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a b s t r a c t

A thorough review and critical evaluation of phase equilibria and thermodynamic data for the phases
in the Mg–Ni–Y ternary system have been carried out over the entire composition range from room
temperature to above the liquidus. This system is being modeled for the first time using the modified
quasichemical model which considers the presence of short range ordering in the liquid. The Gibbs
energies of the different phases have been modeled, and optimized model parameters that reproduce all
the experimental data simultaneouslywithin experimental error limits have been obtained. For the liquid
phases, the modified quasichemical model is applied. A sublattice model within the compound-energy
formalism is used to take proper account of the structures of the binary intermediate solid solutions. The
Mg–Ni and Ni–Y binary systems have been re-optimized based on the experimental phase equilibrium
and thermodynamic data available in the literature. The optimized thermodynamic parameters for the
Mg–Y system are taken from the previous thermodynamic assessment of the Mg–Cu–Y system by the
same authors. The constructed database has been used to calculate liquidus projection, isothermal and
vertical sections which are compared with the available experimental information on this system. The
current calculations are in a good agreement with the experimental data reported in the literature.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Batteries can be a useful source of energy for spacecraft,
military and defense, communication, power tools and consumer
appliances because of their ability to store energy in a clean,
convenient and efficient manner and hence there is a growing
need for high-specific power, high-specific energy and low-cost
batteries [1]. Currently nickel/cadmium rechargeable batteries are
commonly used for these purposes. But due to the relatively
low capacity and environmental concerns more efficient and safe
substitutes for cadmium are urgently needed. The nickel-metal
hydride battery (MH) with a hydrogen storage alloy as a negative
electrode has shown a high potential in that aspect [1,2]. That
is why extensive attention has been paid to the utilization of
magnesium-based alloys as hydrogen storage materials owing
to their high storage capacity and low specific weight [3]. The
Mg–Ni–Y system is considered to be one of the promising
candidates [1]. Besides, this ternary is one of the promising Mg-
based metallic glass systems [4]. Hence it is becoming clear that a
detailed investigation on this system is needed.
The aim of the present work is to provide a comprehensive crit-

ical thermodynamic evaluation and optimization of the Mg–Ni–Y
system over the entire composition range from room tempera-
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ture to liquidus temperature. Two of the three constituent binaries,
Mg–Ni and Ni–Y, have been optimized using the modified quasi-
chemical model [5–7] for the liquid phase. The Mg–Y system was
optimized earlier by the same authors [8] and the model parame-
ters have been used directly in this work. The Toop [9] geometric
model with Mg as the asymmetric component has been used for
the extrapolation of the binaries to the ternary system.

2. Literature review

2.1. Ni–Y system

The phase diagram of the Ni–Y system was first investigated
by Beaudry and Daane [10] and later by Domagala et al. [11].
Beaudry and Daane [10] used metallographic, thermal analysis
and X-ray diffraction (XRD) methods in their investigation and
reported the existence of nine intermetallic compounds; NiY3,
Ni2Y3, Ni2Y, Ni3Y, Ni7Y2, Ni4Y, Ni17Y2, NiY and Ni5Y. Except for the
last two, all other compounds undergo peritectic decomposition.
Domagala et al. [11], however, reported eight compounds and
missed the existence of Ni7Y2. However, another investigation
by Buschow [12] on several phases of the Ni–RE (RE =

rare earth) showed that an Ni7RE2 phase occurs in all the heavier
Ni–RE systems. So the existence of the Ni7Y2 compound in
the Ni–Y system is consistent with the general trend and has
been included in this work. Domagala et al. [11], also, disagreed
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with Beaudry and Daane [10] about the stoichiometry of the
most Ni-rich intermediate phase reporting the composition to be
Ni9Y not Ni17Y2. Studying the crystal structure data reported by
Buschow [13] reveals that the stoichiometry should be Ni17Y2. This
composition was also accepted by several other assessments [14–
17] and hence it is used in the current analysis. The temperature
and composition of the three eutectic reactions reported by [10,11]
are consistent with each other and have been used in the current
assessment with more weight for the data of [10] since the error
associated with the data of [11] is higher.
Beaudry and Daane [10] reported the solubility of yttrium in

