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a b s t r a c t

A thermodynamic description of the Mg–Nd–Zn system was developed by means of the CALPHAD (CALcu-
lation of PHAse Diagrams) method. The constituent binary systems Mg–Nd and Nd–Zn were re-optimized
based on the experimental phase equilibria and thermodynamic properties available in the literature.
Combining with the thermodynamic parameters of the Mg–Zn system cited from the reference, the
Mg–Nd–Zn ternary system was evaluated. The Gibbs energies of the solution phases (liquid, BCC A2,
DHCP, HCP A3 and HCP Zn) were described by the subregular solution model with the Redlich–Kister
polynomial function, and those of the stoichiometric compounds, Nd2Zn17, NdZn11 H, NdZn11 L, Nd3Zn22,
Nd13Zn58, Nd3Zn11, NdZn3, NdZn2 and Mg2Nd, were described by the sublattice model. The compounds
Mg3Nd and Mg41Nd5 in the Mg–Nd–Zn system were treated as the formulae (Mg, Zn)3(Mg, Nd) and
(Mg, Nd, Zn)41(Mg, Nd)5. The order–disorder transition between BCC B2 and BCC A2 phases was treated
using a two-sublattice model (Mg, Nd, Zn) (Mg, Nd, Zn) . Based on experimental data, four stable
0.5 0.5

ternary compounds �1(Mg7Nd1Zn12), �2(Mg7Nd2Zn11), �3(Mg6Nd1Zn3) and �4(Mg6Nd3Zn11) were taken
into consideration in this system. A set of self-consistent thermodynamic parameters of the Mg–Nd–Zn
system was obtained. Projection of the liquidus surface, selected vertical and isothermal sections were
calculated using the proposed thermodynamic description. Comprehensive comparisons between the
calculated and measured phase diagrams show that almost all the accurate experimental information is

or by
satisfactorily accounted f

. Introduction

With the increased worldwide emphasis on improved fuel effi-
iency, magnesium alloys are widely used in the automotive,
ommunications and aerospace industries because of their advan-
ageous properties such as low density, high specific strength, good
astability, excellent machinability and good weldability [1–8].
owever, compared with other metals such as aluminum or steel,

he applications of magnesium alloys are limited owing to their
estrained mechanical properties and creep resistance at elevated
emperatures [1–4]. The addition of rare earth elements has been
eported to be an effective method for improving creep resistance
nd mechanical properties of magnesium alloys at elevated tem-

eratures [4–8]. Among the mischmetal (MM, including Ce, La, Nd,
r, etc.), Nd has the greatest solubility in magnesium based solid
olution [9]. The addition of Nd to Mg alloys results in a significantly
ncrease on hardness and strength after suitable heat treatment due
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ax: +86 73188876692.
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the present thermodynamic description.
© 2010 Elsevier B.V. All rights reserved.

to the formation of plate-shaped GP zones and precipitates on pris-
matic planes of the Mg matrix [10]. The addition of Zn to a binary
Mg–Nd alloy would further increase its peak-aged hardness. Wil-
son et al. [10] systematically investigated the effects of Zn additions
on the precipitate microstructures, ageing behavior and mechan-
ical properties of Mg–Nd alloy. Despite these interesting results,
the mechanism why the rare earth elements can improve the per-
formance of the magnesium alloys has not been clearly identified.
Phase relations of the Mg–Nd–Zn system are particularly helpful for
alloy design. The present work aims to develop a consistent thermo-
dynamic description of the Mg–Nd–Zn system using the CALPHAD
technique. In this work, the thermodynamic parameters for the
Mg–Nd and Nd–Zn binary systems were re-optimized. Combining
with the parameters of the Mg–Zn system cited from the refer-
ence [11], the Mg–Nd–Zn ternary system was optimized based on
available experimental data.

2. Experimental data from the literature
2.1. Mg–Nd system

The Mg–Nd phase diagram was first constructed by Nayeb-
Hashemi and Clark [12] according to early investigations [13–16]

dx.doi.org/10.1016/j.jallcom.2010.07.056
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pdc@mail.csu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.07.056
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Table 1
List of the symbols to denote the phases in the Mg–Nd–Zn system.

