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The La-Mg-Ni system is considered as one of the most promising candidates for the hydrogen storage
alloys, and most of hydrogen storage phases in the La-Mg-Ni ternary system are mainly located near
the Mg-Ni side. The present work focused on clarifying the phase relationships at the Mg-Ni side using
the Calphad method. The thermodynamic descriptions of phase relationship were established on the
available literature data together with our experimental results. Several key specimens were selected,
synthesized and annealed at 773K, 973K and 1173K to confirm the accuracy of the phase diagram
calculated from the ternary thermodynamic description. Inductively coupled plasma, X-ray diffraction
and scanning electron microscopy with electron dispersive spectrometry were used to analyze the alloys.
The acceptable agreement on the equilibrium phases between the experimental and calculated results
suggested the reliability of the assessed thermodynamic descriptions of phase relationship. The optimized
phase equilibrium and thermodynamic information were successfully used to discuss the synthesized
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technological parameter of the La-Mg-Ni hydrogen storage alloys.
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1. Introduction

Ternary La-Mg-Ni alloys are known for their good ability
to absorb/desorb hydrogen in the solid state and electrochem-
ical property as electrode materials [1-4]. They are considered
as the potential promising candidates for their high hydrogen
storage capacity, light weight and low cost. Many binary and
ternary hydrogen storage phases in La-Mg-Ni system locate at the
Mg-Ni side [1-9], such as Mg, Ni, Lay(Mg; _xNix)17, (La;_xMgx)Nis,
(Laj_xMgx)Ni,, (Laj_xMgx)2Ni; and LaMg,Ni. The AB3-type and
A,B7-type hydrogen storage alloys were extensively studied due
to the phases (La;_xMgx)Ni3 and (La;_yMgx),Ni7 in Ni-rich cor-
ner with a good electrochemical property [1-5]. La;Mgy7 and
Mg, Niin Mg-rich corner are also investigated because of their good
hydrogen storage performance [6,7]. However, a more systemati-
cal and particular description on phase diagram of the La-Mg-Ni
ternary system is needed to explore its thermodynamics. The phase
equilibrium and thermodynamic information will be useful for
designing the optimal hydrogen storage alloy composition and
heat-treatment condition in order to control phase formation dur-
ing the synthetic process and to further improve the properties
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of alloys. For example, Denys et al. [10] experimentally deter-
mined the ternary phase diagram of Mg-Ni—-Mn system and applied
the phase diagram to investigate the properties of the hydrogen
storage phases in the ternary systems. However, the conventional
experimental determination of a ternary phase diagram is very
time consuming. A more advanced and effective method for the
design of multi-component hydrogen storage alloys is to couple
the thermodynamic calculation of phase diagram (CALPHAD) with
experimental determination [11,12].

In this study, utilizing the available data reported in litera-
tures coupled with our experimental results, the Mg—-Ni side in the
La-Mg-Ni system was thermodynamically assessed by the CAL-
PHAD approach. Then this obtained consistent thermodynamic
description was used to discuss the synthesized technological
parameter of the La-Mg-Ni hydrogen storage alloys, which were
verified by the experimental results published in literatures.

2. Thermodynamic description in the literature
2.1. Binary systems

The La-Mg phase diagram was assessed by Nayeb-Hashemi and
Clark [13], and five intermetallic compounds including LaMg;5,
La,Mgq7, LaMgs, LaMg, and LaMg were reported. Giovannini et al.
[14] investigated the Mg-rich region and found a stoichiometric
phase, LasMgy1, of which the structure is very similar to that of
the La;Mgq7 phase. However, many researchers believed that only
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Table 1

The unary, binary and ternary phases at the Mg-Ni side of La-Mg-Ni system from literatures.

Phase Pearson symbol/prototype Stability range (K) Space group Lattice parameters (nm)

a b c
Mg hP2-Mg <923 K P63 /mmc 0.3209 0.5211
Ni cF4-Cu <1728K Fm3m 03523
LaMg cP2-CsCl <1018K Pm3m 0.3965
LaMg, cF24-MgCu, 998-1048K Fd3m 0.8774
LaMgs cF16-BiF3 <1071K Fm3m 0.7494
Lay (Mg _xNiy )17 hP38-Th;Ni7 <? P63/mmc
La;Mg17,x=0 <943K 1.0350 1.0280
LaMgi, 0l338-CeMg1, <913K Immm 1.033 1.033 7.749
Mg, Ni hP18-Mg;Ni <1033K P6,22 0.5205 1.3236
MgNi, hP24-MgNi, <1420K P65 /mmc 0.4824 1.5826
LaNis hP6-CaCus <1623K P6/mmm 0.5016 0.3983
La;Nijg tl46-LasNig <987K 142m 0.7355 1.451
La;Nis 0C20-La; Nis <961K Cmca 0.5113 0.9731 0.7907
(Lal—ngx)ZNi7 <?
BLazNiz, x=0 hR18-Gd,Coy 1263-1287K R3m 0.5056 3.698
ala;Niz, x=0 hP36-Ce;Ni; <1263 K P63 /mmc 0.5058 2471
(La;_xMg,)Ni3 hR36-PuNis <? R3m
LaNi3, x=0 <1084K 0.5086 2.501
LaMg;Nig, x=0.67 <? 0.4923 2.3866
(La;_y Mgy)Niy cF24-Cu;Mg <? Fd3m
LaNiy, x=0 cF24-Cu,Mg Metastable Fd3m 0.7247
LaMgNig4, x=0.5 cF24-MgCusSn <? F43m 0.717
LaMg;Ni 0C16-CuMgAl, <903 K Cmcm 0.4277 1.0303 0.8360