nickel to be 0.1 at.% at 1523 K, while the solubility of nickel in
yttrium to be 0.2 at.% at 1173 K. On the other hand, Domagala
et al. [11] reported it to be less than 1 wt.% in either terminal
solution. The value reported by [11] seems to be very high
considering the mutual solubility between Ni and other rare earth
metals [18–22]. Hence, it is decided to be consistent with the
solubilities reported by [10].
The magnetic properties of the intermetallic compounds in

the Ni–Y system were summarized by Buschow [12] and also by
Gignoux et al. [23,24]. None of the Ni–Y compounds has amagnetic
ordering temperature above room temperature. The highest value
is found in the Ni17Y2 compound and is close to 160 K [12]. Also,
Beaudry and Daane [10] did not find any of the intermetallic
compounds to show magnetic behavior at room temperature.
Hence the magnetic contribution is not added in the optimization
of this system.
Not many works on the experimental thermodynamic proper-

ties of the Ni–Y system could be found in the literature. Subra-
manian and Smith [15] determined the enthalpy of formation of
the nine intermediate phases using the electromotive force (emf)
measurements over the temperature range of 900–1225 K. Esti-
mations of the enthalpy of formation of these compounds were
done by [25–27] but these valueswill not be used during optimiza-
tion and only the experimentallymeasured values by Subramanian
and Smith [15] will be used. Batalin et al. [28] measured the en-
thalpy ofmixing of the liquidNi–Y at 1973Kusing differential ther-
mal analysis (DTA). The present calculation will be compared with
their results.
Thermodynamic assessments were done on the Ni–Y system

by Nash [14], Du and Zhang [16] and Mattern et al. [17]. In spite
of the high negative v-shaped experimental enthalpy of mixing
data [28], none of these assessments considered the presence of
short range ordering in the liquid. Therefore, it is decided to re-
optimize the Ni–Y systemusing themodified quasichemicalmodel
which considers the presence of short range ordering in the liquid.

2.2. Mg–Ni system

Voss [29] was the first researcher who investigated the Mg–Ni
system by thermal analysis in the composition range 0.04 <
XNi < 0.98. But in his work, the purity of Mg was not specified
and the purity of Ni was low (97.7 wt%). Later, Haughton and
Payne [30] determined the liquidus temperature more accurately
in the Mg-rich end (0 ≤ XNi ≤ 0.34) by thermal analysis with
high purity of elements. Bagnoud and Feschotte [31] investigated
the system using XRD, metallography, EPMA and DTA. Micke and
Ipser [32] determined the magnesium vapor pressure over the
Mg–Ni liquid in the XMg > 0.65 composition range by the
isopiestic method. They also obtained the liquidus curve between
0.30 < XNi < 0.40. According to these investigations, there are
two eutectic and one peritectic reactions in the Mg–Ni system.
Two intermetallic compounds have been reported; Mg2Ni melts
incongruently (1033 K) andMgNi2melts congruently (1420±3 K).
Bagnoud and Feschotte [31] investigated the homogeneity range of
MgNi2 and mentioned that it extends from 66.2 at.% Ni to 67.3 at.%
Ni. All these data are used in the optimization except a few data
points of Voss [29] due to the lack of consistency with the entire
phase diagram. Their data also deviate a lot from the reported
experimental data points of other researchers [30,32].
Haughton and Payne [30] mentioned that the solid solubility of

Ni in Mg is less than 0.04 at.% Ni at 773 K, whereas Merica and
Waltenberg [33] reported that the solid solubility ofMg in Ni is less
than 0.2 at.% Mg even at 1373 K. The abovementioned solubilities
have been used in the present work. Wollam andWallace [34] and
Buschow [35] disputed the ferromagnetic behavior of this system.
They investigated the system by heat capacity and magnetic
susceptibilitymeasurements and did not find any anomaly in these
properties for MgNi2 at any temperature. Hence the ferromagnetic
behavior of Ni is not included in the current assessment.
Laves and Witte [36] determined the crystal structure of the

