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bstract

The binary Ce–Mn system is investigated via key experiments and thermodynamic modeling. The phase diagram data available in the literature
re critically reviewed. Four key alloys are prepared by arc melting the pure elements, annealed at 600 ◦C for 8 days and then subjected to X-ray
iffraction (XRD) analysis for phase identification and to differential thermal analysis (DTA) for measurement of phase transition temperatures.

he thermodynamic optimization of the Ce–Mn system is performed by considering the experimental data from the literature and the present work.
consistent thermodynamic data set for the Ce–Mn system is obtained by optimization of the selected experimental data. The calculated phase

iagram agrees well with the experimental data.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Al-based alloys with nonperiodic structure such as amor-
hous and icosahedral phases are attractive materials due to
avorable properties of high-strength and lightweight. The
e–Mn system is a sub-binary system in multi-component
l-based alloys containing nanoscale quasicrystalline particles

1,2]. Rapidly solidified nano-icosahedral reinforced Al–Ce–Mn
lloys have attractive properties such as good bending ductil-
ty and high tensile strength up to 1320 MPa [1]. The specific
trength of rapidly solidified Al93Mn5Ce1Ni1 (at.%) alloy is
valuated to be as high as 3.9 × 105 Nm kg−1, which is consid-
rably higher than the highest value (3.6 × 105 Nm kg−1) of the
l-based amorphous single phase and three times higher than

hat for the conventional Al-based crystalline alloy (7075-T6)
2]. Amorphous Ce100−xMnx alloys (x = 20–80 at.%) with high
lass-forming ability can be fabricated by a direct current (dc)
igh-rate sputtering technique [3]. Knowledge of the phase equi-
ibria is of fundamental importance to predict the glass-forming

egion. A thorough thermodynamic assessment of the Ce–Mn
ystem is necessary to perform thermodynamic extrapolations
o the related higher order systems. The purpose of this work
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s to develop a self-consistent set of thermodynamic parameters
or the Ce–Mn system by key experiments and thermodynamic
odeling.

. Evaluation of experimental data

The first investigation of the Ce–Mn system was carried out
y Rolla and Iandelli [4], who found a narrower miscibility gap
or the liquid than that in the La-Mn system. Subsequently,
andelli [5] determined the complete phase diagram with the
lloys made from 99.5 wt.% Ce and 99.8 wt.% Mn, and sug-
ested the existence of the miscibility gap between 68 at.%
nd 82 at.% Mn on the basis of the thermal analysis measure-
ents. However, the existence of the miscibility gap was not

onfirmed by Mirgalovskaya and Strel’nikova [6], who rein-
estigated the phase relations in the Ce–Mn system using a
ombination approach of thermal analysis and metallography.
heir experimental results [6] agrees reasonably with those of

andelli [5] in the composition range from pure Ce to 40 wt.%
n within experimental uncertainty, except for the eutectic reac-

ion: Liquid → (�Ce) + (�Mn), which was determined to occur
t 612 ◦C and 15.1 at.% Mn by Iandelli [5], at 635 ◦C and about

2 at.% Mn by Mirgalovskaya and Strel’nikova [6], respectively.

The major discrepancy among the literature data [4–6] is if
here is a miscibility gap for the liquid phase. Iandelli [5] claimed
hat the flat liquidus in the composition range of 68–82 at.% Mn
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s associated with the occurrence of liquid miscibility gap, while
irgalovskaya and Strel’nikova [6] attributed the flat liquidus

o be due to an anomalous behavior of the alloys resulting from
he decomposition of (�Mn) to (�Mn). Using scanning elec-
ron microscopy (SEM) with energy dispersive X-ray analysis
EDX) and X-ray diffraction (XRD) technique, Tang et al. [7]
oncluded that no liquid miscibility gap exists in the Ce–Mn
ystem. The liquidus data and invariant reactions at 998 ◦C and
087 ◦C [6] are considered reliable and, therefore, utilized in
he present modeling. The liquidus data of Iandelli [5] are also
sed in the present assessment. The monotectic reaction, Liquid
→ Liquid 1 + (�Mn), has not been considered in the present
ptimization.

