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Abstract

The hydriding properties of Mg—xNi (x = 13.5,23.5 and 33.5 wt%) alloys with different microstructures produced by various processing routes
were evaluated in this study. The hydrogen storage capacity and kinetics of hydriding of Mg—xNi alloys were strongly dependent on their
microstructures. The capacity and kinetics of hydriding were larger and faster when the average size of the hydriding phase was smaller and the

volume fraction of the phase boundary was larger.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium has a large potential as a hydrogen storage
material due to its low density, abundant resources, low cost,
and owing to its superior hydrogen storage capacity compared
to other metallic materials. However, the poor kinetic properties
for hydriding/dehydriding and its high working temperature
have limited the practical application of Mg-based hydrogen
storage materials. For this reason, many studies have been
sought to improve the hydriding and dehydriding properties of
Mg-based materials through several methods, including the
addition of alloying elements [1-5], intermetallics [6-8] and
oxides [9-11]. In particular, research concerning alloy designs
based on the Mg-Ni binary alloy has continued, as it was
reported that Ni improves the hydriding/dehydriding kinetics
and decreases the working temperature dramatically compared
to that of pure Mg in a study by Reilly and Wiswall [12]. Many
studies have focused on changes in the hydriding/dehydriding
properties of Mg—Ni binary alloys with compositional changes
and changes in processing variables [13-16]. Investigations
concerning the relationship between the microstructure and the
hydriding/dehydriding properties of Mg—Ni binary alloys are,
however, rarely carried out although the hydriding/dehydriding
properties are strongly dependent on the microstructure. In this
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study, the microstructural changes in Mg—xNi binary alloys
produced by different processing routes are investigated, and
the relationship between microstructure and hydriding proper-
ties is examined.

2. Experimental
2.1. Preparation of Mg—xNi alloys

A pure Mg (99.9%) ingot was charged into a stainless steel
crucible and heated to 1173 K. After the complete melting of
the Mg ingot, pure Ni (99.9%) was added to the molten Mg as a
chip in order to be quickly solved in order to minimize the
evaporation and oxidation of Mg at the high temperature. The
amounts of Ni added into the molten Mg were 13.5, 23.5, and
33.5 wt%. Mechanical stirring was carried out in order to
homogenize the temperature and composition of the melt and to
have the Ni chips solve quickly into the Mg melt. A protective
gas mixture of CO, and SFg gases was blown onto the melt
surface in order to prohibit the oxidation and ignition of Mg
during heating and melting. The alloy melt was poured into a
mold preheated to 473 K after the Ni chips were solved
completely into the melt. Gravity casts were cut into
appropriate sizes and were inserted in a boron nitride crucible.
After the Mg—xNi alloys had melted completely by high
frequency induction heating, the melt was injected through a
nozzle with a diameter of 2.5 mm onto the surface of a rotating
copper wheel at a linear velocity of 35 m/s. The injection
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pressure was 0.5 kg/cm? and the distance between the nozzle
and the wheel was 1.5 mm. The width and thickness of melt-
spun ribbon were 2.5-4 mm and 60-100 wm, respectively.
Some parts of the melt-spun ribbon were heat-treated
isothermally at 523 K for 1 h in order to produce nanostructured
alloys through crystallization of the amorphous phase.

2.2. Observation of microstructure

The specimens for microstructural observation were cut into
appropriate sizes from the gravity cast Mg—xNi alloys and were
polished mechanically using emery papers and diamond pastes.
The microstructures of the gravity cast Mg—xNi alloys were
examined using an optical and scanning electron microscopes.
Disks with diameters of 3 mm were cut from the melt-spun and
heat-treated ribbons and polished using a jet polisher and an ion
miller in order to prepare specimens for microstructural
observation using a transmission electron microscope. During
ion milling, the temperature of the stages was maintained at
173 K using liquid nitrogen in order to prevent an unexpected
change of microstructure due to local heating by the electron
beam. The phases in Mg—xNi alloys were identified using an
XRD and EDS.

2.3. Characterization of hydriding properties

0.5 g powder was pulverized from Mg—xNi alloys produced
by different processing routes for a characterization of the
hydriding properties. Three hydriding/dehydriding cycles were
performed before the measuring of the capacities and kinetics.
The capacities and kinetics of hydriding of the samples were
measured using Sievert-type equipment. The initial pressure of
the hydrogen in reactor was 1.1 MPa and the temperatures of
the reactor and channel were 573 and 303 K, respectively. The
hydriding time per cycle was 120 min.