the La;Mgq7 would probably be stable at low temperature [15].
Guo et al. [16] got the thermodynamic parameters with a good
self-consistency by reassessing the La-Mg system using CALPHAD
approach.

The Mg-Ni phase diagram containing MgNi, and Mg;Ni two
intermetallic compounds was assessed by Nayeb-Hashemi and
Clark [17], and then reassessed and got the thermodynamic param-
eters with good self-consistency in work reported by Jacobs and
Spencer [18]. Later, Islam and Medraj [19] assessed the system
again because they considered that thermodynamic parameters
from Jacob and Spencer were complex and not suitable for the
Mg-Ni-Ca ternary system. However, the Mg-Ni system assessed
by Islam and Medraj [19] was not consistent with the thermody-
namic properties, especially the measured heat capacities of C16
Mg, Ni and Laves-C36 MgNi, phases.

The La—Ni binary system contains nine intermetallic compounds
which are LazNi, La;yNisz, LaNi, LayNiz, LayNiyg, LaNi3, aLayNiy,
BLa;Ni; and LaNis. The phase diagram was reviewed early by
Okamoto [20]. Based on previous work, Du et al. [21] and Dischinger
and Schaller [22] assessed the La-Ni system and got a good agree-
ment with experimental data. Dischinger and Schaller [22] reported
a new binary stoichiometry LazNi;7, which was not found in any
other literatures.

2.2. The La-Mg-Ni ternary system

Effenberg et al. [23] revised the phase relations involved in
the Mg-rich corner of the isothermal section at 673 K and the lig-
uidus surface according to the reported ternary compounds and
the compiled literature data of the La—-Mg-Ni ternary system. A
ternary compound of LaMg,Ni was studied by Karonic et al. [24],
who did not report the crystal structure. Di Chio et al. [8] mea-
sured the lattice constants of LaMg,Ni by XRD and reported its
hydrogen absorption performance. Oesterreicher and Bittner [9],
Guénée et al. [25] and Kadir et al. [26] investigated the compound
(Laj_xMgx)Ni, and found that (La;_yMgx)Ni, existed in the range
of 0<x<0.67. Kadir et al. [27] firstly used two different methods
to synthesize a new ternary compound, LaMg,Nig, with PuNis3-
type structure. Then, Liao et al. [2] studied the effect of La/Mg
ratio on the crystal structures and electrochemical performances of

(LaxMg1_x)Ni3(1/3 <x<2/3) and found this series of alloys kept the
PuNis-type structure with alarge discharge capacity (~400 mAh/g).
The (La;_xMgx),Ni alloy was investigated by Dong et al. [3] and
Zhang [28], who found that La,;Ni7 could dissolved about 5 at.% Mg
at 1173 K and also had a large discharge capacity (~343.7 mAh/g).

Feufel et al. [29] and Schmid and Sommer [30] investigated the
thermodynamic properties of liquid La-Mg-Ni alloys with asso-
ciate model, respectively. De Negri et al. [31,32] investigated the
phase relations of the La-Mg-Ni system with experimental mea-
surements and plotted the isothermal section at 773 K. Zhang
et al. [33] analyzed phase equilibria of the La-Mg-Ni bulk metallic
glass system and obtained a complete thermodynamic description.
Table 1 summarized the unary, binary and ternary phases at the
Mg-Ni side of the La-Mg-Ni system from literatures.

3. Thermodynamic modeling

At the Mg-Ni side of the La-Mg-Ni system the thermodynamic
models of the liquid, Lay(Mgq_xNix)17, LaMg;Ni, (La;_xMgx)Ni,,
(La;_xMgyx)Ni3 and (La;_xMgx),Ni7; phases need to be considered.

