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a  b  s  t  r  a  c  t

A  simple  casting  process  has  been  applied  to  produce  binary  Mg–X  (X  =  Ni, Cu or  Al) in  situ  composites
for  hydrogen  storage.  Besides  a major  single  phase  of  primary  Mg,  nanostructured  eutectic  networks
of Mg–Mg2Ni, Mg–Mg2Cu  and  Mg–Mg17Al15 were  formed  during  solidification  of  Mg–Ni,  Mg–Cu  and
Mg–Al  alloys,  respectively.  Each intermetallic  phase  has  different  effects  on  the  hydrogen  sorption  kinet-
ics  of  the  Mg  alloys  due  to their  different  reactivities  with  hydrogen.  In this  study,  the  relationship
eywords:
g  alloys
ydrogen storage
utectic
ntermetallics
orous structure

between  hydrogen  migration  and microstructure  of  the  cast  Mg  alloys  is investigated.  The  influence
of  hydrogenation/dehydrogenation  cycling  on  the  formation  of  porous  structures  is  further  discussed.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Magnesium can reversibly store up to 7.6 wt.% hydrogen and has
herefore been suggested to be one of the most promising hydro-
en storage materials. However, in order to utilise magnesium for
ydrogen storage the drawbacks of high thermodynamic stabil-

ty of MgH2 which leads to high desorption temperature (around
00 ◦C for 0.1 MPa  hydrogen pressure) needs to be overcome. Ear-

ier studies reported that alloying with Ni or Cu, which form Mg2Ni
nd Mg2Cu intermetallics, significantly decreases the tempera-
ure required for release of hydrogen [1–3]. Furthermore, various
rocessing methods such as ball-milling Mg  into nano-crystalline
owder [4,5], mechanical alloying with transition metals [6,7] as
ell as oxides [8],  and melt spinning [9] have been attempted to

atalyse the dehydrogenation kinetics of the MgH2 while maintain-
ng a reasonable storage capacity.

Our recent work has shown that controlled solidification
rocessing can be used to produce primary �-Mg  and in situ com-
osites of eutectic Mg–Mg2Ni with an interlamellar spacing of a
ew hundred nanometers [10]. Given that the hydrogen sorption
inetics is strongly influenced by the catalytic phase, i.e. Mg2Ni,
roducing a homogeneous and continuous mixture of the phase

ith a large interface area in the nanostructured Mg–Mg2Ni eutec-

ic is highly desirable. This can be accomplished by a melting and
olidification technique. Besides the Mg–Ni system, binary Mg–Cu
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and Mg–Al alloys containing eutectic mixtures of Mg–Mg2Cu and
Mg–Mg17Al12 have also been studied as classic hydrogen storage
materials [2,3,11,12].  However, the different intermetallic phases
present in the eutectic networks of Mg  alloyed with Ni, Cu and
Al interacts with hydrogen differently and undergo either hydride
formation [1] or disproportionation [2,11].  This influences the rate-
limiting step of the dehydrogenation kinetics of the Mg  alloys
which has been analysed by fitting with well-defined kinetic mod-
els [13,14] and recently discussed by the authors [15].

In the present paper, we characterise the microstructural
aspects of these materials to identify the sites and phases which
hydrogen preferentially accesses and migrates through with high
mobility. Furthermore, we  discuss the differences in the reactivity
of intermetallics with hydrogen and thus investigate its influence
on reconstructing the morphology of the binary Mg–X (X = Ni, Cu
and Al) alloys.

2. Experimental

Binary Mg–10 wt.% Ni, Mg–20 wt.% Cu and Mg–15 wt.% Al alloys with an aver-
age weight of 1 kg were melted in a steel crucible in an electric resistance furnace
at  760 ◦C under cover gas (CO2 + SF6) atmosphere. Commercial purity magnesium
(99.8%), nickel (99.8%), Cu (electrical grade) and Al (99.9%) were used for alloying.
The melts were skimmed and cast into preheated cylindrical steel moulds (15 mm
diameter, 200 mm height and 30 mm wall thickness). Hydrogen absorption and des-
orption rates were measured under pressures of 2 MPa  and 0.1 MPa, respectively,

◦
and at a temperature of 350 C in a Sieverts’s apparatus designed by Suzuki Shokan
Co.  Ltd., Japan. 0.25 g of chip samples for hydrogen testing was prepared by drilling
the  cast ingots. Characterization of the microstructures and chemical composition
of  the constituent phases was  carried out in a scanning electron microscope (SEM)
with an energy dispersive X-ray spectrometer (EDS).

dx.doi.org/10.1016/j.jallcom.2010.10.123
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. SEM micrographs of the cast alloys showing primary �-Mg  dendrites and (a
lloy;  and (c) Mg–Mg17Al12 in Mg–15 wt.% Al alloy.

