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Abstract—The amorphous phase is formed in (Mg, - (ALINI with x = 0-0.2, while the crystatline phase of
a CsCl-type cubtc structure is formed with x = 0.3-0.5 cven in the as-mechanically-alloyed states. The
total radial distribution functions for X-ray and neutron diffractions show that deuterium in MgNi, that is,
x = 0, occupies the interstitial tetrahedral site composed of nearly 2Mg2Ni. Electrochemical £~C (hydro-
gen pressure—composmon) isotherm measurements revealed that there is an obvious mnscnblhly-gap press-
ure higher than 167 MPa at room temperature even in MgNi, and that the pressure increases by the Al
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substitution. § 1998 Acta Metallurgica Ine. Published by Elsevier Science Ltd. All rights reserved.

L INTRODUCTION

There are two intermetallic compounds in the Mg~
Ni binary system, that is, Mg,Ni and MgNi, [1].
Upon hydrogenation, the former Mg, Ni transforms
into the hydride phase MgaNil,, so as to form a
stable covalent-type bonding composed of Mg®*
and [NiH,)*~ complex [2-5]. On the other hand, the

in the crystalline phase (6].

In the equiatomic composition between the two
compounds mentioned above, the amorphous MgNi
phase is formed by mechanical alloying [7-131. The
maximum hydrogen content in MgNi corresponds to
a composition of MgNiH, 5; the pressure dependence
of the hydrogen content is small compared with that
in other amorphous alloys [11-13]. This hydrogen-to-
metal ratio is widely valid for non-covalent-type
hydrides such as TiFeH; with a CsCI{B2)-type struc-
ture. Therefore, it is of importance to obtain accurate
information on site occupations and thermal stab-
ilities of hydrogen in MgNi. However, systematic in-
vestigations of neither X-ray and neutron diffraction
measurements nor P-C (hydrogen pressure-compo-
sition) isotherm measurements have been carried out
in the system so far.
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Recently attention was paid to the Mg-site substi-
tution in MgNi by elemental Al [14). The reason is
that Al forms a stable electron compound with a
CsCl-type structure in the Al-Ni system around
equiatomic composition [15]. Therefore, it is highly
expected that a new crystalline phase with a CsCl-
type structure is stabilized even in the Mg-Ni sys-

ment with the rule of the ¢lectron compound 16).
Al-subsiitution in MgNj corresponds to an increase
of the number of valence electrons. Here it is
worthy to note that as far as it is known the Al-
substitution of the Mg in MgNi has pever been rea-
lized by conventional melting methods, because the
elemental Mg with a high vapor pressure cannot
dissolve into the stable compound AINi with a high
melting temperature of nearly 2000 K.

The aim of this work is thercfore to clarify the
Al-substitution effects of MgNi on the structural
and hydriding properties, also including the site oc-
cupations and thermal stabilities of hydrogen in
MgNi itself,

2, EXPERIMENTAL PROCEDURES

2.1, Sample preparation

Mixtures of MgoNi (nearly 300 pm powder size),
Ni and Al (2-3 pm powder size) were mechanically
alloyed under an argon atmosphere with a SNS-
purity, using a planctary ball mill apparatus
(Fritsch P7) with 400 v.p.m. for 4800 min at room
temperature. Here the compositional ratios were
x =0, 01,02, 0.3, 0.4 and 0.5 for (Mg, _ ,Al)Ni,
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Fig. 1. Schematic phase diagram of the Mg~Al-Ni system.

as shown in Fig. 1. These ratios were checked by in-
duction coupled plasma (ICP) spectrometry, and
the compositional deviation of the samples between
before and after mechanical alloving was less than
5% in any samples.

For the neutron diffraction measurements which
will be described later, the sample with x = 0,
MgNi, was fully deuterided under a deuterium at-
mosphere with a 4N-purity, using a Sieverts type
apparatus under 1.0 MPa for 720 min at room tem-
perature.