The Gibbs energy of the liquid is described by the substitutional
solution model, as the following expression:

Liq _ o-Liq oLiq oLiq
G = x2°G ) +Xmg GMg + XNi GNi

+RT(xpa Inxpa + XMg In XMg + XNi Inxy;) + Ecliq (1)

where X5, Xmg and xy; are the mple fractions of the pure elements
La, Mg and Ni, respectively, £G4 is the excess Gibbs energy and
expressed by the Redlich-Kister polynomial,

E cLi kyLiq k kyLiq k
G = XLaXmg E Liamg(XLa — Xmg)” + XLaXni E L ni(XLa — Xni)

k k
kyLiq k Liq
+ XMgXni E g ni(XMg = XNi)"™ + XLaXMgXNiLp 3 g ni (2)
k
kylig  kjyliq kyliq : ; : _
where LLa‘Mgv LLa,Ni and LMgNi are the binary interaction param
Liq . . .
eters, LLaMg_Ni is the ternary interaction parameter.

The ternary phase LaMg,Ni is a stoichiometric compound with
CuAl;Mg-type structure [8]. The Gibbs energy per mole of formula
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unit LaMg;Ni can be expressed as follows:
i o dh o h o
GlaMeNi — oGP 1 2°GUiP 4 ° Gl + G 3)

where "Gf:q’, OGII\l,fgp and °GK¢ are the Gibbs energies of the pure
components dhcp-La, hcp-Mg and fcc-Ni, respectively, Gy is the
Gibbs energy of formation of the stoichiometric phase referred to
dhcp-La, hcp-Mg and fcc-Ni.

The binary stoichiometric compound La;Mgq7 has a ThyNiq7-
type structure. In the La-Mg-Ni ternary system, this compound
dissolves about 3at.% Ni at constant La content since Ni atoms
occupy the position of Mg atoms [24,32]. Therefore, it is treated
as (La)(Mg)14(Mg,Ni)s.

The binary stoichiometric compound La;Ni7 can dissolve about
3 at.% Mg to form the solid solution (La;_xMgx),Ni7 at 773 K when
Ni content keeps at a constant [32]. Dong et al. [3] and Zhang [28]
also found that the La;Ni; can dissolve about 5 at.% Mg at 1173 K.
Thus, (La;_xMgx ), Niy is treated as (La, Mg),(Ni);.

The solid solution (La;_yMgx)Ni3 at first was believed to be a
ternary stoichiometric compound LaMg,Nig [27] with PuNi3-type
structure. Later, some researchers found that a series of alloys
(Laj_xMgy)Ni3 (0 <x <0.67) had the same PuNis-type structure as
LaNis. In this work, we refer to De Negri et al.’s opinion [32] that a
continuous solid solution for the type (La;_yMgx)Ni3 exists in the
range of 0 <x < 0.67 forming by La/Mg substitution on the 6c site of
the R3m space group. The LaMg,Niq stoichiometry, corresponding
to x=0.67, represents the Mg-richest composition of this phase,
due to the saturation of the 6¢ site with Mg. The (La;_xMgx)Ni3
(0<x<0.67)is treated as (La){(La, Mg),(Ni)g.

The solid solution (La; _yMgx)Ni, was already reported by many
researchers [9,25,26,31,32]. According to De Negri et al.’s opinion
[31,32], the (La;_xMgx)Ni; ternary phase can be described as a solid
solution crystallizing in the MgCu4Sn-type structure with a homo-
geneity range of 0 <x<0.60, where the 16e site in the space group
F43m is occupied by Ni, the 4a site by La and the 4c site by a disor-
dered mixture of La and Mg in the range of 0 <x<0.5. For LaMgNi,
(x=0.5), the 4c site is likely to be saturated by Mg. In the range of
0.5<x<0.67, afurther Mg/La partial replacement occurred in the 4a
site. When x =0, the LaNi, binary phase is reported to be metastable
in the La-Ni system. Actually, it may be stabilized by an Mg/La sub-
stitution in the ternary system. So, in this work, the (La;_xMgx)Ni,
ternary phase is treated as (La, Mg);(Ni),.

The Gibbs energies of the ordered intermetallic
phases Lay(Mgq_xNix)17, (La;_xMgx)Nip, (Laj_xMgy)Ni3 and
(Laj_xMgx)2Ni7 could be described as the compound energy
formalism with a three-sublattice model of (p,q)s (1) (S)s3, which
Gibbs energy is

G = Grf 4 Gld 4 gex (4)

where G™f is expressed in terms of compound energies and their
associated sublattice species concentrations, yp, yq:

Gref = .VPG(p:r:s) +.VqG(q:r:s) (5)

G'Y is the ideal mixing term, which is assumed to be random mixing
of species on each sublattice:

G' = f; - RT[yp In(yp) + yq In(yq)] (6)

The excess term G®* is also expressed as a function of species con-
centrations with the sublattice L parameters being the numerical
coefficients in the contributing terms:

G™ = ypYaLp.q:r:s) (7)

where

Lip.qrs) = ZLE}p,q;r;s)(J/p -¥q)’ (8)
%

4. Thermodynamic assessment

Based on the binary sub-systems, the ternary database was
constructed and assessed. The La-Mg-Ni ternary system was opti-
mized using the available literature data. All the assessment and
calculations were done using the Pandat Software [35]. All the
obtained parameters and thermodynamic models were listed in
Table 2.