. Results and discussion

Fig. 1 shows SEM micrographs of the cast Mg  alloys produced by
ontrolled solidification, consisting of �-Mg  matrix surrounded by a
ontinuous network of eutectic with an interlamellar spacing on the
rder of a few hundred nanometers. The addition of Ni, Cu or Al to
g forms Mg2Ni, Mg2Cu and Mg17Al12 intermetallics, respectively,
hich are present in the eutectic mixtures together with Mg  phase.

Drilled chips from the cast ingots were used for hydrogen sorp-
ion testing. The dehydriding behaviour of the alloys was measured
t 350 ◦C and 0.1 MPa  and the results are shown in Fig. 2. In Fig. 2(a)
he dehydrogenation fraction for the Mg–10 wt.% Ni alloy shows

 sharp parabolic shape whereas typical S-shaped curves were

bserved for both Mg–20 wt.% Cu and Mg–15 wt.% Al alloys. Despite
he large surface area introduced by drilling, the results suggest that
he initiation of hydrogen release does not always occur on the sur-

ig. 2. (a) Dehydrogenation kinetics of the Mg  alloys at 350 ◦C and 0.1 MPa. Results of fit
or  (b) Mg–10 wt.% Ni, (c) Mg–20 wt.% Cu and (d) Mg–15 wt.% Al alloys.
ctic Mg–Mg2Ni in Mg–10 wt.% Ni alloy; (b) eutectic Mg–Mg2Cu in Mg–20 wt.% Cu

face, but rather rely on the reactive nature of the alloy (constituent
phases and morphology) with hydrogen. As recently discussed [15],
the intermetallics present in the eutectic such as Mg2Ni, Mg2Cu and
Mg17Al12 play a crucial role in nucleating Mg  from MgH2 on dehy-
drogenation and therefore affect the dehydriding kinetics of each
alloy differently.

Fig. 3(a) shows a backscattered electron (BSE) micrograph of
the as-drilled Mg–10 wt.% Ni alloy where the eutectic network
is clearly visible. After several hydrogenation/dehydrogenation
cycles, a porous structure was observed in the eutectic Mg–Mg2Ni
region as shown in Fig. 3(b) while the original shape of the chip
sample was  retained. Cracks are also observed at the interface
between primary �-Mg  (dark grey) and the eutectic (light grey)

(see Fig. 3(b)). It has been suggested that Mg2Ni initiates hydrogen
absorption [16,17] which then diffuses into the adjacent Mg  and
forms MgH2 [12]. As shown in Fig. 2(a) and (b), the kinetic behaviour

ting different kinetic models [13,14] to the experimental dehydrogenation results
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Fig. 3. BSE micrographs of chipped samples of (a) as-drilled Mg–10 wt.% Ni an

f hydrogen desorption of the Mg–10 wt.% Ni alloy fits well with
he contracting volume (CV) model with a decelerating interface
elocity (1 − (2˛/3) − (1 − ˛)2/3 = kt)  where ˛, k and t are dehydro-
enation fraction, reaction constant and time respectively [14]. This
ndicates that Mg2Ni, which has a certain range of hydrogen solu-
ility, prompts the nucleation of Mg  and thus nucleation itself is no

onger rate-limiting. It is therefore considered that the preferential
ydrogen migration through the eutectic Mg–Mg2Ni network leads
o a volumetric expansion of both Mg  and Mg2Ni, up to approxi-

ately 30% molar volume [18], in association with the formation
f hydrides. This generates extensive stresses in the eutectic array
nd results in the localised formation of the porous structure in the
nterior of the eutectic and the creation of cracks in the Mg–10 wt.%
i alloy. The EDS maps in Fig. 4 of the distribution of Mg  and Ni indi-
ate that the pore sites correspond to the location of the host metal,
.e. eutectic Mg  phase. The colour bar on the left hand corner of
ig. 4(b) and (c) represents the intensity of Mg  and Ni respectively
nd a red colour in the image indicates an intense signal of each

lement.