Symbol Phase

L Liquid
(Mg),(Nd),(Zn) Solid solutions based on

HCP A3 Mg, DHCP Nd,
HCP Zn Zn, respectively

BCC A2 Disordered bcc phase
BCC B2 An ordered phase based on

the bcc structure
Mg51Zn20 Binary Mg51Zn20 compound
MgZn Binary MgZn compound
Mg2Zn3 Binary Mg2Zn3 compound
C14 Binary Mg2Zn compound
Mg2Zn11 Binary Mg2Zn11 compound
NdZn2 Binary NdZn2 compound
NdZn3 Binary NdZn3 compound
Nd3Zn11 Binary Nd3Zn11 compound
Nd13Zn58 Binary Nd13Zn58 compound
Nd3Zn22 Binary Nd3Zn22 compound
Nd2Zn17 Binary Nd2Zn17 compound
NdZn11 L Binary NdZn11 L compound
NdZn11 H Binary NdZn11 H compound
Mg2Nd Binary Mg2Nd compound
Mg3Nd Solid solution based on the

Mg3Nd phase
Mg41Nd5 Solid solution based on the

Mg41Nd5 phase
�1(Mg7Nd1Zn12) Ternary compound
ig. 1. Calculated Mg–Nd phase diagram using the thermodynamic description
etermined by Guo et al. [22,23].

nd the assumed similarities with Mg–La, Mg–Ce and Mg–Pr sys-
ems. A systematic investigation of the Mg–Nd phase diagram was
erformed by Delfino et al. [17] using DTA, X-ray diffraction, met-
llography and microprobe analysis. Based on the experimental
esults of Delfino et al. [17], Okamoto [18] has redrawn the Mg–Nd
hase diagram. Nayeb-Hashemi and Clark [12] have reported ther-
odynamic data of intermediate phases on the basis of vapor

ressure measurements by Ogren et al. [19] and Pahlman and Smith
20].

Based upon the above-mentioned experimental data, the
g–Nd system has been optimized by Gorsse et al. [21], Guo et

l. [22,23] and Meng et al. [24]. Gorsse et al. [21] calculated the
g–Nd system using substitutional solution model and associ-

ted model for the liquid phase. The optimized results showed
hat better agreement was obtained by using the associated model.
owever, the homogeneity range of intermetallic compounds and

he order–disorder transformation between BCC B2 and BCC A2
hases were not considered. Later, Guo et al. [22,23] and Meng et
l. [24] reassessed the Mg–Nd system. A calculation of the Mg–Nd
ystem above 1685 K showed that the DHCP phase becomes sta-
le as shown in Fig. 1 using the optimized parameters of Guo et al.
22,23]. The parameters of Meng et al. [24] have the same problem.
n view of these facts, the Mg–Nd system was re-optimized using
he Redlich–Kister polynomial to model the liquid phase. This was
one to maintain the consistency with the other binaries Mg–Zn
nd Nd–Zn.

.2. Nd–Zn system

On the basis of the experimental data [25], Qi et al. [26], Li et al.
27] and Liu et al. [28] have optimized the Nd–Zn system thermody-
amically, however, the order–disorder transition between BCC B2
nd BCC A2 phases was not considered in all these literatures. In the
resent work, the thermodynamic description of the Nd–Zn system
as modified based on the thermodynamic parameters of Qi et al.

26].

.3. Mg–Nd–Zn system
To facilitate reading, the symbols denoting the phases in the
g–Nd–Zn system are listed in Table 1.
The phase relations of the Mg–Nd–Zn ternary system have been

tudied by Drits et al. [29,30] using metallography and thermal
�2(Mg7Nd2Zn11) Ternary compound
�3(Mg6Nd1Zn3) Ternary compound
�4(Mg6Nd3Zn11) Ternary compound

analysis. In Drits et al. [29], five vertical sections were studied,
but only three of them, that at 10 wt.% Nd, at 20 wt.% Zn and from
80 wt.% Mg–20 wt.% Nd to 70 wt.% Mg–30 wt.% Zn were reported.
Also a partial liquidus projection in the Mg-rich corner indicat-
ing four invariant reactions was given. Drits et al. [30] reported
three isothermal sections at 473 K, 523 K and 573 K. Later, Drits
et al. [31] reproduced the isothermal sections at 473 K and 573 K
from Drits et al. [30] and gave the isothermal sections at 673 K and
773 K. Additionally, the compositions of the three ternary phases,
previously discovered by Drits et al. [30], were identified by X-ray
spectral analysis. Drits et al. [31] quoted the compositions of the
three ternary phases as Mg1Nd4Zn5, Mg6Nd2Zn7 and Mg2Nd2Zn9. A
complete isothermal section at 573 K was established by Kinzhibalo
et al. [32] based on XRD examination and they found four ternary
phases, Mg7Nd1Zn12(�1), Mg7Nd2Zn11(�2), Mg6Nd1Zn3(�3) and
Mg6Nd3Zn11(�4). The ternary compounds reported by these two
groups [31] and [32] were totally different at nearly the same tem-
perature. The isothermal sections given by Drits et al. [30,31] do not
confirm the stated compositions of the ternary compounds as given
by Drits et al. [31]. The compositions of the ternary phases deter-
mined by Drits et al. [31] were not used in the modeling. Recently,
Huang et al. studied the phase equilibrium relationships in the
Mg-rich corner at 573 K [33,34], 623 K [34] and 673 K [34,35]. The
compositions and crystal structures of the phases in the Mg–Zn–Nd
system were identified by scanning electron microscopy, electron
probe microanalysis, X-ray diffraction and selected area electron
diffraction of transmission electron microscopy. Two ternary com-
pounds were identified by Huang et al. [33]. The composition range
of one ternary phase is 58.3–63.9 at.% Mg, 28.2–33.6 at.% Zn and
7.9–8.3 at.% Nd. This is in agreement with that of �3 determined by
Kinzhibalo et al. [32]. The composition range of the other phase is
25.9–30.3 at.% Mg, 44.6–48.5 at.% Zn and 25.1–25.6 at.% Nd. This is