4.1. Binary systems

The binary La-Mg, Mg-Ni and La-Ni systems have been opti-
mized by Guoand Du [16], Jacobs and Spencer [18]and Duetal. [21],
respectively. In order to assure the self-consistency, the diagrams
were recalculated in this work, which showed a good agreement
with the experimental phase equilibrium and the assessed thermo-
dynamic data as presented in those studies. Their thermodynamic
models and parameters are also summarized in Table 2.

4.2. Liquid

Experimentally determined enthalpies of mixing of liquid [29]
were used to evaluate the ternary interaction parameters for the
liquid phase. A temperature-dependent parameter could not obvi-
ously ameliorate the thermodynamic description, therefore it was
omitted. Calculated and experimental values of the enthalpies of
mixing are plotted in Fig. 1 for the sections of Lag 50 Nig4g-Mg and
Mgg.79Nig21-La at 1036 K. Good agreement can be observed.

4.3. The Mg-Ni side

The phase relationships in the Mg-rich corner at 673K and
773 K have been investigated by Effenberg et al. [23] and De Negri
et al. [31], respectively. Based on their experimental data, the Mg-
rich corner was assessed. A discrepancy was found in the 673 K
isothermal section between Effenberg et al.’s revised phase dia-
gram [23] and the calculated result. Effenberg et al. [23] thought
that LasMgy; can exist stably but Giovannini et al. [14] found that
LasMg4; and LayMgy7 could not coexist and only La,Mgq7; was
stable. In the isothermal section at 773K, a discrepancy resulted
from the existence of liquid was between the calculated result and
the experimental phase diagram reported by De Negri’s et al. [31]
(Fig. 2a), who did not find the appearance of the liquid, but the
calculated result shows the liquid appears near the Mg-Ni binary
boundary region. Due to the difficulty in detecting the liquid, so
far no experiment was performed to confirm the existence of the
liquid.

