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a  b  s  t  r  a  c  t

The  microstructural  evolution  of  as-quenched  ribbons  and  ball-milled  hydrides  of  the  Mg–10Ni–2Mm
alloy  was  studied  by TEM.  These  studies  showed  a refinement  of  the  microstructures  during  the  applied
processing  and  a nucleation  of  MmMg12 intermetallic  at the  grain  boundaries  of  Mg  and  Mg2Ni.  The
interface  between  MmMg12 and  Mg2Ni  is  semi-coherent,  with  an  ordered  repetition  of the  consistent
atomic  arrangements.  The  kinetics  of  H-absorption/desorption  is  improved  due  to  the fast  hydrogen
diffusion  in  the  nanograins,  thus,  providing  paths  for  H-exchange.  TEM  studies  showed  (a)  stability  of
the nano-sized  grains  in  the  ball-milled  Cu-1000  (the  surface  velocity  of  the copper  wheel:  1000  rpm)
sample  that  underwent  cycling  of  hydrogen  desorption  and  absorption  during  heating  to  350 ◦C;  (b)
formation  of MmH3−x hydride  from  MmMg12 and  its preferential  location  at grain  boundaries  of MgH2.
icrostructure
ransmission electron microscopy

Clearly,  MmH3−x and  Mg2NiH4 act  as  nucleation  centres  to  initiate  the  formation  of  MgH2,  thus,  promoting
hydrogen  absorption  by  the  Mg  alloys.  Pressure–composition–temperature  diagrams  show  the  presence
of two  plateaux,  Mg–MgH2 and  Mg2Ni–Mg2NiH4.  The  MgH2 plateau  showed  no  hysteresis  and  practically
no  slope,  while  the  plateau  for  Mg2NiH4 exhibited  both  a pronounced  hysteresis  and  a slope,  particularly
for  the nanocrystalline  sample.  The  maximum  hydrogen  storage  capacity  of  the  nanocrystalline  sample
was higher  than  that  of  the  microcrystalline  one.
. Introduction

Magnesium is an attractive material for hydrogen storage
pplications benefiting from high hydrogen storage capacity, low
ensity, and rich natural resources. However, slow hydrogenation
inetics and high dehydriding temperatures limit its actual use [1].
he reaction kinetics of Mg  with H2 is improved by additives of tran-
ition and rare earth metal elements such as Ni, Ti, V, La, Nd and Y
2]. In our earlier study, we have observed that hydrogen absorp-
ion/desorption rates in Mg-based alloys are dramatically enhanced
y nanoprocessing [3–6]. The rapid solidification (RS) technique is
n efficient process in improving the hydrogen storage properties

f Mg-based alloys by obtaining nanocrystalline microstructures.
he large number of interfaces and grain boundaries available in
he nanocrystalline materials provide easy pathways for hydro-
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gen diffusion and promote the absorption of hydrogen. Reactive
Ball Milling in hydrogen is well-known as an efficient method for
synthesis of Mg-based hydrides [7].

In the present study, microcrystalline and nanocrystalline
microstructures of Mg–10Ni–2Mm (at.%) alloy were synthesised
by applying a single roller melt-spinning technique followed by
a ball-milling process to obtain the hydrides. The microstructural
evolution of the melt-spun ribbons and hydrides after the temper-
ature desorption spectroscopy (TDS)–hydrogenation cycling was
studied, and the hydrogenation–dehydrogenation behavior was
investigated by PCT (pressure–composition–temperature) and TDS
methods focusing on the effect of nanostructuring on the hydrogen
storage properties.

2. Experimental

The as-cast Mg–10Ni–2Mm (at.%) alloy was prepared by a two-step method of
pre-alloying and vacuum induction melting of a mixture of 99.7% lanthanum-rich

Mischmetal, 99.98% pure magnesium and 99.98% pure nickel. The melt-spun rib-
bons were obtained by a single roller melt-spinning technique (copper quenching
disc with a diameter of 200 mm)  in an argon atmosphere of 200 mbar. The details
are  described elsewhere [3–5]. The surface velocity of the copper wheel was  from
3.1 (300 rpm) or 10.5 m s−1 (1000 rpm), and the corresponding melt-spun ribbon

dx.doi.org/10.1016/j.jallcom.2010.11.140
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:science2008@live.cn
dx.doi.org/10.1016/j.jallcom.2010.11.140
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Table 1
The reference data for the constituent phases in the as-cast Mg–10Ni–2Mm alloy [8].