Laves phase MgNi2 to be hexagonal hP24-type with 8 molecules
per unit cell, and the lattice parameters as a = 0.48147 and
c = 1.58019 nmwhich are in a good agreement with the reported
values of Lieser and Witte [37], and Bagnoud and Feschotte [31].
The crystal structure of Mg2Ni was determined by Schubert and
Anderko [38] who reported a hexagonal, C16-type structure with
6 molecules per unit cell and lattice parameters of a = 0.514 and
c = 1.322 nm which agree with those reported by Buschow [35].
Feufel and Sommer [39] measured the integral enthalpy of

mixing by the calorimetric method at 1002 K and 1008 K.
Micke and Ipser [32] determined the activity of Mg at several
temperatures using the isopiestic method. Reasonable agreement
was found between their [32] results and those of Sryvalin
et al. [40] in the composition range XNi ≤ 0.30. Sieben et al. [41]
also measured the activity of Mg from Mg vapor pressure.
Enthalpy of formation of the MgNi2 and Mg2Ni compounds

weremeasured by Sieben et al. [41], Smith and Christian [42], King
andKleppa [43], and Lukashenko and Eremenko [44]. All these data
are in reasonable agreement andwill be comparedwith the current
work.
Thermodynamic calculations of this system were carried out

by Nayeb-Hashemi and Clark [45], Jacobs and Spencer [46] and
most recently by Islam and Medraj [47]. But since we are using
themodified quasichemical model for the liquid phase of the other
twobinaries, theMg–Ni systemneeds to be re-optimizedusing this
model.

2.3. Mg–Ni–Y ternary system

The isothermal section at 673 K of the Mg–Ni–Y system (Ni ≥
50%) was investigated by Yao et al. [48] who confirmed the
existence of two ternary compounds Mg2Ni9Y and MgNi4Y at 673
K. The compositions of these ternary compounds were reported
earlier by Kadir et al. [49–51] and Aona et al. [52]. MgNi4Y has
a cubic SnMgCu4(AuBe5-type) structure, which is related to the
(C15) MgCu2 structure [51]. Kadir et al. [50] reported a hexagonal
structure for Mg2Ni9Y compound which is an isostructure of
LaMg2Ni9 with AB2C9-type. However, the enthalpy of formation or
melting temperature of these compounds has not been determined
yet. Yao et al. [48] investigated the 673 K isothermal section of the
Ni-rich region of the Mg–Ni–Y system using XRD, SEM and DTA.
They reported 13 single-phase regions, 25 two-phase regions and
13 three-phase regions. A complete description of the equilibria in
the Mg–Ni–Y system is still unknown.

3. Analytical descriptions of the employed thermodynamic
models

The Gibbs energy function used for the pure elements i (i = Mg,
Ni and Y) are taken from the SGTE (Scientific Group Thermodata
Europe) compilation of Dinsdale [53].
The Gibbs energy of a binary stoichiometric phase is given by:

Gφ = xi 0G
φ1
i +xj

0Gφ2j +1Gf (1)



480 M. Mezbahul-Islam, M. Medraj / CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 33 (2009) 478–486
where φ denotes the phase of interest, xi and xj are mole fractions
of elements i and j which are given by the stoichiometry of the
compound, 0Gφ1i and

0Gφ2i are the respective reference states of
elements i and j in their standard state and 1Gf = a + bT
represents the Gibbs energy of formation of the stoichiometric
compound. The parameters a and bwere obtained by optimization
using experimental data.
The Gibbs energy for the terminal solid solution phases is

described by the following equation:

Gφ = xi 0G
φ

i +xi
0Gφj +RT [xi ln xi + xj ln xj] +

exGφ (2)

where φ denotes the phase of interest and xi, xj denote the mole
fraction of components i and j, respectively. The first two terms
on the right hand side of Eq. (2) represent the Gibbs energy of the
mechanical mixture of the components, the third term is the ideal
Gibbs energy of mixing, and the fourth term is the excess Gibbs
energy,which is described by theRedlich–Kister polynomialmodel
in this work and can be represented as:

exGφ = xi.xj
n=m∑
n=0

nLφi,j(xi − xj)
n (3)

nLφi,j = an + bn × T (4)

where an and bn are the parameters of the model that need to
be optimized considering the experimental phase diagram and
thermodynamic data.
The modified quasichemical model [5–7] was chosen to

describe the liquid phases of the three constituent binaries. From
the literature survey, it was found that the binary systems
especially the Ni–Y system has a very high negative enthalpy
of mixing. This is an indication of the presence of short range
ordering [5] in the liquid. Also it is observed that systems showing
glass forming ability may have short range ordering in the liquid.
Therefore, it is decided to consider the presence of short range
ordering in the liquid while modeling the liquid phase since
this Mg–Ni–Y system showed some glass forming ability [4].
The modified quasichemical model is the most suitable model
to describe the short range ordering in the liquid. It has three
distinct characteristics [8–10]: (i) It permits the composition of
maximum short range ordering in a binary system to be freely
chosen. (ii) It expresses the energy of pair formation as a function
of composition which can be expanded as a polynomial in the
pair fraction. Also, the coordination numbers are permitted to
vary with the composition. (iii) The model can be extended
to multicomponent systems. The model has been discussed
extensively in the literature [5–7] andwill be outlined briefly here.
The energy of pair formation can be expressed by the following
equation:

1gAB = 1goAB +
∑
i≥1

g i0ABX
i
AA +

∑
j≥1

g0jABX
j
BB (5)

where 1goAB, g
i0
AB and g

0j
AB are the parameters of the model and can

be expressed as functions of temperature (1goAB = a + bT ). Also,
the atom to atom coordination number ZA and ZB can be expressed
as a function of composition and can be presented by the following
equations:

1
ZA
=
1
ZAAA

(
2nAA

2nAA + nAB

)
+
1
ZAAB

(
nAB

2nAA + nAB

)
(6)

1
ZB
=
1
ZBBB

(
2nBB

2nBB + nAB

)
+
1
ZBBA

(
nAB

2nBB + nAB

)
(7)

nij is the number of moles of (i − j) pairs, ZAAA and Z
A
AB are the

coordination numbers when all nearest neighbors of an A atom
are A or B atoms, respectively. The composition of maximum short
Table 1
Atom–atom ‘‘coordination numbers’’ of the liquid phase constituents.

A B ZAAB ZBAB
Mg Mg 6 6
Y Y 6 6
Ni Ni 6 6
Mg Ni 2 4
Y Ni 6 5

range ordering is determined by the ratio ZBBA/Z
A
AB. Values of Z

A
AB and

ZBBA are unique to the A–B binary system and should be carefully
determined to fit the thermodynamic experimental data (enthalpy
ofmixing, activity etc.). The selected values in the presentwork are
given in Table 1. The tendency to maximum short range ordering
near the composition 45 at.% Y in the Ni–Y system was obtained
by setting ZNiNiY = 5 and ZYNiY = 6. For the Mg–Ni system,
experimental enthalpy of mixing data are available only near the
Mg-rich region. Following the trend of these data and studying
previous optimization works on this system [45–47], it is assumed
that the maximum short range ordering should be near 35 at.% Ni
which was obtained by setting ZMgMgNi = 2 and Z

Ni
MgNi = 4. The value

of ZAAA is common for all systems containing A as a component. The
same is true for all components. In this work, the value of ZMgMgMg,
ZNiNiNi and Z

Y
YY was chosen to be 6 because it gave the best possible

fit for many binary systems and is recommended by Dr. Pelton’s
group [5–7].
The Gibbs energy of intermediate solid solutions is described

by the compound energy formalism as shown in the following
equations:

G = Gref + Gideal + Gexcess (8)

Gref =
∑
yliy
m
j . . . y

q
k
0G(i,j,...,k) (9)

Gideal = R(T/K)
∑
l

fl
∑
l

yli ln y
l
i (10)

Gexcess =
∑
yliy
l
jy
m
k

γ∑
γ=0

L(i,j,):k × (yli − y
l
j)
γ (11)

where i, j, . . . , k represent components or vacancy, l,m and q
represent sublattices, yli is the site fraction of component i on
sublattice l, fl is the fraction of sublattice l relative to the total
lattice sites,0G(i:j:..k) represents a real or a hypothetical compound
(end member) energy, and γ L(i,j) represents the interaction
parameters which describe the interaction within the sublattice.

4. Results and discussion
All the calculations in this work have been done using the

FactSage Software [54]. The calculated Ni–Y phase diagram along
with the experimental data from [10,11] is shown in Fig. 1,
which shows a good agreement with the experimental data of
Beaudry and Daane [10]. Some melting temperature data of the
compounds especially near the Ni-rich region (0.7–0.9 at.% Ni)
disagreed with the data of Domagala et al. [11]. However it is
decided to be consistent with the data of Beaudry and Daane [10]
because Domagala et al. [11] determined the melting point of
the compounds by visual analysis of the samples and reported
relatively high error ±25 K in these measurements, whereas
Beaudry andDaane [10] used thermal andmetallographicmethods
and reported smaller error of±5 K. In the current assessment, the
mutual solubility between Y and Ni is considered very low based
on the work of [10]. The optimized parameters of the liquid and
intermetallic compounds are given in Table 2. The parameters for
theGibbs energy of formation for the compounds are given at room
temperature.
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Fig. 1. Calculated Ni–Y phase diagram.
Table 2
Optimized model parameters of the Ni–Y system.

