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In this work, the synthesis of Mg87Ni10Al3 hydride by reactive ball milling under H2 atmosphere is presented. Reactive milling un
ydrogen induces the conversion of Mg into nanocrystalline MgH2 (final crystallite sizes∼8 nm). The percentage of the hydride increa
ith the milling time and after 20 h of mechanical treatment the reaction is complete. Only at longer milling time, when a high co
egree of Mg into the hydride is reached, the reaction with Ni to form Mg2NiH4 is observed. Thermal analysis shows that, for the sh
illing time, the decomposition of the hydride starts at∼200◦C, but the stability of the hydride slightly increases with increasing mi

ime. Fast absorption–desorption kinetics is obtained at 300◦C.
2005 Elsevier B.V. All rights reserved.
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. Introduction

It is generally known that mechanical milling is an excel-
ent technique to produce a wide range of materials with inter-
sting properties[1]. In mechanical treatments, carried out by
all milling, powder particles are subjected to repetitive com-
ressive loads that promote different phenomena depending
n the reacting materials. In the last years, the application
f this technique to synthesise nanocrystalline materials for
ydrogen storage applications has been extensively studied

2–5]. Indeed, one of the most attractive means to store hy-
rogen is in the form of metal hydride. Among them, Mg and
g based alloys are considered as the most promising can-
idates, because of their light weight, the high amount of H2

hat can be stored (7.6 wt.% for pure MgH2), the low cost and
bundance on the earth. Nevertheless, the high decomposition
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temperature and the slow hydrogen absorption–desor
kinetics are limiting factors for industrial applications.
considerable amount of work to improve the hydro
absorption–desorption kinetics has been focused tow
the preparation of nanocomposites based on MgH2 with
different metal and/or metal oxide additions[6–8].

In this paper, reactive ball milling in H2 atmosphere ca
ried out on Mg (87 at.%)Ni (10 at.%)Al (3 at.%) is presen
The microstructural evolution of the powders subjecte
mechanical treatment as well as the thermal stability o
formed hydride and the absorption–desorption kinetics
studied.

2. Experimental

Pure elemental powders of magnesium nickel and
minum, supplied by Aldrich, were mixed in the desired co
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position and milled in a planetary mill (Fritsch Pulverisette 5)
at 300 rpm under 6 bar of hydrogen pressure. Modified stain-
less steel vials, to allow milling under different atmosphere,
were used together with 11 stainless steel balls (12 mm diam-
eter) with a ball to powder mass ratio (BPR) 15:1. In order
to study the evolution of the reaction during milling, sam-
plings at regular intervals of time (4, 8, 12, 16 and 20 h)
were performed. The microstructural evolution upon milling
was studied by X-ray diffraction analysis by using a Philips
3050 diffractometer with Cu K� radiation. Information about
the phases formed and the relative percentages, the crystal-
lite sizes and the microstrain level were obtained from the
X-ray patterns by using a full profile fitting procedure[9]
based on the Rietveld method. The thermal stability of the
hydride formed and the hydrogen content were studied at dif-
ferent stages of the milling, by differential scanning calorime-
try (DSC) and thermo-gravimetry (TG) using Perkin-Elmer
DSC-7, TGA-7 equipments with a heating rate of 10◦C/min.
Hydrogen sorption properties were determined by using a
hydrogen titration apparatus (HERA Hydrogen Storage Sys-
tems) especially designed for fast data acquisition. Hydrogen
absorption and desorption were performed at 8 bar and vac-
uum, respectively. Kinetic measurements were carried out at
300, 250 and 230◦C.
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Fig. 1. X-ray diffraction patterns (+) and calculated profiles (line) of the
sample Mg87Ni10Al3 milled 4, 8, 12 and 20 h under H2 atmosphere. The
errors, calculated as a difference between the experimental and the calculated
data, are reported in the bottom of each diffraction pattern.

of the average crystallite size and the increase of the lattice
strain. Moreover, the dissolution of Al in the Mg lattice is
observed as testified by the decreasing of the Mg cell parame-
ters froma = 0.32096 nm andc = 0.52112 nm (not-milled),
to a = 0.31972 nm andc = 0.51938 nm (milled 12 h). In ad-
dition, a broadening of the peaks of the MgH2 phase was
detected corresponding to a decrease of the crystallite size
from 24 nm (4 h of milling) to 8 nm (16 h of milling). This
value does not change upon further milling attesting that a
saturation value for the crystallite size is reached. This result
is in agreement with that reported by Hanada et al.[10].

4. Thermal behavior

The thermal stability of the hydride formed by milling for
different times was studied by DSC and TG measurements.
The amount of hydrogen in the alloy was also determined. In
Fig. 2a, the DSC curves of the samples milled 4, 8, 12 and 20 h
are reported. For comparison, the DSC curve of nanocrys-
talline MgH2 synthesised by reactive ball milling of Mg in
H2 atmosphere, at the same milling conditions, is also pre-
sented. As can be observed, the decomposition temperature
of MgH2 obtained in this study is considerably lower than that
of pure nanocrystalline MgH2. Indeed, while for the sample
without any metal addition the onset and the peak tempera-
t he
s urs
w r the
s s are
b een
2 th
. Results and discussion