By means of differential thermal analysis (DTA), metallog-
aphy and X-ray diffraction technique, the phase relation in
e-rich region below 20 at.% Mn was determined by Thamer

8] using starting materials with the purities of 99.8 at.% Ce and
9.96 at.% Mn. The eutectic reaction: Liquid → (�Ce) + (�Mn)
as determined to be at 16.1 ± 0.5 at.% Mn and 622 ◦C [8].
he catatectic reaction: (�Ce) → (�Ce) + Liquid, in the Ce-

ich side was determined to occur at 5 ± 1 at.% Mn and
38 ◦C [8]. Another invariant reaction, catatectic reaction:
�Mn) → (�Mn) + Liquid, was reported to exist at 625 ◦C.
ompared with the previous investigation [4–6], Thamer [8]
mployed the starting materials with higher purities. As a con-
equence, the experimental data of Thamer [8] in Ce-side are
onsidered to be reliable and used in the present optimization.

By measuring the density of an alloy containing 6.4 wt.% Mn
rom room temperature to 800 ◦C, the eutectic in the Ce–Mn sys-
em was reported by Perkins to be 14 at.% Mn and 618 ± 3 ◦C.
he eutectic point reported by Perkins et al. [9] agrees with that

rom Thamer [8].
The solubilities of Mn in (�Ce) and (�Ce) were determined to

e 5 at.% and 2 at.% Mn at 638 ◦C by Thamer [8], respectively.
he solubility for Mn in (�Ce) drops to less than 1 at.% at 600 ◦C

8]. By examining lattice parameters, Iandelli [5] found that
�Mn) dissolves negligible amount of Ce at room temperature.
he solubility of Ce in (�Mn) was determined to be 1.8 at.% Ce
y Tang [7].

No thermodynamic data for the Ce–Mn system are available.
ased on early phase diagram data [4–6], the Ce–Mn system
as reviewed by several groups of authors [10–19].

. Experimental procedure

In the present work, four alloys (Ce90Mn10, Ce78Mn22, Ce61Mn39,
e48Mn52 in at.%) were prepared in order to provide reliable phase diagram
ata in Ce-rich side of the Ce–Mn system. The choice of the compositions
f the decisive alloy is guided by the assessed phase diagram [19]. The starting
aterials are Ce-rods (purity: 99.9 mass%) and Mn-pieces (purity: 99.9 mass%).
he surface of Ce-rods were ground, polished, cleaned by ethanol and acetone
nd then kept in acetone before use. Mn pieces were treated with nitric acid
o remove the surface oxides, washed sequentially with water, ethanol and ace-
one, and kept in acetone for use. The alloys with the masses of about 2.5 g were
repared with arc melting furnace under argon (purity: 99.999%; additionally

urified by Ti-gettering) on a copper hearth using a nonconsumable tungsten
lectrode. No chemical analysis for the alloys was conducted since the mass
oss during arc melting was generally less than 1%. The as-cast alloys were
ealed in evacuated silica tubes under vacuum and annealed at 600 ◦C for 8 days
n high-temperature diffusion furnace (L-45-1-135, QingDao, China).

T

β
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Phase identification was carried out by XRD with monochromatic Cu K�

Rigaku D/max2550VB, Japan). DTA (DSC404C, NETZSCH, Germany) mea-
urements of annealed alloys were carried out in Al2O3 crucibles under a flow of
ure Ar atmosphere. The measurement was performed between room tempera-
ure and 1000 ◦C with a heating and cooling rate of 5 ◦C/min. In the temperature
ange examined, the accuracy of the temperature measurement was estimated to
e ±2 ◦C. The invariant reaction temperatures were determined from the onset
f the thermal effect during the heating step, and the offset of last thermal effect
n heating was taken for the liquidus.

. Thermodynamic model

.1. Unary phases

The Gibbs energy function 0G�
i (T ) = G�

i (T ) − HSER
i for

he element i (i = Ce, Mn) in the phase � (� = liquid, �(Mn, Ni),
(Mn, Ni)) is expressed by an equation of the form:

G�
i (T ) = a + bT + cT ln T + dT 2 + eT−1 + fT 3

+ gT 7 + hT−9 (1)

here HSER
i is the molar enthalpy of the element i at 298.15 K

nd 1 bar in its standard element reference (SER) state, and T is
he absolute temperature. The last two terms in Eq. (1) are used
nly outside the ranges of stability [20], the term gT7 for a liquid
elow the melting point, and hT−9 for solid phases above the
elting point. In the present work, the Gibbs energy functions

or Ce and Mn are from the SGTE compilation by Dinsdale [21].