Phase Terms a (J/mol atom) b (J/mol atomK)

Liquid 1g0YNi −33,653.83 1.61
gY0YNi −1,339.46 1.26
gNi0YNi −17,538.50 0.00

Ni-fcc 0LNi-fcc 3,348.64 0.00
Y-bcc 0LY-bcc 418.58 0.00
Y-hcp 0LY-hcp 0 0.00
Ni17Y2 1Gf −18,205.16 0.874
Ni5Y 1Gf −28,350.23 1.492
Ni4Y 1Gf −152,853.25 1.965
Ni7Y2 1Gf −33,133.95 1.876
Ni3Y 1Gf −34,313.80 1.657
Ni2Y 1Gf −37,389.37 2.039
NiY 1Gf −35,284.53 0.832
Ni2Y3 1Gf −29,475.63 1.208
NiY3 1Gf −19,671.02 0.874

Fig. 2. Calculated enthalpy of mixing of liquid Ni–Y at 1973 K.

There is not enough experimental data on the thermodynamic
properties of the liquid Ni–Y. The only available data is from
Batalin et al. [28] who measured the integral enthalpy of mixing
Fig. 3. Calculated entropy of mixing of liquid Ni–Y at 1800 K.

at 1973 K. The calculated enthalpy of mixing curve at 1973 K with
the experimental data of [28] is shown in Fig. 2. Even though the
experimental enthalpy ofmixing data reported by Batalin et al. [28]
suggest that the maximum short range ordering should be around
20 at.% Y, this was impossible to obtain while maintaining the
consistency with the other thermodynamic and phase diagram
information of the system. The current thermodynamic calculation
showed that the maximum short range ordering should be around
40 at.% Y. Near this composition, the Ni2Y compoundwhich has the
most negative enthalpy of formation (−33.9 kJ/mol atom) occurs.
Usually short range ordering is expected around the composition
of the most stable compound. Besides, this calculation shows an
improvement on the SGTE database [55] as shown in Fig. 2. Also,
the entropy of mixing curve of the SGTE database [55] shows
negative deviationwhich is unusual. This is corrected in the current
work as shown in Fig. 3.
The calculated enthalpy of formation of the intermetallic

compounds at 973 K with the experimental data of Subramanian
and Smith [15] is shown in Fig. 4. Also, this calculation is
compared with the predicted enthalpy of formation values by
Mal et al. [25]. The calculated enthalpy of formation of most
of the compounds show higher negative values than those of
Subramanian and Smith [15]. Producing the compounds with a
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Table 3
Entropy of formation of the compounds in the Ni–Y system.

Phase −1S (J/mol atom K) (298 K) −1S (J/mol atom K) (923 K) −1S (J/mol atom K) (887–1224 K)
[15]

Ni17Y2 −2.01 0.79 0.88± 0.34
Ni5Y −1.20 1.42 1.48± 0.41
Ni4Y −0.62 1.89 1.61± 0.48
Ni7Y2 −0.63 1.81 1.59± 0.55
Ni3Y −0.76 1.59 1.70± 0.73
Ni2Y −0.11 1.98 2.51± 0.90
NiY −0.78 0.79 5.14± 1.84
Ni2Y3 −0.08 1.17 6.77± 2.34
NiY3 0.07 0.85 8.58± 5.26
Fig. 4. Calculated enthalpy of formation of the intermetallic compounds in theNi–Y
system at 973 K.

