements, the interaction
between atoms in the liquid becomes more negative and promotes
the formation of stable intermetallic compounds. This systematic
thermodynamic modeling approach for all light RE elements can
also allow to resolve inconsistencies in the experimental data in
particular for the Mn–Sm system.
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