.2. Solution phases

In the Ce–Mn system, there are five solution phases: liquid,
(Mn, Ni), �(Mn, Ni), (�Mn) and (�Mn). The Gibbs energy for
iquid is expressed as follows:

L
m − HSER = xCe

0GL
Ce + xMn

0GL
Mn

+ RT [xCe ln xCe + xMn ln xMn] + EGL
m (2)

here HSER is the abbreviation of xCeH
SER
Ce + xMnH

SER
Mn , R the

as constant, and the xCe and xMn are the mole fractions of Ce
nd Mn, respectively. The EGL

m is the excess Gibbs energy. It is
escribed by the Redlich–Kister polynomials [22],

GL
m = xCexMn

∑

i

iLL
Ce,Mn(xCe − xMn)i (3)

here iLL
Ce,Mn is the interaction parameter between elements

e and Mn, which is to be optimized in the present work. Its
eneral form is iLL

Ce,Mn = ai + biT .
The Gibbs energies of �(Mn, Ni), �(Mn, Ni), and (�Mn)

hases are modeled as a sum of a nonmagnetic contribu-
ion (0Gnmg) and a magnetic one (�Gmg), with the nonmag-
etic part described by Eq. (2) and the magnetic part by the
illert–Jarl–Inden model [23]. The concentration dependence
f magnetic ordering temperature TC and magnetic moment β

an be described as:
�
C = xCe

0T�
CCe + xMn

0T�
CMn + xCexMnT

�
Ci,j (4)

� = xCe
0β�

Ce + xMn
0β�

Mn + xCexMnL
�
� (5)
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here 0T�
Ci and β�

i correspond to pure elements i, and are taken
rom the SGTE compilation by Dinsdale [21]. Owing to low
olubility and lack of experiment data, magnetic parametersT�

Ci,j

nd L�
� were set to zero.

. Results and discussion

XRD examination on the prepared alloys verified that there
s no compound in the Ce–Mn system. Invariant reaction tem-
eratures derived from DTA measurement on annealed alloys
re listed in Table 1 and also presented in Fig. 1. As shown
n Table 1, the present experimental data agree well with the
ccepted ones in the literature. The thermodynamic parameters
re optimized by means of the PARROT module of Thermo-Calc
oftware package [24]. The step-by-step optimization procedure
arefully described by Du et al. [25] was utilized in the present
ssessment. In the optimization procedure, each piece of exper-
mental information is given a certain weight. The weights were
hanged systematically during the assessment until most of the
xperimental data were reproduced within the expected uncer-
ainty limits.

Since there is no thermodynamic data available in the litera-
ure, the parameters for liquid, a0 and b0 in Eq. (3) are adjusted to
eproduce Ce-rich or Mn-rich partial liquidus and related cata-
ectic reaction at 638 ◦C or 1087 ◦C. The obtained parameters
ere used as starting value for subsequent optimizations. In the
resent work, it was found that the introduction of further param-
ters, a1 and a2, can improve the description of the liquid phase.

(�Ce) and (�Mn) was treated as one phase �(Ce, Mn). Con-
idering the reaction: �(Ce, Mn) → �(Ce, Mn) + Liquid, two
arameters, a�(Ce,Mn)

0 and a
�(Ce,Mn)
1 , were introduced to describe

he �(Ce, Mn) phase. An analogous treatment was applied to
(Ce, Mn) phase, Two parameters, a�(Ce,Mn)

0 and a
�(Ce,Mn)
1 were

hus adjusted for the description of �(Ce, Mn) phase. In the

resent modeling, (�Mn) was described by one sublattice (Mn,
e). Since no lattice stability for Ce in the beta-Mn structure

s available in the literature, the Gibbs energy of Ce in (�Mn)
tructure is assessed to be 2500 relative to the stable structure of

p
s
t
t

able 1
omparison between the measured and calculated invariant equilibria

quilibrium Composition (at.% Mn)

iquid ↔ (�Ce) + (�Mn) 16.1 ∼2.0 ∼99
16.35 1.53 100

�Ce) ↔ (�Ce) + Liquid 14.0 5.0 2
14.30 5.25 1

�Mn) ↔ (�Mn) + Liquid ∼98.0 ∼99.5 ∼16
97.19 100.0 16

�Mn) ↔ (�Mn) + Liquid ∼98.0 ∼99.0 ∼71
96.76 98.19 71

�Mn) ↔ (�Mn) + Liquid ∼98.0 ∼98.3 ∼86
97.12 97.79 84
Fig. 1. Calculated Ce–Mn phase diagram in the present work.

