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Microstructural evolution of melt-spun Mg-10Ni-2Mm hydrogen storage alloy
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Abstract: The microstructural evolution of a Mg-10Ni-2Mm (molar fraction, %) (Mm=Ce, La-rich mischmetal) hydrogen storage
alloys applied with various solidification rates was studied. The results show that the grain size of melt-spun ribbon is remarkably
reduced by increasing the solidification rate. The microcrystalline, nanocrystalline and amorphous microstructures are obtained by
applying the surface velocities of the graphite wheel of 3.1, 10.5 and 20.9 m/s, respectively. By applying the surface velocity of the
graphite wheel of 3.1 m/s, the melt-spun specimen obtains full crystalline with a considerable amount of coarse microcrystalline Mg
and Mg,Ni except for some Mm-rich particles. The amount of nanocrystalline phases significantly increases with increasing the
surface velocity of the wheel to 10.5 m/s, and the microstructure is composed of a large amount of nanocrystalline phases of Mg and
Mg,Ni particles. A mixed microstructure containing amorphous and nanocrystalline phases is obtained at a surface velocity of the
wheel of 20.9 m/s. The optimal microstructure with a considerable amount of nanocrystalline Mg and Mg,Ni in an amorphous matrix

is expected to have the maximum hydrogen absorption capacity and excellent hydrogenation kinetics.
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1 Introduction

Mg-based alloys are the most attractive materials
for hydrogen storage because of their low cost, high
hydrogen storage capacity and rich natural resources.
However, high hydrogen desorption temperature (300 °C)
and relatively slow kinetics of H-absorption/desorption
make them still far from being practically applicable. In
order to improve the hydrogen storage applicability of
the Mg-based alloys, several methods such as adding
transition metals and rare-earth elements have been
employed to enhance the reaction thermodynamics and
H-adsorption kinetics. Rapid solidification (RS)[1-9]
method is an effective process for improving the
hydrogen storage ability by grain refinement to nano-size
level and even amorphous microstructures.

Compared with the conventional crystalline
Mg-based alloys, nanocrystalline alloys as well as alloys
containing nanocrystalline and amorphous phases exhibit
much faster kinetics of H-absorption/desorption and

lower temperature of hydriding/dehydriding. The large
number of interfaces and grain boundaries available in
the nanocrystalline materials provide easy pathways for
hydrogen diffusion and promote the absorption of
hydrogen[1]. Nanocrystalline Mg,Ni-based alloys are
known to exhibit higher H-absorption capacity of
3%—3.5% (mass fraction) and faster kinetics of
hydriding/dehydriding than crystalline Mg,Ni[l, 10].
HUANG et al[ll] reported that the amorphous
MgsCupsNdyy  alloy showed the best
hydrogenation rate and the maximum hydrogen capacity
(3.2%, mass fraction) in comparison with those of
partially and completely crystallized microstructural
states. For the Mg-Ni-Mm alloy with a high Mg content,
it is hard to control the chemical composition due to
lower melting point of Mg, especially by the RS method.
Thus, the stable microstructure is the key to obtain the
excellent hydrogen storage property. In the present study,
therefore,  microcrystalline,  nanocrystalline  and
amorphous Mg-10Ni-2Mm hydrogen storage alloys were
prepared by RS processing, and the microstructure
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evolution under various cooling rates in the melt-spun
ribbons was studied and compared with the as-cast
master alloy focusing on obtaining a stable
microstructure for large hydrogen absorption capacity.

2 Experimental

The master ingot of ternary Mg-10Ni-2Mm alloy
was prepared by induction melting a mixture of 99.7%
pure Ce and La-rich mischmetal that also contained Pr,
99.98% pure Mg and 99.98% pure Ni. The melt-spun
ribbons were obtained by a single roller melt-spinning
technique (graphite quenching disc with a diameter of
200 mm) in an argon atmosphere of 20 kPa, and the
details of which were described elsewhere[12—13]. Prior
to the RS, the pre-alloying process was applied to
obtaining the as-cast alloy with expected microstructure
by controlling the processing parameters. The surface
velocity of the wheel was adjusted in three steps from 3.1,
10.5 to 20.9 m/s. The microstructure of the specimens
was examined by X-ray diffractometer (XRD), scanning
electron microscope (SEM) and transmission electron
microscope (TEM) equipped with an energy-dispersive
X-ray spectrometer (EDS).