Fig. 5. Calculated entropy of formation of the Ni–Y compounds at different
temperatures (the units for the entropy of formation are per mole of formula units
instead of mol atom for clearer illustration).

less negative enthalpy of formation contradicted the experimental
phase diagram information. Hence, higher negative values for
the enthalpy of formation are used. The predicted values by Mal
et al. [25] also show similar results as the present calculation.
It can be seen from Fig. 5 that the entropy of formation of

the Ni–Y compounds decreases with temperature until around
the Ni Curie temperature (633 K). Beyond this temperature, the
entropy of formation approaches a constant value. This is due to the
ferromagnetic nature of Ni. Subramanian and Smith [15] reported
the entropy of formation of these compounds in the temperature
range 887–1224 K as constant values. Table 3 lists the values
obtained in this work in relation to those from [15]. It can be
seen that satisfactory agreement was achieved for most of the
compounds except those with high yttrium content. It is worth
noting that Subramanian and Smith [15] reported high error limits
for the entropy of formation of these compounds.
Table 4
Optimized model parameters of the Mg–Ni system.

Phase Terms a (J/mol atom) b (J/mol atom K)

Liquid 1g0MgNi −16,829.43 5.02
gMg0MgNi −15,864.18 10.49
g0NiMgNi −16,345.55 1.26

Mg-hcp 0LMg-hcp 3,767.22 0
Ni-fcc 0LNi-fcc 36,835.04 0
Mg2Ni 1Gf −17,181.82 −0.4108
MgNi2(Mg%,Ni)1 (Mg,Ni%)2 0GMgNi2Mg:Mg 8,333.33 12.66

0GMgNi2Mg:Ni −21,944.04 5.76
0GMgNi2Ni:Mg 0.00 0.00
0GMgNi2Ni:Ni 5,466.66 6.73

The calculated Mg–Ni phase diagram in comparison with the
available experimental data from the literature is shown in Fig. 6.
There is a lack of experimental data for the liquidus curve in the
region between Mg2Ni and MgNi2. Experiments in this region are
necessary for a better assessment of this system. Nevertheless, the
rest of the phase diagram shows very good agreement with the
experimental data. The optimized parameters of the liquid and
the intermetallic compounds are given in Table 4. A two sublattice
model for theMgNi2 as reported by Islam andMedraj [47] has been
used to reproduce the homogeneity range of this phase.
The calculated integral enthalpy of mixing of the liquid at

1008K is given in Fig. 7which shows very good agreementwith the
experimental data of Feufel and Sommer [39]. The activity of liquid
Mg and Ni calculated at 1100 K is shown in Fig. 8. The calculated
activity ofMg shows a good agreementwith the experimental data
of Sryvalin et al. [40] and Micke and Ipser [32]. For the activity of
Ni, however, not many experimental results are reported in the
literature. The calculated activity of Ni shows good agreementwith
the data of Sryvalin et al. [40]whoused the emfmethod tomeasure
the activity. Also, a good agreement can be seen with the data of
Sieben et al. [41] who measured the vapor pressure of Mg and
calculated the activity of Ni using the Gibbs–Duhem equation.
The calculated enthalpy of formation at room temperature

for Mg2Ni and MgNi2 compared with the available experimental
data is shown in Fig. 9. The current results are in a very good
agreement with Lukashenko and Eremenko [44] who obtained
these values using the emf method with a molten salt galvanic
cell. Also, there is a reasonable agreement between the current
work and Schmahl and Sieben [41] and King and Kleppa [43] who
determined the enthalpy of formation by transportation vapor
pressure technique and solution calorimetrymethod, respectively.
The calculated enthalpy of formation of Mg2Ni is not in a very
good agreement with the data of Smith and Christian [42] who
used the Knudsen effusion vapor method but it is decided to be
consistent with the other three groups since they were consistent
among themselves.
A self-consistent thermodynamic database for the Mg–Ni–Y

system has been constructed by combining the thermodynamic
descriptions of the three constituent binaries Mg–Ni, Ni–Y and



M. Mezbahul-Islam, M. Medraj / CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 33 (2009) 478–486 483
Fig. 6. Calculated Mg–Ni phase diagram.
Fig. 7. Calculated enthalpy of mixing of liquid Mg–Ni at 1008 K.