not a compound but a solid solution of Mg3Nd containing the Zn ele-
ment. The existence of �1 phase was also confirmed by Huang et al.
[34]. The results obtained by Kinzhibalo et al. [32] and by Huang et
al. [33–35] agree well with each other in terms of the homogeneity
ranges of ternary phases and the phase equilibria. The isothermal
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ection at 573 K determined by Kinzhibalo et al. [32] was accepted
n the present work. Additionally, the phases NdZn11 L, Nd3Zn22,
d13Zn58 and Nd3Zn11 were added to the isothermal section. The
g51Zn20 phase was excluded because it is not stable at 573 K.
Drits et al. [30] showed that there is a pseudo-binary eutectic

eaction on the vertical section from the Mg solid solution to the
3 compound. It occurs at 798 K and the eutectic point is at 31 wt.%
d, 10 wt.% Zn. This information is used in the optimization since

t is generally believed that the measured eutectic temperature is
ore accurate than the measured liquidus. Due to the inconsis-

encies of composition ranges of ternary phases given by Drits et
l. [31] and Kinzhibalo et al. [32], the vertical section from 80 wt.%
g–20 wt.% Nd to 70 wt.% Mg–30 wt.% Zn should be corrected tak-

ng into account the isothermal sections. The invariant equilibria
erived from the liquidus surface reported by Drits et al. [29] were
tilized in the modeling.

. Thermodynamic models

For a pure element with a certain structure ˚, its Gibbs energy
unction is described by the following equation:

G˚
i (T) = a + bT + cT ln T + dT2 + eT3 + fT−1 + gT7 + hT−9 (1)

here the parameters a through h are assigned from the SGTE
atabase [36].

The Gibbs energy of the element i (i = Mg, Nd, Zn), 0G˚
i

(T), in a
tandard element reference (SER) state, is denoted by GHSERi,

HSERi = 0G˚
i (T) − HSER

i (298.15 K) (2)

here HSER
i

(298.15 K) is the molar enthalpy of the element i at
98.15 K in its reference state, i.e. HCP A3 for Mg, DHCP for Nd and
CP Zn for Zn.

There are solution phases, stoichiometric intermetallic com-
ounds and intermetallic compounds with noticeable solubility
anges in this alloy system. In the following part, the analytical
xpressions for all the phases are briefly presented.

.1. Solution phases

The Gibbs energies for liquid, BCC A2, HCP A3, HCP Zn and DHCP
olution phases are described by the substitutional solution model
s follows,

˚ =
∑

x0
i G˚

i + RT
∑

xi ln(xi) + EG˚
m (3)

here 0G˚
i

is the molar Gibbs energy of the element i (i = Mg, Nd,
n) with the structure ˚, R is the gas constant, T is the tempera-
ure expressed in K, xi is the mole fractions of component i, and
G˚

m is the excess Gibbs energy formulated with the Redlich–Kister
olynomial [37] as

G˚
m = xMgxNd

∑

i

iL˚
Mg,Nd(xMg−xNd)i+xMgxZn

∑

i

iL˚
Mg,Zn(xMg−xZn)i

+xNdxZn

∑

i

iL˚
Nd,Zn(xNd − xZn)i + xMgxNdxZn

iL˚
Mg,Nd,Zn (4)

here iL˚
Mg,Nd, iL˚

Mg,Zn and iL˚
Nd,Zn are the interaction parameters

etween elements Mg and Nd, Mg and Zn, and Nd and Zn, respec-
ively; iL˚

Mg,Nd,Zn is the ternary interaction parameter; iL˚
Mg,Nd,

L˚
Nd,Zn and iL˚

Mg,Nd,Zn are to be evaluated in the present work. The

eneral form of the interaction parameters is:

˚ = a + bT + cT ln T + dT2 + eT3 + fT−1 (5)

n most cases, only the first one or two terms are used according to
he temperature dependence of the experimental data.
pounds 509 (2011) 3274–3281

3.2. Intermetallic compounds

In the binary systems, Mg41Nd5 and Mg3Nd are described with
the sublattice models (Mg, Nd)41(Mg, Nd)5 and Mg3(Mg, Nd)1,
respectively, where boldface Mg and Nd represent the major
species in the sublattices. Because of the remarkable solubilities
of Zn in Mg41Nd5 and Mg3Nd, the sublattice models (Mg, Nd,
Zn)41(Mg, Nd)5 and (Mg, Zn)3(Mg, Nd)1 are employed. A detailed
review of the sublattice model can be found in [38]. As an example,
for a two sublattice phase ˚, (Ay′

A
By′

B
)
p
(Ay′′

A
By′′

B
)
q

with the subscripts

p and q referring to total number of sites on each sublattice,

Gref
˚ = y′

Ay′′
AG0

A:A + y′
Ay′′

BG0
A:B + y′

By′′
AG0

B:A + y′
By′′

BG0
B:B (6)

where G0
A:B refers to the Gibbs energy of a hypothetical compound

ApBq and y′
Ay′′

B the corresponding product of the site fractions. Other
terms in Eq. (6) can be interpreted in a similar way.

The Gibbs energy of the sublattice model for a phase ˚ is
expressed as:

G˚ = Gref
˚ + Gid

˚ + GE
˚ (7)

The ideal mixing term Gid
˚

is,

Gid
˚ = RT[p(y′

A ln y′
A + y′

B ln y′
B) + q(y′′

A ln y′′
A + y′′

B ln y′′
B)] (8)

The excess Gibbs energy is,

GE
˚ = y′

Ay′
B[y′′

ALA,B:A + y′′
BLA,B:B] + y′′

Ay′′
B[y′

ALA:A,B + y′
B:A,B]

+ y′
Ay′

By′′
Ay′′

BLA,B:A,B (9)

with the interaction parameter e.g. LA,B:A and LB:A,B denoting mixing
on only one of the sites.

3.3. Ordered BCC B2 phase

In order to represent the Gibbs energies of both the disordered
BCC A2 phase, described by a model (Mg, Nd, Zn), and the ordered
BCC B2 phase using a single function, the BCC B2 phase is modeled
as (Mg, Nd, Zn)0.5(Mg, Nd, Zn)0.5. Ansara et al. [39] have derived an
equation which allows the thermodynamic properties of the disor-
dered phase to be evaluated independently. This is done by dividing
the Gibbs energy into three terms:

GBCC A2,B2
m = GBCC A2

m (xMg, xNd, xZn)

+ GB2
m (y′

Mg, y′
Nd, y′

Zn, y′′
Mg, y′′

Nd, y′′
Zn)−GB2

m (xMg, xNd, xZn)

(10)

where y′
Mg, y′

Nd, and y′
Zn are the site fractions of Mg, Nd and Zn in

the first sublattice, and y′′
Mg, y′′

Nd and y′′
Zn are those in the second

one. GBCC A2
m (xMg, xNd, xZn) is the Gibbs energy of the disordered

BCC A2 phase. The second term, GB2
m (y′

Mg, y′
Nd, y′

Zn, y′′
Mg, y′′

Nd, y′′
Zn), is

described by the sublattice model and implicitly contains a contri-
bution from the disordered state. The last term, GB2

m (xMg, xNd, xZn),
represents that contribution from the disordered state to the
ordered one. When the site fractions are equal, i.e. y′

Mg = y′′
Mg,

y′
Nd = y′′

Nd and y′
Zn = y′′

Zn, the last two terms cancel each other. In
this case, Eq. (10) corresponds to the disordered state.

3.4. Stoichiometric phases
Because of the negligible solid solubilities for the third element,
NdZn2, NdZn3, Nd3Zn11, Nd13Zn58, Nd3Zn22, Nd2Zn17, NdZn11 H,
NdZn11 L and Mg2Nd are treated as stoichiometric phases.
Four ternary compounds, �1-Mg7Nd1Zn12, �2-Mg7Nd2Zn11, �3-
Mg6Nd1Zn3, and �4-Mg6Nd3Zn11, were modeled as stoichiometric
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ig. 2. Calculated Mg–Nd phase diagram using the present thermodynamic descrip-
ion compared with the experimental data [17]. (�) Thermal effects observed on

eating and cooling; ( ) thermal effects observed on cooling; ( ) thermal effects
bserved on heating.

hases (MgxNdyZnz), and their Gibbs energy expressions are writ-
en as:

MgxNdyZnz = xGHCP A3
Mg + yGDHCP

Nd + zGHCP ZN
Zn + C + DT (11)

here C and D are the parameters to be optimized.

