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Abstract: Based on the reported experimental data, the phase diagram of Mg-Nd binary system was optimized using the CALPHAD 
approach. Gibbs energies of the disordered BCC_A2 and ordered BCC_B2 phases were modeled with a single expression based on a 
2-sublattice model. Liquid and terminal solutions, such as dHCP and HCP, were modeled as substitutional solutions. Intermediate 
phases Mg2Nd, Mg3Nd and Mg41Nd5 were treated as stoichiometric compounds. The optimization was carried out in the 
Thermo-Calc package. A set of thermodynamic parameters is obtained. Calculated phase diagram, enthalpies of formation and Gibbs 
energies of formation are in reasonable agreement with the experimental data. 
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1 Introduction 
 

Magnesium alloys have attracted many attentions in 
recent years due to their low density, high specific 
strength, and good castability, etc. Rare earths, as an 
important class of alloying elements to magnesium-based 
alloys, are recently often added into Mg matrix to 
enhance the high temperature properties and casting 
characteristics of the alloys[1]. 

However, the mechanism why the rare earths can 
improve the performances of the magnesium-based 
alloys has not been clearly identified. Phase relations in 
temperature-composition space of the Mg-related 
systems are particularly helpful to comprehend the 
interaction between different elements and promote the 
development of new Mg-based materials with superior 
properties. The present work aims at the development of 
a consistent thermodynamic description of the Mg-Nd 
binary system using the CALPHAD technique. The 
Mg-Nd phase diagram was formerly optimized and 
calculated by GORSSE et al[2] using substitutional 
solution and associate models for the liquid phase. The 
optimized results showed that the substitutional solution 
model did not describe the phase equilibria well in the 
Mg-Nd system. Better agreement was obtained by using 
the associate model. But the homogeneity range of 
MgNd (BCC_B2) and the order-disorder transformation 
between BCC_A2 and BCC_B2 phase were not taken 

into account. In view of these, thermodynamic 
reassessment of the Mg-Nd system was performed in the 
present work. 
 
2 Experimental 
 
2.1 Phase diagram data 

The Mg-Nd phase diagram was first constructed by 
NAYEB-HASHEMI and CLARK[3] according to 
reported data[4−7] and the assumed similarities to 
Mg-La, Mg-Ce, and Mg-Pr. It is believed that there are 
liquid, the terminal solid solutions of HCP (Mg), dHCP 
(Nd) and BCC_A2 (Mg) along with five intermetallic 
compounds, Mg12Nd, Mg41Nd5, Mg3Nd, Mg2Nd, and 
MgNd in this system. According to NAYEB-HASHEMI 
and CLARK[3], the Mg-rich eutectic temperature was  
at (821±2) K. The maximum solid solubility of Mg in 
dHCP (Nd) was determined by JOSEPH and 
GSCHNEIDNER[4] to be at 8.2%Mg (mole fraction) at 
the eutectoid decomposition temperature of BCC_A2 
(824 K). The solid solubility of Nd in HCP(Mg) was 
measured by PARK and WYMAN[5], ROKHLIN[6], 
DRITS et al[7]. There are obvious discrepancies among 
these experimental results [5−7]. Because the higher- 
purity materials and the more reliable method were used, 
the value (0.10% Nd at 819 K) measured by PARK and 
WYMAN[5] should be more reliable. Thus the solid 
solubility of 0.10% Nd in HCP(Mg) is accepted in the 
present optimization. 
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A systematic investigation of the Mg-Nd phase 
diagram was performed by DELFINO et al[8] using DTA, 
X-ray diffraction, metallography, and microprobe 
analysis. They determined the liquidus in the whole 
composition range, part of solvus and solidus, and 
temperature of all invariant equilibria by DTA; moreover, 
they checked the reaction type of most invariant 
equilibria by optical or SEM micrographs. The Mg-rich 
eutectic temperature, the eutectoid decomposition 
temperature of BCC_A2 and the maximum solid 
solubility of Mg in dHCP show good agreement with the 
recommended values by NAYEB-HASHEMI and 
CLARK[3]. For the Mg2Nd phase, a peritectic formation 
was assumed at a temperature slightly higher than 1 023 
K, the temperature for the eutectic reaction, liquid→ 
MgNd(BCC_B2)+Mg2Nd. In addition, DELFINO et al[8] 
found that Mg12Nd phase is metastable because it only 
exists in the samples quenched from the liquid state. 
Homogeneity ranges of all compounds in this system 
were not determined[8]. However, according to Ref.[8], 
thermal effects were observed for the 44.0%Mg (molar 
fraction) and 47.5%Mg (molar fraction) alloys at about 
818 K, the eutectoid decomposition temperature of 
BCC_A2. Therefore, the content of Mg in MgNd seems 
to be higher than 47.5% Mg. But in fact these thermal 
effects were observed from DTA of cooling process. 
During this process, nonequilibrium solidification is very 
likely to occur. So the opinion that the content of Mg in 
MgNd compound can not be lower than 47.5% Mg may 
not be accepted. 