3 Results and discussion

3.1 Microstructural refinement of as-cast alloy

The as-cast master alloy has a typical dendritic
microstructure. As shown in Fig.1(a), the microstructures
consisted of mainly Mg,Ni with a size of 2—80 um and a
minor mischmetal-rich Mg-containing phase in a matrix
of Mg. The mischmetal-rich phases were determined to
be Mg;,Ce and Mg;;Mm, (bright contrast in the
micrograph). The melt-spun alloy shows a refined
microstructure by the RS processing at a surface velocity
of the graphite wheel of 3.1 m/s, as shown in Fig.1(b),
and the grain size of Mg,Ni particles with bright contrast
in a matrix of Mg is greatly reduced. The phase
constitutes can be explained from the Mg-Ni-La ternary
phase diagram. Three phases, the pure Mg, the
intermetallic phases Mg,Ni and Mg;,La, are determined
in the alloy. Therefore, the RS processing is effective for
reducing the grain size of the Mg-Ni-Mm alloy.

3.2 Phase constitutes and morphologies of as-cast and
melt-spun alloy
Fig.2 shows XRD spectra of the as-cast and
melt-spun ~ Mg-10Ni-2Mm with  different
solidification rates. For the as-cast alloy, four phases, i.e.
Mg, Mg,Ni, Mg;sMm, and Mg,,Ce phases, are identified
in Fig.2(a). The two former phases, Mg and Mg,Ni,

alloys

show stronger peak intensities than the two latter phases,
MgsMm, and Mg;,Ce, giving an indication of the
relative amounts of the phases. The narrow width of the
diffraction peaks evidences the coarse grains in the
as-cast alloy.

Fig.1
as-cast Mg-10Ni-2Mm alloy consisting of mainly Mg,Ni (gray
areas) and minor mischmetal-rich Mg-containing phase (bright
areas, Mg;,Mm and Mg;;Mm,) in matrix of Mg (dark areas) (a),
and refined microstructure of melt-spun alloy at surface
velocity of graphite wheel of 3.1 m/s (b)

By applying the RS process, the microstructure of
the hydrogen storage Mg-based alloy was refined. The
phase constitutes in the microstructure varied with the
solidification rate. Microcrystalline, nanocrystalline and
amorphous microstructures in the Mg-10Ni-2Mm alloy
were obtained at various solidification rates of the
melt-spun ribbons. When the surface velocity of the
graphite wheel was the lowest of 3.1 m/s, the lowest
solidification rate was obtained, and the melt-spun
specimen was fully crystalline. Three phases, i.e. Mg,
Mg,Ni and Mg;,Ce phases, are identified in Fig.2(b).
The two former phases, Mg and Mg,Ni, show stronger
peak intensities than the latter phase, Mg;,Ce, showing
much more amounts of the Mg and Mg,Ni phases. Fig.3
shows TEM images of the melt-spun ribbon at the lowest
solidification rate of 3.1 m/s. As shown in Fig.3(a), two
types, i.e. rod-shaped and equiaxed grains, were
observed. The precipitates that have rod-like morphology
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Fig.2 XRD spectra of as-cast alloy (a) and melt-spun Mg-10Ni-2Mm alloy solidified at different surface velocities of graphite wheel

of 3.1 (b), 10.5 (c) and 20.9 m/s (d)

Fig.3 TEM images showing microstructures of
melt-spun  Mg-10Ni-2Mm produced with surface
velocity of graphite wheel of 3.1 m/s: (a) Overall
morphology containing rod-shaped Mg,Ni with its
[110] zone axis SADP and equiaxed Mg particles; (b)
Microcrystalline Mg,Ni and Mg;,Ce particles with its
[753] zone axis SADP; (c) Microcrystalline Mg,Ni
and Mg;,Ce, particles
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and average grain dimension of 0.8 nmx 0.4 um were
identified as Mg,Ni from electron diffraction [110] zone
axis selected area diffraction pattern (SADP). The
equiaxed grains were determined to be Mg particles with
the average diameter of 0.2 um. From Fig.3(b), some
equiaxed particles were determined to be mischmetal-
rich Mg;,Ce particle with a size of approximately 0.15
um and its corresponding [753] zone axis SADP. Fig.3(c)
shows a typical image containing Mg;,Ce, particles.
Thus, the microstructure of mainly a
considerable amount of microcrystalline Mg and Mg,Ni
and some Mg;,Ce and Mg;;Mm, particles.