Sample Constituent phases

Mg  Mg2Ni MmMg12

Space
group

Lattice
periods (Å)

Abundance
(wt.%)

Space
group

Lattice
periods (Å)

Abundance
(wt.%)

Space
group

Lattice
periods (Å)

Abundance
(wt.%)
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Fig. 2(b). Such an interface can also act as hydride nucleation
sites due to its higher energy as compared to the volume inside
grains, and, furthermore, high hydrogen affinity of the MmMg12
resulting in its preferential hydrogenation. The large area of non-
As-cast P63/mmc  a = 3.20840(9)
c = 5.2078(2)

48.9(2) P6222 

amples are labelled Cu-300 and Cu-1000, respectively. Prior to the dehydrogena-
ion, the as-quenched ribbons were ball-milled in hydrogen at a pressure of 30 bar in
rder to synthesise corresponding hydrides. Reactive Ball Milling was  carried out in

 vial with a rotation speed of 500 rpm, using the planetary mill “FRITCH Pulverisette
” planetary mill. The ball-to-powder ratio was 80:1.

The reaction kinetics was studied by the Sieverts method, by measuring the
ressure change in a closed system with a constant volume. TDS (thermal des-
rption spectroscopy) of hydrogenated samples was conducted in a conventional
ieverts-type apparatus to determine the onset temperature of hydrogen release
uring dehydrogenation. Several cycles of hydrogenation–TDS were performed for
ach sample. The hydrogen storage capacities and equilibrium diagrams of hydro-
en absorption and desorption were measured by studying the PCT isotherms. The
idpoints of the pressure plateaux of the PCT curves were taken as the data for

uilding the van’t Hoff plots.
The structure, composition and morphology of the phases of the hydrogenated

nd dehydrogenated samples were examined by X-ray diffractometry (XRD) and
ransmission electron microscopy (TEM, JEM-2010) equipped with an energy-
ispersive X-ray spectrometer (EDS).

. Results and discussion

As reported in our previous publications [3–5], the as-cast
g–10Mm–2Ni alloy is a ternary eutectic alloy with two  inter-
etallic phases present, Mg2Ni and MmMg12, embedded into a
atrix of pure Mg.  It is inhomogeneous with prevailing areas of

 coarse microstructure and much smaller areas of a very fine
icrostructure. The reference data for the constituent phases are

isted in Table 1 [8].  The grain size was greatly reduced by applying
he RS processing. Fig. 1 shows HREM micrographs of the melt-spun
ibbons that were rapidly solidified at a wheel surface velocity of
.1 m s−1. Three phases, namely, Mg,  Mg2Ni and MmMg12, were

dentified. As shown in Fig. 1(a), the nano-sized Mg2Ni rods (length
pproximately 100 nm)  nucleated in the matrix of Mg  grains. The
verage size of the equiaxed Mg  particles was determined to be
pproximately 500 nm.  Fig. 1(b) shows a typical MmMg12 particle
ith a size of approximately 400 nm and its corresponding [7 5 3]

one axis SADP (selected area diffraction pattern). It is clear that the
mMg12 intermetallic alloy preferably nucleates at the boundaries

f the Mg  grains. The Mg2Ni precipitates shown in Fig. 1 have an
verage size of 10 nm × 200 nm.  Long interface boundaries between
he Mg2Ni and Mg  phases, and formation of the Mm-rich inter-

etallic promotes fast hydrogen diffusion through the samples.
The nanocrystalline microstructure consisting of nanostruc-

ured Mg  and Mg2Ni was obtained when the surface velocity of the
opper wheel increased to 10.5 m s−1. Fig. 2 shows HREM micro-
raphs of the interface between Mg2Ni and MmMg12 inserted their
orresponding [3 6 2] and [8 3 1] zone axis SADPs, and between Mg
nd MmMg12 in the melt-spun Mg–10Ni–2Mm alloy. As expected,
n a multi-phase Mg  alloy, the phases with the lower concentra-
ion of magnesium (Mg2Ni and MmMg12) are surrounded by the

g metal. Due to the large difference of the interplanar distances
etween the Mg2Ni and MmMg12 at the interface, it produces
ome dislocations to reduce the interfacial elastic strain energy.
onsequently, part of the interface atoms maintain the two-phase

atching, thus creating a semi-coherent interface between Mg2Ni

nd MmMg12, which is shown in Fig. 2(a). The Fig. 2(a) also
emonstrates a certain degree of mismatch between the atomic
rrangements in these phases. Thus, higher energy sites are eas-
 5.2111(2)
 13.2491(3)