Recently, XU et al[9] studied the Mg-Nd diffusion 
couple annealed at 773 K for 100 h by X-ray energy 
dispersive spectroscopy with a back-scattered scanning 
electron microscopy. It was found that MgNd has a 
homogeneity range of about 40% to 50% Mg and Mg3Nd 
is nearly a stoichiometric compound.  

Homogeneity ranges of other compounds were not 
measured. Hence, only the composition range of MgNd 
is taken into account and other compounds are 
considered to be stoichiometric ones. 
 
2.2 Thermodynamic data 

With the Knudsen effusion method, PAHLMAN 

and SMITH[10] measured the vapor pressures of 
magnesium over Mg-Nd alloys, and derived the enthalpy 
and Gibbs energies of formation of the intermediate 
phases from the pure solid elements at 773 K. The 
enthalpy of formation of MgNd from pure solid Mg and 
Nd was also determined by OGREN et al[11] with the 
vapor pressure method. Two groups of results agree well 
with each other. OUYANG et al[12] calculated the 
enthalpy of formation of all intermediate compounds in 
this system with Miedema theory. But these calculated 
data show considerable discrepancies with the 
experimental data in the Mg-rich side. Because of the 
simple treatment of the Miedema theory, these data were 
only introduced to compare with the optimized values. 

The thermodynamic properties of liquid Mg-Nd 
alloys were not published in the literature. 
 
3 Thermodynamic modeling 
 

The thermodynamic models adopted here are 
summarized in Table 1 and briefly introduced in the 
following. 
 
3.1 Solution phases: liquid, HCP(Mg), dHCP(α-Nd) 

 BCC_A2 and
The Gibbs energies of solution phases, liquid, 

BCC_A2, HCP and dHCP, were described with a 
substitutional solution model based on random mixing of 
he metallic atoms. They are expressed as t
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Table 1 Summary of thermodynamic models adopted 

Phase Structure type Model Comment 
Liquid  (Mg, Nd) Disordered phase 

HCP_A3 or Mg hP2-Mg (Mg, Nd) Disordered phase 
dHCP or α-Nd hP4-La (Mg, Nd) Disordered phase 

BCC_A2 or β-Nd cI2-W (Mg, Nd) Disordered phase 
MgNd or BCC_B2 cP2-CsCl (Mg, Nd)0.5(Mg,Nd)0.5 Ordered phase related to BCC_A2 

Mg2Nd cF24-MgCu2 (Mg)0.666 7(Nd)0.333 3 Stoichiometric compound 
Mg3Nd cF16-BiF3 (Mg)0.75(Nd)0.25 Stoichiometric compound 

Mg41Nd5 tI92-Ce5Mg41 (Mg)0.891 3(Nd)0.108 7 Stoichiometric compound  
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where  (v=0, 1, ···) are the interaction parameters 
between elements Mg and Nd.  