.1. Synthesis and microstructural properties

Fig. 1 shows the x-ray diffraction pattern together w
he calculated profiles, obtained from the Rietveld anal
or the samples milled 4, 8, 12 and 20 h, respectively.
rrors, obtained by subtracting the experimental and the
ulated data, are also reported. As can be observed,
h of milling the formation of tetragonal�-MgH2 has al-

eady started. Increasing the milling time the percentag
he hydride increases and after 16 h of mechanical trea
omplete conversion was obtained. Oxidation of the sa
as observed after 8 h of milling, with the appearanc
very fine MgO phase. The degree of oxidation incre
ith the milling time and after 20 h a percentage of ab
2 wt.% of MgO was detected. We assumed that the
ation has occurred during either the milling or the X-
easurements (the powders with smaller grain size, lo
illing time, are more contaminated). An interesting re

s that in the first stage of the milling no reaction between
nd Ni was observed. Only after 12 h of milling, when h
egree of conversion of Mg into nanocrystalline MgH2 was
eached (∼60 wt.%), did the formation of Mg2NiH4 start.
he diffraction profiles analysis evidences that several
esses take place upon milling. In the first stage of mil
ntermixing and comminution effects are predominant,
ether with the introduction of a high concentration of

ects in the Mg and Ni lattices. This effect is evidenced
broadening of the diffraction profiles due to the decr
ures are∼300 and∼390◦C, respectively, in the case of t
amples milled with Ni and Al different thermal behavio
ere observed, as the milling time was increased. Fo
amples milled for 4, 8 and 12 h the onset temperature
etween 210 and 215◦C and the peak temperatures betw
30 and 250◦C. After 16 h of milling, a hydride phase wi
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Fig. 2. (a) DSC curves (10 K/min) of the samples milled 4, 8, 12 and 20 h
under hydrogen. For comparison the curve relevant to MgH2 obtained by
milling of Mg under H2 is also reported. (b) TG curves (10 K/min) obtained
after milling for 4, 8, 12 and 20 h.

slightly higher stability is formed and two transitions in the
DSC curves can be observed. At longer milling time (20 h),
a new peak at higher temperature appears. The nature of this
second transition is currently under study.

From the results and taking in account that the formation
of Mg2NiH4 is observed only for the higher milling time, it
can be assumed that the reduction of the desorption tempera-
ture may be due to the catalytic effect of the Ni in the mixture
and possibly the Al dissolved in the Mg matrix. As observed
from the X-ray diffraction analyses (not presented here) per-
formed on the samples after heating treatments, more than
one process is involved (such as the decomposition of the hy-
drides and the reaction between Mg and Ni to form of Mg2Ni)
which contributes to the phenomena observed.

The hydrogen content in the alloy was determined by
TG analyses showed inFig. 2b. As expected the hydrogen
amount increases with the milling time and a maximum
value of about 3.5 wt.%, after 20 h of milling, was obtained.
This value is lower than the theoretical capacity of the
alloy (5.77 wt.%) and could be explained by the presence of
MgO. The results obtained by thermo-gravimetry analysis
have been confirmed by studying the kinetics properties of
the sample obtained after 20 h of mechanical treatment. In
Fig. 3, the absorption and desorption curves are shown. The
experiments were carried out at three different temperatures,
300, 250 and 230◦C, respectively. The maximum capacity of
t ents.
F r the
t ption
w , as

Fig. 3. Absorption–desorption kinetics curves, obtained at 300◦C (©),
250◦C (�) and 230◦C (�), of Mg87Ni10Al3 mixture milled 20 h under
hydrogen.

expected, pronounced differences in the desorption kinetics
were obtained as the temperature decreased. At 300◦C
total desorption was obtained in less than 5 min while at
250 and 230◦C 15 and 35 min were needed, respectively.
These results are quite good considering the oxidation of
the sample. Note that a MgO surface layer would negatively
influence the absorption–desorption kinetics hindering the
hydrogen diffusion into Mg nanograins. Probably, oxidation
during milling leads to a fine dispersion of MgO particles,
rather than to inactivation by a closed surface layer.

5. Conclusions

Reactive milling of an elemental Mg87Ni10Al3 powder
mixture under hydrogen atmosphere induces the synthesis
of nanocrystalline MgH2. In the first stage of the milling,
only �-MgH2 was detected in the XRD diffraction patterns.
When a high degree of conversion of Mg in the hydride was
reached, the formation Mg2NiH4 was observed. Increasing
the milling time a structural refinement of hydride phase was
observed together with the increase of disorder. A minimum
value for the crystallite size of 8 nm was obtained. Small
differences in the hydride stability were observed at different
milling times. In spite of the oxidation of the sample, fast
absorption–desorption kinetics were obtained.
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Compd. 381 (2004) 66.

[6] J.-L. Bobet, S. Desmoulins-Krawiec, E. Grigorova, F. Cansell, B.
Chevalier, J. Alloys Compd. 351 (2002) 217.

[7] G. Barkhordarian, T. Klassen, R. Bormann, Scripta Mater. 49 (2003)
213.

[8] F.C. Gennari, G. Urretavizcaya, G.O. Meyer, J. Alloys Compd. 356–
357 (2003) 588.

[9] L. Lutterotti, R. Ceccato, R. Dal Maschio, E. Pagani, Mater. Sci. Forum
278–281 (1998) 87–92.

[10] H. Hanada, T. Ichikawa, S.-I. Orimo, H. Fujii, J. Alloys Compd. 366
(2004) 269.


	Thermodynamic properties and absorption--desorption kinetics of Mg87Ni10Al3 alloy synthesised by reactive ball milling under H2 atmosphere
	Introduction
	Experimental
	Results and discussion
	Synthesis and microstructural properties

	Thermal behavior
	Conclusions
	Acknowledgement
	References