�Ce) (i.e., 0GβCe = 2500 + 0GγCe). The temperature-dependent
egular parameter was then adjusted for (�Mn) in view of its
tability within a wide temperature range.

In view of the negligible solubility for Ce in (�Mn) [5], no
hermodynamic parameter for this phase was introduced in the
resent work.

The finally optimized thermodynamic parameters for the
e–Mn binary system are presented in Table 2. The calculated
hase diagram using the present parameters is shown in Fig. 1.
ig. 2 compares the computed phase diagram along with the
xperimental data. Calculated temperatures and compositions
or invariant equilibria in the Ce–Mn system are listed in Table 1
long with the experimental ones. As shown in the table and
gures, an excellent agreement is obtained between the calcu-

ations and experiments from the literature and present work.
he presently calculated Ce–Mn phase diagram is verified to
e a really stable one with Pandat program [26]. By using the
resently obtained thermodynamic parameters for the Ce–Mn

ystem, the thermodynamic parameters for the Al–Ce [27] and
hat for the Al–Mn [28] system, Tang et al. [29] has calculated
he phase relation of the Al–Ce–Mn system successfully. It is

T (◦C) Method Source

.5 622 ± 2 DTA, XRD [8]

.0 621.6 Calculated This work
621 ± 2 DTA This work

.0 638 ± 2 DTA, XRD [8]

.36 638.2 Calculated This work
640 ± 2 DTA This work

.3 625 ± 2 DTA, EDX [7,8]

.63 625.2 Calculated This work

.0 998 ± 2 TA [5,6]

.74 997.8 Calculated This work

.0 1087 ± 2 TA [6]

.61 1087.8 Calculated This work
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Table 2
Optimized thermodynamic parameters of the Ce–Mn Systema

Liquid: (Ce, Mn)1
0LL

Ce,Mn = 15584.7 − 5.30258T
1LL

Ce,Mn = −2736.1
2LL

Ce,Mn = −1532.3

�(Ce, Mn): (Ce, Mn)1
0L�(Ce,Mn) = 23607.2
1L�(Ce,Mn) = −2250.0

�(Ce, Mn): (Ce, Mn)1
0L�(Ce,Mn) = 29193.0
1L�(Ce,Mn) = 2006.6

�Mn: (Ce, Mn)1
0L�Mn = 13261.4 + 13.54757T
0G�Ce = 2500 + 0G�Ce

a Temperatures (T) in Kelvin and Gibbs energy in J/mol of atoms unit.

Fig. 2. Calculated Ce–Mn phase diagram with the present experimental data as
well as the experimental data from the literature [5,6,8,9], (a) in whole compo-
sition range and (b) in the range of 0–20 at.% Mn.
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xpected that the presently obtained thermodynamic parameters
or the Ce–Mn system can be used for the optimization of related
ernary and multi-component system.

. Conclusions

The Ce–Mn system has been investigated via thermodynamic
odeling, supplemented with key experiment. A self-consistent

et of thermodynamic parameters has been obtained by con-
idering the present experiment as well as critically evaluated
iterature data. The calculated phase diagram agrees well with
he experimental one.
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27] M.C. Gao, N. Ünlü, G.J. Shiflet, M. Mihalkovic, M. Widom, Metall. Mater.
Trans. A 36A (2005) 3269–3279.

28] Y. Du, J.C. Schuster, Acta Mater., submitted for publication (2006).
29] C.Y. Tang, Y. Du, H.H. Xu, L.J. Zhang, unpublished results.


	Thermodynamic assessment of the Ce-Mn system
	Introduction
	Evaluation of experimental data
	Experimental procedure
	Thermodynamic model
	Unary phases
	Solution phases

	Results and discussion
	Conclusions
	Acknowledgements
	References