It should be emphasized that most attention was
paid to avoid impurity effects on the structural and
hydriding properties of the samples [17]; the ma-
terial and shape of the viai for mechanical alloying
were carefully selected, so as to lower the amount
of the elemental Fe contaminated during mechan-
ical alloying. In addition, the vial (equipped with a
connection valve for evacnation or introduction of
argon) with each sample was directly evacuated for
720 min below 0.01 Pa prior to mechanical alloying,
and was always handled in a glove-box (filled with
a purified argon of less than 0.5 p.p.m. oxygen, and
of dew point lower than 185K), so as to minimize
oxidation and nitrogenation effects.

2.2. Sample characterization

The structural and hydriding properties of the
sample thus prepared were characterized by X-ray
(Cu-Ka radiation) and neutron diffraction measure-
ments, differential thermal analysis, and electroche-
mical P-C isotherm measurement.

The differential thermal analysis was carried out
under a purified argon atmosphere using a 30 mg
sample and a heating rate of 5 K/min up to 773 K.

The neutron diffraction measurement of deu-
terided MgNi was carried out at room temperature
by using a high intensity total scattering spec-
trometer (EIITIN) installed at a spallation pulsed
neutron source generated from a 500 MeV proton
booster synchrotron at the High Energy Accelerator
Research Organization (KEK, Tsukuba, Japan) [18-
20]. The sample of nearly 5 g was sealed under puri-
fied argon in a Ti-Zr cylindrical cell with a
0.35mm thick wall, 8 mm innet diameter and
50 min length. The diffracted neutron was detected
by the time-of-flight method, and was normalized
by the vanadium rod which is regarded as a perfect
incoherent scatterer for neutrons. Duration of the
measurement was 480 min for the sample, the
empty cell, the vanadium rod and background, re-
spectively.
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Fig. 2. X-ray difiraction profiles of (Mg, _ ,ALJNi with

x =0, 0.1, 02, 0.3, 0.4 and 0.5. The profile of the inter-

metallic compound AINi mechanically milled for 4800 min
is also shown as a rcference.

The electrochemical P-C isotherm measurement
was carried out under the following conditions [21-
23}; nearly 30 mg of the samples were mixed with
Cu powder (<63 ym} under air in the weights ratio
of 1:3, and compressed under a pressure of
500 MPa to form a pellet 7 mom in diameter. The
pellets were fixed with a cylindrical Teflon-clip on a
Ni holder. The electrodes were electrochemically
charged and discharged in a 6 M KOH electrolyte
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Fig. 3. Interatomic distances estimated from maximum

positions of the halo profile (in x = 0, 0.1 and 0.2) and

from (i10) diffraction peaks (in x = 0.3, 0.4 and 0.5)
shown in Fig, 2.

that the atomic size of Al is 10% smaller than that
of Mg.

The profiles of differential thermal analysis of
(Mg, — vAlgNi with x = 0, 0.1 and 0.3 are shown
in Fig. 4. Upon heating MgNi, two exothermic
reactions are observed; the first exothermic reaction
at 596 K corresponds to the crystallization into
MgoNi, and the second one at (76K into
MgNi, [7,11-13]. In x = 0.1, the two-step process
still exists, although both exothermic reactions shift
to nearly 30 K higher temperatures caused by the
increment  of activation energies for the
crystallization [24,25]. The peak area of each

in-an-clectrochemical-cell-open-to-the-atmosphere——xsihermic Teaction in x = 0.1, especially that of

A nickel plate was used as counter electrode and
potentials were referred to a Hg/HgO clectrode.
The discharge cut-off potential was —0.6V with
respect to the Hg/HgO/OH™ reference c¢lectrode.
After the full charge of the samples, the discharge
processes were measured in equilibrium current
with 20 mA/g, at room temperature.

3. RESULTS AND DISCUSSION

3.1. Structural properiies of (Mg, _ Al )Ni

Figure 2 shows the X-ray diffraction profiles of
(Mg _ ALINI with x = 0, 0.1, 0.2, 0.3, 0.4 and
0.5. The amorphous phase is formed in x = 0-0.2,
while the crystalline phase of a CsCl-type structure
is formed in x = 0.3-0.5, All the diffraction peaks
are rather broad, which is not surprising for a crys-
talline phase composed of nanometer-scale crystal-
lites with a high lattice defect concentration in the
as-alloyed state.