. Results and discussion

On the basis of lattice stabilities taken from the PURE database
36], the optimization of the Mg–Nd and Nd–Zn system is carried
ut using the PARROT module in the Thermo-Calc software package
eveloped by Sundman et al. [38]. The phase diagram and thermo-
hemical literature data have been used as input to the program for
he optimization.
The calculated Mg–Nd phase diagram using the thermodynamic
arameters from Guo et al. [22,23] is shown in Fig. 1. The DHCP
hase is stable at higher temperatures. The Mg–Nd binary system
as re-optimized in this work. The calculated Mg–Nd phase dia-

ram compared with the experimental data [17] is shown in Fig. 2.

ig. 3. Calculated Gibbs energies of formation at 773 K in Mg–Nd system compared
ith experimental data [20] (Ref. state: Mg, HCP A3; Nd, DHCP).
Fig. 4. Calculated Nd–Zn phase diagram using the present thermodynamic descrip-
tion compared with the experimental data [25].

All the invariant reactions in the Mg–Nd system compared with that
reported by the literature [17] are listed in Table 2. The calculated
liquidus and invariant reactions are in good agreement with the
experimental data [17]. The comparison of Gibbs energies of for-
mation at 773 K between the calculated results and experimental
data [20] is shown in Fig. 3. The calculated Gibbs energies of forma-
tion of all the compounds are consistent with experimental values
except for Mg41Nd5. The formation of Mg41Nd5 peritectically may
result in the presence of a small amount of nonequilibrium phase
in the prepared alloys. The discrepancy is accepted in order to fit
the phase diagram data for the Mg41Nd5 phase better.

The calculated Nd–Zn phase diagram compared with the exper-
imental data [25] is presented in Fig. 4. Compared with the result
of the previous work [26], the order–disorder transition between
BCC B2 and BCC A2 was included. All the invariant reactions in the
Nd–Zn system are listed in Table 3. The differences between the
calculated and experimentally determined temperatures for the

invariant reactions are within the error limit.

Combining the optimized results of Mg–Nd and Nd–Zn binary
systems in this work with that of the Mg–Zn system cited from
the reference, the Mg–Nd–Zn ternary system was optimized based

Fig. 5. The experimental isothermal section of Mg–Nd–Zn system at 573 K by
Kinzhibalo et al. [32].
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Table 2
Invariant reactions in the Mg–Nd system.

Reaction T(K) Phases Comp. (at.% Nd)

Exp [17] Cal Exp [17] Cal

L → MgNd(B2) + BCC A2 1048 1045 Liquid 57.5 61.5
B2 – 50.0
BCC A2 66.0 67.4

L + Mg3Nd → Mg2Nd >1023 1023 Liquid – 34.7
Mg3Nd – 25.0
Mg2Nd – 33.3

L → Mg2Nd + MgNd(B2) 1023 1022 Liquid 35.5 35.8
Mg2Nd – 33.3
B2 – 45.1

Mg2Nd → Mg3Nd + MgNd(B2) 933 930 Mg3Nd – 25.0
Mg2Nd – 33.3
B2 – 48.1

L + Mg3Nd → Mg41Nd5 833 832 Liquid 8.5 7.0
Mg3Nd – 20.6
Mg41Nd5 – 10.3

L → Mg41Nd5 + HCP A3 818 826 Liquid 7.5 6.2
Mg41Nd5 – 10.2
HCP A3 0.1 0.8

BCC A2 → MgNd(B2) + DHCP 818 816 BCC A2 83.0 82.1
B2 – 50.3
DHCP 92.0 91.1

Fig. 6. Calculated isothermal section of the Mg–Nd–Zn system at 573 K.

T
I

Fig. 7. Calculated vertical section from 80 wt.% Mg–20 wt.% Nd to 70 wt.%
Mg–30 wt.% Zn.

able 3
nvariant reactions in the Nd–Zn system.

Reaction T(K) Composition, xL
Zn (at.%)

Exp [25] Cal Exp [25] Cal

L + Nd2Zn17 → Nd3Zn22 1223 1225 – 85.3
L → Nd13Zn58 + Nd3Zn22 1175 1174 – 81.8
L → NdZn(B2) + NdZn2 1141 1142 57.5 58.2
L + Nd13Zn58 → Nd3Zn11 1143 1141 – 76.9
L → NdZn2 + Nd3Zn11 1127 1128 73.7 74.8
NdZn2 + Nd3Zn11 → NdZn3 1122 1122 – –
L + Nd2Zn17 → NdZn11 H 1053 1057 – 98.0
L → NdZn(B2) + BCC A2 903 902 23.0 22.3
BCC A2 → NdZn(B2) + DHCP 895 893 – –
L + NdZn11 L → HCP Zn 693 693 ≈1 99.9
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Table 4
Thermodynamic parameters in the Mg–Nd–Zn system.