35.8(2) I4/mmm  a = 10.315(3)
c = 5.952(2)

15.2(1)

ily formed and become nucleation centres for the hydrides at
the interface. In turn, a formation of non-coherent interface was
observed between MmMg12 and Mg,  due to a big difference in
crystallographic characteristics between these two phases, see
Fig. 1. HREM micrographs showing: (a) the nano-sized Mg2Ni nucleation in the
matrix of Mg grains, and (b) a coarse MmMg12 grain at the boundary of Mg and
its  corresponding [7 5 3] zone axis SADP in the melt-spun Mg–10Ni–2Mm solidified
with a copper wheel surface velocity of 3.1 m s−1.
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Fig. 2. HREM micrographs showing: (a) the semi-coherent relationship between
Mg2Ni and MmMg12 inserted their corresponding [3 6 2] and [8 3 1] zone axis SADPs
and  (b) the interface between Mg  and MmMg12 in the melt-spun Mg–10Ni–2Mm
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Fig. 3. Comparison of hydrogen storage properties of the ball-milled
Mg–10Ni–2Mm ribbons solidified with copper wheel surface velocities of

rials was  lowered. Typical TDS spectra for the hydrogenated
lloy solidified with a copper wheel surface velocity of 10.5 m s−1. The shown (2 0 0)
nterplanar distance of MmMg12 is 5.190 Å.

oherent interface between MmMg12 and Mg  is reduced by the
ormation of the semi-coherent interfaces between MmMg12 and

g2Ni, improving the hydrogenation performance. Because the
attice deformation due to hydrogenation is decreased for the lat-
er phases, the pressure hysteresis of H-absorption/desorption is
xpected to be diminished.

In order to obtain the hydrides, the melt-spun ribbons were ball-
illed under the hydrogen atmosphere at a pressure of 30 bar. For

oth RS synthesised samples, irrespective of their microstructure,
he hydrogenation resulted in the formation of MgH2, Mg2NiH4 and

m-based hydrides. The latter hydride was formed during decom-
osition of MmMg12 to form MmH3−x and MgH2. The kinetics of the
-absorption reaction for the ball-milled melt-spun ribbons was

urther improved following an increase in the cooling rate during

olidification. Fig. 3(a) shows typical data of hydrogen absorption
y the ball-milled melt-spun samples collected at 300 ◦C. Repeated
ydrogenations after completing the thermal desorption from the
3.1 and 10.5 m s−1: (a) the 2nd cycle hydrogenation curves at T = 300 ◦C and
PH2 = 30 bar, and (b) the 2nd cycle TDS curves of hydrogen thermal desorption in
vacuum (heating rate 5 ◦C/min) from the hydrogenated alloy.

synthesised hydrides resulted in an improvement of the hydro-
gen absorption kinetics. The dynamics of H-absorption became
reproducible after the 3rd cycle for the ball-milled Cu-1000 sam-
ple and after the 5th cycle for the ball-milled Cu-300 sample. Both
samples absorbed hydrogen very fast, and it took less than 60 s
to reach H absorption capacity exceeding 4 wt.% H. The saturated
hydrogen storage capacity for the ball-milled Cu-300 and Cu-1000
samples was  5.3 and 5.6 wt.% H, respectively. Thus, the ball-milled
Cu-1000 alloy showed better kinetic performance and higher maxi-
mal  hydrogen absorption capacity. The improved kinetics is a result
of the microstructural refinement, while the hydrogen absorption
capacity is determined by the completeness of hydrogenation of the
different hydride phases, particularly important in case of the for-
mation of MgH2. Compared with the ball-milled Cu-1000 sample,
a small decrease in the hydrogen absorption kinetics was observed
for the Cu-300 sample after several cycles, which is due to the for-
mation of the coarse heterogeneous grains after the RS synthesis.
Although the microstructure of Cu-300 was greatly refined after the
ball-milling, the nanostructuring was less developed as compared
to the sample Cu-1000.