The Mg–Cu and Mg–Al chips, on the other hand, exhibit a more
omogeneous distribution of pores which are observed through-
ut the samples after hydrogen cycling as shown in Fig. 3(c)

ig. 4. (a) BSE micrograph showing the porous structure in the interior of eutectic M
istributions of (b) Mg  and (c) Ni. The intensity of each element is visualised by the colou
rogen tested (b) Mg–10 wt.% Ni; (c) Mg–20 wt.% Cu; (d) Mg–15 wt.% Al chips.

and (d) respectively. Despite the very similar eutectic networks
of Mg–Mg2Cu and Mg–Mg17Al12 compared to Mg–Mg2Ni, the
tendency of hydrogen segregation towards the eutectic region
in both Mg–20 wt.% Cu and Mg–15 wt.% Al alloys is not as sig-
nificant as in the Mg–10 wt.% Ni alloy. This is probably due
to the difference in reactivity of the intermetallics, i.e. Mg2Cu
and Mg17Al12, with hydrogen. Both Mg2Cu and Mg17Al12 have
been suggested to have oxide-free or less contaminated oxide
layers on the surface through which hydrogen penetration is
accelerated upon hydrogenation [3,19,20]. Instead of forming a
ternary hydride phase, the catalytic role of the intermetallics is
more likely related to the disproportionation when decompos-
ing into MgH2 and intermetallic products such as MgCu2 [2,3]
and Mg2Al3 [11] when reacting with high pressure hydrogen. This
may  result in the reconstruction and fragmentation of the eutec-
tic Mg–Mg2Cu and Mg–Mg17Al12 with spalling of a brittle metal
hydride phase.

As shown in Fig. 2(c) and (d), the dehydrogenation results

for both Mg–20 wt.% Cu and Mg–15 wt.% Al alloys display the
best fit with a random nucleation and growth model, i.e.
the Johnson–Mehl–Avrami (JMA) model with an exponent n = 2
(1 −  ̨ = exp[ − (kt)n], where ˛, k, t, n are dehydrogenation fraction,

g–Mg2Ni in Mg–10 wt.% Ni alloy after hydrogen testing. EDS maps showing the
r bar where a red colour indicates an intense signal.



S s and 

r
[
w
t
n
s
i
f
r
h
a
e

4

M
t
p
t
t
a
i
a
a
S
h
t
a

[
[
[
[
[
[
[

[

[

[19] A. Andreasen, M.B. Sorensen, R. Burkarl, B. Moller, A.M. Molenbroek, A.S. Ped-
ersen, J.W. Andreasen, M.M.  Nielsen, T.R. Jensen, J. Alloys Compd. 404 (2005)
323.
624 Y.H. Cho, A.K. Dahle / Journal of Alloy

eaction constant, time and the order of dimension respectively)
13]. This is likely caused by the fact that Mg2Cu and Mg17Al12,
hich have no solubility of hydrogen, are less effective in catalysing

he nucleation of Mg  from MgH2 compared to Mg2Ni. Hence the
ucleation and growth of Mg  from MgH2 in the alloys is diffu-
ion controlled and occurs randomly throughout the sample. It
s also suggested that hydrogen atoms can most efficiently dif-
use along the eutectic interphase boundaries and thus quickly
each both �-Mg  and the eutectic region. Consequently, the
ydrogen migration in the Mg–20 wt.% Cu and Mg–15 wt.% Al
lloys is rather homogeneous and less stress development is
xpected in the eutectic networks compared to eutectic Mg–Mg2Ni.

. Conclusions

Hydrogenation/dehydrogenation cycling of cast Mg–10 wt.% Ni,
g–20 wt.% Cu and Mg–15 wt.% alloys leads to reconstructing

he as-cast microstructures with the formation of characteristic
orous structures. Localised pores forming in the interior of eutec-
ic Mg–Mg2Ni are observed in the Mg–10 wt.% Ni alloy, whereas
he distribution of pores is rather homogeneous in Mg–20 wt.% Cu
nd Mg–15 wt.% Al alloys. This suggests that the reactivity of the
ntermetallics in the eutectic networks of Mg–Mg2Ni, Mg–Mg2Cu
nd Mg–Mg17Al12 with hydrogen is critical for hydrogen migration
nd controls the overall hydrogen sorption kinetics of the Mg  alloy.

tress development in the eutectic networks as well as the brittle
ost metal hydride, MgH2, during high pressure hydrogen penetra-
ion are proposed to play a key role for pore formation in the Mg
lloys.
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