3. Results and discussion

Fig. 1 shows the microstructural changes in the gravity cast
Mg—xNi alloys with Ni contents. In the hypoeutectic alloy
(Fig. 1(a)), the spherical primary solid particles were
distributed homogeneously into the fine eutectic matrix. A
cellular structure, consisting of fine eutectic phases inside the
colonies with different direction, was observed in the near-
eutectic alloy (Fig. 1(b)). There were also spherical and
polygon crystalline phases which were considered to be
solidified by the local segregation of the solute Ni. In the
hypereutectic alloy (Fig. 1(c)), the polygon primary solid
particles were distributed into the cellular eutectic matrix
similar to the near-eutectic alloy.

Fig. 2 shows the results of an XRD analysis carried out to
identify the phases solidified in the gravity cast Mg—xNi alloys
with Ni contents. There were only two phases, a-Mg (solid
solution of Mg and Ni) and Mg,Ni that solidified from the Mg—
xNi alloy melts and the peak intensity of the a-Mg phase
decreased while that of the Mg,Ni phase increased as the Ni
content increased.

(b) B

(c)

Fig. 1. Microstructures of gravity cast Mg—xNi alloys: (a) x = 13.5 wt%; (b)
x =23.5 wt%; (c¢) x =33.5 wt%.

Fig. 3 shows the results of an SEM-EDS analysis carried out
in order to identify the phases with different shapes in the
gravity cast Mg—23.5 wt% Ni alloys. The spherical crystalline
phase was identified as a a-Mg phase in which the solute Ni was
solved into Mg, and the polygon crystalline phase was
identified as an Mg,Ni intermetallic compound.
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Fig. 2. XRD patterns of gravity cast Mg—xNi alloys.

Fig. 4 shows the hydriding properties of gravity cast Mg—xNi
alloys with an Ni content at the third cycle. The capacity of
hydrogen absorption was highest in the eutectic alloy. The time
for absorption of 90% of the maximum absorption capacity was

Weight Percent Atomic Percent

Position (%) (%)
Mg Ni Mg Ni
A 99.1 0.9 99.6 0.4
B 44.6 554 66.0 34.0

Fig. 3. Results of an EDS analysis of the gravity cast Mg—23.5 wt% Ni alloy.
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Fig. 4. Hydriding properties of gravity cast Mg—xNi alloys.

similar regardless of the Ni content, which suggests that the
hydriding kinetics of the gravity cast Mg—xNi alloys are not
strongly dependent on the Ni content. However, the hydriding
kinetics of the Mg—xNi alloys are faster than that of pure Mg
[17]. The Mg—xNi alloys absorbed 90% of the maximum
absorption capacity within 15 min; however, the case of pure
Mg required more than 60 min. The hydriding reaction of Mg
progresses by a mechanism of nucleation and growth, and the
hydriding rate of Mg is controlled by the diffusion of atomic
hydrogen [11]. For nucleation of magnesium hydride, hydrogen
molecules transported to the surface should be dissociated to
hydrogen atoms in order to be diffused into the bulk. Mg,Ni
acts as a catalyst of dissociation of the hydrogen molecule, thus
the nucleation of magnesium hydride occurs faster in Mg—xNi
alloys than in pure Mg. A small amount of Mg,Ni (less than
1 wt%) is required as a catalyst for a fast dissociation, which is
known as a “spillover”” mechanism [13]. Hence, the hydriding
rate of the Mg—xNi alloys in this study was independent of the
Ni content at an early stage due to the fast nucleation. For the
growth of the nuclei, the hydrogen chemisorbed on the surface
should be transported to the nuclei of the magnesium hydride.
The transport of the hydrogen can be carried out through, (1) a
diffusion in magnesium hydride, (2) a grain boundary diffusion,
(3) a phase boundary diffusion, and (4) a diffusion in the Mg, Ni
phase [14]. Among these routes for hydrogen transport, atomic
hydrogen moves fastest along the phase boundary. As shown in
Fig. 1, the volume fraction of the phase boundary between the
a-Mg and Mg, Ni phases was highest in the eutectic alloy [15],
which resulted in faster growth of magnesium hydride after
5 min.

The microstructural changes and results of the XRD analysis
of the melt-spun Mg—xNi alloys with different Ni contents are
shown in Figs. 5 and 6, respectively. The nanocrystalline a-Mg
phase was distributed into the fine eutectic matrix in the
hypoeutectic alloy while only an amorphous phase was
observed in the eutectic and hypereutectic alloys, which was
similar to the results reported in a previous study [2].

