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bstract

Mg-based Mg–20Ni–8Mm (wt%) (Mm = Ce, La-rich Mischmetal) hydrogen storage alloy with microcrystalline, nanocrystalline, and amorphous
icrostructures was obtained by controlling the solidification rate of the melt-spun ribbon. The microstructure was remarkably refined by rapid
olidification compared with that of a conventionally prepared polycrystalline alloy. The optimal microstructure with a considerable amount of
anocrystalline Mg and Mg2Ni in an amorphous matrix was expected to have the highest hydrogen storage capacity. Mischmetal-containing
g12Mm intermetallic precipitated preferentially at the boundary of magnesium grains in the microcrystalline microstructure, thus providing

ossible pathways for the enhanced hydrogen diffusion into the Mg.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Mg-based alloys have been considered as very promis-
ng candidates for hydrogen storage systems due to their low
pecific weight, high hydrogen storage capacity, and rich natu-
al resources. However, high hydrogen desorption temperature
300 ◦C) and relatively slow kinetics of H-absorption/desorption
ake them still far from being practically applicable. In order

o improve the hydrogen storage applicability of the Mg-based
lloys, several methods such as adding transition metals and
are-earth elements have been employed to modify the reaction
hermodynamics and to enhance H-sorption kinetics. Mechan-
cal alloying [1–9] and rapid solidification [10–19] methods
ave been applied to produce nanosize level grains and even
morphous microstructures to improve the hydrogenation char-
cteristics. The mechanical alloying process generally involves
he reduction of grain size and the formation of various defects,
hich shorten the diffusion length of hydrogen and increase the

umber of active sites for hydrogenation.

Unlike traditional alloys, several factors such as chemical
omposition, processing, and microstructure, particularly grain
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smission electron microscopy

ize, have effect on the hydrogen storage capacity as well as
he kinetics of hydrogen absorption of the Mg-based alloys.
ompared with the conventional crystalline Mg-based alloys,
anocrystalline alloys as well as alloys containing nanocrys-
alline and amorphous phases exhibit much faster kinetics
f H-absorption/desorption and lower temperature of hydrid-
ng/dehydriding. The large number of interfaces and grain
oundaries available in the nanocrystalline materials provide
asy pathways for hydrogen diffusion and promote the absorp-
ion of hydrogen [11]. Nanocrystalline Mg2Ni-based alloys are
nown to exhibit higher H-absorption capacities and faster kinet-
cs of hydriding/dehydriding than crystalline Mg2Ni [10,17].
herefore, a suitable microstructure is one of the keys to obtain
ptimized hydrogen storage properties.

In the present study, microcrystalline, nanocrystalline, and
morphous Mg–20Ni–8Mm alloys were prepared by rapid solid-
fication, and the microstructure evolution under various cooling
ates in the melt-spun ribbons was studied and compared with the
s-cast master alloy focusing on obtaining a stable microstruc-
ure for large hydrogen absorption capacity.
. Experimental

The master alloy was prepared by induction melting of a mixture of 99.7%
ure cerium and lanthanum rich Mischmetal, 99.98% pure magnesium and

mailto:ying.wu@material.ntnu.no
dx.doi.org/10.1016/j.jallcom.2006.12.002


Compounds 446–447 (2007) 178–182 179

9
a
m
i
a
a
s
t
s

3

3

t
m
c
t
w
i

3

M
t
h
i
T
i
m
a
s
F
i
c
t

F
a
(
M

Fig. 2. XRD diagrams of melt-spun Mg–20Ni–8Mm solidified at different sur-
face velocities of the copper wheel: (a) 20.9, (b) 10.5, and (c) 3.1 ms−1. The
refinements of the data yielded the following values of the unit cell parameters;
Y. Wu et al. / Journal of Alloys and

9.98% pure nickel. The melting was performed in a vacuum furnace under
n argon atmosphere. The melt-spun ribbons were obtained by a single roller
elt-spinning technique (copper quenching disc with a diameter of 200 mm)

n an argon atmosphere of 200 mbar. The surface velocity of the wheel was
djusted in three steps from 3.1, 10.5 to 20.9 ms−1. The structure, composition,
nd morphology of the phases were examined by X-ray diffractometry (XRD),
canning electron microscopy (SEM, Hitachi s-4300se), and transmission elec-
ron microscopy (TEM, JEM-2010) equipped with an energy-dispersive X-ray
pectrometry (EDS).

. Results

.1. Phase composition and structure of the master alloy

The as-cast master alloy has a typical dendritic microstruc-
ure. As shown in Fig. 1, the microstructures consisted of

ainly Mg2Ni with a size of 2–80 �m and a minor Mischmetal-
ontaining Mg-rich phase in a matrix of Mg. By combining
he results of EDS and XRD, the Mischmetal-containing phases
ere determined to be Mg12Mm and Mg17Mm2 (bright contrast

n the micrograph).