In the Ni-rich corner, we first assumed the melting temperatures
of the (La;_xMgx)Ni; (x=0.5) and (La;_xMgx)Ni3 (x=0.67) accord-
ing to the experimental data. Kadir et al. [26] used the sintering
method to prepare the LaMgNi,4 ternary compound, a mixture of the
components in the atomic ratio of La:Mg:Ni=1:1:4 was pressed to
aplate and heat treated in a tube furnace at 973 K for 2 h. Zhang [34]
had annealed LaMgNiy4 alloy at 1023 K for 24 h. Thermal effective-
ness at 973K and 1023 K revealed that the melting temperature
of this ternary compound should be higher than 1023 K. So, in
this work, the melting temperature of LaMgNis was assumed to
be 1133 K. Similarly, the melting temperature of LaMg,Nig was
assumed to be 1473 K since the LaMg,Nig sample was prepared at
1373 K by Kadir et al. [27] using sintering method and LayMg3_xNig
(x=1.0-2.0) alloys were prepared at 1273 K by Liao et al. [2]. Based
on the experimental data reported by De Negri et al. [31], Zhang
[28], and Zhang [34], the thermodynamic model parameters in the
Ni-rich corner were optimized.
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Table 2
Thermodynamic parameters for the Mg-Ni side of La-Mg-Ni system reported in the literatures and optimized in this study (in J/mol of the formula unit).
Liquid:(La,Mg,Ni); 0L = —32472.5 + 8.3674T [16]
1L = 35610.1 - 24.0118T [16]
2, = —13162.4 [16]
oL = 116,299 +19.815T [21]
1L = —63,813 +40.941T [21]
OL;jfg{Ni = —-50910.00 + 25.79995T [18]
T = —14989.95 + 13.24788T [18]
oL i = —15,000 This work
Hep-Mg:(La,Mg); OGP = 0GP 4 5000 [16]
oL = 25,000 [16]
La;Nisz:(La)y(Ni)3 0GpaNis = zﬂcfahq’ +30GRee — 138, 509 + 14.109T [21]
La;Nisg:(La);(Ni)is 0GlazNits = 706N 1 16°GFC — 639,390 + 91.778T [21]
LaNis:(La); (Ni)s OGLaNis — 0GP | 50GFee _ 154, 674 + 30.662T [21]
LaMg1>:(La,Mg); (La,Mg)1> OGLMe2 = 0GP 1 120GP — 83174.4+ 16.9515T [16]
O0GEME = 120G +0G? + 83174.4 — 16.9515T [16]
oGk = 13°GUP + 20, 000 [16]
0GLaMez — 130G 120, 000 [16]
OplaMe; = O[laMER = 9059.4 — 10.42T [16]
OplaMeR = O[lMer = —9061.1+11.9552T [16]
LaMg:(La);(Mgh OGNE = OGP 4 0GP — 33402.3 + 9.1880T [16]
LaMg;,:(La); (Mg), OGLMEs = OGP 4 20GP — 26814.7 — 10.1377T [16]
LaMgs:(La,Mg)1(Mg)s OGLMEs = OGP + 30GHP — 78791.5 + 29.2136T [16]
OGLMe — 4GP + 5000 [16]
opames = 6797.4-3.7761T [16]
Mg, Ni:(Mg)o.6667(Ni)o3333 OGMERNT = —20320.40 + 138.49311T — 24.9354T InT — 1.538 x 107°T2 + 133, 8057 [18]
MgNi,: OGMENz — —24688.46 + 147.27013T — 25.7998T InT — 2.46496 x 10°T2 + 11575.5T ! [18]
(Mg,Ni)o.3333(Mg,Ni)os667 OGMEND = OGP + 764.7058861 + 20.5882353T [18]
OGMeNE2 — 0.6667°Gy? +0.3333°GEee + 1000 [18]
OGMeNiz — OGFee 4 5254.902 + 6.862745T [18]
LaMg;Ni:(La);(Mg)2(Ni) OGg?gﬂggzzm = OGE‘CP + 20(;;;;p +O0GFee — 123074.7163 + 51.8431T This work
LapMgi7:(La)a(Mg)14(Mg,Ni)s OGHaMEz = 20GDT +17°GP — 164604.6 +39.3279T [16]
OGLaMer — 20G0TP + 14°GyP + 30GEee This work
OplaMey . = —464, 600 + 2007 This work
1L{_,::Zl\l/\lllgg:llvl7g.Ni =217,300 — 100T This work
(La,Mg)Niy:(La,Mg); (Ni), OG{LaMeNiz — OGE:“D +20GRee — 82890.4953 + 10.5561T This work
OGaMEN2 — —62865.38 +441.81039T — 77.3994T InT — 7.39488 x 107°T2 + 334, 7267 This work
OLaMEN: — 77,055 + 35T This work
(La,Mg)Nis: OG{LaMeNis — 3°GLD3“°P +90GRee — 324, 462 + 47.571T [21]
(La) (La,Mg)2(Ni)o 0G{LaMeNi; _ 0GDCP 4 20GHP + 90GEee — 260356.9427 + 45.7399T This work

a(La,Mg)2Ni7:(La,Mg),(Ni);

B(La,Mg),Ni7:(La,Mg),(Ni)7

La:Mg:Ni
OpflaMeniz — —127,300 + 100T
OuaNEy, 30,000
0GallaMe,Niy — 0GP | 70GFec _ 239, 869 + 37.356T
OGoht/[(;:aNIi\/lg)sz — ZOGI\H/ICgp + 7DGLCic
OLalaMeRNi — 296,625+ 125T
0GAlaME,Ny — 20GPhP | 70GTee _ 937, 259 4 35.267T
PGy = 6P +

0 La,Mg);Ni7 _
LpAaMeRN — 296, 625 + 125T

This work
This work
[21]

This work
This work
[21]

This work

This work
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Fig. 1. Calculated enthalpies of mixing of liquid (Lags2Ni4s)1-xMgx (a) and (Mgo79Nip21)1_xLax (b) and experimental results at 1036 K.
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* single-phase samples
O two-phase samples

LaNis
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(La.Mg)Ni;

0« = = = =

0 0.2 04 06 08 1
Mg x(La) La

Fig. 2. Calculated isothermal sections of Mg-Ni side at 773 K (a), 1023 K (b) and 1173 K (c) and experimental points reported by De Negri et al. [31,32], Zhang [28] and Zhang
[34].
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Table 3
Predicted invariant reactions at the Mg-Ni side of the La-Mg-Ni system.