Φv L

The general form for  is Φv L 
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where   and  are parameters resulting from 
an optimization process. 
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3.2 BCC_A2 and BCC_B2 Phase 

The Gibbs energies of the BCC_A2 and BCC_B2 
were modeled with a single function [15] based on a two 
ublattice model (Mg,Nd)0.5(Mg,Nd)0.5: s
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where  xi represents the alloy mole fraction of 
constituent i;  and  are the so-called site 
fractions, i.e. the mole fractions in the first and second 
sublattices, respectively; the first term, , 
represents the Gibbs energy of the disordered phase 
BCC_A2 and is expressed by Eqn.(1); the second term, 

, is the Gibbs energy of the ordered phase 
BCC_B2 as described by the sublattice model and 
contains implicitly a contribution of the disordered state, 
xpressed as 
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The parameters vL have the form shown in Eqn.(3). 

Due to the crystallographical symmetry, the following 
elations are introduced in Ref.[15]: r
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The last term in Eqn.(4), , represents 
the energy contribution of the disordered state to the 
ordered phase. The last two terms cancel each other 
when the site fractions are equal, thus corresponding to a 
disordered phase. Hence, the parameters of both ordered 
and disordered phases can be evaluated independently. 
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3.3 Stoichiometric phases 

Because there is no report on the homogeneity 
ranges of Mg41Nd5, Mg3Nd and Mg2Nd, they are treated 

as stoichiometric compounds, of which Gibbs energies 
are formulated with the following expression: 

ETDGbGaG ba +++= dHCP
Nd

0HCP
Mg

0NdMg
            (8) 

where  a and b are the mole fraction of Mg and Nd in 
the compound, respectively; D and E are the parameters 
to be assessed. 
 
4 Results and discussion 
 

The Mg-Nd binary system was optimized in the 
PARROT module in Thermo-Calc software[16] based on 
the experimental data of phase diagram and 
thermodynamic properties. Reasonable agreement 
between the calculated results and experimental values is 
obtained. 

Thermodynamic parameters optimized are listed in 
Table 2. The calculated phase diagram is shown in Fig.1. 
The invariant equilibria in the Mg-Nd system are listed 
in Table 3. It is clear that the calculated equilibria in the 
Mg-Nd system are in good agreement with most 
experimental data. According to our calculation, the 
homogeneity range of MgNd phase at 773 K is about 
42%−50% Mg, while the experimental value determined 
by X-ray energy dispersive spectroscopy (EDS)[9] is 
about 40%−50% Mg. Obviously, the calculated 
homogeneity range of MgNd can be accepted 
considering the precision of EDS results. Fig.1 shows 
that the 44.0%Mg (molar fraction) and 47.5%Mg (molar 
fraction) alloys at about 818 K are in MgNd single-phase 
region. This result is reasonable since two thermal effects 
for the 44.0%Mg and 47.5%Mg alloys at about 818 K 
observed on cooling may correspond to eutectoid decom- 
 

 

(5)

Fig.1 Phase diagram of Mg-Nd system calculated by present 
work compared with experimental data from Refs.[8−9]: ● 
Thermal effects observed on heating and cooling; △ Thermal 
effects observed on heating; ∇  Thermal effects observed on 
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cooling; ◇ Diffusion couple 
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Table 2 Thermodynamic parameters in the Mg-Nd system 

Phase Parameter Ref. 

0Lliq=−43547.1+19.4151T − 
1Lliq=−30 060.5+10.775 2T − Liquid 
2Lliq=−26 879.5+22.229 8T − 

HCP
Nd

0G =−6 902.93+110.686 664 5T−27.085 8T•ln(T) +0.556 125•10−3T2 

−2.692 3•10−6T3+34 887T−1;             (298.15−900 K) 
[14] 

HCP
Nd

0G =−5 484.083+83.246 891 5T−22.753 6T·ln(T) −4.204 02·10−3T2 

−1.802·10−6T3                           (900−1 128 K) 
[14] 

HCP
Nd

0G =−224 110.846+1 672.625 024T−238.182 873 3T•ln(T)+78.615 997·10−3T2 

−6.048 207·10−6T3+38 810 350T−1;             (1 128−1 799 K) 
[14] 

HCP
Nd

0G =−24 242.331+275.841 362 5T−48.785 4T·ln(T)   (1 799−1 800 K) [14] 