TDS measurements were performed using a heating rate of
0.5 ◦C/min. The H-desorption temperature of the ball-milled mate-
ball-milled samples are presented in Fig. 3(b). For the Cu-300-
based hydride, the desorption took place in a broad temperature
interval between 160 and 300 ◦C with a peak around 257 ◦C. A pro-
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ig. 4. PCT absorption and desorption isotherms for the ball-milled Mg–10Ni–2Mm
ibbons at 300 ◦C.

ounced lowering of the desorption temperatures takes place for
he ball-milled Cu-1000-based hydride. The desorption proceeds
n a temperature range between ∼100 and 350 ◦C, with a peak at
230 ◦C. We  conclude that the remarkable lowering of the hydro-
en desorption temperature achieved for the Mg–10Ni–2Mm alloy
s caused by catalytic effects of Ni and Mm on the desorption pro-
ess and by the formation of a uniform nano-sized microstructure
n the Cu-1000 sample synthesised by RS and further modified by
eactive Ball Milling in hydrogen.

PCT diagrams measured for the ball-milled melt-spun samples
re shown in Fig. 4. Two plateaux are visible; the lower plateau
orresponds to the transformation Mg  ↔ MgH2, and the upper
lateau belongs to the transformation Mg2Ni ↔ Mg2NiH4 [9].  Ball-
illing treatment normally increases plateau slope and hysteresis

or the Mg2Ni-based hydrides [10]. Thus, both these features are
xpected in the second hydrogen absorption–desorption plateau
orresponding to the Mg2Ni–Mg2NiH4 transformation. The values
f �H and �S  of Mg2NiH4 for the ball-milled Cu-300 and Cu-1000
amples are −73.7 kJ/mol H2, −134.7 J/mol, and −65.9 kJ/mol H2,
121.5 J/mol, respectively, which are in a fairly good agreement
ith the values of −67.5 kJ/mol H2 and −124.4 J/mol for the as-

ast alloy. The values of the formation enthalpy of MgH2 in both
all-milled samples are consistent with those for the as-cast one.
he hydrogen storage capacity of the ball-milled Cu-300 and Cu-
000 samples is 3.36 and 4.94 wt.% H, respectively. The lowering
f the H capacity for the Cu-300 sample is because of the difficul-
ies in achieving the hydrogenation of the part of the sample, as
ome of the small hard pieces of the melt-spun ribbons remained
nactivated during the Reactive Ball Milling.

As shown in Fig. 5, the XRD patterns obtained from the dif-
erent hydrogenated samples after several H-absorption cycles
ere rather similar to each other. However, the content of indi-

idual hydrides differed in the samples, reflecting the changes in
heir hydrogen storage capacities. As seen in Table 2, five differ-
nt hydride phases, i.e. MgH2, Mg2NiH0.3, high-temperature (HT)
g2NiH4, low-temperature (LT) Mg2NiH4 and MmH3 were iden-

ified. From the refinements, the weight content of these hydrides
n the ball-milled Cu-300 and Cu-1000 materials was  determined
o be about 58, 14, 14, 8, 6 wt.%, and 60, 9, 16, 8, 7 wt.%, respec-
ively. We  note that the content of Mg2NiH0.3 in the latter material
s much lower as compared to the former one, indicating a signifi-

antly deeper degree of hydrogenation of Mg2Ni in the ball-milled
u-1000 sample. It has been reported [11] that during the heating
f the Mg67Ni28Pd5, crystalline Mg2Ni is formed at about 182 ◦C fol-
owed by the formation of crystalline Mg2NiH4 at about 247 ◦C. The Ta
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Fig. 6. TEM micrographs showing the microstructures of the ball-milled Cu-1000
Mg–10Ni–2Mm ribbon initially hydrogenated at 30 bar H for 2 h, and went through

gen uptake, could explain beneficial properties of the RS alloys
nd (b) Cu-1000 sample hydrogenated in 30 bar H2 for 2 h, and then 3 cycles of
DS/hydrogenation.