Reaction T(K) Composition in liquid
x (La) x (Mg) x (Ni)

Liq. — (La,Mg)Nis +(Ni) + LaNis 1422 0.0590 0.0937 0.8473
Liq. + LaNis — (La,Mg)Nis + 3(La,Mg), Niy 1370 0.1875 0.1615 0.6510
Liq. — (La,Mg)Nis +(Ni) + MgNi, 1359 0.0104 0.1934 0.7962
Liq. +(La,Mg)Ni; — (La,Mg)Ni, + MgNi, 1008 0.0824 0.5676 0.3500
Liq. +(La,Mg)Ni; — (La,Mg)Ni; + LazNig 979 0.4212 0.0010 0.5778
Liq. +La;Nijg — (La,Mg)Ni, +La; Nis 960 0.4282 0.0003 0.5715
Lig. + MgNi, — (La,Mg)Ni, + Mg, Ni 949 0.0748 0.6089 0.3163
Lig. +(La,Mg)Ni; — Mg, Ni +LaMg;, Ni 834 0.1171 0.6232 0.2597
Lig. +LaMg3 — LaMg;Ni +LaMg 791 0.5005 0.2129 0.2866
Lig. +LaMg3 — LaMg;Ni +La;Mg7 788 0.0901 0.7561 0.1538
Liq. — Mg, Ni+LaMg, Ni +La; Mg;7 778 0.0838 0.7577 0.1585
Liq. +La;Mgq7 — Mg, Ni+LaMg;, 773 0.0420 0.8365 0.1215
Liq. — (Mg) + Mg, Ni + LaMg1, 760 0.0228 0.8687 0.1085

4.4. Calculated results

Considering the properties of the liquid and the phase relation-
ships in the Mg-rich corner and Ni-rich corner, the thermodynamic
description of the Mg-Ni side in the La-Mg-Ni system was
obtained. Fig. 2a shows the calculated isothermal section at 773K
and the experimental points reported by De Negri etal.[31,32], they
thought the solubility ranges of the (La;_yMgx)Ni,, (La;_xMgx)Ni3
and (La;_xMgy),Ni; at 773K were 0<x<0.6, 0<x<0.67 and
0 <x<0.13, respectively. Fig. 2b shows the calculated isother-
mal section at 1023 K and the experimental points reported by
Zhang [34], who successfully detected the single-phase region
LaMgNiy4 and the two-phase region (La;_yMgy)Niy +(La;_xMgx)Ni3
at 1023 K. Fig. 2c shows the calculated isothermal section of Mg-Ni
side at 1173K and the experimental points reported by Zhang
[28], who prepared a series of La;_yMgxNi; (0.3 <x <0.8) hydro-
gen storage alloys and found that the maximal solubility range
of (La;_xMgx),Ni; was between x=0.4 and x=0.5. The predicted
invariant equilibria on the liquidus surface at the Mg-Ni side of the
La-Mg-Ni system are listed in Table 3.

In addition, there should exist a two-phase region
Ni+(La,Mg)Ni3 between the two three-phase regions
(La,Mg)Nis +(Ni) + MgNi, and (La,Mg)Nis +LaNis + (Ni). In fact, the
two-phase region Ni+(La,Mg)Ni; indeed exists in the calculated
phase diagram but appears to be a very narrow line.

5. Experimental verification
5.1. Experimental detail

In order to prove the calculated phase diagram by CALPAHD
approach, the verification test was carried out. The first step was

Table 4

to select the key specimens and molten alloys. Ni 99.99 mass%
purity, Mg 99.99 mass% purity, and La 99.83 mass% purity were
used as the starting materials. The ternary alloys were prepared
by induction melting under an argon atmosphere. In order to con-
trol the material loss due to the volatilization of Mg, the La-Ni
binary intermediate alloys were firstly prepared, and then Mg was
added. These prepared alloys were generally annealed in evac-
uated quartz ampoules at 773K, 973K and 1173K for 30 days,
respectively. All samples were quenched in cold water and their
elemental compositions were determined using the element chem-
ical analysis by inductively coupled plasma (ICP) in order to detect
the difference between the nominal composition and the actual
composition.

Both as-cast and annealed samples were investigated by XRD
analysis on a DLMAX-2200 diffractometer (CuKa radiation). The
Materials Data Inc. software Jade 5.0 and a Powder Diffraction File
(PDF release 2002) were used to analyze the XRD data. Some key
alloys were further investigated by scanning electron microscopy
(SEM, JSM-6700F).

5.2. Results and discussion

Table 4 lists the compositions and XRD characterizations of sam-
ples No. 1-16. All experimental results in Table 4 also marked in
Figs. 3, 5 and 6 in order to compare with the calculated results.
Fig. 3 shows the calculated isothermal section at 773 K with marked
samples No. 1-4 annealed at 773 K. The results of the XRD and
SEM characterizations for samples No. 1-4 show a good agreement
with the phase relationships of the calculated isothermal section
at 773 K. The microphotographs of two selected alloys are shown
in Fig. 4, from which it can be seen that an typical eutectic struc-

Results of the XRD characterization of selected La~-Mg-Ni alloys annealed at 773 K, 973K and 1173 K.