Fig. 8. Calculated activity of liquid Mg and Ni at 1100 K.
Mg–Y. According to Qiao et al. [56] if the excess thermodynamic
properties in two of the three binary systems show similarity
and significantly differ from the third one, the ternary system
should be considered as an asymmetric system and the common
component in the two similar binary systems should be chosen
as the asymmetric component. The enthalpy of mixing curves of
liquid Mg–Ni and Mg–Y showed similar maximum negative value
(−10 and −8 kJ/mol, respectively) while they differed from Ni–Y
(−26 kJ). Therefore, the Toop geometric model [9] with Mg as
the asymmetric component has been used for the extrapolation
to the ternary system. The two ternary compounds are included
in the system by approximating their enthalpy of formation based
on some indirect experimental information found in the literature
since no direct experimental data could be found.
Aono et al. [52] used the casting method for the preparation

of their sample for the investigation of the hydrogen absorption
property of the MgNi4Y ternary compound. During their sample
preparation a mixture of Ni2Y and MgNi2, total 3 gm, was
compressed into a pellet and put inside a high-purity Mo crucible.
The sample was then melted in an electric furnace at 1573 K.
Although it is not mentioned how precise the temperature
detection was and whether the Mo crucible reacted with the
sample or not, this value is considered a higher end of the melting
temperature of MgNi4Y. Especially because they most likely used
a little higher temperature to ensure complete melting of the
sample. Therefore, it is decided to fix the melting temperature of
this compound at 1552 K which can be seen in Fig. 10. This figure
shows a vertical section in theMg–Ni–Y systemwhere theMgNi4Y
melts congruently at a temperature close to that reported by [52].
On the other hand Kadir et al. [49] prepared a sample very rich

of the Mg2Ni9Ycompound using an arc-melting furnace. Hence it
is not possible to detect the melting point of this compound from
this experiment. However theyused annealing at 1271K toprepare
their sample which reveals that the melting temperature of this
ternary compound should be higher than this temperature. Aono
et al. [52] used a heat treatment temperature of 1423 K during
their sample preparation for studyingMgNi4Ywhich is about 150K
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Fig. 9. Enthalpy of formation of the intermetallic compounds in the Mg–Ni system.
Fig. 10. A vertical section of the Mg–Ni–Y system showing the melting temperature of the ternary compounds.
Table 5
Optimized model parameters of the ternary compounds.

Phase Terms a (J/mol atom) b (J/mol atom K)

MgNi4Y 1Gf −32,842.63 0.69
Mg2Ni9Y 1Gf −24,445.86 1.75

higher than what [49] used for Mg2Ni9Y This indicates that the
melting temperature of the Mg2Ni9Y should be lower than that
of MgNi4Y. In the present calculation the melting temperature of
Mg2Ni9Y is kept at 1490 K as can be seen in Fig. 10. The model
parameters of the MgNi4Y and Mg2Ni9Y compounds are given in
Table 5.
Fig. 11a shows the calculated isothermal section of theMg–Ni–Y

system at 673 K using the predicted melting temperature values
of the two ternary compounds. This present calculation shows a
reasonable agreement with the reported phase diagram by Yao
et al. [48]. It is worth noting that the experiments of Yao et al. [48]
were only in the Ni-rich region of the system which were used
to predict the triangulations shown in Fig. 11b. By lowering the
melting temperature of the MgNi4Y compound the isothermal
section could be adjusted more precisely but it is decided to be
consistent with a higher melting point since according to the
experimental detail of Aono et al. [52] it is quite clear that the
melting temperature should be near 1552 K.
One of the triangulations in Fig. 11b, reported by Yao et al. [48]

is between MgNi4Y, Mg and Ni2Y while in the present work in
Fig. 11a, this is found to be between MgNi4Y, ε(Mg24Y5) and NiY.
This is because Yao et al. [48] did not consider the existence
of the ε-phase in their work. Also, Ni2Y is an incongruently
melting compound which melts at a temperature very close to the
peritectic point. Therefore, it is more expected that MgNi4Y forms
triangulation with NiY which melts congruently rather than with
Ni2Y.
Hara et al. [1] prepared one alloy sample of theMg–Ni–Y system

using the casting method to test the suitability of this system
for hydrogen storage. Their alloy is composed of 82.5 at.% Mg,
15.9 at.% Ni and 1.6 at.% Y, and was melted at 1123 K. The present
calculation also shows that this composition is in the liquid state
at this temperature.
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Table 6
Calculated invariant points and their reactions in the Mg–Ni–Y system.

