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Abstract

In MgNi with an amorphous phase, a miscibility-gap (plateau) pressure of about 3x10™* MPa at room temperature was clearly
detected by electrochemical p—c isotherm measurements.The total radial distribution functions for X-ray and neutron diffraction indicated
that deuterium in MgNi occupies an interstitial tetrahedral site composed of nearly 2Mg2Ni. Structural and hydriding properties of
elemental substitution systems, Mg(Ni,_,T,) (T=Co and Cu) and (Mg, _,Al,)Ni with x=0-0.5, were also investigated experimentally.
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1. Introduction

There are two intermetallic compounds in the Mg—Ni
binary system, that is, Mg,Ni and MgNi, [1]. Upon
hydrogenation, Mg,Ni transforms into the hydride phase
Mg,NiH,, so as to form a stable covalent-type bonding
composed of Mg®" and [NiH,],-complex [2-5]. On the
other hand, MgNi, does not react with hydrogen at least in
the crystalline phase [6].

In the equiatomic composition between the two com-
pounds mentioned above, the amorphous MgNi phase is
formed by mechanical aloying [7—14]. The maximum
hydrogen content in MgNi corresponds to a composition of
MgNiH, o; the pressure dependence of the hydrogen
content is small compared with that in other amorphous
alloys [11-13]. This hydrogen-to-metal ratio is valid for
non-covalent-type hydrides such as TiFeH, with a
CsCI(B2)-type structure. Therefore it is of importance to
obtain accurate information on thermal stabilities and site-
occupations of hydrogen in the MgNi-based systems.
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The aims of this work were, first, to clarify the thermal
stability and the site-occupation of hydrogen in MgNi itself
[15], and then, to clarify the elemental substitution effects
on MgNi [15-18].

2. Experimental procedure

The mixtures of Mg,Ni (nearly 300 wm powder size),
Co, Ni, Cu and Al (under 5 pm powder size) were
mechanically aloyed under an argon atmosphere with a
5N5-purity, using a planetary ball mill apparatus (Fritsch
P7) with 400 r.p.m. for 80 h at room temperature. The
compositional ratios were x=0, 02 and 05 for
Mg(Ni,_,T,) (T=Co and Cu), and x=0, 0.1, 0.2, 0.3, 0.4
and 0.5 for (Mg,_,Al,)Ni. For the neutron diffraction
measurements at KEK, Tsukuba, Japan [19-21], the
sample with x=0, MgNi, was deuterided under a
deuterium atmosphere with a 4N-purity, using a Sieverts
type apparatus under a 1.0 MPa at room temperature.

It should be emphasized that we paid particular attention
to avoid impurity effects on the structural and hydriding
properties of the samples [22]. The material and shape of
the vial for mechanical aloying were carefully selected, so
as to lower the amount of the elemental Fe contamination
during mechanical aloying. In addition, the via (equipped
with a connection valve for evacuation or introduction of
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argon) with each sample was evacuated for 12 h below
0.01 Pa prior to mechanical alloying, and was aways
handled in a glove-box (filled with a purified argon of less
than 0.5 p.p.m. oxygen, and of dew point with lower than
185 K), so as to minimize any oxidation or nitrogenation.

The structural and hydriding properties of the sample
thus prepared were characterized by X-ray (Cu-K_ radia-
tion) and neutron diffraction measurements, high-resolu-
tion TEM observation, differential thermal anaysis, and
electrochemica p—c isotherm measurement. In the iso-
therm measurements [23-25], the discharge processes
were measured with an equilibrium current of 20 mAg’l,
at room temperature.

3. Results and discussion
31 MgNi [11-15]

The process of mechanical alloying was examined by
X-ray diffraction, which is shown in Fig. 1. The nano-
structured Mg,Ni with broad diffraction peaks are already
formed after 1 h, and then, the elemental Ni reacts with the
nanostructured Mg,Ni to form the amorphous MgNi. The
diffraction peaks corresponding to the elemental Ni are
completely absent after 80 h. As shown in Fig. 2, neither
Mg,Ni nor Ni crystallite can be microscopically observed
after 80 h. In Ref. [26], the formation process of the
amorphous phase was investigated by transmission elec-
tron microscopy.

The electrochemical p—c isotherm of MgNi is shown in
Fig. 3.

We would like to emphasize that there is obviously a

T
Mg,Ni +Ni

WJJMJL_JLN

mechanical alloying
1h

YA NN i

ZQM-MMMW?“M

Intensity (arb. units)

80 h MM
20 30 40 50
26/ degree

Fig. 1. X-ray diffraction profiles of MgNi during mechanical aloying.
The major diffraction peaks, except those of elemental Ni, correspond to
Mg,Ni.
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Fig. 2. High resolution TEM image and diffraction pattern of MgNi
mechanically alloyed for 80 h.

miscibility-gap (plateau) pressure, even in the amorphous
phase. This experimental result directly shows that the
site-energy distribution for hydrogen in MgNi is narrow
enough for the occurrence of the spinodal decomposition
[27]. So far, for conventional amorphous phases, such as
ZrNi, no miscibility-gap pressure has been observed due to
their wide site-energy distribution [28-31]. Site-energy
distributions predominantly come from the variation of
neighboring metal atoms around hydrogen atoms. In the
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Fig. 3. Electrochemical p—c isotherm of MgNi (in the discharge process
at room temperature).
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amorphous phase of ZrNi, for example, there are several
types of nearest metal coordinations with different site-
energies, increasing from 4Zr to 1Zr3Ni or 4Ni.