Sample/composition Annealing temperature

Phase analysis

No. 1/La1400Mgaa.00Niaz.00 773K
No. 2/La3 00Mg17.00Nis0.00 773K
No. 3/La10.00Mgs.40Nisa 60 773K
No. 4/Las00Mga1.00Niss.00 773K
No. 5/La3 00Mg17.00Nis0.00 973K
No. 6/La10.00Mgs.40Nisa 60 973K
No. 7/Lag 00Mg22.00Nis9.00 973K
No. 8/La13,08Mgo.93Niz6.99 973K
No. 9/La12,63Mgs 80Nis1.57 973K
No. 10/Lag 00Mg12.67Niz933 973K
No. 11/Lag 49Mg12.24Nizs 28 973K
No. 12/La3 00Mg17.00Nis0.00 1173K
No. 13/La10,00Mgs.40Nis4.60 1173K
No. 14/La10.91Mgo.04Niso 05 1173K
No. 15/Lag52Mg7.58Nis2.90 1173K
No. 16/La10.72Mgs 54Nis3 74 1173K

LaMg;Ni, (La,Mg)Niy, Mg, Ni
(La,Mg)Nis, (Ni), MgNi,
(La,Mg)Nis, (Ni), LaNis

(La,Mg)Niz, Mg, Ni, MgNi;
(La,Mg)Nis, (Ni), MgNi,

(La,Mg)Nis, (Ni), LaNis

(La,Mg)Niy, (La,Mg)Ni3, MgNi,, LaNis
(La,Mg)Nis, LaNis

(La,Mg)Nis, LaNis, (Ni)

(La,Mg)Nis, LaNis, (Ni)

(La,Mg)Nis, LaNis, (Ni)

( )
( )
( )Ni
( )Ni
( )

La,Mg)Nis, (Ni), MgNi,
La,Mg N13,( i), LaNis
La,Mg)Nis, (Ni), LaNis
La,Mg)Nis, (Ni), LaNis
La,Mg)Nis, (Ni), LaNis
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Ni Experimental points
4 three-phase samples

A \ LaMg)Ni,
£ N\ ion

La,Ni,

-

< x =

LaMqg. 0.4 0.6 0.8
LaMg,, La,Mg,, 0

Mg x(La) La

Fig. 3. Calculated isothermal section at 773 K with the experimental results marked
samples No. 1-4.

ture, (La,Mg)Nis +(Ni), which is corresponding to the reaction of
Lig. — (La,Mg)Ni3 +(Ni) + LaNis.

Fig. 5 shows the calculated isothermal section at 973 K with
marked samples No. 5-11. The results of the XRD characterization
for samples No. 5-11 also show a good agreement with the calcu-
lated isothermal section except sample No. 7, in which the LaNis
phase exists after annealing at 973 K. It is not consistent with the
calculated phase diagram. It should be mentioned that De Negri
et al. [31] also did not get the equilibrium phases by annealing at
773 K in the same phase region ((La,Mg)Ni3 +(La,Mg)Ni, + MgNi5 ).
This may be caused by the coexistence of (La,Mg)Ni3; and LaNis
phase, which is hard to be eliminated by annealing treatment.
Sample No.10 shows that the two-phase region (Ni) +(La,Mg)Ni3
between (La,Mg)Nis +(Ni)+ MgNi, and (La,Mg)Ni3 + LaNis +(Ni) is
indeed narrow as shown in the calculated diagram. Fig. 6 shows
the calculated isothermal section at 1173 K with marked samples
No. 12-16. The results of the XRD characterization for samples No.
12-16 show a good agreement with the calculated isothermal sec-
tions.

NONE COMPO 20.0kV  X2,000 10pm WD 15.2mm

Ni Experimental points
q < non-equilibrium samples
O two-phase samples
A three-phase samples

LaNi5
IX aLa,Mg),Ni,
,Mg)Ni,

\, (La,Mg)Ni,

0 0.2 0.4 0.6 0.8 1
Mg X(La} La

Fig.5. Calculated isothermal section at 973 K with the experimental results marked
samples No. 5-11.

Comparison all the experimental results with the calculated
results suggests that the assessed thermodynamic description of
phase relationship has a good self-consistency.