Figure 3 shows the interatomic distances esti-
mated from maximum positions of the halo profiles
and from the (110) diffraction peaks in Fig. 2. This
result indicates that interatomic distances in both
the amorphous and crystalline phases continuously
decrease with increasing Al concentration, refiecting

the second one, decreases as compared with that in
x = 0. This resuit qualitatively suggests that the
amorphous phase in x = 0.1 is more stable than
that in x = 0.

In contrast, little exothermic reaction correspond-
ing to the crystaliization is observed in x =03
around the temperature ranges mentioned above,
This result indicates that the crystalline phase with
a CsCl-type structure is thermally stabilized at this
composition.

T T i T T

(Mg, Al NI

Exothermic (arb. units) —=

I, 1
550 600 650 700 750
Temperature / K

Fig. 4. Profles of differential thermal analysis of
(Mg, _ ;ALJNi with x = 0, 0.1 and 0.3.
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Fig. 5. X-ray diffraction profiles of heat-treated
(MggoAlgaNi. The Rietvelt simulation profile is also
shown as a reference.

To confirm the thermal stability of the sample
with x = 0.3, that is, (Mgg-Alp3)Ni, it was heat-
treated under a high-purity argon atmosphere, and
the result of the X-ray diffraction is shown in Fig. 5.
In this figure the diffraction peaks become sharp
with increasing heat-treated temperatures, which
comes from the grain growth and strain-release of
crystallites. The positions and their intensity ratios
of the (100), (110) and (200) diffraction peaks after
the heat treatment at 673K well correspond to
those obtained from the Rietvelt simulation
(RIETAN-941) shown also in Fig. 5. In the simu-
lation, it was assumed that the Mg-site of MgNi
with the CsCl-type structure was randomly occu-
pied by AL

3.2. Metal-deuterium correlation in MgNi—D

X-ray and neutron diffraction profiles were ana-
lyzed to obtain accurate information on the metal—
deuterium (Mg-D and Ni-D) correlations in
MgNi-D. Prior to the analysis, the deuterium con-
tent in the deuterided sample was determined to be
MgNiD; s (3.8 wt%) by using the thermo gravi-
metric analysis, and the sample density was also
determined to be 3.88 g/cm3 by using high-sensi-
tivity volumetric analysis.

The total structure factor for X-ray diffraction
S(0)% and that for neutron diffraction SO are

TRIETAN-94 prepared by F. Izumi, and installed as the
application software of the X-ray diffraction apparatus,
Mac Science MPX3,

shown in Fig, 6. Here, the scattering vector @ is
expressed as 4z sin 0/2, using the scattering angle
28 and the wavelength A. The total structure factor
S(0) is defined [26] as

S(Q) = WhgmgSmgma(O) + WiniSnini(Q)
+ WppSpp (@) + Wi Smgni( Q)
+ WigpSuen(Q) + WripSnin(Q). (1)
Here, for example, Snvgme(Q) is the partial structure

factor for the Mg-Mg pair, and Wy 5 the
weighting factor for the atom pair defined as

WMy = (e )/ (eMgfite + enifra + enfb)® ()

using the atomic concentration ¢ and the atomic
scattering factor f for X-rays (or the mean coherent
scattering length & for neutrons, instead of f).
Therefore, after a simple calculation

S(Q)* = 0.0833Spmg(Q) + 0.4533SNini (0)
+0.00155pp(Q) + 0.3885Smgni( Q)
+0.022050g5(0) + 0.05148xp(0) (3)

for X-ray diffraction, and

SN = 0.0419Svama () +0.1538Srani( Q)
+ 0.1626Spp(Q) +0.1605Syeni(Q)
+ 0.16508Mmen(Q) + 0.31625wp(Q) {49

for neutron diffraction.
The Fourier transformation of S{Q) gives the
total radial distribution function defined [19] as

RDF() = 4mpog(r) )
where

' Q
20 =1+ 1/(2np) JO QIS(Q) — 13sin QrdQ  (6)

and po is the mean number density derived from
the sample density mentioned above. The total

Structure factor S(Q)

L z 1 |
0 40 80 120
Qf !