Fig. 7 shows the hydriding properties of melt-spun Mg—xNi
alloys with Ni content at the third cycle. The capacities and



C.D. Yim et al./Catalysis Today 120 (2007) 276-280 279

(b)

()

Fig. 5. Microstructures of melt-spun Mg—xNi alloys: (a) x = 13.5 wt%; (b) x = 23.5 wt%; (c) x = 33.5 wt%.

kinetics of hydrogen absorption were highest and fastest in the
nanocrystalline hypoeutectic alloy. Vigeholm et al. [16]
observed a shrinking core morphology with a continuous
phase boundary between a-Mg and MgH, phases during the
formation of magnesium hydride. The nuclei of magnesium
hydride grow along the grain boundary and into the a-Mg. After
forming a compact hydride layer on the a-Mg surface, the
hydriding rate decreases dramatically as the diffusion of
hydrogen in the magnesium hydride occurs much more slowly
than in the a-Mg [18,19], and the hydriding reaction stops
completely when the thickness of the hydride layer exceeds a
critical value due to kinetic reasons. Accordingly, the fraction
transformed to hydride would be higher in finer grains. As
shown in Figs. 4 and 7, the hydriding capacity and kinetic of
melt-spun Mg—13.5 wt% Ni alloy consisting of nanocrystalline
a-Mg and a fine eutectic matrix were higher and faster than
those of the gravity cast Mg—xNi alloys.

Only amorphous phases were observed in the eutectic and
hypereutectic alloys, in as the melt-spun state. Although there
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Fig. 6. XRD patterns of melt-spun Mg—xNi alloys.

were only amorphous phases before the hydriding and
dehydriding cycles, the amorphous phases were transformed
into crystalline phases during first cycle, as the specimens were
exposed to a high temperature above the crystallization
temperature for an extended time. Further study is needed in
order to investigate the relationship between the microstructure
and hydriding properties of amorphous alloys.

The microstructure of the Mg-23.5 wt% Ni ribbon heat-
treated at 523 K for 1h consisted of nanocrystalline a-Mg
(average size of 150 nm) and an eutectic matrix as shown in
Fig. 8. The amorphous phase in the melt-spun ribbon was
crystallized into a-Mg and Mg,Ni phases during the heat
treatment.

Fig. 9 shows the hydriding properties of the Mg—xNi alloys
with different microstructures. The capacity and kinetic of the
alloy with the finer grain structure were higher and faster,
respectively. Although the average size of the a-Mg (hydriding
phase) was similar to that of the melt-spun Mg—13.5 wt% Ni
alloy and heat-treated Mg-23.5 wt% Ni alloy after melt
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Fig. 7. Hydriding properties of melt-spun Mg—xNi alloys.
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Fig. 8. Microstructure of the Mg—23.5 wt% Ni ribbon heat-treated at 523 K for 1 h.

8
| Mg-xNi — GC Mg-23.5Ni
7k 3rd Cycle Absorption  — — MS Mg-13.5Ni
Weight : 0.5g9 - - - -MS & Holding 523K, 1hr Mg-23.5Ni
- Reactor Temp. : 573K

6 | Channel Temp.:_393_K ....................
£ | e---mTTTTTT
2 st
= 4F
2 |
8
o 3
© L
(&)

2 |

1 -

0 -

L N 1 N 1 N 1 N 1 N 1 L 1
0 20 40 60 80 100 120
Time (min)

Fig. 9. Hydriding properties of Mg—xNi alloys with different microstructures.

spinning, the capacity and kinetic of the heat-treated Mg—
23.5wt% Ni alloy were higher and faster, respectively,
compared to those of as melt-spun Mg—13.5 wt% Ni alloy. It
is apparent that this difference results from the difference in the
volume fraction of the eutectic matrix. The phase boundaries
between the eutectic a-Mg and Mg,Ni phases acted as a fast
diffusion path for atomic hydrogen. The volume fraction of the
phase boundary increased as the volume fraction of eutectic
matrix increase, which resulted in a higher capacity and kinetic
during the hydriding time measured in this study.

4. Conclusions

In this study, the effects of the microstructure on the
hydriding properties of Mg—xNi alloys were investigated. a-Mg
and Mg,Ni were major microstructural constituents except in
the cases of the melt-spun Mg—23.5 wt% Ni and Mg-33.5 wt%
Ni alloys. The Mg,Ni phase acted as a catalyst of dissociation
of the hydrogen molecule, which resulted in a faster nucleation
of magnesium hydride compared to pure Mg. It became
apparent that the hydriding properties were strongly dependant
on the average size of the hydriding phase and volume fraction

of the phase boundary. The capacity and kinetic of hydrogen
absorption were higher and faster, respectively, when the
average size of the hydriding phase was smaller and the volume
fraction of the phase boundary was higher.
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