6. Application

The thermodynamic modeling of the phase equilibria at the
Mg-Ni side of the La-Mg-Ni ternary system in present paper
can provide some valuable guidance for design of new materi-
als and development of La-Mg-Ni hydrogen storage alloys. The
obtained phase diagram mentioned above would be used to dis-
cuss the synthesized technological parameter of the La-Mg-Ni
hydrogen storage alloys, which were verified by the experimen-
tal results published in literatures. Fig. 3 shows that several
hydrogen storage phases with a high hydrogen storage capac-
ity, e.g. Mg (7.6 wt.% H,), LaMg, (6.0wt.% Hy), La,Mgq7 (6.6 wt.%
H,) and Mg;,Ni (3.6wt.% Hjy), exist the Mg-rich corner of the
La-Mg-Ni ternary system. The final phases in La;39Mgg.22Nig4g
and Lay19Mgg7.37Nijg53 are (Mg)+Mg,Ni+LaMg,, and that in
Lag o1 Mg74.73Ni2].0] are La,Mgq7 + Mgle [36] The phase relation-
ships of these samples prepared from the mixture Mg and LaNis

NONE COMPO 2 10um WD 15.1mm

Fig. 4. SEM image (BSE mode) of the microstructure of sample No. 3 (a) [A: LaNis; B: (La;_xMgy)Ni3, x=0.67; C: (Ni)] and sample No. 4 (b) [A: (La;_xMgy)Niy; B: MgNiy; C:

Mg;Ni] annealed at 773 K.
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Experimental points
A three-phase samples

0¥ = = = = %
0 0.2 0.4 0.6 0.8 1
Mg x(La) La

Fig. 6. Calculated isothermal section at 1173K with the experimental results
marked samples No. 12-16.

agree well with our calculated results. Fig. 7 clearly shows the
vertical section of these samples. All the samples show a bet-
ter activation behavior under a pressure of 5MPa at 623 K than
pure Mg, which is associated with the presence of secondary
phases, such as the Mg;Ni, LaMg, and La,Mg;7. The maximum
hydrogen concentration can reach to 5.6wt.% H, and decrease
with the decrease of the phase abundance of pure Mg. In the
Ni-rich corner, the La-Mg-Ni hydrogen storage alloys usually
show good electrochemical properties due to the existence of the
LaNis, (La;_xMgx),Ni7 and (La;_xMgx)Ni3. Zhang et al. [37] stud-
ied the electrochemical behaviors of Lag75Mgg25Niz sMy (M = Ni;
x=0-0.6) hydrogen storage alloys composed of (La;_yMgyx)Ni3 and
LaNis, which are well agreed with our calculated vertical section
showed in Fig. 8. All the hydrogen storage alloys exhibit good
integrative electrochemical performances including a high dis-

H Sun(2000)

1000
[ ] ]
9004
Liquid+Mg,Ni
800 Liquid+Mg
<
[
7004
600+
500 ¥
0 f Mg,Ni+LaMg,+La,Mg,, y 0.063
La0 Mg+Mg,Ni+LaMg,, Mg Ni+LaaMgiy La:0.063
. Mg:0.625
N x(La) Ni:0.312

Fig. 7. Calculated partial vertical section Mg-LaNis with the experimental points
reported by Sun et al. [36].

B Zhang(2008)
1800

17004 Liquid
1600
1500+
14004
13004
1200
11004
10004
900+
800 LaNig+Ni+(La,Mg)Nig

EEEN Liquid#Ni

Liquid+LaNi,
: Liquid+Ni+LaNi,

[~

Liquid+LaNi +{La, Mg)Ni,
™ LaNigr({La,Mg)Ni,+p(La,Mg),Ni,
= LaNig+{La,Ma)Niz* c{La,Mg),Ni,
La (La,Mg)Nig*{La,Mg), Ni,

TIK]

700. LaNig+(La, Mg)Nij
600

500
0.75 1

a?\ La:0.1875 La:0
Mg:0.0625 X(Ni) Mg:0

Ni:0.76 Ni:1

Fig. 8. Calculated partial vertical section Lag75Mgp25-Ni with the experimental
points reported by Zhang et al. [37].

charge capacity and a good capacity retaining rate, which have
a closed relationship with phase composition of the termination
product.

7. Conclusion

Based on available literature data, the Mg-Ni side in the
La-Mg-Ni system was thermodynamically assessed and an optimal
set of thermodynamic parameters was obtained. The phases of lig-
uid, Lay(Mgq_xNix)17, LaMg,Ni, (La;_4Mgx)Niy, (La;_xMgx)Ni3 and
(Laj_xMgy ), Ni7 were modeled and the thermodynamic parameters
were optimized. Guided by the calculated results, sixteen speci-
mens were melted in an induction furnace and annealed at 773K,
973K and 1173 K for 30 days to validate the calculated isothermal
sections. The calculated Mg-Ni side of the La-Mg-Ni ternary sys-
tem phase diagrams showed a good consistency with experimental
results. The phase relationships of several key hydrogen storage
phases containing Mg, Ni, LaNis, La;(Mgq_xNix)17, (La;_xMgx)Nis,
(Laj_xMgy)Ni;y, (Laj_xMgy),Ni; and LaMg,;Ni were detected in
the present work. The calculated phase diagram was successfully
used to discuss the synthesized technological parameter of the
La-Mg-Ni hydrogen storage alloys.
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