Phase Thermodynamic parameters Ref.

Liquid model: (Mg, Nd, Zn)1
0LLiq

Mg,Nd
= −34308.7 + 10.9T This work

1LLiq
Mg,Nd

= −14565.6 This work

2LLiq
Mg,Nd

= −16479.0 This work

0LLiq
Mg,Zn = −77729.24 + 680.52266T − 95T ln(T) + 0.04T2 [11]

1LLiq
Mg,Zn = 3674.72 + 0.57139T [11]

2LLiq
Mg,Zn = −1588.15 [11]

0LLiq
Nd,Zn

= −101981.93 + 20.0T This work

1LLiq
Nd,Zn

= +76182.7 − 29.9T This work

2LLiq
Nd,Zn

= −31990 + 18.0T This work

BCC A2 (disordered part of Bcc B2): (Mg, Nd, Zn)1(Va)3
0LBCC A2

Mg,Nd
= −24721.4 + 1.5T This work

1LBCC A2
Mg,Nd

= −25696.4 + 8.3T This work
2LBCC A2

Mg,Nd
= −16898.5 This work

0LBCC A2
Nd,Zn

= −46975.5 + 3.2T This work
0LBCC A2

Mg,Nd,Zn
= −15000 This work

BCC B2 (Mg, Nd, Zn)0.5(Mg, Nd, Zn)0.5
0LBCC B2

Mg:Nd
= 0LBCC B2

Nd:Mg
= −26755 + 2.9T This work

0LBCC B2
Mg,Nd:Nd

= 0LBCC B2
Nd:Mg,Nd

= −21500 This work
1LBCC B2

Mg,Nd:Nd
= 1LBCC B2

Nd:Mg,Nd
= +12000 This work

0LBCC B2
Nd:Zn

= 0LBCC B2
Zn:Nd

= −39405.4 + 7.8T87 This work
0LBCC B2

Nd,Zn:Nd
= 0LBCC B2

Nd:Nd,Zn
= +12000 This work

1LBCC B2
Nd,Zn:Nd

= 1LBCC B2
Nd:Nd,Zn

= −6000 This work

DHCP model: (Mg, Nd, Zn)1
0GDHCP

Mg = 303.4 + GHSERMG [22]
0LDHCP

Mg,Nd
= +22713.0 − 5.6T This work

1LDHCP
Mg,Nd

= +38913.4 This work

HCP A3 model: (Mg, Nd, Zn)1(Va)0.5
0GHCP A3

Nd
= 303.4 + GHSERND [22]

0GHCP A3
Zn = GHSERZN [36]

0LHCP A3
Mg,Nd

= −18000 This work
1LHCP A3

Mg,Nd
= −7000 This work

0LHCP A3
Mg,Zn = −3056.82 + 5.63801T [11]

1LHCP A3
Mg,Zn = −3127.26 + 5.65563T [11]

HCP ZN model: (Mg, Nd, Zn)1(Va)0.5
0GHCP ZN

Zn = GHSERZNR [36]
0LHCP Zn

Mg,Zn = −3056.82 + 5.63801T [11]
1LHCP Zn

Mg,Zn = −3127.26 + 5.65563T [11]

Mg51Zn20 model: (Mg)51(Zn)20 GMg51Zn20
Mg:Zn = −335741.54 + 35.5T + 51GHSERMG + 20GHSERZNR [11]

MgZn model: (Mg)12(Zn)13 GMgZn
Mg:Zn = −236980.84 + 59.24524T + 12GHSERMG + 13GHSERZNR [11]

Mg2Zn3 model: (Mg)2(Zn)3 GMg2Zn3
Mg:Zn = −54406.2 + 13.60156T + 2GHSERMG + 3GHSERZNR [11]

Laves C14 model: (Mg,Zn)2(Mg,Zn)1 GC14
Mg:Mg = 15000 + 3GHSERMG [11]

GC14
Zn:Zn = 15000 + 3GHSERZNR [11]

GC14
Zn:Mg = −35355.45 + 8.83886 + 2GHSERZNR + GHSERMG [11]

GC14
Mg:Zn = +65355.45 − 8.83886 + GHSERZNR + 2GHSERMG [11]

GC14
Mg,Zn:Mg = GC14

Mg,Zn:Zn = 35000 [11]

GC14
Mg:Mg,Zn = GC14

Zn:Mg,Zn = 8000 [11]