HCP_A3 

0LHCP=−13 200.0 − 

dHCP
Mg

0G = +5 000  HCP
Mg

0G [14] 
dHCP 

0LdHCP=−24 643.8+16.158 4T − 

0LBCC_A2=−43 765.4+20.873 9T − 
BCC_A2 

1LBCC_A2=−14 395.1 − 

GMg:Mg=GNd:Nd=0 − 

GMg:Nd=GNd:Mg=−41 213.4 − 
0LNd:Mg,Nd=0LMg,Nd:Nd=−54 472.2 − BCC_B2 or MgNd 

1LNd:Mg,Nd=1LMg,Nd:Nd=9 847.8+5.563 33T − 

Mg2Nd NdMg2G =−15 110.0+2.725 88T+0.666 67 +0.333 33  HCP
Mg

0G dHCP
Nd

0G − 

Mg3Nd NdMg3G =−19 765.1+7.558 09T+0.75 +0.25•  HCP
Mg

0G dHCP
Nd

0G − 

Mg41Nd5 541NdMgG =−17 103.7+13.106 3T+0.891 30 +0.108 70  HCP
Mg

0G dHCP
Nd

0G − 

 
Table 3 Special points of Mg-Nd phase diagram 

Present work Ref.[8] 
Reaction 

T/K x(Mg) 
Reaction type 

T/K x(Mg) 

L→BCC_A2+BCC_B2 1 054 0.386 0.301 0.465 Eutectic 1 048 0.425 0.340 −

BCC_A2→ 
dHCP+BCC_B2 

817 0.182 0.051 0.416 Eutectoid 818 0.170 0.080 −

L→BCC_B2 1 075 − 0.488 − Congruent 1 073 − − −

L→BCC_B2+Mg2Nd 1 016 0.618 0.501 0.667 Eutectic 1 023 0.645 − −

L+Mg3Nd→Mg2Nd 1 028 0.666 0.667 0.750 Peritectic ＞1 023 − − −

Mg2Nd→BCC_B2+Mg3Nd 932 0.667 0.500 0.750 Eutectoid 933 − − −

L→Mg3Nd 1 058 − 0.750 − Congruent 1 053 − − −

L+Mg3Nd→Mg41Nd5 833 0.917 0.750 0.891 Peritectic 833 0.915 − −

L→HCP_A3+Mg41Nd5 822 0.937 0.999 0.891 Eutectic 818 0.925 0.999 − 
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decomposition of BCC_A2 phase formed from the 
nonequilibrium solidification that is very likely to occur 
during cooling process. 

Fig.2 shows the comparison of the enthalpy of 
formation at 773 K with the data measured by 
PAHLMAN and SMITH[10], and OGREN et al[11] 
calculated with Miedema theory by OUYANG et al[12]. 
The calculated values agree well with PAHLMAN’s and 
SMITH’s[10] and OGREN’s et al[11] experimental data. 
 

 
Fig.2 Calculated enthalpy of formation in Mg-Nd system 
compared with experimental data 
 

The comparison of Gibbs energies of formation at 
773 K between the calculated and experimental data is 
shown in Fig.3. The calculated results show that the 
phase with the greatest relative stability in the Mg-Nd 
system is Mg3Nd. It is in agreement with PAHLMAN 
and SMITH[10]. The calculated Gibbs energies of 
formation of all the compounds are consistent with 

 

 
Fig.3 Calculated Gibbs energies of formation in Mg-Nd system 
compared with experimental data 

experimental values except for Mg41Nd5. By considering 
the experimental errors introduced by vapor pressure 
method, and the fact that the peritectic nature of 
formation of the Mg41Nd5 phase may result in the 
presence of a small amount of nonequilibrium phase in 
the prepared alloys, this discrepancy is accepted in order 
to fit the phase diagram data for the Mg41Nd5 phase 
better. 
 
5 Conclusions 
 

1) On the basis of the reported experimental data, a 
self-consistent thermodynamic description is developed 
by thermo- dynamic modeling and optimization. 

2) Extensive comparisons between the calculated 
and experimental data are presented. The present 
description gives a good account of most of the 
experimental data. 
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