It should be also noted that the miscibility-gap pressure
of MgNi locates around 3X10 * MPa at room tempera-
ture. In Mg,NiH, with stable covalent-type bonding
composed of Mg®" and [NiH,],-complex [2-5], the
miscibility-gap pressure extrapolated to room temperature
is of the order of 10™° MPa [32].

To understand the origin of the hydriding properties
described above, X-ray and neutron diffraction profiles
was analyzed to obtain accurate information on the metal —
deuterium correlations in dilutely and fully deuterided
MgNi, that is, MgNiD,, and MgNiD, g, respectively.

First, for MgNiD, , the obtained distribution functions
RDF(r)* and RDF(r)" are shown in the upper part of Fig.
4. The large single peak around r=0.270 nm in RDF(r)*
corresponds to the metal-metal (Mg—Mg, Mg—Ni and
Ni—Ni) correlations. In order to clarify the Mg—D correla
tions, the contribution of the metal—metal correlation was
eliminated [15], and the result is shown in the lower part of
Fig. 4. The coordination numbers n and interatomic
distances r of the Mg—D and Ni—D correlations in MgNi
were determined by least-squares fitting using Gaussian
peak profiles shown in Fig. 4. The results are summarized
in Table 1. This table directly shows that deuterium in
MgNi occupies the tetrahedral site composed of nearly
2M@g2Ni, and implies that the local atomic structure is also
similar to the CsCl-type structure at least in the deuterided
(hydrogenated) state at room temperature.
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Fig. 4. Upper part: Total radial distribution function for X-ray diffraction
RDF(r)* and that for neutron diffraction RDF(r)" of MgNiD, ,. Lower
part: Subtracted total radial distribution function RDF(r)™ ™ of MgNiD, 4.

Table 1
The coordination numbers n and interatomic distancesr of the Mg—-D and
Ni—D correlation in MgNiD, ¢

n r
Mg-D 2.3+0.3 0.218+0.003 nm
Ni—-D 1.7+0.3 0.164%0.003 nm

Next, the distribution function RDF(r)" obtained for
MgNiD,, is shown in Fig. 5. The coordination numbers
and interatomic distances are shown in Table 2. In spite of
the limited accuracy caused by the very-small content of
deuterium, it could be confirmed that the Ni-D coordina
tion exists even in this system. The Mg-rich coordination
corresponds reasonably to the low-pressure equilibrium of
hydrogen in dilutely deuterided (hydrogenated) MgNi, as
shown in Fig. 3.

Specific hydrogen configuration in MgNi dissimilar to
that in Mg,Ni [2-5,33] were aso detected by the high-
resolution proton NMR measurements [34].

The restricted type of nearest metal coordination in
MgNi, that is nearly 2Mg2Ni, can explain the narrower
site-energy distribution for hydrogen compared to that of
the conventional amorphous phase, and the weaker
chemical-bonding compared to that of Mg,NiH,. The
restricted coordination is the origin of the p—c isotherm
shown in Fig. 3.
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Fig. 5. Total radial distribution function for neutron diffraction RDF(r)"
of MgNiD,;.

Table 2
The coordination numbers n and interatomic distances r of the Mg-D and
Ni—D correlation in MgNiD,, ,

n r
Mg-D 26+0.5 0.21+0.01 nm
Ni-D 1.7+0.5 0.16+0.01 nm
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Fig. 6. X-ray diffraction profiles of Mg(Ni,_,T,) (T=Co and Cu) with
x=0, 0.2 and 0.5.

32 Ni replacement by Co and Cu [16,18]

Fig. 6 shows the X-ray diffraction profiles of
Mg(Ni,_,T,) (T=Co and Cu). After the mechanical
aloying for 80 h, amorphous phases are formed over the
entire composition range. The maximum positions of the
halos only in the Cu-substitution shift to lower angles. This
result shows that averaged interatomic distances in amor-
phous phases are expanded by the Cu substitution, reflect-
ing that the atomic size of Cu is 2—3% larger than that of
Co or Ni. In the Co substitutions, the intensities are
weakened because of the X-ray absorption by Co.

The profiles of differential thermal analysis of
Mg(Ni,_,T,) are shown in Fig. 7. The crystallization of
MgNi proceeds in two steps; the first exothermic reaction

Mg(NipgCuy 2)

Exothermic (arb. units) —»

Mg(Nig 5CUq 5)

| | | |
500 550 600 650 700 750
Temperature / K

Fig. 7. Profiles of differential thermal analysis of Mg(Ni,_,T,) (T=Co
and Cu) with x=0, 0.2 and 0.5. The first exathermic reactions correspond
to the partial crystallization into Mg,Ni, and the second ones into MgNi .

a 596 K corresponds to the partial crystallization into
Mg,Ni, and the second one at 676 K into MgNi, [7,11-
13]. Fig. 7 shows that the two-step process is substantially
valid aso for the Co- and Cu-substitutions, and that both
crystallization temperatures increase/ decrease by the Co-
/Cu-subsgtitution, respectively. These phenomena are
caused by the increase/decrease of the activation energies
for the crystallization [16,35].