Reaction Type Temp. (K) Y (at.%) Mg (at.%) Ni (at.%)

Liquid� hcp-Mg+ ε +MgNi4Y E1 740.77 10.35 76.87 12.78
Liquid�Mg2Ni9Y+MgNi2 + Ni-fcc E2 1366.95 1.29 19.95 78.76
Liquid� ε +MgNi4Y+ YNi E3 683.83 27.31 37.87 34.82
Liquid� γ + YNi+ Ni2Y3 E4 877.70 53.81 21.43 24.76
Liquid+Mg2Ni�MgNi4Y+Mg-hcp U1 745.00 5.54 82.35 12.11
Liquid+MgNi2�MgNi4Y+Mg2Ni U2 1011.83 2.33 61.78 35.89
Liquid+Mg2Ni9Y�MgNi2 +MgNi4Y U3 1287.60 4.98 40.64 54.38
Liquid+ Ni17Y2� Ni-fcc+Mg2Ni9Y U4 1437.75 4.81 10.84 84.35
Liquid+ Ni5Y�Mg2Ni9Y+ Ni17Y2 U5 1462.53 6.63 10.92 82.45
Liquid+ Ni5Y�MgNi4Y+Mg2Ni9Y U6 1480.46 10.49 17.62 71.89
Liquid+ Ni5Y�MgNi4Y+ Ni4Y U7 1519.76 20.38 8.63 70.99
Liquid+ Ni4Y�MgNi4Y+ Ni7Y2 U8 1491.12 23.12 7.45 69.43
Liquid+ Ni7Y2�MgNi4Y+ Ni3Y U9 1438.81 26.38 6.72 66.90
Liquid+ Ni3Y�MgNi4Y + Ni2Y U10 1311.36 31.23 6.60 62.17
Liquid+ Ni2Y�MgNi4Y+ NiY U11 935.32 32.20 21.85 45.95
Liquid+ δ � ε + NiY U12 736.22 30.21 39.12 30.67
Liquid+ γ � δ + NiY U13 831.623 39.86 35.15 24.99
Liquid+ Y3Ni � γ + Ni2Y3 U14 879.51 55.50 20.42 24.08
Liquid+ hcp-Y � NiY3 + γ U15 904.56 57.35 20.90 21.75
Liquid+ β-Y � hcp-Y+ γ U16 1038.43 56.75 29.68 13.57
Liquid� ε +MgNi4Y m1 760.10 17.79 54.72 27.50
Liquid�MgNi2 +Mg2Ni9Y m2 1397.05 2.40 28.37 69.23
Liquid� Ni5Y+Mg2Ni9Y m3 1490.98 9.00 15.33 75.67
Liquid� Ni5Y+MgNi4Y m4 1537.26 16.67 11.88 71.45
Liquid� γ + YNi m5 886.24 49.56 25.27 25.17
Fig. 11a. Calculated isothermal section of the Mg–Ni–Y system at 673 K.

All this information has been taken into consideration during
the optimization of this system. No ternary interaction parameter
is added during the process. The liquidus projection of the
Mg–Ni–Y system is shown in Fig. 12. The univariant valleys are
shown by the heavier lines and the arrows on these lines indicate
the directions of decreasing temperature. There are four ternary
eutectic points (E1 to E4), sixteen ternary quasi-peritectic points
(U1 to U16) and five maximum or saddle points (m1 tom5) present
in this system. A summary of all the reactions at these invariant
points is given in Table 6.

5. Conclusion

A self-consistent thermodynamic database for the Mg–Ni–Y
system has been constructed by combining the thermodynamic
descriptions of the binaries Mg–Ni, Ni–Y and Mg–Y using the Toop
geometric model. No ternary interaction parameter has been used
for the extrapolation. Among the three binaries, Mg–Ni and Ni–Y
systems have been optimized in this work using the modified
quasichemical model for the liquid phase in order to consider the
Fig. 11b. Isothermal section of the Mg–Ni–Y system at 673 K (Ni-rich part)
(A) Mg2Ni9Y; (B) MgNi4Y [48].

presence of the short range ordering. The optimized parameters
for the Mg–Y system using the same model have been taken
from a previous work by the same authors. The phase diagrams
and the thermodynamic properties of all the binaries show a
good agreement with the experimental data. More experimental
investigation is required to obtain detailed information regarding
the two ternary compounds (MgNi4Y and Mg2Ni9Y). The melting
temperatures of these two compounds should be determined
experimentally which is very important to establish a more
accurate assessment of theMg–Ni–Y system. Also, all the predicted
invariant points are to be verified experimentally. The present
work can be used to design key experiments for further verification
of this system.
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