Fig. 6. Total structure factor for X-ray diffraction S(Q)*
and that for neutron diffraction S(Q)™ of MgNiD, 4.
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radial distribution function for X-ray diffraction
RDF(»™ and that for neutron diffraction RDF(r}™
are also presented by the weighted sum of the par-
tial radial distribution functions as follows:

RDF(Y® = 0.0833RD Fuggae(r) + 0.4533RD Fainai ()
+0.0015RDFpp(r) + 0.3885 RD Ftgni(F)
+0.0220RD Fygen(r) + 0.0514RD Fagp(r)

(3)
and
RDF(AN = 0.0419RD Pagug(r) + 0.1538 RD Frins ()
+ 0.1626RDFpp(r) + 0.1605RD Fuyepi(r)
+0.1 650RDFM3D(I‘) + 0.3162RD Fyip(r).

C)

The results of Fourier transformation truncated at
= 150 nm are shown in the upper part of Fig. 7.
The large single peak around r = 0.270 nm in the
RDF(rY* corresponds to the metal-metal (Mg-Mg,
Mg-Ni and Ni-Ni) correlations; it is impossible to
accurately estimate the contribution of the metal-
deuterium (Mg-D and Ni-D) correlations coming
from their small weighting factors shown in
equation (3. In the RDFGE™, however, the metal-
deuterium (Mg-D and Ni--D) correlation, especially
the Ni-D correlation around r = 0.174nm, is
clearly visible due to their large weighting factors
shown in equation (4", although the positions of
the Mg-D correlation is close to the Ni—-Ni corre-
lation. In order to clarify also the Mg-D corre-

Table i. The coordination numbers # and interatomic distances r
of the Mg-D and Ni-D correlation in MgNiD, 4

H r

Mz--D 23403
Ni-D 17403

0.218 + 0.003 nm
(3. 164 % 0.003

lations, therefore, the contribution of the Ni—Ni
correlation was eliminated using cquations (3) and
(4') as follows:

RDF(AN ™ = ((RDF()™)/0.1538

~ (RDF(ry*)/0.4533}1/(1/0.1538

—~ 1/0.4533) = 0.0206 RD Fasgut ()

+ 0.2453RDFpp(r)

+ 0.0434RD Fyggaa(r)

+ 0.2384 RD Fgen(r)

+ 0.4522RD Frin (7). (7

In this equation, the contributions from the Mg—
Mg and Mg-Ni correlations amount to only 2.1
and 4.3%, respectively. The fower part of Fig. 7
shows the RDF(IN~% that is, the profile of
equation (7).

The coordination numbers # and interatomic dis-
tances r of the Mg-D and Ni-D corrclations in
MgNi-D were determined by least-squares fitting
using Gaussian peak profiles shown in Fig. 7, which
are summarized in Table 1. This table directly
shows that deuterium in MgNi-D eoccupies the tet-
rahedral site composed of nearly 2Mg2Ni, and
implies that the local atomic structure is also similar
to_the_CsCl-type structure at_least_in_ deuterided

o

400 ]
MgNiD; ¢ ™
300 (- /

2001

100

RDFM* 7]

Radial distribution function RDF{r)

100+

1 ]
0.0 01 0.2 0.3 0.4 0.5
r/nm

Fig. 7. Upper part: total radial disteibution function for

X-ray diffraction RDF¥)™ and that for neutron diffraction

RDEA™ of MgMNiD, 6. Lower patt: subtracted total radial
distribution function RDF(N™ ~* of MgNiD, 4.