In the p—c isotherm of Mg(Ni, T, ) shown in Fig. 8,
the isotherm becomes steep by the Co- and Cu-substitu-
tions. This result indicates that the distribution of hydro-
gen-site energies becomes wider, and also that different
types of the nearest metal coordinations, like 2Mg1Ni1T
and 2Mg2T-sites, are formed in addition to the 2Mg2Ni-
site [18]. Especidly, the Cu-substitution results in a wider
site-energy distribution for hydrogen and a steeper mis-
cibility-gap pressure compared to that in the Co-substitu-
tion. The hydriding properties, which were obtained by the
p—c isotherm measurements, can be quantitatively ex-
plained by the rule of reversed stability [36-38] of
Mg(Ni, T, 5); the detailed discussion is presented in Ref.
[18].

3.3. Mg replacement by Al [1517]

Fig. 9 shows the X-ray diffraction profiles of
(Mg, _, Al )Ni. The amorphous phase is formed in the
range x=0-0.2, while the crystalline phase of a CsCl-type
structure is formed for x=0.3-0.5. All the diffraction
peaks are rather broad, coming from nanometer-scale
crystallites with a high lattice defect concentration. The
interatomic distances estimated from maximum positions
of the halo profiles and from the (110) diffraction peaks in
Fig. 9 continuously decrease with increasing Al concen-
tration, reflecting that the atomic size of Al is 10% smaller
than that of Mg.

The profiles of differentia thermal analysis of
(Mg, _ Al )Ni are shown in Fig. 10. For x=0.1, the
two-step process mentioned in 3.2 till exists, athough
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Fig. 8. Electrochemical p—c isotherms of Mg(Ni,_,T,) (T=Co and Cu)
with x=0 and 0.5 (in the discharge processes at room temperature).
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Fig. 9. X-ray diffraction profiles of (Mg,_,Al,)Ni with x=0, 0.1, 0.2,
0.3, 0.4 and 0.5. The profile of the intermetallic compound AINi
mechanically milled for 80 h is aso shown as a reference.

both exothermic reactions shift to nearly 30 K higher
temperatures caused by the increment of activation ener-
gies for the crystallization. The peak area of each ex-
othermic reaction for x=0.1, especialy that of the second
one, decreases as compared with that of x=0. This result
qualitatively suggests that the amorphous phase with x=
0.1 is more stable than that with x=0. In contrast, almost
no exothermic reaction corresponding to the crystallization
is observed for x=0.3 in the temperature ranges mentioned
above. This result indicates that the crystalline phase with
a CsCl-type structure is thermally stabilized at this com-
position.

In the p—c isotherm of (Mg, _,Al,)Ni shown in Fig. 11,
the miscibility-gap pressure increases from x=0 to x=0.1,
and reaches aimost 1xX 10~ ° MPa. The pressure increase is
attributed to the decrease of interatomic distances, and also
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Fig. 10. Profiles of differential thermal analysis of (Mg,_,Al,)Ni with
x=0, 0.1 and 0.3.
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Fig. 11. Electrochemical p —c isotherms of (Mg,_,Al,)Ni with x=0, 0.1
and 0.3 (in the discharge processes at room temperature).

to the lower affinity of elemental Al with hydrogen [39].
The dlope of the isotherm becomes steep for x=0.3,
mainly because of the nanometer-scale crystallites with a
high lattice defect concentration [40—44]. Heat treatments
for both the grain-growth and strain-release of crystallites
are necessary for further improvements of the hydriding
properties.

4. Conclusions

The electrochemica p—c isotherm measurement on
MgNi revealed that there is an obvious miscibility-gap
pressure higher than 10™* MPa at room temperature, even
in the amorphous phase. The total radial distribution
functions show that deuterium in MgNi occupies the
interstitial tetrahedral site composed of nearly 2Mg2Ni.

The amorphous phases are also formed over the entire
composition range of Mg(Ni,_, T,) (T=Co and Cu) with
x=0-0.5. The crystallization temperatures increase/de-
crease by Co-/Cu-substitution, respectively. The p-c
isotherm measurements indicate that the site-energy dis-
tribution for hydrogen become wider, and that different
types of the nearest metal coordinations are newly formed.

In (Mg, _,Al,)Ni, the amorphous phase is also formed
with x=0-0.2, while the crystalline phase of a CsCl-type
cubic structure is formed with x=0.3-0.5. The miscibility-
gap pressure increases for x=0.1 with the amorphous
phase, attributing to the decrease of interatomic distances,
and aso to the lower &ffinity of elemental Al with
hydrogen. The slope of the isotherm becomes steep for
x=0.3 by the formation of the nanometer-scale crystallites.
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