Mg2Zn11 model: (Mg)2(Zn)11 GMg2Zn11
Mg:Zn = −73818.32 + 18.45457T + 2GHSERMG + 11GHSERZNR [11]

NdZn2 model: (Nd)0.333(Zn)0.667 GNdZn2
Nd:Zn

= −39154.2 + 7.2T + 0.333GHSERND + 0.667GHSERZNR This work

NdZn3 model: (Nd)0.25(Zn)0.75 GNdZn3
Nd:Zn

= −37764.8 + 8.7T + 0.25GHSERND + 0.75GHSERZNR This work

Nd3Zn11 model: (Nd)0.214(Zn)0.786 GNd3Zn11
Nd:Zn

= −34736.0 + 7.2T + 0.214GHSERND + 0.786GHSERZNR This work

Nd13Zn58 model: (Nd)0.183(Zn)0.817 GNd13Zn58
Nd:Zn

= −32198.0 + 6.1T + 0.183GHSERND + 0.817GHSERZNR This work

Nd3Zn22 model: (Nd)0.12(Zn)0.88 GNd3Zn22
Nd:Zn

= −27399.9 + 5.3T + 0.12GHSERND + 0.88GHSERZNR This work

Nd2Zn17 model: (Nd)0.105(Zn)0.895 GNd2Zn17
Nd:Zn

= −26208.7 + 5.3T + 0.105GHSERND + 0.895GHSERZNR This work

NdZn11 L model: (Nd)0.083(Zn)0.917 GNdZn11 L
Nd:Zn

= −22770.4 + 5.2T + 0.083GHSERND + 0.917GHSERZNR This work

NdZn11 H model: (Nd)0.083(Zn)0.917 GNdZn11 H
Nd:Zn

= −22694.6 + 5.2T + 0.083GHSERND + 0.917GHSERZNR This work

Mg2Nd model: (Mg)2(Nd)1 GMg2Nd
Mg:Nd

= −45530 + 9.0T + GHSERND + 2GHSERMG This work

Mg3Nd model: (Mg, Zn)3(Mg, Nd)1 GMg3Nd
Mg:Mg = +12400 − 8.4T + 4GHSERMG This work

GMg3Nd
Mg:Nd

= −75831.5 + 26.9T + GHSERND + 3GHSERMG This work

GMg3Nd
Mg:Mg,Nd

= +7999.8 This work

GMg3Nd
Zn:Nd

= −145000 + 34T + GHSERND + 3GHSERZNR This work

Mg41Nd5 model: (Mg, Nd, Zn)41(Mg, Nd)5 GMg41Nd5
Mg:Mg = +138000 + 46GHSERMG This work
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Table 4 ( Continued ).

Phase Thermodynamic parameters Ref.

GMg41Nd5
Nd:Nd

= +138000 + 46GHSERND This work

GMg41Nd5
Nd:Mg

= +459385.6 − 217.3T + 5GHSERMG + 41GHSERND This work

GMg41Nd5
Mg:Nd

= −459385.6 + 217.3T + 41GHSERMG + 5GHSERND This work

GMg41Nd5
Zn:Nd

= −1000000 + 240T + 41GHSERZNR + 5GHSERND This work
0GMg41Nd5

Mg,Nd:Mg
= 0GMg41Nd5

Mg,Nd:Nd
= −51679.8 + 10.2T This work

0GMg41Nd5
Mg:Mg,Nd

= 0GMg41Nd5
Nd:Mg,Nd

= −56137.8 + 3.7T This work

�1 model: (Mg)0.35 (Nd)0.05 (Zn)0.60 G�1
Nd:Mg:Zn

= −16300 + 0.35GHSERMG + 0.05GHSERND + 0.60GHSERZNR This work
� 0.35GHSERMG + 0.1GHSERND + 0.55GHSERZNR This work

0.6GHSERMG + 0.1GHSERND + 0.3GHSERZNR This work

0.3GHSERMG + 0.15GHSERND + 0.55GHSERZNR This work

o
t
T
t
a
c
p
i
N

T
C
i

�2 model: (Mg)0.35 (Nd)0.1 (Zn)0.55 G 2
Nd:Mg:Zn

= −19940 +
�3 model: (Mg)0.6 (Nd)0.1 (Zn)0.3 G�3

Nd:Mg:Zn
= −14700 +

�4 model: (Mg)0.3 (Nd)0.15 (Zn)0.55 G�4
Nd:Mg:Zn

= −23050 +

n available experimental data. Thermodynamic parameters for all
he phases in the Mg–Nd–Zn ternary system are summarized in
able 4 . Table 5 lists all the invariant reactions in this ternary sys-
em. The experimental isothermal section of the Mg–Nd–Zn system
t 573 K reported by Kinzhibalo et al. [32] is shown in Fig. 5. The

alculated isothermal section at 573 K is presented in Fig. 6. The
hases, NdZn11 L, Nd3Zn22, Nd13Zn58 and Nd3Zn11, are included

n the calculated isothermal section. The binary phases, MgNd and
dZn, form a complete solution phase BCC B2. In order to fit the

able 5
alculated invariant points in the Mg–Nd–Zn ternary system compared with exper-

mental data [29].