(hydrogenated) state at room temperature. In
Mp,NiDy, deuterivm occupies the 4MgiNi site {27]
due to the formation of the stable covalent-type
bonding composed of Mg?* and [NiD4*
complex [2-5]. In addition, it is also of importance
that the Ni-D distances in MgNi-D are obviously
enlarged compared with that in Mg,NiD, with the
[NiDJ)*~ complex, 0.149 nm [27]. Therefore, the
interstitial 2Mg2Ni-site occupation indicates that
the chemical bonding of deuterium (hydrogen) is
weakened in MgNi-D compared with that in
Mg,NiD,. X-ray photoclectron spectroscopic stu-
dies are underway to evaluate the nature of the
chemical bonding.

3.3, Hydriding properties of (Mg, _ Al ) Ni

The clectrochemical P-C  isotherm  of
(Mg, _ JALINI with x =0, 0.1 and 0.3 are shown
in Fig. 8, The maximum hydrogen contents shown
in Fig. 8 agree well with those of the same samples
hydrogenated by the gas-charge process. For
example, the hydrogen content in x = 0 corre-
sponds to MgNiH,,; (2.0 wt%) under a hydrogen
pressure of 5x 107> MPa in Fig. 8, while the value
was MgNiH, o (2.2 wt%) under 1 MPa as pre-
viously reported [11-14].
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Fig. 8. Electrochemical P-C (hydrogen pressure—composi-
tion) isotherm of (Mg, _ . ALINiI with x = 0, 0.1 and 0.3
(in the discharge process at room temperature).

One of the interesting hydriding properties is that
there is obviously the miscibility-gap (plateau)
pressure even in x = (, that is, even in the amor-
phous phase. Here, the pressure change of the pla-
teau region is no more than a factor of four. So far,
conventional amorphous phases, such as ZrNi, have
no plateau pressure due to their wide hydrogen-site
stabilities [28-3]]. The width dominantly comes
from the variation of neighboring metal atoms
around hydrogen atoms. In the amorphous phase
of ZrNi, for example, there are several types of
nearest metal coordinations with different hydro-
gen-gite stabilities, from 4Zr to 1Zr3Ni or 4Ni. In
contrast, the restricted type of nearest metal coordi-
nations, like 2Mg2Ni described in Section 3.2, rea-
lizes in MgNi to have the narrow range of
hydrogen-site stabilities, corresponding to the P-C
isotherm shown in Fig. 8.

It should be also noted that the miscibility-gap
pressure of MgNi locates around 3 x 10~ MPa at
room temperature. In Mg,NiH, with stable co-
valent-type bonding composed of Mg®* and
[NiH,]*~ complex, the plateau pressure extrapolated
to room temperature is of the order of
1075 MPa [32). These hydriding properties attribute
to the different metal-D(H)} coirelations between
that in MgNi-D(H) and in Mg:NiH, described in
Section 3.2. Furthermore, the results of the high-
resolution proton NMR measurements [33] apree
well with the above hydriding properties; that is,
the local environments of hydrogen in MgNi-H
exhibit an intermediate character between those in
Mg;NiH, with stable covalent-type bonding and in
(e-yMgoNiHg 3 with weak metallic bonding of the
hydrogen solution.

Moreover, Fig. § also shows that the miscibility-
gap pressure increases from x =0 to (0.1, and
reaches almost 1 x 107> MPa. The pressure increase
is related to the decrease of interatomic, distances
shown in Fig. 3, and from the lower affinity of el-

emental Al with hydrogen {34]. In x = (.3, the
slope of the isotherm becomes steep. Ieat treat-
ments for both the grain growth and strain-release
of crystallites are necessary for further improve-
ments of the hydriding properties.

4. CONCLUSIONS

The amorphous phase is  formed in
(Mg — Al NI with x = 0-0.2, while the crystalline
phase of a CsCi(B2)-type cubic structure is formed
with x = 0.3-0.5. The coordination numbers and
interatomic distances of the Mg—-D and Ni-D corre-
lations in MghNi-D show that dewterium otcupies
the interstitial tetrahedral site composed of nearly
2ZMg2Ni. The electrochemical P—-C (hydrogen press-
ure-composition)  isotherm  measurements  of
(Mg, _ zAl NI revealed the following results: there
is obviously a miscibility-gap pressure higher than
107 MPa at room temperature even in MgNi, and
the pressure increases by Al-substitution.
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