.2. Microstructure and morphology of melt-spun alloy

Fig. 2 shows XRD diffraction spectra of melt-spun
g–20Ni–8Mm alloy with different solidification rates. When

he surface velocity of the copper wheel was 20.9 ms−1, the
ighest solidification rate of the melt-spun was obtained, result-
ng in the lower intensities of the XRD spectrum (Fig. 2(a)).
wo broad peaks from amorphous phase constituents appeared

n the diffraction pattern with maximums at 18 and 37.5◦ for
elt-spun ribbon. In addition, crystallization of Mg2Ni and, to
lesser extent, Mg was evident. A TEM image and its corre-

ponding selected area diffraction pattern (SADP) are shown in

ig. 3(a). Only featureless contrast over the entire bright field

mage and halo rings with no spotty diffraction patterns were
learly observable. However, weak diffraction peaks from crys-
alline phases of Mg and Mg2Ni were occasionally observed,

ig. 1. SEM micrograph showing the typical dendritic microstructure of the
s-cast Mg–20Ni–8Mm alloy. The microstructure consists of mainly Mg2Ni
gray areas) and a minor Mischmetal-rich Mg-containing phase (bright areas,

g12Mm and Mg17Mm2) in a matrix of Mg (dark areas).

Mg: space group P6 /mmc; a = 3.193(1); c = 5.195(2) Å; Mg Ni: space group
P
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6222; a = 5.20(1); c = 13.21(4) Å; Mg12Ce: space group I4/mmm; a = 10.31(3);
= 5.90(3) Å; Mg17La2: space group P63/mmc; a = 10.307(7); c = 9.96(1) Å.

esulting in small peaks in the XRD spectrum (Fig. 2). As shown
n Fig. 3(b), a minor amount of nanocrystalline equiaxed Mg
rains and rod-shaped Mg2Ni particles are formed in the amor-
hous matrix. Thus, the melt-spun ribbon was mainly composed
f an amorphous single phase except for a minor amount of
anocrystalline Mg and Mg2Ni particles.

The amount of nanocrystalline phases significantly increased
hen decreasing the surface velocity of the copper wheel to
0.5 ms−1. As shown in Fig. 2(b), strong diffraction peaks of
g and Mg2Ni phases appeared in the specimen for this inter-
ediate solidification rate, and Mg17Mm2 was formed instead

f Mg12Mm. Fig. 4 shows typical TEM micrographs of the
icrostructures of this melt-spun ribbon. In accordance with the

esult of XRD, a small amount of amorphous matrix remained in
he specimen as shown in Fig. 4(a), in addition to nanocrystalline
quiaxed Mg particles of about 10 nm size, giving the inserted

1 0 1] zone axis SADP. However, most of the matrix in the spec-
men was in the crystalline state, see Fig. 4(b), which shows a
onsiderable amount of intermixed nanocrystalline particles of
g and Mg2Ni indicated by the inserted SADP. The enlarged
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Fig. 3. TEM micrographs showing the microstructures of melt-spun
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Fig. 4. TEM micrographs with corresponding SADPs showing the microstruc-
tures of melt-spun Mg–20Ni–8Mm applying a surface velocity of the copper
wheel of 10.5 ms−1: (a) amorphous matrix, (b) nanocrystalline mixture of Mg
g–20Ni–8Mm alloy at a surface velocity of the copper wheel of 20.9 ms :
a) amorphous matrix and its corresponding SADP, (b) nanocrystalline phases
f Mg and Mg2Ni particles.

icrograph in Fig. 4(c) shows further details of the microstruc-
ure containing nanocrystalline Mg and Mg2Ni particles in an
morphous matrix. Thus, the microstructure was composed of a
arge amount of nanocrystalline phases of Mg and Mg2Ni parti-
les and a minor amount of amorphous phase as well as a slight
mount of Mischmetal-rich phases.

When the surface velocity of the copper wheel was 3.1 ms−1,
he lowest solidification rate was obtained, and the melt-spun
pecimen was fully crystalline. Three phases, that is Mg, Mg2Ni,
nd Mg12Mm phases, can be identified in Fig. 2(c). The two
ormer phases, Mg and Mg2Ni, because of their significantly
igher content in the material, are represented by the strongest
eaks in the diffraction pattern compared to rather weak peaks
ssociated with the minority phase in the alloy, Mg12Mm inter-

etallic. Figs. 5(a)–(d) show TEM micrographs of the ribbon

hat was melt-spun at the lowest solidification rate. As shown in
ig. 5(a), two types, that is rod-shaped and equiaxed grains, were
bserved. EDS and SADP analysis identified the rod-shaped

matrix and Mg2Ni particles, and (c) nanocrystalline phases of Mg and Mg2Ni
particles in an amorphous matrix (detail from (b)).
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ig. 5. TEM micrographs showing the microstructures of melt-spun Mg–20Ni–
orphology, (b) high magnification image of Mg2Ni and Mg particles, (c) micro

nd (d) microcrystalline Mg2Ni and its [1 1̄ 0] zone axis SADP.

rains as Mg2Ni, the equiaxed grains were determined to be
g and Mischmetal-rich particles. From the high magnifica-

ion micrograph of Fig. 5(b), the average size of equiaxed Mg
articles is determined to be 0.4 �m. Fig. 5(c) shows a typical
g12Ce particle with a coarse size of approximately 0.8 �m

nd its corresponding [3 4 1] zone axis SADP. It is clear that
he Mg12Ce particles preferred to locate at the boundary of

agnesium grains. A large Mg grain can be seen in this micro-
raph, and its [1 1̄ 0] zone axis SADP is presented. As shown
n Fig. 5(d), the precipitates that have a rod-like morphology
nd an average grain size of 0.2 × 1.0 �m were identified as
g2Ni from electron diffraction [1 1̄ 0] zone axis pattern. Thus,

he microstructure consisted mainly of a considerable amount of
icrocrystalline Mg and Mg2Ni and some Mg12Mm particles.