Type Reaction Temperature (K)

Calculated Experimental

Saddle points
Max1 L → NdZn2 + Mg3Nd 1088
Max2 L → Mg3Nd + B2 1082
Max3 L → Mg3Nd + �4 1067
Max4 L → �2 + �4 1060
Max5 L → �4 + Nd3Zn11 1056
Max6 L → �4 + Nd13Zn58 1055
Max7 L → �4 + NdZn3 1054
Max8 L → �1 + �2 1028
Max9 L → �1 + Nd2Zn17 1027
Max10 L → HCP A3 + �3 791 798 [29]

Ternary quasi-peritectic
U1 L + Mg3Nd → NdZn2 + �4 1062
U2 L + �4 → �2 + Nd13Zn58 1041
U3 L + Nd13Zn58 → �2 + Nd3Zn22 1036
U4 L + Nd2Zn17 → �1 + Nd3Zn22 1027
U5 L + �4 → �3 + �2 882
U6 L + �1 → C14 + Nd2Zn17 863
U7 L + Nd2Zn17 → C14 + NdZn11 H 844
U8 L + Mg3Nd → �3 + Mg41Nd5 804
U9 L + �3 → �2 + HCP A3 743 746 [29]
U10 L + �2 → �1 + HCP A3 715 713 [29]
U11 L + NdZn11 L → Mg2Zn11 + HCP Zn 640
U12 L + �1 → Mg7Zn3 + MgZn 614

Ternary peritectic
P1 L + Nd3Zn11 + NdZn2 → NdZn3 1122
P2 L + Mg3Nd + �4 → �3 895
P3 L + C14 + NdZn11 H → NdZn11 L 815
P4 L + �1 + C14 → Mg2Zn3 689
P5 L + C14 + NdZn11 L → Mg2Zn11 654
P6 L + Mg2Zn3 + �1 → MgZn 620
P7 L + �1 + HCP A3 → Mg7Zn3 614

Ternary eutectic
E1 L → B2 + Mg3Nd + NdZn2 1060
E2 L → Nd13Zn58 + Nd3Zn11 + �4 1055
E3 L → Nd3Zn11 + �4 + NdZn3 1054
E4 L → NdZn3 + NdZn2 + �4 1053
E5 L → �1 + Nd3Zn22 + �2 1025
E6 L → B2 + Mg3Nd + Mg2Nd 1020
E7 L → �3 + Mg41Nd5 + HCP A3 789.37 793 [29]

Fig. 8. Calculated liquidus projection of Mg–Nd–Zn system using the present ther-
modynamic description (a) full view (b) in the Mg-rich corner.
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emarkable solubility of Zn in Mg41Nd5 and Mg3Nd, the sublat-
ice models (Mg, Nd, Zn)41(Mg, Nd)5 and (Mg, Zn)3(Mg, Nd)1 are
mployed in this work. Comparing with Fig. 5, the phase relations
nd phase boundaries of the calculated isothermal section agree
ell with the literature [32]. Fig. 7 shows the calculated vertical

ection of the Mg–Nd–Zn system from 80 wt.% Mg–20 wt.% Nd to
0 wt.% Mg–30 wt.% Zn. A shift of the phase boundaries occurs com-
aring to the experimental data [29]. The discrepancy between
he calculated and experimental data was mainly caused by the
nconsistency between the composition of the ternary compounds
etermined by Drits et al. [31] and Kinzhibalo et al. [32]. However,
he calculated temperatures of the invariant reactions agree well
ith the experimental results determined by Drits et al. [29]. Fig. 8a

nd b are the calculated projection of the liquidus surface of the
g–Nd–Zn system using the present thermodynamic description.

he calculated temperatures of invariant reactions in the Mg-rich
orner agree well with the experimental data [29] presented in
able 5.

The Mg–Nd–Zn ternary system should be further investigated
xperimentally.

. Summary

The Mg–Nd and Nd–Zn systems have been re-optimized in this
ork. A reasonable thermodynamic description of the Mg–Nd–Zn

ystem has been established based on the experimental informa-
ion available in the literature. A set of self-consistent parameters
apable of describing all phases in this ternary system has been
btained. The calculated liquidus projection and certain vertical
nd isothermal sections show good agreement with the reported
xperimental data.
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