RD data of the ball-milled Cu-300 sample (Fig. 5(a)) showed some-
hat reduced intensities and line broadening, indicating smaller

rystallite sizes as compared with the melt-spun Cu-300 sample
n [3].  In contrast with the hydrogenated melt-spun alloy (where

g2NiH4 was mainly present in its high-temperature (HT) cubic
odification [3]), the hydrogenated ball-milled melt-spun samples

ontained both HT-Mg2NiH4 and LT-Mg2NiH4, further to an �-solid
olution of hydrogen in Mg2Ni, Mg2NiH0.3. The latter phase was
resent due to both incomplete hydrogenation of the samples and

 partial hydrogen release from Mg2NiH4 during handling of the
ydrogenated materials. In an earlier paper [4],  the hydrogenated
s-cast Mg–Ni–Mm alloy was reported to contain the hydrides
gH2, LT-Mg2NiH4, HT-Mg2NiH4 and MmH3, and the transition

emperature between LT- and HT-Mg2NiH4 was about 230 ◦C. An
ncreased amount of the cubic HT-Mg2NiH4 formed in our present
xperiments already at room temperature can be induced by ball
illing causing severe mechanical stresses in the material and pro-
oting the LT–HT phase transition [12].
The grain size of the Cu-300 sample was greatly reduced

y the ball-milling; nanocrystalline grains were obtained in a
art of a nonuniform matrix of Mg.  After several cycles of
he hydride decomposition–hydrogenation, the sample still con-

ained coarse and fine grain areas; however, some slight grain
rowth occurred. The TEM micrographs in Fig. 6 show hydro-
enated microstructures of the ball-milled Cu-1000 sample after
2

the 3 cycles of hydrogen desorption–hydrogenation: (a) overall morphology of the
nanocrystalline grains, and (b) MmH3−x phase at the grain boundary of the MgH2.

3 desorption–absorption cycles. Nano-sized grains consisting of
the hydrides MgH2, Mg2NiH0.3, Mg2NiH4 and MmH3−x were found
after the TDS processing of the sample at 350 ◦C. The rod-shaped
Mg2Ni-type hydrides and a considerable amount of nanocrys-
talline equiaxed MgH2 particles of approximately 20 nm in size
were formed, see Fig. 6(a). We  note that the rod-shaped Mg2Ni-
type hydrides were distorted, thus, indicating high mechanical
stresses caused by the Reactive Ball Milling processing followed
by the subsequent TDS–hydrogenation cycles. Importantly, the
grains remained nano-sized in the ball-milled Cu-1000 sample
after 3 hydrogenation cycles, which assured presence of the paths
for the fast diffusion of hydrogen. The presence of the secondary
phases containing Mm and Ni and acting as nucleation centres for
the formation of the nanostructured MgH2 and catalysing hydro-
processed by the RBM. In the ball-milled Cu-1000 sample, some
amorphous Mm-rich phases were observed. After hydrogenation,
the crystallization occurred. Fig. 6(b) shows a HREM image of
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he morphology of the MmH3−x hydride located at the bound-
ry of a MgH2 particle, the MgH2 phase mostly being wrapped in
he MmH3−x phase. An atomic arrangement within the MmH3−x
rain suggests that hydrogen absorption initiates the crystallization
rocess of amorphous phases. Defects present within the amor-
hous phases are the nucleation centres for the crystallization
f the nanocrystalline hydrides. These changes explain significant
mprovement of the hydrogenation properties.

. Conclusions

. The Mg–10Ni–2Mm (at.%) alloy processed by rapid solidifica-
tion (at 300 and 1000 rpm) followed by a Reactive Ball Milling
in hydrogen gas, yielded nanostructured hydrides of Mg,  Mg2Ni
and Mm (the latter was formed during a disproportionation of
the tetragonal intermetallic compound MmMg12). During the
solidification, the MmMg12 compound nucleates at the grain
boundaries of Mg  and Mg2Ni. It preferentially absorbs hydro-
gen during the hydrogenation, thus, providing H-conducting
paths for the fast hydrogen exchange. An ordered repetition
of the atomic arrangements formed the semi-coherent inter-
face between MmMg12 and Mg2Ni. In contrast, a non-coherent
structure was formed at the interface of MmMg12 and Mg
and was identified as a precursor for the nucleation of the
hydrides.

. During the dehydrogenation–hydrogenation cycling, the nano-
sized grains in the ball-milled Cu-1000 sample remain rather
stable, thus yielding the microstructural stability. MmH3−x and
Mg2NiH4 act as nucleation centres for the formation of MgH2,
promoting hydrogen absorption by the Mg  alloys.
. The kinetics of hydrogen absorption/desorption is greatly
improved by the refined microstructures, due to the fast hydro-
gen diffusion in the nanograins. The maximum hydrogen storage
capacity of the ball-milled Cu-1000 sample is higher than that

[
[

pounds 509S (2011) S640– S645 S645

of the Cu-300 one. A pronounced shift of the thermal stability
takes place for the Cu-1000 sample as compared to Cu-300.
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