. Discussion

By controlling the cooling rate of the melt-spun ribbon dur-
ng solidification, various microstructures such as amorphous,
anocrystalline, and microcrystalline phases were obtained.

ompared with the as-cast master alloy in Fig. 1, the grain size
f melt-spun ribbon was remarkably reduced by rapid solidifi-
ation, and mico- and nanosize grains were obtained. As shown
n Figs. 2 and 3, a nearly single amorphous phase was obtained

p
M
w
a

produced with a surface velocity of the copper wheel of 3.1 ms−1: (a) overall
lline Mg and Mg12Ce with their respective [1 1̄ 0] and [3 4 1] zone axis SADPs,

t a surface velocity of the copper wheel of 20.9 ms−1 except for
inor nanocrystalline Mg and Mg2Ni particles. By decreasing

he surface velocity of the copper wheel from 10.5 to 3.1 ms−1,
he amount of crystalline phases increased significantly as shown
n Figs. 4 and 5, that is the microstructure evolved from par-
ially crystalline to fully crystalline. For example, the grain size
ncreased from about 10 nm to 0.4 �m for crystalline Mg and
rom 4 × 10 nm to 0.2 × 1.0 �m for crystalline Mg2Ni, respec-
ively. The microstructure was fully crystalline when the surface
elocity of the copper wheel was 3.1 ms−1, a considerable
mount of microcrystalline Mg and Mg2Ni was formed, and
ome Mg12Ce particles were observed at the boundaries of Mg
rains.

Previous work has demonstrated improved hydrogen storage
roperties of magnesium due to the formation of large amounts
f amorphous phases and fine nanosize particles. Spassov et
l. [18] and Spassov and Koster [19] studied hydrogen stor-
ge in rapidly solidified Mg-based Mg–Ni–RE (RE = Y or Mm)
lloys. They reported that the difference in the hydrogenation
roperties between the as-quenched nano/amorphous and com-

letely nanocrystalline (grain size in the range 100–150 nm)
g75Ni20Mm5 was insignificant. The best hydriding properties
ere obtained in the nanocrystalline/amorphous Mg75Ni20Mm5

lloy with a maximum hydrogen capacity of 4.0 wt%. Huang
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t al. [20,21] studied the nanocrystallization and hydrogena-
ion properties of amorphous Mg65Cu25Nd10 prepared by melt
pinning. They reported that amorphous Mg65Cu25Nd10 showed
aster initial hydrogenation rate and higher hydrogen capacity
3.2 wt%) than partially crystalline and completely crystallized
icrostructural states.
The present melt-spun ribbon is expected to have increased

ydrogen storage capacity and faster hydrogen exchange rates
ue to the increased amount of grain-boundary regions and
morphous regions. The higher hydrogen storage properties
btained by rapid solidification can be understood primarily
rom the modification of the morphological characteristics that
etermine the hydrogen diffusion paths. Orimo and Fujii [22]
eported that hydrogen concentrated in three nanometer-scale
egions: the grain interior region of Mg2Ni, the grain-boundary
egion, and the amorphous region. The maximum hydrogen con-
entrations of the three regions were determined to be 0.3 wt% H
n the grain interior region of Mg2Ni, 4.0 wt% H in the grain
oundary, and 2.2 wt% H in the amorphous region. It revealed
hat the hydrides were mainly formed in the grain-boundary
nd in the amorphous regions. In the present study, the ribbons
hat were melt-spun at highest solidification rate contain sub-
tantial amounts of amorphous phase and fine nanosize Mg2Ni
articles as shown in Figs. 3 and 4. Therefore, an optimal
icrostructure for hydrogen storage applications might have

een produced.

. Conclusions

The microstructural evolution of Mg-based Mg–20Ni–8Mm
ydrogen storage alloy under various solidification rates were
tudied, and the following conclusions were drawn:

. Microcrystalline, nanocrystalline, and amorphous micro-
structures were obtained by controlling the surface velocity
of the copper wheel from 3.1, 10.5 to 20.9 ms−1, respectively.

. Compared with the as-cast master alloy, the grain size of

the melt-spun ribbons was greatly refined. The microstruc-
ture containing a considerable amount of nanocrystalline Mg
and Mg2Ni in an amorphous matrix is expected to have
the highest hydrogen storage capacity and the most rapid

[
[
[
[

pounds 446–447 (2007) 178–182

rate of hydrogen diffusion. Mischmetal-containing phases of
Mg12Mm particles precipitated at the boundaries of mag-
nesium grains, thus providing possible pathways for the
enhanced hydrogen diffusion into the Mg.
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