The nanocrystalline phases were obtained by
increasing the surface velocity of the graphite wheel to
10.5 m/s. As shown in Fig.2(c), strong diffraction peaks
of Mg and Mg,Ni phases appeared in the specimen with
this intermediate solidification rate. A small amount of
Mg;Mm, with weak peaks was also detected. Fig.4
shows typical TEM images of the microstructures of this
melt-spun ribbon. In accordance with the result of XRD,

consists

a considerable amount of nanocrystalline grains were
obtained in the specimen, as shown in Fig.4(a), showing
nanocrystalline equiaxed Mg particles of about 80 nm
size indicated by the inserted [243] zone axis SADP. It is
obvious from Fig.4(b) that the Mg,Ce, particles prefer

MefMg,Ce,}

Fig.4 TEM images showing microstructures of melt-spun
Mg-10Ni-2Mm with surface velocity of graphite wheel of 10.5
m/s: (a) Nanocrystalline mixtures of Mg particle with its [243]
zone axis SADP and Mg,Ni particles; (b) Nanocrystalline
phases of Mg;,Ce, particles at boundary of Mg grain

to locate at the boundary of Mg grains. Thus, the
microstructure is composed of a large amount of
nanocrystalline phases of Mg and Mg,Ni particles and a
minor amount of mischmetal-rich phases.

By increasing the surface velocity of the graphite
wheel to 20.9 m/s, the highest solidification rate of the
melt-spun was obtained, resulting in the XRD spectrum
with a lower intensity (Fig.2(d)) containing a broad
maximum peak at 26=12°-25° and some crystalline
peaks for melt-spun ribbon. TEM image and its
corresponding SADP are shown in Fig.5(a). Only
featureless contrast over the entire bright field image and
halo rings with no spotty diffraction patterns are clearly
observable. However, some diffraction peaks from
crystalline phases of Mg and Mg,Ni are occasionally
observed, resulting in small peaks in the XRD spectrum.
As shown in Fig.5(b), a considerable amount of
nanocrystalline phases of Mg and Mg,Ni particles form
in the amorphous matrix. Thus, the melt-spun ribbon is
mainly composed of a mixture of amorphous single
phase and a amount of nanocrystalline Mg and Mg,Ni
particles.

Amorphous : .

Fig.5 TEM images showing microstructures of melt-spun
Mg-10Ni-2Mm alloy at surface velocity of graphite wheel of
20.9 m/s: (a) Amorphous matrix and its corresponding SADP;
(b) Mixed nanocrystalline phases of Mg and Mg,Ni particles

From above studies, various microstructures such as
microcrystalline, nanocrystalline and amorphous phases
are obtained by controlling the cooling rate of the
melt-spun ribbon during the solidification. Compared
with the as-cast master alloy in Fig.1(a), the grain size of
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melt-spun ribbon is remarkably reduced by RS, and
mico- and nano-size grains are obtained (see Figs.3—5).
Previous work has demonstrated the improved hydrogen
storage properties in Mg due to the large amounts of
amorphous phases and fine nano-size particles. For a
nanocrystalline Mgg;NizoY7alloy[1], it was reported that
the maximum hydrogen absorption capacity (about 3.0%,
mass fraction) after melt spinning was found to exceed
that of conventionally prepared polycrystalline Mg,Ni.
SPASSOV et al[10, 14] studied hydrogen storage of
rapidly solidified Mg-based Mg-Ni-RE (RE=Y or Mm)
alloys. They reported that the best hydriding properties
were obtained in the
MgsNiyMms alloy with a maximum hydrogen capacity
of 4.0%. HUANG et al[ll, 15] studied the
nanocrystallization and hydriding properties of
amorphous MggsCu,sNdy prepared by melt spinning.
They reported that amorphous MggsCu,ysNdyy showed
faster initial hydrogenation rate and higher hydrogen
capacity (3.2%) than those at partially and completely

nanocrystalline/amorphous

crystallized microstructural states. In the present study,
the ribbons that were melt-spun at the highest
solidification rate contain substantial amounts of
amorphous phase and fine nano-size particles, as shown
in Fig.5. Therefore, the present melt-spun ribbon is
expected to have a large hydrogen storage capacity due
to the increase of grain-boundary regions and amorphous
regions.

4 Conclusions

1) The grain size of melt-spun ribbon was
remarkably reduced by increasing the solidification rate.
The microcrystalline, nanocrystalline and amorphous
microstructures were obtained by applying the surface
velocity of the graphite wheel of 3.1, 10.5 and 20.9 m/s,
respectively.

2) In the melt-spun alloys, the Mg;;Mm phase was
prone to form instead of Mg;;Mm, phase. The optimal
microstructure  with a considerable amount of
nanocrystalline Mg and Mg,Ni as well as amorphous
phase is expected to have hydrogen storage properties.
Mischmetal-containing  phases of Mg, ,Mm and
Mg;;Mm, particles precipitated at the boundaries of Mg
grains are expected to be beneficial for a rapid hydrogen
diffusion path.
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